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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
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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
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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 >
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@ EBE AL >
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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,



1R VAL www.hello-algo.com 15

& 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

G EANR, EERIRER N R R B B 2 i, SESTBTRR I S M B L IR, DA RS 5 bk i
LR S HT

2.2 ECEEDR

TEETA, EEPUT TR R R0, B BB, I, 16 4R B A2 4
MR, FRIMSEE T R AT E R R B B B TR, B A R s RIS R 40, IR,
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.cpp =

/* for EE */
int forLoop(int n) {
int res = 0;

// BERFM 1, 2, ..., n-1, n

for (int i = 1; i <= n; ++i) {
res += 1i;

I

return res;

2-1 JEa% R AN B A AR A [
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el Wit

-

i+

#
=1 E

=5
2-1 SRFIR AT AEHERE

IHESRAT R PR SR B R B A RERV N o IRE R, sREFUR “SRIERIR™, B L, RS
JafEl “BRPEBR. MHBNAREE T BRI A,

2. while EE

i for JERERAML, while JEMEthE ~REBUEAITTE. £ while T, BAXFWA GLmERMT, 1R
iR, AIMERERTT, & RIS SO,

THEFBAMA white BEAREHRKM 1 +2 4+ -+ n:
// == File: iteration.cpp =

/* while EFE */
int whileLoop(int n) {
int res = 0;
int i = 1; // A& EEE

// EEXRFM 1, 2, ..., n-1, n
while (i <= n) {

res += i;

it+; /) EARFEE
I

return res;

while JEpE kb for MR A HEE R, 75 while JERE M, Ffa] PLA sttt ik A BRI L s

// == File: iteration.cpp =

/* while ERE (MRXEH) =/
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int whileLoopII(int n) {
int res = 0;
int 1 = 1; // ¥R EES
// BEXRHM 1, 4, 10, ...
while (i <= n) {

res += 1i;
/] BETIRHEER
Teipp 2
i %= 2;
}
return res;

AR, For MREMIFAREEMNERZE, while IWREIEMEETS, MHHANA AEBUECAHE, SR
JERZARTE A E PR 7R R AR

3. BEikiDE

FAM AT DATE —fIE N FE A5 A X SRR S — (EDE Rl i, RTEI DA For X R 29 {5 :
// = File: iteration.cpp =
/*x € for 1EE */

string nestedForLoop(int n) {
ostringstream res;

// EBE i=1, 2, ..., n-1, n
for (int 1 = 1; i <= n; ++i) {
// @FE j =1, 2, ..., n-1, n
for (int j = 1; j <= n; ++j) {
res << "(" << i<<", "<<j<c"m), "
}
}

return res.str();

[ 2-2 J2a% S ARIE Rl A i A AE 1

Fsa
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2-2  BLRIE P A A [

RN, RN E R n? BB, st REEIAS TR AR AN n B “PITBIR

FATR] DAESTHT AR, AR — IR THE”, SRR R S "SRR RS
BA(R”, DA

2.2.2 E@

EE (recursion) J2—HEEFIENRNG, Zi@KFITA E B AMRRHE, €3 EUSHEREE,

L& BT EIRAHCEI S S, @ ENENEA2E, SRS R,
2. 30 M3 “RRAbERIET 1R, BRAIERIREREE K G EIR M, MRS ERIAR,

MICEBAMES, EEAEREEEE S = E=EER,

L #abfkfE: RURDOE(T IRz “R” |,
2. JEENEM: HE R ufu;m{g% T A NECE L 28
3. IBMIAH: BE W, R RTEEE A IR E

Bl DA RS, BMAFTIE K recur(n) , BEATPASERL 1 + 2 + -+ 4+ n BIGETE:

// == File: recursion.cpp =

/* EE %/
int recur(int n) {
/] #EIEEHF
if (n = 1)
return 1;
/] & EEEY
int res = recur(n - 1);
// 1@: R[OIEER
return n + res;

2-3 JeorR 1 xR IR IEE A
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AT 8" mE “@
recur(n) return n + ((n-1) +..+2+1)
| 4 w
recur(n-1) return (n-1) + ((n-2)+..+2+1)
recur(4) return & + (3+2+1)
recur(3) return 3 + (2;+1)w
} g
recur(2) EEE return 2 + (1)
} s —
recur(1) return 1

[ 2-3  SRANER AR i A
HESRIEET SR, ISR AT IS B RIA0AER, (B eI 1 miRlsE & A A0 R85 R TR B A i
E2v8

- 3B AW bR, (EREMERIP R, RRTEEESRIMEESER, HRER M.
C ORI CH RN MR, R R A BN 1R, 8 L R A R R R A AR R A K
PN ARG R AR A o i TN T RTRE, EREEARIBIURHME L CEARERAEZ CRID).

DA ERSRFIE R 2, SR f(n) = 1+ 24 +n.

- fEEBETEHERABR, 7 1ESE 0, SREGTRIHRE, BIRE f(n) .
ORI RIS T f(n) = n+ f(n—1), FE GEIEHY) SRR, EREARR f(1) = 1
AL

1. MEOSEEE
HETE R BRI B B IRE,  RAGUAR & 2ot R A R X PLRT R, DARA (7 (B B, DAL (S kA A 3
Fo IEREEEN T R R,

- BB ORI R e 2y “HEBIAE " ARCIRR R, EERFORERA SRR, Fit,
AR LRI AR MIFE 4 ne B )
<RI pR P A AR RSB DR AP0 Y e V] P B RAR SEAIR

GniE 2-4 FoR, FEMEIEAALIRIFRT, FIREFAE n EARREIFGEEE X, RIBREZR n o
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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

DI 1 4+ 2 4 - + n 26, T DURFES RS res RARNSH, WCMmMEDEIEE:
// == File: recursion.cpp =

/*x BIRE */
int tailRecur(int n, int res) {
/] #ELIEfRAEF
if (n = 0)
return res;
/] BEEErEyY
return tailRecur(n - 1, res + n);

IR TR 2-5 FiR. B HLE BRI IR, W B SRAERER TR R,

© BRI SRFIRERAE 7 AERTHITH, SRR EREEERIT—OORFHRE,
- BB SRFERIERAE “IR” RRERTRETH, T AEkE TR EERE,
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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

f

return

f

return

f

return

f

return

f

return

f

return

2-5 FRIRE @

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

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

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

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

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

N+.+5+4+3+2+1

N+.+5+4+3+2+1

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
%DHNO

- 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.cpp =

/* BERAREHG: EE */
int fib(int n) {

/] #IEEE £(1) =0, £f(2) =1

if (n=11l n= 2)

return n - 1;

// EEFEN f(n) = f(n-1) + f(n-2)
int res = fib(n - 1) + fib(n - 2);
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/] REFER f(n)
return res;

}

Bl DA EARHE, FRMAE R PR @ ey 7 i eR o, TE R — AR A 7 R 5 52, qnlE 2-6
R, EEREAENREPEIY N E, REFELE —MREEA n FIEER (recursion tree),

f(n)

f(n-1) f(n-2)

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 BRI EE IR

WAE B, R T “HRESRAT/NTRIE RS, BEE RS HEE,
C CEERAEEE, . Hir. B 4. BhAEREIS 2 R R R R T S
HAER,
L BRI AEE, BE R RE S RIS R, BRI R, N A e R E S s A
507,
2.2.3 MEEHL
gast Dl g, 03k 2-1 R, IEACHNEELEE B, SRERBEANE EE TR,

K 2-1 EBLRE R RS L

IER R
"B AR BRI B &
K
IR ReRiEH R, SRR i Be g FRUR R UL AR & 22 2R B 3
%
FOfEfE A ERE A NIR R R S R U IU A] REfSE P R R A HE B e = )

fEH
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IER IRl

AR EAREHEEE R, RAER. T EAR TR, R B vE. ESE, R R,
| E253 GLT

Tip
RS DU AR AR R S, AT DAMTERESE “HEE” EMEIREAREE,

AR, IEACRNEIE A (BB BE? DL EIRIRE 20, SREBREERIEN " BEEIET, SRk
B ATV ) R U B LR B AR e AR ARG, ISR LAEHHIBERAY “Jo AR IR Rl ) 1,

FELE, MR R MR ISERIEMTEE CAAR R TR BEHER R EVIRR.

L &: EeR TR, RECELE “PPAHEET b2 S% R SN AR, FH 17 R A
B, 28 REMHEFEFR,
2. 30 ERASEREUTILRENR, SRR R EPE PR ERRR, IRIE AR AT IR,

I, AP vl DAfSE FH — i B P e o B I R A T 2, ARE TR E U 2k O K
// == File: recursion.cpp =

[* EREREFREE */
int forLoopRecur(int n) {
/] ER—ERETCRYHE BRI R LR
stack<int> stack;
int res = 0;
/] & EEEyY
for (int i =n; 1 > 0; i--) {
/] BEE NEBIRE B R
stack.push(i);
}
// 1@: R[EIEER
while (!stack.empty()) {
/] BEE HEBIRE R T
res += stack.top();
stack.pop();
}
// res = 1+2+3+...+n
return res;

B DL EREHS, EIREE L IE R, BUSEAE ENEE 7. MEENREAERZ DN AT AR AR
b, HA—EESFER, BLATMRREA,

- ERRIRECHS RTRE S N DABRAR, mIEIEE 2,

- BPRFEE TR, SRR SN S RIA T 2% RTREE R IR
M, BEREORRIBRE PR E BT, et EE D, WA ESARRIE R EE 5 E
HI7T IR R,
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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

/] EEBRITEET
void algorithm(int n) {
inta=2; // 1ns
a=-a+1; // 1ns
a=ax*x2; // 10 ns
// @E n &
for (int i =0; 1i <n; i++) { // 1 ns
cout << 0 << endtl; // 5 ns

}

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
HREREESEAF P2 BT, HR, BFMREEMGRERERRITRE, SHETEMEBRMN 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
void algorithm_A(int n) {
cout << 0 << endl;
¥
/] BEE B BHEFERME: &M%
void algorithm_B(int n) {
for (int i = 0; i < n; i++) {
cout << 0 << endl;

h

¥
// EEE C WEEEHRE: S8
void algorithm_C(int n) {
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for (int i = 0; i < 1000000; i++) {
cout << 0 << endl;

}

[ 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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void algorithm(int n) {
int a =1; // +1
a=a+1; // +1
a=-a=x*x2; [/ +1
// BE n &
for (int 1 = 0; 1 < n; i++) { // +1 (B&WIBHIT 1 ++)
cout << 0 << endl; // +1
}

AR AR F R 2 — AR RN BRI n R, 5228 T'(n), AL ERRAERE SR 2y

T(n)=3+2n

T(n) 22—, HEHBUTR R RES SRR, DRI e AR SRR 2 AR R

TRAAF SR PSRRI R R 2 O(n) , EMEBURFFHRM 2K O 5238 (big-O notation), FRE= T'(n) K
i 5 (asymptotic upper bound),

IR AR ST A EREHE “BE8E T (n)” AOMNE B3, EEAIHRNEER TR,

R AR
FAEEEY ¢ MBS ny , HEERFER R > ny, 398 T(n) < c- f(n), HARA f(n) %
HT T(n) —MEWRE LR, 3225 T(n) = O(f(n)) .

aniE 2-8 i, sHEWNL LR SRR f(n), S5E n @RI KRR, T'(n) M1 f(n) EIRAER
AUBERAFH, (EARZE — (8 BUREL ¢

c-f(n)
T(n)

4_,——‘—‘—”’—ﬂ—'

© 1 2 3 & 5 6 7 8 9 18 11 12 13 14
BAERAN n

B n>n, B, $48EE c-f(n) > T(n),
EFR%E f(n) 8 T(n) N—EHLLR,
g% T(n) = o(f(n))

2-8 HRFATHNE B 5}
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2.3.3 #HHE

ML B RBERIR AR E, (IR A e g, WEARO. BMe] DUREIRIER A, A
BEEAR, AT DOR M T R R R

RIBER, WE f(n) 28, TMEEIIGHEEE O(f(n)) . MENIHEEENL LS f(n) We? 42885
ML ECEHRERE, RERMIETNL B

1. F—%:. HsHRFHE

SRS, BT LB FEERIAT, R, B EAE e f(n) FRIEEURE c v IBUER R/, FtEE
WOk T (n) WIS RRIREL F ORI DURNE, ARPRILIRH, W] DASEATH DU R R

1. 20 T'(n) R, HaTMEeE n M, [ DU B EA T 2,

2. BWPEIREL G0, EE 2n R, 5n + 1R, #ATLAEKRC 2 n iR, K%y n AR ECE R R
GHERCESE 2

3. TR BURHE I RTE, AR ER SIS E AN g R R 2, &R ERIAR] P
B 1. BES 2. BB,

fE —EpR R, BATRT DA R B Rt at R F R -

void algorithm(int n) {

int a = 1; // +0 (I5 1)

a=a+n; // +0 (15 1)

// +n (15 2)

for (dnt 1 = 0; i <5 % n + 1; i++) {
cout << 0 << endl;

I

// +n*n (15 3)

for (int i =0; i <2 % n; i++) {
for (int j = 0; j < n + 1; j++) {

cout << 0 << endl;

h

PARARER 1A EIREITRBIGE R, Wi IR R A O(n?) ,

T(n)=2n(n+1)+ (Gn+1)+2 52853 ()

=22+ 7Tn+3
T(n)=n*+n szt (0.0)
2. B-¥ . JEMHEESR
ISR T (n) i BRI, 1B 2N ALE n @RS KR, RmPE eSS E8EN, Hib

THH R AT DA

R 2-2 Jeon TGy, Hp—LEssRAGEDR 2 1A CREBGERIBEIEED M. B n BINERRR,
B B G IE E E
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R 2-2 IR R B R R B

FRAESUR T (n) WA O(f(n))

100000 O(1)
3n+ 2 O(n)
2n? +3n+2 O(n?)

n® + 10000n> O(n?)
27 1100000190  O(27)

2.3.4 ERE

REAERIR N2 n, W AR M R AN E 2-9 FoR (GRIRIEIREI R AN HED .

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
RS < B < SPERE < SRIUEBEE < PR <SRBI < RESRRE

$EHME o(2")
TP 0(n2) ’Gﬁ
IR SR 0(n) o
T(m) 4
BB O(logn) iy
&
&
MR 0(1)
BRI/
n
2-9 & RIRFRE AR A
1. BEEO(1)
PR IR E R B NG RIR/ N n SR, BIRBEE n IS LTS,

FELAURERA, SEREEE size AIRERA, (HATRHEERABE RN n M6, FIHRFEEHEET 2 O(1)

// == File: time_complexity.cpp =

[* BEE «/
int constant(int n) {
int count = 0;
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int size = 100000;

for (int i = 0; 1 < size; i++)
count++;

return count;

2. 18 O(n)

ARVERE R E RCERAHBIR I N ER N n DISRVESRAIIE R, SR R Ia % H B B g e v -
// == File: time_complexity.cpp =

[* AR */
int linear(int n) {
int count = 0;
for (int i = 0; 1 < n; i++)
count++;
return count;

7E 17 BB RO ZE 35 et R 7 SRR IR R EE S 2% O(n) , Hrb n 25 B3 s SR 5 R -
// == File: time_complexity.cpp =

[* ARMERE (ESHREDI)  */
int arrayTraversal(vector<int> &nums) {
int count = 0;
// BER SRS R ERIELL
for (int num : nums) {
count++;
¥

return count;

EFERERE, WABRRD n TEE A BRI R RS, LLan(E s — 8RBT, S8 n HmAY
BN, S ARG, HEIRE n HERRN,

3. T30 O(n?)

S5 BV ORI B AR/ o DA I R, 75 B A M B SO, 4 R P
SEE B AR R 2 O(n) , ARSI AR R 2 O (n?) -

// == File: time_complexity.cpp =

/* FRE */
int quadratic(int n) {
int count = 0;
[/ EEREERERAK/N n BHFEHREFE
for (int i = 0; 1 < n; i++) {
for (int j = 0; j < n; j++) {
count++;
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I
}

return count;

2-10 ¥ 7 HBIRE . ARVEREAISF- 7T B = RERF ML

9B n R
1R E
i BRI BSRIAERREE
EHE o(1) 914ME o(n) EA5H o(n2)

(] RE—mEtmmE

[ 2-10 HEEE, SRPEREFNF 75 RE A IRe R 4R

DA R 20, SNBEBET 0 — 1%, MNEEERT . — 1 n—2, .. 20 1K, A0/ 2%, K
W RIRREES O((n — 1)n/2) = O(n?) :

// == File: time_complexity.cpp =

/* FREE CEXHE) */
int bubbleSort(vector<int> &nums) {
int count = 0; // =t&iE8
// SMERE: RkHFERZE [0, il
for (int i = nums.size() - 1; i > 0; i--) {
/] NERE: ERHFER [0, 1] PHERATERREZEBNRAR
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 11) {
// 3%t nums[j] EE nums[j + 1]
int tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
count += 3; // mEXMEE 3 EETRE

b
I

return count;

4. {5 O(2")

R CHINIS Y SRASHIER RO T AR | AT, SRR 2 1, HumRE
S0 A, DULEHE, 5% n ief 2 AT,
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@ 2-11 A1 DA R RECRE AR T AR > SIE AR, RERIEEE 2 O(27) o SHIER, WA n R HE, IR
{8 count FTRAEFZIEL

// == File: time_complexity.cpp =

/* 18P (EEEIR) */
int exponential(int n) {
int count = 0, base = 1;
/] HEEH—5%A—, RE5 1, 2, 4, 8, ..., 2"(n-1)
for (int i = 0; i < n; i++) {
for (int j = 0; j < base; j++) {
count++;
¥
base *= 2;
¥
// count =1+ 2+ 4+ 8+ .. + 2"(n-1) = 2*n - 1
return count;

}

BT EEH
BE—H%H= MEHE

20

21

2 - H B
znfi
ﬂﬁ!ﬁufﬁislégm5ﬂ3ﬁﬁmﬁﬁ%ﬁ§ BRI
20 + 21 + 22 &+ 201 = 2n-1 aBE o(2")

2-11 AEHPER IR R

EEEEEER, B0 HBRPNBEE R A, BIE L FEREER, HREt—0k =, 58 n IRDZ2E
=ik

// == File: time_complexity.cpp =

/* 1B (REEIR) */
int expRecur(int n) {
if (n = 1)
return 1;
return expRecur(n - 1) + expRecur(n - 1) + 1;

TREPE RAERIRE, AR (BOME, FE) PHEE R, SREREEERIHE, fH8EEA
FIFRRZHY, JE R T B8 A S AR R RN AR IR
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5. HEmE O(logn)

BB R, BBRE R T “BEmRE " BN, SEMABERARNS n, BREGERERE

HERE R EUR log, n, B 2™ KRR,

2-12 I FREAREREEE 7“2 (iR, WA O(log, n) , fiiid% O(logn) :

// == File: time_complexity.cpp =

/* HEME (EEER) */
int logarithmic(int n) {
int count = 0;
while (n > 1) {
n=n/2;
count++;
+

return count;

BNEFIRER n SEES 1 8

ﬁuﬁ%fﬁw 5’3 ﬁ@ ] ;ﬁ_ﬁtﬁ %‘fggﬁf'ﬁ

s

EHRIRIEAE BF RIS
log,n +1 HBPE 0(logn)

&

N

[y

2-12 BRI IR AR

BLRBRERAML, SRS th 3 W BURIRIE R A rh, UM T — R % log, n AR IER:
// == File: time_complexity.cpp =

/* HEPE (BEEIR) */
int logRecur(int n) {
if (n <= 1)
return Q;
return logRecur(n / 2) + 1;

B H BN BN A RIS EES, MBT R M LB ERIREA,
T DI HE B R ) AR IR ) 4

EHRRZNE,
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O(logn) MIKEURZ/D?
HEREARTL, “— %y m” HERREEEEZRE O(log, n) . MEBHEIREAK, BT USRS
ANIFIJEREL,  HHAE AR R R

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

W2, KB m fIDERH AR AT MR, FHIRMEE @ERRE m, FHEREERE
#% O(logn) o

6. iRMEHEM O(nlogn)

S B B SO R R R 5212 O(log n) A1 O(n) o HIBIRR ARSI T
// == File: time_complexity.cpp =

[x AREHEPE «/
int linearLogRecur(int n) {
if (n <= 1)
return 1;
int count = linearLogRecur(n / 2) + linearLogRecur(n / 2);
for (int i = 0; 1 < n; i++) {

count++;
}
return count;
I
2-13 JRR T RRIEST BRI A RO e TR — BRI 2y n, B log, n + 18, [HILEF
2 O(nlogn) o
EEAIRIEAER
n &
O nx1=n
5 R L n
& o ez
# log,n+1 B
3 R 7 & I ® L
% 4 n
» & G | * —
n = (log,n + 1)
AR E
1R, 1K 1k 1K 0(nlogn)
| | — =) I

2-13 AR A B ] MR
F I EBIER R R R EEH & O(nlogn) , BlantuEHey. SOHERF. HRHIFSE,
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7. WM O(n))

RESReR B BRI B "2 fRy)” R, 487 n MEAEERITR, KETARTREHIITR, 7TREER:

nl=nxn—1)x(n—2)x-x2x1

BESRIEH (AR B, niE 2-14 MDA MERBIUR, B—EoRitn @, F2EoREn — 1, Pt
i, HEH n ERELR:

// == File: time_complexity.cpp =

/* FEFRFE (REEIR) */
int factorialRecur(int n) {
if (n = 0)
return 1;
int count = 0;
// % 1 ESHH n @
for (int i = 0; i < n; i++) {
count += factorialRecur(n - 1);

Iy
return count;
].
ZEH EEH
DRHE R #E
n n
n-1 n(n-1)
n-2 n(n-1)(n-2) c H g
q n
SHFINH RS (AIRKENEHSE) FIRDAEREEE
nx(n-1) x (n=2) x .. x 2 x 1 = n! PERREE o(n!)

2-14 B3R R AR i 1 e

TR, B2En > 4RIEH n! > 27, FTDARSRRE LIS B RIGE R, 1 n BORRHR A A2/,

2.3.5 ®&E. RiE. FIINEEEE

WRERIR R RCRIE AR EIE N, w2t Bl AR A . (R A —ERE S n KK nums |, H
Hnums FTE 1 2 n EFHK, ST BB ETRIEFZEMETELR, T5EERIREDTER 1
HIZR5 1o Pl AT DATSH DU A e
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© Eaums = [?, 2, ..., 1], BNERETHER 1 K, TECEERY, EIRERBERE O(n)
© Honums = [1, 2, 2, ...]1, BVEERCRS 1K, HEREEYIZRAATZESUED, EIRIER
B Q(1) o

“ERZR A" BIERENE B, AR O iR, Mg, “RAERR " B m HnE N5,
Q) RSRAOR:

// == File: worst_best_time_complexity.cpp =

/* ER—ERES), &% {1, 2, ..., n}, [EBFHITEL «/
vector<int> randomNumbers(int n) {
vector<int> nums(n);
/] E£BES nums = {1, 2, 3, ..., n}t
for (int 1 = 0; 1 < n; i++) {
nums[i] = i + 1;
}
/] ERRGRE LR FEEET
unsigned seed = chrono::system_clock::now().time_since_epoch().count();
/] BEITRLRES T
shuffle(nums.begin(), nums.end(), default_random_engine(seed));
return nums;

hy
/* BHEY] nums FEF 1 FREEZRS] */

int findOne(vector<int> &nums) {
for (int i = 0; i < nums.size(); i++) {
[/ BitE 1 FEMEYEEREE, EIRERBEEE 0(1)
// EE 1 EfEYEDER, ZEIREREEREE 0(n)
if (nums[i] = 1)
return i;

return -1;

(ARG 2, TRIPIE BERR PR (AT RS I AIRRRE, TR0 FUE (e M A RIS, TR G
MR, RN BRI AN, WATEHINT ~MRCRE R, R DO A
%,

e EARRBIAT VG, BRI R R B RS R TUBTR “RPPRIORRIAMI”, e B
AREAVD, SRR E MU A BT, 2 R, TN BRI v DU B L5 E NG A\ 2R}
FRIBTRCR, i © IR,

SRR, BT AR RLA L H BEASOR A RO TR, Hen SRR, B A1 2 T
AL, DUHTEE | HIE R RS MR RN, AV R R 2 A R R 1 —2 /2
| RIS ©(n/2) = O(n) .

(TR B MR, FE TR A ORI, TR 25 ST HHZE R 5 T B s
v, LERERER R, FRPER G RS I RAE  2 BA R A RT e,
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LAHEERVL RS © Ry
FTREFI O FFSDEAEIRA LT, LRI 3 F Ao m AR, (e 2% Lo, o
FEMORA R BI, 7EA TR T, FEEIL TR O(n)” MR, MHFH e
B O(n) .

2.4 TRIEHE

ERIEME (space complexity) FHF & IE R A5 A AC IR 22 A e 2 B RHE BRI UMY R 28 IS fEmE B
P AR R, R “PUTIRG R Bz (SRR,

2.4.1 EEEERITR

TR E ST R P AT PR s i S A0AE DU 267,

- EAZERE R RR R A R
- BB ARG EERIAERUTERT AR, Wik, WL I EEEER,
- i AR TR A R
—REILS, SHEMERSEER “E ST ik s,
s e AT A — 870 2 = (88 o3
- BRI EERIEI TR RS B, BB MR
- HERAAE R PR AR R BRSO R, BRAEAE RN bR IR AR & 1 B T A N — A HE AR

i, PRFGRIENR, B & PR
AW AR s RAERIE 2, EEPRSET R RIS AaT,

T —BAE R S P A Ry, JRAME R BRI A RORE, HEBe = Bl 2OR =377, 4nlEl 2-15 R,

BEER T MERENATEE

AL

4 hY
PN B =
BNER uEEM FHEE
ﬁﬁ@iﬁ
?Ei 71

2-15 TEETAME A AR A3 R

MHBAREHSL :
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[* 4EHERE x/
struct Node {

int val;

Node *next;

Node(int x) : val(x), next(nullptr) {}
I
/* KX %/

int func() {
/] BATHELEIR(E. ..

return 0;

}

int algorithm(int n) { /] BANEE
const int a = 0; /] BEER (B80)
int b = 0; /] BEER (22)
Nodex node = new Node(0); // EEEHR W)
int ¢ = func(); /] BB (FFER)
return a + b + c; /] @HER

}

2.4.2 HHEGE

SFTRAR RO DA B AR R RO, ARGt PRI IR OEMOR” 2 “RERIZRIAN,
T BLARE R SO IR 2, RIS OB TR 2 S BB, 3 R At 2 R 2 — T R, TPl
EURRE(TE TS B VR A SR s R T L
WAL RS, RESEMREN B2 AHEa%R,
1. DREMAKDRI AW % n < 108, SRMRES O(1) 5 BE n > 10 B, HALIES] nuns 15
F O(n) %, BB % O(n) .«
2. DABSTIEBUT IR 20 fIn, RERIERITIRE (200, (5 O(1) 20; EHamEs]
nums [, (G O(n) %M, FEILREZESMBIE S O(n) .

void algorithm(int n) {

int a = 0; // 0(1)
vector<int> b(10000); // 0(1)
if (n > 10)

vector<int> nums(n); // 0(n)

TR P, TRERSTEHE B, Bl DU REA:

int func() {
/] BHITRLEIR(E
return 0;
¥
/* EEMNT=EEHRES 0(1) */
void loop(int n) {
for (int i = 0; i < n; i++) {
func();
¥
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/* EENTHEEHRES 0(n) */
void recur(int n) {
if (n = 1) return;
recur(n - 1);

3 Loop () Al recur () HIRFRIBGREIEREZ O(n) , {HZSRIRIRRER L,

+ R Loop () 7EXMEFRIFI T 1 % function() , &Y Function () A M RER T HmmZs,
R R 0 2 O(1)
- SEEER recur () FEBUTIBEH @ RBTEE n BAIEEA recur () , MEMIEA O(n) MIHEAKAT,

2.4.3 ERE

REMANERIAR N2 n, 8 2-16 R 1 H R EMEETR] RS HE).,
O(1) < O(logn) < O(n) < O(n?) < O(2")
TR < BERE < SR < PITRE < FREE

e o(2m)

F5EE o(n2)

HEEE

seiRiE=E A/ AR o(n)

HEME 0(logn)

HEES.

HHPE o(1)

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

BNERAN

2-16 Y FLAYZE BT )

1. BHEO(1)

RS H RUR BB N BRI/ n SRR B BB .

TETENR, R RA A BTl R G AR IEE, EEAT BB EsRER, REre
BRI E, BEERETZ O(1) -

// == File: space_complexity.cpp =

/* B */

int func() {
/] BITELAR(E
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return 0;

I
[* BEEE «/

void constant(int n) {

[l EE. 2. MHER 0(1) =M

const int a = 0;

int b = 0;

vector<int> nums(10000) ;

ListNode node(0);

/] BEFNEEGE 0(1) =M

for (int i = 0; 1 < n; i++) {
int ¢ = 0;

¥

/] BEFHRIGE 0(1) =M

for (int 1 = 0; 1 < n; i++) {
func();

+

2. 1R O(n)

SRVEREH TR EUR B n BB LLRIRRES, BEASERAI, HEB, (7515

// == File: space_complexity.cpp =

[* ARMERE x/

void linear(int n) {
// REZ n BREFHER 0(n) =M
vector<int> nums(n);
// EE#% n B9851EAR 0(n) =
vector<ListNode> nodes;
for (int 1 = 0; 1 < n; i++) {

nodes.push_back(ListNode(i));

5

[/l RE#% n WHEERGER 0(n) =M

unordered_map<int, string> map;

for (int i = 0; 1 < n; i++) {
map[i] to_string(i);

h

Qi 2-17 R, WERRAGRERER n, BIFERELE n EARERER Linear_recur ) M, A O(n) X
/N HE B I ] -

// == File: space_complexity.cpp =

[* HRMERE (RIEEIR) */
void linearRecur(int n) {
cout << " JE® n = " << n << endl;
if (n = 1)
return;
linearRecur(n - 1);
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pr— MLt

AT & %@,
linear_recur(n) return @
linear_recur(n-1) return @

" | 1
linear_recur(2) return @

BEEg

l R T
linear_recur(1) return @
ERFVRETFIRRES n CRIEHEE
HEEH 0(n) HHESERTR $ERE o(n)

2-17 3 bR 22 A AR 2 i FE A

3. EHKO(n?)

FI5 R R R AR E, STRBE R n BT R

// == File: space_complexity.cpp =

/* FRE */
void quadratic(int n) {
[/ Z#HBIUEE 0(nt2) =M
vector<vector<int>> numMatrix;
for (int i = 0; i < n; i++) {
vector<int> tmp;
for (int j = 8; J < n; j++) {
tmp.push_back(0);
+

numMatrix.push_back(tmp);

Wl 2-18 iR, HFRIGEERES n, ESEEERRTHIGL T @S, BEME . n— 1,
C20 1, THIREA /2, FIAEREER O(n2) %5

// == File: space_complexity.cpp =

/* FAE (REEIR) *x/
int quadraticRecur(int n) {
if (n <= 0)
return 0;
vector<int> nums(n);
cout << " JEE n = " << n << " B nums BE = " << nums.size() << endl;
return quadraticRecur(n - 1);
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F5) nums R BT @ O
[ n ~——+ quadratic_recur(n) return 0
n-1 ~——+ quadratic_recur(n-1) return 0
" | 1
2 — quadratic_recur(2) WSiEE return @
1 gl ot T
L 1 ~———+ quadratic_recur(1) return 0
EEERDKPHRL T —EMEY, BRES SR
1+ 2+ ..+ (n-1) + n = n(n+1)/2 TAM o(n?)

2-18 R R AL BT 75 B 2 A

4. 3B O(2")

FREREE Rt ook, BIgKE 2-19, B8R n 1 “W_Jooh” NEEEEL 2" — 1, (5 O(2™) =3/:
// == File: space_complexity.cpp =

/* IBEME GEm—ioi) */

TreeNode *buildTree(int n) {
if (n = 0)

return nullptr;

TreeNode *root = new TreeNode(0);
root->left = buildTree(n - 1);
root->right = buildTree(n - 1);
return root;

EENEIRAEE

20
21

22 >

-
W

2n-1

FhA RS S SRIRHE
20 4+ 21 4 22 4 ... 4 2n-1 - 2n_q #E‘HI’E o(zn)
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2-19 i — ek AE A 4R B 2 i AR

5. K O(logn)

BEESE RN maEE DR, GIna 0y, MAREZ n WS, SRR s i B R # o 2w, B
R E 2 log n MIRXERE, fH O(logn) HEmIEZS,

AFIA BT E T8, WA FEIERY n, CRAES [log, n]+1, BIEEFHRES |log, n] +1
, BIEEREES O(log,,n + 1) = O(logn)

2.4.4 (EEEFRESR

BUARTEDLT, TR R R IAR IR R A A s R AR B R B, RTIAE BRI, [RRpEs LRy
F R A PR 2 o A R 0 5 6 T

Rer AR [ R L 300 B T AR T I B R 2 XM, R P8R, TR P B s P AR PR T HE S 2 T
ISR 2 DA R ez, SIUREZy “DARFRR A

IEIRMAE RS B A B EIME T . ERZEUEN T, KRt E e E, Rt DI Rk 8
HREFARR, ER, EERRRARIENT, 2HlaMEmfE i E=,

2.5 NG

1. ERSOIEE

WRRCRGHG

- R RHIRCR A S TR R R SRR 2 I (8 T 2R E AR,

- AT DUEE ERRRIEAE TG T ERRCR, (HEDIRRRARRERE, HERERERIEE,

- BUMERE AT AT DATH PR E PR R W, oA SR R AT A TP &, I HRES IR R I EIR N R
FHRRE T HIRR,

I ] BEHE 1

- TRF R B P A R T SR U T IR R B S R R A, W] DU G IR B I eR,  (BAERELEE
NATRERRR, ANTER A RER R Nl R A R A R, SRS T L A R B S

- RERBBREMEAK O FF950R, BERNE 5, RUE n @ EmRER, SERE T (n)
W RA,

- RN > R, ERAEHRIE R, MEAETIL L5

- H BRI R E SIS O(1). O(logn). O(n). O(nlogn). O(n?). O(2™) 1 0O(n!) %,

- BRI R AR EDE, R B AN R M A R, R 2l E . Bl PR
AR, AR T A, N2 N R — TR 20 R s R I A BRI R B (G L

+ YR A A P S I TE TR BE A RN R TRCR, ci B R IE F PP E BR AR, RE T
EEJIR R MR B A i N DR M AR AR S R B

I
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- SRR M AT SRR AR R, PR BB RS A (8 P TN S I VORI R R,

BB P ORI TR T 4 2 AR, MR, ISR, BRI R, WASIRIR
NSRRI SO, WA T 5 2 MR kY, MBI RIEG 2R, b A 2P 3 P IR
B S S R

Pl EE RS R, IS TE RS A VR 2B TR RS R M

- R SERRE R EEHESIE O(1). O(logn). O(n). O(n?) f10(2") %,

2. Q&A

Q: RIBEMZEHMERE O(1) 152

Fam b, R A SR ] s BN E O(1) o MBERZEIENAGES (B4 Java, Python, C+
+. Go, C#%§) FAIFFEEIRMAMEEE, FHEFRAZEEREZ On).

Q: HFCHITT TRIE AT AE A& A2 B ?

BT (function) A DABENZBIT, A28 ABAREIR, 757% (method) B—{EPPFRANE, wfaHikin
WEILE RGP, REFVEREERIABIE O SRR RIET TR R,
N DR R AR IR S R B
- CiEm RERFARRAKAES, RAEVMFERNRE, AUUERI E3RIF AT DUZ # #3745 i
(struct) AFEEEY PG AR AT,  BAal i e AH R gt ) bR SRR B R AR SR = T T
- Java f1 C# BYIFERENGES, BRI 0575 EHEERIEERIN —ER). FRETTTARIT A
ORI, R BRG] L, AREFIFRE R BITEEE R,
- C++ # Python BEc R AR (50, WSt EmERsEt 05k,

Q: [ElfE “H AR RIBI™ S M2 732 A s P A AR 3 /N2
ANE, ZERRR RS AR, HME R RS, ARG 2 R R B,

B n = 8, {RATREE B AR (E SR K EER b, 2N RIARARE S —EHB0H, HRR
S o R ) A B 1 [

FEEPET, RAIRMEFNADERHE AR “HEB0H” @R 2/, Frbh— Bk AR AR E n = 8
Z NIRRT, HEH 0 = 8° MR T, BRI RBHCAETET,

Q BAFAEMIRER ML R, BRRVERE (SEH) AGREHEREED?

EBISIER T, KBS TR I I, BIAE RS |, TRIDE RIS B+ sk,
(K B R, DR O (log n) $%8 O(1) M,

FEEERE RN R, EBRRERR s, fInEmA RS, KECERREE, TR
GREMERMRR, BREHEYIET AR, DTSRG, REREREE,
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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,
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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
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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
int numbers[5];

float decimals[5];

char characters[5];

bool bools[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% > [,
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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

TR
element
3
array
;%6[ e 1 2 3 4
index
stERE it

i 00 04 08 12 16
memory location

o] A
B o tarErImEt ISR

4-1 PHFIE R 773

4.1.1 [FE5IERRE

1. 4E1ERESY

T ] DURIR 5 SRR S R AR A4 (L 7 3 SERTARME. AE WIAAME. TERTEERIGEIEI T, RZH

FRGEE S Gk by TR O
// == File: array.cpp =

/* RS x/

/] REEEE L

int arr[5];

int nums[5] = { 1, 3, 2, 5, 4 };

// #EEERLE (FEFHERTH)

int* arrl = new int[5];

int* numsl = new int[5] { 1, 3, 2, 5, 4 };

2. MR

PEAI TR R (7 AR AR AL IR RS e D, IEEMGE R B RS TR A AL IR A S e R IR L
it CETCREERAIE) FIEMETTRIRSG], TfTa] DA E 4-2 FoRi ARG BR 2T R R Ao,

e B R %t R
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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.cpp =

/* BEMSEARE TR */

int randomAccess(int *nums, int size) {
// ZEER [0, size) FFEHMEN—EEEFE
int randomIndex = rand() % size;
// JEBRIIIR[C| TR
int randomNum = nums[randomIndex];
return randomNum;

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.cpp =

/* 7EMEFIMZES| index ERIEATTE num %/
void insert(int *nums, int size, int num, int index) {
// BZFE5| index UKRZENFIBETEREZE—I
for (int i = size - 1; i > index; i--) {
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

B
‘ N
=

nums[1] = 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

iR, MBRTRENE, R RBRITREG “BER" T, URMEERER BRI,
// = File: array.cpp =

/* MIBRZE5| index BREITE *x/
void remove(int *nums, int size, int index) {
// BFE5| index ZEBHIFIBETERARIBZEI—L
for (int i = index; i < size - 1; i++) {
nums[i] = nums[i + 11;

h

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,

- RCIREMHRE: AT DAY — bR ARSI, U AT &0, SRR RRIR, RRMRETT

REE “HEER" 1, (HIERMEIE R R IR,

5. EzsES

FERZHREAGES T, MR DOZAR S EFMA, n] AERGE R E RS - ) R E TR

// == File: array.cpp =

/* EFET] */
void traverse(int *nums, int size) {
int count = 0;
/] BEBES|EHRET
for (int i = 0; i < size; i++) {
count += nums[i];
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6. EATR

FEREA A TR E LR TR A, MmO CRER A ILA, A VLECRIE HE ERS(,
(K 2 BB R AR R A, P DA LR SR R 2 AR,

// == File: array.cpp =

/* EPESIFREAIEETE */
int find(int *nums, int size, int target) {
for (int i = 0; 1 < size; i++) {
if (nums[i] = target)

return 1i;
¥
return -1;
}
7. BEES

FERMER Rt D, R DLAREE Y 2 R AR IR S A2 P, 1 ek e i e fis A &, At

FERZERENES T, MEIRHRERA 51,

GERBAMA ERA RS, AR ST —E ERAREA, SRR A TR RO R fe A, 52—

O(n) BIRAE, TERFIRAITENR NIEHFERE, 2N NFR:
// = File: array.cpp =

/* BEEETIRE x/
int xextend(int *nums, int size, int enlarge) {
// Bt —EERRERIIMES
int *res = new int[size + enlargel;
/] RS REFRE T RE R HFES
for (int i = 0; 1 < size; i++) {
res[i] = nums[il;

}

/] EREEIERE
delete[] nums;

/] REERZRIVFEES

return res;

4.1.2 [EHIEELER{FRTE

&

PEZ ARG L IR S N,  HorRABIMHE, St S EEREBREN, Rea] RIS LE &R

At B RS R RIERCR,
- ERRCRR: Y BRI TR AR AL IR, SRR NI AT RSB 8
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- EREREHEIIIE IS AFHE O(1) I RPHR LT E,
- PR TR, AR EERAT, B eI B Ao, TR R b
USRI B SRV M TR

SRR R IR, HAAEDA RRMT,

- ABRABUNBRBCRIR: EfEFI bR L, AR R R ENITER,
- RIEAWEE: MHIEYIGRREMEE T, EA YT EA T ERHE BRI, BSHRA,
- RRTRER ARSI P ECR R VIR B RS, IR 2 R R E T,

4.1.3 [E5IHEIER

bz — R AL HL W AR, BURBEMESEERIR T, el AR E B SR AR A,

- B G SRBAVAEREME R — LR, IR AT DU A A, 2R R —EREM T2, RIS I EHB
B AR

- HpRg s WY HP P RIS SRR R T AR, Ry, S0Py, o RsS R
Fei %] b AT

- AR B E PR R e ER R, A DUERIPESIE R AR, RN B o El
ASCIT HERTSE, RII] AR ICH) ASCIT BEMFZRA RG], BHIERTTR ALY RS AL E,

- PR MR OREM TR, R, SREZ MRARIEBIESR, SRR DA
R, PSR MR Ut R R (A DR Al

- EORISREEBL: Y] AR EERHER, (741, MR, R ESFERHERE, B, [ERIASERE R
TRE R 2 e,

4.2 fELLERY

CIEBE TR AR AKER, £ AEENREIUTIRE T, SHEC RS ] e i i IR &
ko BATRINE, il 7 Mg ARC IR 2 R Y, B FEA R Ry, RO iRRE rT RE VA SR A an IR R E
RS, R HES ER SR EE TS MRS R B AR T

s8R (linked list) 2 —MEARMERIAHE, HPRRETRAR @RI, SEERNES 58" A
HA, 5 T N —EE BRSO, B & e ] DU E A E B R S T —{E iR,

S R A B R AR A e B ] DA B A e G IRRE 258, e PR RC IR A R 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

[* SEAEERYIENRAASIEEE «/
struct ListNode {

int val; /] ENELE

ListNode *next; // @A F—EIBARVIEIE

ListNode(int x) : val(x), next(nullptr) {} // EEF
e

4.2.1 SESERIIERIRE
1. MRS

EN SRS 2, B DRI EETRY A, SRR R IS B (R, WA TERIR,
B n] DATESE RS B2 A SHENRG 3%, IR S5 HITEM next MRUGHFIFTA BIRG,

// == File: linked_list.cpp =

/* ¥IMaEELERS 1 -> 3 -> 2 -> 5 -> 4 %/
/] B EEEE,

ListNode* nO® = new ListNode(1);
ListNode* nl1 = new ListNode(3);
ListNode* n2 = new ListNode(2);
ListNode* n3 = new ListNode(5);
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ListNode* n4 = new ListNode(4);
/] tEEENRLZ RS | B

n@->next = nl;
nl->next = n2;
n2->next = n3;
n3->next = n4;

Pe 51| B2 — (B ,  PLANBES] nums B3 7T3R nums [0] A1 nums [1] 25, S4s B 212 B 22 (8 9 32 A iR
IR, AT H 1 S B RG E ESA eR SRS, bt an DA BRSNS Hh St 5B 27 T RC A AR 5471 no o

2. HENERRS

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

M2 T, TERSIhEATTRIR 2 O(n) , TERERE FRRERBRR,

P.next = nl

B P ¥EM@ n1

= "/
FERRASREIEEE no A0 n1 ZRSIEAME P o i

nd.next = P

Bl< no 5@ P

4-6 SEAEHSIE N\ HIRRB]

// == File: linked_list.cpp =

[* TESEAEERTIBVENELE n0 ZRIENEIRL P +/
void insert(ListNode *n@, ListNode *P) {
ListNode *nl = nO->next;
P->next = nl;
n@->next = P;

h

3. THPRERES

QuiE 4-7 AR, fEsES RSP INPRETR AR T 68, N s i GeED Binf,
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FEER, S EMPRIERIESE AR TR P DSAER n1 , (HEIR BAEFIHAL RS CAERUATIFEI P, SR
& P RN HERZEA RS T,

n@.next = nil
H_Tﬂ ED% nod ?E’I’E] nl

FEER SRR P

A A

né nl
A

MibRsTRiR, B P HAAER
nl ,

BEMRMERTIBERENHEE P,
HIRMBAER P Bk

4-7 Sl ER A HI R e RS

// == File: linked_list.cpp =

/* MpREEAEERTINEIEE n0 ZBRIEEEE */
void remove(ListNode *nB) {

if (n@->next = nullptr)

return;

// n@ -> P ->nl

ListNode *P = n@->next;

ListNode *nl = P->next;

n@->next = nl;

/] EECIREE

delete P;

4. PHRIENES

TEGEATHHI G BTSRRI, 0 L —#ipA, FMATE O(1) IR NI RS R R TR, S
BEIAIA, BARZEEHERHE, BEAgEY, BRI ERHN. W2, FHRELSEHsIREE |
R © — 1 %, RfBEREZ O(n) o

// == File: linked_list.cpp =

/* FhfEaEAE RSP ERS|% index HIEIRE %/
ListNode *access(ListNode *head, int index) {
for (int i = 0; i < index; i++) {
if (head = nullptr)
return nullptr;
head = head->next;
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return head;

5. EHEEL

ERTET RS, A AER target AUETRG, Bl ZEIRGEMSTERIITPRIIRS |, B MERR IR, &2
A5 AR

// == File: linked_list.cpp =

/> TERELERYNEHRES target HEEETR +/
int find(ListNode *head, int target) {
int index = 0;
while (head !'= nullptr) {
if (head->val = target)
return index;
head = head->next;
index++;
}

return -1;

4.2.2 [EF) vs. sELSRS

R A4-1 M55 1 BRI SRS ER A RO 5 TERERE AR 3 b 7R AERCR . e MR A PR S RO fRf 17 R, (It A A
VBRI 2 BT RS,

R 4-1 PeA B AT HS S B RAeR B L

5] i)
BT EgeT i Sy BGENRE
FENE  RACR BF T 0
MR CRMEED. ErRESR RGeS
wimEE  0(1) O(n)

wEE  O(n) 0(1)

MpEE  O(n) 0(1)

4.2.3 HRiEEHRTIER

GniE 4-8 Frow, AR B SR BI LR =R

- FEEERETER A BRGNS B BEAS ER A B A A FR A RO ETRG B S E AT TR A T — ETREA 5 | NIE
Bkt TRl ERAE 2 ARG, R (AR & R ERS, RETEGTER= None .
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- BUBSEATERS: Q0 SRR < B Ak FR S R ERGFR R SHETRS (F AR, ASE| B st &5,
TEBRTE S ER DI, AL TRREITRGHR T DASR PR R ARG

- BRI B SR R SR B, SR H AR B 1 A T IR S I BT AT R S T TR 3R
[k R S fa AR AR TR O — (e FIRTEREIRE (L—(EERD AI5IH (1R, MBI B gl # 4,
Bt R A B S NE, AT DA 7T A E A A B, (B M th AR A Y 2 YR IR 2

[* EEigsERTINAEEE «/
struct ListNode {
int val; /] EELE
ListNode *next; // ISMRAEEIELAIIEIE
ListNode *prev; // 1EMIAIEREARLAVIERE
ListNode(int x) : val(x), next(nullptr), prev(nullptr) {} // E#EF

B Ry|

singly linked list

e — — — > None

IR iRAS RS

circular linked list

[V ¥ V]

BriisE

doubly linked list

\m——/ _— —_— — —> None
None <— f— -— f— —

4-8 H RGEKS R

4.2.4 §ELERY|HEIFER

BRIAAT R AE T N BB, (751, FHERE S R,

- HEBBYTH: EAE AR AR S B0 —ImE TR, ERBRRHERERE, HERE; &
AR BB — o T, MBS RS AT B AR 5 —ImiEfT, ERBRR IR oo, HE
751,

- OMERAR: SESUAOIER MRV E R R R —, IR, FrAERIITRE G HIS ] (EaEs
FRAIH,

- M SRR IR A AR A T3, H A A TR AR B — A A FR A AR, A ES S AR A
TUERARACAR B TR AR ) A TE RS

B [ G o5 ER 71 B A AR S RS S A — B D 12— MR T R85 5t

- rAPEEDRIGTHE: FLUNFEALRRE, B AR, IRIMTEAIHETRERQENRS, &R PUEE L HR T R A7 — (e
ARG S AR, JRBUR B F s i B3 51
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- BITESVEN: EMEBIREST, B RENNES BRI, B TR I A 5 @ A AT — (A
g —MEME B, sl il 5 SRR (A S AR AR I T B

- LRU 5k ek (LRU) EEED, JOFEIERIIRIT R D AR, DS R
HOERIMIPRETRG, 5 IR (s A S a1 s ER S TR 3 5l

BRIESEAT R A RN TR ZE I RS 5, BRTESR R E PR

- RER IR RIA . EOESRRS T, R A WEHRE R M AR CPU Ak, EF
LR PIETIOE, AR PR T —ER R f, B A SR, CPU AFUIRE| T~ — k7. &
TR 5 P DAZ @ B A H A1 AR B B

- RORMRMEE: R RRE R EBT, WA e AR R, EE . R RRIEs T,
BERHA AT BE & 10 i 8 E A N — (BB Sl 83 51, DAE B B SRR K

4.3 $7%

85 (list) B EMRAEREEBIMES, ERoRTRNERRE, SRTRGRH. B #il. MERAGES
SRR, BRI ES B A RRGIAREE, A8 AT DAL SR A H5 51| el a1 B B,

- ERERSIRIR] IEE A RS, HEZR TR A R, i H AT AR TS B RER A
- St TR M AR, HRRNEREA RS, HIERREE R RERHEE,

EE MBS, REASENTE GEBERSINE TR SRR ARMEFEER oM RE
2/ DER, Mg LURE BRI RAIRE, HRER/D, MRATEEERNEERFTER, HREBXK, R
SRR R S IR S

PfRTRICTE, P AT CAE I BIRERES I (dynamic array) AREBIHS, CHEK TS IEER, W HAT A
R TEEIE TR G A,

B L, SRS PO AU R SR SR BN RS BB, (140 Python HfY 1ist | Java H1HY

ArraylList . C++ HfJ vector 1 C# FPHY List 55, fE8& FARIUF G, IIBRHT “Hhs1” f “BhegpEz)”
2 R A,

4.3.1 BYIERRE
1. ket

BAM@EHE SR “ReE” 1 BYIaE” EmEIaE Tk
// == File: list.cpp =

/* FsaEy */

/] EEE, C++ B vector BIEASHERAY nums
/] EXRE

vector<int> numsi;

!/ BH%E

vector<int> nums = { 1, 3, 2, 5, 4 };
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2. HRTE

YA F2MEE, Fe] FE O(1) BERNEHRAERTTER, SRR,
// = File: list.cpp =

/* TR */
int num = nums[1]; // #FMES] 1 EMTE

/* EITE */
nums[1] = 0; // #Z5| 1 BNTEEHA 0

3. EAEMBRTER

MHEGRRES, BFITT DL A BT SRR TR, 1RSI R EHTI TR AR E S O(1) , B AFIMER

TERMRCRELEFIAER, REREREEZ O(n) .
// == File: list.cpp =

/* BEEY +/
nums.clear();

/* FEREFIETE */
nums.push_back(1);
nums.push_back(3);
nums . push_back(2) ;
nums.push_back(5);
nums.push_back(4);

/* TEFBEATE */
nums.insert(nums.begin() + 3, 6); // TZE5| 3 BEAHFE 6

/* MIBRTTE */
nums.erase(nums.begin() + 3); // MBEERS| 3 BHTHE

4. EHHR

ERRRZI—K, HRYIR] DMRARR S 7, WAl DLERTETI&ITER,
// = File: list.cpp =

/* EBES|EFHBY */

int count = 0;

for (int i = 0; i < nums.size(); i++) {
count += nums[i];

F
[* EHEERRIITER */

count = 0;
for (int num : nums) {
count += num;

}
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5. HHERY

faE —EHTERS nums1 , FRAM AT DK HPHE 2 R B4R 2.
// = File: list.cpp =

/% BHEMESY «/

vector<int> numsl = { 6, 8, 7, 10, 9 };

// #%8%5] numsl BHEEl nums ZH#&

nums.insert(nums.end(), numsl.begin(), numsl.end());

6. HiFFE%

FERERFIHEFE, FRAMMER] DU AR ERITERRE RS HE B ER s i BT HRA
// == File: list.cpp =

/> HEFF&5 x/
sort(nums.begin(), nums.end()); // HF&, SBIITRERIENEIAHES

4.3.2 BIIFHR

A2 BEAESNE T HY, Fla Java, C++, Python 5%, EMMEB LB, SMESBHRE LIRS
5, Plnvia AR, EAEEEE, RILEBREEE Al AR R IR RSIE TS,

7y TIPS RS AR ERATEE, IRMTE R EB A 2R, RIS =(EE R,

© PARA R EIRES BRSO A R, EAORBIT, FRMEE 10 (ERa A R,

- EECER: B R size , FIARCEREBSIERITREE, MPEE TREAMMERAIRER, RE
SRR, B A DUE AL ARSI ERE, DANHIETR & T iR A

- PRAR: SREAOTREBFIARCHN, AREETES, SRR BRI E RIS, i
RIS A TR B ZE RS, ARG, TITHE B EY IR A Z AT 2 %

// = File: my_list.cpp =
/* EBHIEERI «/

class MyList {
private:

int *arr; /] &5 (#EFESRYTR)

int arrCapacity = 10; // E5FE

int arrSize = 0; /] BIRE (BRiTtE#8E)

int extendRatio = 2; // ®REBIIBEBINEE
public:

/*x BETF */

MyList() {

arr = new int[arrCapacity];

}.

/* &7 E */
~MyList() {
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delete[] arr;

I
/* EREIIRE (ERITRHUE) «/

int size() {
return arrSize;

}

[* ERRIIBTE */
int capacity() {
return arrCapacity;

h

/* TR */
int get(int index) {
/] FSIWMRER, MEBEE, TH
if (index < 0 || index >= size())
throw out_of_range(" Z3|#A");
return arr[index];

I
[* BHETE */

void set(int index, int num) {
if (index < 0 || index >= size())
throw out_of_range(" ZE3[#HA");
arr[index] = num;

}

/* EEZFIETER «/
void add(int num) {

/| TEHEBHASR, EEESES
if (size() = capacity())
extendCapacity();
arr[size()] = num;

/] BFTEEHE
arrSize++;

¥
[* TEFEBATE */

void insert(int index, int num) {

if (index < 0 || index >= size())
throw out_of_range(" Z3|#A");

/] TEHEBHEER, BEESIES

if (size() = capacity())
extendCapacity();

// #F5| index UKZEMNTHEEAEEE—

for (int j = size() - 1; j >= index; j--) {
arr[j + 1] = arr[j];

¥

arr[index] = num;

/] BHTREUE

arrSize++;

I
/* MEFTE */

int remove(int index) {
if (index < 0 || index >= size())
throw out_of_range(" ZE3[#HR");
int num = arr[index];

/I ®ZF5| index ZEHTHREAAZE—L



HA4E (YRGS www.hello-algo.com 79

for (int j = index; j < size() - 1; j++) {
arr[j] = arr[j + 11;

+

/| BHMTEEHE

arrSize--;

// REIEMIBRE TR
return num;

}

/* BIIER */
void extendCapacity() {
// HE—EREARREY] extendRatio EAIFIFES!
int newCapacity = capacity() * extendRatio;
int *tmp = arr;
arr = new int[newCapacity];
/] #REYHFRE TRE S HES
for (int i = 0; i < size(); i++) {
arr[i] = tmp[i];

}

/] TEREEIREE

delete[] tmp;

arrCapacity = newCapacity;

h

/* #EERYERA Vector ARFIED «/
vector<int> toVector() {
/] (EEMENRESHENNSEYITE
vector<int> vec(size());
for (int i = 0; i < size(); i++) {
vec[i] = arr[i];
+

return vec;

4.4 FoiSESEItREY *

TEARSERIRIPETT, TR T FEEF1 A 8 51E AL i B B A Bk, BN RIRER T “Eaf#E”
Bl RS

B L, PBRARERORRE EPuE v RUB AL IRm A R I AR 23R, i s SR R A B R R RE

4.4.1 S EEHFESE

SHE M LR =R FSE E . 1BRE (hard disk). 321882 (random-access memory, RAM), REX (cache
memory), & 4-2 J&/n T EMTER B RS AR A EAIRGER B,

®4-2 EHEMIIRFRE
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Tt AL RS PREL

FHi& RUIGEFER, BIEERK.  HERHEEEITRTOESNE MECHETNMERES, B
Bl HERE TR R CPU #fiHlsC IR AL

9N BrERERTEER BrERERgEL HrEsERgER

R R, TB #Al /N, GB & e/, MB #&Al

HE g, #E2ET MB/s ek, %+ GB/s EHB, %12 E GB/s

s (N BEE, #EHNHT/GB wE, #T3%ET/GB W&, bE CPU FTHREHE

R

TATAT DAAS ST A G 7 RGAE R A5l 4-O FIRH BS540, BEIE S BETHm A M 7 A B AR R, &
BN BORE SR ERNRETIAREA, TR st FRR S TAR AT MASE IR AR A R

- PR DA IR R, B,

AR PR RHEE R G 2R, Wt N EE R RS HX,

FCIEAEHY A R AR ARG 115, ISR TN & A 5 M.

© PRI R A R SRR DR, BEEE L1 L2, L3 PR RB SR, HYER S g8 K, B CPU
Bl TR EREE A & SA0R, M S Bk N, JTRAIMEREE S, EERN T, ZEHK
AUPREE R R A R, TR A Z P O B (P

TREX L2 Cache
L3 Cache

soiEhe RAM k

CPU

HREE B8
L] KAt

m

[ 4-9 BHEMRKF RS

Tip

AT ELMEAY G I ARSI T A RAA =F BRI T, BRR L, SRR AR
FITE T3, B RIAMEA R R ESFIRR G > R 2 - R

RRRARESE,  REREATIR RV A2 R B RRY,
FEETIRINERAEE S, DHERERPUTICR, =FHAmE, MR ERRRESIEIT,

PR R IR ol A7 R XA TP IEAE P PR RORE, i DRIBUU TR Ak
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qniE 4-10 FoR, fEREXPUTIR, ERMETERIE-HIETINE LIRS, 4t CPU atEMEH]. PRI EAE(E CPU
—ik7r, EEBE SRR, 4 CPU Rt e R, emB R I BITRCR,
Tk /D S e 1 AT e TR AR

. —
r — — —

l
l
2

ot il REY ECiERE HERR

CPU

[ 4-10 B, RCIREEAIPRECZ AT RS

4.4.2 BFHEHENCISEEME

TERCHSRE SRR 75 TH,  FeRAIASlAS 8 51) 2% B A SRR,

—J7MH, seiERbR AR, HRE BRI RE S MRt s, R RIS B R v RE 500 (3 T RE s M
MMz, FEFIRTTRBEEHS, AFEREIMNO A s S TR RS U (B, BRI EReRE
o SR, MATE— R R MAEERL IR M, SR ESGIRRIRE, YAt TR RS MY
RIS A, M, SEESERSIDL “HiE” ZBAOETEIRERT IR piCmEI, SRt T S RAEETE I,

75, EREETR, BEE R W G BRI, IR R AR A LR Rk, EmE BT
TRERAVA ORI, MR EEERG 73, HEAESSSEURER AL, Mk, SESSIRTR
TR, SRR AR R e, RS EBGTIRREE AL,

4.4.3 BRGEBRVIRINEER

TREUHEAE A B B/ VAR IR, EEtiEiRG 2, £RTHE HEE =M EEEN, B3R
PR AEAR, REERF MR EEG M ER, HIbE CPU Balaifm i B AR, & 3%
A IREXKEH (cache miss), Itk CPU MG AMERE EAE AL ISR H B TR E AL

BR, “DrEURaRTR” @D, CPU iRRRHIZCR MR, MACREtatEer, BT CPU PRI h &
HUCE RHK EE IR 25 IREXE R (cache hit rate), S EFEIRIE H FH A SRR

7 T RETAEER E RATRCR,  PRECE PRI DA N R A M

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

- THIUMEH]: EFEESEE S TARE R AR (BIaERR R, EE S RIS, WARBR e
BRI SBREZ , fEMmRT a2,

- R R EEER G, AR EHRER R ] RET I S R, K, PREERAR B
FHRE, ERAHMHIRER, DRSS amHhR,
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- IR, AR BRI, TR AN AR AR A REFHR B, DRIMI G — B, &
TR B s I A R AR B s R

BER L, EERGE ST SIS PRI AR RA RN, 32 SREHAE DL %677 T,

- SR SRS ERYITR ESITRE S E 2, BRI AN AR R E D,

- PRIBT: RSB SIE R BERC IR AR, MIREUE “HATENT 1Y, RIEAREERE R H B .
- THIBUBKHY: P3| Leslh R A AR TR B “RITHRINE”, ARG E A 515 AR BER A RT & R
- R SR AR SR AR IR T, DRI N BRI A B R SE A AT RERIRE R R

Aapgm S, FSRAE S PRIG R, R EAERERCR LE R E RS R, 18 SRR RIA R
Re, RS B A S e R 1 5 A2 O

TETRRE, PR EWE BTG T DU B SEAT RS, BRI A RS AR R A6,
TR E SRR RAE . BN, FESIRISRAE ERIET A DUE B “HEB” Bkl (T —=Egardinsg), Hef
AR A 5=

- AEMIE SRR, TR AR R S E B RO HE R, K2 AR A T m AR ERCR R RE MR
RUREST, AUBEERHRETR 28 il — e ARC e 2

- WRBEREARE A, BIRMERE. HEERRITRIIR/NEE DU, R EEE A FR A BB A HE R N5 0E
St FR A RESI B R B A IR RL IR R N [RIRR 70, f ELE S0 1 Fees) 4 7 7 AR A RSN BR 3

4.5 IhgE

1. ERSEIEE

- BRI SEAS FR SR IR A R RO RE, D BIARERHERT BT I TP O AR R A7 75 2K s R
R BCE EfE. PE AORERG B L AR

- FBISCRREMEAI, A RCIEREE D (ER AR TRECRIK, HAGRRE AR,

C EEEERYIEREMLS I (KR EE ARG AR INER, HAT ARSI R (E ARG IR
&, (HRCERE R, B RAVGERS Ry AL B B Rl & 51, BRI SAG A8, B m s AR a1,

- SRRSO MERR TR A RS, EHEANREEMY R, CRE 1 ESIRESS, [Fika] DA
G R I,

- BB BUR RS & T AR E A, (HATREESG o il i e IR &,

- REREITIR, BRI TR FERCIERE T, A AR A S AT R S RRCR,, A S AR RO IR A
F b SEANEETE

PRGBS PREAT,  FEIBOME DA S 2 [ e A P L S M S R A, 2% CPU R BEPIR B RLI A,
BE T REABITRCR,

- HRMESEA E SR R R, R LA B R, R R, TEARIR AR TR
R A 16 5 R

2. Q&A

Q: FHBI (A EHES ERIGEAEHERT b, B RIRCR M SRR 2O AR
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{7 72 HE B L ADHERE b 1 FE BT A  A AEE BRC IR S N, EORHRIFRCRE AR — B, AT, HEBAHERA
A% BRRERS, ETE LT ARR,
L ECHBERRCR : HEBUE — SR NRCIERE, /LA iEes B E5eal, MR IER S E R, "] DATE
AT EENA, EARZWAL. Bk, HER ERECNBEIAR R L& BRI,
2. R/NBRA: HEEFCIRAEA BN, HERRI AN — RS2 BRI T FH RO IR AR A1 I A 5 A5 5 o 17 KRR
3. WEIGME: BB E ARSI RN TR AR AR AR A, MIHERE_EAIPRSI AR/ NA] DAIFE A TR D RE R T

Q: BB ERMFRBIRKTCER, MAESEAS ER 8 Al A mad A R 2 e ?

PRAL RS ETEEAH AR, GBS REE S (84 EAR, SEEE T DAREEAFER ISR, Fla int,
double. string. object %%,

RS, Y TEREEMERRBIN, ERAGEE R AR R RERCE E RN E, flan, MR R
& int Al Long MAERLRI, BEMESCE S BIMER 4 AocHAn 8 (e, R ARERH U N ARG EREE T,
R &5 EE T mE “TERE,

# TRCEREAN = YRR (BxRaEREi) + TRZRE x TRERS

Q: MHERENES P18, BAEFRZEM P.next &4y None WE?
MEK P.next AT LA, TEazitsh RFIRMER, CHETRENFIBHCETEBEI P 7, EEWREHIE,
P ELIEHEAS ERFIFPINER T, LLIRFETRS P 45 mIME A ES A & s hl A ER 51 A A S
EEREREERTE (M) WAES, TERARIER, HERFBEXAEE2 EMAIT. 7R
MER, BFEMZ S, EEENEW, SRR, BERmERETRARSOE R E, AR e g BB e
BRI RS [,
Q: TESEAS H A AR AFIIERARAERRER B 2 O(1) o (B2 Z AR E O(n) MR REITE,
Zol T R R E A2 O(n) We?
MRS AEMICE, MR CER, REERERER O(n) . A, &R0 O(1) MM ESA e DfEH
A FIS SR8, B, SErfrylE e A B EE, FMaEE —Efa S B smsa s, B
B OSBRI O(1) .
Q: [E “H&HIEREMEFT h, BB ERTEERAGH —EEES A E? B AR E A
fli—:0g?
o aE R ERR, ERR T EREAREIOETT T,

- ARPIRERTE A R B2 AR, Ee4n int. long, double FIFIEYIME,

RIS P A RS 2 R R/ MBIR P IV EE R R S s BRI T 8, K2 % 8 hiytaHEk 4 fiycil,
Q: TERFIREFIG TREARIFLIZIA L O(1) ?
WMERFIG TR Y RE, RIFFEERA B, RAGHE IR, SRR E
TCEMEIE L, ERHERFEEEREZ O(n) .
Q: “HAHIM AR AR & T A E A, (HATREEEG il HRE S IR E 7, BN IR E 2554
HEmMEEERI AR, RE. EASEITGRIRCIREEE?
EHNTHERE FEEW TSR —J7H, BYEgRE —EnRE, M r—EeREZHEES,; 5—
T, 2 TP, WA —MRERA—ERE, ka0 x1.5, Efk—K, thghiBEeasa, &M
ARSI T M.
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Q: f£ Python F#l4atk n = [1, 2, 311%&, 1@ 3 ECRMMALBAER), E2046Gkm = [2, 1, 31§
FECMEECRA id WAZEER, W22 B n PRIHRE, SLETRIIMIEANES, AR m 225
5 ?

G BB T R MBS BB SR n = [n1, n2, n3, n4, n5], EFEEN FIE 5 EEEYELBGETE
TERCIRBE SR, SR, 4AE —MEEBFIRS], BRI LIE O(1) KR PSRRI AR A, e 7R 2
BIERETRS SR E AP A R ERAS I, TR S,

BiFF 2585 A, Python VBT EEDYIM, BRIIPRENARETALS, MERHETHITIH,
I, FRA SR (RS R AR R B A R — M i, 3 IS8 AYRC IR e A I O A

Q: C++ STL #lRY std :: list CAAHEB V& mLT R, Bir G EHERE L AEEEREHE, 21
R R A ERIRIEDE?

— 77, BAVEEE G A EBE AT, AR A SRS E S, ERAmEER R,

- ZEEBHEE: HREETCEFEMERESNEE (—ERRAT— TR, —EHRE—ETE), A
std:: list @ std:: vector BEAGHZR,
PREA K BRER A ZEEE A, Ktk std::list BB A H Rk, —RIER T,
std::vector MIRLEE S H 1T,
BT, B BEAS R A E T R R e R E, BRI 3 e o AR S EE S PR A stack Al
queue , TiARERAS R,
Q: #fEres = [[0]1] * nZEp T — M _#EF], Hipsg—@E [0] 2B AWE?
NRENIH, W gERYIR, P [0] B 2R —EYHNsIH, RBEMERES—FETE, T35
i R IE T 2R BB & Bl > I,
WRAEE 4R AR A [0] &2 2R, FICUM#E res = [[0] for _ in range(n)] ZKEH, EHE
Ji IR PR AIG T n (B2 [0] B2,
Q: #fEres = [0] * nZAER T —ERS, HiEG—EEEE 0 #8287 IE?
ERZERYIH, FrE RS0 MR R —EY 5 . 8RR A Python /N8 GEHZ -5 3] 256) A Tk
BOtihl, AR ARMYIEE R, EmiEAREE,
AR T MIEmE— Y, ERMRRT DB S RN EEITTE, B2 K2 Python FEHUZE “Frf
B, ERMEMEETCER, B ERVIRAS —EWHEREIH, AR REEAY,

SR, EESITRE R K (BIANERS, FIESERIBIES), BEELETIR § BRI A S,
A 5 P F R TR A & AR M 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



5 E MO TS| www.hello-algo.com 87

// == File: stack.cpp =

/* TIRHEE x/
stack<int> stack;

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

/* FhfEEEETE */
int top = stack.top();

/* TEHER x/
stack.pop(); // #R[EE

/> EEUEENRE %/
int size = stack.size();

/* HETRTAT */
bool empty = stack.empty();

5.1.2 HEMNTIR

7 T RN HER A THR, BRIRE R B CEBR — AR

HEBEIE e NR AR, R R RELE B TEGHT i s BR TR, JRT, BB Gt 3 1)K ] DATEAE TR AL
ERTEFIMERITER, RSl DA 2y — RS2 BRI RS sk R 81, ety atas, FMTa DL “MEw” fes sk
SEAT ER A B BR O SERR R, LSS REE AT S B AR

1. BREsERIINER

(o PSS ER A BB HEARIE,  FRAFT AT DA 545 B2 OB IR A 2 HE AR TH, IR 2 HE RIS,

aniE 5-2 R, BIRAHEBRERNE, TR TR A GG FR Y SHER, ISR AR A\ T IR 2 CHERT,
A B, AR A ARG 465 B 81 A R B AT

SR 4
IR E GRS
wi] mon (@)
push(4) 4
SRR l
FRENR X
Nt 1 T i l ‘7 !
RERRZEERT i RRRRR SRS 1
HIMRRAEE HMRRRER
| |
RER | RER

SRR
Step 1 Step 2
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i

son() RIBREREDRS
L)
J!
oA
©
g EREREEET) \?
HNRBAEE @
2)
é
L] RO !!

‘ Step 3

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

DA 2 BE A S 45 £ 1) B B B ) R B A XS -
// == File: linkedlist_stack.cpp =

/* BEREERTIBRES «/
class LinkedListStack {

private:
ListNode *stackTop; // #SEREARGIEAMEETE
int stkSize; // HENRE
public:

LinkedListStack() {
stackTop = nullptr;
stkSize = 0;

}

~LinkedListStack() {
/] EhTEAERTIMIPRETRL, ERGCIEE
freeMemorylLinkedList (stackTop);
}

/* EEUEENRE x/
int size() {
return stkSize;

}

/* FENEERTAT +/
bool isEmpty() {
return size() = 0;

I
[* NHEE «/

void push(int num) {
ListNode *node = new ListNode(num);
node->next = stackTop;
stackTop = node;
stkSize++;

}

[* HEE «/

int pop() {
int num = top();
ListNode *tmp = stackTop;
stackTop = stackTop->next;
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/] EREIEEE
delete tmp;
stkSize--;

return num;

}

/* FHEEEETE */
int top() {
if (isEmpty())
throw out_of_range(" f&EAZT");
return stackTop->val;

h

/* % List E{tA Array MHR[E] x/
vector<int> toVector() {
ListNode *node = stackTop;
vector<int> res(size());
for (int i = res.size() - 1; i >= 0; i--) {
res[i] = node->val;
node = node->next;
+

return res;

2. BREFINER

(o6 FH BB B B, FRAFT AT DURF RS FE B 2 B TH, AN 5-3 PR,  AHEEEL HHEBIRIE ) B ELE
W5 R BRI TR B MIBR TR, KRS O(1) o

NE@
push(4)
R b ESIERE _
"‘“1 ]””“ u ERE ggiv;gugzu
g ERRREEY g EERREMET g
a HrRBAEE n HrRRAEE
a 1 ] wex )
L/ |- -
| Step 1 \ o Step 2
e )
pop()
BRI TR
g EERREET] R n
RGN EE
- |
R

| step 3 |

V] 5-3  Jek A Be 71 T E AR ) N\ A8 1 S AT 15

AR ANHEB AT IR A] RE & IRTEN B in, DRI AT DU ENRERES, ISARmEAEZE B 1T iR BR 81 i 2
DA R Bl zHs :
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// == File: array_stack.cpp =

/* BERMEYIERAESE «/
class ArrayStack {

b

private:

vector<int> stack;

public:

/* EBUEENRE x/
int size() {
return stack.size();

}

/* HEMEERTAT */
bool isEmpty() {
return stack.size() = 0;

}.

[* NS «/
void push(int num) {
stack.push_back(num);

}.

[* LR «/

int pop() {
int num = top();
stack.pop_back();
return num;

hy

/* EEBEERIETER */
int top() {
if (isEmpty())
throw out_of_range(" #EAZT");
return stack.back();

}

/* iR[E] Vector =/
vector<int> toVector() {
return stack;

}.

5.1.3 MESRYEL

SRR

R ERL A S 43 M A 3P 5 R, M) BSOS, (L EV T MM R, TR
— R EIE,

e

TERSTARRF A BB AR, N\ HEB A B (R AT 7L FE S0 70 FL A AT IR T (T, BRI PREUAR I 1,
RICRE R, AT, AR AHEBRHE S A&, SRmAas], SRR AEB IR R i 6
%0(n).

FERN GG RS BB, SlAS RS AR R EETS, AR RIREES AR BRI RA R, H2, AHE
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BIEREREONGCE BRI B IEHE, RIBCRABRR, Nd, GRAMEBTRAR G2 SR,
JERT DA BRIV BR, e iR,
fR EPTIA, B ONHER B HEBIRIER TR B EAGRIAIRE, FI40 int 3¢ double , FRAIMTATDARSHI DU 44

A
fiffl o

- FETRREB B A HE R AR M SR AR R GFRAK, (H R R IR, I ReR E .
- BRI RS BB A T DASE (i SRR B R R B

Eliipy e

TERIAILABINS, FRUCE AT “WIAE R, o RTARM B, W, MARHIER R
SRR (BN 260 MEFFIE, BRI R TAEBI BIRAR, (R, JERRSI B M T REi R
—E IR L,

AT, AR 5 T SEARSM G PR, MBLRRAS IS BB FI S RTEHE K

b, BRI AERR ALALRE I B I A, TR I T T,

5.1.4 HERHBIFER

- RIS PRRIBBAIE, WA BRI, SERMFRCTIMEE, B L AEEHR
FTNHERS:, ERRTAML T U@ IR R EE 2 E— M H, RIBRFEPR LR AESUTHHESR, WRER
IRFSCHRFIRIB AT AT, 0B o 2 o 8 S A AR 5 R,

- PESCRCTERE B, RO R IR, RGUER & EHEB TR — (A e, ARS8 3N B RS E
FEIRIE AN, 1) IR HERS BOS BT T AHEEERCE, e L B0 B & A AT tHHE R,

5.2 1751

175 (queue) 2 —RELEME/E AJCHIRRIFISRIE B RIS, BAEER, (THIBHR T HERES, BRI
IOAATHIREER,  TALEA T2 R A2 BB o

QniE 5-4 FioR, BAGRHTHIERRRES (725", RBEMs “THIRE", MTRIMASIRRERERS "N,
MR 721 & TR A ERAERE 2y “HIF7
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1551 H7 7
queue pop() pop()

5
i |

A5t |

=~ —_—
w

5=

N7 A5
push(5) push(4)

& 5-4 (AR AJeH 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)

BT r] DLE R AR SRR & B R T 5 R

// == File: queue.cpp =

/% fIRETS */

queue<int> queue;

/* TTENG */

queue.push(1);
queue.push(3);
queue.push(2);
queue.push(5);
queue.push(4);

/* SHETFIETER %/
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int front = queue.front();

/% TEHG %/
queue.pop();

/* BEUTIINRE */

int size = queue.size();

/*x FERTHIREHBE */

bool empty = queue.empty();

5.2.2 {FHIER

7 T BBUTY, TRMBE GRS, nIDAE—Imirigoe®, WES —umMbRocs, §EasBsIRpEsIEsy
BER,

1. BEEERYINER

qniE 5-5 AR, BRI UK ST RS “HAEIRE” A “RRETRT 2RIRA “TEIE” M YTIIRET, BUETS
PR ERG, (750 & (AT THEREN RS,

HERS 4
RS RTIRS
- Al -
p— RS [0 push(4) RIS \?\
‘// A
i | g ? g ?
a EEER R (2) a EEEREMEE (- )
o HOMRBATT ! o HIMRIAITTI )
)\guI ron () o ?\
551 mon (@
Step 1 Step 2
51
pop() MIBRERENES
won ()
L
a EEETE RS (- )
o HINETAES] l
®
EER @
Step 3

5-5 FERGESE RS BBUTHII S S B lE

DA 2 I 5 R 51 B B 75 A AR 2SS -
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// == File: linkedlist_queue.cpp =

/* BERiEERIBIRTY «/
class LinkedListQueue {
private:
ListNode *front, *rear; // BEEI®L front , EEi®L rear
int queSize;

public:
LinkedListQueue() {
front = nullptr;
rear = nullptr;
queSize = 0;

F

~LinkedListQueue() {
/] ERHEAEBRHIMBRETRL, EMECIERE
freeMemoryLinkedList(front);

}

/* EEUTIINRE */
int size() {
return queSize;

}

/* FEMTHIRE AT */
bool isEmpty() {
return queSize = 0;

}

/* N5 %/
void push(int num) {
/] EEREEEFIE num
ListNode *node = new ListNode(num);
/] MRTHAET, AISTE. BEEEIERZER
if (front = nullptr) {
front = node;
rear = node;

b
/] MRTHNARAT, AiGZERGFIE ZIEERE
else {
rear->next = node;
rear = node;
}
queSize++;

h

/* B */
int popO {
int num = peek();
/] HBREEETR,
ListNode *tmp = front;
front = front->next;
// ISR
delete tmp;
queSize--;
return num;

I
/* SHEMTIIETTE «/
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int peek() {
if (size() = 0)
throw out_of_range(" {FHIAZ=");
return front->val;

hy

/* ignEEERYELZA Vector AR[E] x/
vector<int> toVector() {
ListNode *node = front;
vector<int> res(size());
for (int i = 0; i < res.size(); i++) {
res[i] = node->val;
node = node->next;

h

return res;

2. BitEFINER
TERRF MR E TR AR 2 O(n) , EEESHFIRIERCREAR. AT, AT AR LRI 277
A G IS (8 R

A AT A — @2 8 front $fRMTHIE RN ERG|, WHEE —HEE size AREHRITIIRE, EF
rear = front + size, EEARFEHM rear fEATHIE TR Z BN N —HEME,

BRI, FAIP TR AR [front, rear - 1], SFEHREREBIEWE 5-6 Fimn,

NGB #im AT RIR(ELS rear R, WilF size 01,
HHEE: JFEF front 8N 1, Wi size B/ 1,

FIDAEER], AFIFIH SRR T T — R E, RIS O(1) .

front IEMAFFIETR 1. HERIER rear
rear IEAITHIRTE + 1 2. RTEMEE rear &
rear = front + size 3.1 size B 1
KR A3 Gt
(550 PIsHiC)
front > front >
5y T FHIRE FHIRE
size = 4 size = 5
EERREET EERREES]
HIMRRBITTI HIMRRSBITT
A5 T rear > ‘7‘ rear > f
73R . .
Step 1 o Step 2 o
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1.4 front B 1

2. % size H#H 1
51 i
pop()

FHIRE

front >

n size = 4
-] RS B
ﬂ HINRRATI a
o

Step 3 L

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.cpp =

[* BRIRAEIBRETS «/

class ArrayQueue {

private:
int *nums; /] BREEFERTYITRES)
int front; /] ATSIETERE, fERTYIE TR
int queSize; !l THIRE

int queCapacity; // 1758 &

public:
ArrayQueue(int capacity) {
/] W kES
nums = new int[capacity];
queCapacity = capacity;
front = queSize = 0;

}

~ArrayQueuve() {
delete[] nums;

}

/* EEUTIINAE */
int capacity() {
return queCapacity;

F

/* EEUTIINERE */
int size() {
return queSize;

}

/* FEMTHIRE AT */
bool isEmpty() {
return size() = 0;

}
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/* N5 %/
void push(int num) {
if (queSize = queCapacity) {
cout << " fFHIEM" << endl;
return;
¥
[/ FETYIEREE, ERTIERS + 1
/] BEBEEREEEI rear MBS EIREEFITEE
int rear = (front + queSize) % queCapacity;
// # num FIEETTIE
nums[rear] = num;

queSize++;
¥
/*x HF] %/
int pop() {
int num = peek();
[l TYEEEREEE—0, HHBEE, ALREIZIESIZES
front = (front + 1) % queCapacity;
queSize--;
return num;
¥

/* sEETHIETTER */
int peek() {
if (isEmpty())
throw out_of_range(" {F5IAZ=");
return nums[front];

hy

/* 1&RETIE{LA Vector MHR[E] */
vector<int> toVector() {
// EERENREHENNSRYTER
vector<int> arr(queSize);
for (int i = 0, j = front; i < queSize; i++, j++) {
arr[i] = nums[j % queCapacity];

}

return arr;
¥
e

DAEBEIRATANR A (RIRE: HAREEA TS, A1, ISR AR, Bl AT DA A1 25 Bl e e
I, Mg I NIEAH, A BRI E ] LE R BT EE,

PR B A LA e BB — 5, TR R,

5.2.3 {F5IsEFEA

HWEETH, Y TER, STEARMAMTIITh, REERERIBIET EH TP R, £8 0
i, FERFEINGELFRATE, SRR RA TR E RSO,

© AR, (EMRREER CARE]T DIRERIS R, BIMIENREAIER T, A RER TS,
(THIFEIGLE S 5 A ] DUB ROt 3 iR BRIE
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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.cpp =

/* RERITS */
deque<int> deque;

/* TTENG */

deque.push_back(2); // #IZZE(TIIE
deque.push_back(5);
deque.push_back(4);
deque.push_front(3); // #HEEFTIIE
deque.push_front(1);

/* TR */
int front = deque.front(); // {THIETE
int back = deque.back(); // AR

/* JTTEHT %/
deque.pop_front(); // 1FHIETELS
deque.pop_back(); // {FFIETELTI

/* ERERTIINRE «/

int size = deque.size();

/* FEIERTIIEEAT */
bool empty = deque.empty();

5.3.2 £mTHIER

BT AR BB T AL, n] DOSSERGELS ER 2 sl A1 0 2 R e Rl At

1. BRtEmigsaayInNER

[ b — Bz, Pl B g FR S AR BT A, R 2% e m] DAY (M PR AR CEFRE H SR E)

FITE IR OB BT TR CEHBASIERE)

BNER(THIT S, SRR AT AR SIIRIE, RAass, Srfrd| R EZ EH S — s ITm
AUIRIE, Zuitt, FRIERA "Gt ers” 1525 a2 R B

e 5-8 R,  PRAMIHFEE A S £ 47 RO SR E R AN 2 BT RG24 B T AT A E AT AN, () iRy B L it 7

HEANMHER B AL A EE

{75

mm p| | e TRIDE:
31 a3

1
ERRSRS SRS
HIMRIRABBEITF N
175 l 1751 AR
A7 3

75
Step 1 Step 2

FFIRAFI e 4
push_last(4) IS E RS RTIR
T
1
ERERRS AR

‘ HIMRBASRTS i

o i

)
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EER 1

FHEE AL R RER
1FHIENT 1FFIRHE]
;l-lslh_firlst(l) FRETRS @ pj;p:_'l.ast()
i
a o
a 2
EERRREY SR @ EERRRESREERT
a a
ﬂ HPRRABETT] é a WP RBALETT]
R <E§§
| Step 3 Step 4 |
fFHIEHEI
pop_first() THBFERENES
awn ()
N
a ERERR S iR @
a HIPRRBBETT] /TI
ron ()

Step 5

5-8  FRJRHEAS ER A BB EE AT A1 AS 515 0E

HEREABN NTR:

// == File: linkedlist_deque.cpp =

/* EmEELERTIERE «/
struct DoublyListNode {
int val; /] ERELE
DoublyListNode *next; // BAEEIELIEIZ
DoublylListNode *prev; // FiIEBEAIZLIEIE
DoublyListNode(int val) : val(val), prev(nullptr), next(nullptr) {
¥
i

/* BEREREER7ERNERTY «/
class LinkedListDeque {
private:
DoublyListNode *front, *rear; // SBEi%; front , EEIZ rear
int queSize = 0; /] ERfFINERE

public:
/* BT %/
LinkedListDeque() : front(nullptr), rear(nullptr) {
+

[* MHEHE %/
~LinkedListDeque() {
/] EHHEAERHIMPRETRL, EMECIERE
DoublyListNode *pre, *cur = front;
while (cur !'= nullptr) {
pre = cur;
cur = cur->next;
delete pre;

B
s G%
o

REE (Ii
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}

/*x ERERTINRE */
int size() {
return queSize;

}

/* HEERTIIRTAT */
bool isEmpty() {
return size() = 0;

I
/% NFUHRIE */

void push(int num, bool isFront) {
DoublyListNode *node = new DoublyListNode(num);
/] EiEEELRYIAT, AlS front A rear #BFEME node
if (isEmpty())
front = rear = node;
/] ATHIENTHRIE
else if (isFront) {
// ¥ node FI%ZEHE4ERTIZESE
front->prev = node;
node->next = front;
front = node; // EHEAEENRL
/] ATHIRNSIRME
} else {
// #% node FIEEHELLERTIESD
rear->next = node;
node->prev = rear;
rear = node; // EIEEIEL
¥
queSize++; // EHTIIRE
+

/*x ATHIENG %/
void pushFirst(int num) {
push(num, true);

}

/* (THIBNT */
void pushLast(int num) {
push(num, false);

}

[*x WHIHRIE =/
int pop(bool isFront) {
if (isEmpty())
throw out_of_range(" {THI&=");
int val;
/] ATHIEHTHRIE
if (isFront) {
val = front->val; // E1ZEEEEE
// MIBREEETES
DoublyListNode *fNext = front->next;
if (fNext !'= nullptr) {
fNext->prev nullptr;
front->next nullptr;

I3
delete front;
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front = fNext; // EHEEENRL
/] ATHIR Y HRIE
} else {
val = rear->val; // GFEEE
/] MIBREEIR,
DoublyListNode *rPrev = rear->prev;
if (rPrev != nullptr) {
rPrev->next = nullptr;
rear->prev = nullptr;
}
delete rear;
rear = rPrev; // EIEEIH
}
queSize--; // EHITIIRE
return val;

}

/* (FHIEEY */
int popFirst() {
return pop(true);

}

/* THIEHS %/
int popLast() {

return pop(false);
+

/* FETHIETE */
int peekFirst() {
if (isEmpty())
throw out_of_range(" Zm@{THIAZ");
return front->val;

hy

/* FETHIRTTER %/
int peeklLast() {
if (isEmpty())
throw out_of_range(" £@ETHIAZE");
return rear->val;

}

/* R[EIFEFERFIED +/
vector<int> toVector() {
DoublyListNode *node = front;
vector<int> res(size());
for (int i = 0; i < res.size(); i++) {
res[i] node->val;
node = node->next;

}

return res;

2. BEFINER

qniE 5-9 FoR, BLERFSIE BT AL, B thal DAE R B RS R R & 75,
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front IEMFHIETR 1. HERIER rear
rear IEEITHIRTR + 1 2. BITRMEE rear &
rear = front + size 3.1 size Bl 1
{FHIENFI
1750 push_last(4)
{ﬁguﬁ I l ﬁiﬂ% front > FHIRE a front > FHIRE
size = 3 size = 4
2 ERERZDEET EEERZEEET
a HIPRRAERTTI a HIMRRRERTT]
73R 1 l 75
A5 5l rear > rear >
175
[ Step 1 J Step 2
1. #% front BH 1
2. HTRIEE front B .
3.8 size BN 1 1.4 size BH 1
fFHIENF TR
push_first(1) pop_last()
front >
a 1FFIRE a FHIRE
size = 5 size = 4
a ERERZOEET EERERZOEET
B HIMRRAHRRTT] a HIMRRARRTT]
[ step 3 ] Step 4
1. 4% front B 1
2.4 size BH 1
{FFIEHT
pop_first()
front > FHIRE
size = 3
a EERRZEERET]
a HIMRRAYETT

[ Step 5

5-9  HLR A B AT A AL SRR

TEATHIREBIELRE b, EFTIEI “ITFIE NS 1 ATFIRHAN" 77i%:

// == File: array_deque.cpp

/* BERIRFEEHERNERTT] +/
class ArrayDeque {
private:
vector<int> nums; // BAREFEERTHITTRIVES]
int front; /] ATSIEEE, ERTYE TR
int queSize; // ErfriRE

public:
/*x BiEF */
ArrayDeque(int capacity) {
nums.resize(capacity);
front = queSize = 0;

I
[* EREETINEE «/
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int capacity() {
return nums.size();

}

/* ERERTINRE +/
int size() {
return queSize;

}

/* HEERTIIREAT */
bool isEmpty() {
return queSize = 0;

¥
/* StBRIRFZEFIZRS] «/

int index(int i) {
/] BEBEERRIEEIRES B EEE
// & i #BEYIESE, EF/EES
/l B i #BrEyIsEEE, EIEIEE
return (i + capacity()) % capacity();

}
[* ATFIENG */

void pushFirst(int num) {

if (queSize = capacity()) {
cout << " EETHIEM" << endl;
return;

}

/] FYEEERAEE—I

// BEEEFRRESIR front HIAMES|IEIRZEEEER

front = index(front - 1);

// # num FREETHIE

nums[front] = num;

queSize++;

}

/* (THIBNT */
void pushlLast(int num) {
if (queSize = capacity()) {
cout << " ERETHIER" << endl;
return;
+
/] FEITIIEEE, ERTHEERS + 1
int rear = index(front + queSize);
/] #& num FEERTHIE
nums[rear] = num;
queSize++;

y

/* (THIEEY */

int popFirst() {
int num = peekFirst();
/] T EEEREEEH—I
front = index(front + 1);
queSize--;
return num;

h

/* THIRHF %/
int popLast() {
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int num = peeklLast();
queSize--;
return num;

}

/* FHETHIETE */
int peekFirst() {
if (isEmpty())
throw out_of_range(" ZmTHlAaz=");
return nums[front];

}

/* SHETHIRTE */
int peekLast() {
if (isEmpty())
throw out_of_range(" Zm{THIAZE");
!/ FEERTERSI
int last = index(front + queSize - 1);
return nums[last];

}

/* R[EIFEFIERFIED +/
vector<int> toVector() {
/] EEIERREHENNEYTER
vector<int> res(queSize);
for (int i = 0, j = front; i < queSize; i++, j++) {
res[i] nums[index(3)];

}

return res;

5.3.3 €mfTyIEA

a7y AHEE TS EE, Rt en IEBUEMENITE NG, RIRREE S B B,

TG, REER RGN DhREIEH M AR E B RS UCEKIRIE push ZIHERT, AR1ZEHE pop
EHUEH, A, FRIIRSEIRAIRE], HEtns GRBIREES R (GInERTFREE 50 ), EHar
RIS 50 K, MEGTEAHBIR (THIE) BATMERERCE, (HHEBMTLEBIZIIRE, PERE e 2
{PFIAREARHE R, SBTERE, “HEH” ARLOIBER R IEHE B A SE AR IR, FUZBE A 7751 RE S 56 0 82 75 1
BH LRI,

5.4 IM©&E

1. ER5EIEE

- HERJE MR T AR R AR RS, n] I Y B FR S AR E

- TERFREIRCRTT T, HEBARES BB R AR A PIRCR, EERAERET, BOO\HEB RN R
EEHNEO(n) . MELZT, HEMAGRAS Ry BB EA E A FE R R,

- AEZERRCRTTH, HERREYEE RS RN MR, (AREERENR, EEE S ERT
ILNEEE il s e G271 bve 5 SN
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- ATHIR A A S R AR ORGSR AT DOEIE S el A5 AR AR BB, IR ] R0 A 3
RCRHVEIEE b, 751 B Al S iR HE A O A5 SRR DL
- Brfryl - MEAEEE BRI, ERREMNRE T T RIS MRS

2. Q&A

Q: BITIZRHURMEIRIRZ A2 B sl Hh S T Y

BB ANERIBREAE L2 “HA” BBl BN —E Bk, ZHEm ey e HaE;
P BERARIR LRy, A% E i G B TE (T8 ] DT (b BB — LM, EMEE A
151" EHIHRE,

Q: FEHHEERR, 2R HHER ARG A RRE?

GURARAAN ST Z A R RS, HIATREREGEIEM, B RATREME, Java Ml Python St SHEA HE)
B e, R A TR T ENRE LIRS, 7E C A C+ iR T B REGL IR,

Q: Br(TiGEmEHEBIHEE Tk, Rt E?

BT AR BN T HI A S e R (BB P E T . ERBIRZHER + (TSR, K AT DA B
BEUTHIRIFTA M, 3 HE NS,

Q: i (undo) MHEH (redo) EBLZANAIEIIN?
o P A AR, S A FTRRIREH, HEEE B AR SHRUEH,
1. BEERZEPITERCE, SR ERASER A, WHEEHEEB .

2. BPBAT “HEE” Ky, 1CHEE A PRI EOLRIERME, W HBAKEEB .
3. BHPBIT “IBEH” W, (CHE B R HEBOLIRE, MAFHBEAHER A
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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.cpp =

/* RERR «/
unordered_map<int, string> map;

[* FBIRIE «/
/] TEMERPIIEHEES (key, value)

map[12836] = " /hBg";
map[15937] = " /higE";
map[16750] = " /h&E";
map[13276] = " /VvE";
map[16583] = " /ME§";

[* EHIRE */
/] AEREERBPEANE key , B32E value
string name = map[15937];

[* MIBRIRIE =/
/] TEMERDMEREES (key, value)
map.erase(10583) ;

MERRA M AR ER 7T B RES. EVEAENE, RO
// == File: hash_map.cpp =
/* EHHERER %/

/] EFHEEH key->value
for (auto kv: map) {

cout << kv.first << " -> " << kv.second << endl;

¥

/] 1ERERESESS key->value

for (auto iter = map.begin(); iter !'= map.end(); iter++) {
cout << iter->first << "->" << iter->second << endl;

I

6.1.2 HERMEER
A% R B S, R — AR R B B R R, TR R, TRV RS o ) £ 23 LA
(bucket), SHENAIREFE—HEEY, FHit, ZHRERERT key BEANE, WAEATHEER value ,

AR, AR key EACEERIMNE? ISR &M ERT (hash function) EEIR, HEREXAIERZAF—ME
TR\ 2 R — fEf N e, AR RT, MAZERITH key , W= HEZATER (5
K50 WAEhH, WA —E key , B LUZEMEZ R key BHERISEEHE RS P I7 AL B

A key , HMEZREXAEHREE D 2L TR2,

L. BIEFAEEREEEE hash () sHESEFEEE,
2. MAERERMEE (MYIRE) capacity BUE, {EMEHGZ key HIENIM (FEFIZRS5]) index.

index = hash(key) % capacity

BETR, FMIWEATDAMIA index FEAER R I FIBERIN, #EMEHK value o
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M5 F capacity = 100, FEZEIHEE hash(key)
key 22551 value W4 A0, /R T HEZE R XM TIERE,

key , S1SHMEZER NS key % 100, [E 6-2 DA

BN key #5| BESY BitH value
key value
- e
>
@ . O O
~- | (O — D
@ . | comm

(’E’;@ﬁl’;ﬁﬁﬂﬁfﬁ

6-2 MR TR EE

DITFEEEE I 7 —EfBEMER, Hd, R key F1 value B —(EXERI Pair , DAFREEE,

// == File: array_hash_map.cpp =
/* REH */
struct Pair {

public:

int key;

string val;

Pair(int key, string val) {
this->key = key;
this->val = val;

}

55

[*x BEREFIBRNMEER «/
class ArrayHashMap {
private:
vector<Pair *> buckets;

public:
ArrayHashMap() {
// WEkkEY, 8& 100 {EiF
buckets = vector<Pair *>(100);

h

~ArrayHashMap () {
// TERECIERE
for (const auto &bucket : buckets) {
delete bucket;
+
buckets.clear();
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h

/* HERRN */

int hashFunc(int key) {
int index = key % 100;
return index;

}

[* EHIRE */
string get(int key) {
int index = hashFunc(key);
Pair #*pair = buckets[index];
if (pair = nullptr)
return "";
return pair->val;

}

[* FIZIRE */

void put(int key, string val) {
Pair *pair = new Pair(key, val);
int index = hashFunc(key);
buckets[index] = pair;

I
[* MIBFRIE */

void remove(int key) {
int index = hashFunc(key);
/] EREEERTEES nullptr
delete buckets[index];
buckets[index] = nullptr;
+

/* EENFRERES */
vector<Pair %> pairSet() {
vector<Pair *> pairSet;
for (Pair xpair : buckets) {
if (pair != nullptr) {
pairSet.push_back(pair);
}
}
return pairSet;

}

/* JEENFREHR */
vector<int> keySet() {
vector<int> keySet;
for (Pair xpair : buckets) {
if (pair != nullptr) {
keySet.push_back(pair->key);
}
¥
return keySet;

I
/* FEBFREE */

vector<string> valueSet() {
vector<string> valueSet;
for (Pair *xpair : buckets) {
if (pair !'= nullptr) {
valueSet.push_back(pair->val);
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I
}
return valueSet;

}

/* GIENFEER */
void print() {
for (Pair *kv : pairSet()) {

cout << kv->key << " -> " << kv->val << endl;

}

6.1.3 HMEFEREER

WAH LA, MEEKHERZRITE key B A S FBIREIELI A R MR R g 2, Az
PR AR s R, Rk, PG _E—@& e “SMak A B ENFEL” iDL

BN ERRBIFPAHEE R, B AR key RIAAERIRE, FEERNAE AR BAER, B0, EMHR5E%

12836 #1 20336 HUMIfES AR, FRF1G2:

12836 % 100
20336 % 100

36
36

Nl 6-3 Frr, MifESSEER 1A —Eid4, SRR B, BARE A 2 8 fh A\ R — i B A E DR

Zy %% (hash collision),

BN key
23 TR

— 36 —

/ HER
@/ key % 100

#3l

37

50

76

83

e
key

15937

16750

13276

10583

s

5

value

“hes

“ N

J

“hEr

“Ij\ﬁ"

“/\mer

6-3 HEREZIRGI

Eith value

—

p—

AT, MERER n 8K, 2 key HTECEIF — M AR, ERHED, Hit, FRFIT

WE 6-4 fioR, TEARIHE(ESE (136, A) 1 (236, D) #HEMESR, HBABEHRMEL,
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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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5] 2] WEERT (BRARE
00 200 7 J

.

w

~
o w
w =]
=~
W
~

stk .
gf@ﬁﬁﬁ@-ﬂﬁﬂﬁﬁ%
I El

HERaFEERTE w

750 850
HEERIL key % 100 76 276 n
BRAERN key :
EREHEEHER

83

N
o
a

- 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,
DU BB SHEARIRA IS, RN TS 2 W, RIMIEGEERIEA RN 2 15

// == File: hash_map_chaining.cpp =

[* SERFRR +/

class HashMapChaining {

private:
int size; /] BEELHEE
int capacity; /] BERAE
double loadThres; /] BEEANESREFRHEE
int extendRatio; /] EREE

vector<vector<Pair *>> buckets; // #@[&E%l

public:
/* BT %/
HashMapChaining() : size(0), capacity(4), loadThres(2.0 / 3.0), extendRatio(2) {
buckets.resize(capacity);

y
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/* WHBHE */
~HashMapChaining() {
for (auto &bucket : buckets) {
for (Pair *pair : bucket) {
/] ERECIREE

delete pair;

}

/*x FEEERN */

int hashFunc(int key) {
return key % capacity;

+

/*x BEHEF %/
double loadFactor() {
return (double)size / (double)capacity;

h

/*x EHRIE %/
string get(int key) {
int index = hashFunc(key);
/] FEFHE, HXE key , HIR[EIHE val
for (Pair *pair : buckets[index]) {
if (pair->key = key) {
return pair->val;

¥
¥
/] BEXRIEZE key , BiREIZ=FE
return "";

hy

[* FIZIRE */
void put(int key, string val) {
/| BEHRAFEBRER, BITES
if (loadFactor() > loadThres) {
extend();
+
int index = hashFunc(key);
/] E:HE, FBIEE key , BIFEHHFE val Wik
for (Pair *pair : buckets[index]) {
if (pair->key = key) A1
pair->val = val;
return;
}
+
/] EEZ key , BIEEHMEEEE
buckets[index].push_back(new Pair(key, val));
size++;

I
/% MIBRRIE */

void remove(int key) {
int index = hashFunc(key);
auto &bucket = buckets[index];
/] EsHE, WPmbRRES
for (int i = 0; i < bucket.size(); i++) {
if (bucket[i]->key = key) {
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Pair *tmp = bucket[i];
bucket.erase(bucket.begin() + i); // WHfiREES
delete tmp; // ERECIEEE
size--;

return;

}

/* BERHER */
void extend() {
/] BEEREHEER
vector<vector<Pair *>> bucketsTmp = buckets;
/] BEREBINMEER
capacity x= extendRatio;
buckets.clear();
buckets.resize(capacity);
size = 0;
/] ESREHNEHMEREEZNHER
for (auto &bucket : bucketsTmp) {
for (Pair #*pair : bucket) {
put(pair->key, pair->val);
// TG

delete pair;
}
/* FIENFERR */

void print() {
for (auto &bucket : buckets) {

COUt << ||[||;
for (Pair *pair : bucket) {

cout << pair->key << " -> " << pair->val << ", ";
}

cout << "]J\n";

}.
b

BRI, BHERIIRER, &HCE O(n) W2, MR DUSsSRIERZ “AVL B” 5% “40m
B, T AR R R A R A A 1L % O(log ) o
6.2.2 FKELL

BIMELL (open addressing) 5| ABSMURRIERE, TIRER “ZUEH" AEMAMZRER, KGR E
TR E, IR 2 OO

N DARPEIRE 2B, /AR BRBCE HERERE R A AR

1. BT

RRUERE IR EE D RIS RS AGEITIRR, HaR (e IR @M R A T,
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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.cpp =

/* BBUELREER */
class HashMapOpenAddressing o

private:
int size; /] RELHEE
int capacity = 4; /] BERAE
const double loadThres = 2.0 / 3.0; /] EEEANEHEFHEE
const int extendRatio = 2; /] EBREE
vector<Pair *> buckets; /] 1EkES

Pair *TOMBSTONE = new Pair(-1, "-1"); // fIBRiZ:5

public:
/* EET */
HashMapOpenAddressing() : size(B8), buckets(capacity, nullptr) {
¥

/* WHBHE */
~HashMapOpenAddressing() {
for (Pair *pair : buckets) {
if (pair != nullptr 8&& pair != TOMBSTONE) {
delete pair;
Ip
¥
delete TOMBSTONE;
¥

/*x FEEERN «/
int hashFunc(int key) {
return key % capacity;

hy

/* BEEATF */
double loadFactor() {
return (double)size / capacity;

h

/* % key HEMNEES| x/

int findBucket(int key) {
int index = hashFunc(key);
int firstTombstone = -1;
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}

/] BERE, 28T
while (buckets[index] != nullptr) {
/] EBE key , R[EIHEMNRERSI
if (buckets[index]->key = key) {
/] BEzand T mERrES, BIFRERBIHEZRSIER
if (firstTombstone != -1) {
buckets[firstTombstone] = buckets[index];
buckets[index] = TOMBSTONE;
return firstTombstone; // REZEENEZES]
}
return index; // R[EIEZRS]
}
/] EeERBEIEERPRMES
if (firstTombstone = -1 && buckets[index] = TOMBSTONE) {
firstTombstone = index;
}
// sEBERS|, #HBEIPALREIZES
index = (index + 1) % capacity;

¥
// & key FAEE, BREIHIEEHVZES]
return firstTombstone = -1 ? index : firstTombstone;

[* EHIRE */
string get(int key) {

}

/] #E5 key HEMIEES

int index = findBucket(key);

/] ENEFIRESE, BREHE val

if (buckets[index] != nullptr && buckets[index] != TOMBSTONE) {
return buckets[index]->val;

+
/] BREHFFE, AREZFH
return "";

[* FIBIRIE %/
void put(int key, string val) {

b

/| EEHFRFBBRER, RITES

if (loadFactor() > loadThres) {
extend();

¥

/] #E5 key HEMIEES

int index = findBucket(key);

[/ BIXEFREY, IEE val WiR[E

if (buckets[index] != nullptr && buckets[index] != TOMBSTONE) {
buckets[index]->val = val;
return;

+

/] BREHFEE, QFSzRES
buckets[index] = new Pair(key, val);
size++;

/% MIBRRIE */

void remove(int key) {

/] #= key HENIFEERSI

int index = findBucket(key);

/] EXFRES, MEMFELEESE

if (buckets[index] != nullptr &% buckets[index] != TOMBSTONE) {
delete buckets[index];
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buckets[index] = TOMBSTONE;
size--;

}

[*x BERMER x/
void extend() {
/| BERE#ER
vector<Pair *> bucketsTmp = buckets;
/] VB HIERBNMEER
capacity *= extendRatio;
buckets = vector<Pair *>(capacity, nullptr);
size = 0;
/] BRESRRMERESMMER
for (Pair *pair : bucketsTmp) {
if (pair != nullptr 8&& pair != TOMBSTONE) {
put(pair->key, pair->val);
delete pair;

hy

/* SUENHEER */
void print() {
for (Pair xpair : buckets) {
if (pair = nullptr) {
cout << "nullptr" << endl;
} else if (pair = TOMBSTONE) {
cout << "TOMBSTONE" << endl;
} else {
cout << pair->key << " -> " << pair->val << endl;

}

2. EEHFA

SEF IR BIEBLAR PR FE, BRI RCE NI RIRIE 2 —, &3 R SRNE, Fr BORA2 fif BE s —
FERE, mEPE “TRERIRERE” P8, B 1,4,9, ... %5,

SER R BB DU ES,

I RRE B PR R HCECE 7T R, SEAR AR AR IR A R SR SR A,
TR E PR E R R SRS E, AR E RS B A,

SR, PO IRRIAL AR SE SRR,

TRAERETIS, RIS B FEH M B A U5
HR VTR, PRI RE SRR AR R, BRWEIEMERRT AN, Rt RE
£ 3P il A

3. ZRE

BREE, UG TR S MEEER £ (2). o) fa(@). ... EATRHL
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- ABATCER: FHEEE f (v) HBER, AER fo(r), DU, BSHEEAREATLER.
- EHpTR: EMRAFEZE IR METER, ERREEETTRRRE; FHBRIS RO E S
B, SRITMERETH A EZTR, ARE None ,

BARRVEREMILL, RTINS EARSE, B2 MEMEE X G ARBIMIE R,

Tip
FRTERL, BACEal (RRUERE. PRI 2R MEEAEE “TREERMPR TR AR,

6.2.3 ERXESHEE
HAERE TR S BRI T AR R EBRNS, g E s 1,

- Python $#MBAUE L, Tl dict %&ﬁ#&%ﬁli&ﬁ%?ﬁﬂo

- Java R4k, B JDK 1.8 DA%, & HashMap WS REEET] 64 Hil45 RS REES] 8 I,
5 R B R 2 KL SR AT T &R RAE

- Go tRASEANIE, Go BUE MR 217 8 M EY, WA RNER @R, HikiE2
IRf, AT —IRRRAF IR A RAE, DARECRSLAE,

6.3 MiEEEE

RIPA B4R T RER R A LA B AR E R AR BT R, SR G 2 B CE Mg 2 sl ik, e RefR e
MR T AR I B A, i Sk R R i R 3

WRAEE B OB, BRIV @ 2815, W 6-8 iR, BNGEERAHEER, FAIRR FR
(BB SR RTER, SRR AR, M FATA RS B — RrR, R iR
X% O(n) .

E A ER
Zgziﬁiﬁﬁﬁﬁﬁﬁﬁﬁqﬂ
REEME 0(1)
oo
mERR:
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[ 6-8 HERERAVR AR DU RZE

SEAEEIA TS DLHRE G AT . IR R AR R BR, JuatRAERE, BRI U

index = hash(key) % capacity

BIRDLERS, ERHERAR capacity [EER:, MEZERIA hash () & THhE, &M T (EHE
MEE R HY M DL

ERERE, 2V REMEERREME, RMEERERNEPEREEEX hash() IR Lo

6.3.1 MREFEZNER

R T BB CBRXAY” RRRERRERISNE, MR AR AR DU TR R,

RN SHRHIRAA, BRI AR RO, 1R RERE R SR A 4R
- HCRE: SIS, SRR, R A,
B RRTOLEIE R M EREA T, MR, R R,

EHFE L, MERBEEAEARR TR DR EBREER, BRI R H A,

- HEHSHRAE: 2 T OREMERIF R Z e, REUEE G ERMHEENENPSCRN, M2 R
RIE, EHPEANEER, ROEHEARNEB RMRE, RREMEOMZEET IR, WRmE
VLEC, JREEE RS 2 IERE,

- BRIEREPERRE: ERMENXTT A] DR R R (B — R A 30T P DA st AR IR Y
ERHORERE, BRI MR EDE T IO, AR MEITAC, AR ERI AR 2 e 3,

BNETRAHBRIEM, 2 7RI MR A AR i e TR, MR AR TR A SR
ECE i

- R RS RER(E S B A BRI T
- PibEENE: EEMEHEIRENFEERA, F S MRREEEM R,
RO RN (N R B B R TR AR

AHTER, “BA T BOCPiRERETE” R MEERNRIBEE, WS A R PR, B, fERERE
WA key &, HMEZEERN key % 100 r] DAELEG iR, AMaziREERSNEE, FragmcimH
F key AYERHAAERE, R AT DARE 2 HOEHER B S AT HIRY key , TETMTARAR TS,

6.3.2 MEEFEENEG

MR IR R AR AR5 A 2 R EARE, RIS mAs R, B haERE—&
i B AR R TR

o OMIEEEE . EEE AR EET TR ASCIT BEEITARNN, SRR R AR,

ORI FIRSRIERAHBINE, SRR ERE, FRETITH ASCIL SRR A,

- HRFEUER: R AERIREETTRIER O SR E R AR E T,

- TR A IR ASCIL HS RREE AR A, SR ER AT & B R ST e 1,
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// == File: simple_hash.cpp =

[* NEMEE +/
int addHash(string key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (unsigned char c : key) {
hash = (hash + (int)c) % MODULUS;
}.
return (int)hash;

by

[* FTEHE */
int mulHash(string key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (unsigned char c : key) {
hash = (31 * hash + (int)c) % MODULUS;
¥
return (int)hash;

by

/* BERFZHE x/
int xorHash(string key) {
int hash = 0;
const int MODULUS = 1000000007;
for (unsigned char c : key) {
hash = (int)c;

I

return hash & MODULUS;
}
/* hEEHE «/

int rotHash(string key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (unsigned char c : key) {
hash = ((hash << 4) ~ (hash >> 28) ~ (int)c) % MODULUS;
}

return (int)hash;

B3, SEEEEEIRNRE PR REREE 1000000007 HUs, DARECRFEZ(ELE S BRI, 8
SEBRR, AR E R, S S S B R Som 2 E? i8R — A BRI,

Jesa e SERIRHBESBE, ol AR KRGS MR35 S0, A2 B B Bt B 7 A%
L, AT DATR/D IR OS2 2R AR S, P e S AR 1 2R

BEG T, PERIMTEESE O (ER R, B DA 3 580, AREFTA AT DAL 3 BERRIY key # & HAMLE] O,
3. 618 =MEHEEE,

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,... }

QUSRI key TEUF IR C ISR ZRIIRVE R M, AR E & HBIREAE, EminEEER, BiE,
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(%K modulus BB # 13, HIA key il modulus ZFEIREIEAKE, it A ERNIY IS
TR 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,... }

EFRIRE, WIREHIRE key R oM, IREBEHBEE SBIERHHEEHEATLL, EMARER
HEIE D GRIAERE, TE key M MifAEXAEIEMMNRE, HEBIRERS HBREHS,

mimE 2, WMEFEREEEAEE, I BEMEBRTRHIR, DUEATREMPRBIIMERR, SRz
RIRRIRR M

6.3.3 BERBEREEZX

AT, DA B MR B RAA LR “iss”, MR A ERIMREEEIAR R B BN, B
TEAN LR s /e et (R NTR R A L R R 2 T I 0 N AR TRV (ENE AN R ) 6, 0 ] RE e
REE, Aoz 2R,

TR, A G H — SRR E R, #l40 MD5, SHA-1. SHA-2 #1 SHA-3 5%, BfMA] UKE=E
TR A\ BRI R A RER(E

At AL AR, HEREE ISR BT R R AR R, — BT R N B S NIRRT R RRLRE,
o — kit N BMEZF IBOTN S BOREEIRN Z 2R, R 6-2 R T EEFRER R Az
Rixe

- MDS5 1 SHA-1 EZIRBINKE, RIteMp e eBEmEm,

- SHA-2 RHIFFH) SHA-256 R Z2MFHEHER IR —, TRHBBEDIKRERREG], FitHAESHEYZ
L S ik

- SHA-3 tH# SHA-2 FUEBIFIIHER, stRENCRE R, HEATEHEZRERZ AW SHA-2 R4,

*® 6-2 W RAHREER

MD5 SHA-1 SHA-2 SHA-3
e 1992 1995 2002 2008
5]
wmHE 128 bit 160 bit 256/512 bit 224/256/384/512
& bit
MEEm % R/D R/
%
% R, CHRshuE s, B¥RI% & =

4 L
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MD5 SHA-1 SHA-2 SHA-3

&M CHEN, AR s HEEREE. ByEt RN SHA-2
s

hn
# %

6.3.4 BEHGERVERE

TMHITE, FERR key Al DUZREEL, /NEELFHEERRG], RGBT G 2E LR AR AR
FEEES, FUREIEAERPIIMZRS]. LA Python M, FMa] DARELY hash () B=UAREH RS RE R
HIHTHER(E,

- BB MR RERE R HA S,

© TERREON T ERRRRR ER BB M, A LB AT A BT R,

- JCAHAVHERER HHA T RE TR, RABRAEEMREASER, S2E -REE,
- PIFRURER E RN H AR A A i, B ERYFRIRER TR, ATEBERNAEL KR,

Tip
R, AEEREE SN ER B XA E FN AR,

// == File: built_in_hash.cpp =

int num = 3;
size_t hashNum = hash<int>() (num);

/] EE 3 HEER 3

bool bol = true;
size_t hashBol = hash<bool>() (bol);
/l ME 1 EEES 1

double dec = 3.14159;
size_t hashDec = hash<double>() (dec);
/] N8R 3.14159 WUEEEES 4614256650576692846

string str = "Hello EBE%":
size_t hashStr = hash<string>() (str);
/] F& “Hello BEZX" BUMEES 15466937326284535026

// 7E C++ 1, NE std:hash() ERHEEFEREFNHEEFE
/] . MR RESERERITER

LA ST, HARIEYIEA 2R RN key o RUNFRGRFERS] (BIREMES]) 1E7%% key , B R
FIMIN A IR, ERIAMERETRRE 2S5, FMMERERE R AR LR valuve T,

HER B E YO (PLAnsdsi epFIEn RS AR B BUE rI 3, (HERAMERN, ERENAMIFRHREEE R
SRR E R, BIEEMIERIN A SR A T ML, (HERYECIERE AN, FERETRR R,
ADLDRIRATRERBIE A R TRER, EH MR ER TR, JE@RE %A Python HiEaSERIREL
By, A& 2 HEEREUMA —HRERAIEE (salt) i, SEREMIARTAERP1E HashDoS K%, 1271
HEEN 2 2,
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6.4 &

1. ERSOIEE

< WA key , HEERAEME O(1) RRINEIE] value , FCRIEH &,

- W RRUMER AR IR, R SRE, MERSRE R AR R,

- FEZEIUR key BT FESIZRS], HET G HIE AR I EH value o

- MERFEIR key FIREFEASEMERZ R AR SR FIAIRSIR S|, EBEMAIR IS, B QN i
RER,

C MEREREEER, MHEERIMR AU, K A] DOZ B A RER RACR MRS R, By A
L, MERREA R BHRA,

- AR ERAMRERTTREERDMEE, KU THMRERNEERE, ¥AERRERRER
S

- SEEATHEE IR BT R UL 2 A R 8, KT R ERT R AR R — (AR Br g h, JRT, SRS
BRGRRRERRCR, 0] DOBIEIME — D1 il o 51 i 2 AR BRI M R

- BT SR 2 IR R PR E R, SEIREMEAEE D K, SRR AREMBRTR, HABELR
o ZUHHZ M 28R E U TIRN, MHESRIEIRE E A A RS, 2 MERE G 7 EE
Ho

- AEEREE SR T AREELRER, #I4, Java i HashMap AL, i Python Y Dict
PRABACE HE

- AEMEESRT, R EMREEERAAWE, SRR MR ERESET, MEEERE
W 5% EL AR M AN 5 A AU

- FREERIRERE R RE B EE, DsR I REERE I 0, MRS R,

W RARER A RS MDS5, SHA-1, SHA-2 f SHA-3 %, MD5 # RS SRe Mk, SHA-2 &
PR 22 2 8 P B ot

- BEAGESEE @B R HNERREER, AREHEMERTIMRS ] EEENT, AR
SRV R R R R,

2. Q&A

Q: MEHERIR MM/ BRI N2 O(n) ?

BHREE RN, R R AR R O(n) o MHEEF R Rt E by, 7R H
SR, ESEHBCTIINE, BB O(1) . TRV AR S A ARE, B R M
0(1),

Q: AfEEHMEENX f(r) =« B? ERMAGHERT,

78 f(r) = o MEBEEAT, SECREERE RG], SHRMESIEE, A, #8ASEE RN
il (FESIREE), AR RRE P AR B EYR R, Raaha, MRERN R —EERr
AR B2 S — R NS, AR O(1) R RIRR,

Q: MHERIKEEBZMS, GRS, ZIohl, HRERERA] UL e E mle?
B, MERRIRECRE R, ESHBCREIRT, MERAMHE o ElR e,
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Hk, FUREREMERS R PR RRCRE & T Q0R— 8 ShRERES7EAH [R] 4R 4 A (o P et 271 s
SIEEL, AREEH ORI A, SRR MR AR, R BUHE R,

Rig, MERRAR M AT RES A, PIANFESEIUAIE A, P EREAESE S ER S BRAL R B rh A T A4
78, IREIRILE O(n) IR ERR,

Q: ZRFHEA T REEIEMBRITRAVEIEE? AR 2 MRy 2 2 R F R WG ?

ZUGHER R BCE LR — 1, BARCEHHEAE P REEIEMBRITRAVERIGE, FEZEETMER, HiL R T mER
AUZE AT DARHRGE . ERT e R IR R, if HEE R K KBRS CMBRAO AL B R, %A ] DA
BOFrTCRE M ERRMEBLRE (R AR RAIRI I8, RERGEMER R A SRR,

Q: AftEERMREN, EiyTRAVRHRE HBREE R E?

AR AR R b AR B B AR S S, 3281 key NILHE, EMARAMEER, Kk, HRIERE
EEMBTRSCROE NI RARDUA N &3, BB HEI AR S A SRRk 2 1

Q: AT EMERRIE A AR AR E5?

HEZR R AN R — D EE R AR n B (%), AR EEII RS EEN,; EEFR, YR
J& n BEERAME, T key BEAIRS BRI RESE LML, [FUEER M2 8 key , EIRAIRAIREEHIIHC
B ZAANr, (e BB E R AR .

Q: GNSRZ TR, IR B RS AN i 1 2

EER key BESN/NEEEER, ERMMEIIEN], BES% HE key BHMARLF] (Bla05H) K,
FLTR ZREB IR R AU key SIS AIRG ], FEBMESIGH TR, BROGETLZHRR,
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Abstract
SRABFEWAEM S, RIREX, 2R,
TARMER T &R RE,
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7.1 —ciE

—7oi (binary tree) J2—REARARMERRIAA, AR "ML B RAT ZHEIIRERGR, B8R 0%
=7 W iniE, B ERYIRER, —UTEEARITRER, SEERTESE,. £ ERs ARG TR
ElLiEE

/* ZICRIEnELAENEES «/
struct TreeNode {
int val; /] ERELE
TreeNode *left; // AEFEIRHEER
TreeNode *right; // HAFEIZHIEIE
TreeNode(int x) : val(x), left(nullptr), right(nullptr) {}

SEEEEEAMMES (51, 2BIERIEFE2 (left-child node) FIHEFEIZ: (right-child node), #%Ei%E:
PR 205 P F BT BGHRENRE (parent node) . E&a & M8 oA I ETRGRE, TR K% HiB5 Y 2+ i G M H
DA BT ARG 2% B A 748 (left subtree), [RIBEAI{SAFH (right subtree),

fEeih, BRIEGNRGSE, HAPA SRR EARE R, QniE 7-1 FoR, A0SO RS 27 AR
iR, A FHEIRGG FEIRE D AR CHIRS 47 F0 “HIRE 57, EFEHE “HIRG 4 LHDUNHEIRTE AR,
AR “HiRE 5 N H DU EIRTE A,

— i RENRE

binary tree

|
E?W ﬂm&

EFi a7

AN
Vivivi

[ 7-1 AQHIRG, FHEIRE 7

7.1.1 ZiE RS

TR AR AN E 7-2 AR,

- REGEE (root node): HIR_JCRITEIBRVHTSS, RA HEIE,
- EEENEY (leafnode): A THIBAYEIRS, HESHEYHEM1] None o
-+ B (edge): HARMEEIBEAVAREE, BNEIESIH (B,
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- HIESFRERIRE (level): TETHERIENY, MREVBFTAERES 1,

- HIESHIE (degree): HEiBGAYFHIBSAVEIR, £ —Jokih, EERRMEFEREREO. 1. 2.
- ZIUMIUEE (height) : fEHRETRG R RORIEERE AR AR AR,

- HIRSHRE (depth) : (R ERRGE 5% H B A H 12 AU B,

- HIBSHIRE (height): fERRAERZEITR IR A TEHTRL 2 % B R T AR AIZ AU BUR,

i
BE -3

EER

7-2 UK E R

Tip
FATERL, BIMEHER ‘ST M R ERA CRrSrEE", (B %8P TR HE
Fay BNEREET, EEEN N, SEMREREEm L,

7.1.2 ZiiEEAIRE
1. A=

ERGRASERBIERL, eI iR, AEMESIH (B,
// == File: binary_tree.cpp =

/* R «/
/] ¥iaEREL
TreeNodex nl
TreeNodex n2
TreeNodex n3

new TreeNode(1);
new TreeNode(2);
new TreeNode(3);
TreeNode* n4 = new TreeNode(4);
TreeNodex n5 = new TreeNode(5);
/] EEESEZENGIE (5
nl->left = n2;

nl->right = n3;

n2->left = n4;

n2->right = n5;
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2. ENEMIBRERRS

BLGRAS R AIRAL, £ T il A\ BLMBRETR ] DOZ RIS IR E B, [ 7-3 45 T — (8 A,

HNEES THPREDES
ni.left = P nl.left = n2
P.left = n2

7-3  fEorh b AL ERETR:

// == File: binary_tree.cpp =

/* ENERMIPRERRY */

TreeNode* P = new TreeNode(0);
// £ nl -> n2 HRGENEL P
nl->left = P;

P->left = n2;

/] MIBREREE P

nl->left = n2;

/] ERECIREE

delete P;

Tip
TREERRR, AR AT GO TR A A AR, T I R B e 5 TR T PRk 7 A
FE R, B, 7E—Jofirh, MARMERERZH —EREL SR, UEIA BRERIERE,

7.1.3 BRTTHEB
1. 5EEid

qniE 7-4 FR, SeEZ7TR (perfect binary tree) Frf I ERRSET#E I, TE583% —Joirh, TEEIRGHYE
B0, HERFTEEBIOEES 2 HH0EER L, BEBAES 2T — 1, LREEEIRRGR, R
Y B RS AR R AL

Tip
AHTER, TEAPSCHERE, 5838 TR AR 2 T
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SFERyTH
perfect binary tree

(o B %M — o)

FRB FE R B REET 1

7-4 SER It

2. T

aniE 7-5 Firr, S22 7o (complete binary tree) % 70 FF i i fE M EIEE Ao MW, HAICE I HETE4H
AEBEROEREHRT, TR, wE Il —fRee —Jusl,

ST

complete binary tree

RREHRELER, EtEEReREn

7-5 FEETIst

3. FEm—rch

niE 7-6 Fow, sTm—so (full binary tree) BR7IEHEIRG AL, HERFTA EIRGE A il 7 EIRG,
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FEmTTH

full binary tree

FREEERERS 0 = 2

& 7-6  SEim ookt

4. FEZroH

GniE 7-7 piR, FZsoil (balanced binary tree) F IR 1 42 iR A T8 ) 2 2 ZE AR SBHE
W1,

o

balanced binary tree

RO ETHSE - SFHEE - d
I TR BERE d] <1

7-7 okt

7.1.4 ZiEn0Eik
@ 7-8 &R T e i BARAE RE BLR AL 5 R, TR0 SN BT R, 2“2 TRl WS
A EIEE R — I, —eEhRA “BEEERY,

- SERITRHEERNN, ATDAEr T iR MEE.
- GEESERBIAILE 5 — (AR, A TEBREEE 2 AR R, IERIMIRERILE O(n) .
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4
N P
S\ ,
4
pieiet: J/ IB{LEEHE
b S— | fRA5ERT

[ 7-8 —JTRARIR AT B iR A
R 7-1 AR, TEREMSHENRZEGHE T, oM ERREE, RRE. SEFEIIRAESR]ME,

R 7-1 TR R R i 2= A

SER Ik s H
5 1 JERIEN R B PA 1
FE A b BRSO 28 1
FEE A h B ERREs 2h -1 h+1

MBS n ORI log,(n+1)—1 n—1

7.2 ZychliERR

YRGS A ERE, B —EERAS R SRR, REES N EE R EREE R, A
m, BE—EIERIEERGEN, BESERMLET AR EMEM, FEEESEEEREH,
ookt RRER A NEERE R EN . miFES. HERETMEBEETE,

7.2.1 EBFEH
E 7-9 FR, BEESR (level-order traversal) #ETEERRIEERIZ G LR ook, WitES—EHZBIE ARG
JIE 7 575 R i 2

J@RESAE FEREERLES (breadth-first traversal), tLiEEEBLIESE (breadth-first search, BFS),
BT “—E-ERSMER NREET T
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RE@EED

o ® \
/_ BEEDG (B @ B

)

/ "'\'"j_‘;‘"j_‘_jj:i:t-‘/—-‘-‘\ R

7-9 ZIuMRERER

1. EXBER

B ERE R RED) TH” AREBL, (THIE “SoET” A, R e RIEE B E”
AORIAN, M EIRA SRR —E, BEERET:

// == File: binary_tree_bfs.cpp =

/* EBFEESH */
vector<int> levelOrder(TreeNode *root) {
/] BTy, NIRRT,
gueue<TreeNode *> queue;
queue.push(root);
[l B —ESEY, BRfEEEHRFS
vector<int> vec;
while (!queue.empty()) {
TreeNode *node = queue.front();
queue.pop(); /] BR5IHEX
vec.push_back(node->val); // (HFEIZLE
if (node->left != nullptr)
queue.push(node->left); // AEFEZENT!
if (node->right != nullptr)
queue.push(node->right); // AFEENG

}.

return vec;
}
2. EMESR

WERIBEARIE 25 O(n) = AV BB — R, MR O(n) B, Hor n ZETEEEOR,
- OSEEBRRIE S O(n) : ERZEWIT, B o, ERIRE 281, 17500 52 F 7
(n+ 1)/2 f6E%, 158 O(n) 22/,

7.2.2 ®ifF. BF. BFEDH

HER, AR, PR ETE B RER.ES (depth-first traversal), HAREESLES (depth-first
search, DFS), TREHI T —f “JoERIFoE, HRIWEE" 1ER T
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7-10 JE7R T B TR T IR BT E A A AR, SR BE B Wi S TR ek ShE A —
b, fEREEREEIBR=EA0E, ohlBIERTFER. B ERMREER.

REWEED 2 Ok,

def dfs(root):

" TR

if root is None: return

@ ANiGEAR AT
dfs(root.left)

@ EUEFHE, BEHRE iR
dfs(root.right)

@ ELFHMIEHMA, HEE

HFEDS (F @ EaAfNENE)
1, 2, 4, 5, 3, 6, 7
PEES (F @ EEARIEE)
4, 2,5, 1,6, 3,7
wEEES (T @ EaARNENE)
4,5,2,6,7,3,1

@ 7-10 — risBRIETF. . RFE

1. EBER

IRFE Bl @ H AR B
// == File: binary_tree_dfs.cpp =

/* BIFFE */

void preOrder(TreeNode *root)
if (root = nullptr)

return;

/] HREEBLIER: REE -> EFE -> AFE
vec.push_back(root->val);
preOrder(root->left);
preOrder(root->right);

I3

/* HEEH */

void inOrder(TreeNode *root) {
if (root = nullptr)

return;

/] hREMBRIER: A£FE -> RER -> AFH
inOrder(root->left);
vec.push_back(root->val);
inOrder(root->right);

F
[* &IFES */

void postOrder(TreeNode *root) {
if (root = nullptr)
return;

/] SEEEIEF. £F8 -> AFE -> RERS
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postOrder(root->left);
postOrder(root->right);
vec.push_back(root->val);

Tip
RE RS S WA DEEIERER, A B T DAE T

@ 7-11 JoR T R ER o RNERIEIERE, HAlpzs “B” 0 T RER A e

1 B” FORBABOHTTIE, FETEHER PR T —E R,
2. 0" FoRAIRE], RRE RTHIR QAT sE R,

iB: TR
@: EEEH

HIFFEN (7F @ MIRIEE)
1

B: B
a: e

BIFFERD (7F @ maRIEE)
1, 2, 4

& B TR
@: @ e

RIFFED (7F @ maRiEme)
1,2, 4,5

Step 2 ]

Step 4

{ Step 6

B AR

@: e e

WIFFED (7F @ EiRER)
1, 2

B ETER
a: @ L

HIFFER (F @ Rk
1,2, 4

B TR
&: AL

WIFEDS (7F @ EHRE)
1,2, 4,5
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B ETEE
@: EEEH

& TR
i@: @ EE
RiFFERS (75 @ EasfIEE)
1,2, 4,5, 3

HIFED (7 @ EIRIEE)
1,2, 4,5, 3,6

Step 7 Step 8

B: BTER
a: e

B ETERE
@: e e

HiFFERS (7 @ MR
1,2, 4, 5,3, 6

HIFFER (F @ IR
1, 2, 4, 5,3,6,7

Step 9 Step 10

B B TR
@: mLEEH

BIFREN (7F @ MmIRIER)
1,2, 4,5,3,6,7

Step 11

 7-11 R e AR E AR

2. ERRES

- IR 2 O(n) © FFE MBI K, @ O(n) F,
- SSRBARE O(n) : TERZEMIT, HIHE(L RS H5IE, SERREES n, REEA O(n) H#
gz,

7.3 ZrohfEyIRT

TEFIRE RN FOR T, —oBIREE T 28RS TreeNode , HilG 2 MIZBIEEMES, F—H#iNH TGS
FIFOR N TR S TR AR,

AR, MRS FIMSI AR —ektle? B2 HEr.
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7.3.1 RERFEE_THE
ST — IR G, 4T —MESE TR, TR T R IR R A S R E Y B — kA, R
] TR S R O — [ BB 223

IR B RO, FAF AT DAHEE H AR B RL R 5 | B 7 HTRE R 5 | 2 IR "B A" HREEERS % 0,
WIEZE B FEEE RS 2 20 + 1, AFEBERSI% 20 + 2 B 7-12 R TS EETRER 5 | 2 A5
o

ﬁ%ﬁigéf\\\
//l\\ //2\\ EREEE: i

¥ swmes

PLUEPLPL L e

AFEHRARS|: 2i+2

7 8 9 10 11 12 13 14
RS Fom — ot

HIRGZERS| @ 1 2 3 4 56 7 8 91011121314
BRETFH

& 7-12 5E£ TIPSR

B A A OHE RS RSP ERG DN GEED . 4R R —E R, FRME] DOZE BN
AARFHEERE (F) FHiEL

7.3.2 RREETH

e e R — ARG, 1E et @ E FAERT 2 None o HITRTE T ERT 7 FINE A 21548 None , [A]
IR S TR 8% P A AR HE T None AUBURAIMGALE, T BIRE AL 2/ e R & w2 v i v
3,

qniE 7-13 FioR, #aE —BRAESESR I, _RIRRRAIFOR TR AR
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ZFT (7)) A —RRL = o

pEFIgs] 0 1 2 3 4 5 6 7 8 9

[ L33l 1]2]3]4]6]7]8]9]12]15]

I 7-13  JE 7 E 78BS R T AT RE

7 T TRDRICRE,  BRAPTn] DA AN e L s S h U RS B A None o 4NIE 7-14 FiDR, ERERR, &
Fe B A A] DARE— 3R ek 1o RIS :

/* ZoRifETIRT */

// B int ®AE INT_MAX =1

vector<int> tree = {1, 2, 3, 4, INT_MAX, 6, 7, 8, 9, INT_MAX, INT_MAX, 12, INT_MAX, INT_MAX,
< 15};

ZFF (7)) AIME—tRTRI = o

fEFIF=SI © 12 3 456 7 8 91011121314

meevrs (3OO0 0000 B

i

7-14 AERIIRI TR RS R

ERHRARE, 522 JuhHEREGEMSIRER, [FEEE e " TiER, None RHNBIERIKE HEEH
AR E, BRI None —s& tNBIEE )P EFIITFIRA R,

EREME SRR e 2 TR, A DB ISGEZRTA None , JARHTT6E. @ 7-15 4AtH T —fEHI+
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EEESFT ()

ERTETH
AT TR

BRFESBFS (F5)

88680800000

7-15 sEE ITBIIREEIIRIR

AN B 7 — BRI RS ORI e, BA5 DL R R A,

- AUTALENES, EECERE. £ () THEIRL HEIE,
BT ER. TREd . BFEV. BEETRFI,

// == File: array_binary_tree.cpp =

/* PEFIRR TR ZIoiEsEn </
class ArrayBinaryTree {
public:
[*x EHEF «/
ArrayBinaryTree(vector<int> arr) {
tree = arr;

h

/* BIIBE */
int size() {
return tree.size();

h

/* EEVERS|A 1 HEEAIE *+/
int val(int i) {
/] EFRSIEFR, ARE] INT_MAX , K=
if (4 <0 || 1>= size())
return INT_MAX;
return treel[il;

h

/* ERES|A 1 SENAFERINERS] «/
int left(int i) {
return 2 x i + 1;

h

/x EEERS|A 1 EMNEFERNES] «/
int right(int i) {
return 2 x i + 2;

}

/* EENES|A 1 EEHIREIREIERS] */
int parent(int i) {

return (i - 1) / 2;
¥
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/* BFEH */
vector<int> levelOrder() {
vector<int> res;
/] B3EEHRES
for (int i = 0; i < size(); i++) {
if (val(i) != INT_MAX)
res.push_back(val(i));
+
return res;

I
/* HIFFESE */

vector<int> preOrder() {
vector<int> res;
dfs(0, "pre", res);
return res;

I
[* HEFEH */

vector<int> inOrder() {
vector<int> res;
dfs(0, "in", res);
return res;

I
[* BFE */

vector<int> postOrder() {
vector<int> res;
dfs(0, "post", res);
return res;

}

private:
vector<int> tree;

/* REBIES */
void dfs(int i, string order, vector<int> &res) {
/] BEAZL, AR[E
if (val(i) = INT_MAX)
return;
/] BiFES
if (order = "pre")
res.push_back(val(i));
dfs(left(i), order, res);
/] HEFEH
if (order = "in")
res.push_back(val(i));
dfs(right(i), order, res);
!l #&FES
if (order = "post")
res.push_back(val(i));

7.3.3 (BEEERMY

TR PSR R A DU R,
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- S R R IR S R, ERBORYE,  WARBLE AT b,
- AHREGHAEE, AR,
- SRR RERE TR

SR, FEAIFOR A A — 2R R,

- PRSI R IR IR S [, RIS & R B R IE R AR,
- TN R R R P 1 N\ BRI BR AR A B R, R,
- B ITRITR AR R None IR, LS AR LS O BITRG ERT ELERIRAIR, 23 PRI FH 3R

7.4 ZigSE

aniE 7-16 Fizx, —icig@4 (binary search tree) g DA N &4

L BRRETR:, ZerRBrRATA TR E < RETESHIE < AR ATE iR HE,
2. (ERHEIRHE, AFeHUE —ori s, RIFEBGN R 1. .

ZiEan

binary search tree

B 7-16 —JyCiy st

7.4.1 i SEieE

Tl — et S 4 A —(E%E P BinarySearchTree , WfiE &R EE root , TRAIBIAIHRETES,

1. EENES

AE EAEETRS(E num , A DUARIR s RO PR B E ), Qi 7-17 Fior, WIMES —(EEiR cur, £
TURHHIRRENRS root HiZE, JERE LLERETRNE cur. val Fl num ZAIFI AN IR,

- Fcur.val < num, FREIEREEIETE cur WA TR, FEIEUT cur
. #cur.val > num, A EETETE cur 9 FRIT, FEIBIT cur

cur.right,
cur.left,
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#icur.val = num, RBAERENEAEENRS, Bk R R (0] 5% 6 .

EoeaErEmns (@) tE-gawrEnnl (@)

000000006 000000006
Step 1 Step 2
E-raswEmER ) a=raurEnok @)

©

N
A4
®.
®
e
©
©
©
P

W
@
Py
e
0o
A
7Y
.

Step 3 Step 4

7-17 e =B A s R R

TS B RO B M S EAR TR R 8, AR SRR — G D, R IR 2 2 T
WEEE, & oo, A O(logn) R, REFEXEELR:

// == File: binary_search_tree.cpp =

/* EHERE x/
TreeNode *search(int num) {
TreeNode *cur = root;
// EEEN, SIBEREBE
while (cur !'= nullptr) {
// BiEEETE cur BIAEFEH
if (cur->val < num)
cur = cur->right;
// BIZEZE cur MAFES
else if (cur->val > num)
cur = cur->left;
/] HREIBIZETR, PO
else
break;
¥
/] R[EIEZEIRE
return cur;

2. FENERES

ME—MERFHEATTER num, 2 TORE TS T < MRETRS < AT AOME, AR E
7-18 ffirRe
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1. AERAGCE: BABRIEARECL, (CRETREE, RRERTERSEN num BN (RIEE A T

FEETEETRG CERIE None ) RiBkHHIENR,
2. TEaZOC B ARG FIALETE num , KZEIRTER None FOALIEL,

E-rRsETEADS @

2. EEZIERENEGE @

R T pre.right =

7-18 AE—JriE s A HIRG

R EBF, TEER DT

, H

- ZorEsMA R EEAER, SHRNERIER. Bk, HFEARRES T ERE, AN RITH

A, HIER[E,

o 7 T EBURAEIRS, I EFEIETES pre 7 LB RIETR, ERIEETIE None K, FRFTA] LA

JERREHAER,, (e e i ETRG I A 1R 1,
// == File: binary_search_tree.cpp =

/* WENENEE x/
void insert(int num) {
/] EEAT, AFIBIREIR,
if (root = nullptr) {
root = new TreeNode(num);
return;
¥
TreeNode *cur = root, *pre = nullptr;
/] BEZEN, HeEMEEIE
while (cur !'= nullptr) {
/] XEIEEEE, BERE
if (cur->val = num)
return;
pre = cur;
/] BANUEBE cur BIAFHER
if (cur->val < num)
cur = cur->right;
// FENMIETE cur WIAEFHEHR
else
cur = cur->left;
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}
/] ENEREL
TreeNode *node = new TreeNode(num);
if (pre->val < num)
pre->right = node;
else
pre->left = node;

B AR, A SEEE O (logn) Hfd.

3. THPRENES

JelE e TR AR EARENRS, FRRREMNER, BUEAEREOL, RMTERBEMRRERRR, o
B e TR < ARER < AR RMEEANS. Bk, PIRRERERE THREE, 20, 12 =

MEIRDL, FUTHIERIMIPRETR R,
qniE 7-19 FoR, ERMBRETRTAEEZ O I, FORaXETRZIEER,, AT AR MIPR,

et L2 LT )

00000000
cur
- v HIR =] . Bk
1. EHFRIERER cur ?Eﬁ%ﬁi;ér= 0 ’ T pref{l:ftﬂp?None

7-19 fE—TiEa s mpRETR (2% 0)

GniE 7-20 A, HEAFMBRETRGAEE 2y 1 IRE, JREARr NI BR S 0 2 H 7 BT RG E A
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E= TS BRI B NS @

v ik cur B9 2. ¥ cur BiaBHTEN

1. EMRMIEER cur FEHRME - 1 847 pre.left = cur.right

7-20 fEJCiES R mEREIRS (2 1)

ERMPREIRG A Ry 2 By, BMBRRERMER T, TR — R R, R R T S
CETR < MRETE < AT BOME, RstiE iE i eg DU 7 R0 B R el A 1 B B B
(RERBAMEE TR RN RS (P Ea R~ —EER, RIMBRRCERRNE 7-21 R,

L B MBRETRSE i ERITE)” S —EEIRE, T2 tmp o
2. M tmp FMEEZEFMPRETRAOE, MAERHIREMERERS tmp o

E-asmTaEE (O EoEaETIREs O

o
1. BSMBRENES cur /n/o\@ 1. BSRIIEES cur
A / \ < BB cur WFEMME - 2
(: ] )

oa 2. MEREDRS cur BR=S:
[ ﬁ\ (1) & cur ERFEHNRBEEE nex

Step 2

\ 1. EHBMSELY cur

)
ur /ﬁ\ v g cur WFBMME - 2
u
) Y o 2. MFREES cur RA=H:

(1) T cur FEHFEHNREEHE nex
(2) FEZTEPIECRHIERER nex
(3) #4ER%: nex {EMEAAEE cur

1. ZHFFHIBRETRS cur
v HE cur WFHEBE - 2

2. MEREDRS cur HHBR=H:
(1) #H cur HEHFEHHERBE nex
(2) E=THPECRHFRER nex

00000

Step 3 ‘ Step 4

7-21 e pRETR (2% 2)
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THIER T BV R P O(log n) B, SLrR 25ty FEMRR ETBN 3 O (log n) BER, JEIR-P e i 4 A8 el
F% O(logn) B, REFRTEN T

// == File: binary_search_tree.cpp =

/* MIBRERRL */
void remove(int num) {
// EfiBE, BEEINRE
if (root = nullptr)
return;
TreeNode *cur = root, *pre = nullptr;
// BEEN, HAERHEIE
while (cur !'= nullptr) {
/] REEHBRETR, BEHEE
if (cur->val = num)
break;
pre = cur;
/] FFMIBREIZETE cur MO TR
if (cur->val < num)
cur = cur->right;
/] SMBRERRETE cur MEFE
else
cur = cur->left;
+
[/ EESRBRETR, BIERERE]
if (cur = nullptr)
return;
[/ FEIREEIEZE = 0 or 1
if (cur->left = nullptr || cur->right = nullptr) {
// EFEEE = 0 / 1 B, child = nullptr / ZFEIZE
TreeNode *child = cur->left != nullptr ? cur->left : cur->right;
// MIBRERELE cur
if (cur !'= root) {
if (pre->left = cur)
pre->left = child;
else
pre->right = child;
} else {
/] ERPREIEEAIRETRL, BIEMISERETE,
root = child;
}
/] EREIEEE

delete cur;

}
/] FEIEREIE = 2
else {
/] EEFRFEESF cur BTF—EEIR:
TreeNode *tmp = cur->right;
while (tmp->left != nullptr) {
tmp = tmp->left;
}
int tmpVal = tmp->val;
/] IEEMIFREREE tmp
remove (tmp->val) ;
// B tmp BZ cur
cur->val = tmpVal;



BT7E M www.hello-algo.com 149

4. HEEHERF
GniE 7-22 fiR, ZIoBIHRERIEE fE — R — 57 WEFIER, o T SBhN e IR < AR
iR < AFHIEE BRNER,

ERWEAE oS8 TR RN, SR GERICET N RN, e EEENE: o
HaBh R E TR THF .

AP EFHTHPEE, BRIMEZ TS EEA B RHER O(n) R, SZDETRIMHET BIE,

FEH =L

RSP EESFT]

2, 4, 6, 8, 10, 12, 14

TERAF

W EEE,
ENRETE @ BEHEAR

[ 7-22 —eissH T E S

7.4.2 ZiESBRRE

M AR, BRI @AY s T S, BURAR 7-2, i S B0 TEIR VR IR R MR L AT
R, BARE Heiikat. RATEREHY, OAERMPRERIFISRT, M o a8

SR,

R 7-2 [ B S R R B

Eii35 L TR )
##rE  O(n) O(logn)
AR O(1) O(logn)
MiExT®E  O(n) O(logn)

EHARTEIT, —oriEfhE “FE” /Y, EHREAT DATE log n il 8 N 2 5 (R R,

SR, ANSRFAAE e SR e A B el AFIHIBR RS, AT REES I TRR (8 7-23 FosrIsEss ersl, 18
R AR AR R A @RI 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

FBIn, fElE 7-25 FoRiIsEsE oo b il A IS ETRG R, SRR A AC R, AR R IR R R g
Fito

[\ [\ [\

HNER 2 HENERE 1

B B
bt b Fig il il o

7-25 AVL BifEif A B &34 1B (b

1962 % G. M. Adelson-Velsky #1 E. M. Landis 7t & X “An algorithm for the organization of
information” HHEH T AVL S, i S HREAITR T — RYERIE, FERIERFERTEMERETRE, AVL B0
iRk, WS SAERIERR R RRTE O(logn) #l, ISR, 1EFZS ST M &SR E
A, AVL BREMAK IR S RHREREE, B RIFRIIE M EE,

7.5.1 AVL & RA5:E

AVL B2 —oniss, Pl ook, Rk eEmBE ofra e, R -Erg s

(balanced binary search tree),

1. NNEE
HHA AVL B AH B E T B BT B =, (R R e A BT BG RE BT hedight S2EL:

/* AVL FEAREEER x/

struct TreeNode {
int val{}; /] EAELE
int height = 0; /| EBHEE
TreeNode *left{}: /] EFEIEL
TreeNode *right{}; // HFEIZL
TreeNode() = default;
explicit TreeNode(int x) : val(x){}
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“HIRE T RIRCRZEIRE E N RIRIEETRG MR, RIATAG®AY BT MBE, FERAIEENE, EHR
AR O, TZSHIBAIEEZ —1 o TRz 8 THEBR, 3l AR 588 ORI 58 7 6 5 0 v

// = File: avl_tree.cpp =

/* EEERSE */
int height(TreeNode *node) {
/] TEHHEES -1 , EHHEES 0
return node = nullptr ? -1 : node->height;

h

[*x BIHEHEE */
void updateHeight(TreeNode *node) {
/] BERSEERRSTEHEE + 1
node->height = max(height(node->left), height(node->right)) + 1;

2. EORNFEETF

EIRHTEERF (balance factor) A HIRZE FRIRTEEREG FRINTEE, [FIR T 2 G R P 7
75 0 o BAMRIREATE B RS P A 5 RIS REBHE R 3, 77 fERSIEM :

// = File: avl_tree.cpp =

/*x EETFERERTF +/
int balanceFactor(TreeNode *node) {
// =EHERTFEEFS 0
if (node = nullptr)
return 0;
// EHETFEET = EFEEE - ATHEE
return height(node->left) - height(node->right);

Tip
ORI 2 f , RI—#R AVL BT R EIR A PR FEwE -1 < f <1,

7.5.2 AVL itheis
AVL SEREETER “HEiE” 480, TREMTE R RS FIEHE R, e 6 B E ke 7
5, BADEER, TEEEREERREGRY “ TSR PR, WAEERENEE S P T,

BNV PHTR A EHE > 1 AVETRERE 2y “RHEIRS . ARIRENRLHIE IR, e R DU AHE
TENE. SR e, JefeheR e, AT S e R,

1. KBk

QniE 7-26 R, BRI R R T, (ERETEE, —oih e EAMETRTE “HRG 37, BB DA
BRGNS RXENREEC 2 node , HZE TEIRSECZ child, $UT “HhE” #f1F. ERGHRRER, T
BRI, 3 HAPAORE e s R MR,
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| Step 1 |
\ “ERE RERE:
1. B child RR%, # node EHLEE
> oE=
h;l

o

(3 )

node
Step 3 \

Step 4

Step 2

EHRETE

7-26 HHEBREAER

A
/// grand_child ///

FALEE

o
o

o{\

’
node

A
hild

(/'\\
@

A
node

7-27 i grand_child 4 BESAE

== File: avl_tree.cpp =

/* BHERIE */
TreeNode *rightRotate(TreeNode *node) {

TreeNode *child = node->left;
TreeNode *grandChild = child->right;
// L child AEE, #§ node MGHEE
child->right = node;

RAEAGHFELE
HIREIESEES node
RAEFEREES child

“ERE RERE:
1. Bl child R, #& node MAKEE
2. A child HRLLET node HIMUE

AiEEmE, AFREMRETE

“MATEE B-RPRMANRE, BEREFREERBRETRHEEARER, BN IR

QnE 7-27 flir, & iR child B4 i (i0 % grand_child ) B, FFEEATETHE—: # grand_child
{E%5 node BY/E T EiiBh,
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node->left = grandChild;
/| BmEHEE
updateHeight(node);
updateHeight(child);

// R[EINEEE FRERVIRETE,

return child;

2. EBE

THIENE, 4SR5 RSk — ey “meR”, RIRRZHITIE 7-28 AR “/he” #fF

7-28 FEhEfR(E

B, anf@E 7-29 pvR, EEiRG child B4 7% (G024 grand_child ) K, FEAELEFFHE—D: #
grand_child {E% node A4 T-HiiE,

\
\ ) )

7-29 # grand_child (A FERAE

ATDABLERE, A e ek CE i g BRI, Mo IR IR R B DL LR BRI, LR
M, BMTAFTRATER BB PATE R left Bl right, #TERY right Bz Left, HIRITE
F e Er BB S
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// = File: avl_tree.cpp =

/* EEBERIE */

TreeNode *leftRotate(TreeNode *node) {
TreeNode *child = node->right;
TreeNode *grandChild = child->left;
// BL child A&[FEE, #§ node MAhesE
child->left = node;
node->right = grandChild;

/] EFEESE
updateHeight(node);
updateHeight(child);
/] REIFEEE FRAVIRETES

return child;

3. FEhEigahE

EHAE 7-30 AR HTERRS 3, (EE A A HEAT A TR RS S, IR RS child YT “AERET,
¥ node #T “HHE

% child #4T @ ¥ node #{T
e HhE

o

7-30 JLEENERAE

4. FSBREELE

qniE 7-31 Fow, EA_RIRSMT IR AL, FRESCHE child BT “HHE”, ¥ node BT “FEhE
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ERETH

& 7-31 SetlEs e e

5. RedgpyRE

[ 7-32 /R PURER MG DL EIRRBIBEEE, 2hlRERAAIE. SeeieRahe. JohieR /e, 7ohe
HEES(EN

hN
o
o
o
ke FAhE
s &ahe &AihE =

7-32  AVL K4 VU A g s i

QUTRARAIR,  FRAMIZ 0 A B o 1o B R -1 R 5 DA R e v — 0 7~ B RGP TR 7 B TE B3R, AR SR R
JE R E 7-32 FRRIURRETE UL,

R 7-3 VUM DA R R
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KETERGH PN 7 TETRAEEIN T R R e Tk

> 1 (Kl >0 filie
> 1 (EfmAD <0 JelE R e
< —1 (Gfwth) <0 TEliE
< —1 CHfwS) >0 Feti R e liE

2 TEREER, B ieE R 2R, A TigfimX, RIRREB SRR H IR TIe, R
PR E AR, RSB FAR:

// = File: avl_tree.cpp =

[* HUTHeEHR(E, FZFHREMMETE +/
TreeNode *rotate(TreeNode *node) {
// YEEXEIZE node BYF#EF
int _balanceFactor = balanceFactor(node);
/] =l
if (_balanceFactor > 1) {
if (balanceFactor(node->left) >= 0) {
/] &k
return rightRotate(node);
} else {
/] TEheEAahE
node->left = leftRotate(node->left);
return rightRotate(node);
+
}
[l G
if (_balanceFactor < -1) {
if (balanceFactor(node->right) <= 0) {
/] FEhiE
return leftRotate(node);
} else {
/] AR
node->right = rightRotate(node->right);
return leftRotate(node);
+
}
/] Fr, HEANRE, Hi%ik(O]

return node;

7.5.3 AVL &% BiRE
1. HENENZY
AVL Rt (5 BhE A SR 0E B — e S e 08 L, ME—RIIERILER, 16 AVL KR N EiEi%, Wa%Einss|

MRETRABE S LT & B — YK MHIR, Bk, T EREMERBLG, AaRm LT hemRee, (8
P R R P, RS A R AR :
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// = File: avl_tree.cpp =

/* HENEIEE x/
void insert(int val) {
root = insertHelper(root, val);

h
[* EEHENEIRE (EBNSE)  +/

TreeNode *insertHelper(TreeNode *node, int val) {
if (node = nullptr)
return new TreeNode(val);
[* 1. BN UBELHENEE +/
if (val < node->val)
node->left = insertHelper(node->left, val);
else if (val > node->val)
node->right = insertHelper(node->right, val);
else
return node; /] EEEHEAEN, BiERE
updateHeight(node); // EFEiZi=E
/* 2. BITHeEHR(E, R TFHEMMETE ~/
node = rotate(node);
/] R[EFEEVIRETR,
return node;

2. THPRERES

R, 1E oo BRI MERETR 7T AR TR b, SRR R E TR TIe IRIE, MATA KA EIRG TR IR -,
R HS AN R FR:

// == File: avl_tree.cpp =

/> MIBRERRE =/
void remove(int val) {
root = removeHelper(root, val);

h
[* ECMIPRENRE (EBISE) */

TreeNode *removeHelper(TreeNode *node, int val) {
if (node = nullptr)
return nullptr;
/* 1. EHERLRIER */
if (val < node->val)
node->left = removeHelper(node->left, val);
else if (val > node->val)
node->right = removeHelper(node->right, val);
else {
if (node->left = nullptr || node->right = nullptr) {
TreeNode *child = node->left != nullptr ? node->left : node->right;
/] FEIEEENE = 0 , HEMPER node R[]
if (child = nullptr) {
delete node;
return nullptr;
¥
/] FEIBEEE = 1 , HiEMER node
else {
delete node;
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node = child;
IF
} else {
[/ FEIEEE = 2 , AEFRESN TEIEMIER, IAZEREIRERIEEs
TreeNode *temp = node->right;
while (temp->left !'= nullptr) {
temp = temp->left;
I
int tempVal = temp->val;
node->right = removeHelper(node->right, temp->val);
node->val = tempVal;
}
Iy
updateHeight(node); // BEHERSE
/* 2. BITHESHRME, R TFRERMETE +/
node = rotate(node);
// REIFERIIRERE

return node;

3. EHENEL

AVL SRR S s BB i s — 38, b,

7.5.4 AVL fiigaBifERR

KA RTERL, BRSNS R

- FRRER BRI BRI R S R

 ALRRRHR — R AT TociS R, MHEGR AVL B, LSRR TR IR B TR, A BRI R AR
PR B RS /D, E R R PR B

7.6 NG

1. ERSCIEE

- ToCRER AR RORLAERE, BBIY 00T WONRIER. S I CRIETRE AL S —EE DU RS
I i [ = L R o e A i

- BRI RISEETES, HAE () THIE NI DUNE B RHONE S Z ERR e () TR

- UM EE LIS ARG, BEETEE. . B B, SENRES,

- ICKERIIARML,  ERGTE AHT ETRS H ER AR ¢ B A R A R 7T TR AL

- WRIZITERIBIE R I, e Tkl e TN oo, SE3E TR s AR YR
f&, T H YR IRMLR AR ZER R,

- U AT DUHBESIFROR,  J7 IR BT EA % e A AN HEA, AR TR A B R B - R < TR
ERGBRL B R B S

- ToCRE R ER R R e S, BT “—E—ERIMERT WBEET TR, BEE
BfTHIREH,
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C Wi . BRETSERREELES, TR T R, MRS e, B
s R A BB,

L TITIE R AT R AR, B, ORI (R R R 5 O(log ) .
TG BRI B RN, STERRBERE S LE O(n) .

C VL, BB I, i e R R A TR AR B B R A R 706

- AVL BV RO AN, Abe. SoRBERENE SRR (R AR, AVL HE
PO THE R E, (A EHT I 16

2. Q&A

Q: BNHA AR T, MR ERRERERE AR 0 152

B, HZm RS TRy RS,

Q: TR ABMER — ik —E R G 7EK, EHEN “—ERME" faftEle? o] BB IR T
I A RS ?

E TSR R, MERETREERIEZ ) =R EIURRE, HrhEE B IR EE T 2 A0 BRI TR R,
Q: &f1E DFS Ewi—sihitaal. . R=MEET, 2hlHTEmRE?

SN A P E R AL, B, PR, BT ERTR =R ITRER TR, BAFTRT DA e S 2 —fERr

TEMEFFHERA R, PN —oisfirh, mRERTR/ NN £ FHRME < REME < HFERE, Fit
FMTREGI “ — R —H" ETIERETRS, Wl DIERSA PRI,

Q: HhetklE 2RI M HIS node. child, grand_child ZRIMIBAIR, 7B node MR EiBLF node JRAK
TR TELMEER? iR~ 2 177

BB ENRAREEEMNE, HIEHIE right_rotate(root) F AW Z TR AYMRETR, K&
return child JR[A]5EHE > 12 1) T AR BT EG, -t AR 70 SR A JE A 3 B ) B AR 2 A 5% R ZUR [R1 & SE AR 1Y,
REIAG et E R4 & HE R,

Q: 1£ C++ 1, HHzNH#E15 2] private Ml public /1, BHEATESZEWE? AT EZH height () B
updateHeight () BRizN53BIIKTE public A1 private HlE?

FEEVNENEHEE, WRTEREEBNEMEE, a2 private . Flan, & BEENIY
updateHeight() B AEFEMN, BHREMA. MERRIEFRN—D, M height () ZaHEEREE, HLUR
vector.size() , HIEEERK public BAEEA,

Q: wifrfe—AH N E RS — M T SR ARETEGY R R AR R EE?

B, MR TR SRR build_tree () AiEH&AH, ERMRETEEEEE, RMEE
AR, REBRPECEEAREE, FIREMMEELEG T8 BRI DR TR (R 1
Loy
Q: 7E Java i, FH¥ILEG—EZEM equals() 77iX?
£ Java H, $HAEARERAR], = FHRE L EE S ER SAES, BR5I AR, MRS T(E R
SEAE,

o= FREEmEEBUE S faAE — @Y, Ble e sC iR T ag A B2 S I,

- equals(): HZR¥ LAY EEIE R SRS,
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H7E M

R, nR=SEEbE, BRIMEZMEH equals() . A1, & String a = ?hi?; String b = ?hi?; %]
W7 B AR R SOt eMfEmE—EY e, Fitthe] DI a = b R EEEME T BN,

Q: BN FIRIE 2 f, (5B 20 152
R, B b = 2 (06— TeR, HERA n = 7, AREESSE 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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Tk IR IR RS
push() TERAHERE O(logn)
pop() SR TE T 22 At O(logn)
peek() IFHERETE TR (B [ /NTEMERA ) B 29 B K [ /IMED 0(1)
size() MR R T 2 o(1)
isEmpty () HIBTHER R 5 222 O(1)

FEEPREAS, Ba] DAEREE AR AR S 1R AR HERERER (BESE T HIRERD

FCUAHE R IR “ R NEIRHR” F1 TERENHES”, B a] LUEIR 3 E — 1 flag 2i{EX Comparator

BHL UNTEMERT B ORTEMER” R, RS OR:

// == File: heap.cpp =

/* FatiERE «/
/] ¥ia/NTEERR
priority_queue<int, vector<int>, greater<int>> minHeap;
/] ¥R KTEHRR

priority_queue<int, vector<int>, less<int>> maxHeap;

/* TTENER */

maxHeap.push(1);
maxHeap.push(3);
maxHeap.push(2);
maxHeap.push(5);
maxHeap.push(4);

/* EBUERIETER */
int peek = maxHeap.top(); // 5

/* ERIETTEHER «/
// BEBTEEEA—ERAENNET
maxHeap.pop(); // 5
maxHeap.pop(); // 4
maxHeap.pop(); // 3
maxHeap.pop(); // 2
maxHeap.pop(); // 1

[* FEBUERAN «/

int size = maxHeap.size();

/* HEMERET AT */
bool isEmpty = maxHeap.empty();

/* BINBRFEER +/
vector<int> input{l, 3, 2, 5, 4};

priority_queue<int, vector<int>, greater<int>> minHeap(input.begin(), input.end());

8.1.2 fFEMEIR

DXEHRZARTERER, 75 BN RS NEERE, TR AT A NE B T (B, i > F R

<)o RERELERAIFE A] DAEATEEL
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1. ERNEFERRT
“oTH” EHETEEE, e TJTRHFRIE G HESIREOR, BN IE R e e ek, I ERATIF R I e
HUAR Gt A7 HERE

B HEIFRR ok, JTRAKRERE, KRIURERE oA E, WETEENER RGN
AREBL

W 82 iR, WERE i, HiATFMBNRS%A 20 + 1, ATHMOEIA 2+ 2, QEMBHRIS
(i—1)/2 (AR, HRIMANE, ForasfBR s R T,

IHTRAEERASH ERBYIRESH (KEHE)
“ﬁﬁ”%gﬁ“%ﬁ:ﬁ R “BH” ®E “RRThH’

#F; o0 1 2 3 4 5 6 7 8 9 10 11

= (3000800808008

(i-1)/2 i 2i+1 2i+2

— T _7;_-5; VIE;

SLERES EnRs A EN
EBRRS | HREIREEASIT

fi 8-2 HEREHIFRER{HAF
T AT AR 2R 5 | R B R X, 75 R A -

// == File: my_heap.cpp =

/* EEAFEIRZRE| */
int left(int i) {
return 2 x i + 1;

}

[* TR FEIRARIERS| */
int right(int i) {
return 2 x i + 2;

F
/* ERREEZRS| */
int parent(int i) {

return (1 - 1) / 2; // BWTER
}

2. FHRPBEIRIETTE

HERATE TR B2 I CRIRUARERS, tHRtE ByIn e ErR:
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// = File: my_heap.cpp =

/* FHREERIETE */
int peek() {
return maxHeap[0];

}

3. TENMEE

METCER val, FRIMTE SoiF HopT g BIHERE I, #ril 1%, B val RIRERIRHEREH BT R, HEREA LRI
FIRECLRIE, IRIER BB T IR A\ SR SRR IR 12 B PR 2 eI EiRs, IS (ER VRS 281 (heapify),

FBICAMEREETE B, OREHPITHERL, NE 8-3 AR, T b A Bkt B A B AL AO(E, QSR
ANHIBETER, AR e, MRESTITILRE, (UREHEBEHERETIAEER, BEEERERE0E
BRI S B RGN A5 TR

-6 @ NittHR i @ Nt
1. HSHEIEL 7 SINEMME
ZRMERT
g n BIRT
00008680806 step 1 | 0000066800080 Step 2
R @ Nt -1 @ Nt

1. fSERRS 7 FOEEMBE
2. RERERETHERL (Sift

1. HEEIRS 7 AIEEMRBR
2. MRETEETHEL (Sift
U‘E)Eﬁiﬁ 5 < Hig5 7
~ BRI

Up)
v Hifh 5 < HiRG 7

f00opoEaDacan step 3 | 0000BR0B000ac [ step 4

B8 @ Nem

1. HEHER 7 FIMERER
2.)%E§]Ei@ﬁiﬂ!% (sift
Up.

v Hi% 6 < HIRE 7

8 @ MR

1. fSERRS 7 FOREME
z.)?ﬁéﬁzlﬁﬁﬁt&aﬂc (sift
Up

v Bk 6 < HOB 7

-~ MM

ROz EEEEEE [step s | @0os0200808080 ELX
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@/@
8 @) MR 8 @) R
1. GRS 7 FINESRBR A 1. GEE 7 MINEERR
‘ 2.)&E§Ei§ﬁiﬁﬁﬁ (sift 2.)%E§Eﬁﬁﬁ§ﬁﬂﬂ (sift
Uj Ui
‘?§$9>§ﬁ¥57 ‘EEﬁH9>ﬁf5$7
) 00 ) © (s - R
0000000808080 | Step 7 (o]e]7]e]7]6]2]a]s]a]o]2]s] Step 8

OooonooBsDooan

8-3 JERAHERDER

B8 @) N

1. fSERRS 7 FUREMRE
2. RERERETHERL (Sift

up
BRUERE, AREHMREEIEE

[ Step 9

SRR 0, FIBIIIRERES O(logn) » RILATAL, HERULIRMEREBBEIRE% Ologn) , JERA

HERRERE IR R ARIE 2 O(logn) » AT FHIR:
// == File: my_heap.cpp =

/* TTENHER */

void push(int val) {
/] FIGEEE,
maxHeap.push_back(val) ;
/] REETE#EREKL
siftUp(size() - 1);

I3

/* WEEnEE 1 BAtR, WKZETEHEREWL «/
void siftUp(int i) {
while (true) {
/] TEEREREL 1 BIALENEA
int p = parent(i);
// & “HiBIRENRY” 3y “ENELMIABIRT Ky, ARG
if (p < 0 || maxHeap[i] <= maxHeap[p])
break;
/] RIAWEREL
swap (maxHeap[i], maxHeap[pl);
/] EER EERE

i=np;
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4. ERIATRLHER

HERATEDT R 2 —CRROIRENRG, BIEFIE TR, R BRI MERE TR, BB ok T HiRs
ARSI IR AERAME, ISR RSB M RGBT RS N, 7~ TR TTRRGIEE), xR
FIBA N RIE B

1. ZRHERRTE TR BT R GO ARG Bl 5 R
2. SR, AFERURIEERSITMER R, mRCAER M, KILERE EMERAZERHERTETER).
3. TEMRENREGALS, RETHFEIRPITHERIL.

Qe 8-4 R, “UETHENRHERIL” MERIETT B “GENSEETHMERL” M1, FRAIRAAR 6 MRS e B E oy 18 -
REAEEAT LR, R ERORHY 7 B RG BAR BT RG SC i, IRRIGIRE AT IR, B2 T B Y a8 2 S JH S AL

EIELE
6/jl\h 6/j1\5

0 ex@ ]@{)\” © ©
L] él@@

e SERIATR IR

1. RERETRIBERNRTRSIR

)

: > @ O €
000060 X
_ s AT —
IR IR # pad

0000000008000 00020000000 ===

Step 1 \

: SERIATR R

1. BERETRRERRTRIE
2. BHERMEREETER

) ) e/ 3. HEEEETEMK (Sift Down)
[ gé v fEERRS 5, 8, 7, Wil 8 BA
000060

000000080808 Step &

SRR RN

1. RERRTREBERRTRRIA
2. BHEHIRERETR

W

s [N P EY [ step 3 |

SERIATR R

1. HERIRT RIS R TR

2. WRHMHERETR

@ 3. WESEETEEE (Sift Down)
- TEEDEE 5, 8, 7 T, HiEE 8 ®MK
- XBESS 5 SRS 8

000000000000 step 5

P

ﬁigé
)OO0 0O

oonoaoosooon

SERIATR R

1. RERETRIDERNRTESIR

2. BHERIERETE

3. WRERETHERW (Sift Down)
= EEDEL 5, 6, 7 R, BB 7 ®A

Step 6
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ERIRTR IR SERATREER
1. ERRTRIBERETRZISR 1. RERATRIBERRTRRZIR
2. BHENNSBEETR 2. BHERNNMBETR

w

. WRERETHEAL (Sift Down)

< fEEp%E 5, 6, 7 h, HE 7 ®K
- IREDRS 5 EREDES 7

3. WRERETERL (Sift Down)
- {EEEE 5, 3, 6, Hls 6 MK

S| EPEIaEEEEEOR [ster 8

ERIETRLER SERIATR IR

-

. AT RS R R
. SRR
. WEEREPHERAL (Sift Down)
- 1EEE 5, 3, 6, W 6 WA
BN 5 SR 6

1. RERIATTREUERRTRIR
2. BHERMERETE
3. REERETERWL (Sift Down)

~

w

ERTRER, KIBERIEAREIEE

080000080800 Csten s

Step 10

8-4 HERHTHICER HiHERE D BR

BT R AHEREREMELL, HERETE TR MR R E IR R AR 2% O(log ) o FRAESUN FAR:

// == File: my_heap.cpp =

/* TTEHER +/
void pop() {
/] FI=ERIE
if (isEmpty()) {
throw out_of_range(" #EAZT");

¥
/] RIREBERRAEME (RRETEEETR)
swap (maxHeap[0], maxHeap[size() - 11);
// MIBREREL
maxHeap.pop_back();
/] KIEZERERK
siftDown(0);
I3

/* RERL 1 BH%R, HIBEZERERL +/
void siftDown(int i) {
while (true) {
/] FErEREE 1, 1, r PEZAKNER, 524 na
int 1 = left(i), r = right(i), ma = i;
if (1 < size() 8&& maxHeap[1] > maxHeap[mal)

ma = 1;
if (r < size() && maxHeap[r] > maxHeap[mal)

ma = r;
/] EEE i RARZFRS 1, r BF, BEBEEEEL, B
if (ma = 1)

break;

swap (maxHeap[i], maxHeap[ma]);
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// @B R TFHENL
i=ma;
¥
}

8.1.3 fRME RIER

- BESRATH: MERE AR A TS TR R RIS, HSIR SR ERR AL 2 O(logn)
, TEHERERIER O(n) , BERIERARE @3

- MEREHERS: dE—AHEDR, MDA MR —EHERE, AR AETHE T TR R AR, M
ARk M, BATEE &M R T N E DR, SR R 2,

- JEHURRI kA e i8R ARSI BRI, RN R R, BN EREERT 10 BT
FIVEZ MRS, SEHEHERT 10 B M SE,

8.2 EMETRIR(EF

FERLARULT, TR — 8RR TH TR AR (A, SRR 2 EHERIRIE,

8.2.1 FEBWINIETRIZ(FEIR
TR e, —H SR, REBEF Y, RIREESETERIT ARSI, HeE TSPy SR E
W, EEZICERUT WREE HAEL,

BE TR AR, HERRERN — BRETRRIETHBRARR o HEiE — oy, HitERE "8k
MR R,

BT REE 2 0, BETRINAHREIREMEH O(logn) IR, K a%EHER 7 AR M 2 O(nlogn)

o

8.2.2 FEBESMBELNER

B b, PR AT DB A B 2 AR T TR, o i

L RS A TR B A ST AR, SRR E RSB
2. I EwHErE (R ERRIE), MRUCHHEEAEEERREPUT TR AL,

TR HERL — (TR, DLRZEES 2 FRENRG) 7 B R — N 51500 7 HER, TR R B aE s, IR HEAR
& “ENME” R,

ZFRCOEREREFER, REAIEHAEMREENTER SRR ATEN FHEM, SRR E TR
ARARHI,

EFHRIINE, HREMRRA TR, RIEMRRMEGIAN FHER, JRMERL. DU RETR,
R AR SEEN R R A R — (W ARG AT ACHTES, BT ERAMAMEI R AEF I T HERA (L :
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// = File: my_heap.cpp =

/* BiEF, RIFMNBTIEHER «/
MaxHeap (vector<int> nums) {
/] &EBIITTRRERENFIEERTR
maxHeap = nums;
/] ERPRERR UM E P B L
for (int i = parent(size() - 1); i >= 0; i--) {
siftDown(i);

h

8.2.3 HHEES R

N, FRAIARE SRS AR R T TR A IR P R

-SSR n, RIEEER S (n+ 1)/2, Heb ) B RS, FI R
HIEBS R 2 (n — 1) /2.

TS RO, RS R LS, IR R RS —TERIEIE log n .
Y5 LRI, ARSI EROB AR 2 O(n logn) » TRMAREEAS SUL AR, 16 2RI
% 1 TR B BR8P L
B AR A T o8 A MRS, 2o T WA ST, (PR —IBER ISR 2 m . OIS o 0“5
TER”, RN O A A R R

HEEE HEMRNE

(Wﬁﬁg?kﬁﬁﬁ
h 20
‘/////’ ‘\\\\\‘ 1
T TP 5
SN N |
e =2 - 2
SV IVE
[T J— 23
1 oh-1
FEE, EOMRESR e — 2h

0)

8-5 SEE UM EHIR R

qnie 8-5 i, HiEGE “TETHRRHERL” RIRIOERIRBEF RN E RS TE R A BE e, TRk PEAEE2 “HIRG
T [, BT DB G “HTRECR < HREET SR, 19 21T EARHERTLIE AR B AR,

T(h) = 2°h +2'(h — 1) + 22(h — 2) 4+ - + 21 x 1
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et AT IR R 2B, s T'(h) b2, 155
T(h) =20 +2Yh—1)+2%(h—2) +--+2"1 x1
2T (h) =2'h +2*(h—1) +23(h—2) + -+ 2" x 1
EHASENAEEGE, TR 2T (h) ME LT (h), A15:
2T (h) —T(h) =T(h) = —2°h + 21 +22 4 ... 4- 2h=1 1 2h
Bl b, BB T(h) 2—WEFLES), ATERFERARMAR, SRR HEEMES:
__9h
T(h) = 172y
1—2
— 2h+1 —h—2
= 0(2M)
s, EEEA b RETENESSEERn = 2" — 1, BEERES O(2M) =0(n) ., Dbkl

R, WA RN HERIR R BORE S O(n) , RS

8.3 Top-k fiR&

Question

#E AR R n BEEFRES] nums , IR B AR K E7TR,

BONEZEE, BRI A AR RS LB E R, B AR RCR S SRR TR

8.3.1 7FiE—: Eh#iE

MM rT DUEATIE 8-6 Fnky k #hEws, S BIESIR-TREGE 1, 2, ... kK RITE, HEEEES O(nk) .
WTTEFUBRR k< n BN, WAk n HBaany, HIREMRE@ERR O(n?), JEHEER,



B8 E MifH www.hello-algo.com 173
k =3
L1 [7 (6 [3]2] EHEBRATR
AN

~—_

B E—RHREE 1 ATE
N
B BoRHBE 2 AR
\
\\
an BSRHEE 3 ARE

8-6 EFimiki AN k HTR

Tip

Bk =nik, BRMIUSIIZENERFH, RSER “BET" HEE,

8.3.2 AiE=: HIF

aniEl 8-7 FvR, FRAMAT DSBS nums EATHE, FHIRERAIEN kTR, REEMEZ O(nlogn) .

BOR, womik R ERUERS T, RARMRTHKHERE b ETRAE], AR EHE EATER,

k=3
s (L DEIEIZ)

HEFIETHIF

- Lo
RESA k ETH

000

8-7 HiF =ik AH k HTH

8.3.3 FiE=: 7

FATA] DAEE R HERS S AN = RO TR Top-k [, Fik24NfE 8-8 Fim.,
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1.
2.
3.
4.
k=3
el [ [ ]2
i
1. #80 k ETRNER
[ Step 1 ]

w @000
:

i

1. #H0 k ERENER

Step 3

k=3

— @0000
:

i

1. #80 k ERENER

2. % kel ETRRALIE
- EEITER > BHEETR
- HSERIRTT RGN

[ step 5 ]

k=3

- (2008
.

i

1. #80 k ETENER
2. e k+1 fEFTHRRAMGHIE
¢ WEITR < BERTR

| Step 7

Hha e —E/ TR,  HHERE TR RN
S BRI K AETCR AR AR,
58 k + 1 RS, HERTTRANHERIETR, ARHERETE TR R, MR E AT R AHERE,
FERTENER, HERP R RRH) k TR,

] @

' ZRBERT
L S -

heap

()
o 0

o ZiRTR
1 4 ki EFIRT

4 ZRHRT
EHIRT

BR @
© o0

=R
BIRT

Step 6

Step 8

k=3

w: (0000
.

i

1. #8E0 k BRENER

Step 2

k=3

— @0000
:

i

-

. ATk ETRENER
. S kel ETTERANIE
v ERITR > #MATR

~

Step 4

k=3

w @0000
:

i

1. #80 k ETENER

2. #5% k+1 fEFTRRGHIE

v ERITR > BWMETR

- ROERIRTTR RN
HRERTRENER

k=3

w: (0008
.

i

1. #880 k ERENER

2. #5% k1 EFTRFGHIE
v BHITR < $EETR
B 5]

AT @
o

4 20 MRS

EPIRT
o (@0

SR Q

R
EPIRT

§ #m

#RT @

SRR
EPIRT

1 em

#AE @
o 0

ZRBRE
EHIRT

v (DG

S ]
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b2 L]

[\

k=3

nums | 63| \

E#h5ek, &E heap BIE]
ZRMRT
fros b _T
EFIRT

heap ‘

Step 9

8-8 HLNHEREZH AR k TR

RS
// = File: top_k.cpp =

/* BREREAET|PRAN kK BxE +/
priority_queue<int, vector<int>, greater<int>> topKHeap(vector<int> &nums, int k) {
/] ENIEHER
priority_queue<int, vector<int>, greater<int>> heap;
/] #EREFIAET Kk {EcENER
for (dint 1 = 0; 1 < k; i++) {
heap.push(nums[i]);
I
/]l #%E k+1 BEcERR, RIFEBRNRES K
for (int i = k; i < nums.size(); i++) {
/] BERITEARERIETER, ERETELER. EaTENER
if (nums[i] > heap.top()) {
heap.pop();
heap.push(nums[i]);
r
¥

return heap;

WULEIT T n B KRR RS, SRR B s o, PRSI 2 O(nlog k) » 27T IEIERIR
B, kBN, RN O(n) 5 2 k Bk, IRIRREER &8 O(nlogn) .

HAh, ITIRERIRNEIRER RIS R EAETIAERIRE, TR AT DA ST RN T R, 1EmE
Bl KR K EoTRABIRE H T,

8.4 IMVEE

1. ERSCIEE

- HERER MRS T, ARIREOZIRIE AT 0 s RTEHERENTNEHERE, K () THHERERHERETE TR 2 iR
K UM B,
- BRI THIRE R A A SCIERRI(T A, iR G R A B B,
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R PR B EC R I SRR B U TEEAMERS O(log m). MERITETEE HIMERY O (log n) Fil
SiFHERTETEE O(1) %,

- sed TS & RIFOR, [T R R (1 MR

R R P AR VR, 1 ) SRR R e & P 1,

- n AT R R R AR T DU L O(n) , FERERL

- Top-k /& —FACHUREIIARIE, 7T DARE MRS GE R BRI, BERSTBERRIE 2 O(nlog k)

2. Q&A

Q: HRIERER “HERE” BECIEREEER “HERT 2R —(EMESNE?

W AR —EES, FUEREE “HERET, tREMAR R PR R B R R o ) — ), R
FEPITIR AT DME R 2R R, BEICAT DARE SR — & B A HERERCIRRE, PR (R (7 AN A Be 1) <5 A A A
ElEEERN A ERER, BRI UEEREE, DBk, MBI EET R, AR
EHME TR R, fNE AT RE & RSO IR R AN B FE AR R
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Abstract
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.,



HOE www.hello-algo.com 181

(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

N\ >

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 EMNERIER
G152 9-1 FiR, FF2BiE 2% A] DU B ACH S, AH 0 RS Rt AT DARL 2 [ 3t B R R,

®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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mrsz (@) |

#®l o

@ @ o e

@ @\ rRIER ©) o

N .
)

4 0

o

Step 5

[ 9-7 HRFEMAIRTIAIL, BEME, S TERS

DA T2 A5 7 62 R PR s ] ) B B A 2l -
// == File: graph_adjacency_matrix.cpp =
[* EREMZEEEIRNVERELER «/

class GraphAdjMat {
vector<int> vertices;

oln|n]e|m =
~)

S

o A
00
2
1
1
)
1
)

SBiENERE

/] TEREERT, TEAKR “TRRYE", R3INFR “TERARS

vector<vector<int>> adjMat; // #BiEiERE, 175Z5|HE “TBELZES|”

public:
/*x BiEF */

GraphAdjMat(const vector<int> &vertices, const vector<vector<int>> &edges) {

/] ¥higIERY

for (int val : vertices) {
addVertex(val);

}

/] g

/] BFE, edges JTRMAKRIERZES|, BIEFE vertices TERES|

for (const vector<int> &edge : edges) {
addEdge (edge[0], edgel[1]);
¥
+

[* FEENTERLEE x/
int size() const {
return vertices.size();

}

[* FIETERL */

void addVertex(int val) {
int n = size();
/] EIEERERYPETEEIERAA(E
vertices.push_back(val);
/] 1EFBIEIERERHIE—1T
adjMat.emplace_back(vector<int>(n, 0));
/] 1EHBIRIERERFTIE—5
for (vector<int> &row : adjMat) {

row.push_back(0);

¥

+

/* MBRTERE +/
void removeVertex(int index) {
if (index >= size()) {
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throw out_of_range(" TEEERTEE");
+
/] TEIBERERSIRIEPRZRS|] index RYTERL
vertices.erase(vertices.begin() + index);
/] TEABZEEREFMIPRZRS] index BY9T
adjMat.erase(adjMat.begin() + index);
/] TEABZEEFERMIBRZRS| index BY%Y
for (vector<int> &row : adjMat) {
row.erase(row.begin() + index);
+
}

[* g «/
/] B8 i, j HFE vertices TTEZXS|
void addEdge(int i, int j) {
/] RS|HFR RS RIE
if (<0 |l <0 |l i> size() [I j >=sizeQ) || 1 = J) {
throw out_of_range(" TBEEARTEE");
}
// EEEES, HEEEENENAGSERE, IR (1, j) = (G, i)

adjMat[il[j] = 1;
adjMat[j1[i] = 1;
}
/* MBRE */

/] 28 i, j HFE vertices FTTEXRS|
void removeEdge(int i, int j) {
// R5|HMREIEEFRE
if (<0 [l <o |l i>sizeQ |l j >= sizeQ |l i = 3) {
throw out_of_range(" TEEAARTETE");

}
adjMat[i][j] = 0O;
adjMat[j1[i] = ©;

h

/* HIENARIEZERE «/

void print() {
cout << " TERAER% = ;
printVector(vertices);
cout << " #PIEFEME =" << endl;
printVectorMatrix(adjMat);

9.2.2 EiMERMNER

A SRR | A THRG ARy o, IBAREZ m, RIRTARIRIE 9-8 ARy IR B BUS AR,
WS TETEREEGEAL RS R RS RIA], [ O(1) Wil KA 2 E, fr AR 2 RNy

PIE 75 TE1 A1

- WMBRIE: AETEREEGEAS R h A MBRFE 28, EH O(m) W, 7EMERE T, T2 IR R

flE 5 R3S

- OWTRTESS: (AR RS R, T TE s B FR USRS, (A O(1) WL
- MRRTES:: TR, MRA AT EERNATEE, B O(n + m) F,
- WG TERSER ST n (TEREAT 2m 98, I O(n + m) B,
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Step 1

Step 3

B ERAMEENRTETRE

TR SRR TR
-0
0-0-0-0
0-0-0
o-0

©000

Step 5

Step 2

HHER

@ 9-8 MPIERHTRIGAIL, HMIE, HEIHTERS

PUN iR S EE, BILE 9-8, BEER G LI,

7 TR B PRTERS, DANAECRESES, BMER AL (RS AU H 5,
- ERTMERIR AR, key ZTHEBIIE, value ZrX HBGHIARETERL RS (BEASHS),

FIh, FAHERER DR Vertex JRIZRFRTARS, SRMAVIERZ: WUEREMPIER 1K, HEBSIRTIHK
WA FEITER, AR EMERER 5% « RITEHRG, RITHERRMEMER, HMATA RN « IRIIEME1, %K
FRIRMR, TIANREHETERAR 2 ME— ) Vertex BIIH, MRS —TER: 2 Rt S 2H BN HLMTHRS 7

// == File: graph_adjacency_list.cpp =

[* BRAMERERNERERR +/

class GraphAdjList {

public:

/] #HEER, key: TERL, value: ZIEREMIFRAAREIERE

unordered_map<Vertex *, vector<Vertex *>> adjlList;

/* 1E vector HIFRIEEETRE */
void remove(vector<Vertex *> &vec, Vertex *xvet) {

SRIRRREN A TR

HHRR

BRIARREN A TR

R
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for (int i = 0; i < vec.size(); i++) {
if (vec[i] = vet) {
vec.erase(vec.begin() + 1i);
break;

}

/*x BiEF */
GraphAdjList(const vector<vector<Vertex *>> &edges) {
/] FEFRAIERGAE
for (const vector<Vertex *> &edge : edges) {
addVertex(edge[0]);
addVertex(edge[1]);
addEdge(edge[0], edge[1]);

h

/* FEENIERLEIE x/
int size() {
return adjlList.size();

}

[* FTigE «/
void addEdge(Vertex *vetl, Vertex xvet2) {
if (ladjList.count(vetl) || 'adjList.count(vet2) || vetl = vet2)
throw invalid_argument(" RIZFEIEEL");
// FigE vetl - vet2
adjList[vetl].push_back(vet2);
adjList[vet2].push_back(vetl);

+
/* RIERE */
void removeEdge(Vertex *vetl, Vertex *vet2) {
if (ladjList.count(vetl) || 'adjList.count(vet2) || vetl = vet2)
throw invalid_argument(" R{Z{EIEEE");
// MBRIE vetl - vet2
remove(adjList[vetl], vet2);
remove(adjList[vet2], vetl);
+

[* FTIZTEEE +/
void addVertex(Vertex *vet) {
if (adjList.count(vet))
return;
/] TEMIERRPHIE—(EFiEAERT
adjList[vet] = vector<Vertex *>();

¥
/* MIERIERE */

void removeVertex(Vertex *vet) {

if (ladjlList.count(vet))

throw invalid_argument(" R{Z7EIEEL");
/] TEEMERFRFRIERE vet HIEMIEE ST
adjList.erase(vet);
/] EFEHMIERMIEAEERY, MERFIEEE vet BIE
for (auto &adj : adjList) {

remove (adj.second, vet);

h
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/* BUEN#BIER */
void print() {
cout << " #PIER =" << endl;
for (auto &adj : adjList) {
const auto &key = adj.first;
const auto &vec = adj.second;
cout << key->val << "
printVector(vetsToVals(vec));

9.2.3 R=EELL

A [ A n (ETERN m BRi8, 3R 9-2 BTHE 7 AR RIS SR IR I BCR M SRR, AR, MR
(iR s) BEASCEBL, MR (EHER) SIERITH A R A MR R R EE,

R 9-2 HHRE M ERAR AR B L

FPRERE AR (GRS AR (HERR)

sRsHE  01) O on)
witis o1) o) o(1)
e o) o) on)
AT om)  0(1) on)
A TEi O(m?)  O(n+m) O(n)
AEEEEEE On?) O(n+m) O(n +m)

BIgREK 90-2, PIPMbHER CMEER) MIRFRRCRE SRR RS, HER L, EMAERrh R i ReRE
i, AF— XS R EBRERT ], S50, MEERREEEL 7 “ DA ROBRAI, AR A
BT “DARpfE#s i BRI

9.3 [EBVE:S

BHURAZE “—82” BIER, mENEAESREHE, fJUFRRNMERR 282" iR, B, PR
A (R — R B, BEPR, RIE o PR 2 I A s i — RRE B

] A S e 2 PR P R T LR AR BUE AR [BIREFTTT SN n] 7> 2 i . BB EA IR EBLEH.
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9.3.1 EBEEBKEH

JE R et e — MR SORAE RT3, TeXMEmAGngE, (R B e IR A TR, 3 —fE g st
ik, QA 9-9 Fom, #E/E bATHRGHSE, E/UERRIERIRTA M RTERE, REE T —ETERS AT E#
PETERG, DUCRE, HEEFTATERTIF SR,

| [EREREE @A E RS
| (BFS)

LATERS i,
HERGE. EEERRARIER

| EVFFIA
0, 1, 3, 2, 4,6, 5,7, 8

9-9 [EINEEEEIE

1. BEEER

BFS @I THIRED, BAMW AR, (THIERAE e Aet” F9ME, S8 BFS By "Ml fo=” fIE
AR dh AT,

1. BEFIETES, startVet AT, A BHROERE,
2. RN SERIEAH, BT ETHRNG ORI, AT B R TER A TS .
3. JEMEWER 2., EEIFTATHEYGEIH S REATH,

7 VBT TERS, PR ERER — RS visited ARECERMFLEENRL C 4,

Tip
MR AT B E—E T key TARAF value FARHER, ©RILIE O(1) ReRBHERE TIEST key
AU BRI E. MR key HUME—ME:, MERESEREHNEREESFYS R,

// == File: graph_bfs.cpp =

/* BEEBRES */
/] ERMERERTE, WEEBIEEIEEIPIEAIETER,
vector<Vertex *> graphBFS(GraphAdjList &graph, Vertex *startVet) {
/] TBELEFRRFS
vector<Vertex *> res;
/] BEES, BREREwWAMBNIER,
unordered_set<Vertex #*> visited = {startVet};
/] {THIRMREIR BFS
queue<Vertex *> que;
que.push(startVet);
// LAIBEL vet #AfcEs, EREEZEMTEIEH
while (!que.empty()) {
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Vertex *vet = que.front();

que.pop(); /] ATHIETERE R

res.push_back(vet); // scifahfiIass

/] EFHZIBEERE A EIES,

for (auto adjVet : graph.adjList[vet]) {
if (visited.count(adjVet))

continue; /] BRBEWEHREIRITEE,
que.push(adjvet); /]l BRNFIREEHITESR,

visited.emplace(adjVet); //

h
F

/] BERREEF

return res;

ReCax B AR

FEFUHEAHI S, AR O-10 2AMTRER AR,

FEDFFI res EWFT res
155 que 151 que
17 A3 51 A5

MEEE visited

migs () w5, ERTATHRSE

HRES visited

[@ } 1. WETRMAERFS) res {@@@ ]
2. RETAMNATERERRNT
l step 1 ] A7 que AN visited [ o 5 )
EFT res BT res
(00 ) (000 )
1551 que 155 que
000 000
s () ), TR HARRE visited s () w5, wWEATHE HARE visited
1. RETEBMNEHES) res [@@@@@ } 1. RETRBAERES res {@@@@@@ ]
2. SRR R 2. SETRMFTE AT
AFl que LHIN visited [m] A3 que AN visited [m
EBFT res EHFT res
(0000 ) (00000 )
155 que 155) que
000 000

g () 3, SRRITLUTHRAE

1. REREMAESFT res
2. HEEIREHATEMERERIT
A%l que M visited

RIS visited

(0000000

TR () 51, SRR

} 1. HEREMAERFT] res
2. EEIARHIPTE MIETREE T
A5 que AN visited

BBED visited

(00000000 |
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EBFT res EBFT res
‘_—'_—l\ (000000 ) \_—i__ (0000000
" (5) 31 que " 551 que
%%_giﬂj o0 ] o0
00 n e —0——0 o o

T () w3, R

1. KEIRRIMNEDRFS res
2. HEIREHFTE NIRRT
A%l que M visited

TR () w3, WETATHRE

1. KEBRMNERFS res
2. HEIRESHFTE NIRRT
A%l que AN visited

HRES visited

(00000000 |

=0
FEHFY res
(00000000 |
1751 que

o
= o

HRES visited
(000000000

‘ Step 9 ‘

= {75 que A%,
« HEEE], SERRES

BRED visited
(000000000

T () w3, ST

1. HEBEMANERFF] res
2. AR ETREERIT
A7l que I visited

e
Vi VA EHFT res
‘ I (000000000
1551 que

’ | 5 -
—— 3! A3

HRED visited
(000000000

‘ Step 10

mss () w1, LT

1. WEIBRIAEDFY res
2. HEIRRSHPTEMEREIIT
A5 que AN visited

FEHHFT res
(000000000
1751 que

o e

MEES visited
(000000000 |

\ Step 11 ‘

9-10 BRI EIE TP BR

I B R H R I —?
M, BEREERSCAE A N ERE “HIL R RINEREAERT, 2 AR ] B i TR A A e Fe o
FEZATAL. DA 9-10 2, TERS 1. 3 AUFMHINER AT LAZ e, TERG 2, 4. 6 AU#GRHIIER th ] DAMER S,

2. ERRESR

BERIBIARRE : A TEAR O ABINE X 1k, M O(|V|) ISR oA AR TELR AR, phy R R derv
RIS @i 2 v, M O(2|E|) W5h; 488t O(|V | + | E|) ke,

SSRIBRIE: H51 res , MEEHEA visited, {751 que sRITEBSBORIES S |V, 5/ O(|V]) 23,
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9.3.2 REBKEN

W MBS E R, MR alE MEERES TR aE 9-11 FoR, 17 RATaRGHEE, FifHE
AOTEGRG RS ME AR TR, EEDESIRERIRE, HESUERSRURE, DU, BEEArATERGE <
5‘20

@ @ ERYREERITED

(DFS)
| a2 piees (@) s,
>N EREAEE, BENEAEE,
0 @) . (9/ U - EERRED
¢ EBEIL

GZSD 0,1, 2,5, 4, 6, 3

9-11 ERIREEIE

1. EBEZER

el EFISRUEFNR AT AEEATR SR BRI AR EE, B EETEM, ERERET, &
P TR ZEREB — AR R & visited ARECERT W FIRITERS, DB ARG R THRY

// == File: graph_dfs.cpp =

[* REBIEFEHBE */
void dfs(GraphAdjList &graph, unordered_set<Vertex *> &visited, vector<Vertex *> &res, Vertex
o *vet) {
res.push_back(vet); /] EoEkEhRTERL
visited.emplace(vet); // 1ZEsCZIEREHKARM
/] EFHZIBEEHVFRE AP IRIER,
for (Vertex xadjVet : graph.adjList[vet]) {
if (visited.count(adjVet))
continue; // BKBEWFHFIAVIERS
/] EEEREAMETER,
dfs(graph, visited, res, adjVet);

}

[* REBIES =/
/] ERMEBERERTE, WEEBEEIEIIPIEAIETER,
vector<Vertex *> graphDFS(GraphAdjList &graph, Vertex *startVet) {
/] TEEREREFHRFES
vector<Vertex *> res;
/] BEES, BREEREWAMIBIER,
unordered_set<Vertex *> visited;
dfs(graph, visited, res, startVet);
return res;
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RS ER R EIA RN E 9-12 FR,

- ERBMURIRHE, OB T — TR I 75 T A R TE R
- RSN _ B, FORMRE TR AORE, [FIHE] T R T ERI AL E,

T INEREERE, ERRE 9-12 BARINIEAS Skl fERdPRR (B S T B(E DFS @, tfiE

fIEEE 75 TR IR BRR, fATRF IR [,

-
©
<

| Step 1

FEHHFF res

000

RIS visited

(000 }

IRHEPEES -
rewsns (6 sompsTans
wavmEs ©)

FEHFFF) res

(00000 |

MEEE visited

(00000 |

TBHEREER :

rewses (O sompzTams
EEHMIERS

FEHHFF res

000000

RIS visited

(000000 |

IBHEREES :
rewEns () ompsTans
wavmmEs O

[ Step 7 ]

EHFS) res

1) J

HREE visited

Ll )

BER:
rewmss () sommTms
e )

Step 2

EHFT res

0000

BEED visited

(0000 |

it
rewsRs () TR
mavmmEs ©)

Step 4 ]

EHFS] res

(00000 |

HREE visited

(00000 |

PR
s () wFrEmEEREE Y
Rt mnzms ©)

Step 6

EBHFT res

000000

BBED visited

(000000 |

PR
mx () wrsmEEREE
Rz, mnsEmms ©)

Step 8 ]
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2,

FEHFT res EHFT res
@&
@
HRES visited HEES visited
2 3 Y 2 3 a N
. ‘ . { J 12 ‘ ‘ 5 \ (5)
( ) a s
@ oS
’ ‘ ¢ ELAAPER 7 "* BHEREEL:
m () wramEERSem s () somizman
Btk 4R, EHAETER wewrms ©)
LU - REEHETRL
Step 9 Step 10
EDFT res

1 10
MRIRE visited
2 3 .
) ‘ ! {

‘ ¢ EIHAPEER :
Tak BIFE A TRE AR E
BitE75HEE], EETRR
Tk () 757%tiRE], BISERED

Step 11

9-12 [ERIREBIER B

TREEB AL R 51 2 75 M —?

Bl S E ML, IR PRI AR ME— Y, AR BETERS, SerEmbE s R R A AT
DA, BB EETERSHINEFS ] DUERATEL, #RRIRE BT,

DISHEF 2B, “|R— 7 = H" “E R0 £ —=H - R 2hIEEHRF. FF BFE
#, EfMRER T e B, AmiE=&ENREEE,

EHE S

BERIBIARRE: TS TR @I 1 ok, 0 O(|V]) Be; e ersing 2, 58 O(2|E)]) m;
wp s O(|V| + | E)) Wk,

SRS 51 res , MBESA visited HEMURRS 2 V], EEFEREAS V], FiEm O(|V])

=,

9.4 /Mg

1. ERSEIEE

- ERTERSFNB AN, A DAFOR 2 — M ITER A — B R RS,
- MHEBGRARIERIR GEEGERS) FIoERER (B, MEEER (8 RAE&KEEE, KiE e,
- BREFEEATT RN, EEE R R TERE A, A REE RS A SRR R
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- IR R ORI, BT ) R ETER, EEOTRAERE, W 180 FormiETEE
MAIBeES, ARSI SR IE LR R, B HERZ,

AR 2 RS R AR FORE, 5 MRS AS A ST ETERS ¢, HrPfEE 1Rk TER R AT E AR TE R
FTER A AR R M SE AN B 2, (E TR EOE A A ER S AR RIS, (RIS SR B

- ERGERTPAVRAS ERYIE RN, AT DU ISR AR SRR, MR AR,

- PEEETR AR A AT, ARERERERET T DA RN, AREEREEE T DARFRE s R

- RS B AR, LSRR, MBS

- BRI A — AR, e R R R A E T Y — R B

- R EEECEN R LR, EERRI SR, EEE T,

- ERREESET R EESERR, MR AER RIS K, ERERREARED,

2. Q&A

Q: BEHIERETHRFYERIBF5?

HERER EARESRANE RS~ g “BER—EEFy”, msaivg “BRISE —EIER
HI”o PATNBHESCRRIE S : In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

TEASLH, BB 2 —EB ], mAZE—ETER Y, 1SR K 2 i fE TR W AT REfA 1R 2 i s, it
fRp FR {12 AR S0 JE — R

Q: AFELEE H RS & A HEIRE 2R ?

FEAREIEE A, ERETERS A, B0E (ATHREIREE, R TR 7 R 2 R,  DUERT 2 E
AT A EIE 7 &

Q: MR, TERSAHIE AR A TR RUTHRSIE 2 A5 A 2R

A URERER, (BEEREM , AIReREgiiiae SRR, HAMEIRTER RSy, BB %IRTE
BEERNIINERFSE, EHRA B PIEERH WA ERE ATER,
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F10E g

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.cpp =

[* Zonw (BRER) */
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int binarySearch(vector<int> &nums, int target) {
/] Ve EEER [0, n-1]1 , BP i, j @iEEESIETR. BExx
int i = 0, j = nums.size() - 1;
// EE, EESERATRHRE (B 1 > j BAT
while (i <= j) {
intm=1+ (3 - 1)/ 2; // stEPEERS m
if (nums[m] < target) // WIEREREA target EER [m+l1, j] &

i=m+1;
else if (nums[m] > target) // LLIERREA target EEM [1, m-1] A
j=m-1;
else // #%FNBEZETR, REHZES]
return m;
}
[/ RKHFBETER, RE -1
return -1;

BERIBIARIE 2 O(logn) = TE—4NEEH, RIS #REN—F, FILEERES log, n .
BRI O(1) + 4518 i A1 j (EAIRMOR/ VR,

10.1.1 ERTAEZ

BT ERSEERS, HRNENRREE ERAR B, T8 [0,n), IEERASHE, HER
RUEHY, FERRT, W (i) i = j KA,

FAM AT AR % 2R B B B A AE R D REAY — S s Rk
// == File: binary_search.cpp =

/* ZHEE (EEAARER) */
int binarySearchLCRO(vector<int> &nums, int target) {
[l B ERARER [0, n) , Bl i, j #KiliEEENIETER. Bxx +1
int i = 0, j = nums.size();
// EE, SESERATERE (B i = j BAR)
while (1 < j) {
intm=1+ (3 - 1)/ 2; // stEPFEERS m
if (nums[m] < target) // WIETERE target 7EER [m+1, j) &

i=m+1;

else if (nums[m] > target) // WIEHREA target 7EER [1, m) &
j=m;

else // HEIEIZERER, REIHES|
return m;

h
/] RHEIBFER, &E -1

return -1;

qnE 10-3 R, TEMMEEMFOR T, o ESERRAIGIL. RGN E RIRE A TR,

RIS “EEPAIAT FoRPRAEAA S AT AR, KIMOEBIERR  AOFEEE M/ R A SR 2
M. JEREEAA G, It —RaieRm “SEPHER MR,
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7_1'.§ E H H
ﬁ%l‘"@ 1 2 3 4 5 6 7 8 9"1 ‘"m 1 2 3 4 5 6 7 8 9"‘10

i by Lo =F-4 j i AEaEReEs8s HERFE82E8E j

ERERWN: 8FEMH [i, j] ESEM: £AAEEM [1, j)
MiatkiEi®: i =0, j =n - 1 aMkiEiE: i =0, j = n
OEELIEfRA: i > 5 EEERIEES: i 2 j
SNERMEME: i =m+ 1, j=m- 1 MOERHEE: i =m+ 1, j =m

& 10-3 P [ ) 7 5%

10.1.2 {2ELEMERE

oy AR AR IR TR 23 R 5 T T A AT A RRE

TS IR RR . FERRHR T, SRS AR R M R B B B, I, B RN = 220
R, #RMEAHEE 220 = 1048576 i, Wi~/ ESEF log, 220 = 20 i,

- DS EARAN BN R EREB RN M e AR (PlniEEER), s EmEE
aliie

A, ZofEsIrEEARTA SR, EEADTER,

- CoEREERINERER. AWMAERHER, & THEH o RImEFTE T, SMEK, KAk
FPE RN R BB R 2 O(nlogn) , HARMEEM S48 =, BRVEZEEATENS R,
AR A P, FERTRBAZRENE, MEEEEZ O(n), WE2IFFHER,

: *%ﬁ%@@%#@ﬂoiﬁﬁﬁ*%ﬂﬁﬁ(#ﬁﬁﬁ)%%ﬁ%,ﬁﬁ%%$ﬂ¢%ﬁ%%ﬁ%ﬁ
AORCRIGAI, PRI ANIE 5 M FH A St £ 71 e R S £ 71 BB S R

- NERET, MUEERSREELE, ERIEERT, SREE L RAERRE, mE_osh, |E IR
%, VIRBRIE. 1~ 3 UCHIBHRIE, 1k (BIR), 34~ 6 ERTTRME; B, EERE n SV,
SEER R M == R,

10.2 ZHiESHNES

s NS BETTER, BEa AR SR, s B ETRIEA N 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 .
P8 —: EEYITHEE target K, HAMKNRIIZELZZTRNRG?

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?

P EE M SiER: & nuns[n] < target I ¢ B8, EREMERRER  ERKRER target AITER
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.cpp =

[* ZHESENY (BEETR) */
int binarySearchInsertionSimple(vector<int> &nums, int target) {
int i = 0, j = nums.size() - 1; // #¥AHERER [0, n-1]
while (i <= j) {
intm=1+ (3 - 1)/ 2; // stEPHEERS m
if (nums[m] < target) {
i=m+1; // target EER [m+l, j] &
} else if (nums[m] > target) {
j=m-1; // target 7EER [i, m-1] &
} else {
return m; // %3 target , REHEANEL m
¥
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¥
// FEF target , REHEAD i
return 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.cpp =

[* oSN (FEERTR) «/

int binarySearchInsertion(vector<int> &nums, int target) {
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int i = 0, j = nums.size() - 1; // ¥RHERER [0, n-1]
while (i <= j) {
intm=1i+ (3 - 1)/ 2; // #AEPEERSI
if (nums[m] < target) {
i=m+1; // target EERM [m+1, j] &
} else if (nums[m] > target) {
j=m-1; // target 7E[ER [i, m-1] &
} else {
j=m-1; // BENR target WxHREERM [i, m-1] &
b
¥
/] REFENE 1

return 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.cpp =

/* ZHHEERE—E target %/

int binarySearchLeftEdge(vector<int> &nums, int target) {

/] HEBRE target AUHENEL

int i = binarySearchInsertion(nums, target);
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// *#EF target , &[E -1
if (i = nums.size() || nums[i] !'= target) {
return -1;
}
// #Z| target , REIZE3| i
return 1i;

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.cpp =

/* ZHHEERE—E target %/

int binarySearchRightEdge(vector<int> &nums, int target) {
/] BUAEHRAL—E target + 1
int i = binarySearchInsertion(nums, target + 1);
// j EARE—E target , i IEABEEAR target HITE
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int j =i-1;
// &#%EF target , &[E -1

if (3 = -1 || nums[j] != target) {
return -1;

¥

// %3 target , REIZES| j

return 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

FRERGEV A ATRERAH & o AN 10-9 F, TG R, £ R o B (8 B B R 2

target, fisE, HERFEIEMIIRS

target = 13
nums =
9 13| 17
18 22
26

ESFEHEES, SEINS
target FUAESHRR[E

10-9 #RMEE SRR ECZ N

PRSI MR
// == File: two_sum.cpp =

[* FiE—: BHHIE +/
vector<int> twoSumBruteForce(vector<int> &nums, int target) {
int size = nums.size();
/] WMELEE, REEHES 0(n'2)
for (int i = 0; 1 < size - 1; i++) {
for (int j = i + 1; j < size; j++) {
if (nums[i] + nums[j] = target)
return {i, j};
+
}

return {};

T IR RIS 2 O(n?) , ZERIMRE 2 O(1) , fERERHRE NIERFERS,

10.4.2 HEEH: LSRR

HBRERE MR, A DRI R EYTTRNITRRG], WEETESY, SHEITE 10-10 FinrPek.

1. FIERET target - nums[i] BEEMERT, A2, HERRENEHETRIRS,
2. FFSRES nums[1] MIR5| 1 FridiEERR,
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target = 13 target = 13
nums = ‘ 2 | 11| 1 ‘ LS 2 [ 7 [11(1 I
B | TR | ey . TR
EHES] nums EFHES] nums
+ 13 - 2 = 11 FE map +© 13 - 7 = 6 FfE map R
- TR 2 Wi map - HTTE 7 FiME map
Step 1 Step 2
target = 13
nums = 1115
A
{ key ¥ | b 3
map =
-+
EFHES) nums

© 13 - 11 = 2 7 map
~ BETTHEEGRS| [0, 2]
Step 3

10-10  HHBHAEZRFOR AL

BHREXUSA IR, (£ R pE Ry :
// == File: two_sum.cpp =

[* FEZ: BEENEER +/
vector<int> twoSumHashTable(vector<int> &nums, int target) {
int size = nums.size();
/] EBhEEER, TREMES 0(n)
unordered_map<int, int> dic;
/] EBREEE, REEHES 0(n)
for (int i = 0; 1 < size; i++) {
if (dic.find(target - nums[i]) != dic.end()) {
return {dic[target - nums[il], i};

¥

dic.emplace(nums[i], 1i);
¥
return {};

W77 B MR A AR R AL O(n?) BEZE O(n) , KIBFRFHAITACR,

I T A — RN ARE R, BRI MERE S O(n) o MEWI, %07 IR REING 2 2008 o 2 21,
PRl E e R A R B B R

10.5 ERHESEFRZE

EREZE (searchingalgorithm) FRTEERIAHE (BIANfES, SEGEERS, KHalE) IR — (s —Hi 2
REEMRIFRITR,
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S AR TR B BUE R 73 2 DL N,

- IEBERTRRIARAGE N HETER, BIankEs, SR ERg, R A E A,
- P RCRI AR A R s RO RHR S e, BBIRROTRAN, Pl o, MRERN _oils
A
NIRRT, IELEATHATAR CERT IR R P AR, RIS RTRE R PR AL, EAREH, 3,
FREE IR AVIA, ERERESEER,

10.5.1 &HiES

21 SE I E TR ETTRACE M BT R,

© BRI B R SR RS B AR RS, EICERIETI —mbads, BERIFTR, EE
3 BT REENE S —un R A IE BT R 21k,

-“EV@%% 77 M TR R EAIRS I AE AR, R BT = ) A6 B R B 46 R T 1

mﬁ&Eﬁﬁﬁﬁﬁﬁ%owfﬁ%@ FICRIGAENRGBALR, g — PRI ECESIE, e el
@%W HEFER e R A,

274N E HIEMAELr, MR RrRHS R BRI ERI MO RORI AR
AT, MR IEAEE S O(n) , Hbn 2otREE, FIKEEREBRIIENR FUEEERE,

5

10.5.2 HEfEES

HiEEE 2 SRR AR (Gna R Retfsiate, 1EmEsRutEs BETR.

‘Toris” MEERIE IR SR, (R R,
FHEERT MR RRE RIS S BRI BRI N A S E B, (M E B R
- R ERPE IR (Bl T T, B ARG E A PRIEHERRETR, e A HAR TR,

A B R R AR, RRHIBGREES) O(logn) #E O(1) .

SR, MEAE S RIS %ﬂﬁﬂ@ﬁﬁﬁ@ fan, s RREECEEETHEE, MRAER
BT R B R ORISR, AEREIE L R R th TR R NI IR IR 2 1 B 8

Tip
HE S s B A O AT AR, RN ER e RSP Ul BB cE.
10.5.3 & 757%EEY

RE RNy n B, MR DMERIgR S, s, BE, EERS AR EE
TLRo AV TAR TAEEERANE 10-11 Fis,
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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



B1E HF www.hello-algo.com 215

// == File: selection_sort.cpp =

[* FEEHE */
void selectionSort(vector<int> &nums) {
int n = nums.size();
// SMERE: KHFERBA [1, n-1]
for (int 1 = 0; i < n - 1; i++) {
/] NEE: RERHFERNNRINTTE
int k = 1i;
for (int j =1 + 1; j < n; j++) {
if (nums[j] < nums[k])
k = j; // s/t ENRS
+
/] #EZmNTRERFERNEETRRIR

swap(nums[i], nums[k]);

11.2.1 BEZIS4E

- WSRIBIIRES 2 O(n2). TEETBMEER: SMEMBIL n — 18, F—ROAHFENRES n, RE—h
ARHEF MRS 2, ESHINEESRIES n, n— 1. ... 3. 2 GEE, KAy U0t

- SRRIARRE 2 O(1), JRHRHER:: $5HE 0 A j A RO NSNS,

- ABRSEHEY: Q1 11-3 B, 0% nuns[1] 1 TREVEAS IR BLE ISR RS, SR AR
ELF 85 2 e 28,

FHIFEM

oo @

PITHE—misE

iWEEﬁ
300060
TR E—REEER,
METTE &4 RIS B a4 T o

11-3 EEHPAERE R B

11.3 @%HiF

EAHF (bubble sort) JZI@IHA M LR B IR T R BB AT, SSRGS R T 2ITHE — 4K,
S AR .
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Gnie 11-4 FroR, B IEERE AT DRI TR A AR F AR (ERRS e e sm B da A E 7, MR LA TR AR
N, WIS HETER > AR MR H, BRI, RARRITTR GRS EIEIA R A .

- @000Q0 - 0Q00Q0

REFIARRE—H R

TEEREANEEMBARIELL
WEEREHBMTR:
v EBTE > GETE

nums ‘\nana - RMEMETE

| Step 1 Step 2

- 080000 - 200000

WEEEEHEMTE: WEEEEHEMTE:

v EETR > AETR v EETR > AETR

~ ZIMEMETE -~ IREMETER
Step 3 Step 4

nuns 0°0°°O nums gegcéc

WEEGEHBPTR: WEEHEREMBTR:

v EBRE < ABTE v EETR > B8R

o MR - RHGEMETER
Step 5 Step 6

KIE KE
nums o e o ° o °

(B9 n-1 EREAHE |

EHTERE,
BARERTHKE

11-4  FHTTER R e E

11.3.1 EBEZRIE
MBI RE A n, EEHEF S BWE 11-5 iR,

L B, ¥n ETRIT B, FRESINERTR LR IEMAE,

2. BERAR, HFER n — 1 E7TRAT “BilR”, 8 ORI E,

3. DAMCESE, &l n — 1 “Bil” &, 6in — 1 KECREP i IEmA E,
4. (R —EReE BRI TR, BANR, EIRESIHER 72K,
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“BikE  KRHFERM
B9TE

nums nna [o, 5]

BiTH 1 BER

paonan .

7% 2 WES

BITE 3 WEER

GLL ) I

[0, 3]

BHITE « BEA

0800

BiT%¥ 5 WEE

088000

FeRHE (RIgf—ET=ERET)

[o, 1]

[0, o]

11-5 JERHEFp R

NS 1
// == File: bubble_sort.cpp =

/* JEFHEE +/
void bubbleSort(vector<int> &nums) {
// SMERE: RKHFERZE [0, il
for (int i = nums.size() - 1; i > 0; i--) {
// WIEE: BERHFER [0, i] PHRATERMEZERBN&REGH
for (int j = 0; j < i; j++) {
if (nums[3j] > nums[j + 1]) {
// Xt nums[j] 8 nums[j + 1]
/| EEERT std::swap() R
swap(nums[j], nums[j + 1]);

11.3.2 MEREL

MBI, RER “BiR” PRAEPITEMZGRRIE, RS CEERHF, ATERRESER, Fit, [T
DA AN —EREEEAL Flag RESHNSHENL, — BB ALRE,

AOBEAEA, IR B R R A A R R AR (5 % O(n?) ; (HEB ARSI SE 27N, Al
FIBRAERF I EFERE O(n)

// == File: bubble_sort.cpp =
[* BAHE (EFREN) «/

void bubbleSortWithFlag(vector<int> &nums) {
/] 9MERE: KHFERS [0, il
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for (int i = nums.size() - 1; i > 0; i--) {
bool flag = false; // #IMAMAZEEAL
// WEE: BERHFER [0, i] FHERATEREZERNREEGHT
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]) {
// 3%t nums[j] EE nums[j + 1]
/| EEERT std::swap() R
swap(nums[j], nums[j + 11);
flag = true; // ECERIATTE
}
+
if (!flag)
break; // ItE “B8" RXXREAITER, BB

11.3.3 EEZEREHY

- WEEIBGRIE S O(n?). ELEHEHY: A% “EN ENIEEIRERR A n — 1 n—2. ... 2 1,
W (n — 1)n/2. 15N Flag BRAELE, BEMMMRERES O(n) .

- SRIBGRIE O(1). FUHLHERE: $5H 6 F1 j AT BO MRSV,

- RBEHDY: HRME B BT R A

11.4 EANHF

EAHEE (insertion sort) JE— S EAHEF T, B0 TOERBEERT B — R A ERIEE AL,

B, BMER P EEEE AR ETR, Mot REHANCHF RERTRE — B, A
IR A ERERIN E

11-6 JE&oR T BB A TC RAVIRIEIRE, RAEMETTRS base , FMFEAIEHERSIZE base ZHWFTH
TERAGHE—(L, A& base AR HIERS

‘ooopog -
P AR nums[ nums[4]
x 3 nums _ N
E AR ERNCRLE ﬁig;ﬁé 2[4 ]5]s
nums= nums[3]
080000

nums[3] =base

eness L 300008

11-6  BLUGH N IRIE
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11.4.1 BEZRIE

AR RE R IE 11-7 Fror.

1. WIEIRRES, FESIRSE 1 TR e dE .

2. BEEFINTE 2 EICRIER base , HMHMAZIEMA ER, BHIRGE 2 TR CH.

3. EHGE 3 AICRIFR base , AFHIHAZIEMAER, WS 3 TR CHi.

4. DA, fEfRE D, BIRE - REITRIES base , MHMAZIIEMABR, FifixicHy.

BHFER

[0, o]
[o, 1]
[o, 2]
[o, 3]
[0, 4]

[0, 5]

11-7 HwAHEF AR
NG N

// == File: insertion_sort.cpp =

/* FEANHFE *+/
void insertionSort(vector<int> &nums) {
// SMEE: BEHIFEM%A [0, i-1]
for (int i = 1; i < nums.size(); i++) {
int base = nums[i], j = 1 - 1;
// WIEE: #& base WAZIEHFERE [0, i-1] FWERAUE
while (j >= 0 && nums[j] > base) {
nums[j + 1] = nums[j1; // #& nums[j] mGHEH—{L
J--i
+
nums[j + 1] = base; // # base BMEZIEMRMUE

11.4.2 BHEZHH

- WSS O(n?), HEREHT: £, BUEARESHIFEEE n — 1. n— 2, ...
20 LR, KAMEE] (n — 1)n/2, HILRREMEES O(n?) . EIBEIHFERIF, HARIEEGIRAK
ko EEARS AR, BAHFESRERHEEE O(n) .
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- BHBGRES O(1), WHHbT : 4868 ¢ f j (R FEEO NSNS,
- RREHEE: ERAREEET, RMERTRBAZMEETRNGH, TEUEEeMrIER.

11.4.3 {HENHIFRES

FAHEF R 2 O(n?) , MiFRMETIE2E POt R R 2 O(nlogn) o REREAHEF
AOiRe AR RE B, (HAERDRHRBOMOTEDL T, idAHE I E i,

TS 8 sl BLAR VA AN — 0 S A0 A IS LA AR O, DOl HEFIE M O(n logn) MITHERIE BN 016
SRS HHE RS, A 2 S HUTE R, TERRHREBUNE, n? Ml nlogn MBUELESERE, ik
JEAME TG, B A BT R B B ROE PR

B E, #r2EAGEES (B0 Java) RINEHFFEEM THARY, KEUERZS: BIRREZ, SRAZER
SHERSEIH AR, flntigEdir; BiREREs, EREREATER.

BESRIERHE R, RIEHE S RIS AT F IR B # 2 O(n?) , EAEEBRRENH, AT IR SR
FHRRIERHE AR, 3 EA DURER,

LRI ISR IR, TR A, SO0 3 AR MBS TR
B, (A | IETEAR(E, R, SRHE S SIS HLA A 5.

 IBHE LTI T ORIEIEA % O(n?) o WISASE —HLERAFIFRIZOR, HAHER G i
FRHIF R
MR RE, SO RS .

11.5 HRiEHF

BREHF (quick sort) B —RENMERISHHEF AT, BTeik, BHEZ.

PIEHE R OERMER “IHI#ln”, HEER: BRI PR ETTRIER "R, ARTH /MRS
RCRBEH AN, MAREREE T TRBEIHAMN, BREAGR, THICE R E 11-8 For.

. RIS B e ER A 2 R TR R, HUALRIETEER 1 70 3 0 BTG ARSI R .
2. goE—EEkE, EERPERN L G) SHSEREEEEEHER O TR, RRREMETE,
3. EEHITHER 2., HF 1M j HIBRHEIE, B REEC R S miflE 1 FHA ) 7 5,

Step 1 BEH Step 2 BEH
o left ht left ht
v
ws (@ &
A A
i bl J

nums[left] ZEAER # Bl nums[left] ZEBAE

d nums[j] > nums[left]: # HERRARE R R BEMB TR nums[j] = nums[left]: # WERAREE WEERRTR

d nums[i] < nums[left]: & HABAREEAREEHNTR nums[i] € nums[left]:  # #EMAREEAREEBNTE
i+4=1
nums[i], nums[j] = nums[3], nums[i] # THBMETR nums[3] = nums[3j], nums[i] # SERETR
nums[il, nums[left] = nums[left], nums[i]  # WEEMCHERFHEIINSRL nuns[left], nums[i]  # MERMAEHFMIINS R

rrrrrrr i # EEEREHNRS| # EEREHHRT|
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FNE

step 3 | Ban | step 4 B2n
) left right : left right
v v
- 000000
A A »
i j i i
def partition(nums, left, right): def partition(nums, left, right):
EERI =S e THREIS
i, j = left, right # B nums[left] AEEH i, j = left, right # LU nums[left] AEEH
while i < j: while i < j:
while i < j and nums[j] > nums[leftl:  # HEAMAEREEIMBRBNTR while i < j and nums[j] > nums[left]: # fERAREENCERBENTR
= 5 =1
while i < j and nums[i] < nums[left]: # WERGREEANEEMNTR while i < j and nums[i] < nums[left]: # BERGREEAREEHNTR
i+=1 i+=1
nums[il, nums(3] = nums[31, nums[i] # IRERBITR nums[i], nums[3] = nums[3], nuns[il # RIEHBTR
nums[i], nums[left] = nums[left], nums[i] # HEEHCIMERTRIINS AR nums[i], nums[left] = nums[left], nums[i] # HEEHCIAEMT RIS R
return i # EEEEHNRS| return i # EERAEHEFRT|
Step 5 BEM Step 6 M
left right left right
v v
- S00D00
A
i3 j
i
def partition(nums, left, right): def partition(nums, left, right):
YRS " IHERI
i, j = left, right # L nums[left] AEEH i, j = left, right # LU nums[left] AEEH
while i < j: while i < j:
while i < j and nums[j] > nums[left]: # HAEMAREEIREEHNTE while i < j and nums[j] > nums[left]:  # HEMAREEIREEBNTR
j-=1 j-=1
while i < j and nums[i] < nums[left]: # WERGREEANERMNTRE while i < j and nums[i] < nums[left]: # RERGREEARERBENTR
P41 i4=1
nums[i], nums[j] = nums[j], nums[i] # RERETE nums[i], nums[j] = nums[j], nums[i] # SEMETR
nums[i], nums[left] = nums[left], nums[i] # REEMCHAERT RIS R nums[i], nums[left] = nums[left], nums[i] # RERBCHAEMT MY RR
return i # EEIEEMMES| return i # EEREBOFS|
[ Step 7 ] BEY Step 8
left right left EEH right

nums

def partition(nums, left, right):

nums

def partition(nums, left, right):
MRS

R 7R
i, j = left, right # LU nums[left] REEH i, j = left, right # Ll nums[left] AEEMH
while i < j: while i < j:

# WEREREENEEHNTR

while i < j and nums[3] > nums[left]:

51

while i < j and nums[i] < nums[left]:

# YEREREE I EEHTR

# WEBGREBEARNBRHNTE

while i < j and nums[j] > nums[left]:
j-=1
while i < j and nums[i] < nums[left]:

i+=1

# HEREREEARSREHNTRE

i4+=1
nums[il, nums[j] = nums[j1, nums[i] # SHREMETE nums[i], nums[3] = nums[j], nums[il # ZIWEMETRE
nums[i], nums[left] = nums[left], nums[i] # REEMCAERTEIIN5 A nums[i], nums[left] = nums[left], nums[i] # RERBCHAEM T MEIND RS
return i # EEREMARS| return i # EEREMHRS|
Step 9

nums

aFESI

“HRBIS” SERRiR, MR
EFESIERTER < BEY < EFRIHERTE

11-8 NHf=E| 40 BR

WHICEI D SE iR, JRESIRE R =5 e FRE), BEEL AR, HilE “ErREERTR < &
R < ATFEBIERITR. Kt I TRIATEISHE 7 EETHR .

PR HER 1 7 6 R
VST ) ) B R — (A R 1) ) e 1 2 P M o P 471 P 7 T




FNE

www.hello-algo.com

222

// = File: quick_sort.cpp =

[* WHEBID «/

int partition(vector<int> &nums, int left, int right) {

// L nums[left] AEEE
int i = left, j = right;
while (i < j) {

while (i < j && nums[j] >=
== /!
while (i < j & nums[i] <=
ali=Ep /!
swap(nums[i], nums[j1); //

+
swap(nums[i], nums[left]l); //
return i; /!

11.5.1 BHEELRE

PRigHE R R AR AN 11-9 PR,

nums|[left])
REMLRERNNEEHN TR
nums[left])
RERAERBEERANEEHN TR
RiEMmETE

T EEHCHAE M FREY B9 4R
REIEAEHZRS]

1. &, BEESISIT X “WHEED ", SEIRHER B TSI RS,
2. &, BAEFRESIRAG T RS BRERAT “TH s )7,
3. FHEIRIE, HEETFHEEIREZ 1R, TEmses i EEEHET

\
e [BEEIEIEE)

0
FRGEE
0

B CEEE)

RS

B0 - BaE

ETEFES

2

ea
IH e
o] 1]

HE

#1EEE

2]

// == File: quick_sort.cpp =

[* BREHRF «/

: EQFETIHT HEES”
EEAETEY - BEEFEIIRES 1 R

BNRI SERL e HE

THEEIR

B -

0
2 HIEE HRIEEE

11-9 Pt it

void quickSort(vector<int> &nums, int left, int right) {

/] FEHIRER 1 BARIEER
if (left >= right)
return;
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// HEESR

int pivot = partition(nums, left, right);
/] EEAEFES. GFED

quickSort(nums, left, pivot - 1);
quickSort(nums, pivot + 1, right);

11.5.2 EEZFH

- BEEEREES O(nlogn). JEEBEEHER: EVER T, HEHSNEERE S logn, SEHH
AEEE A N, BEHEH O(nlogn) R, ERZERN T, SN E SRR E 2 n (IFEIE]
NEREL O n — 1 BWEFEE, HROEEEEGED] n, SREHERE S n, SEEEHER O(n2)
IREFA

- SEERRESR O(n). WM fE N5 sE2E R ER R, ERRZRERE n, A O(n) #
B, HEF R AER M LEITHY, REEBIRESMNES,

- AR EEEEINRE S, EREHEAIREGHEIR BAHEETRAA L,

11.5.3 REHIFEAHER

e ERRER t, PORHFFERCR T HEZAEA —EHES, @8 PR e S ok
R R CHEREHERET M), (EXEE PEHE R RIReR Ew, EEATERL,

- HBURERE DU BERIME: SEADORAEF R ERMIEIRES O(n?) , WHAIHITRE, BAEER
ZHUBN T, POEHNTERELE O(nlogn) MR HIMERERE THUT,

- PRIEBERIRCR S FESITIESSE O RERE, REE AR EAE 7RSI BONE PR, [R5 T 3R A R
o MR “HEfEHEE" SRR LRI HITR, RmEi=iE Rt

- BAREREBURBUD: £ EA=REEEET, POEHEER LR, R, SRS R REE R, B
AT L kT E AR AL,

11.5.4 BEHREWK

POEHE e R Ll A PRI RISCR nl RERRIC, 22 —(EMisn(lr, REdm AFSIZ 2 EPR), HRTErEE
BRIEUTTRIE AR, BN EE D MR, ARBPEREMYRA W, B FEYIR~ER n — 1.
ATHPIRER 0 WIRE NE, SR REMEEE —EFESIRRER 0, AR, Pudiy
By “TERHEF” RNERTE R,

& BRI RISEEDIRE, AT DU RIS Sell) 7 v SL R BB IORIG . B4n, B AT DAREHOSEER —
TETCRIERAETREL, AT, WSRERAE, FOEERE AR R, BeRMAPHINAE,

ZERERE, BRESERERIZE “REMREC . RIS G RER T 5 M — e e A IR,
%K@Iﬁ% HHE P IR T RES Lo

7 VE—DUGE, BRI DERS IR =m0 R GEEAMAIRE, B, PRICR), WikisE =ik
TURIIP LB E 2R, SR 2K, BT “BEAANMIARKR” BIMERIERIETR T, ER, BAILER DL
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EHUE 2 RIBITE, U — IR m AN R R, AR A, MREEMESLE O(n?) iR
RFEAR,

ARBIREES A

// == File: quick_sort.cpp

[* EEN={E{&ETEAPUE +/
int medianThree(vector<int> &nums, int left, int mid, int right) {
int 1 = nums[left], m = nums[mid], r = nums[right];
if ((L<=m&&m<=r) || (r<=mé&&m<=1))
return mid; // m & 1 M r Zf
if (m<=18&& L <=1r) || (r<=168&1 <=m))
return left; // 1L #&# m M r ZMH
return right;

I
[* HEED (ZEEHRE) «/

int partition(vector<int> &nums, int left, int right) {
/] EE={AEETERPAIE
int med = medianThree(nums, left, (left + right) / 2, right);
/] PRI ERINE Y R iR
swap(nums[left], nums[med]);
// LA nums[left] ABEEZH
int i = left, j = right;
while (i < j) {
while (i < j && nums[j] >= nums[left])

J==5 /] RAEEEKREENABRESNTR
while (i < j & nums[i] <= nums[left])
i++; /] REBAKEEANREEHNTER
swap(nums[i], nums[j1); // ZBEMETE
}
swap(nums[i], nums[left]l); // SEEHIQEMFETIRD AR
return i; /] REIEEHZRS]

11.5.5 BEFEREL

TERELEEA R, PuRHbF T REM SRR 2, DLE A 7 AR 26, SORE 7Ry IRE R m
i Sl R AR AR R IE 2y O A TSR RIEZ m — 1 A FREY, & EWREE— iR jE/b
RERAAER /N (R —EeR), RESNSEEES n — 1, WRFEGH O(n) K/NRHEBIE
FEﬁo

2T W B, BT DA SR S R oe s, BT TS R, BN T
YEATIRIE, FREE TRISIG REER @il n/2 , RIS AR ORI TR R log n , TR
SRR R O(logn) » FEREEL FHR:

// = File: quick_sort.cpp =

/*x RERHEFE (BERERENX) */
void quickSort(vector<int> &nums, int left, int right) {
[/l FEIRESD 1 K&IE
while (left < right) {
[/ HEIDRIE
int pivot = partition(nums, left, right);
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/] EREFRES RERE AR ER T IR
if (pivot - left < right - pivot) {
quickSort(nums, left, pivot - 1); // EOHFEFES)

left = pivot + 1; /] RERRHFERS [pivot + 1, rightl
} else {

quickSort(nums, pivot + 1, right); // EEHFAFET

right = pivot - 1; /] ek ER% [left, pivot - 1]

F
I
h

11.6 &HIF

BHHF (merge sort) 2R IMERISHIH AR, WEE 11-10 Forg “8127 1 “G0F BB
L oy REBE: BRI R BB R o B, S R B 1 P Pl REL LR 22 T e O P P L
2. AR B ESIRER 1R IEE Y, BRIAEOF, RHEfs /o MR EgE R A & OF 2 — (R
RIVA PRSI, EELH,

FEEIEEEEE

B PEER

| mmgm
e

B

11-10 & OHHERRIE] o BL & O FE B

11.6.1 EEZRIE

qniE 11-11 fzs,  “EorREB” 18 TH 22 IR AR M 8 448 r G 1T 70 20 i1 P

1. GHEES R mid , EEE DA FREE (ERE [left, mid] ) FIA 7R (R [mid + 1, right]
)o
2. BERTHER 1., HETESIEMRER 1 R,
“EORER” R THMI = T RSFI A 5 & 0F 2 — (AR P iisl, RELEERE, ERER 1 FRH5I5
REpE, S OREB R T SR A R,
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EEEIS
‘\ mmEa
( AR
EAH ‘
| Step 1 [ step 2 ‘
BERS
. EEEE
3125000

Step 3 [ Step 4

IEEEE
(1200

Step 5 | step 6 J

Step 7 [ Step 8
[ step 9 | [Step m]

11-11 &0t ER

B, SOt R TR R RRENE 2 — B,
- RN SRR TR, FHREG TR, REEFRETE.

bk b

EMEH -

BEwS -

EHEs -

B T2

EERE

e

HERE
(313500
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AT JERE TR, FRES TS, RIRE A D

GO BB A ISR, SEIER, nums URFE DA [left, right], 1 tmp AYSHEE 2
[0, right - left].

// == File: merge_sort.cpp =

/* BHEFEFIFEGFEY] +/
void merge(vector<int> &nums, int left, int mid, int right) {
// EFEFERA [left, mid], AFEHIERA [mid+1, right]
/] BIA—EEREREY] tmp , AREREHENGER
vector<int> tmp(right - left + 1);
/] B FrEy A FREYpEEE RS |
int i = left, j = mid + 1, k = 0;
/] BEGFEIEZEETEREE, ETHERIFE/ TR E RS
while (i <= mid && j <= right) {
if (nums[i] <= nums[3j1)
tmp[k++] = nums[i++];
else
tmp[k++] = nums[j++];

+
/] #EEFRESIFNG FRESI BRI ER T R B R BRI
while (i <= mid) {
tmp[k++] = nums[i++];
+
while (j <= right) {
tmp[k++] = nums[j++];
+
/] 1EEREERES tmp HRAYTTRERCIRMES] nuns AYHEER
for (k = 0; k < tmp.size(); k++) {
nums[left + k] = tmp[k];
+
}

/* GBHHEE */
void mergeSort(vector<int> &nums, int left, int right) {
/] #ELIEEAF
if (left >= right)
return; // BFEIIREZR 1 BHLILED
/] BIDPEER
int mid = left + (right - left) / 2; /] EtEHEL
mergeSort(nums, left, mid); [/ EEEFET
mergeSort(nums, mid + 1, right); // EEHFET
[/ EHREE

merge(nums, left, mid, right);

11.6.2 EHZFHE

WFRBEARE 2 O(nlogn). AEEEREHET: &1 E 4 S E % logn FIRIER, &84S 0HAERIERER
Zn, FEIAEREREERES O(nlogn) .

- BEBERES O(n). AT : JBERE % logn, HH O(logn) A/NAHEBIZSRE, & DHEME
AR BB, G O(n) K/ANEESNE .

- BT fEafhEET, METRNTIRFEE,
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11.6.3 $ELERTIHF
SHAGRESERDY, & DHHER AR A P L B B 5, 1] DA E S (S 2 AR B
£ 0(1),

- Al BEBE: ATDAGERT IR R IR ARE BT R A > TR, DEE 2R e A HE AR e
© APRREE: 1ERASESIR, EIRCEHERHERSEES I (e HIRTEE, RLEHREE GEmfEEs
FRisfs R SOt R — A RA P A1) N BRI NG R A,

HAGE BN Ll i, A BB AR v] DA R MR BRI E T2,

11.7 MEHIF

Tip
R AT, AR “HERET B,

HREHF (heap sort) /&R ERMGS I BB s RCHE PP RTR, TR A] DA A CAS SRRy “EHERE
BAE” R TR HHERERIE" EBIHEREHT

L. S PRSI S/NEHERS, R iR/ N TSR R HERATE,
2. DErHTHHERRE, RIXECEEHERDTR, RInSEIIENEIRHE 51,

DA BT TREEPARIAT, (HFRZERER— RSN S A 7 BT R, R B, EEPRT, BMEH M
— AR B 7T

11.7.1 BEZRIE
A RE S n, WEHEFIHREWE 11-12 R,

L. #@ PRSI RTEHER, SER, ATTRANHERETH,

2. FERETE LR B —iics) BHERROTR (RE—ETR) . B, HRPRER L, B
HePeREEM 1.

3. PEHERETECRBALA, METHERBITHERLIRIE (sift down), SERUMEREILR, HERRIPEERENEE,

4. EEMITH 2. PIE 3. D WE n — 1 @R, BIRTSERBESIHER

Tip
HFE L, TROMREREPHEEE 2. PHE 3. P, HEZ 7 TR PER,
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SERHF
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2. EEUSERPEREATE
(1) ZSERETRBERRTE
(2) REERETHERL
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1. BNEFEER
SERPIREURA TR
(1) IWERRTRIVERRTR
() HREEETERL
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nums
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HMOERER EHFER
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nums

Step 4
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HENERER EHFER
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[ step 6 ‘
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EMNENERN SHFER
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nums

Step 8

0060

HRANERER ERFERN

lateYs - ~

[ step 10 ‘

SETRHIF

1. EBINRDIERER
2. EEMSEEPRRBATR
(1) REFEATREBERETR

R

1. ENREDI R
2. EESERPRIBATE
(1) ZSERATREERETR

SETRHIF

1. BINRDIEERER
2. EEMSEREPRBATR
(1) RERATRBERETR

R

1. BNREDI R
2. EEASERPRIBATE
(1) ZSERATREERETR

SETRHIF

1. BINRDIEERER
2. EEMSERPRBATR
(1) RERATREBERETR
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] o
C) <> THIF () ()

1. ENEFERER

@ @ @ 2. OB ERREATE @ @ @

(1) WERRTRIVERRTR

ﬁfﬂﬁgﬁa&grﬂ Ent&ﬁﬂ-‘i (2) WEERE(THERENL EnFEEFﬂ
wes (000 we: ()EIENEEIED
Step 11 \ Step 12

11-12  HEFEHE P BR

2. EEMHSEREPRIBATER

(1) HERRTRIBERRTR
(2) WREREITERMWL

3. FS—ETREARE, HFTM

FEREAHSEBI, MM T "R ZEERTEERRERL sift_down () B, ERERNEZ, H
FRHERERY RS G REE TRBUR A TTR MRV, FIERMFTE LS sift_down () HEUHTIE —ERES# n, AR

TR R ERTE R, BT ArR:

// == File: heap_sort.cpp =

/* HRBRHNRES n , R 1 FR, RIEERHERL «/
void siftDown(vector<int> &nums, int n, int i) {
while (true) {
/] FIEREREE i, 1, r PERKIEER, 585 na

int 1 =21+ 1;

int r =2 % i+ 2;

int ma = i;

if (L < n && nums[1] > nums[mal)
ma = 1;

if (r < n & nums[r] > nums[mal)
ma = r;

/] EEBL i RAIES| 1, r BR, NEBEEHEK, Bib
if (ma = i) {
break;
+
/] RIRMENE,
swap(nums[i], nums[mal);
// EBEETERL

i= ma;
I3
/* EREHE */

void heapSort(vector<int> &nums) {
/] EETRIR(E: HRMPRIEMRL UM E MR B
for (int i = nums.size() / 2 - 1; i >= 0; --i) {
siftDown(nums, nums.size(), i);

+

/] WBERPIEESRATSR, EE n-1 &

for (int i = nums.size() - 1; i > 0; --1) {
/] IMIRERERAEHE (KRB TREETER)
swap(nums[0], nums[il);
/]l VUIREIEAAECE,, RIERRETHERNK
siftDown(nums, i, 0);

+
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11.7.2 BHEZEH

- IHIBHEES O(nlogn). IEREREHNT : BHERRIEGH O(n) R, 1EHERTRBUR AT RN
IR 2 O(logn) , HIEE n — 1 .

- SEERRES O(1). KMy : SEFEEEEEH O(1) 2. ToREHMMER IR AR 2 1E IR )
T,

- AREHT : TR TE T R AR ROT RN, M TR B e3R8k,

11.8 HHiF

AR AR S A Y R LA HE PR, EMEE LBOTR MR AR EBIHE T, HEHER T
FUARR R LB O(nlogn) o A, WIVHIRGTRRE “EHLEHPPEEE", EMIRRIEE
JE AT DOE R SRR

#®@HF (bucket sort) JZIATRMSHI—ESAIE, CiEEsoE — L BAR/MEFHINE, RS —
TREE, RERPFE BRI ER T MR, EREMNE D DIRITHEY RESLIRRIIET T B RS
(/i

11.8.1 EBEZRIE

FR—ERER n WY, HrR2#E [0, 1) NIEEE. WHEFRmERwE 11-13 Fix.

L. wiaafe kA8, A% n fE7TRIECE K ERH.
2. ¥HgfERE o BIBTHEY CEfRAERGE S INEHF D,
3. TZIRMIE NEIRRINEF & B R

iriadtll .65 o 55 .52 [0.69] .57 [0.43] .91 [0.75 [ 0.1 0.57 QRN TP
— ) r’-’fff,'_-ffi_':;1—7-_7:,_7:1:::7 ::-V-:: —— i ———— ﬁgﬂguﬁﬁﬁgﬁﬁp
<
1 HEEFES
buckets m BITHIF
BFREE [e, .2) [
HERENIERE
BHER

EREES

nums

11-13 W EE LR

RGN FATR:
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// == File: bucket_sort.cpp =

/* @HE */
void bucketSort(vector<float> &nums) {
/] #E k = n/2 @@, EERSERSE 2 @Exk
int k = nums.size() / 2;
vector<vector<float>> buckets(k);
/1. #EEYITRES RIS ERFPR
for (float num : nums) {
/] BANBHREEA [0, 1), A num * k HMFIZESIEE [0, k-1]
int i = num * k;
// #& num FIEERE bucket_idx
buckets[i].push_back(num);
}.
/] 2. HEEREBITHRE
for (vector<float> &bucket : buckets) {
/] ERNEHFRT, oIS RREMHFEERE
sort(bucket.begin(), bucket.end());

}
/] 3. EFREHER
int i = 0;

for (vector<float> &bucket : buckets) {
for (float num : bucket) {
nums[i++] = num;

h

11.8.2 EEZIFHY

FHERE AR AR PR B IRRAVERL, Blan, BRI 100 By, HRSRHRG, RGECEmssEs—
A PTE &R LR, ATDUR R AR 1000 (8, 21270 BB EMETHF, RERSREH,

- IHBGREZ O(n + k) © RROCRIESERMNTPEI M0, REFEMNRTTREER T o BRF
BEREH O(F log 7) Wi, MHEFATEMMER O(nlog ) Wifd, MBI b BOKIE, RERHIBHHE
JERERR O(n) o AOHERIFRZEETIAMMITE, £H O(n + k) Wi, EsEBIT, A4
RIS ELE— (R, BHEFZAER O(n?) Rk,

- BHEEAES O(n + k). BEMHDT : FEFED L EAEMAE n ET R HE,

- AR R SR B HE R AN TR AE R R RO

11.8.3 WNAIERFIY7EC

NEHERP IR AR R R _ErT DUER] O(n) , BRSBERA TR RS MRh, HAEREREEfr2
Ao E . Ban, PRI SRR B b AR R R A i o EC R 10 A, ER R ERS 0 A,
IR 100 JTTAYAER 2, R 1000 JTHYAER Do 5 AF RS IR P #1 03 2% 10 {1, S Em R s SE 2=
FEH K.

RHEBLFEI I, AT DERE KRB AR, KR 2 3 fa . rllse HR, FhiF R
B2 AIRIARATE 70 2 3 i, EEFTAMPRTRBER KRB,
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QuiE 11-14 FoR, EETAARE ERE RREE, BAEREEERAEE TR, B, R RE
R R 2% 3 (8, ELEEE 7 75 TR IR R R BE TG

BmEE
(EEe HHBSER
ARHELE — g5y 20% 15% -
ERER BEHLEL
_ r
BEEER — 190 100-500 >500 <19 8%
10-20 13%
(e 20-35 12%
18% 35% 12% 35-50 10%
. 50-100 12%
<10 10:50~_  50-100
T _ 100-500  20%
- . (Ee >500 15%
13% 12% 10%
10-20 20-35 35-50

11-14  JEEE] 734

QI SRBRA R AR o A (R AR o4, BT DURRBRRERIE 3 it AR (LR 2 SRR (ES TR,
BRIl A T ER RS, ] DURIRE R R SR A SRR R T B

e 11-15 Fiow,  FRAER e ah EAS ARTE (L RE 7, ISR ] DA B (B A I T, ARE T R s P25 20 B
FR M

B

0.4

. \
10 25 80 200 +o  EmERE
« 0 0000

:

EEEE <3 3~10 10~25 25~80 80~200 5200

11-15 MR il oA

11.9 =HEHIF

SHEHF (counting sort) EIBMEH TTREEAR BB, 8BRS,
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11.9.1 fHEEIR

FeRE —EMENBIF. 58 —ERER n UES] nuns , HAPR TR “FEREC, SHEHIP RN
FRUNIE 11-16 Fm,

1. EFRA, JRHEPRKET, B m, REET—FERES m + 1 B counter .

2. B counter Sl nums BB BUREL, HA counter[num] ¥EEIF num FUHBRIREL, #ist
FIFREEE, RFEEN nuns GEERTEIT %A num), A% counter[num] #4101 BIw],

3. HIR counter MAMARTIEARAF, HUHERMABZERHDTEH 7. 8 R, BMER counter
FRAE 25 B BB N BRI IEF3E N nums BITA]

SHIFMES nums

\ S T nuns MAMERTSLIIR

-\\ . N counter[num] 5% num AYHIRRE
#&g| (B 0 1 2 3 &
¥)
| N AN #E# counter , BEHF

| \ \\ FERRHIRAEUEN nums BPE]

LERES nums

11-16 sHEGEFRA

RSN MR
// == File: counting_sort.cpp =

/* HEHE */
// BETR, \EARHEYHG
void countingSortNaive(vector<int> &nums) {
// 1. }bu+ﬁ$7jljﬂ_j(n§ m
intm = 0;
for (int num : nums) {
m = max(m, num);
+
/] 2. GEEEFHLIRRE
// counter[num] X5k num BIEHIRKEL
vector<int> counter(m + 1, 0);
for (int num : nums) {

counter[num]++;
+
// 3. FE:h counter , BFZTHEEBENEREEESI nums
int i = 0;

for (int num = 0; num < m + 1; num++) o
for (int j = 0; j < counter[num]l; j++, i++) {
nums[i] = num;

h
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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
R nums nnnn REF nums
L[ [ [ ][]

ERMET] res KRS res

. e s
/ e —
BFnum o0 1 2 3 4 HF num

BIERA prefix aann B prefix

(counter) (counter)

EIFEDS nuns RNSETE nun , SRAT:

1. # num N res WFK3| prefix[num] - 1 &

2. PHIBA prefix[num] BRE 1 , #MEHTRKE num HZR5| N
[ Step 5 l Step 6

RFE5) nums nuuuaa RS nums
axms res ([(DOBE BREF res

BEmm 0 1 2 3 4 BE num

BUSH prefix un BIEH prefix

(counter) (counter)

HREHIREDIAE, HENBIITRED
B res HRREHFNER

[ step 7 Step 8 |

11-17 &P B

At EUE R E BRI N ATR:
// == File: counting_sort.cpp =

/* StEHERE +/
// TEER, THEYY, TEREEHF
void countingSort(vector<int> &nums) {
// 1. f?]h%‘l’@?”%jﬁﬁ? m
int m = 0;
for (int num : nums) {
m = max(m, num);
+
/] 2. HEABEFHILIRRE
// counter[num] & num BYHIRREL
vector<int> counter(m + 1, 0);
for (int num : nums) {
counter[num]++;
+
// 3. X counter BIETERF, #§ “HIRRE” EHifs “BRs|”
// Bl counter[num]-1 2 num 7£ res HHEEZE—XHBIENZES|
for (int i = 0; i < m; i++) {
counter[i + 1] += counter[i];
+
// 4. BIFEES nums , ERTREBENGRES] res
/] ¥a1kRES res FRRECERAS
int n = nums.size();
vector<int> res(n);
for (int i =n - 1; 1 >=0; i--) {
int num = nums[i];

res[counter[num] - 1] = num; // # num REIIHERSIER

BEEEE

oooanaobon
LEfrEzeEEE

e 1 2 3 &4

LEEEE

R res BHERMES nuns EIF]

:
(N E ==
(o] [ ]

EIFFEDS nums FRSETE nun , SHRAT:
1. #& num N\ res BF3| prefix[num] - 1 &
2. PHIMBA prefix[num] BFE 1 , KWEBTRKE num WZH5|

counter[num]--; /] SHIBHER 1 , SEITRBE nun BIZRS]
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¥
/] EREREY res BEEMEES nums
nums = res;

h

11.9.3 EEZRE

- WFEERRES O(n 4+ m). IEEBEHT © ¥ GET nums FIER counter | B FHARMERFR, —M%
HEH R n > m, REREEHREER On) .

- BEERES O(n +m). AEEHHY: #B) T REDAIZ n F1 m KRS res Fl counter

- Rty HRm res TEFITRIIEFZ “CAMAE" 1, FIETFED nuns 7] DURE GRS T
RSN E, KmEREeHTE. ERLE, ERED nums AT SR ERENHFER, HEER
R AERE R,

11.9.4 RiRE

BINEH, (RMFEBEBEHEFIERIGY, (5585 SRR A B S HE ., AT, S
FIRT TS BB MR A N S 2 AR

SRy SRR R, A A LA R IR, A (R e R ] DA s AR R, L

TR OB R RE S E T 2 2 RIS AN BR, Blan, B G S BBy sEg, vl DUISEAA TS B

M E—EE S, HeWEEE A ER, HF s e 2,

S R R R R R B e NS B, Eean, 7E BRREIR m REERK, FRIE S B2 23R,
B < m B, FEHEFER O(m) B, ATEEE O(nlogn) M RE B EE,

11.10 E&3E

E—AR TR, SRR RR n SO E R m BN, BRI n = 100 fHe
SEETHER, TISESEE M 8 My, EEME AR m = 10° I A, AR EEFEESR AR
TERe i, MR ] DO ISR I,

HE#HF (radixsort) AL EAHEGEHEF —2, WEBRHEBCREBHF, fEEE L, EEHE
MBSO FRNEERR, RO —OETHEF, 1EMS 2R RHER AR,

11.10.1 BEERIE

DAELSREERI B, IREBCFRIRIRAE S 1467, Sahi2ss 8 i, HBHIFAZE 11-18 Frr.

L Rk =1,
2. BIEMRHE kAT CRHEURTT. ERUR, BEREHIRE kR NEIRHEY .
3. M KN 1, ARIREIER 2. #EIA, BRI LAHER e RIRA R,
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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.cpp

/* ¥EBTE num B95 k i, HEAF exp = 107 (k-1) */
int digit(int num, int exp) {
[/ BN exp MdE k AILBERELEEHNITRENRGHE
return (num / exp) % 10;

F

/> stEHE (R#E nums 8 Kk HF) */

void countingSortDigit(vector<int> &nums, int exp) {

[/ TEMHRUSEER 0~9 , AEFERES 10 AEET!

vector<int> counter(10, 0);

int n = nums.size();

/] &5t 0~9 KREFHIHIRE

for (int 1 = 0; i < n; i++) {

F

/] KuEIBA, & “HIRES Was EIHIRS

counter[d]++;

for (int i = 1; i < 10; i++) {

F

counter[i] += counter[i - 17];

/] BIFES, RIBRNGREHER, BETHREN res

vector<int> res(n, 0);
for (dnt i =n - 1; i >=0; i--) {

int d = digit(nums[i], exp); // B nums[i] % k fi, &% d
/] GEEF d WHERRH
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int d = digit(nums[i], exp);

int j = counter[d] - 1; // ¥EBX d EREFIHHZERS] j
res[j] = nums[i]; /] EERITRENRS j
counter[d]--; /] # d BEERE 1

¥

// ERERBEEREMY] nuns

for (int i = 0; i < n; i++)
nums[i] = res[i];

].
[* BEHFE */

void radixSort(vector<int> &nums) {
/] EEESIMRATER, ARABRAAIE
int m = *max_element(nums.begin(), nums.end());
/] REBRREAIEISUNIER ES
for (int exp = 1; exp <= m; exp *= 10)
/] HEFITTENSE k ITHENEE
// kK=1->exp =1
// k=2 ->exp =10
// Bl exp = 107(k-1)
countingSortDigit(nums, exp);

Pt TR B 4G HER?

e PR, By @ EEN W HEERAR BRAIRE, MRS A R a <D,
M —WmHPaR a > b, BRESE WIS —WAAR, BRET IS A B SRk
iz, e A &L,

11.10.2 EEESNE

HEBRR A, S P 0 A R B R B AR, (R EIE VORI TRT A7 2 s R R o, FLESE
BORRERK, (I, FRRWORIE & MR, 82 BER00 Bk, ATREESURRTRREE O(nk) > O(n?)

o

- BERIEEE S O(nk). JERBEEHNT : S5E8REA n. B dEMHL SR EE b, RIEE—0
HATEHEBHEF M O(n + d) B, HFRE kAER O((n + d)k) Refdl, J@HEIEN R, d 1k #4H
B, ReEERE#E On) o

- BEBEHES O(n+ d). EEMH : S EHIRER, EEHIF REHEBRE S n fl d HEZ] res
F1 counter .

- Belhy: EstEdHbE R, REHERUEE, Bt AEER, HEHE R ARG R ERER
HEP s 5.

11.11 /&

1. ERSCIEE

- R A A TR AR E BT, B HTY —EARREAAR E R AR M, B A] PR iRHE
R R 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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Abstract
HEMOR B, BRI e S B A R,
DMEZER T —AERENEE: HBEME, —UEIEEH,
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12.1 SasEE*
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

—J3MH, Z3E ] DAR AR 2 AC M SRR TR

- 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) .
- ERMEY: TR VORI BBV, BRI RS O(log n) HE 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

2 "
f(o, 3) an 12 15 23 26 31 35]
" 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.cpp =

/x oS BE fd, j) x/
int dfs(vector<int> &nums, int target, int i, int j) {
[/l BEMAZT, AFXEBIExR, ALRE -1
if (4> 3) o
return -1;
+
/] ETEAHEZRS] m
intm= (1 +3) / 2;
if (nums[m] < target) {
/] BEEFEE f(m+l, j)
return dfs(nums, target, m + 1, j);
} else if (nums[m] > target) {
/] EEFEE f(1, m-1)
return dfs(nums, target, i, m - 1);
} else {
/] HREIBExER, REIHZES|

return m;
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hy

[* ZDES «/

int binarySearch(vector<int> &nums, int target) {

h

int n = nums.size();
// KfERIRE f(0, n-1)
return dfs(nums, target, 0, n - 1);

12.3 BE_JciERE

Question
AT M I AT EST preorder A1 FERT inorder , FEMEHPREE —JOM, IR (A ot AOHRES
2, Rk ooB IR EEEENES QNE 12-5 iR,

B ER

/ \ ER i preorder
‘ i ED

inorder

12-5 TR RIRBIE R

1. HERRERSEME

R IREE A0 preorder F1 inorder R ol 2—EIAK /M TERIE,

- BRI DA MBI BRI, FRATAT AR JoE P e ) 2 o flE - A A, ARG R,

b= OIGHARENRS, TR SR (FRIED, MR RT M LA ESI2 771k, R
RN TR (FRE), ERERENFHE (8D Rk,

o FRERBNIN: T RRG TER AN, e MR A R, R TR, M ARREE

PR AE AR P E a7 Fh B AL T R IR e A5 TR R B

- FRENEAIAE O — B2 T ETEIG T8 (FRERM, BIMTHEAT DURE s 2R RS L,

SR R,

2. ARG FHE

WRIELA L4, IEXERE A] DAE I 216 AR R, ABAMANZ BT EFi preorder MIFpFEi inorder Kl
TR T RE?
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B ER, preorder F1 inorder #A] LAE S 2 =155

- RIFER: [ RER | EFE | BFE ], BIANE 125/BEIEL 3 1 91217 1,
- hEER: [ EFE | RERE | AFE ], BIANE 125M0BEIEL 9 | 31127 1.

DAL BB R 2B, FRFAT DOZEE 12-6 Frni2 8BS 21E| 70 4551,

1. BIFERNE TR 3 2R EE,

2. EFHARETES 3 /£ inorder FIIRSGI, FIHZZESIFIHF inorder &l [ 9 | 3 | 127 1,

3. 1R¥E inorder MEI &SR, DL TEIA TFREIPETEEE DA% 1F1 3, EMmal# preorder &4
HL31912171,

HiTRARER

HiFFESS  preorder

IR
O O ot soorser (ENEDEDEDED s
. - ‘ 3 {EENES
EFiHE
o o

RiFFER  preorder anan

12-6  AER{ R AE R L 7 - #t

3. BEREHEAFHER
RIBLA #7775, BMCEMSIURER, 278, A 7RHE preorder Ml inorder R SIER, 7 T
RIS R W, TR ZRE AR AR R,

- JSERIBIIRRETES(E preorder HIYZT A i .
- HSERTRIIRETES(E inorder SIS m
SEAIIE inorder RIS BRI [1,1] .

Wk 12-1 R, & DL BB ET ] RRIR S B preorder HIYZERS], PAK FRILE inorder FIYRS|E
FEﬁo

R 12-1 AREEEFIFRIHERT R E ST P ERT IR S|

FRENEETE preorder YT FHHTE inorder AR [E R

st i [, r]
Tt i+1 [Il,m —1]
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FRENEEEE preorder YT FHTE inorder IR ER

LT i1+ (m—) [m+1,7]

LR, ATEIRERRSIPE (m — ) MERE “FramEmise”, s aE 12-7 B,

(:) HFEY ST11,
preorder na...
A A A

@ @ i i+l i+1+(m-1)
PN

inorder na

o O v

12-7 REVERIZA T RIRR G M RR

4. EXBER

7 7RI m IReR, BAMFEER—EFEE R hmap AREEFS] inorder HITREIR S HYHML:

/!

== File: build_tree.cpp =

/* WBEITE: 98 +/
TreeNode *dfs(vector<int> &preorder, unordered_map<int, int> &inorderMap, int i, int 1, int r)

(Y

}

{
/] FaEMATEERLE
if (r -1 < 0)
return NULL;
/] VIEIRERRE
TreeNode *root = new TreeNode(preorder[i]);
// &E# m, {MmaEDEETFHE
int m = inorderMap[preorder[i]];
/] FREE: SR
root->left = dfs(preorder, inorderMap, i + 1, 1, m - 1);
// FHERE: EEAFE
root->right = dfs(preorder, inorderMap, i + 1 + m - 1, m + 1, r);
// R[EIREE,
return root;

/* WBEZTH +/
TreeNode *buildTree(vector<int> &preorder, vector<int> &inorder) {

/] BLEER, #F inorder JTEIIZRGIHIER

unordered_map<int, int> inorderMap;

for (int i = 0; i < inorder.size(); i++) {
inorderMap[inorder[i]] = i;

}

TreeNode *root = dfs(preorder, inorderMap, 0, 0, inorder.size() - 1);

return 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.cpp =

/*x BEI—EEE +/
void move(vector<int> &src, vector<int> &tar) {
// # src ERFEH—EEE
int pan = src.back();
src.pop_back();
/] HEEEBN tar TBZB
tar.push_back(pan);
I3

[* KEZFIPNIERIRE £(1) */
void dfs(int i, vector<int> &src, vector<int> &buf, vector<int> &tar) {
// & src RET—EER, AEZESHBE tar

if (i = 1) {
move(src, tar);
return;

+

// FRE f(i-1) : #& src TBEP i-1 {EEREFEBR) tar #BE buf
dfs(i - 1, src, tar, buf);
// FRERE (1) : #& src FEz—EEEHZE tar
move(src, tar);
/] FRE f(i-1) : #& buf TEZP i-1 {EE#EFEEY src #ZEF tar
dfs(i - 1, buf, src, tar);

}

[* KEZFIPNIERIRE */

void solveHanota(vector<int> &A, vector<int> &B, vector<int> &C) {
int n = A.size();
// #& A TEZP n {EEAEFER) B #BE C
dfs(n, A, B, C);

QniE 12-15 Frw, T PIESTHIRETFE K — R 2%y o BIEIERS, (8 G AOSR — (8 T, B —fEBARAY dfs O
R, PUERESEEES O(27), THEMES O(n) .

12-15 (R[4 TR SR T s
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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,
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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

EESEE (backtracking algorithm) & —fHiEE 53 AR IR ER 7%, B0 B ZIE—EIiaIkGE
3, RAOMISFERTREIMIRTT R, EEFEMARIEERER, ERHEIMEEER T rTReny e
IR AR A 1k

mIEEREFE RN REER RS AGETRSH. £ "ok BEEh, BT, R RFE
BN, AR, BRI E G — (8RR, 25 R s R A LR,

ol —
fE AR oTh, S RCERATAER 7 RIETR, SEIREIEIR S,

BRIGE, WA ETSRE, WHEERERMIER SR 7, A2, ANZEREEMALSRES] res
2, FHEDERE BN 13-1 F1 2L RS R

// == File: preorder_traversal_i_compact.cpp =

/* BIFEES: BIE— +/
void preOrder(TreeNode *root) {
if (root = nullptr) {
return;
¥
if (root->val = 7) {
/] ECERfE
res.push_back(root);
}
preOrder(root->left);
preOrder(root->right);

BIFFEsA—7ui,
WECHRMER 7 BURARS

AiFFES
£ @ RERs

[ 13-1 FERTFEAE A IR TR

13.1.1 ExFE[O);ER

Z i DARE 2 25 IR R, RN 2 X RA R SRS IR G ER L “ERL B R BSRIS, ETERIATE
B B R SR R TR ST TE B TR BTN R R AR RO, B RGP RRE, RAIF AT
ARRE, & R H A AT RERIEEE,
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BRBIE—, FEEEERHAAR X BT, MR EEE R EOR AR EIRE return RIFOR “[MHR”
ERHRIRE, PR EERREGRN, ZipRs R, BIMTBEGIRE—MIEnRE.

Pl —
FE TR RATEE R 7 AOHIRS, IR IR S L R B

TEBIE— TR Y BESR b, FAMFREER) — 5% path sCdkan B AV EIREERIE, Eanfi2HEA 7 RYEIRLEE,
AR path W HHESIR A res . EFITEMIR, res PREFIFLRITAIM, FXEEWNR:

// == File: preorder_traversal_ii_compact.cpp =

/* HiFFES: HIEZ */
void pPeOPdeP(TPeeNode *root) {
if (root = nullptr) {
return;
¥
// ER
path.push_back(root);
if (root->val = 7) {
/] ECERAR
res.push_back(path);
¥
preOrder(root->left);
preOrder(root->right);
// [Eh&
path.pop_back();

fEFR “El” o, FRDEEKEE AT HIRGHTEE path RECERERAE; WAE “ENR” AT, FRIEHEEAZETRRE
path EPB'EIEH, DAPRIEA O wl Z BT AR

BUgzlE 13-2 FonfiEts, BT PO E sUMERBEE 2y “HidE” B “HE”, MIER(EE 20,

‘®
r\ )
O i BOES, ERMRE <)\ BEl: BOES, EMRG
[EhR: kg, KRR EB: gk, RUEE
path = [1] O path = [1, 7]
/ \ / \ \ / \ BEERS 7, AIRREIIEESR

res = [] res = [[1, 7]]

Step 1 Step 2

B\ S\
‘@ ‘0
/ \ B BOED, ERMRE /7 \ EBH: BOED, BRRG
ELB: ERE, RURE ELB: g, RURE
S
\ path = [1, 7, 4] : © path = [1, 7]

res = [[1, 7]] @ res = [[1, 7]]

/4”\'
0O

Step 3 Step 4
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13.1.2 B9

BHl: BEEDS, ERRE
EB: tREiAE, RRE
path = [1, 7, 5]

res = [[1, 7]]

BE: BOES, BRI
ElE: RS, REE
path = [1, 3]

res = [[1, 7]]

BEl: BOEDS, BERRE
ELB: kg, &sUEE
path = [1, 3]

res = [[1, 7]]

‘ Step 11 |

Step 10

W BOED, ENRGE
ElR: RERAE, RUEE
path = []

res = [[1, 7], [1, 3, 7]]

13-2 EilHENE

ARG [E] DA R 0 B — (BB B SRR, BRI R TR “o9ke”

EE: EOES, EMRE
EB: RERE, KRR
path = [1]

res = [[1, 7]]

EE: BEE, BHRGE
[EHE: PRERE, KRR
path = [1, 3, 6]

res = [[1, 7]]

HEl: REES, BRI

ER: RS, RERE

path = [1, 3, 7]

BIIEE 7, ASBERIEEER
res = [[1, 7], [1, 3, 7]]

o

B =

TR R AT (E Ry 7 HIERS,

IR

AR (AR ARG EIE LR RS RS S, M BRI AR F A 3 1
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2 TR DA BRI, BT R A SRS, HBEMES 3 WEE, RIEEANEE,
Adr s, BEIUHBUN RTR:

// == File: preorder_traversal_iii_compact.cpp =

/* HiFFES: HIE= +/
void preOrder(TreeNode *root) {
/l B
if (root = nullptr || root->val = 3) {
return;
¥
// ER
path.push_back(root);
if (root->val = 7) {
/] ECERAR
res.push_back(path);
¥
preOrder(root->left);
preOrder(root->right);
// ELE
path.pop_back();

“BIR” REARREIERI G, i 13-3 R, fEfsEiET, Wl 9T 7RSS SRR S
X, R SERERIER, EmiEm TSR,

BB BEES 3 AERSRRATRE

BB RES B R EAES TR
miEFHESME

13-3  HRARKIRARIF BT L

13.1.3 tEZIENE

TR, BMESREMN “E5. FNR, 3987 MTRIEZRIEMI, e asaiE .
FEALMEREKIE S, state FoRHERIERTIRAE, choices R RIRRE T AT DA TSR :

/> EIEREEZR */
void backtrack(State *state, vector<Choice *> &choices, vector<State *> &res) {
/] YERR B AR
if (isSolution(state)) {
/] ECERfE

recordSolution(state, res);
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!/l TBiEELES
return;
}
/] EFHFREIEE
for (Choice choice : choices) {
/] BN FIEREIER TS
if (isValid(state, choice)) {
/] Efl: MUHEE, FHkRE
makeChoice(state, choice);
backtrack(state, choices, res);
/] [EhR: HEHERE, MERIZAIRIAREE
undoChoice(state, choice);

R, IMEERHEZRE IS AR R G =, RRE state ZHEIBEDIETE, #E choices 2y HE ARG A
TG TR, AR res EEKEHS:

// == File: preorder_traversal_iii_template.cpp =

/* FEREFIIREEE AR «/
bool isSolution(vector<TreeNode *> &state) {

return !state.empty() 8& state.back()->val = 7;
}

/* GCERRE X/
void recordSolution(vector<TreeNode *> &state, vector<vector<TreeNode *>> &res) {
res.push_back(state);

}

/* HIEREERIARRET, ZBERTEE +/
bool isValid(vector<TreeNode *> &state, TreeNode *choice) {
return choice != nullptr && choice->val != 3;

b
[* EHRRE «/

void makeChoice(vector<TreeNode *> &state, TreeNode *choice) {
state.push_back(choice);

I
[* TRIEHRRE */

void undoChoice(vector<TreeNode *> &state, TreeNode *choice) {
state.pop_back();
}

/* EIMEEE: HlE= x/
void backtrack(vector<TreeNode *> &state, vector<TreeNode *> &choices, vector<vector<TreeNode
o  *>> &res) {
/| BERTARE
if (isSolution(state)) {
// EoERAR
recordSolution(state, res);
}
/] ERFhEEE
for (TreeNode *choice : choices) {
/] B BEEERT ST
if (isValid(state, choice)) {
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/] EFl: MHEE, TR

makeChoice(state, choice);

/] EIT T —EmEE

vector<TreeNode *> nextChoices{choice->left, choice->right};
backtrack(state, nextChoices, res);

/] [EIR: HEEERE, MERIZAIRIARRE

undoChoice(state, choice);

R, BFHERENER 7 ETRRIEZ AR, NILT IO 1219 return slAINER. [E 13-4
BT IR EUNER return EAIAYIESIETE,

wumE L
mires |

#YE return fB& return
e RIRE], FHRERIES LR RAERE, BELES

13-4 {REFELMIBR return A9FESEFEE
MR AT ER AR BB, SR B E T EAEZR R U B IR B AR BS ENR, (DB Lr, EIE L,

FF2 [ AT PAERZHEZR PR, BIM A TR AR SR E 3R state fl choices , M EBIHER A
{875 IR R,

13.1.4 ERAW:E

7 7 BIEMHI AT RIARE, MRS — T EERE R E AR S R, MBI =4 H ORI,
1% 13-1 Firmo

& 13-1 H R EE R RN
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E T plE=

fi# (solution)  MHRINEFMERIEMFIESR, AIREH el MRETEEIENRS 7 FR AT IR R A B
KRR A KRR R R BRI AT AT T IR R A, R RS R 3

(constraint) ABY

RRE (state)  REERRMIEER RZIRVEN, WACEMER EaTCHHERREE, B path GiF5EH5

i
B BRI R AR RMS e, SR BuESEmE (B) T, A5 path,
(attempt) HOEER, EnikeE, MERE AR MRS A 7
[EIBE] EREFBE AR E ARG IIARERE, WAy ERIEETRE, AHRETRR. BREA 3 W
(backtracking) R, [MF] L—EikGE HiBGRAS b S FURE
B BRI R R A R R R R RN BBRES 3 NEISRE, RIRHEsAE=
(pruning) RIS TIE, PR S SReR

Tip
IR, . RRESFMERIEHINY, fE016. B, BhRERE|, SEEBETHREY N,

13.1.5 {ERLEA(RMRIE

Ml EEAE LR RS AR, 8 ra TR T RE R e R, SRET
RN BEERSTERRES PR BIFTA RTREMIMRDR T 2, T LAE SN BIRLRAE N, RATREIIR,

SRIM,  AEPRFHR IR E M I RE R, [l SR B T 203 mT e DA 52

- WRER R SR R R B IR S IR A AT RE,  IRe AR T DURE S5 B E R SR
- 2 FEIREREI R R E A EATAGIRAE (BN, FRBIRCR BN ), ERERRR, a3
oK A RE SRR,

RIELRLE, Dl SRR R R S Lt B A R T TR RO R BN, R TE
MR LIS T AR A R, R R B AT Al RERTSERIEATAE R, fEIGRETETL T, BRSERu iRk
B, RRRCRE AT TR WL,

- BB RIS AN A AR S, R B R IR A 2
- EENE S ARSI LERIESE EHE, T ois R Al REEE A RUR IS

13.1.6 [ClAHBYIRE

(e e B 725 ] A TR 22 A R A SR T RE A A S B AL R
S SRR B AR R R R R R 7T 5o

- EHPIREE: S-S, REHATEATRERHPIM S
- TEMNERE: e EESN—EEEN, KEIRSTHITERZ BRI TE,
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- INSERE: A SRR RIIDONANE RIS, ERGR T BRI RAE BN E S —IRAE T,
AR —EELE, HAGRERREBR B MEE -,

HI R T SRR R E SRR R TR SRR R AR

- n2iE: £ x n ARG ERE BRI, #REMEAKRE,
- BOE: E9 x 9 WERTHIEART 1~9, fESET. BYINEE 3 x 3 TR HRIBT A EE,
- EFEORE: A EERE, HEORE GG B ETERE G, SIS HEBTERE AR,

A AL : SRR B AR AE — AR & 2 R e S R A AR

- 01 HUME: SE YR —EEE, SEYRSE -EREEMER, ERETUFRRGIN, &
EY SR EEE R,

- RATRIFE: fEEE, (EERGHIE, SR A AR OURIR AR, SRR,

- EROREIRTE: A —EE e, PERORRY S e, R T M TR < PR A 38 A

AL, BIRFF A G BB, R RERIRTT %,

- 0-1 RS BB E AR,  DOERE = AR RRCR.
- RATRZ —EE A4 NP-Hard B, #AMRA B B R IAMS RIS,
- ORI R G P B — RS SR, T S AR R R R SN IR R R

13.2 2HYIRE

S HRP R B A A — E VB, BRE RS T —~ERE G —EEs s 8) BERT, &K
HHATTRIIFTH RTRERIHES

R 13-2 FIBR T RERGIE R, G ARSI BT A HES

% 13-2 EHHIRE

i A\ Fe %) FrEHES

[1] [1]

[1,2] [1,2],[2,1]

1,2,3] 11,2,3],[1,3,2],[2,1,3],[2,3,1],[3,1,2], 3,2, 1]

13.2.1 EHEETENER

Question
A\ — ARGy, HP S EEE, REIFTERTRERHEY,

TR RIAR f R, FRAMTAT PR RS B A AR SR — R VLR ERIA R R ARSI % (1,2, 3],
GURTAMSCEE 1, MRS, BIREE 2, AUESHY[1,3,2] . EIRFREGH R, JBEmER
e,
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TEmRE SRR, BE%ES choices BEIAMIIHAIATAICR, KR state BHE HATCHIEEN
TLR. mlEE, BEFTR AT POERE X, Kt state WPHIFTA yCRAMEZ R M1,

qniE 13-5 AR, BAMTA] DUk @ R Bl s — PRI, B R ETR AR E ATIRAE state o FEARETE
Bith, AOE ISR RENEIEMES, IEIEERAREE A,

choices = na state =

E—imiRE

EmRIE

BowmEE

13-5 2HEF 1R E s

1. ERBENK
7 VBB ETRAPOESE K, WMHEI A — AR AR selected , HH selected[i] &R
choices[i] BECHORE, WHNEEI LT ITEHERIE,

- TEMHIEEE choice[i] 18, TkfMmkif selected[i] BlfEA True, RFE T CHHELE,
- FERHEIEHRY choices W, BLEATHE CHOREMNED, BIBTAL,

GniE 13-6 Fw, REcFRMa —imidEE 1, 5 imiEE 3, H=mEiE 2, AIREAES wmIRICR 103,
1E5 =#mBTHITER 1 TR 3 930

e

,L axnEH 1, 2, 3

E—E 1 8 (- I
B o
o —'l'

o R EERIENTR 1

EoWBE 3 iuﬁ%ﬁiﬁﬁi?&i, 3
-08 5 o}
A

HoREE 2

HCHSENTE 1, 3
FIFEETRES 2
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13-6  ZEHHBTETRA

BIEIE 13-6 345, MREREIHESEMICME O(n™) BNE O(n)) .

2. IERRER

ISR DL EE %, BT DEEZRRE R “wHES” T, & 7HEEEEERE, RMAERE
FIHEZERE IS Y SR X, T2 e M EBH1E backtrack () BRH:

// == File: permutations_i.cpp =

/> EIESRE: 4% I %/
void backtrack(vector<int> &state, const vector<int> &choices, vector<bool> &selected,
< vector<vector<int>> &res) {

/] EREREFNTEHNER, CHME

if (state.size() = choices.size()) {
res.push_back(state);
return;

}

/] EFHFREIEE
for (int i = 0; 1 < choices.size(); i++) {
int choice = choices[i];
/] B AAFEREETE
if (!selected[i]) {
/] Efl: MUHHEE, FHRRE
selected[i] = true;
state.push_back(choice);
/] EIT T —EmEE
backtrack(state, choices, selected, res);
// [ELR: HEEEE, MEEIZ 8RR
selected[i] = false;
state.pop_back();

I
[* 2R T %/

vector<vector<int>> permutationsI(vector<int> nums) {
vector<int> state;
vector<bool> selected(nums.size(), false);
vector<vector<int>> res;
backtrack(state, nums, selected, res);
return res;

13.2.2 EEEFTENENR

Question

A\ EER RS, PSP RER S EBOCR, IR ATE S ERRHES,

IR BRI 2 [1,1,2] . BT @@ WETIITE 1, B~ s 1.
QI 137 B, EXR7T A A HEI — R A N,
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B—mRE

BowRE

_—

AR TS

13-7 E®EHE

AN RBRERRIHRSINE? R E R, FRERE—EMERE S, ERBEHGRIETRE, AmEskies
A, N AEREBHSIR S AR, IERGERTRRNINE IR, ISk n] DA — IR HERIRACR

1. HETREK

BisIE 13-8 , (LS —imrp, B 1 slUEE 1RSI, (EE MRS Y R4 R a R, Fit
FERZAE 1 BUAL,
FIE, fESS—RIREE 2 2 1%, SRR 1R 1 eSS, RIS R 1 99EL,

EAHE LE, B HESRAER R, OS2 MR TR POEE — K,

choices = state = ;]

E—imiEE

13-8 EEHSIBTL
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2. EERRER

£ b —RER RIS AR I, B AR —Ims R B — R & duplicated , MIRECEGZIRHE
REEBURRITR, AR EETTRIIA:

// == File: permutations_ii.cpp =

/* EERE: 5% IT %/
void backtrack(vector<int> &state, const vector<int> &choices, vector<bool> &selected,
< vector<vector<int>> &res) {

/] EREREFNTERHUER, SCHAF

if (state.size() = choices.size()) {
res.push_back(state);
return;

}

/] EFHFREEE
unordered_set<int> duplicated;
for (int i = 0; i < choices.size(); i++) {
int choice = choices[i];
/] Bt ARFEEEETR B FAFEEEERSE TR
if (!selected[i] && duplicated.find(choice) — duplicated.end()) {
/] Efl: MUHEE, FHkRE
duplicated.emplace(choice); // sC8&EEEMNTRE
selected[i] = true;
state.push_back(choice);
/] ETTF—EmEE
backtrack(state, choices, selected, res);
// [ELR: #HEE:EE, MIEEZ YRR
selected[i] = false;
state.pop_back();

hy
[* 2HF 11 %/

vector<vector<int>> permutationsII(vector<int> nums) {
vector<int> state;
vector<bool> selected(nums.size(), false);
vector<vector<int>> res;
backtrack(state, nums, selected, res);
return res;

TR M2 AR, B n E7EREE nl BH] (B ; (E S i, MEMIRES n (55,
{5 O(n) IR, HHLWRIBIRIES O(nin) .

BRRIBEEIRE 2 n , 8 O(n) HBiEZ3MH, selected M O(n) 22, F—FRZIRZ LA n 18 duplicated
, 5 O(n?) =M, FLARBERIER O(n?),

3. WENREHL

HEEE, #ESR selected Fl duplicated #RFAHAETAL, (HM#E MY EAZA[E,

HAEORIEIE: BAMS@ET A —E selected . BRLEAZEATREHEZLEITTER, HIEHE
SR TTRTE state FREBHTL
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- M EWE: SIEE (BEMIUAY backtrack ) #E—E duplicated . ‘BiEERHVEIEA
iR (For dEE) PR TROCPHEIEE, HIEHREBHES TR A EE IR,

[ 13-9 o 1 W EBT R R R A SR, TR, AP RO EERG OR —(H8EE, TEMRENRGZZEE RGN b
58 T R A R — (L RS,

o S
g_q\\ o
BEEt— <
SHtHHIFIS [1, 1, 21 [1, 2, 1] (2, 1, 11 Lo (T

13-9  PAREBYAARAE A £ FH A

13.3 FEHRE

13.3.1 EHETEMNER

Question

e — M EEEF S]] nums F1I—{8 HAFEEEEL target , SHIRHFTARTRERIAH S, HEHEEHHTE
FZER target . fAEMHYIEEITTE, BEFTRTTDBHERZ R, FEARFIERIREELEHE, #
I EA S ERH S,

B, WA {3,4,5) FIEEEE O 2% {3,3,3), {4,5} . FELEFM

SRS R LU MR,
C FHERESTTEIEY, i {4,5) F1 (5,4} R —HTE,

1. S2ELHTIRE
LA HPIRRE, Ba] DHEF SRR OB RER K — RV ERAER, SRR AR TR
7, EITEMEFR target N, B FELLERBEREBY,

it A E AR R, ARSI T ] DIBEROGER, [KILSEZERED selected MRS E
TLRES OHOEE, AT DU 2H IR EE T/ ML, YIS 2R S
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// == File: subset_sum_i_naive.cpp =

/* EESEE: FEM I %/
void backtrack(vector<int> &state, int target, int total, vector<int> &choices,
< vector<vector<int>> &res) {
/] FEMZER target B, :LERHR
if (total = target) {
res.push_back(state);
return;
+
/] EFHFREIEE
for (size_t i = 0; i < choices.size(); i++) {
// BNz BEFEMBIE target , BBKBZIEE
if (total + choices[i] > target) {
continue;
+
// EF: MEEEE, FHoEN total
state.push_back(choices[i]);
/] EITT—mEE
backtrack(state, target, total + choices[i], choices, res);
// [ELR: HEEEE, MEEIZAI89KRE
state.pop_back();

h
[* REBFEN I (BEEEFE) +/

vector<vector<int>> subsetSumINaive(vector<int> &nums, int target) {

vector<int> state; // KR& (F£)
int total = 0; /] FE&EM

vector<vector<int>> res; // #HRHEF| (FER7)
backtrack(state, target, total, nums, res);
return res;

) DA - A2 Ui A B51 (3,4, 5] MIBBUTE 9, MR % [3,3,3], 4, 5], [5,4] » SRR T I
& 9 MR, [BHPIA{EHEBIN T (4, 5] M1 [5,4] .

SRR SRR ) BRI R, AT T RANEEERIEE, E 13-10 fior, JolE 4 1238 5 BLITE 5
&I® 4 ARG, (HBHER {15,
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choices = FoRAH
target =

BB
JTEM >9

EoREE

13-10 FEi%a BB BTk,

&7 APREE TR, RERN R BEIRNET R, IS IRBCRIRAK, AR R A,

- BHPTEREZ, THREE target AR, EaBREg§EERBNERTE,
- HemTER (MA)) RIRFEHAFFFER, TREICHEEMS, R ET TR R,

2. EEFEY

BA% AL SRR IE R D BRI T R H, BURE 13-11, HEEFRZEEANFRNEFEEREY TR ELR,
Ban LA~ B,

1. EE RIS R BRE 3 A AN, RESEHETRNATE T8, 5 (3,4, ...].
2. Zfh, EHEURE AR, B WRIEZEGE 3, NAZBEELNTE (4,3, . HIE 1. BHER
H TSR E L,
(BT, BB R RS BRI E R, RIS 5 S AR L,
1. BITREIE 3HI 5, AT (3,5, .. ]
2. WITBRIE AR 5, ARTE[4,5,...].

3. HH—WEE S, HIH RMGENGR 3 M A, AT (5,3, .. f[5,4,...] B 1. SR 2. Hoh
ORI T 452 2 W,
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choices = B

BB 28 3
BRBERFE

i A3, 4
B EEFE

F#E [3,3,.] [3,4,.] [3,5,.] [4,&,.] [4,5,.] [5,5,..]

BERTH BEETH EETE

13-11 AFRBEFNEFEHHIER 75

KA, RIS (1), 2y, ..., 7,], RIGBBEAICRIBEINS (2, 0, . 2, |, RS
TEML i) < iy < < iy, FWIETIEPHIGEIE I RS, HER IR,

3. EXRER

BB, BFIGHEE start , FINEERRIARE, BIMHEEE o, &, e T WiER5! b
YT, SRR BRI 1 < iy < - <4y, , TETIPRAE FERME—,

PRitbz4b, FHESFEEEST 7 DU miTER A,

ERARUE =G, Sy nums HEFF, fEAEFIFTEBRER:, & FENEM target RFE A RIERE,
BBBRITEELR, HPEM—TiA target
BEICEMEE total, BIBLE target EBUTIRIER GG CEN, E target FiR 0 RFaBRfE,

// == File: subset_sum_i.cpp =

/* BIEERE: F&EM I +/
void backtrack(vector<int> &state, int target, vector<int> &choices, int start,
< vector<vector<int>> &res) {
/] FEMEFR target B, LIRfAR
if (target = 0) {
res.push_back(state);
return;

+
/] EFHFREIEE
/] BT ¢ start BHMERESS, BREMEEFE
for (int i = start; i < choices.size(); i++) {
// Bity—. BEFEMER target , BIEZEERTE
/] ErRAAMRTIEHRF, BRETREAR, FEMN—TEEE target
if (target - choices[i] < 0) {
break;

}
/] ER: M®EE, FH target, start
state.push_back(choices[i]);
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/] EITTF—EREE

backtrack(state, target - choices[i], choices, i, res);
/] [EhR: HEE:ERE, MERIZEIRIARAE

state.pop_back();

I
[* REBFEM I =/

vector<vector<int>> subsetSumI(vector<int> &nums, int target) {

vector<int> state; // RR& (F£&)
sort(nums.begin(), nums.end()); // % nums ETHIF
int start = 0; /] EHECIAEh
vector<vector<int>> res; /] #EREBY) (FEHT)
backtrack(state, target, nums, start, res);

return res;

13-12 Fin 25 k51 (3, 4, 5] FIEFETER 9 A DL LR S R AR E L.

i target
coices - ([E)DED RESA
target =
BIEmniE
Q
pel
EoERE

#Bif target EETE

13-12 7R 1 BfEE

13.3.2 TEEHETRIENR

Question

A8 —E IFEEBE A nums FO— 18 EAZIE2E8 target , RHATERIGEMAEE, FREEGFICE
MR target , &EMAIRGERLZEBE LR, BIEOCEN A POEFE R, LBy EELEH
&, PPN EASEEHS,

FEERS A, AR ABRSIRT AL & RREE, U5 THTIORIEE, I, 4w (4, 4, 5] fI A
0, HIBAERABIELES T [4,5), [4,5), BT ERTE

Y R B R RS E SE SR P M S VORI, (21 1313 oh, F Wb E MR, L miEns
A, BEAWEERGRESY, ETHHEE T R, 5 RIOME 4 e T 5.
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choices = B

[4,4,..] [4,4,.]

J

—
1313 14T 2B T T

1. HFTRE

PRI, BT ERRBS C R A AR — X, BB KRy HRESIR O
9, BIHAHSETCRECEAHMAT, ERWRE R WIS, HEATRE/ABTHENT, A C iR
i, FtEEEERTTR,

BLLERIRY, ASRERIE RHERES T U REBORIE — K, sEERE, Mt n] DI AR start A 2 s :
EHORE v, 18, RE N WRERG 1+ 1 RGARET, EREREXRRER TS, habilftEREET
=o

2. ERBER

// == File: subset_sum_ii.cpp =

/> EERE: FEM II +/
void backtrack(vector<int> &state, int target, vector<int> &choices, int start,
< vector<vector<int>> &res) {
/] FEMZER target B, F:LERAR
if (target = 0) {
res.push_back(state);
return;
}
/] ERFREEE
/] BIRT: ¢ start BHMRESS, BREMREEFE
// BRi=: % start BAMERES, BREBEEIER —TTH
for (int i = start; i < choices.size(); i++) {
// Bity—:. BEFEMER target , BIEZEERTOE
/] ERAEAMRTIEHRF, BETREAR, FEMN—TEEE target
if (target - choices[i] < 0) {
break;
¥
// BRI MNRZTERELETTRESE, RERIESSTEE, HiZbAE
if (i > start 8&& choices[i] = choices[i - 1]1) {
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continue;
b
// Ef: MEEE, T target, start
state.push_back(choices[i]);
/] ETT—mEE
backtrack(state, target - choices[i], choices, i + 1, res);
[/ [EIR: HEHEE, MBI Z AR
state.pop_back();

}
[* KEBFEM IT */

vector<vector<int>> subsetSumII(vector<int> &nums, int target) {

vector<int> state; /] WRE& (F£)
sort(nums.begin(), nums.end()); // % nums ETHIE
int start = 0; /] TEFHECIARL
vector<vector<int>> res; /] HEREBY (FEL5)

backtrack(state, target, nums, start, res);
return res;

13-14 /R TR 4,4, 5] MIEEITR 9 WENER, HESTIREERIE, SRR E RS
fitr, MRfPR(EESIERE, DEEBIERIER WM TR,

choices = n
target = T

BRI Bk
ER—&PHEET
&' EREEWBE—R CS‘- (X, 7%
-0F 7 Ja
&_ ‘?o | BEGLEBY
[4,5] EETHE
X
HE=
FhrerEE
BE— . =
FEEAIAAE R
818 target

13-14 F4EF0 11 [ @A

13.4 n 2/5:E

Question
BB SRR, 250 AREREFRE—1T. —FIE— R LT, 47E n @25 —E
n x n KN, SHERITE 25 2 MREHE LR NRITT 2.
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O 13-15 Fri, & n = 4 8, AT DARBIMER. (CRMEEENAESR, n x n ADIERILE n? @
¥, 4 TITE R choices . TERMEE BEHNEREH, HEBIRREIE B, SERFZILERE
ZAREE state

W W

W W

— —

13-15 4 2JaRHER#E

[l 13-16 J&/R T AR =R MR B REAREER 1T, W5, F—kEEms L ERERNE, ¥
FagR R EEAAR \ AIUCH AIER / WA,

FREER— R A BEEREF AR

X, X W S
RRELER—T — x| Y X LN
=N | 4 |  —

-
N
J
S
R
‘;' \w e A
- ™, | I
X X, D B i
4 R < i
i S /
. ‘ b
X X, ’T”:*i"**””
) i | N o

FRER—F REEFA—THREE

13-16 n 2JERHERFTHR bR

1. F{THRERER
SEHEEMBITEE S 0, RHIRMESES—Edm: U R asriE —E 55,
W, WA ARBORI TR E SRS : 8175, EETHE HEE, HEERR 1T,

13-17 iRy 4 2RFERNZTRERRE. ZEERS], B 13-17 (£ 758 TR HP i,
i HRFAN TG B S AR 1 ARA TR 77 SRETIEAT T B9
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W T8 ] T %] W
BEE 15
(44188) /\ (4488) (4488)
W W ¥ W]
BEE 2 7 ‘1‘"‘
' L]
—* Yy M w M
BEE 3 o= o ‘
‘;‘ W] W
| v [ W w
WEE 4 7 L] ¥ | W v
W ¥ w o[ [ ] W :
W] ] | [ |

13-17 ZATTHCE RIS

EARE BE, BTREREGES ©OErER, s 7 R—THEZE 2R ES 03

2. FIEHARER

2 T RANFIH, T AT DA — 8 R E 2 n (MRS cols itk SR E A Bh. ESRIEIE
i1, BNEE cols FOH L/aRIPETEIR, MAERBHENEEH cols HIRRE,

Tip
FRER, MEMRRESAINE M, HAPTRSIE LRI, SIR5IEEEHE N,

AREE, G o] i S A AR AT SRIE? SEBUIRhIL AR FIIATHIRE 1 2 (row, col) , e RERHH YRR 1 S A 4R,
TR BZ B AR LA FITRS SRS [EAHEE, WEBRMAKR LA row — col ZytHElH.
ks, WRMNERTRE row, — coly = rowy — coly , HIEM—ERER—FI:E AR L, FIHAZ
B, FfMn] DAFEBhIE 13-18 FRAIME] diagsl stk ik EE AR LR EH BN,

IR, KBS ERAR I row + col RMHEME, FMFEIBERT DFEIES diags2 AL M AREY
o
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eEERAR
RERER

CT T 1]

cols

RHRIIRTHER

13-18  FREBIA HANE I BRAT R

3. EXRER

SR, n #EHPEF row — col MEIREZ [—n + 1,n— 1], row + col MEIEZ [0,2n — 2], FDAE%
SRS AR BLE AR 2 2n — 1, BIFE%) diagsl Ml diags2 IREHR A 2n — 1,

// == File: n_queens.cpp =

/* BIERE: n EE *+/
void backtrack(int row, int n, vector<vector<string>> &state, vector<vector<vector<string>>>
< &res, vector<hbool> &cols,
vector<bool> &diagsl, vector<bool> &diags2) {
/] EHEEITR, sCixfE
if (row = n) {
res.push_back(state);
return;

+
!/ EFHFAEY
for (int col = 0; col < n; col++) {
/] sEZIEFHENTHAGIRE BT
int diagl = row - col + n - 1;
int diag2 = row + col;
/] Bt FARAFZNEFES. THAS. ARG LEEER
if (lcols[col] && !diagsl[diagl] && !diags2[diag2]) {
/] ER: BEEHEEZIETF
state[row][col] = "Q";
cols[col] = diagsl[diagl] = diags2[diag2] = true;
/l BMETF—1T
backtrack(row + 1, n, state, res, cols, diagsl, diags2);
// ELR: HEZEFIREAZ= AL
state[row][col] = "#";
cols[col] = diagsl[diagl] = diags2[diag2] = false;
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/*x R n BF x/

vector<vector<vector<string>>> nQueens(int n) {
/] ¥iEE nxn K/NERERR, Hep 'Q' RRER, '#' ARZTML
vector<vector<string>> state(n, vector<string>(n, "#"));
vector<bool> cols(n, false); /| IR EEER
vector<bool> diagsl(2 * n - 1, false); // R THAGLIEETEERD
vector<bool> diags2(2 * n - 1, false); // B XAEHABELETEERS
vector<vector<vector<string>>> res;

backtrack(0, n, state, res, cols, diagsl, diags2);

return res;

BATIE n ik, FBIKIH, MRETEREATHIE n. n— 1, ... 20 1EEE, 8 O(n!) K
M, B OO, TREEIERE state MW res, WRERIEME O(n?) Wiftl, [N, ZERMBSRIBIHEE
B O(n!-n?), BEL, RIEEHSERIVITE A RIRS MY S, RIS R A7 DA E RS
AR,

k51| state ] O(n?) 23/, M%) cols, diagsl Ml diags2 Effif] O(n) =M., BAREFRER n, {F
i O(n) Hefi=sitl, M, SEBEHES O(n?).

13.5 /aE

1. ERSCIEE

- IR RIAAE R SR, BRI TIRE BT RS T SRR, Ei R, J8E
R RFRI IR SR, E R IKEIFTE MEER IR AR,

- I AAR M SR R CAE E SR DR E R ). EEERE A SR E SRR, BBEIW
JRATRIFIFRIIE DR, HIHBGH E— DR, REIFZATHIREE, WARSTE AR, EalERE
P 75 TEVAH S R

- [EEEE S 2 AR, e R EERBIEERE, IR DR AT R A ERIE 25, R
IETETHE =R,

- [l ST S B AT R R R = R R AN A TR R TR, A A A A R RE R R ] DA [ SRR gk, (H
[EREREZERVETNTE R E S CR:N] 127

- I S ER AT RS TRIIATE FTRERIHES,  BRAMTRE ) — (8 A A AL B AT 3R R 5 s,
SIPE MORER R — TR S 0 3, MERETTR A BORE X,

- AEEHPIEES, RESPAEEETR, AREHERGHBEEHY, RMTFEORHETRES
i L REBORIE — IR, SRR R R S AR EL,

- THRMEER RS RGP RS HEENTE 78R, REAEDITRERF, MEsaEd
AT AAER, EAEE TR, BOERWRTR ERhETHER, s MBI~ E Wi
AERTERAARS, TEMR A R SR A 27 SOEITII R

- BRTEMEE, MYRAHESTRGELERES, A CHEERIRTE R, B
TLRE IS EBEIA, M CRAHSE TR o L BE B —IX,
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- n RIEHEEESHGRE n @2EHED n x n RSB ERTTR, ZORATE 25 RS
Tio iARERIKREFAITAR, SIKR, ZEABMUCE AR, R ITAH, TR TI
HHREE, REDTHE 25,

- HIRIHRIE A ARET R R LT L, BIRFIATER, B — AR R B SR G A Ba, e
TREPRIR TR E GTR. BB ARATR, FMREmMEES A Hlskez . AR LR G
25, HRAERRHEER - (FE) EALR BRI 7w eATAIR TR,

2. Q&A

Q: BB AR A B R?
MEARE, [ EEIRREET, MEEEAZE—E “TA”,

- [PEE PSR R REEEE, A, FRRERERN SR, BREEE SR ETAEN,
- IR T (RO AR, WA, [, BIREEE GORARE) SFR

o
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145 EHRERE

Abstract
/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

BEES n= o 1 2 3 4 5 6

TetsE 3 [EigiEds 3 BrE:
0515253 , 05253 , 05133

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.cpp =

/* B %/
void backtrack(vector<int> &choices, int state, int n, vector<int> &res) {
// EIMEEIZE n FEE, ARHEEMN 1
if (state = n)
res[0]++;
/] EFHFREIEE
for (auto &choice : choices) {
/] Bt ARETHIBE n B
if (state + choice > n)
continue;
/] EFl: MUEE, BHikRE
backtrack(choices, state + choice, n, res);

/&
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2

}

/* [Et&g: B x/

int climbingStairsBacktrack(int n) {
vector<int> choices = {1, 2}; // "IEEELEME 1 fEsk 2 FE
int state = 0; // 15 0 PERAtANe
vector<int> res = {0}; /] 1EF res[0] A=
backtrack(choices, state, n, res);
return res[0];

14.1.1 FiE—: |higs

(e 0 i R 12l Sl AR S P REDE AT A8, TR AR R (E — RYIDRPER, B sURIR, =
P AT RER fi

TP mT DUE SR TE R 23 AR FE AT I 8 R, RRITCE5E ¢ B AT dpli] BT %, TRE dpli] s2 IR, H
TR

dpli — 1],dpli — 2], ..., dp|2], dp[1]

R I RE b 1 REBR 2 B, RICEIRMGAESS o BEERE LI, b —dm AT RESGTESE ¢ — 1 FEaEE ¢ — 2 [
b HATEER, BRAMIARETEE 0 — 1 BEEEE ¢ — 2 PEEMIES ¢ B

FH UL RS H—EE . TR o — 1 BE T RBOm_LIRENE © — 2 BENT REORS RS « BT
F2B, AW

dpli] = dpli — 1] + dp[i — 2]

SRR AR T, A 7 A BRI R, JREIERIMERT Sk v SR R A, [ 14-2
JeoR T AR HER R

dp[5] =dp[3] +dpl4] =8

dpl4] =5

dp[3]1=3

|

BEE#H = 1 2 3 &4 5 6
AEH dpln] = 1 2 3 5 8 13
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b

14-2 75 REEIRHER R

TlFIT DB A G EI R BAE, DA dp[n] 2GRS, R MO N A IR 92 (/1N
BRI, EEFE RN TR dp(1) A1 dp[2) BHEE, b, BN TREMRZECHN, B dp[l]) = 1.
dpl2] = 2, FRIEEIE 1. 2 WA AIE 1. 2 M7,

Bl DU RS, A R RS A N IR et =, (EEINGE:
// == File: climbing_stairs_dfs.cpp =

/x B2 «/
int dfs(int i) {
// BH dpl1] # dpl[2] , REZ
if (A=1111i=2)
return i;
// dp[il] = dp[i-1] + dp[i-2]
int count = dfs(i - 1) + dfs(i - 2);
return count;

}

/* EtEtE: ##2 «/
int climbingStairsDFS(int n) {
return dfs(n);

}

14-3 JErR 7 2SRRI, BRI dpin|, HIEEBIIRES n, REERES O(2"). 8
BRI R R, AR A —E BRI n, AR AIBRASF 2,

dp[9]

dp[8] dpl7]

dp[7] dp[6] dp[e6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[4] dp[4] dp[3]

BREERMNELNFEIREES FRE
RS R ERR 0(2")

14-3  TCHE A6 6 R U 30 it

B 14-3, SRURERINERIBERIE R T TR 80N, G40 dp[0] WHMRZ dp[8] A1 dp[7], dp[8]
WeoMR 2y dp[7) A dp[6], FIEAMELE TRIE dp[7] .

DAMCEEME, FRETHOEEDERTHRE, FrARESESRN, RN EEFERRE S HERN T
il Lo
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14.1.2 A3E=: sefEkigs
5 TIRTHEEENCE, RN VE R R 7RISR, A, TRMESE—EREE] mem 305
(R REROAE, N (E 4 S R b i 88 7 R R AT AL

L. EEREE dpli] I, TR HEGTERE mem[1], DMEZRMA,
2. HERFESE dpli] I, FMERTEREN mem[1] AR, B EE A BT,

RSN R R

// == File: climbing_stairs_dfs_mem.cpp =

/* CIEHIES +/

int dfs(int i, vector<int> &mem) {
// B% dp[1] # dp[2] , REZ
if (i=11| 1i=2)

return i;
[l EFERE dpli] , BIEEEREZ
if (mem[i] != -1)

return mem[i];
// dp[il = dp[i-1] + dp[i-2]
int count = dfs(i - 1, mem) + dfs(i - 2, mem);
// ze&% dpl[il
mem[i] = count;
return count;

b

/* [Cighs: LIBHIES +/

int climbingStairsDFSMem(int n) {
// mem[i] FCERMEEIZE i RIS RARE, -1 KRELER
vector<int> mem(n + 1, -1);
return dfs(n, mem);

BUsRE 14-4 , B RERR, i BErFIER NS E R, BHRBRHERELE On), B2 —M
EORHIREE,

N
) wEER, O
HiEE

/\ SURIIEB I ANRAERES 0(n)

EHrEEEFRIBRABRAE R

14-4  FOIR LIS =5 R A
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14.1.3 &= EHREIREI

RCTRfLIg s — R “RIEENE” M55 RMIEERE (RETRS) BHh, JHRIE R B FE 7 g i
M, EEMENRRDFHE GEERD, 218, E@EWIZE R 7 FERRE, MR ERR,

Bl A, BHEERIER R “POREI” 75k e T ERERLE, SRR E AT ENE, B
IR AR

HREN BRSNS EERE, R REAEEEESR, SAGHRE, £ EREF, &MGat
—fEBH dp Al F T HEERE, ERE] 7 R S mem AHIRIHYRCER (R :

// == File: climbing_stairs_dp.cpp =

/* [Ct&ts: ENERE] +/
int climbingStairsDP(int n) {
if(n=11l n=2)
return n;
[l Wk dp */, BREHEETREERNZE
vector<int> dp(n + 1);
/] #EARRE: FER &=/ FRIERVAR
dpl[1] = 1;
dpl[2] = 2;
/] ARREEETE: B/ NFEEZRD KFRAFREE
for (int i = 3; 1 <= n; i++) {
dp[i] = dp[i - 1] + dp[i - 2];
}

return dp[nl;
14-5 Bt 17 DA AR S BB TIE AL,

N~ e, Za N
P S N

WEaARAE
dpf1] =1, dpl2] = 2

HRARENIS 518
dp[n] = dp[n-1] + dp[n-2]

HAaIRRER S, BTGNS, BEERRERAELL

# 14-5 EMBEIBhAERIELAR
BRI — RS, BYREAIBIL A RS SRR BR A IR, IR B — e 7R
DB A S 5 (AR, 14, TR P R AR R 38 s B R T AE R L 4
PR AU, TRIPTAT ARG LB AR 5 PR A0 35
- B dp W2 dp %, dpli] FoRIRAE ¢ BT R,
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RN TRIEEEAIRAE (35 1 BRIZE 2 FERERE) AR A ADHaARAE,
- WRIEAIR dpli] = dpli — 1] + dpli — 2] FAREEBSE,

14.1.4 FRHBEK

ADOIEE TRERIL T, W dpli] RE dpli — 1] M dpli — 2] A8, KRR —MaREs] dp sKG6H
1EF v DRI, AR (A EOR B AT R AT, BRI R R:

// == File: climbing_stairs_dp.cpp =
[* e85 =HREMEBNBRERE «/

int climbingStairsDPComp(int n) {
if(h=11 n=2)

return n;
inta=1, b = 2;
for (int i = 3; 1 <= n; i++) {
int tmp = b;
b =a + b;
a = tmp;
¥
return b;

BEEL LRSS, HRE 2 T R dp (SRR, ARG O(n) K% O(1) .

FEFERIEIAES, EaREEEERAT A IREREA R, SRR DA REDEATIRGE, 8 R
AR S SR RS R 5 “IEENEEE” B B,

14.2 ENFEIREIRGRAYHYE

fE_b—firh, FRMEE T BB REE I & 1 0 AR R R R, ERR b, 7R — i A
AUTEETR R, fEo0a. BIRERE]. PRI EIE R A,

- BT SRR IR A M i R ) ) 2 A B N A 1 R, EEECDNFRE, dERI & O R
IR, BREISEIRHERI R,

- B E R EETIRIE iR, EEEERAR TR ERIZ, BHREMTE TR R AR,
TE 57 @A A & BT 2 SR 7 R

- [ RAE B A DR Fh SR AT G AT AR,  EE SRR A S =03, SRR g —
RYNRID B, BATR] DU R TR A BR Z BT 7 S1E VF— (8 7 RS

B L, BHRERIEE AR iR L, EfMMEUSER TR, BEABINRR: RE T
R,

14.2.1 REBFEE

BATHTABTE T RERS Ek ), (2 EANE & R A,
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et e MR

s AR, REEPRTDALE 1 R 2 B8, & —FEEEE LECAS A —EAE RS, FORIRME %2R
PR B A, A —ME IR BB BES cost , HP cost[i] RR(ESE ¢ MRFETEAT HAIRIE,
cost[0] b GEIARD . FEatEE O HENM M2 D AEA RERETHERR?

GniE 14-6 FoR, #HH 1. 20 3 FBERMUEDAIZ 1, 10, 1, RIFEHbmERIEs 3 RS MUEZ 2.,

IR n = 0 1 2 3
A\ cost[n] = 0 1 10 1

etz 3 fE@EHE 3 BAE:
0515253 , 05253 , 05133
He 0013 IXESRD, RIMKES 2

14-6 Ex% 3 FErTR/IMUE

%t dpli] BTESIE | PR HAORE, A § BEIIATARIE  — 1 B i — 2 BeEde, (I dpli] FUTRE:
IR dpli — 1]+ cost[i] 5t dpli — 2] + cost[i] » 2T HTTHERD KA, FlHEZEIERIE i NG — 1

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

JEFERATDAS | AR B T AR R i T ) e A AP TR 0 L) e PR AR R 19 2R )

AR EAT AR TR TR 8RR dpli — 1) B dp[i — 2] rPHOR A —1E,
TR E R dp[i] R,

AR, E—HiR TR H AR A R T AERE? BRI EEERET REE, B2 —EsHEME, HInR
B ERE: ORBRATTREE", PRSI, SRR BB R R, (HERE ARHEBL K
T B BEEARTTREEFNGE n — 1 NS n — 2 BEARTTREE M, b, REFEEIRET R
Fee s, EANFMEREE NN SE,

FRASIRAE RS 77, DURVIAIRAE dp[1] = cost[1] F1 dp[2] = cost[2], FelMakal LIEEITHAEIBIER
oy

// == File: min_cost_climbing_stairs_dp.cpp =

/* [EiEtpm/IMLE: ENREREl «/

int minCostClimbingStairsDP(vector<int> &cost) {
int n = cost.size() - 1;
if (n=1 1l n= 2)
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return cost[n];
[/ Mk dp R, AREHETREERNZE
vector<int> dp(n + 1);
/] ¥IEIRRE: FERE/ N FRIERAFR
dp[1] = cost[1];
dp[2] = cost[2];
/] ARREEERS . B/ NFREZRD KFRATRHE
for (int i = 3; i <= n; i++) {
dpl[i] = min(dp[i - 1], dp[i - 2]) + cost[i];

return dpln];

14-7 JoR 1 DA B HS Eh RE B AL

cost[1] cost[3] cost[5] cost[7] cost[9]
[ | [ | [ | [ |
| J \ J | )
mﬁ?“*———”/: m;;“———"’/: min +
cost[2] cost[4] cost[6] cost[8]
WMIAHRRE:
dp[1] = cost[1] , dp[2] = cost[2]
AREEEAIE:

dp[i] = min(dp[i-1], dp[i-2]) + cost[i]

14-7 et/ MUERBIRE AT EE

AR DUEI T MR, AR T4, SRSMERER O(n) BE O(1) :
// == File: min_cost_climbing_stairs_dp.cpp =

/* [EiEm/MUE: THREVBNSIEHRAS «/
int minCostClimbingStairsDPComp(vector<int> &cost) {
int n = cost.size() - 1;
if(n=11l n=2)
return cost[n];

int a = cost[1], b = cost[2];

for (int i = 3; i <= n; i++) {
int tmp = b;
b = min(a, tmp) + cost[i];
a = tmp;

+

return b;
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14.2.2 BB
T BN RE R BB S G AR R R > —, HE A e e IReE, SrRRsEN
BB ATIRAEAT B, T B 48R KT 4 R B e

DATCHEER 7B, #57EihRE ¢, EEsetiiRig i + 1 FRRE 7 + 2, 0BIBIERk 1 PHpk 2 5, 1Efft
TEAEERRRY, FRIMMEZEE ROIRAE « ZATAIRAE, BIMEHARE ¢ FIRRIRARE,

SR, AR BAMAR TEARAS RTEH I — (R, R —4K T

AR TE B
fE A n BEROMERS, REEPRTDLE 1 REEEE 2 B8, fHAREMISIRBE 1 K, s5fA 2/ 0%

A DATESIFETH?

qniE 14-8 o, MEEE5 3 BEER 2 FERIAT/7 S, HABGI =Bk 1 FER77 ST R ARG, BItgEse,

MR TeeEEmEmek 1 FE,
FEAE 051253 WEE N

RS n = 0 1 2 3 4 5 6

MetrsE 3 EREEE 2 &5
=:

93253, 05153

[ 14-8 FARIEEES 3 FERY T REE

(ERRIRE T, 1SR R 1 B AR, IREE T WA 2 B, BRI, R -SSR TR
fE CRERIFTAEMREBO Bscyoe, JRRIRT MRS (LW EHEBEREB0 .
REEEH, R O R R e, MRRBRIRS AR dpli] = dpli — 1] + dpli — 2] WM T, HBH
dpli — 1] FRFEARGEE 1B, EHPES TS L —Hapk LB LA 5E, Mk TREGRE, RMR
RN dpli — 1) EHERT L dp[i] s
B, RIEERRAEER: IR [i, ] FormRLEN i BREH E Rk T R, Hob e {1,2). e
EHRAVOBES T LBk T 1 BERE 2 B, FRlTaT AR BT AR AR e T AR,

M EWRBKT 1 BERE, B AERIERE 2 1, B dpli, 1] RAER dpli — 1,2) EEsiEs,

C MWK T 2 B, b LRk 1 RSB 2 B, B dpli, 2 WTRARE dpli — 2, 1) 8 dpli — 2, 2]

BRI,



14 % BhRERIE www.hello-algo.com

293

WIE 14-9 FiR, (TR R, dpli, ] FoRmeE [i, j] BRI R, HIRRAERFS TR %

dpli, 1] = dpli — 1, 2]
dpli, 2] = dpli — 2,1] + dp[i — 2, 2]

TREEEMRDE 1 B
ElZARES

dpli-1,1] —

dp[i,1] dpli,2]

dp[i-1,2]
dp[i-2,1]

dp[i-2,2]

14-9 = REATH T BURHER (R

B4, IRIE dp[n, 1] + dp[n, 2] BIA], Wi ZARRIERIEE n B 77 SR80
// == File: climbing_stairs_constraint_dp.cpp =

[* TEAIRICIERE: ENREFRE] */
int climbingStairsConstraintDP(int n) {
if(n=11 n=2){
return 1;
I
/] #ia dp R, AREFFREIENRE
vector<vector<int>> dp(n + 1, vector<int>(3, 0));
/] ¥EARRE: FERR &=/ FRIERVAR

dp[1]1[1] = 1;
dp[11[2] = 0;
dp[2][1] = ©;
dp[2]1[2] = 1;

/] RREEEFS . BV NFRIEZRD KEBRKFRE
for (int i = 3; 1 <= n; i++) {
dp[il[1] dpli - 11[2];
dp[i][2] dpl[i - 2][1] + dp[i - 2][2];

}
return dp[nl[1] + dp[n][2];

£ RHARGT, BERERZHERTE ERRE, R OB @R 2., (E 15 R W 2

R, AT, FEEREAAIREEERN AR,

T PR B e "1 o

ME—EHA n BEROMRS, (REPRILLE 1 BEeE 2 B, BLE RIS AN, REABSES 2
B bk BB, 2 mPTH A Rk EIEE 20 B b, Blan, AR BIBEE] 7S 2, 3REE, AlZ

R REBRZIE 4, 6 B Lo wEMA 2/ D75 5] DITEEHETH?
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FEISERIER, TRBRBRAKEE RATE ARRE, A2 R — Bk & 15 3 = AR R R T fmmge, IR B
HBki, EPRISHERE, BhRERIE R DR,

B E, SRS REMHE (BINRITRIFE) A SRS, BNEEME, JRIMEE gk
ERHAMT I, FlanmEEE s, EEEEA, SRR, [EmfEA RIS 2] A] A s A .

14.3 EhREREIMRERRR

ARG T BN RE R R R A T SRR, A T AR — D PR {18 S P A R

L. Gy — (R A R B RE R B e ?
2. RFENERMBIMEZIEMREAT, 7EREDERZHE?

14.3.1 RIEFIER

RERUACHE, IR AR S R R, BB TR, W R BRSO, IRl & BRI R AR,
SR, BAREEIE R RNA T B R BTS2 . R FRAFIE 5 S R O, BRI &8 & AR )
W (EE) Wk

T8 5 T AR A S R e “DOSRE VR S RERE RT DAGE R A A, o — (A ER AR
—fEERK, B RRERR RS,

HATESE, WEREE S IR RS, I ARSI — RN, AR E RN IR, 8
AT DA P (B A A R
TEUCHERE |, BHRERIEIREIR A — L EH “hnorIE”,

- HEAUERK (N BiRE (0) FRgEAMHIE

- TIREAGIRRERES A — RS, ZHERE BRI AR IR, 3l H— iR 28 B EL o [ AR RE A7 R JEHE R (R
THIEN, thiFfE—L “JorIE",

- R B R T A FTRERIMRIRTT R, TRk R R,

- FERA A HREHE SRR, 7 ERE AR 2677 %,

QRER— A TR R DR SRR SR, i B R BHRART “AnopIE”, ML A] DARGER B B RE SR, A
KRB,

14.3.2 REKBRTER

Y RE R ) AR RS & R R RO E R B R A TN, (D@ HEIE DA NP ER: iRDUR, EFIRRE, HNT
dp %, HEEREEEITRE, MEE RS,

7 T EE SRR AE B, TR — AR SR R MRS AR,



14 % BhRERIE www.hello-algo.com 295

Question

HE—ME n x m AR grid , ERPNESEETTRE S —MEIFE Y, FREZETEINRE,
Beas N DAE B BT At iads, BOUHRER FEEMAREI—8, BERIEL NAETE, FHiRE
ek A EIA N AR R/ IME SR,

14-10 Jon 7 —(8BIF, 487 SRR/ NS FERI 2 13 6

\
o

RNEEAA 13
BRSMERES 1523293325132

14-10 /TSR GIE R}

P BHERRYOR, CRINE, EmER dp #

A G DRAUR I E AT 71 R E 8, RERSFIITIIRSI% [4, 5], Bla FemGE
— 1%, RIBR i+ 1,780,754+ 1] Fit, REEOETRIIMIIRT MEZE, 2% [0, ] .

RAE [7, 7] BHEERO TR (EEAGE: [0, 0] 3 [4, 5] RE/NEESR, W% dpli, ] -
S, PRSI 14-11 FORR 4k dp MR, FLR TS B grid F,

i i+

1 3 1 5 dp[0,0] dple,1] dp[e,2] dple,3]

i 2 2 4 2 dpl1,0] dpl1,1] dp[1,2] dpl1,3]
.

i+l 5 31 2 1 dpl2,0] dpl2,1] dp[2,2] dpl2,3]

4 3 5 2 dp[3,0] dp[3,1]1 dp[3,2] dpl3,3]

grid dp &
SIRRE: nAERTER FRIE: WAELAS [1, 5] M5/ RSN

REEES. T7%5][4, j] dp . R<TH grid HHREMER
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14-11 #ARRE&EFH dp &

Note

BYREAF AN (BB AE ] AR 2y — A PRER 1, TRRE B T DR BN i, BT E B S it
JERI A, HES T RARE, REH S T —(ERRE,
IR EAR S E— M 7 I, TR E e —ME dp RARGEFIE FRERMR, ARREREEE 7 2 B

2 dp BRI —EMEE, ERELE, dp RSHREN TR MRS,

B MR TR, MR IR RS ) R

BHRAUREE [7, 7], TRAER LI T [ — 1, 5] RUEBRT [1, ) — 1) BESms, FIRE s 5%

(4, j] WIB/ N ESAIE [4, 7 — 1] BOBR/INESASSRIER [§ — 1, 5] AN ISR i N AR — IR R

IRIELA L2 #, AIHEHE 14-12 FoRAYiRREERE 7712 :

1 3 1 5 dp[e,0]
2 2 4 I 2 dp[1,0]
5 3 2 1 dpl2,0]
”~—>
4 3 5 2 dp[3,0]
grid
HREEB5E.

dp[@,1] dpl0,2]

dp[1,1] dpl1,2]

dp[2,1] dp[2,2]
*~—>

dp[3,1] dpl3,2]

dp &

dp[i, j] =min(dp[i-1, j1, dpl[i, j-11) + grid[i, j]

@ 14-12 mEFEEIREER TR

Note

dple,3]

dp[1,3]

dpl2,3]

dp[3,3]

RIBE L dp R, B35 R EREN 7 RRERIB R, $RHHE I 7[R Y R 1 A [ T R ) e A

HI751%, BTk,

—BIRMHE T RE A, R DAGE R e AR R R AR T R

B W SMRERGIRE R A IR

A, JRAEE TR LREICE B AIRRETS AR, R B YIRIRRE N REEE_EIBHIRREIS 2, RIS AT

i = 0 MIES j = 0 2B 5t

GniE 14-13 FoR, B EREAS -2 e 7T RS R BT A RS T2, DRI 8 O Pl A e R e R, Al

EER AT, WEREEFS,
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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,

HEREAHE T
// == File: min_path_sum.cpp =

/* BRNEEEFN: BAOEE */
int minPathSumDFS(vector<vector<int>> &grid, int i, int j) {
!/ BRELAETE, MRLEES
if (A =08& ] = 0) {
return grid[0][0];
}
[/ &ITHEEIMR, AlRE] +o B
if <0 [l §<0){
return INT_MAX;
+
// STERAELAE (i-1, j) M (1, j-1) HNsDEBERAE
int up = minPathSumDFS(grid, i - 1, j);
int left = minPathSumDFS(grid, i, j - 1);
/] REIRAEAE (1, j) HmR/NEBERE
return min(left, up) != INT_MAX ? min(left, up) + grid[i][j] : INT_MAX;
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14-14 58T PA dp[2, 1] Z2RETRSANRER, Hrb @S —LEi i, HBREgEEsn grid MRS
BERTSBINE 2

WA LF, ERERTHENEREZ: RS RETE PAE A LM BNEE—ROT.

Bk R5IEA

dpl0,1] dpl1,0]

9/ 9. 9.
o o e

dp[0,1] dplo,2

] : : EBTRIEKE:
do = dp[1,0] dp[1,1] dp[1,2] dpl1,3] dpl[i+1, j1 # dpli, j+1]1 &6 dpli, j]
P dp[2,0] dp[2,1] dpl[2,2] dpl2,3]
dp[3,0] dp[3,1] dp[3,2] dp[3,3]

14-14 RS RE R

BHEREE A A NRIAG SRR, (L EAERE TARETRE m +n — 2%, FiRZERHEHES
O2m*™), Hrfrn il m 2B 248 TERIFI R, sEER, SRRy UK MENL AR IB AN, &
BRI LR N MR, I EPRIR R E S DL

2. FiEZ: miEniEs

B I AN—EFI4E4S grid HEIRSFRIGCIEES] mem , FRFCESE FRIER MR, 0K &8 7R EE T8
i

// == File: min_path_sum.cpp =

/* BRNEBEH: EiRkiEE &/
int minPathSumDFSMem(vector<vector<int>> &grid, vector<vector<int>> &mem, int i, int j) {
/| BEHRELABTE, BjREES
if (A =068& ] =0) {
return grid[0][0];
¥
/] B1THIZREIHEFR, BRE] +o LB
if (<0 |l §<0) A
return INT_MAX;
+
// EBHIHR, HEERE
if (mem[i][j] '= -1) {
return mem[il[j];
¥
/] B BB TTRIEREEAE
int up = minPathSumDFSMem(grid, mem, i - 1, j);



14 % BhRERIE www.hello-algo.com 299

int left = minPathSumDFSMem(grid, mem, i, j - 1);

// smEIREAE EAR (1, j) HsDBREAE

mem[i][j] = min(left, up) != INT_MAX ? min(left, up) + grid[i][j] : INT_MAX;
return mem[i][j];

GniE 14-15 PR, 7ESIARDIRILTR, FrEFRIERBRRR R R, KIS M B IR RS S, BI4Y
RS O(nm) o

dp[2,1]
i 1l

Bk BEfsiR Bk R|5IEA

dp[1,1] dp[2,0]

~.%%

dp[zg'l]

~.
N

14-15 FefEfL i sl i

3. FE=: BRERE

BRRREBE R E R, RN rR:
// == File: min_path_sum.cpp =

[* BRNEEEH: BIREFRE] %/

int minPathSumDP(vector<vector<int>> &grid) {
int n = grid.size(), m = grid[0].size();
[l %k dp *=
vector<vector<int>> dp(n, vector<int>(m));
dp[0][0] = grid[0][0];
// IRREEEE: BT
for (int j = 1; § < m; j++) {

dp[01[j]1 = dp[B1[j - 11 + grid[B][]];

}
/] RREERE: 5
for (dnt 1 = 1; i < n; i++) {
] dp[il[e] = dpl[i - 2]1[0] + grid[i][0];
/] ARREEEFS: HERTAIS
for (int 1 = 1; i < n; i++) {

for (int j = 1; j < m; j++) {

dp[il[3] = min(dp[il[j - 11, dpl[i - 21[j1) + grid[il[3j];

+
return dpln - 1]1[m - 1];
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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 5 10 1 3 1 5 1 4 5 10
2 2 42 3 5 9 11 2 2 4 2 3 5 9 11
5 3 2 1 8 8 1o 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 ®
IRREES
dpli, j1=min(dp[i-1, j1, dp[i, j-11) + grid[i, j] R[EIR/ BRSNS 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.cpp =

/* ER/NEEEH: TRRECERNENRERE] «/
int minPathSumDPComp(vector<vector<int>> &grid) {
int n = grid.size(), m = grid[0].size();
// ¥iat dp R
vector<int> dp(m);
/] KREEERE: BT
dp[0] = grid[0][0];
for (int j = 1; j < m; j++) {
dp[jl = dp[j - 11 + grid[0][]];

}
/] ARREEEFE: HERT
for (dnt i = 1; i < n; i++) {
/] REEERE: §Y
dp[0] = dp[B] + grid[i][0];
/] ARREERFS . HERY
for (int j = 1; j < m; j++) {
dp[j] = min(dp[j - 11, dp[j]) + grid[il[j];
+
}

return dp[m - 11;

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.cpp =

/*x 0-1 BE:. B2HES «/
int knapsackDFS(vector<int> &wgt, vector<int> &val, int i, int c¢) {
/| EEETMEYRASEERGSE, BREEE 0
if (A =01 ¢c = 0) {
return 0;
¥
/] EEAEERE, HREREFHALE
if (wgt[i - 1] > ¢) {
return knapsackDFS(wgt, val, i - 1, c);
}
/] EEARBNFBANYG 1 NRXEE
int no = knapsackDFS(wgt, val, i - 1, c¢);
int yes = knapsackDFS(wgt, val, i - 1, ¢ - wgt[i - 1]) + valli - 1];
/] REmEL R EEERA—E

return 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,



14 % BhRERIE www.hello-algo.com 304

R YaEE
dp[3,30]

REBRNIG 3

dp[2,10] ik YaER > SasRE

‘,!"o\%‘ REHANE 2

dp[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 O-1 7 EL[AIRE R 2 748 SR

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] .

SIAGTRIbZ %, WERBURERDUR FRIEEE, 2 O(n X cap) . BHFEARENTR:
// == File: knapsack.cpp =

/* 0-1 . LEkES «/
int knapsackDFSMem(vector<int> &wgt, vector<int> &val, vector<vector<int>> &mem, int i, int c)
o o
/| BEESEYSEESERGSE, QREEE 0
if (A =01 c =0){
return Q;
¥
/] EEBiix, EERE
if (mem[il[c] !'= -1) {
return mem[i][c];
}
/] EERBAEEARE, MREERETHAE
if (wgt[i - 1] > ¢) {
return knapsackDFSMem(wgt, val, mem, i - 1, c);
¥
/] EEFABANMBANYG 1 WRXEE
int no = knapsackDFSMem(wgt, val, mem, i - 1, c);
int yes = knapsackDFSMem(wgt, val, mem, i - 1, ¢ - wgt[i - 1]) + vall[i - 1];
// EoEkiliR[EIMAES RPEEEANA—E
mem[i][c] = max(no, yes);
return 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

B REEH dp[2,10] o WREE > KasE

?ﬁ REHAME 2

% of

dp[1,10]

& BEBND®R 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

BREREIEE R EE TP IHSE dp RAVERE, BEXUTR:
// == File: knapsack.cpp =

/* 0-1 B8 BREHRE «/
int knapsackDP(vector<int> &wgt, vector<int> &val, int cap) {
int n = wgt.size();
[l Mk dp *
vector<vector<int>> dp(n + 1, vector<int>(cap + 1, 0));
/] ARREEEFE
for (int i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
/] EBeEERE, IfEYHE 1
dp[illc] = dpli - 11[c];
} else {
/] RENEYR 1 EmESENBRAE
dpl[illc] = max(dp[i - 211[c], dp[i - 21]1[c - wgt[i - 1]] + valli - 1]1);

h

return dplnllcap]l;

QTE 14-20 AR, eI AR RE AN 2 MR E AT I RS dp R/hBE, B O(n X cap) o



T
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14 E BhREHE

5
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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
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EE wgt (HE val ~.C

wgt[i-1] val[i-1]

« BN
+
/- KL

o
o
o
o
]

mer—mesws « - [CI) I 0D ED ED

BFESRE 1 = 2 17, BITRESS

[ step 3
€ - a @& n
EER wgt {H{E val el e 1 2 3 A
wgt[i-1] val[i-1] 0 0 0 0 0 0
1 5 ¢ 0 5 5 5 5
2 1 ¥ | . IEEEED
3 15 (% 3 0
awn—nnn o - (DEDEDEDED
) BFEHSE 1 = 2 7, BITREES
| Step 5

Step 4

Step 6

EE wgt (A val ™.C

i

wgt[i-1] valli-1]

N s |~ | B
v
o s |n|B

[
] [
1 [ I
2 0
3 ]

@ +s

e R ( 0 [ 5 [ [ ] e ]

BFERE 1 = 2 17, BITREEE

a & & &
EE wgt A{H val e e 1 2 3 4
wgt[i-1] val[i-1] 0 0 0 0 0 0
1 5 o ] 5 5 5 5
2 11 * 2 o - 11 16 16
3 15 - 3 )
asn-unsen o - (D EDEDEDED
STRREDRR, M5 dp RENHRE 1 = 2 WAER

14-21 0-1 B MR RIS B E @

TERE IS BB, FRMEFRRE IS dp B8 —4E ¢ EREMIBR, A B P e 5 e s 81 e s BT AT -

// == File: knapsack.cpp =

/* 8-1 BE: THKECERNSERE «/

int knapsackDPComp(vector<int> &wgt, vector<int> &val, int cap) 1

int n = wgt.size();

[l etk dp *=

vector<int> dp(cap + 1, 0);

/] ARREEF

for (int i = 1; i <= n; i++) {

/] BIFES

for (int ¢ = cap; ¢ >= 1; c--) {

if (wogt[i - 1] <= ¢) {

/] FEMEY® 1 EMERSRNBRAE

dplc] = max(dplcl, dplc - wgt[i - 1]] + valli - 11);

F
¥

return dplcapl;

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.cpp =

/* T2EE: BREHRE +/
int unboundedKnapsackDP(vector<int> &wgt, vector<int> &val, int cap) {
int n = wgt.size();
[l ek dp *=
vector<vector<int>> dp(n + 1, vector<int>(cap + 1, 0));
/] KREER
for (dint i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
// BBBREERE, AfEYR 1
dp[illc] = dpl[i - 11[cl;
} else {
/] FEFNEYISRE 1 EMEARNRAE
dplillc] = max(dp[i - 1]1[cl, dp[illc - wgt[i - 21]] + valli - 11);

}

}
return dp[nllcap];

3. FHRER

HRE ARG R /B Lig AR A TR Ry, Rt s E IR dp #rb S —T®ITIERE
%O

EMEEFINEF I 0-1 B RIELHS, FHFEBIIE 14-23 AHRME I,

o - a B U - a B u
BE wgt (HE val el oo 1 2 3 4 EE wgt (AfH val el o 1 2 3 4
wgt[i-1] val[i-1] 0 0 0 0 0 0 wgt[i-1] val[i-1] [) 0 0 0 [) 4
2 11 ¥ 2 [) 2 11 * 2 [ 5
3 15 - 3 ] 3 15 (% 3 )
awn-nni o - (DI EDEDED awn-nwin o - (D EDEDEDED
) EW 1= 2 i, B dp PEENR 1 = 1 WAENR EFEDHE i = 2 17, BITREES
| Step 1 Step 2
- - [ ] n ’ - - ] n
EE wgt (HE val oo 1 2 3 4 EE wgt (E{E val e oo n 2 3 4
wgt[i-1] val[i-1] 0 0 0 0 0 0 wgt[i-1] val[i-1] 0 0 0 0 0 0
1 5 [} 1 0 5 10 [EEEHEEPY) 1 5 ] 1 ) 5 10 15 [WE0)
2 11 ¥ 2 ° 5 11 2 11 * 2 [} 5 1 16
PO
3 15 @ 3 o 11 3 15 ® 3 [} 1
aen—wwn « - ((DEDEDEDED aen—mwins o - (DD EDEDED
EFEHS 1 = 2 17, EITREES EFEHRS 1 = 2 17, ETREES
[ Step 3 J

Step 4
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- = [ ] “ - ] ] u
EE wgt {HfE val \N 0 1 2 3 4 EE wgt (H{H val el o 1 2 3 4
wgt[i-11  valli-1] ] ) ° ] ] ) wgtl[i-11 valli-1] ] ] ) ) ° ]
1 5 (] 1 5 10 15 20 1 5 (] 1 [} 5 10 15 20
2 1 * 2 [) 2 1 * 2
3 15 - 3 ) 1 3 15 - 3 0
- | ] ]:) —— - [ ]
EFEDSE i = 2 17, ETREEE SeRED®R, B dp MENHME i - 2 HFIENR
Step 5 Step 6

14-23 R MREET B REAENBIREHE IR

RIS EH LUl B, (TR M dp RYSE—AEMIPR:

// == File: unbounded_knapsack.cpp =

/* TEHEE: TEREMBNENRERE] «/
int unboundedKnapsackDPComp(vector<int> &wgt, vector<int> &val, int cap) {
int n = wgt.size();
// Wk dp R
vector<int> dp(cap + 1, 0);
/] ARREE
for (int 1 = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
/| EEBEERE, fEYSR 1
dplc] = dplcl;
} else {
// RENEYG 1 EMELRNRAE
dplc] = max(dpl[c], dplc - wgt[i - 1]] + valli - 1]);

¥
+
return dplcapl;

14.5.2 ERRIBRFIE

HHEEZ - REBEHEBREN IR, HEEREEE, AT,

Question
450 n FERERE, R 0 MEREMSINTEE S coinsli — 1], BFESEA amt , R ] DUE BRI, R
ReshiR I AR SRR R/ DB R, RERE B, ANRME —1 , REIGNE 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.cpp =

[*x TR BRI +/
int coinChangeDP(vector<int> &coins, int amt) {
int n = coins.size();
int MAX = amt + 1;
/] #EE dp &
vector<vector<int>> dp(n + 1, vector<int>(amt + 1, 0));
/] REERE. 51775
for (int a = 1; a <= amt; a++) {
dpl@][a] = MAX;

+
/] KEEEEFS: HER{TAIS
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EEBEIZEEEE, B EEE 1
dplillal = dpl[i - 11[al;
} else {
/] FEFEEE 1 EmEARNBIME
dp[illa]l = min(dp[i - 1][al, dp[il[a - coins[i - 1]1] + 1);
}
+
+

return dp[n][amt] !'= MAX ? dp[n][amt] : -1;

14-25 JeoR 7 ZER IRV ENREIENERE, Mseeh tREIEFEARLL

8 &4 & & 8 & & ¢
Rt i SNl e 1 2 3 4 R HfE Nale 1 2 3 4
coins[i-1] [ i coins[i-1] 0 ) MAX MAX MAX MAX
1 1 @ 1 1 @ ! 0
2 2 @ : 2 2 @ - 0
3 5 @ 3 3 5 @ 3 0
WHESR n-3 Bl amt - 4 WEEE n-3 EiSEE  amt = 4
MEURTS (n+1) x (amt+1) B dp JERE AW ETTS max = amt + 1 | EHFIB 0

Step 1 Step 2
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5 & 6 6
=R EfE h 0 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
KRG

#:
dp[i, al] = min( dp[i - 1, a] ,

dpl[i, a - coins[i-1]] + 1 )

[ Step 3
s & & 6 6
MR [ K ) 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, al] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1)
[ Step 5
5 & & 6
=R mfE h 0 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 3 ) 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 GD 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 |

s & & 6
R il h ) 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! 0 1 2 3 4
2 2 @ 2|0 1 1 2 2
3 5 @ | o i
KRGS
#

dpli, al = min( dpli - 1, al ,

Step 11

dpli, a - coins[i-1]] + 1 )

i 4 & 6
& EfE el 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 &
i & & 8
R EiE N e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 o : ] 1 2 3 o
2 2 @ » ] 1
3 5 @ 3 [
R
#:
dpl[i, al = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
Step 6
i 4 & 6
R EE Nal e 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 Nale 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 @ 3 [ i
R
#:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
'step 10
: & & 6 6
R EfE SNal e 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 @ : ] 1 1
KRR
#:
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )
Step 12
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5 &4 & 6 5 & & &
=R EfE el 1 2 3 4 (] EfE el 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 @ ! 0 1 2 3 4
2 2 @ 2|0 1 1 e 2 2 ® 2|e¢ 1 1 2 2
3 5 @ - [} 1 1 2 3 5 @ - 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
R M \i\a 0 1 2 3 4
i coins[i-1] 0 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 [ R AL A R B 77 R s 2 R Rl — B
// == File: coin_change.cpp =

[* B TERECRINERERE «/
int coinChangeDPComp(vector<int> &coins, int amt) {
int n = coins.size();
int MAX = amt + 1;
/] #EE dp &
vector<int> dp(amt + 1, MAX);
dp[0] = ©O;
/] ARREE
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] BEBEIZEEEE, AfEEE 1
dplal] = dplal;
} else {
/] FEFEEE 1 EmEARNBIIME
dpla] = min(dp[al, dpl[a - coins[i - 1]] + 1);

+
}
return dplamt] != MAX ? dp[amt] : -1;
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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.cpp =

[*x BRI I1: BREREI «/

int coinChangeIIDP(vector<int> &coins, int amt) {
int n = coins.size();
// ¥iatk dp R

vector<vector<int>> dp(n + 1, vector<int>(amt + 1, 0));
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!l B ES
for (int i = 0; 1 <= n; i++) {
dpl[il[e] = 1;
+
/] KREEETS
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] BEBBEIZEEEE, AfEEE 1
dpl[illa] = dpl[i - 11[al;
} else {
/] BEFRFE 1 EmESRZM

dp[il[a] = dp[i - 11[a] + dp[il[a - coins[i - 1]];

}
}
return dp[n][amt];

3. FHRER

e E AR PR 7T T A, R P e 2 R
// == File: coin_change_ii.cpp =

[* ZEFM 11 TERECRNERERSE «/
int coinChangeIIDPComp(vector<int> &coins, int amt) {
int n = coins.size();
[l %k dp *=
vector<int> dp(amt + 1, 0);
dplB] = 1;
/] KRB
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) A{
/] EBBEIEEE, B EEE i
dplal = dplal;
} else {
/] EAEEE 1 EmERRZM
dplal] = dpl[a] + dp[a - coins[i - 1]];

F
I

return dpl[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  HiiE AR RETE S

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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7

dp[lhj] = 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,

BlgsREHERE T2, 8 dpld, j] WM/ T, B77. 7o o7 Ifg, DRIz i i g 2 1 ZE R RE A dp 2RENFT

2. ERBER

// == File: edit_distance.cpp =

/* 4REEBERE. BNREIRE +/

int editDistanceDP(string s, string t) {
int n = s.length(), m = t.length();
vector<vector<int>> dp(n + 1, vector<int>(m + 1, 0));
/] KRB Eﬁﬁ’iu

for (int i = 1; i <= n; i++) {

dp[il[e] = i;
}.
for (int j = 1; J <=m; j++) {
dp[01[3]1 = 3;
}
/] KEEEEFS . HERITAIS
for (int i = 1; i <= n; i++) {
for (1nt j=1; 3 <=m j++) A
if (s[i - 11 = t[j - 1) {
/] EMmFcEE, MEEZBNBILMFT
dpl[il[3] = dp[i - 11[F - 11;
} else {
/] BRVRESE = A bk, BREZFRENRIVEESE + 1
dp[il[3j] = min(min(dp[il[j - 11, dpl[i - 11[31), dpl[i - 11[F - 11) + 1;
}
+
}

return dp[n][ml;

GHIE 14-30 P, o ok A ] R )R RE RS i R B T RO P R B 0L, # P DA 1 B — (8 — M A A
o
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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.cpp =

/* 4REERERE. TRIREMEBINEIRERE] */
int editDistanceDPComp(string s, string t) {
int n = s.length(), m = t.length();
vector<int> dp(m + 1, 0);
/] IRREER: BT
for (int j = 1; j <= m; j++) {
dpl[jl = 3;
+
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for (int i = 1; i <= n; i++) {
/] IRREERE: B
int leftup = dpl[0]; // &7 dp[i-1, j-1]
dp[0] = i

/] KREEERS . HERY
for (int j = 1; j <= m; j++) {
int temp = dp[jl;
if (s[i - 1] = t[j - 1D {
/] EMFEE, BEEIBILMFT
dp[j] = leftup;
} else {
/] =VERESE = A bR, BREZFRENR IV REESE + 1
dp[j] = min(minCdp[j - 11, dp[3jl1), leftup) + 1;
}
leftup = temp; // EFMA T8 dpli-1, j-1]
+
}
return 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

- EIRRAERE R (ARG, HORAHE R Rz IRREE B, T B NSRRI AR . RF 2 SR
PR B SRR, SR GE A B RE A PR SR

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 =,

- R R AR R EEE R, RIEERERAY MEKEERS R 0-1 B EMENHE, HR
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,
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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,

BiRER HEWE BRBEFAR AREERGESHENEE
131
:
31 J— :
¥
e U
¥
:
N R -
”
M (1)
0
@ 15-1 FEE TR RN
BB NATR:
// == File: coin_change_greedy.cpp =

[* ZERM: BF «/
int coinChangeGreedy(vector<int> &coins, int amt) {
// 8% coins EFIERE

int i = coins.size() - 1;
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int count = 0;

/] BEETEEEE, BRIERGRESRE

while (amt > 0) {
/] EINR BRIZRE R AR S REAVRE S
while (i > 0 && coins[i] > amt) {

1--;

}

// ##E coins[i]

amt -= coins[i];

count++;
I
[/ BERXEFIEITHZE, AlRE -1
return amt = 0 ? count : -1;

YRATRE & 3% H/EE . So clean | BAAHEITAEMAHTRENHERUMIR T Z 8 (o il

15.1.1 BREREZNEMRERYE

B IRA R B, BB, L@ R PR AR, 12 DA LR, SORE RN E{E A min(coins)
, RIBAEEISE 2 WM amt/ min(coins) R, RHEHER O(amt/ min(coins)) . & HLEIRERIBIfEE
RERIEREE O(n X amt) /NT —(EBELR,

SR, BRSNS EEA S, SRR RERBR . (8 15-2 &t T mEs .

- BB coins = [1,5,10,20,50,100]: fEZBSAHET, SEMEE amt, EEHEEILEA] ARER
{378

- Ml coins = [1,20,50]: &% amt = 60, EEFDEHAERE 50 + 1 x 10 WEHES, Hat
11 #hsitss, (HBHRERIEIAT ARSI SLHHR 20 4 20 + 20, {87 3 B,

- B coins = [1,49,50]: &% amt = 98, EBEEIEAAEIKE 50 + 1 x 48 il s, Hat
49 WrEs, (HBYREAREI AT DARFIR MR 49 + 49, (47 2 B,

13 Bifst ARRNARESR BRRREIRESE
(IR RRR) (SIRIERBAR)

(1) 60 +@x10 x3
@ 98 +©x48 xz

15-2 B AR RIRIE R i R AR B

WtEH, BRTECREE, SAHEREAREIE 2R ER, 3 HA A REREAER R, ©E
18 5 B RE R AR

—RRILS, EARERIRRIE AL DA R,
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L. nfCAPRGER B B B RIR RS I MEE R R R, R T AL, BhREREE &5,
2. nIDMRENEUR R SAEEIATEIERE AN MR AT IR, BIRNR 2 AR AR, SHesitRE
AR IREE, BE DA SRR ER BN AR A A EERY,

15.1.2 BEERERNE
ARERIEA T, A BRI & S A SRR R e ? siE s, S BIAEM BTN il ARE RS R
Ei?
METRENREME], B RTARI MR EINET I, HE E R R M
- AANRIEENE . A ERREEEAA A ISR e R e AR, SAEEIR RERES 2 R AR
- ERETAR: RN RERE S TR R SR
REFHEMOEE “BIRNE" P NAE, SEAEER, BESEENE, —ERENERE TR
HAEE, (EA52R AT B AR TR IR

B T ER T AR E A7, R ERRE R, HERE BRI, Saik
IRV REAE S 3

BIanF eI, WMEEARES A BRI B, BB EDE T, HREAERER WIRM:
TR PR PF A B AR 5 vl DAfSE P SR R OR MR TR RIS B R sl R B - Ak At — (AR R P P Y
B, M DAE R R B,

Quote

H—RasSGE T8 O(n®) WA OB,  FARAIBT—(E R AL & fl 75 58 P B A T SRR
HE R SRR R

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

BHARER R A 22 AR =2,

L. S0 e SRR R, AR IR. R BAEMAHRRAF S, 18— P AE A1 Zh e Sl
FHEET M

2. W ARG FEE AR Dt AR, IS RIS RESIE o — DB NEERT R, M AR
DR (A,

3. IEREVERN: B R EERE A BRI E RS T, SRR RETRE MBI, B
QRERANIR B SR TR

HEE SRR 2 SRR OV B, (BB AR AR A 5, TEAUREE,

© AIRIETER BRI 2 BB, BT 2 AR, BN LR R, BB — LA S B
ERUAEIS o TSR — LM, SRR AT REAR RS RS, SRR DU TR =5 Bl A\ e Ae B b
HRIRREN 7o
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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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w
i
ﬁ
®
T
@
oY
o
3
F

et FH B T At — B 0 R 7

R EE HE BEE
val[i-1] R E{IRE

i wgt[i-1] val[i-1] wetli-1] HEEEHEE

2 20 120 6 2

4 40 210 5.5 % P

1 10 50 5 ) BOREEUEEERNYS
3 30 150 5 ™Y

5 50 240 4.8 7

15-5 7380t ERY S AR

2. EARER

BATESL 7 — 8V & Ttem , DABEREYSL I IRBEA BEDEITHES . RENME T RS, EuCimkpk
HH 3R [ A

// == File: fractional_knapsack.cpp =

/* ¥ */
class Item {
public:
int w; // Y@mEE
int v; // Y&EE

Item(int w, int v) : w(w), v(v) {
}
i

/* DEEE. 8% «/
double fractionalKnapsack(vector<int> &wgt, vector<int> &val, int cap) {
// BiYmey, eamEBY: EE. EE
vector<Item> items;
for (int 1 = 0; i < wgt.size(); i++) {
items.push_back(Item(wgt[i], vallil));
+
/] FEREMEE item.v / item.w HSEURETHF
sort(items.begin(), items.end(), [](Item &a, Item &b) { return (double)a.v / a.w >
< (double)b.v / b.w; });
/] DR EEEEE
double res = 0;
for (auto &item : items) {
if (item.w <= cap) {
/] EREGFARETE, AEETYREEEESE
res += item.v;
cap -= item.w;
} else {
/] BRBGAREFRE, REYRN—HoEES
res += (double)item.v / item.w * cap;
/| BERGAZE, FIBHTE
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break;

return res;

hy

W HE 7 AR IR AR 2 O(logn) , SHEMEER % O(logn) 8 O(n) , BIRRERGES
A EREE B,

BRHEE 25, TERENILT, TEEFHEMEYMHT], FREEHES O(n), Hrbn 290E80E,
HIRFIGGIL T — 18 Ttem ¥fFeRsl, KBLBRBEAEELS O(n) .

3. IEFEtEsEEA

PR Bah v REAEER SO, ERXEEERGRAEES res, HBHIUEY
To

BUEEH B B R AERY S, WERARMERNYS . RS « WEAEERS, Fite
RIVBEE—ERIA res o T res REEFTE, SIRERPLALETN © .
BN R A, PR DS ER P G, RISz, FAMEEE R Sh R R,
HH B AR SR R A R

niE 15-6 FfrR, Q0SRGRA) b EE BRI S B (70 BB 1 — ok AR R A R AN A, S0 o> B0 R T
P2y “SRAEA PRS0 T [ RA BRI SRR LT DR BRI A8 (T Ay L B A BT AE SR (1 2

o

it

-

MREEE
5.25 5 5
% o & (S
YREE
40 10 30
50
A saER

15-6 8 BRE A RR
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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 BRRA BRI R

AR AR AL, RIAERGIRE 2 MR AR ARG ], L% [4, ]
HURER, ARENEERUEE, HrhmEdERIE, SERMRIRNESIR 22, AR5 capli, j]

. TS Et AR
capli, j} = min(ht[i], ht[7]) x (j —1)

SEMEI R %, FERIRAAL A ROR GIREEAER0 2 C2 = 2 mersisty, SRVl BASSSRR AR
RE, HEMiRIHRAAR, RIS O(n2) .

1. BERBEE

SR AR, W 15-8 R, BUBE—EIRAE [1, /] , HUNERS1i < j B ht[i] < htlj]
B i 2R, § B ERIR

)
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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 7 8 7
w7 HR 7
6 6
5 5
4 4
3 3
2 2
1 1
o 0
[ 1 2 3 4 5 6 7 [} 1 2 3 4 5 6 7
HHBE cap = min(ht[il, ht[j1) x (j-i) = 28 EHB® cap = min(ht[i], ht[j1) x (j-i) = 21
l Step 5 BABE res = max(cap, res) = 28 Step 6 BABE res = max(cap, res) = 28
i i
v v
8 8
7 7 .
‘ | : :
5 ER s
4 . 4
3 J 3
a2 2
1 | 1
o o
o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
HHAE cap = min(ht[il, ht[j]) x (j-i) = & EHAR cap = min(ht[i], ht[j]) x (j-i) = 5
l Step 7 BABE res = max(cap, res) = 28 Step 8 BABE res = max(cap, res) = 28
ij
v
8
7
6
5
4
3
2
1
]
0 1 2 3 4 5 6 7

v HER 1R j AEE,

Step 9 . BRHAREE, 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.cpp =

/* RABE: Y */

int maxCapacity(vector<int> &ht) {
[/ W i, j, EEDFIEYIWS
int i = 0, j = ht.size() - 1;
/] VERABES 0
int res 0;
[/ EEEEEE, EEWREE
while (i <

i) A
/] BRAEE

(=)

g " St
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int cap = min(ht[i], ht[j]) = (3 - 1i);
res = max(res, cap);

/] FARBEIER

if (ht[i] < ht[j]) {

i++;
} else {
J--i
}
I
return res;
I
3. IEFEM$:ERA

ZFU B Es B, R A SR EEENE Pui” —SiRE,

FEANTERRRE capli, j] F, @ ZRIR. J RRiR. & EZHURIGHR ¢ N8 —i%, E8%0E 15-12 FRmikeE
W UBRE”, EEWE 2 REEAE S IR E RN,

CCLp[i,i-l— 1],cap[i,i + 2]7 ,C&p[i,j— 2],cap[i,j— 1]

capl[e, 7] capl[1, 7]

caple, 6] caplo, 5] caple, 4]

caple, 3] capl[o, 2] cap[e, 1]

15-12 BEEfESkE AR RE

BlsaEsl, ey rR B E PR ERUSE R j NBEINFAIRE. MM eEEHNE R &
LR, s, WERrGRERTrIRERRER, POl el &S BEni n .

DA b #raei, MEERARIER “Ze” 1Y, BERIEE A,
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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

FETER, B n < 3HNBFUEN, ERSH—EL, ’EA L X (n—1),
// == File: max_product_cutting.cpp =

/% RAYUIDFE: 8 +/
int maxProductCutting(int n) {
// & n <= 3 K, HEJDSH—E 1
if (n <= 3) {
return 1 * (n - 1);

+
/] BEMTINH 3, a A 3 WEH, b ABH
inta=n/3;
intb=n%3;
if (b = 1) {
/] ERREA 1 K, 8 1 % 3 HBkAE 2 x 2
return (int)pow(3, a - 1) * 2 % 2;
¥
if (b = 2) {
/] ERHA 2 B, TMEE
return (int)pow(3, a) * 2;
}

/] BRER 0 B, TMERE

return (int)pow(3, a);

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
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