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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
33 BFHB" BREMHRE. ARz A, REMATRS, BEAREIRIE, BEMRANR
34 FHEHD WA, t 3%, B B, FRs 2 R MRS E AR
35 o
B f4m gASHE O © @3
S W5E HBSUT >
@ BeE wEE , @ wroters 1558w B
b oETE W > FEE~ SENRERRERLE, FbE . MHTE | BNARERER
D owes i N "SRl (EREFIRATRE) . RGP, BEENEME (R3) BEE—TER Y
= SRCEBY —REEN, XTREECIR (RNORN) | BRI ERNE, i, BEXTE
oogoE @ > FNESE (A, BF) MRS (W) SESH,
= OBI0E ER > e Gm)
Il BNE AF >
vz ER2E A > WA HK Aa
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@ EBE AL >
@ ®ieE MR >
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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



1R VAL www.hello-algo.com 12

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,



1R VAL www.hello-algo.com 14

- RS HEED, DS AR,
- ERHRIEATREDUE, MREERIWIML. B, MBR. EHEE,
- RUEERIEREOREEE N, DUEEEIASHIT,

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

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

1.2.3 EREBERREEZNRIR

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

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

BE—RIUREES

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

data structure

RUtERLHEEFNER
BN PEN B RHRIES &

[ 1-4 BRSBTS IR AR (R

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

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

11 R R R B R L 2 PHEREAR

BRUEREEETE  PREEAR

B R RPHERTREA

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

it R TSR

ERSAE, ERERREERERINENRGESH. ERM, AEFURHERZEEAESVE
B,

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

1.3 &g

1. ERSEIEE

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

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

- BWERENSRAH L REBEER, DRI RTE AR S E,

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

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

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

2. Q&A

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

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

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

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

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

fE LRI, KREMEEH DUESIREMRN, F2MEREWN “E127 Mgk T, MENESRE—T7
T AR R REAS B MR, 59— T R B TR O O RIGt #. A\RURTRRR e M, AEBRilZe, ot
IR &R, P RERE R TR 15 B (A



F2E EEESNR

17

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.cs =

/* 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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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,

THEFHMA while EREAREHRKM 1 +2+ -+ n:
// == File: iteration.cs =

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

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

res += i;

i+=1; // EFRRGEH
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.cs =

/* 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 += i;
/] EERIRHEE
i+=1;
i %= 2;
}
return res;

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

3. BEikiDE

B AT DAFE — {0 R 45 N AR 55— (EE R 454, R A for JEE A5
// == File: iteration.cs =
/* EE for TE x/

string NestedForLoop(int n) {
StringBuilder res = new();

// EBE i=1, 2, ..., n-1, n

for (int i = 1; i <= n; i++) {
// E®E j =1, 2, ..., n-1, n
for (int j = 1; j <= n; j++) {

res.Append($" ({i}, {iB), ");
}
}

return res.ToString();

[ 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.cs =

/* 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

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

/* BIEE %/
int TailRecur(int n, int res) {
/] #&IEEHE
if (n = 0)
return res;
/] EEEML

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 ‘& I
recur(n, @) return N+ .+5+4+3+2+1
recur(n-1, n) return n+ . +5+4+3+2+1

} f

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

| f

recur(3, n+..+5+4) return n+ .. +5+4+3+2+1
recur(2, n+..+5+4+3) return n+ .. +5+4+3+2+1
recur(l, n+.+5+4+3+2 . return n+ .. +5+4+3+2+1
(1, ) BEHEE
| b |

recur(0, n+..+5+4+3+2+1)

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

2-5 FRIRE @

Tip
TR, FrEAmeEey B E A SR BRI R L, B4, Python THRASZF;RIREREN,
IR R O ERIREE I, 755K AT RE & i 2 S AR it 7 TR,

3. EiDi

BB “iR” AHBARERIERER, BT AR R EE, RXBEMSE, D B
BE” %l

Question

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

REPACRESNE n 88T f(n), HISmEESR.

BRI 2 f(1) = 01 £(2) = 1.
WIS T RS, B f(n) = fin— 1)+ f(n—2).

TEIORAERR (R TIRIEOEN, AT EE (e AR kA, fEn] R RIS, FFAY fib(n) BIRI1SEIE
BARTRBBNEIE n fEE:

// == File: recursion.cs

/% BIRARRENS: EE «/
int Fib(int n) {
/] #&IE&HF f(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,

DR, FRAP AT DASsE Y — i S R M B AR IS S ME B R 7 2, 1RC T R R T 2 ik A T 2K
// == File: recursion.cs =

[* EREIEEEE «/
int ForLoopRecur(int n) {
/] ER—ERETCRYHE BRI R LR
Stack<int> stack = new();
int res = 0;
/] & EEEyY
for (int i =n; 1 > 0; i--) {
/] BB NEBIRE R R
stack.Push(i);
}
// 1@: R[EIEER
while (stack.Count > 0) {
/] BEE HEBIRE R T
res += stack.Pop();

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

B DA ERESHS, EREERIER, BAEG E M 7 EIRRNEREAR ZH N r] LE A
e, EAR—EERIEHRM, A LUTmRREE,

- ELRAVREICHE AT RE AN & DABRR, ATRIE s 2=,

- BPASEERMEE,  BUREAR G B A1 T 2% AT RETE R IR
Mz, BREORRIBRE PR E BT, R REHERE, ERWE R E SRR RS 5
MU AR,
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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. MEEiTEE, GifmiitE. BES. RARRSE, BERENGZEEIBIBITIE,
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
// BE n &
for (int i =0; i < n; i++) { // 1 ns
Console.WritelLine(0); // 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 AlgorithmA(int n) {
Console.WritelLine(0);

¥

/] BEE B BHEFERME: &M%

void AlgorithmB(int n) {
for (int i = 0; i < n; i++) {

Console.WritelLine(0);

h

}
/] REE C MESEEME: BEE
void AlgorithmC(int n) {
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for (int i = 0; i < 1000000; i++) {
Console.WritelLine(0);

}

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

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

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

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

WEE ¢ - BHR

1000000
WEZE B — IR

HELERITRE 10
5 /Mﬂﬁ
0

@ 1 2 3 4 5 6 7 8 9

BNBEERN

n

@ 2-7 B A, B C ARG RS

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

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

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

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

2.3.2 FXENELES

A —flE AR/ N o RO BRI
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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&HHHIT 1 ++)
Console.WritelLine(0); // +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 #HFE

ML B RBERIR AR E, (IR A e g, WEARO. BMe] DUREIRIER A, A
B, sl O BRI

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++) {
Console.WritelLine(0);

}

// +n*n (15 3)

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

Console.WritelLine(0);

h

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

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

=202 +Tn+3
T(n)=n%>+n fintgsiat (0.0)
2. F=H: JEHELR
eI ARIE T (n) i@k UGE ., B2 N AT n MRS KR, REFER S E T EER, Hit

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 0(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.cs =

[*x BEBE */
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.cs =

[* 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.cs =

[* HRUERE (ERRET)  */
int ArrayTraversal(int[] nums) {
int count = 0;
// ERERE Y REMIELL
foreach (int num in 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.cs =

/* 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 ¥EE 7 HBIRE . ARVERERIF- T B = RER A

1R
BRI RREE Rt SR
HHE o(1) R o(n) F75H o(n?)

(] KE—mEsEme

[ 2-10 HEEE, PRS0 75 R A ike e 4R L

DLEERHE R 2, SMEEBIBIT n— 1%, WEEBRT — 1. n—2, . 2 1K, F92%n/2%, A
IR RE 2 O((n — 1)n/2) = O(n?) :

// == File: time_complexity.cs =

/* FAEEE CEXHE) */
int BubbleSort(int[] nums) {
int count = 0; // =tEi8s
// SMERE: RHFERZS [0, il
for (int i = nums.Length - 1; i > 0; i--) {
/] WNERE: ERHEFER [0, 1] PHRRATERREZEBNREGH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]1) {
// ¥ nums[j] £ nums[j + 1]
(nums[j + 11, nums[j]) = (nums[j], nums[]j + 1]);
count += 3; // mEXMEE 3 EETIRE

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 FO DA ARSI 7 MR 240 EAR, RERIEREE A O(27) o sER, #WA n RRsHine, 1&E
{8 count FTRAEFZIEL

// == File: time_complexity.cs =

/* 3B (EEEIR) */
int Exponential(int n) {
int count = 0, bas = 1;
// ERsm—DAZ, RES 1, 2, 4, 8, ..., 2°(n-1)
for (int i = 0; 1 < n; i++) {
for (int j = 0; j < bas; j++) {
count++;
}
bas *= 2;
¥
// count =1+ 2+ 4+ 8+ .. + 2"(n-1) = 2*n - 1
return count;

}

BT HE
BE—5HAZ R E

2B

21

2 . @
znfi
HRIAFIAR (EriEii iR ——
20 4+ 21 4 22 4 4 271 = 209 fEBRE o(2")

2-11 AEBPER IR R

EEREEES, R HEREE R, Gl AN, HiEEth—a% =, & n Ro3E
fE1k:

// == File: time_complexity.cs =

/* 1BEME (REEIR) */
int ExpRecur(int n) {
if (n = 1) return 1;
return ExpRecur(n - 1) + ExpRecur(n - 1) + 1;

EHRE RAERIE, 8L (BNES, B%) PHBE R, BNEREBEERIME, B8R
FITEAZIY, JE R T R B R A e A T RS A AR R
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5. HEmE O(logn)

BB, BBRE R T “BaaRE " BT, SMABERN S n, HREBRERE A, H
T R R log, n, Bl 2™ BRI

[ 2-12 FCL RIS RERE T “SHRaRE " iEtR, RERERE % O(log,n) , fliic#y O(logn) :
// == File: time_complexity.cs =

/*x HEPE (BEEIR) */
int Logarithmic(int n) {
int count = 0;
while (n > 1) {
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 BEPEH IRy R

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

/x HEME (BEER) */

int LogRecur(int n) {
if (n <= 1) return 0;
return LogRecur(n / 2) + 1;

BRI H BN AR A RIS IEENE S, ST "R M ERMET MEEAEA, CHRRRE,
T R B ) BHLAE B TR R A
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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)

ARV ERE B AR R R, R R R R LA O(logn) #1 O(n) o FHBRARESEBANTR :
// == File: time_complexity.cs =

[* HRIEEERE «/
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;

2-13 JroR T AR BIE AR OT e TR — TR IRIERR BT 2y n, BI3EA log, n + 18, KL
EEEE 2 O(nlogn) o

EEMIRIERRN
Illiil
O nx1=n
IR 3 R N
o o A
## log,n+1 B
TR L IR L
- 4 n
P P P P r—
n = (log,n +1)
BSRTREEEE
1R 10;
1 n n

1R 0(nlogn)
— e

2-13 AR AR O B ] MR

FHE R EEIA R R B AR EE R & O(nlogn) , Blintistkr. &0, HRHEFS,



2w AR www.hello-algo.com 38

7. WM O(n))

RESRFEE B B “2Hp” B, € n MEAERITTR, KEARTRERHIIT R, 7TREER:

nl=nxn—1)x(n—2)x-x2x1

BRI & i R BB, aniE 2-14 MU MESEATR, B EoRt n fl, BEoRHn — 1, Dt
e, HES n ERELDER:

// == File: time_complexity.cs =

[* BEFPE (REEIR) */
int FactorialRecur(int n) {
if (n = 0) return 1;
int count = 0;
// #® 1 ESHEH n @
for (int i = 0; 1 < n; i++) {
count += FactorialRecur(n - 1);

Iy
return count;
I
=@ BEN
NEYE RS BE
n n
n-1 n(n-1)
n-2 n(n-1)(n-2) - #n B
1 “ee “ee “ee n
SHHINARY (NRRENHREE) BERIIRRERE
nx (n-1) = (n-2) x . x 2 x 1 = n! PERRE o(n!)
2-14  FE3fe R& Y IR 1 A FEE
SVERL, P2H 0 > ABFIA nl > 27, R CARCTRRS LRSI RAGELR, 15 n BRI R R AT B2,

2.3.5 RE. RE. FYSRIEMHE

RN RIS R B, i B A\ R A B (R A —ERE Sy n (95 nums ,  H

Honums FTE 1 = n MEFHK, SR BB HETRIEFZEMETELR, T8 HEERIREDTR 1
MIZR5 1o Pl AT DATSH DA R A ao
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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.cs =

/* ER—ERES), &% {1, 2, ..., n}, [EBFHITEL «/
int[] RandomNumbers(int n) {
int[] nums = new int[n];
/] E£BES nums = {1, 2, 3, ..., n}t
for (int 1 = 0; 1 < n; i++) {
nums[i] = i + 1;

F
/] BEHFTELRES TR

for (int i = 0; i < nums.Length; i++) {
int index = new Random().Next(i, nums.Length);
(nums[i], nums[index]) = (nums[index], nums[i]);
}

return nums;

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

int FindOne(int[] nums) {
for (int i = 0; i < nums.Length; i++) {
/] BitE 1 1EMEYEEEREr, EIRERMEMEE 0(1)
/] BE 1 EREYIEIE, ZEXREREEHRE 0(n)
if (nums[i] = 1)
return i;

}

return -1;

FEARRRIIN R,  FelPIE TENE PR R0 PR A R I MO, TR 20 8 U A M R AR, ATRE @Ak
SRR, TRERE T BRI E A RON, RATEIN T IR R R, AR DAL M A
%,

i SRR AT, 2 R A I R R MR L B “RSTRAOVERI M, e i R R
FTREMRD, A RAEE B MR B R BT, AL R, PRSI RIEAR 5 i ARSI A DB\ )
RIS, O kiR,

SRS, BT AR RLA L H BEASEOR A FIOTEIRIL, Hen B3R, Hrr i A 2 T
AL, DUHTEE | HITE R RS MR AR, VRS TR Bt 2 51 R Ry —2 1 /2
| ARSI S O(n/2) = O(n) .

(A 2 WS, 3H BT WS RIR (AR W R, DR 23 M S A7 L 2 ORS3 H F I A e
Y, FEREREIETL R, Bl P 5 T (2 W B R S s,
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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 :



H2®| RO www.hello-algo.com 41

/* 38R %/

class Node(int x) {
int val = x;
Node next;

hy

/* R */
int Function() {

[l BATHLARE. ..

return 0;

}

int Algorithm(int n) { /] BANER
const int a = 0; /]l BEER (BE)
int b = 0; // BEER (820
Node node = new(0); // BEER (94
int ¢ = Function(); // EEETRE (R
return a + b + c; /] EHER

}

2.4.2 #HAZE

22 A O HE SR 75 TR BRI P AR R ], TRt e "R BE” % "SRR,
BRI AR A F R, FRIMEH DR 2 RS, SRR B R —HE R, |
HMERRIERT A I N ER N EA R SR RC IR S R T A

BIRDUT AR, RETSHEMETN “RE" AMESE.

1. AREWABERIA%E: B o < 10 K, SHEREZ O(1) ; EE n > 10 K, ¥HLARES] nuns {4
H O(n) =M, FtREZEERER O(n) .

2. DABSIEBAT IR ERC IS 2ot BN, MATEBUTRE 17280, 15 O(1) =M, ERh Lk
nums I, FRAGH O(n) =M, FHtEESHERES O(n) .

void Algorithm(int n) {

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

int[] nums = new int[n]; // 0(n)

h

TR P, TRERSTEHE B, Bl DU REA:

int Function() {
/] BHITRLEIR(E
return 0;
}
/* EEMNT=EEHRES 0(1) */
void Loop(int n) {
for (int i = 0; i < n; i++) {
Function();

}
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/* EENTHEEHRES 0(n) */
int Recur(int n) {
if (n = 1) return 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.cs =

[* B */

int Function() {

/] BITRLEAR(E
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return 0;

I
[* BEEE «/

void Constant(int n) {

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

int a = 0;

int b = 0;

int[] nums = new int[10000];

ListNode node = new(0);

/] BEFNEEGE 0(1) =M

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

+

/] BEFHRIGE 0(1) =M

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

}

2. 1R O(n)

ARPEREH A TR EE R n BOE LMY SRAS RS B, (7515
// == File: space_complexity.cs =

[* ARMERE x/

void Linear(int n) {
// REZ n BREFHER 0(n) =M
int[] nums = new int[n];
// EE#% n B9851EAR 0(n) =
List<ListNode> nodes = [];
for (int 1 = 0; 1 < n; i++) {

nodes.Add(new ListNode(i));

}

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

Dictionary<int, string> map = [];

for (int i = 0; 1 < n; i++) {
map.Add(i, i.ToString());

¥

qniE 2-17 foR, BERINEERE S n, RIFRREE n EARRER 1inear_recur () B, i/ O(n) K
ZINFR A I 2 ] -

// == File: space_complexity.cs =

[* HRMERE (RIEEIR) */

void LinearRecur(int n) {
Console.WriteLine(" J&EE n = " + n);
if (n = 1) return;
LinearRecur(n - 1);
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g nt
r..:]-F E “ni@”
linear_recur(n) return @
linear_recur(n-1) return @
" | 1
linear_recur(2) return @
mEaE
1 R T
linear_recur(1) return @
ERFVRETFIRRES n CRIEHEE
HEEA 0(n) HEEESR $ERE o(n)

2-17 3 bR 22 A AR R 2 R T P

3. EAKEO(n?)

7T R AR, TTREER n SOV 7T R A
// == File: space_complexity.cs =

/*x FHBE */
void Quadratic(int n) {
// 5EREGE 0(n”2) =R
int[,] numMatrix = new int[n, nl;
/] Z#ERFEA 0(nt2) =R
List<List<int>> numList = [];
for (int i = 0; 1 < n; i++) {
List<int> tmp = [1;
for (int j = 0; j < n; j++) {
tmp.Add(0);
+
numList.Add(tmp);

aniE 2-18 iR, sZERAANEIIRE X n, TESEREE X PHgIae 7 — M@k, REZHZ n. n— 1,
V201, HgREAN/2, FHLAEE O(n?) 2/H:

// == File: space_complexity.cs =

/* FHME (EEEIR) */
int QuadraticRecur(int n) {
if (n <= 0) return 0;
int[] nums = new int[n];
Console.WriteLine(" J&E n = " + n + " HM nums BE = " + nums.Length);
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")

TR A oo, BISRE 2-19, ¥R n B W o IETREER 27 — 1, A5 O(27) =M:

// == File: space_complexity.cs

/* IBEME GEm—ioi) */
TreeNode? BuildTree(int n) {
if (n = 0) return null;
TreeNode root = new(0) {
left = BuildTree(n - 1),
right = BuildTree(n - 1)
I

return root;

FRABRE S

20 4 21 4 22 4 ... 4 2n-1 - 2n_q

EENEIRAEE

20

21

22 >

-
W

2n-1

ShRME
2% o(2)
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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 = new int[5];
float[] decimals = new float[5];
char[] characters = new char[5];
bool[] bools = new bool[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.



3w BRAHE www.hello-algo.com 54

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 FE5ERIRE

1. #haepEs

T AT DAARAR 75 K% FH B A1 Y iR W) 4k 77 3 IRRIEGME. AT WIME. TEARTEEVIIRERNEN T, K28
FEGE S &k bs TR Iaa 2 0 -

// = File: array.cs =

/* HEES */

int[] arr = new int[5]; // [ 6, 0, 0, 0, 0 ]
int[] nums = [1, 3, 2, 5, 4];

2. shRTTE

BB TR ARSI RL IR S T, EEWE R RS TR AR A AR A 5. e R IR AL
it (ECsReiEmnat) FRMETRIRG, BMTa] DUERE 4-2 FoRiy ARG RS SRt R rsC g AL,
T BRI HRZ TR,
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(£ 2]

TE®Sl o 1 2 3 &

oteREMat o0 o4 08 12 16

TTRRE -4

wRCERAE - EIRERE + TRRE « TRES|

(B &) (fhHRFS 8)

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

& 4-2 FEFITTRAGE R AEE R

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

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

/* BEMSEARE TR */

int RandomAccess(int[] nums) {
Random random = new();
// E&ER [0, nums.Length) MFEHEIMEN—ESF
int randomIndex = random.Next(nums.lLength);
/] FEBIR[EIPEE TS
int randomNum = nums[randomIndex];
return randomNum;

3. fARE

FEFITCRIEC R TR “RIREN, EMZMRESHEARERE R, WE 4-3 FR, QR RAELE RS
MA—ETR, RIFREEZTR 2RI AICRE R, R RRESZRI(.
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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.cs =

/* 7EMEFIMZES| index ERIEATTE num %/
void Insert(int[] nums, int num, int index) {
// BZFE5| index UKRZENFIBETEREZE—I
for (int i = nums.Length - 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

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

/* MIBRZR5| index EBRITTE */
void Remove(int[] nums, int index) {
// BFE5| index ZEBHIFIBETERARIBZEI—L
for (int i = index; i < nums.Length - 1; i++) {
nums[i] = nums[i + 1];

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.cs =

/* EFET] */
void Traverse(int[] nums) {
int count = 0;
/] BEBES|EHRET
for (int i = 0; i < nums.Length; i++) {
count += nums[i];
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}

/] BiEEspkESITTE

foreach (int num in nums) {
count += num;

hy

6. EfTE

FEREA &SR T TC R TR A MY, BT R ER AU, A VLACRIE RS,
K 7 FAI R AR R RS, P DA LR iR e i 2 AR,

// = File: array.cs =

[* TEREFIFREMIEETTE +/
int Find(int[] nums, int target) {
for (int 1 = 0; i < nums.Length; i++) {
if (nums[i] = target)
return i;
}
return -1;

b

7. BT

TEEMER RS T, P IR Y 2 RV S M2 v R, TEmsEk e et Ry A&, Kt

FERZEREAGES T, MR A 51,

QUERBAM A B EA R, AR E TR S, — E B RAIRES, SRR RS T R AR TS, &2 — 1A

O(n) W, EEFIRKIEN FIEEFER, RN TR:
// == File: array.cs =

/* BEEFRE x/
int[] Extend(int[] nums, int enlarge) {
/] et —EiERREZRRES
int[] res = new int[nums.Length + enlarge];
/] &R REIFRE TR E R FES
for (int i = 0; i < nums.Length; i++) {
res[i] = nums[i];

¥
/] REERERFES

return res;

4.1.2 FEFIRBEIERBERE

bEZ AR LIRS N, BooRABIHEE, EEMECSEEREREN, R DFIHELEE R

A AL R RERTR I ERCR,
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- ERRCRR: Y BRI TR AL IR,  ERRE NSRS BR B

© SCREREREGIR RS RFEE O(1) R NEIRHMEMTR,

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

R R TIR, HAP DA NRRME,

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

4.1.3 [E5I|HBIFER

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

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

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

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

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

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

4.2 §ELEERT

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

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

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

linked list

0-0-0-0-0-

M TE R
& 518 (s

BR
node

R ER ]

EFHRE | 77 SAE R
ﬁﬁ?ﬁiﬂﬁﬁ,‘mﬁaﬁ%iﬁﬂ

4-5 SlEGERSIE REGEF TR

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

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

WPANREANEFR, SEA5 S EIRG ListNode FRTHEH, BFREIMEF M5 IH (D). KILIEMERER
2N, ShE5E A LRSS T 2 AEc iR A el

[* SEEEERTIENELEER] */

class ListNode(int x) { //&tEF

int val = x; /] EAELE
ListNode? next; // EET—EEN5 A

4.2.1 IEESERTIERIRE
1. MatLiEsEERT)

FENT SRS RS 2, D RAIGAEETRIE, 58 R R IS B R. WA,
T AT DATES S AR 2 ROBEEN R 3%, BRI FIFEE next MRUGFIFTA iR,

// == File: linked_list.cs =

[* ¥IAHEAERS 1 -> 3 -> 2 -> 5 -> 4 %/
/] R EEER

ListNode nO = new(1);
ListNode nl1 = new(3);
ListNode n2 = new(2);
ListNode n3 = new(5);

ListNode n4 = new(4);
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/] EEERZEESIA

n0.next = nl;
nl.next = n2;
n2.next = n3;
n3.next = n4;

P 5| RS2 —(EAA L, LLANFES] nums B & T3 nums [0] A1 nums [1] 25, TiS4s B 212 B 22 (8 M 32 A BiTR
IR, BRI F I S B R B S e SRS, b an DA BRSNS St eR 27 T Ro AR 5471 no o

2. HENERRE

FESEAS YRR N BB AE R A 5. WNIE 4-6 R, (R IRMTAREARAR A I ETRG no AT nd Z Al A\ —fE5gr &
Hip, MNTRUGEMMERS IR (RED BIn], RREREEZ O(1) .

M2, FERFIHEATRNRREREES O(n) , ERERHER TRREREIT,

g ’
no nl
A
P

P.next = nl
BI< P 5@ n1

G "/
RTINS no A nl ZREAEE P o o

P

nd.next = P
< no 5@ P

A \\N‘II'//t ‘

ne A nl
P

4-6 S ER A ARG

// == File: linked_list.cs =

/* TEIEAEERTIAVENEE n0 ZRIGNEEL P x/
void Insert(ListNode n@®, ListNode P) {
ListNode? nl1l = nO.next;
P.next = nl;
nB.next = P;

i

3. MIPRENES

QniE 4-7 FoR, TESRAS RS IMPRETRS AR 68, Nl —MEags DN (D Bl
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FEER, S EMPRIERIESE AR TR P DSAER n1 , (HEIR BAEFIHAL RS CAERUATIFEI P, SR

& P RN HERZEA RS T,

il
TSRS MIERERS P

// == File: linked_list.cs =

n@.next = nil
B4 no #E[@E n1

CD____4C}4”.

A A

né nl
A

MibRsTRiR, B P HAAER
nl ,

BEMRMERTIBERENHEE P,
HIRMBAER P Bk

[ 4-7 Szt EF 71 R B i

/* MBREEGERTINEIRE n0 ZBRAVEEETR: «/

void Remove(ListNode nB)
if (n@.next = null)
return;
// n@ -> P ->nl
ListNode P = n0@.next;
ListNode? nl = P.next;
n@.next = nl;

4. ShHRIERRY

TERIES P RE RS, 41 - —EATE, FelTATLAE O(1) BERET F o RIRI A E R T2, BAS
HBIHIRS, FRBCTHETE NS, BT, EERE DR, AR, RS RIS i
IAEBEEEE | — 1 6, WIS O(n) o

// == File: linked_list.cs =

[* FhESEERTIRERS% index HIEARL /

ListNode? Access(ListNode? head, int index) {
for (int i = 0; i < index; i++) {

if (head = null)
return null;
head = head.next;
}

return head;
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5. EHENEE

AERTET RS, A AER target FUETRG, B ZEIRGEMSTERIITPIIRS |, B MERR IR, &
AN AR

// == File: linked_list.cs =

[* 1EHELERTIPERES target HEEERE x/
int Find(ListNode? head, int target) {
int index = 0;
while (head !'= null) A{
if (head.val = target)
return index;
head = head.next;
index++;
Iy

return -1;

4.2.2 [E5) vs. sELEERS

AR A-1 HKE T WS At R 71 A 25 TEURE R 3 BE T IRAERICR . FR R AP ER P A S O ol A7 SRS, IR 254
PR AR ERCR At S BB S AR RS

K41 A BREEAS HR AR L

K% i3]
B g Sy
BEME  RESTS SR
R R, ETAEREER  eRGT S
mEE o) O(n)

FEE  O(n) 0(1)

Wiz O(n) 0(1)

4.2.3 HRigEHRTIER

qniE 4-8 Fow, R AYSEAS A RIS =R

- WG BRI A A S E S RS, B A GRS ER S RO ETRS B S E AT FR A T — EIREA 5 | T NIE
BRL, BT B RGRE 2 SHENRG, AF AR (AR D R ETRE, EETRERZE None .

- BYBSGETHRS: G0 IRIRM BLASAS BR Y R R AR R AIEETR (B RAMRR), RISE—EBE s &5,
FEBE S ER A, AR TRREITREAR AT DASR (REE AN RS

- BRI BLER ST S SRR B, RS A H ST Bk 1 I T AT I BT ARl R S T TR T 3R
[l St RAR TR (R —(EETR) FIRTEREIRE (E—EEnR) A5 (8. AHETRE Mgl 41,
B[t ER A S BTG, AT DASHE 75 A E A A ER 8, (ELAE P th AR A Y B 2 RO A IR e 2
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/* LriEiERyEEhER */
class ListNode(int x) { // E#EF
int val = x; /] ENELE
ListNode next; // 18A&BAEEIRLAYS|HE
ListNode prev; // 1EABIEEENELAYS|F
}

EmigsEy)

singly linked list

—s — o —3{ —> None

IRR RS R

circular linked list

(@Y & & W]

SR

doubly linked list

e —  — — —> None
None <«— fe—— — f— fe——

& 4-8 H FLGES R AIREAE

4.2.4 §E4ERY|HBIFER

B sl ER ADE Y R B AEE, (T2, R R E A

- HEBBUYTE: EAREAFMBR R R SRS FR A0 — I T, EERBINRIE AR, BIERE; &
AARIEE IS B YA — o T, MERRIEERAT BAIN S —ImErT, ERBIRRER o, HIE
751,

- REESR: SECAOER MR E R BRI R —, ETRT, FrAERITTRAS G RN — a5
FRAIH,

- Bl AR PRI A AR AT I, I 1 A TERG 0 B — (S A SAR B, Sl R A R O (A
TLERARAAR Bl TE R AR Do ) LA TERY

B [l a5 FR 1 Y HDIN TR S PRI S AT — A0 12— R T R A5t

- ERERORMERE: LAITEALRRE, B P, TR A HIETRGR QENRS, 15 AT DB R EIRG P — (A s
]RGS | FAE L, JAPUR il &5,

- BISEAREL EEERE AT, B P ADERNERRIR TGN, B AR TR NI A R R A A — 1
g — A L, S Gt BB 51 R RIS AR R A A 1T T B

- LRU @8k Ethiumik (LRU) EEES, JMOFRZIERIIRIT R D EHER, SRR
HOE IR, I R (o B [ Siseh ER Sl TE & 5l

BV RS H AR TR 2B I B R, R R R IR HERR
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- WA EEHRREEIL: ORI, A WEHREEERR R R CPU AR, BF
T HAERETIEE, SEEF SRR, ERER SR, CPU A UHRE N — /T, 8
T [ #5 'F T DAIE @ BRI S At H S| A BB

- BRREE: ERLAERRERNES S, WrIREEEHBIEMA RS, tEE. A EEsT,
BERHAL AT RE & 1570 B (AR E AL R — (BB A R 3, DAE B B AR A FE 1

4.3 7%

B (list) 2 —EMRIEREEMES, ERPTRNAERFERS, XROTRGRH. B Fid. MERNE
SRR, EAMEHE S EARRGIAREE, A8 AT DAE R GRAS H 51| sl a1 BB,

- BEEERSIRIAR B R E RS, HSRTRE A SR E, i B ] IS EEE A
- FHISRTRE M, HERHEREAAAE, FHitHEEE R KRR H

BRI EEBSR, REAVENIEHE SIS ERERR, 15258 R o R %
e/ DBk, PEmE OB BRI RYIRE, A REE/D, RIRATRESIAR S EHERR, HREBEXK, Al
GEMGEE RS IR,

FRDUIERTRE, FRMA] DAEFHBNREMES (dynamic array) SREBLRS, BH& T YIRS IEERS, 3 H AT
R TR IE TR B A

B L, Sr2 GRS PR R AR R R R BN RS BB, 5140 Python HY list . Java H1i
ArraylList ., C++ HIY vector fl C# Y List &, 7R RRBUE s, FRITKE “H%517 f1 “BhRekE#Hz1”
P A5 R IR 2

4.3.1 BRIIERIRE
1. MRS

BMEFESH “EnE” M “BetaE” EmEG T
// == File: list.cs =

[* ¥ELERT «/
/] EHRE
List<int> numsl = [];

/] BYIRE
int[] numbers = [1, 3, 2, 5, 4];
List<int> nums = [.. numbers];

2. hRTE

FRAIAE 2R, FIATAE O(1) RERINFIRIAE TR, MR e,
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// = File: list.cs =

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

[* BHETTE */
nums[1] = 0; // ®FR5l 1 BHTHEREHA 0

3. EAERBRTER

HHEGRRES,  BFITT DL A dr i BER TR, 1RSI R ETI TR R EARE S O(1) , EHEAFIMER
TER AR EEESAER, RERREEZ O(n)

// == File: list.cs =

/* BEEY x/
nums.Clear();

/* EEZFIETER */
nums.Add(1);
nums.Add(3);
nums.Add(2);
nums.Add(5);
nums.Add(4);

/* TEFBEATE */
nums.Insert(3, 6); // #EERSl 3 BHEANEF 6

/* MBRTE */
nums.RemoveAt(3); // MBRZ=R5l 3 EHTH

4. EsHH

HfS—%, HHI] DARIB RS 1E, e AEEETSITE,
// = File: list.cs =

/* BEBRS|IEHBY */

int count = 0;

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

I
/* BIREFHBRIITE «/

count = 0;
foreach (int num in nums) {
count += num;

}

5. HH&H

A —(EHT RS nums1 , FRAF AT DA HDHEEI R RS R,
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// = File: list.cs =
/* BHEMESRT x/

List<int> numsl = [6, 8, 7, 10, 9];
nums.AddRange(nums1); // #&&%] numsl BHEZE nums Z1&

6. HiFRY

SR RS HER 1%, FAME AT DAGE RS EBTE BRSO R E &N “ToEs” 1 SR AL,
// == File: list.cs =

/* HFEEH] «/
nums.Sort(); // HFE&, BIITRERINEIXHES

4.3.2 BIIER

A2 RAGESNE TH, Fla Java, C++, Python %%, EMMEB LEEMH, SESBREHIFEE
5, BlNPa AR, RAGEEEE, IR Al DA R R IR RIS TS,

7 VNGRS RS TR, RSB 2 RS, WS DAT =(E SRRt .

©OPRA R RIS OIG A R, EAORGI, FFNEE 10 (EAa AR,

- R BT A size , MNGCEPIIERTTREE, WMPEETRMAMMERAINERT, RE
HREERL, T DUE AL ARSI RHR, DANHIETR & T Z A

- PRARH: EEAOTRMBEIARCH, AFREETHRE, SARIRA SRR EE RN, A
E RIS IRTA TR RSB RS, ARG, BFRE SOGR AR A 2 2 /il 2 %,

// = File: my_list.cs =

/* BFIEER */
class MyList {

private int[] arr; /] &5 (fEFESRHITR)
private int arrCapacity = 10; /] EHBEE
private int arrSize = 0; // BIRE (EFiTR#E)

private readonly int extendRatio = 2; // ®BREBEFIESHIEEL

/*x BiEF */
public MyList() {
arr = new int[arrCapacity];

hy

/*x ERRIIRE (EFiTEREE) */
public int Size() {
return arrSize;

h

[* EERIIBE */
public int Capacity() {
return arrCapacity;

}
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/* sEETE +/
public int Get(int index) {
/] FESIMNRHUR, WEHEE, TH
if (index < 0 || index >= arrSize)
throw new IndexOutOfRangeException(" ZE5IHAE");
return arr[index];

I
[* BHETTE */

public void Set(int index, int num) {
if (index < 0 || index >= arrSize)
throw new IndexOutOfRangeException(" ZE3|#HRE");
arr[index] = num;

}

/* TERERFIETTE */

public void Add(int num) {
/] TEHEBHAER, BEESES
if (arrSize = arrCapacity)

ExtendCapacity();

arr[arrSize] = num;
/] BHTREE
arrSize++;

I
[* TEFEBATE */

public void Insert(int index, int num) {

if (index < 0 || index >= arrSize)
throw new IndexOutOfRangeException(" ZE5IHAE");

/] TEHEBHEER, BEESES

if (arrSize = arrCapacity)
ExtendCapacity();

// #F5| index UKZEMNTEEAEZE—

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

¥

arr[index] = num;

/] BHTREE

arrSize++;

I
/* MEFTE */

public int Remove(int index) {

if (index < 0 || index >= arrSize)
throw new IndexOutOfRangeException(" ZE5I®A");

int num = arr[index];

/] #HEZRS| index ZEMTEEAFIZEI—L

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

+

/| EBMTERYE

arrSize--;

/] REEMBRNTER

return num;

}

/*x BIHER %/
public void ExtendCapacity() {
/] #E—EEEA arrCapacity * extendRatio UMY, H&[RPE%EREEES

Array.Resize(ref arr, arrCapacity * extendRatio);
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/| EHEYRE
arrCapacity = arr.Length;

}

/* {EBRFIERARES] x/
public int[] ToArray() {
/] EERERREHENNRYTER
int[] arr = new int[arrSize];
for (int i = 0; i < arrSize; i++) {
arr[i] = Get(i);

h

return arr;

4.4 FCISASEIREY *

FEARTERIRIPETT, BARE T FEEFI 4G 5 510G AL R H B RORS M, BN BIRER T "M E"
B MBS,

B E, PIBLESREIRORRE EDUE 1 R UBT IR PR (B 23R, e B S R A s B R AU RE

4.4.1 HEHMEERES

AR R AR A2 E . BBRR (hard disk). 521888 (random-access memory, RAM), REX (cache
memory), & 4-2 R T EMTEsH EMEER G A B B A AR R R B,

K42 FHEMIRTRE

T Ea] ey

Al RN, IR, BIREHIRTORRIE  ErariBnEamES, W
RN E S (ERRPRATERY CPU #RAC M8

UM BRI AER (RN B 5

A BEK, TB A B, GBI Tl MB B

s Wi, HEFIST MB/s Wetk, #1 GB/s T, 6 1FI%E GB/s

it (N WefEE, MEFI%T/GB Belt, fHEIMEIT/GB IR, B CPU T

R)

T RT DR a1 A (o 7 R R 25 1] 4-9 FRHY B P BE A0, AR AT 5 1 TR Ui ) (ol 1 25 BB DR P R B
BV AR, ISR AR RGET AR AR, TRt BRI R A TR AT AR TR A A R

- W DARGL IR, Bk, RRETTNEREERERGEL, HtErESRIFEER, HX,
FCIEAEA A AR ARG 115, ISR N & A 5 M.
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- POREIRE B DGR B8 L1, L2, L3 I AEBSHE R, KPR 8K, i CPU
Bz PR EREE A & S00R, fEm BB MmN, JTTRIIMIEEE S, EERNSN T, ZER
RUTREES MR A B, TR 2 A e - R

CPU

L2 Cache

Em

ZREE B8
L] AR

4-9 FHEMREE RS

Tip
AP ELMRAOfE 7 R AR TR A BMRA =B Z MR P, B L, SRR e AR
AT T2ERR, BEORIAHEA R BB MIBR ] 2 R E A -

AEAH, BEREAR R KRR, e AR 7 R sV T v IE AR SEBR AR, i bR ECI R falt
REETIRINERAE S, DHERERPUTICR, =FHAME, WA EMRRR ST,

qniE 4-10 Fow, (EREXEUTIR, ERMEIERIE RGN LIRS, #t CPU atEMEH]. PRI EAE(E CPU
f—E, BEBREIMIECRRERA R, 4 CPU fRft sl & REE, (e R AR AHUTRCR,
TR/ D T R A R TR AR AR

| ¢ v
b -0
i TR

BRIZ3E REX

CPU

[ 4-10 BERE, FCIRESAIPREC [ B RS
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4.4.2 BRHEHENCISEEMER

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

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

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

4.4.3 BHEIBRVIRENIE

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

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

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

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

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

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

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

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

- AR S ERYITTR ST R S 2, BRI AN A AR R E D,

- PRIBAT: SEASE SR BUERC IR AR, TIIRIBUZ “HATHEN 1Y, RIE AR R EL B 5 =,
- PSR PRSI BT HR SRR RN B Rl TR, RIS A 506 H BR aRNRERL
- IR P A R A RURC IR S R, R RN BRI A e S A R RE R 73 e

EET S, MIARAE G R, RCEfERIERCR BB R, IS fTS AR R TAR
IRe, RS B A B R R s SZ O
TETFRE, PR EWRE BT T DU PR B SEAT RS, BRI A s WA R A6,
MR HBERRSRARTIE, BN, FESIRSRAS RS ET ] DUEEL “HEB” BoRlai (R —= & dns), Helr
AR F 5=
- FEMIERTRRER, A GBI RN S E AR, K2 TR T i AR AR A B T
HIRET), RUEMER T ZE IR B —E R iR S
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CAERERHRARF R, BhREMRE. HEBATENIR/ NG DALY, ARG R 2 BB A HE B T N S
S HR A RESIE B R ) AU A7 IR R IR AR N [RIRR 20, 3lf EL3E S 1 Peiis) i 2 7 2 A RS M BA S

4.5 Ih&L

1. ERSEIEE

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

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

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

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

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

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

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

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

2. Q&A

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

S5, T LS RIS TR e, e T A AR R GE S IR stack fI
queuve , ARG EA,
Q: #fEres = [[0]] * nZEp T —E 44|, Hifg—{F [0] &2 AIUE?

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

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

Q: #fEres = [0] » n AT @RS, Hrbf %% 0 4128 Hs?

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

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

SR, EESITTRE “AIEYET N (BIanEY, s ERIGIES), BUOEETTR & BRI A S,
AR 5 PR TR A & 2 LM R B



F55 HENRTY

85

Abstract
HEBONFEIEBSET, TSRS S HERK
P 7 IR SE N1& AN S A5 Y A R B 1R
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5.1 &

& (stack) 2 —REIEC AR HEEH AT E RS,

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

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

A

res | |faes

HERIE

5-1 HEBRITEARHA

5.1.1 ST BIRME

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

R 5-1 HEBATHRAERNCR

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

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

/* ¥IRHES «/
Stack<int> stack = new();

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

/* EEBEERIETER */
int peek = stack.Peek();

/* TTEHEE *x/
int pop = stack.Pop();

/* EEUEENRE */
int size = stack.Count;

/*x FIERRBAT +/
bool isEmpty = stack.Count = 0;

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

pop() AR

o @

!
RERERRMSHET i
HMRBREE (?

N @D

|
‘ Step 3 |

[ 5-2  FEJR Gk E 41 B E AR A N\ HE AR Y HE B R A

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

/* BEREERTIBRES «/

class LinkedListStack {
ListNode? stackPeek; // H$EEENEL{EAIEETE
int stkSize = 0; // HEHNEE

public LinkedListStack() {
stackPeek = null;
}

/* EEUEENRE x/
public int Size() {
return stkSize;

}

/* FENEERTAT +/
public bool IsEmpty() {
return Size() = 0;

¥
[* NHEE «/

public void Push(int num) {
ListNode node = new(num)
next = stackPeek
I
stackPeek = node;
stkSize++;

}

[* HEEE «/
public int Pop() {
int num = Peek();
stackPeek = stackPeek!.next;
stkSize--;
return num;

}

/* FHEEEETE */
public int Peek() A{
if (IsEmpty())
throw new Exception();
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return stackPeek!.val;

}

/* #& List &M% Array WR[E] %/
public int[] ToArray() {
if (stackPeek = null)
return [];

ListNode? node = stackPeek;

int[] res = new int[Size()];

for (int i = res.Length - 1; i >= 0; i--) {
res[i] = node!.val;
node = node.next;

¥

return res;

2. BREFINER

(R BB, TRVTAT DRI R A B e, QNI 5-3 Fim, e L e B R 55 B e
WS ST e RN R C R, IR O(1)

Nt
push(4)

]

A*ll !m]wﬁl

. mSIEReE wE 4
RRE RIS

5 | -~ mmx [0 / .
[ EEEREMES ] (] EEETEES a
B HINRERRD B W ETAEE
HE o R &/

e -

pop() H

RRMFIR TR

2 EEEREMES == @

g HM RS g

" R l!

Step 3 |

5-3  HLJ7 R4 B B S AR A B L HE AR R

AR AN HERR A TSR A] RE & IRTECN B N, DRI BT m] DAEE I EhRERES, ISARmEAEZE B 1T iR BE 81 i 7
DA R BilRE zHs :

// == File: array_stack.cs =

/*x BERMEYIBRAEESE «/
class ArrayStack {



5 E MO TS| www.hello-algo.com 90

List<int> stack;

public ArrayStack() {
/] ¥aERS (BhREMRET)
stack = [];

¥

/* EEGEENRE */
public int Size() {
return stack.Count;

h

/* FIENEEBRTAT +/
public bool IsEmpty() {
return Size() = 0;

}

[*x NHEE «/

public void Push(int num) {
stack.Add(num) ;

}

[*x HHEE «/
public int Pop() {
if (IsEmpty())
throw new Exception();
var val = Peek();
stack.RemoveAt(Size() - 1);
return val;

hy

/* SHREEEIETER */
public int Peek() {
if (IsEmpty())
throw new Exception();
return stack[Size() - 1];

}
/* % List E{tA Array MHR[E] x/
public int[] ToArray() {

return [.. stack];

}

5.1.3 METRYL

SRR

P B B AR SR HE B E SR A TR, B BB SR RE M ], (RIS T T HEBAYE e Hils, Kt
—ReAEHE

IR IR %

TEESA BB R BB AR, NS AR L B R (0 A T S8 0TI O DB T IR Pt 1T, VR R I PR BB 1,
R, AT, AR AMEBRHE AR, SRS RAKE], BRI R i IRF A B
%0(n),

FERN RS RS BB, SlAS ERSIRIR AR R EETS, A RIRES AR BRI RAI M, 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 fTHIRISE ATt AR

5.2.1 {75 BIRE

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

* 5-2 ATHIRERR

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

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

/% fIRETS */

Queue<int> queue = new();

/* TTENG */

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

/* SHETFIETER %/
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int peek = queue.Peek();

[* FTTERHT */

int pop = queue.Dequeue();

/* BEUTIINRE */

int size = queue.Count;

/*x FIEMTHIRE AT */

bool isEmpty = queue.Count = 0;

5.2.2 {FHIER

7 TEBUTY, BT RN, nIDUE it e, ey —imiMBRocsR, Sl 851 RS AT
BER,

1. BEitiEERYINER

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_queve.cs =

/* BEREERTIBRNTY) +/

class LinkedListQueue {
ListNode? front, rear; // EBE(EY front , FEEIRL rear
int queSize = 0;

public LinkedListQueue() {
front = null;
rear = null;

}

/* EEUTIINRE */
public int Size() {
return queSize;

}

/* FEMTHIRE AT */
public bool IsEmpty() {
return Size() = 0;

}

/* N5 %/
public void Push(int num) {
/] EEREEEFIE num
ListNode node = new(num);
/] MRTH AT, AISTE. BEEEIERZER
if (front = null) {
front = node;
rear = node;
/] MRTHAAT, AiSZERIIE I ERE
} else if (rear != null) {
rear.next = node;
rear = node;

¥
queSize++;
}
[* HH %/

public int Pop() {
int num = Peek();
/] THBREEENRG
front = front?.next;
queSize--;
return num;

h

/* SHETIIETE */
public int Peek() A{
if (IsEmpty())
throw new Exception();
return front!.val;

}

/* H&3EEERYENE Array MDHRE] +/
public int[] ToArray() {
if (front = null)
return [1;

ListNode? node = front;
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int[] res = new int[Size()];

for (int i = 0; i < res.Length; i++) {
res[i] = node!.val;
node = node.next;

}

return res;

2. BitEFINER
TERRF R E TR AR 2 O(n) , EEESHFIRIERCREAR. A, AT DAERA L R 5277
ARG IS (8

A AT A — 528 front FEATHIE L RNERS|, WiAEE — 85 size FARTEITIIRE, ER
rear = front + size, EARZFEHN rear f5AUTHIEITEZEIN N —EA E,

Bt MRS T ENA ISR % [front, rear - 1], RERIEIERTIEMOE 5-6 Fir.

C NFIRE: R AOTRIRELS rear RT1E, Wikf size 81,
- WA HER front B0 1, ¥ size D 1

I DAEERI, NSRRI TR T — R ME, RS O(1) .

rear = front + size
AT

push(4)

f75IE
front >
5 T fTHRE FHIRE
size = 4 size = 5
EERRZET EERRZES
HIPRRBITT HIMRRBTT
A5 T rear > ‘ 3 ‘ h
73R .
Step 1 . Step 2
1.# front B 1
2. 1§ size BF 1
HE H
pop()
front THIRE
size = 4
EERREES
HIMRREBTT
L 4]
Step 3

5-6 FERESIE BT NS HRIE

IRATRE & SR B — (R : £ NENET ASIMHSIRERES, front I rear FEAGISE), EMEER
FETRIN SRR SRS TN 1 X TR IEIRE, TR AT DARE SR 2y E AR BRI,
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BRI, WM EE front 8 rear TERUAMES AR, BRI EMAESTEY] . ERERIMEM
AT PAOEE “HUERRIET REB, RS TR

// == File: array_queue.cs =

/* BERIRFEEHERTE] «/

class ArrayQueue {
int[] nums; // BRFEFETITRENES
int front; // {THIEEE, ERTIIETER
int queSize; // {THIRE

public ArrayQueue(int capacity) {
nums = new int[capacity];
front = queSize = 0;

}

/* EEUTIINBE */
int Capacity() {
return nums.Length;

}

/* EEBUTIINRE */
public int Size() {
return queSize;

}

/* HEMTHIRE AT */
public bool IsEmpty() {
return queSize = 0;

}

/* N5l %/
public void Push(int num) {
if (queSize = Capacity()) {
Console.WritelLine(" {F5IE&");
return;
¥
/]l stETYIEEE, ERTIIERS + 1
// BEEEFREESIR rear HEMEYIESREZLIEITESE
int rear = (front + queSize) % Capacity();
// #& num FIEERTHIE
nums[rear] = num;
queSize++;

}

/* HF %/
public int Pop() {
int num = Peek();
// (FHIEEERESE (1, EHBEE, RREIFEESZES
front = (front + 1) % Capacity();
queSize--;
return num;

h

/* FRETHIETE */
public int Peek() A{
if (IsEmpty())
throw new Exception();
return nums[front];
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/* IR[EIFES +/
public int[] ToArray() {
/] EERENREHENNRYTER
int[] res = new int[queSize];
for (int 1 = 0, j = front; 1 < queSize; i++, j++) {
res[i] nums[j % this.Capacity()];

}

return res;

A EEBATANIRBA RIRYE: HAREA AT, AT, I MR, TR AT DA RS 2 Bl RE e
I, fEmis I NIEA W], A BRI ] ISR BT EE,

P B R LAt e B — 2, TR,

5.2.3 {r5Is#EEA

- WBGTHL, BEY)E TEIR, TR, RERER G HRIRIERF EE TS hART B, e+ —H
], FERFENEELFRTE, S0 TR E RSO,

C BRI, EMREEB CARRE” RERISR, BIGHENRERIES( T, BB BT,
(TAITEIE B35 5 AT DA R A S iR B IE 7

5.3 £r(T7!

FEATHIH, FRFEREMIPREA S TR AL R ITR, I 5-7 FR, #miT5) (double-ended queue) 12
7 ERAEEN, AF AR AT TR A B PR R

& mr5i FHIEANTI FHIEHT
deque push_first(1) pop_first()
7508 \ /

H7 T l AT
A | |

fr5IE

THIR AT THIRLFI
push_last(4) pop_last()

[ 5-7 EEEMTHIAERIE
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5.3.1 S£RTIIERRE
EE1a) (TR AR I RAEANR 5-3 FioR,  ELSHYTT TA2 MR ZAIR A i F R RE o XRE 5 AR E .

£5-3 BETHIRIELR

TiiE% filiiR TRy ] R 2

push_first() MICEFHEEMTHE O
push_last()  HTRFEEMIIE O
pop_first()  MER(FHIEILE O
pop_last() LG el =N 0]
peek_first() w@iRHTHIE LR @)
peek_last()  ®ifAfTAIREILER @)

A, T PT AE R A AGE S P e BN E i T2ER -
// = File: deque.cs =

/* RERITSI «/
// 1E C# W, j§i#45ER% LinkedList BFER(TYIZREER
LinkedList<int> deque = new();

/* FTTENG */

deque.AddLast(2); // FEETIIE
deque.AddLast(5);
deque.AddLast(4);
deque.AddFirst(3); // #FHEEFTHE
deque.AddFirst(1);

/* SEETTE */
int peekFirst = deque.First.Value; // {FHIETE
int peeklLast = deque.Llast.Value; /l THETE

/* tEHH] */
deque.RemoveFirst(); // {FHIETELHT!
deque.Removelast(); // {FHIRTHEHS!

/*x ERERTINRE */
int size = deque.Count;

/* FIERERITIIEE AT */
bool isEmpty = deque.Count = 0;

5.3.2 Em{THIER*

B a2 BB B THIREEL, AT DAISRSE Gl At R 271 sl B0 25 R T R A5
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1. Bt migssTInER

R b — B, AV IE R Ak RS AR B BT, K% en] DAY (e PREA SR (B 5130

FITE R TR ROpT BT TR CEHIB SR

BN ATHI S, SRR AT NSRS, RAass, Brfrs| TR Z B — s
HUIRAE, Zsit, FRIERA SRS E S 1E 2% a5 R & R,

GniE 5-8 Ffrw,  FRAIHEEE A S R 27 R BE B RGN FE BT RG1 2% BE T AT E AT HI R, () IRy B L it 7

SR PR TR AT RE,

frFIRAT REEE 4

/t N
EERRESMEE @
HINRRA LTS |

push_last(4) =R RIS
won (@)
2 L
B rExmeummssn (2 )
o HINER AR 1
8 ®
[ (T@
Step 2
B
BRI _
;:;p_last() AR @
g
‘/ \‘
4
a y T,t\
B EEEmeummssn (2 )
o HMERANAES /ﬂ\
R 5 )
Step 4
RURSREDES
A
R ‘@
|
RB (jo\
@

5-8 LRGSR BB A2 NS SRR

50
50 | #7m mon ()
Hl A7 ﬂ
B EEmmENEmREss) '0
] BHINEIB BT N
155 l 551 ron ()
P! i &
175
Step 1
Jomms 1
I E R R
{FBIE NG
push_first(1) FRENES @
1l
8 (- ]
i
B  EExmEramssn ()
o HIMRRA AT /ﬂ,‘
r@\
= ©
Step 3
1FHIE ST
pop_first()
Step 5
=3 N _
BHEXHSAT AR
// == File: linkedlist_deque.cs =

/* LrEsERyEE «/
class ListNode(int val) {

public int val = val; /] EELE
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}

null; // REERRESIA
null; // HISEENRSSIA

public ListNode? next
public ListNode? prev

/* BEREmigisRsgRNERTY «/
class LinkedListDeque {

ListNode? front, rear; // BEEI®L front, EEiES rear
int queSize = 0; /l ERTYNRE

public LinkedlListDeque() {
front = null;
rear = null;

}

/* ERERTINRE */
public int Size() {
return queSize;

}

/*x FERERTIRE AT */
public bool IsEmpty() {
return Size() = 0;

I
[* NFURIE «/

void Push(int num, bool isFront) {
ListNode node = new(num);
/| EiEsERYAS, BJ$ front # rear #FEM[ node
if (IsEmpty()) {
front = node;
rear = node;

¥

/] ATPIENTHRIE

else if (isFront) {
// #% node FiEZEHELLERYEESD
front!.prev = node;
node.next = front;
front = node; // EFEEENES

+
/] ATHIRNSEME
else {
// #% node FiEETEALERT|EED
rear!.next = node;
node.prev = rear;
rear = node; // EIEEIZ
¥

queSize++; // EHTIIRE
¥

/* ATHIENT */
public void PushFirst(int num) {
Push(num, true);

y

/* THIBNT %/
public void PushLast(int num) {
Push(num, false);

}
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[* HHHRE */
int? Pop(bool isFront) {
if (IsEmpty())
throw new Exception();
int? val;
/] THIEBTIRE
if (isFront) {
val = front?.val; // E7ZEEEEE
// MIBREEETE,
ListNode? fNext = front?.next;
if (fNext != null) {
fNext.prev = null;
front!.next = null;

¥
front = fNext; /] EFEBEARL
¥
/] ATHIRETHRIE
else {
val = rear?.val; // GiFRHHE
/] RIBREEETE,
ListNode? rPrev = rear?.prev;
if (rPrev != null) {
rPrev.next = null;
rear!.prev = null;
¥
rear = rPrev; /] EFEERL
¥

queSize--; // EMTIIRE
return val;

}

/* (THIEHT] */
public int? PopFirst() {
return Pop(true);

h

/*x THIRES %/

public int? PoplLast() {
return Pop(false);

}

/* SEREMTHIETTR */
public int? PeekFirst() {
if (IsEmpty())
throw new Exception();
return front?.val;

y

/* SHETHIRTE */
public int? PeeklLast() {
if (IsEmpty())
throw new Exception();
return rear?.val;

}

/* REIFEFIBERFIED */

public int?[] ToArray() {
ListNode? node = front;
int?[] res = new int?[Size()];
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for (int i

res[i]
node =

h

= node?.val;
node?. next;

return res;

2. BREFINER

0; i < res.Length; i++) {

4niE 5-9 FoR, BLELRFSITEITAEEL, B thn] AE R BE RS A B R & r 75,

front IEEIFHIETR
rear IEAITHIRTE + 1

rear = front + size

f¥5lE
i | #oE trone - ([ soimm
size = 3
u ERERZDEES a
HIPRRAEATTI
1575IR a l{?ﬂli a
A5 Wyl rear >
15IR .
[ Step 1 J )
1.4 front EH 1
2. HTRMME front B
3.1 size B 1
{FHIENFI
push_first(1)
n FHIRE
a size = 5
u ERERZDEET
a HIMRRARRTT]
[ step 3 ]
frF5lEHE]

FEATHIR BB b, EFRHI “ITHIE A" 0 ATHIRHAN" [77i%:

pop_first()

Step 5

EERRZCEES
HPRRAHRETT]

{FHIRNFI

push_last(4)

Step 2
fTHIRHF
pop_last()
a
a8
Step &

1.4 front G 1
2. 1% size BH 1

—

front >

1FHIRE

a size = 3

1. 5tHRIER rear
2. BTERMEE rear &
3.1 size B 1

fPHRE
size = 4
ERRRZCERES)
WIMRRARATTI
1.4 size BF 1
front >
1FHIRE
size = 4
ERERZCEES
MR ARSI

5-9 HLR B B E T A AL SRR
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// == File: array_deque.cs ==

/* ERIREEHERNERTT] +/

class ArrayDeque 1
int[] nums; // BRFEEFERTYITERNMES
int front; /] THIEEE, ERTYETER
int queSize; // EmFIIRE

/*x BiEF */

public ArrayDeque(int capacity) {
nums = new int[capacity];
front = queSize = 0;

}

/*x ERERTINEE */
int Capacity() {
return nums.Length;

}

/* ERERTINRE */
public int Size() {
return queSize;

hy

[* FIERERITIIEE AT ~/
public bool IsEmpty() {
return queSize = 0;

h

/> sTEIRFEYIZES] */
int Index(int i) {

/] BB FE IR S EARE

/] g i HBMEYIES%, [EE/EES

/] & i #iBEyIEESE, [ERIEE

return (i + Capacity()) % Capacity();
}

/* ATHIENG %/
public void PushFirst(int num) {
if (queSize = Capacity()) {
Console.WritelLine(" Zm{THIEM");
return;
¥
/Ty EEEa A E—
// BREEHREEIR front HIBMEEY|IEIRZEEE SR
front = Index(front - 1);
// # num FEETYIE
nums[front] = num;
queSize++;

}

/* (THIBNT */
public void PushlLast(int num) {
if (queSize = Capacity()) {
Console.WriteLine(" &@THIE®R");
return;
5
/] SETYIREE, ERTIRERS + 1
int rear = Index(front + queSize);
// #& num FEE(TE
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nums[rear] = num;
queSize++;

}

/* (FHIEEY] */

public int PopFirst() {
int num = PeekFirst();
[/ THEIEEREZE—L
front = Index(front + 1);
queSize--;
return num;

}

/* (THIEES */

public int PoplLast() {
int num = PeeklLast();
queSize--;
return num;

}

/* SHEMTHIETER */
public int PeekFirst() {
if (IsEmpty()) {
throw new InvalidOperationException();
5

return nums[front];

}

/* SHETHIRTE */
public int PeeklLast() {
if (IsEmpty()) {
throw new InvalidOperationException();
¥

!/ FBERTERSI
int last = Index(front + queSize - 1);
return nums[last];

hy

/* REIFEFIERFIED */
public int[] ToArray() {
[/ EERERREDENNEYITE
int[] res = new int[queSize];
for (int i = 0, j = front; i < queSize; i++, j++) {
res[il] nums[Index(j)];

}

return res;

5.3.3 ERT7IER

B a7y AHEE B TS EE, Rt en LEBUEMENITE NG, RN A S B B,

BAHE, WEGH “HEE" ThREEE (B EB: R SICESARE push ZIHER T, R1ZEE pop
EHUREH, A, SREERGEIRAIRE], HEEs SRR S8 (FIUNERTFET 50 ), EHERK
R 50 K, WREHREEHBIR ((THE) BUTMERERIE, (HHEREEREBIZYIGE, sk 26 H i
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{PFIAEARHE R, FTER, "™ ARLCBER SRR HE B A SE AR RN, FUZEE A 751 RE S S0 22 75 1
B LRI NE .

5.4 &L

1. ERSEIEE

- HEERJE - RENEIEC AR R AR RS, n] I Y s AR A AR B,

- FERFREIRCR T, HEBARE BB B ESRPEIRCR, EERAERET, BOOHEB BRI R
EEHNE O(n) o MELZT, HEBASRAS Ry BB EA E R RE R R,

- AEERRCRTTH, YRR BB AR RN MR, (HREERNR, S E S ER G
EISERA =S il iti] 2 e B bave NS

- ATHIR G A S R AR AGERE,  [RIAR AT DOEIE S el A5 AR AR BB, IR ] R0 A 3
RCRHEIEE b, 751 Al S iR HE A O A5 SRAR DL

- BRATAR —REA S H AT, BRI METTIT R AT AR,

2. Q&A

Q: BITITRHURMEIRIRZ A2 B rsliAl Hh S T

BB RANERIBREAE L2 “HA” RSBl BN —E Bk, ZH e e aTE;
P BERRIR LRy, A% E i G B TH (T8 n] DT (b BB — LM, B ME7E “HA)
T51” EHIHRE,

Q: FEHHEER, 2R HHERERGAY s IRRE?

GUSRIRAA ST Z A R L ERS, HIATREREGEIEM, BB AFREME, Java Ml Python FESHEA HE)
B [, Rl A TR T ENRELCIRAS; 7E C A C+ iR B REGL IR,

Q: Brf(TilGEMmEHEBIHEE Tk, Rt E?

B AR B AN T HI A S B B PR T — . ERBIRZHER + (T2, KA DU B
BEUTHIRFTA M, 36 HE NS,

Q: i (undo) MHEH (redo) EBLZANAIEIIA?
(o P A A, S A AR, HEEE B AR SHRUEH
1. BEEREPITERCE, REMERERASERE A, WHEHEEB .

2. BPBAT “HEE” Ky, 1CHEE A PRI EOLRIRERME, MR HBAKEEB .
3. BHPBIT “IBEH” W, (CHR B P HBOLIRE, MAFHBEAHER A
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F6E MER

helle=algo.com

Abstract
TERT B AR MBERNE—RENEEESHE,
REIN A EREDR, €T DAPREER R B A E .
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6.1 HER

&R (hashtable), XMEFIR, TIERETH key B value ZRIVEML, EHRSMTEEH, HEl
ma, FHMEMEERRPEMA—E# key, RIFTLAE O(1) ReRINEBCH ERIE value .

i 6-1 FiR, 4A7E n (E24, SE2AEE “Wa” M 2577 WiEEk, RuBRMAEER ‘WA
2a% RIS ENEA” EHDIRE, R ARAE 6-1 FRiEHER R BB,

HRER
hash table
25 key
| | | |
e value

BN—E25 key, TAHMESR value
HERPIMIBENRERES 0(1)

@ 6-1 HERRIMRER

BPRAEZRASN, FEEFD A R tha] IEBI A IIRE, EMAIRERBEINE 6-1 iR,

- OBCER: (EFRAOTRFIN RS GRS MR, A O(1) KR,
- A mRES] GRS ZEUTH, RLFREETHPRATR, A O(n) K,
- MR CER: FRELERDTR, BIEMY] GELGERY]) PR, R O(n) Kk,

*® 6-1 JTLREMTCRE L

PeHZY GRS HERR

s@iE O(n) Om)  O(1)
FatE O(1) O(1)  O(1)
WiiE O(n) Om)  O(1)

Blat s, TEMERFRIE TN E SR IEEDERR O(1) , FRER0

6.1.1 HMERTERHRE

MHERAH RIRIEAS: Pldafk, SR, b ERIMPREESSE, REEENT:
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// == File: hash_map.cs ==

/* Bk EEER */
Dictionary<int, string> map = new() {
[* FIGIRIE %/
/] TEREERDPIGHEEL (key, value)
{ 12836, " /g™ },
{ 15937, " JNEE" },
{ 16750, " NE" },
{ 13276, " INE" },
{ 10583, " /\EE" }
b

/*x BEIRIE %/
/] AEREERBPEANE key , B32E value
string name = map[15937];

/% HBRIRIE =/
/] TEMERDMEREES (key, value)
map.Remove (10583) ;

MHERA =M HNERT7T R ERES, EFENUETE, RIS

// == File: hash_map.cs =

/* EHHEER x/

/] EFHEEH Key->Value

foreach (var kv in map) {
Console.WriteLine(kv.Key + " -> " + kv.Value);

¥

/] BEEHE key

foreach (int key in map.Keys) {
Console.WritelLine(key) ;

¥

/] EBEEHE value

foreach (string val in map.Values) {
Console.WriteLine(val);

h

6.1.2 MERMESTIR
A5 R RS T, (R — MR A B B R R, TERRE R, TR RS o A B 23 L R A
(bucket), FHENIFIEEE—HEES, Fit, ZERIERERT key BENNE, YEAHHEE value .

AR, AUIELIR key TE LB ERIMNE? JERIEBMRRT (hash function) BB, HMEZE AR —E
TR A\ 23 RS — (i Nt s ], fEARE R, ARG key , WH=ERATER (51
RoDo HAEEH, WA —E key , BT DUZBMZ RS key BHERISETEE RSP RIGE A0 B

A key , MEZREAEHREBEED 2L TS,

1. BIEFAEREZREERIE hash () SHRISEIFEE(E,
2. MR EEEE (FFIRE) capacity BU, EMEHGZ key BIEAIM (F5IZR5]) index,
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index = hash(key) % capacity

BETR, TR AR index FEAERR AT FIBIERIN, MR value o

4R capacity = 100, FE7EHEL hash(key)

key S50 value B4 /0, R 1HER R ZNAY TR EL,

BN key

ED—
B3 -

[

=il

37

igmm

key % 100

83

i 16750

". I '" I ".

FE51

key value

-

— “Jg”

15937

“ N

“ g

13276

“E

10583 | “/hER"

e .

(’E’;@ﬁ?ﬂﬁ?ﬁ—@ﬁfﬁ

6-2 MR TR EE

E. "-
J

Wi value

— &3

—&3
— &3

J

DAITFERIEER 7 —EfEMER, HA, T key 1 value HER—(EXER Pair , DAFREEES,

// == File: array_hash_map.cs

/% $2EY int->string */

class Pair(int key, string val) {

public int key = key;
public string val = val;

S

/*x BERMEYIBRNMER */

class ArrayHashMap {
List<Pair?> buckets;
public ArrayHashMap() {

/] My, 85 100 @R

buckets = [];
for (int 1 = 0; 1 < 100; i++) {
buckets.Add(null);

F
I

/x FEERRN «/

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

key , Z19HMERA key % 100, [E 6-2 DA



How MER www.hello-algo.com 110

[* EEIRE +/

public string? Get(int key) {
int index = HashFunc(key);
Pair? pair = buckets[index];
if (pair = null) return null;
return pair.val;

}

[* FZIRE */

public void Put(int key, string val) {
Pair pair = new(key, val);
int index = HashFunc(key);
buckets[index] = pair;

+

/% BIBRIREIE */

public void Remove(int key) {
int index = HashFunc(key);
// BA null , REMER
buckets[index] = null;

}

/* EEFRERES */
public List<Pair> PairSet() {
List<Pair> pairSet = [];
foreach (Pair? pair in buckets) {
if (pair != null)
pairSet.Add(pair);
¥
return pairSet;

}

/* JEEVFREH */
public List<int> KeySet() {
List<int> keySet = [];
foreach (Pair? pair in buckets) {
if (pair != null)
keySet.Add(pair.key);
¥
return keySet;

}

/* EEVFREE */

public List<string> ValueSet() {
List<string> valueSet = [];
foreach (Pair? pair in buckets) {

if (pair != null)
valueSet.Add(pair.val);

+
return valueSet;

b

/* FIENFEER =/
public void Print() {
foreach (Pair kv in PairSet()) {
Console.WriteLine(kv.key + " -> " + kv.val);

}
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6.1.3 MiEEHREER
WAE B, MERXER R key MEARIVH A2 BT EBLSI S T 25 MR I H 23R, misiAzs
RIAE XA 22, ik, PR b — 1A “ S0 SRR s,

BN EIRORGIFFRMERE K, EEAR key RAAHFRS, Hik R e R AR, flan, ERSE5
12836 11 20336 AUMIMEEEAE RS, FAMFE:

12836 % 1060
20336 % 100

36
36

WniE 6-3 Fiow, MEESEEA 1A — @4, SRR NE N, FAM S 2 A\ B R — 6 S RS
2iEEEE (hash collision),

WA key EA] <37 B value

key value

HiwiEmse

N

— s 36 —

m// 3:7 15937“11\1!" \m

/ MERT 50 16750 | “/hNE" \
@—/ key % 100 . \W
“NE"

76 13276

83 10583 | “/hiR"

r

6-3 HERE IR

AR, FMHERAE n 8K, ZH key HMHCEI A — AR AR HIEMR, ERatED, Kk, L
GniE 6-4 FR, IRARTHEES (136, A) M1 (236, D) #AEMER, WMABRERHK,
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HMBRRTE - 100 HRRRE 2 13 HBERTE - 200
MEE key % 100 » HiEEN key %200
EE] key value e~ key value
7 36
36
136
50
150
83
183

& 6-4 HMERRBAE

ARSI, MEREATEITE R ERE MR RES ZMER, IEWAER,; I HHRMERAR
capacity ti%#, (TR ZIEBMER K AR EHE ET A RENRFEVE, SE DN 7 EFEERNE
R, Ait, BAGESEEGHE R RNHERSY R, PIHAERA,

&#HEATF (load factor) EHMEERN—MEZMS, HERMMERIVTRBERDMEE, HREEMRE
REVEERRE, WHEERRREARIERIRCE. I Java b, EESRE TR 0.75 K, REERMER
RIEHEZEFITH 2 %

6.2 FEEER
B w02 U X I RV Y 2 3EJE M N AN 1 BE: DA A s vl PR vl o 3 C s g AT 7Y = 1
AT H 2 2R, WM SHBEYERRRDN, AR ZEBEAMRER R
MHEE R G TR AR R, MELEMRERINAT M, & TR, SEERIMRE R, T
TR RS, EEERNASIL, BITEMEEREAR, ERERKR, HAMEREATREETAR
AUBERHRE BRER (B SR, 2 THRTIRCR, TR DASRA DA T 5,

1. B RARERERIERE, MBS RE R T DU BUME R 0 8N I3 LA

2. {EFERER, BVEMRRE R ER, A HITIEARIE,

FMHE RGN R AR “SaUAmE” A “FcE L,
6.2.1 fi#z({iuit
TERGEHEZR Y, BERERE R F —(M#EE, 8L (separate chaining) ¥ BELAE T R 2 HE45 R 1,

AF SR AELSETE Ry Sl i FR SV BITRS, TR P S AR SR A SE B AR (R (7 A2 [R) — B R 2 R, 8 -5 JRomR 1 — MRS XA
HEAER R BT
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#=5| c2 7] fHEEERY (misAgEy)

:
= e | OO -D0-00-@0
5, g :

HNEAFEERTE » | D0
HEE key % 100 7'6 -
%zmm:aﬁeﬂ key ‘ n
EREREFR
: e (2s:] 1 |

6-5 SEFNIALAERR

ER A HE AR R ATIRIE T TR L T DU,

- EFCE: WA key , FOBMERERGRINERS], RIA] R R I GEETR:, AR E RS R A
Et key DA HAZS(EE

- WINpTR: E/OERMER ARG FR S HETRE, RO ETR GREYD BrEEes R,

- MHRRTCER : AR R A5 SR T Al R 27 RTS8 ) Aty 3 71 A2 B AR BRI 1 R

SEFNHEAFAE DA N RIR

- WHEERENEOR S R S BRTEAR, EOAH LRSI S AR B RO IR R e
© ERRCRIRIE: 5T B R B B Y AR A R B TR

DA RS AG T SRR R AV BB, SRR,

- fERI RS (BhRERY)) ARSI, MmN, EIEMRCE T, MREE () 2,
BpfEtmEr 2 — A& 5,
- UTFEBRGSMEREA A RN TR 2 R, RIMEREREATIREN 2 15

// == File: hash_map_chaining.cs =

/% SEICAIIMEEER */

class HashMapChaining {
int size; // REHHE
int capacity; // HMEXRTE
double loadThres; // MEEBEANEHEFEE
int extendRatio; // EAEH
List<List<Pair>> buckets; // #&FE%l

[*x BHEF */

public HashMapChaining() {
size = 0;
capacity = 4;

loadThres = 2.0 / 3.0;
extendRatio = 2;
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buckets = new List<List<Pair>>(capacity);
for (int i = 0; i < capacity; i++) {
buckets.Add([1);
r
+

/*x BEERN */
int HashFunc(int key) {
return key % capacity;

}

/*x BEEF %/
double LoadFactor() {

return (double)size / capacity;
+

[*x EHIRE */
public string? Get(int key) {
int index = HashFunc(key);
/] EHE, EHLE key , BIREIEHFE val
foreach (Pair pair in buckets[index]) {
if (pair.key = key) {
return pair.val;

}

5
/] BEFXRIEEF key , BR[E] null
return null;

h

[* FIZIRE */
public void Put(int key, string val) A{
/| EBHFRFEERER, TES
if (LoadFactor() > loadThres) {
Extend();
¥
int index = HashFunc(key);
/] E:HE, FBIEE key , BIFEHEHFE val WiR[E
foreach (Pair pair in buckets[index]) {
if (pair.key = key) {
pair.val = val;
return;
}
¥
[/ EEZ key , ISR EHMEEED
buckets[index].Add(new Pair(key, val));
size++;

I
/% MIBRRIE */

public void Remove(int key) {
int index = HashFunc(key);
/] EFR, KRPRBREEY
foreach (Pair pair in buckets[index].ToList()) {
if (pair.key = key) {
buckets[index].Remove(pair);
size--;
break;
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/* BERHER */
void Extend() {
/| BEEREHRER
List<List<Pair>> bucketsTmp = buckets;
/] VIEIERENFMER
capacity x= extendRatio;
buckets = new List<List<Pair>>(capacity);
for (int i = 0; i < capacity; i++) {
buckets.Add([1);
}
size = 0;
/] BRESUEHERKES AR
foreach (List<Pair> bucket in bucketsTmp) {
foreach (Pair pair in bucket) {
Put(pair.key, pair.val);
I

}

/* BIENFEER */
public void Print() {
foreach (List<Pair> bucket in buckets) {
List<string> res = [];
foreach (Pair pair in bucket) {
res.Add(pair.key + " -> " + pair.val);
}
foreach (string kv in res) {
Console.WritelLine(kv);

h

EFERR, HHASHETIRER, YR O(n) R%E. WIS RSIRS “AVL B 5 4%
B, QTSR R R R B O(logn) -

6.2.2 FKELL

BIRMELE (open addressing) o NEEAMURRHERS, THR2BIE “LUURN” AEMMEEER, HlARE
TAFEGIRT. AR 2 UOE S,

NI DA PEIREE 00, 4R B BCE A R R0 T AR,

1. B4R E

RRUERE R EE D RIS RS AGEITIRN, HaR (e IR @ R R A A,

- BATER: BEMERAGREWRS, SRBEMNCATR, AEERMCEARRIET (PRERES
1), EEHEEDE, RTRmAHS,

- AR ARBUERER, MNEMAMRS REORETRIE, ERIKEIEETR, &M value HI
Al anFGBEISM, SN EETTRAEMERERS, IRIE None .
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6-6 Jeor T RAUENE (BRPEIRE) FEZRAVES 0, RBIEAZEK, REMAAARIR key #E #f
BREHFEIAIA, THEBSIERE, CFMBRIRGEE T EZN LA Z R HIRH,

=3l = 47

00 <
BARELL 01
SRR, $RA 1 02

wu N
=] S
S S

w
S
g
E

76 <
MR key % 100 77

EMAEER key
BREMWRER

N -} (=)
~ ~ ~
o o o
ﬂ a = :

78

~
~
o

o
~
(=3
see
a l

i 6-6 BARBCEHE (BRUHRE) MERRIVSEEE 2

R0, BPERER S AL “RIEBIR”, AR, RS HRA B, S B R R E
REJATREVERER, TEME— D ez A BRI R, TERCEIEERE, SAREEOHMENRIERCR AL,

EREENZE, WPIFREAERBOENEGRI T ERMERTR, E2 R & MPRTER & £ RS N 2L — 24
None , MiHEAHMITERR, MIERERZEMMEIRME, KItEZTN 2 NTRAEERpIRE], 2]
RERRHIELLICRAMFLE, WA 6-7 Fvro

#al =37

01 500 | D |

76 < | (0 [ 1 ]
flBRITE 876 “ 2%,

77 -m
MEEERTIEZ THRET -

78

6-7 AERBUEHEFMBR TR E A AR
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2 T RDGZIEE, B AT AR MIRR (lazy deletion) #dfil: SR ERAEHEERPBERICER, mMAH—M
H B TOMBSTONE REECIE ARG, fEs%M%H] R, None 1 TOMBSTONE #{R3R==MH, #n] DUBCE H(E L, (HAH
/2, #REIREZ] TOMBSTONE RFIERZABRUER, [NARHZ NAlREETF /R RS,

SR, DEHIER vl G E ideR 2 RN REIR L. 152 A 2 B R MM BRI (R AT & 222 —(EMIPRARRC, B+ TOMBSTONE
kg, LSRR ERIN, KARIERE AT RET EHkiE 2 (E TOMBSTONE 4 REFKE| HIETER.

Zitt, FBEGMEREFFCEBZ M E 1 TOMBSTONE RS, ik =200 B2 e H 5% TOMBSTONE X
NE, BRI R EE R EHRESEIYTRR, TR SRR EEEANE (RAEGE) HIiLrMm, ¢
M L EFREE,

AN E S 7 — A S MM ERA B BoE i (BRIEIRE) MR, & 7 e RHE R 2, &
(M FERREE— 8 “BRIEMES", ERE SRR, [ E AR

// == File: hash_map_open_addressing.cs =

/* FABUELLHERER */
class HashMapOpenAddressing {
int size; // REHHE
int capacity = 4; // HERBE
double loadThres = 2.0 / 3.0; // BREANEHAFHE
int extendRatio = 2; // EAZH
Pair[] buckets; // 1&FES
Pair TOMBSTONE = new(-1, "-1"); // MIBRiZs2

/* EETF */

public HashMapOpenAddressing() {
size = 0;
buckets = new Pair[capacity];

hy

/* BERRT */
int HashFunc(int key) {
return key % capacity;

h

/* BEEAF */
double LoadFactor() {
return (double)size / capacity;

h

/* €5 key HENREKS x/
int FindBucket(int key) {
int index = HashFunc(key);
int firstTombstone = -1;
/] BHERE, EBITREE
while (buckets[index] != null) {
/] EiBE key , REIHFENIFEZRS
if (buckets[index].key = key) {
/] EzZands T mkRiEse, B REHEHEZRSIER
if (firstTombstone !'= -1) {
buckets[firstTombstone] = buckets[index];
buckets[index] = TOMBSTONE;
return firstTombstone; // REZHENEZRSI
}
return index; // R[EIFEZES5]

// FEEEE R EERIPRRS
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if (firstTombstone = -1 && buckets[index] = TOMBSTONE) {
firstTombstone = index;

¥

// ERERS|, #HBEIPALREIEES

index = (index + 1) % capacity;

¥
// & key FAEFE, BLREIHIEEAIZES]
return firstTombstone = -1 ? index : firstTombstone;

h

/* EEHIRE x/
public string? Get(int key) {
/] 5 key HEMNEES
int index = FindBucket(key);
/] EiREFIHEEE, BIREOIHE val
if (buckets[index] != null 8&& buckets[index] != TOMBSTONE) {
return buckets[index].val;
+
/] EREBEARFE, ALRE null
return null;

}

[* FTIZIRE x/
public void Put(int key, string val) {
/| EAHRFBBRER, RITES
if (LoadFactor() > loadThres) {
Extend();
+
/] 5 key HEMNEES
int index = FindBucket(key);
/] EiREFIHREE, WEE val WiR[O
if (buckets[index] != null 8&& buckets[index] != TOMBSTONE) {
buckets[index].val = val;
return;
+
[/ EREHREE, MFNLZEEH
buckets[index] = new Pair(key, val);
size++;

I
/% MIBRRIE */

public void Remove(int key) {
/] #= key HENFERESI
int index = FindBucket(key);
/] EXFIRES, MEMFELEEE
if (buckets[index] != null &8& buckets[index] != TOMBSTONE) {
buckets[index] = TOMBSTONE;
size--;

¥

[x BRMER %/

void Extend() {
/] BEEEER
Pair[] bucketsTmp = buckets;
/] B HIERBIFHER
capacity *= extendRatio;
buckets = new Pair[capacity];
size = 0;

/] BREBNERBERBESHHEER
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foreach (Pair pair in bucketsTmp) {
if (pair != null && pair != TOMBSTONE) {
Put(pair.key, pair.val);
}

}.

/* BIENFEER */
public void Print() {
foreach (Pair pair in buckets) {
if (pair = null) A{
Console.WriteLine("null");
} else if (pair = TOMBSTONE) {
Console.WritelLine("TOMBSTONE");
} else {
Console.WriteLine(pair.key + " -> " + pair.val);

h

2. FHFR

IR EL R PE IR A AL, ARRPPOE IR RS —, EIREMmRE, TR B B —{lE
SERPEL, MRBGE “RERERTTT PR, B1,4,9, ..

PRI EEA DU RS,

- P RER BRI BT 7T R, SR AR AR TR A I IR R,
- PR g PE E R B S AL, AR ERMS E NS A,

SR, P75 PRI ASZ 52 £/,

- RFEREBR, RIS, B LA B E A P H.
- BRI, FIIRRIRRE SRR R R, BRWE IR R AN, SRRt a] RE
e3P S el

3. ZRikiE

AR, ZUGREEMAZSEREER (). fo(x). fy(o). .. TR,

- AR HHERERK ) (v) HEER, WER fo(z), DU, BIERMREATTR,
- HHpTR: EMRMEZE IR METER, ERREEETTRRRE; FBRIE RO E S
B, SRIMERET A EZTR, ARE None ,

BARRVEREMILL, ZIMETEN D EARE, B2 MEMEE G AREIMIE &,

Tip
FRTERL, BCEal (BRMERE. PRI 2R MREAEE “TREEEMR TR AR,
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6.2.3 IENBSHYEE
SRR E SR T AR SR B RN, R A&EL T,

- Python $RHBABUENE, it dict 8 ZREMEOETIRAL

- Java R ##Efz4E, B JDK 1.8 PA%K, & HashMap WS -REET] 64 Hil45 RS REES 8 I,
i BB R R KR AR TH R RURE

- Go BRAIBEAANE, Go BUE BHEM R 2 17 8 (s (EY, BHARERER —ER AN, &ikmiimEz
IRf, EHIT—IRRRISERIRARLE, DIRECRRLAE,

6.3 HMREEEZ

AP ET 4R TR R TR R BN AR E R A R BT 75, AR fGm 2 B e I Rl = Uhnk, M B
MR DATE R MBS (8 A, i ETE I DR RN R

QUERAREMSBAE, MIRRIAERIG2RS . IE 6-8 iR, BHRBEAAIEAEER, BN N#
A DS, ERIREERNE,; REMNN NI REB R RE — R, REEmEE
ZE O(n)

s ER
REEER:
T BENTYDHESERT
BERAMERERE 0(1)
mEENR:
BEN D FHEEERT
BFRIERE o(n)

6-8 MM SRR TH LB R 22 1 L
SEAEEIA TS DLBTRE G AT . IR R ARt AP BR, JustRAERE, M BRESIR BT

index = hash(key) % capacity

Bl P BRI, EHERA R capacity [EER, MHZERIL hash ) P Ve, EMmMRE 7 #ESE
BRI M E

EREIRE, &7 REIUHRERBAERR, RMEERTEENEPEMZEAE hash() B L,
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6.3.1 MiFEEEENBIE

A TEB BRI RREERRERIG, MR AR A DU TR R,

- WEETE: BRHEFEIRGERA, MREEREAAEEAA RN SR RERECRAER R R AT SR,
©OReRE: AHERERENEREZ RS, SRS, MERERAE AR,
- Ao R E RS R E RS G MR R . RS, MR E SRR R,

BFE b, MEREEIERR T A AR EBMERR, BRI H A,

- R AT REMAEEBNLE, REERE NG ERHFEREVSCRER, TRH 7 EHHE
REH, ERPmAESR, REEEMANES EMRE, ARG TIMREE TR, WRWE
DLEC, R WAL 7 IERE,

- BRIEIEPERREA . EORMENXTT A] DA R R (B R H — [RI R U5 P DA TR AR IR Y
BRI (E, SRR RMER EDET L, WSRWE TLRE, AR R 2 e 2

BINERSRAMHEBIER], % 7RI MR E IS R a TR, MR AT B E SR %
2,

- R EREIE R E S L B A BRI AT
- PibEEYE: EEMEHEIRENFEERA, F S MRREEEM R,
TR RN (T SR R BERE BRI TR RS

AR, “WIorh” B “HimpEtE” RWEBNLNEE, RS R PR B, 7EREH
WA key &, HMEZEERX key % 100 r] DAELEG MR, AMaziREERBNMEE, FragmciH
F key AR HAAHR, R AT DARE 2 MR E S AT IR key , TETMARAR TS,

6.3.2 MREHZN®RS

MHEHETAR R AR TR Z S SR 2 R RAEMRAE, RAMBRREZR ARG R, EFRaERE—&
i B A AR T LT

MR B A B EHE TR ASCIT BSEITARNN, RS BIRARRNE 2,

ORI FIRSRIERAHBINE, SRR AR E, AT IR ASCIL IS R MEHERE .

- HRFEUMEGR: R ABRBSETTRIER O s E RS AR E

- e R E TR ASCIT B RS —ERE R (AT, SR B AT & BRI T IEE A,

// == File: simple_hash.cs =

[* NEREE +/
int AddHash(string key) {
long hash = 0;
const int MODULUS = 1000000007;
foreach (char ¢ in key) {
hash = (hash + c¢) % MODULUS;
¥
return (int)hash;

hy

/% FTEHE +/
int MulHash(string key) {
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long hash = 0;
const int MODULUS = 1000000007;
foreach (char ¢ in key) {

hash = (31 * hash + c) % MODULUS;
}
return (int)hash;

h

/* BEFZHE */

int XorHash(string key) {
int hash = 0;
const int MODULUS = 1000000007;
foreach (char c¢ in key) {

hash "= c;
}
return hash & MODULUS;
:
/* TEEHE */

int RotHash(string key) {
long hash = 0;
const int MODULUS = 1000000007;
foreach (char c¢ in key) {
hash = ((hash << 4) ~ (hash >> 28) ”~ ¢) % MODULUS;
}.

return (int)hash;

B3, SEREREERNRE —PEREREE 1000000007 B, DARECRFEZELE SE RN, 8
SFEBHZE, R RS H IR, sE SRS BIRA S R R E? &R —EHBRIHE,

Jeka i ERIRHBESBE, nl BUR RIEHbREERER AR 2 S0t [R5 E B B B 7 (7 A2 A4
B, AT DAJR/D R USSR R T 22 2R B IIVERR K, fEmE AR 1 5%,

AR, BERFRMEE SR MRS, ErT DA 3 B0k, TREERATE ] DAL 3 HERRAY key ERE#CBILE] O,
3. 6B =MHAHEHE,

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 TN CISHESE ZBIIRVERI M, AR E & IR, EmnEEER, BiE,
{Fa% sk modulus B BB 13, MR key Hl modulus I NFIEAKVE, Kt AR EN IS
HAERTE 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,... }

ERRIE, WIREHIRTE key BRI DM, IREBEEEBEE SBIERHBEEEATLL, EfAaEm
HES G MEIIFERE. HE key MIMAFIEEEINER, BEBEEEA S HBRENR,
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MimE 2, RMEFEREEEAEE, I HEMEBERIFRHMA, DUEATREMPRBEIIMERR, fErHHEzR
RIRRIRR R

6.3.3 BRMEEFEZ

AEREEBL, DAL AR AR EAE L (s, BRI A SRR G AR, B, s
AN el e s, DRI ANTE AR A B 5 sk ks oy N AR RHEE R AN R 52 H, 38 ] RE & s
BER, A5k eiE,

EERA, FMER SR e MEEE L, #lan MD5, SHA-1. SHA-2 1 SHA-3 &, BMa] DU TR
R i O\ R 1 1 R T R (EL

IE—{EHAC DASE, BB R E ST LRI NERE . R A B S R AR BRI R RE,
SR N BRERERIZO RS EGRREEBIEN L2 EME, £ 6-2 JB/R T E BRI R AR
=R
-+ MD5 il SHA-1 E2RHRIIRE, FiteMusEeERAER,
- SHA-2 5+ SHA-256 BT 2R EEILS —, ARHBBIIBERES], NitEAESEE
22 FH EL A R R
- SHA-3 tH# SHA-2 (I EBIFSHTEAL, FHEEE S, (HEAMEHABEEE AN SHA-2 250,

* 6-2 W RAHEREER

MD5 SHA-1 SHA-2 SHA-3

MR 1992 1995 2002 2008

5]

w128 bit 160 bit 256/512 bit 224/256/384/512

53 bit

CAREST T Ly E4 RD R>

%

ZeE AR, CTHRBE &, EEEIIR & =

H 2

FEH BB, HRER R  EuEM INBENZ DD, Brsa RSN SHA-2
% %

6.3.4 BEHGERIVERE

BATRITE, MERRAT key Al DUZRERL, NEIELTEFERAG, BGESEE & HE g AR R
FREEED:, FURGEHEAERTIIMERS]. DL Python 26, FMa] DAREIY hash () B=UAREH AL FE R
BIRTHEZ(E.

- B M ERERE R A S,
- TERREON T ERRRRR ER R O, A BB AT A BT R,
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- TCAHAERER B ST RE TR, AREEEMRERSEA, S8 R (E,
- VIFRURER ER R H SR A A R, B E R YRR TR, ATEBRR AL R (E,

Tip
FETER, ARIRRGE 5 R R (E R R e XA E AT IR

// == File: built_in_hash.cs =

int num = 3;
int hashNum = num.GetHashCode();
/] BE 3 HHEEES 3;

bool bol = true;
int hashBol = bol.GetHashCode();
/] TmME true NHEES 1;

double dec = 3.14159;
int hashDec = dec.GetHashCode();
/] N8 3.14159 HVEEEES -1340954729;

string str = "Hello EEE";
int hashStr = str.GetHashCode();
// FE& “Hello EEZE" WMZEES -586107568;

object[] arr = [12836, " /\4"];
int hashTup = arr.GetHashCode();
/] BEF [12836, /NF] BYEEEZ 42931033;

ListNode obj = new(0);
int hashObj = obj.GetHashCode();
/] ENEEYNME 0 HIBEEES 39053774,

ERF LA ST, RARIEYEA A 2R R key o (RUDFRMIF RS (BIREMES]) 1F% key , &
PIRIINE SRS, CRVMEREDRNE S, RIMPERERZE R AN E LR vatlue T,

HER B E R (LLansas SSRGS AR BB BUR TS, (HERRIHERR. a2 R
LR GC ISR E AR,  BVEVI PRI S8 2 T8, (HERIREIERAAEAEE, FMREETRR TR,

AR PRA] BE 3 BRTE AR AR B TR R, @ AR E R AR, JERE % Python ERRERHRIN
BIRE, e 2R —HRERAIEE (salt) i, SREMIERT IARPT 1L HashDoS K5, 1@7HiER:
AR 2 21,

6.4 &L

1. ERSEIEE

. WA Kkey, MEERAEMICE O(1) BERINA S valve , ACRIEH B,

R R R AEA . BB, IR AT AR,

- RREEIG Key BIMA ST TR IERE S value .

- WEREIR key ATAEEACBMEE R B EMERMMEIRG], MEE R TGS, SR SR i
B,
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© MEERARBKR, MEZERIRIES, K] DOE AR R AR R R O, BT iR A
oL, MEERIE IR ERIBASHR A,

- AT ERLSMZERTIOCEBERDMEE, KB THERERNEERE, WS MERES
FIER S

- FEAIHEIE S B T R M AdEAS R, A SR T R AR — RS Ry, AR, SRAS R
B RERBIRERNCR, 7] DOEEIE— 0 1 5 A B 5 i 2 AT SRS 2R HE SRR

- BARCEHLIEIE Z IR R R A R E R, SR EEHEES R, BV REMERCE, BABEAR
B, ZUCHREH ZARRZ RO TIRN, HBATEREE RS EARE, B2 RN TEHE
BEo

© ARERGES R T AFHERER, #0, Java 1Y HashMap A §EN 4k, M Python f¥ Dict
R B BE L,

- (EREERY, RIMAERREEEEAWREE. SN, EEESh, MRREERE
JEE % EL ol A0 2 AR

© MR EIREE A RE B EAE, DU K REE MR (EI 2 M, DR E S,

- W RAOMEAEBIEEE MD5, SHA-1, SHA-2 1 SHA-3 2, MD5 & HARERtE R 528, SHA-2 %
FH A 22 4 I FH L7

- BRESETEGAERI RN EMERE AL, FHRSIREMERPINES ] BEERT, REAA
YR PR N

2. Q&A

Q: FEBEKRINFHBEREAEM BRI T2 O(n) ?

MR RS, FE R R R L O(n) o MHEEF R Rt E by, 7 H
SR, ESEHBOTIINE, BB O(1) . TRV AR S R RA NS, B R M
0(1),

Q: AftENEHMEENX f(v) = 2 E? ERMAGHERT,

fE f(r) = « MEBERRT, SETREERE IR, SHRESIEE, JRm, B0 EE AR 2
i (FSIREE), EIAEE R RE P ET R B YRR, WaEE, MERRENE R —EERr
AR B2 T — 8 N SR, AR O(1) IR RRR,

Q: MEERIREEBRMS, SAGHI, ook, HAEReRA] U e E mle?
B, MERRIREYCRER, HSHBCRERT, MERAHE o BRI,

HR, HBERPE SR IR REIRCREE S 1o QIR —ME I RE RES 75 AH R AR ] 46 A FEE T~ {6 PR Pei 271 i i 4 s
SIEHL, JREER LERE R, SRR AR LM, RHEMENEBUEE R,

1%, AR IR R RS S, BIANFERER CraErR, BIPTERER (F Gt o 5 S AT SRS b A 25 3
1k, BRI O(n) HRIEIER.

Q: ZRFEATREEFEMBRITRAVEIEIE? a2 CMMBRAY 2 i R A R IS ?

Z UK ZBACE LR — R, BRBCEHETAEA N REERMIPRCRAVEAE, FEEIBLMER, i EmpR
A2 T DARHRBE . B e sRim MR AR, I HOZ R BN SRR 2 CMPRAO A iRy, % AIE AT DA
BOFTCRE M IERRIMELRE (R R RAR I HI 88, RERFMER R A SRR,

Q: R EMERIEIRET, EHITRIIRHRE HBUMERERE?
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AR AR (e AR o AR BB B AR S S, 381 key NILHE, EMARAMEER, Fitt, HRIERE
REMBTRSCROE N RARDUA N &3, B EHEI AR S E S SRRk 2 1

Q: T EMERRIE A R SR AR e

MR R MR R — D EEREHAIRE n B (B8R, R AR ERII RS EEN,; EEFR, MR
J& n BEAESME, T key BEMIRS BRI REZE LML, [FUEER M2 key , EEBIRAIREEHIIHC
SN, FETT BB E R AR

Q: GNRZ TR, IR BRI RS AN AT T2

EER key BESN/NEEEER, BERMMESIEN], BES% HE key BHMARA] (Bla05H) K,
FLTR ZREBIER R AU key SIS ARG ], FEBMESIGH TR, BROGSRETZMZR,
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Abstract
SRABFEWAEM S, RIREX, 2R,
TARMER T &R RE,




BT7E M www.hello-algo.com 128

7.1 —ciE

—7oid (binary tree) J2—REARARMERRIERE, AR ML B “RAT ZMIIRERR, #RT “—0%
=7 WyoriaiEE, BEGEETERSEML, TR BT AT, SEEEESE. A aiks ARG TR
ElLER

[* ZITiEEREEER */

class TreeNode(int? x) 1
public int? val = x; // EhEL{E
public TreeNode? left; // AEFEIZESIA
public TreeNode? right; // G&FEIZLSIH

}

SEFBEAEMMES H 8D, 2 RlfsmEFEIE (left-child node) F1HFEIBE (right-child node), %%,
R 2y iE P iE T BT BE A RRENEE (parent node), E4A7E—E oAV ETRERE, BRI % ET B A T Ei B R 5
DU BB B R 2 sZ E B A F48 (left subtree), FIEERISAFH (right subtree),

FEekh, BRIEGNAGSE, AR AR S EARES . QN 7-1 R, QISR CERRS 27 AR
s, A FHEIRSHNG FEIBE DA “HIRS 47 0 “HIRG 57, EFEHE “HIRG 4 LH DU HEIRE AL,
AR “HIRG 5 N H DU EIRTE AR,

=i SLEDRE

binary tree

|
E?;W wﬁﬁ

i aFH

ANV
Vivivi

@ 7-1 AQHERG, THIRE, T

7.1.1 ZiE RS

TR H IR AN E 7-2 AR,

- 1REEL (root node): AR —JCHHTHIERVETRG, A KHEiRL,

- EERL (leafnode): A THIBGAIENIRS, HMETSIEELITER None .
- 8 (edge): HARMIEEIRGHIAREL, BNEIRGSIH (EED.

- HIBSFTERIE (level): METHZEFEN, MREEFT/EEA 1.
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- HIESAIE (degree): HENBGAYFHIBSAVEIR. /£ _Jokid, ERHRERERERZO. 1. 2,
- ZIUEIUBE (height) : fEHRETRL 2 RORIEERE A B AIS AR,

- HIBSHREE (depth) : (AR ERAG2 5% H B T A8 118 1Y B

- HIBSHIEE (height): FERRAEZEIRG SRR SEHTRE B RX BB AT OB IS R BUR

i
BE -3

SRR

7-2 UK E RIS

Tip
LR, RIMEHEAR ST M R ERA KErNBEE", (B8 TR HE
oy BRERVEER", EEENT, SEMREEEREMm,

7.1.2 ZoiEEAIRE
1. B

SBEAS R YIERL, B VItALETES, REBEMESIH (BB,
// == File: binary_tree.cs =

[* W= «/
/] W91 ENRS

TreeNode nl1 = new(1);
TreeNode n2 = new(2);
TreeNode n3 = new(3);
TreeNode n4 = new(4);
TreeNode n5 = new(5);

/! $§EE’§%&ZF&%E’\J§I% (#51%)

nl.left = n2;
nl.right = n3;
n2.left = n4;

n2.right = n5;
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2. ENEMIBRERRS

SAGEASERSIRALL, £ oo rhim A BLNPRETR ] OB B ISR AR E L, [ 7-3 &t 7 — (B,

HRNEE THpRERES
@ ni.left = P nl.left = n2
A P.left = n2

& 7-3 {E o A B PRETRS

// == File: binary_tree.cs =

/* FENERMIPREGRL +/

TreeNode P = new(0);

// 1 nl -> n2 PEHHENEZL P
nl.left = P;

P.left = n2;

/] MIBRERSE P

nl.left = n2;

Tip
TEERAE, GG o TR A9 A AT, 17 R B A TR S I Rk B R
FE R, R, fE—Jofirh, MARMERER 2 H —EREL SR, UEIA BRERIERE,

7.1.3 ERTTHEBA
1. 5Tl

niE 7-4 iR, 5eEZyeH (perfect binary tree) FrA g RYHIRGEHE R IHIN, TE5¢36 —Iokifrh, TEEIRGATE
P50, HORFTE B 2 AIEES b, AIEBAE0, 2M T — 1 RIS BERER, R
BT B RS AT REBAL

Tip
FRTER, FEFRSCHBEA, 5838 T i 0RE 2y — okt
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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

/4’\\\
’iﬁf BEEDG (B @ B

)

/ "'\'"j_‘;‘"j_‘_jj:i:t-‘/—-‘-‘\ R

7-9 ZIUERIE R AE

1. EXBER

B ERNE R RED “TH” AREBL, (THEE “JoEe” A, R e RIEE CEEE”
AORIRN, ME EIRA SRR 2, BEERET:

// == File: binary_tree_bfs.cs =

/* BFES */
List<int> LevelOrder(TreeNode root) {
/] EfTs, MNRERS
Queue<TreeNode> queue = new();
queue.Enqueue(root);
[l B —ER, BREEERFS
List<int> list = [];
while (queue.Count != 0) {
TreeNode node = queue.Dequeue(); // BxBIHEK

list.Add(node.val!.Value); /] GETEENEL{E
if (node.left != null)
queue.Enqueue(node.left); [/ EFEAEENT

if (node.right != null)
queue.Enqueue(node.right); // AFEIZEANT
}

return list;

2. WHRES
WERIBERRIE 2 O(n) © ARG RSB R, M O(n) W, Heb n BEEEEE,
- OSEEBRRE S O(n) : EREWMIT, B~ oHi, EHRIRRE AT, 17500 5% F 7
(n+ 1)/2 (665, 158 O(n) 22/,
7.2.2 giF. PF. EFEH

HEH, w7, PRMEFEHEBIRRERKLES (depth-first traversal), HWHERERALESE (depth-first
search, DFS), EREBI 7 —Ff “JoiERIHUH, FHREWESE ME 77
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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.

REBEES Ok,

def dfs(root):

" SRR RS

if root is None: return

@ BENigsR AT
dfs(root.left)

® EFMEFH, MRHAEFH
dfs(root.right)

@ EEFHEAEHM, HXEE

HIFFED (F @ EaAfNEE)
1, 2, 4, 5, 3, 6, 7
RFEED (7 @ RaAREE)
4, 2, 5,1, 6, 3, 7
#BFES (F @ EahfHEnss)
4, 5,2,6,7,3,1

@ 7-10 —JosSBIRTTE. TP RFEET

1. EARER

R B = AR R E B B
// == File: binary_tree_dfs.cs =

/* HiFFE */

void PreOrder(TreeNode? root) {
if (root = null) return;
/] EREELIER: REE -> EFE -> AFE
1list.Add(root.val!.Value);
PreOrder(root.left);
PreOrder(root.right);

}

/* FEEF */

void InOrder(TreeNode? root) {
if (root = null) return;
/] REBEEIER: AFE -> RER -> AFH
InOrder(root.left);
list.Add(root.val!.Value);
InOrder(root.right);

}

/* BFEF */

void PostOrder(TreeNode? root) {
if (root = null) return;
/] HREEBLIER: £FE -> BFE -> IREIRS
PostOrder(root.left);
PostOrder(root.right);
list.Add(root.val!.Value);
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Tip
REEc = W] AR RE, AR FEE v AR TR,

[ 7-11 J&oR T R ERT —CRRNRIEIERE, a7z “B” " FE A EE .

1 B” FORBABCHTT1%, R T —E iR,
2. " FoRAIRME], URE RTHIR QAT 7EER,

B mTER
@: i e

WIFFED (@ RIRIER)
1

B BTERE
@: e e

HIFED (7 @ MR

Step 2

iB: mTER
@: fLEH

HIFFER (7 @ Rk
1, 2

B TR
&: AEE

HIFEN (7F @ mURIENE)

1,2, 4 1,2, 4
Step 4

B B TFRE iB: MR

@: e e a: @ EEH

RIFFERS (7F @ mRIEE)
1,2, 4,5

B FTEE
@: fEEH

RiFFERS (75 @ EasfIEEs)
1,2, 4,5, 3

Step 6 |

Step 8

WIFFED (7F @ EIRIER)
1,2, 4,5

iB: AR
&: L LEH

HIFED (£ @ BRI
1,2, 4,5 3,6
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B TR

@: e

WIFFED (7F @ RIRIER)
1,2,4,5,3,6,7

Step 9 Step 10

B mTEE

&: A e
BiFFERD (7f @ ERasfaEnes)
1,2, 4,5,3,6,7

Step 11

& 7-11 A ER R @R

2. EHMESR

- EEBAEES O(n) - PRAEEREIR—R, EH O(n) K,
- IR O(n) © (ERZENRT, HEHRL A ESNE, SEEREES 1, R4 O(n) %
égé[héigig ﬁ§1o

7.3 ZifEdIRT

TESEGERAIFR R, IR BT A HiBS TreeNode , HiBG IEIBFEEMHEL, F—HiM4H T HATH
FIFTR B TR A TEE AR R A

AR, FeAFIRETS FIPEAI AR R —oekifle? A58 HEhl,

7.3.1 RERFTEZiE

Jeotr— (ARG, e —MRoee ook, PR ATE BTRHL I E e v FIE A 7 —(EpEs b, Al
18] 5 R 1 S I — RO PRSI 2R 5

IR e RO, AP AT AR AR R R 5 | Bl HTRE R 5 | IR "B A" HEEENRS 2y 0,
WIEZE e FEEE RS 2 20 + 1, AFEBERSI2 20 + 2 B 7-12 R T B EEIRR 5 | 2 AT H R
o
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EFHEES 2i+1
EFERARS|: 2i+2

18 P P 5 2R — e Al

EOEA®E] 0 1 2 3 4 5 6 7 8 9 10111213 14

Lzl 11234 [5]6]7]8]9 [10[12]12[1314]15)

& 7-12 583 TSR

B A ERE R BEAT RSP ERGS (66D 467E s R R — (R, FMEnT POZE B A
ARFENE () FHik,

7.3.2 RREE

ek e R — ARG, 1E TRt @ FAERT 2 None o HITATE P ERT P FINE A 1548 None , [A]
A SR A 1B S AR None RUBCRAN ZMITALE, TEEWREAA1E 2 M oA Rl TY i v 8 Wi )y
5l

qniE 7-13 fow, #AE—HRAEER T,  EIRMSIRORTT TR E AR

T (FE5)) SeAME—MRRL ok

pEFI&FwS] 0 1 2 3 4 5 6 7 8 9

[ 13Tz 0 1]2]3]4]6]7]8]o]12]15]

[ 7-13 JE e 78 B IE S R TR AT RE
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7 T RRDUERE, BRIl DA IR AERE L d S R A None o 4N 7-14 FiR, JERREBIR, &
FAE P8t a] DAME—FoR ook 1o aRBIEEZIEEAN T :
[* ZTeipESIRE «/

/] fER int? TI=ERF] , FeIUER null FRIEE=ML
int?[] tree = [1, 2, 3, 4, null, 6, 7, 8, 9, null, null, 12, null, null, 15];

000

10 11 12 13 14

ZFTI (7)) mME—#hRTmI = ok

EFIRSI © 12 3 456 7 8 91011121314

s @BE00 0008 | 8 @

=i

714 FERUHBI = SERHHIIES %

ERHRANE, 522 JuhHERE GRS, FEEE " TEiER, None {HWBIERIKE HEEH
MR E, IKILRTA None —s& tRBUEME ) EHIFFIRIA RS,

TS TRIRRE S R e 2 —TThiiRg, FTDAEISREEATA None , AEWTIME, [ 7-15 45 H T —(EHI

EEESFET (FE)

ERTETH
FIRES: fea=i)

BEEDGFS (FE5)

8880808000

[E 7-15 7242 oRyEERR

DANAE U 7 —AREL R SRR B ook, E0A5 DA AR
- MUEHLETES, EHERME, £ () THIRL KHIE,
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AT E,. TREd. BFEN. BEETRFY,

// == File: array_binary_tree.cs =

/* EHIRR TR oEtER +/
class ArrayBinaryTree(List<int?> arr) {
List<int?> tree = new(arr);

/*x BIBRE %/
public int Size() {
return tree.Count;

}

/* JEENERS|A 1 EEEAIE *+/
public int? Val(int i) {
// BR5IER, ABRE] null , KRZ=AL
if (i <0 || i>= Size())
return null;
return treel[il;

}

/*x ENE5|A 1 SENATFERNERS] «/
public int Left(int i) {
return 2 x i + 1;

h

/* EENES|A 1 EEMNAFEIREERS| +/
public int Right(int i) {
return 2 x i + 2;

b

/* EEVERES|A 1 EiRRIREIREIERS] */

public int Parent(int i) {
return (1L - 1) / 2;

¥

/* BFES */
public List<int> LevelOrder() {
List<int> res = [];
/] BiEELkE
for (int i = 0; i < Size(); i++) {
if (val(i).HasValue)
res.Add(val(i)!.Value);
}
return res;

I
[* REBFTET /

void DFS(int i, string order, List<int> res) {

/] BBAZ=I, BRG]

if (!val(i).HasValue)
return;

/] HIFESH

if (order = "pre")
res.Add(val(i)!.Value);

DFS(Left(i), order, res);

/]l HFEEH

if (order = "in")
res.Add(val(i)!.Value);

DFS(Right(i), order, res);
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/] #&FES
if (order = "post")
res.Add(Val(i)!.Value);
}

/* BIFES */

public List<int> PreOrder() {
List<int> res = [];
DFS(O, "pre", res);
return res;

}

/* HEEF +/

public List<int> InOrder() {
List<int> res = [];
DFS(O, "in", res);
return res;

h

/* BFES */

public List<int> PostOrder() {
List<int> res = [];
DFS(G, "post", res);
return res;

}.

7.3.3 {BRLE{RIRME

TR RIS R A DL R,

- BB A AR RO AR B S R, SPPRERCRSY, WA BRI R R
- AREGHFEE, s,
- SRR REE T TR

SR, PERAIFR IR AR — L RIR

- ST S ZOE AR IR S, RSB S e 7 R R R R A
- HETHI R S O R P 1 N\ BB R AR A B R, R,
- BT EAER R None IR, BB R S AU BITRE ORI L EERRAIG, 2 RN F R,

7.4 —igsE

anE 7-16 Fizr, ZciE34 (binary search tree) i & DA R,

L BRARETR:, 2T SR ATA TR R E < RETESHIE < G B ArE TR RE,
2. (EREIRSHYE, AFeHE —orias, RIFEBEN R 1. .
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7.4.1 i SEigE

S as

binary search tree

B 7-16 —yCiy st

Bk — et B L — (@ BinarySearchTree , Wi & —{EKEEE root , FRAIBIAIHRETERS,

1. EENES

%a0C HAZETRNE num , AT DUARSE el S E AR &R, qHiE 7-17 FoR, TME S —EEiR cur,
TURHHIRRENRS root HiZE, JERE FLERETRNE cur. val Ml num ZFAFI AN IR,

- 5 cur.val
- #cur.val
- #icur.val

Step 1

< num,
> num,
= num,

St B ARERGE cur UG TR, RIEBAT cur
St HAREIRGTE cur BYZE TR, [RIHEIT cur
At TR ARG, Bk R 0 3R [ A

EZ IR BRI IR

cur.right,
cur.left,

ETIRSHNE R

Step 2
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EZTIRSBPE IR E RS EP TN

Step 3 Step 4

7-17 i s pE R EERG]

LIS EAR R AN ENEIEN TR B, AR SRR R, SRR R % % — T
FRRRE, % e, 5 O(logn) FE, eI EELT T :

// == File: binary_search_tree.cs =

[* EHEIRE */
TreeNode? Search(int num) {
TreeNode? cur = root;
/] BEEN, HEEMEEE
while (cur != null) {
// BIEERTE cur BIAFEH
if (cur.val < num) cur =
cur.right;
// BiZEEEE cur MYAEFES
else if (cur.val > num)
cur = cur.left;
/] REIEZEE, BiHaE
else
break;
}
/] R[E|IEZEIEE
return cur;

2. HENERRS

M AR ATTR num, 2 TOREE TS e TR < IRETES < AT AOMEE, AR E
7-18 fRe

1. AAHARAGCE: BAGIRIERC, MORETR S, RIRE ATERSERN num FAVNRERIEE R TS, B
FBEIEHTRG CERGZE None ) RBkHIENE,
2. (ERZALE R UGG ILETES num , HERZERRSETL None MURLHE,



www.hello-algo.com 144

E-rRsETEAER @

2. EEZIERENEGE @

R #1T pre.right =

& 7-18 1E —JTi R il A\ EiEs

FEREAE T, TEER DA T HiH

- oS R EERER, SHRNERIER. Fit, HFEARRES T EAE, AN RITHE
A, BEIER[A,

© 7 T EBURAEIRS, IR EFEIHTES pre 7 LR ERIETR, EHRIEAEDIE None K, FRATAT LA
JER R HACHR, TEm o i E R i A Ao

// == File: binary_search_tree.cs =

[* FENEREE +/

void Insert(int num) {

/] EEBE,

RUADIR AR EDRE

if (root = null) A{

root =
return;

}

new TreeNode(num);

TreeNode? cur = root, pre = null;
/] BEZEN, HEEMEEE
while (cur != null) {
/] IXEFIEEER, HiFRE
if (cur.val = num)
return;
pre = cur;
/] ENAETE cur BAEFREH
if (cur.val < num)
cur = cur.right;

// ENUEE cur KVEFHEH

else

cur = cur.left;

I
/] $ENERES

TreeNode node = new(num);
if (pre != null) {
if (pre.val < num)
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pre.right = node;
else
pre.left = node;

B A HTRAEE, FAERMEA O(logn) R,

3. THBRENES

JelE o TR HARENRS, FREEINER, BUEAERSEL, RMFERBEMRREERR, s
R e < AR < AT RUPEEAIN R, R, IR EARETRSA T EiRER, 20, 12 =
MEEDL, HUTHIERIMIPRETR R,

GniE 7-19 FoR, ERHMERETRGARE Sy O I, FROZETRZIERTR, AT AEIEMIER,

E=riramThREE @

000000600
cur
v O =] . EiEmER
1. EAFRIFRER cur ?Eﬁ%ﬁi;;r= 0 ’ 1T pre.clu:ftﬂp?None

7-19 AfE i mpRETRs (2% 0)

GniE 7-20 R, EFMIBRETREE 2 1 IR, A AAIHERET R T B BE R AT
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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.cs =

/* MIBRERRL */
void Remove(int num) {
[/ EBEAT, BRG]
if (root = null)
return;
TreeNode? cur = root, pre = null;
// BEEN, HAERHEIE
while (cur != null) {
/] 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 = null)
return;
/] FEIZEEZE = 0 or 1
if (cur.left = null || cur.right = null) {
/| EFEEEE = 0 / 1 B, child = null / ZFEIEL
TreeNode? child = 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;
¥
¥
/] FEREREIE = 2
else {
/] EEYFRFEH cur BT —EERS
TreeNode? tmp = cur.right;
while (tmp.left != null) {
tmp = tmp.left;
¥
/] IEEMIPRETEL tmp
Remove (tmp.val!.Value);
// B tmp BZ cur
cur.val = tmp.val;
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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

AN, fElE 7-25 FoRisesE oo b il A S EIRG R, SR ERER A AC R, AR AR R R g
Fitto

[\ [\ [\

HHNEE 2 FHNETRS 1

1314 Bty
2 Fig—ril il

7-25 AVL RHfE A BB 5% AR
1962 4 G. M. Adelson-Velsky 1 E. M. Landis f£&# X “An algorithm for the organization of
information” HHRHH T AVL#, SCHREAITEIE T —RIRE, HECRIEREDHTEFIMERETRIE, AVL A
IRk, TEM R SRR E R B E CRIFE O(logn) #ll. HAIEER, 1EFRZAHZEIT I M &SR
(g, AVL BHREMAF IR S B RHREREE, R RIFRIIEHEME,
7.5.1 AVL B R#5:E

AVL B —oniais, R Pl ook, FRWeEmE oBira e, FIbE Mg s

(balanced binary search tree),

1. BEE

X

IR AVL R AR BR #5F r 2 A IR i, RIS 2 B RE R HTHY hedght 5881

/* AVL HIEIZEEER) «/

class TreeNode(int? x) {
public int? val = x; /] EnEh(E
public int height; /] EEESE
public TreeNode? left; // AEFHIZ5IH
public TreeNode? right; // BFEIZL5IA

}

CHTR LT RIEICRX AR E A RIRIEERG IR, RIATASRAY CB7 MEE, TERAERENR, EHR
MmER 0, MR EER —1 o TR MIE T ERE, 703 F RS R S B R &
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// = File: avl_tree.cs =

/* EEERSE */
int Height(TreeNode? node) {
/] TEHHEES -1 , EHEEES 0
return node = null ? -1 : node.height;

i

/* BHEHESE */
void UpdateHeight(TreeNode node) {
// BHEEEERRSTEHEE + 1
node.height = Math.Max(Height(node.left), Height(node.right)) + 1;

2. ENBAFEREF

HIRER)TEEF (balance factor) &3 AHIRE FRIRT R EG FRIRTEE, [FIRDE 2 HR R PR 1
70 FRIMFIREIFEIENRG VA A 7 AT REET e R K, T ERIER]

// == File: avl_tree.cs =

/* EEVTFEEHET */
int BalanceFactor(TreeNode? node) {
// =EERTEETFS 0
if (node = null) return 0;
/| EHETFEET = EFEEE - ATHEE
return Height(node.left) - Height(node.right);

Tip
ROPEA 2y f , AI—#R AVL SHREREER R PR W -1 < f < 1.

7.5.2 AVL ithEss
AVL BHEEBEIER “FE” 4208, TREMIE R TR E S R AIRHE R, e 685 E BTk T
5, HAIEER, TOEHRCEREREORRE “ TS VEE, WARERIENIEL R oR,

BTl IK AR EHE > 1 AOETRRE 2 “RHTETR . HURETRAHT IR, DEEIRIE UM ATE
FEfE. SR e, JefeeR e, AT RS e R,

1. KBk

QniE 7-26 R, IR AR T, (ERETEE, o E A ETRTE “HRG 37, BB DA%
FITRE A IRETRGR T1, N RXENRGEC 2 node , HETEIRSECZ child,, $UT “HHE” #1F. ENGHRRER, T
BRI, S AP e BB,
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)
o
Zl
P
(@J
')
| Step 1 |
\ B RIERRE:
1. B child RR%, # node EHLEE
> RS
h;l
(2]
node
Step 3 |

Step 4

Step 2

EHRETE

7-26 HHEBREAER

(’ A\
L 4

A
node

N\

RAEAGHFELE
HIREIESEES node
RAEFEREES child

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

AiEEmE, AFREMRETE

QnE 7-27 flir, & iR child B4 i (i0 % grand_child ) B, FFEEATETHE—: # grand_child

1% node MY/ T-HiEh,

A
/// grand_child ///

FALEE

7-27 i grand_child 4 BESAE

“MATEE B-RPRMANRE, BEREFREERBRETRHEEARER, BN IR

// = File: avl_tree.cs =

[* GHERIE +/

TreeNode? RightRotate(TreeNode? node) {
TreeNode? child = node?.left;
TreeNode? grandChild = child?.right;
// L child #&J/REL, #& node AGHEE
child.right = node;
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node.left = grandChild;
/] EFEESE
UpdateHeight(node);
UpdateHeight(child);

/] REIFEEE FRAVIRETES

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.cs =

/* 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);
/] REIFEEERFRRVIREIE,

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 #fT @ ¥ 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 (FEfwtg)
> 1 (EfmAD
< —1 (Gfwth)
< —1 (W)

>0
<0
<0
>0

filie
JeleetR e
Tl
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.cs =

[* HUTHeEHR(E, FZFHREMMETE +/
TreeNode? Rotate(TreeNode? node) {
// FEENERZL node AYFEEEF

int balanceFactorInt = BalanceFactor(node);

/] =l
if (balanceFactorInt > 1) {

if (BalanceFactor(node?.left) >= 0) {

/1 Bl

return RightRotate(node);

} else {
/] SFcEheEALE

node!.left = LeftRotate(node!.left);
return RightRotate(node);

}
}
// AR
if (balanceFactorInt < -1) {

if (BalanceFactor(node?.right) <= 0) {

/] e

return LeftRotate(node);
} else {

/] AR

node!.right = RightRotate(node!.right);

return LeftRotate(node);
+
¥
/] Fr, HEANRE, Hi%ik(O]
return node;

7.5.3 AVL & ABiRE

1. $ENEDRS

AVL R EIRGHE A B F B oot B e 108 B0, ME—RIEBIER, /£ AVL Bl NEIRGE, ExEnRiE
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.cs =

/* HENEDELE */
void Insert(int val) {
root = InsertHelper(root, val);

h
[* EEHENEIRE (EBNSE)  +/

TreeNode? InsertHelper(TreeNode? node, int val) {
if (node = null) return new TreeNode(val);
[* 1. EHREANUELENEGEE «/
if (val < node.val)

node.left = InsertHelper(node.left, val);
else if (val > node.val)

node.right = InsertHelper(node.right, val);
else

return node; // EEHEEAREN, BiER(O
UpdateHeight(node); // EMEEHSE
/* 2. BITHEEHR(E, FZFHERMETE +/
node = Rotate(node);
/] REIFEBIREIE,

return node;

2. THPRERES

R, £ oS BRMBRETR IR b, TEMRETEPUTHEERE, fArE LM E R R E T,
RN RR:

// == File: avl_tree.cs =

/* MIBREREE %/
void Remove(int val) {
root = RemoveHelper(root, val);

I
/* IECRMIPRETRS (HBISER) */

TreeNode? RemoveHelper(TreeNode? node, int val) {
if (node = null) return null;
/* 1. EHERGRIER +/
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 = null || node.right = null) {
TreeNode? child = node.left ?? node.right;
/] FEIERENE = 0 , BHEMER node R[]
if (child = null)
return null;
/] FEIEEEE = 1 , HiEMER node
else
node = child;
} else {
[/ FEIEEE = 2 , BfPEERN TEERMR, ARSI E R,
TreeNode? temp = node.right;
while (temp.left != null) {
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temp = temp.left;
IF
node.right = RemoveHelper(node.right, temp.val!.Value);
node.val = temp.val;
I
}
UpdateHeight(node); // EHEREE
/* 2. BITHEERE, B FRIERMETE «/
node = Rotate(node);
// REIFIERIIRERRE

return node;

3. EHENEE

AVL SR BT E AR e i oo s — 2, R EEIR,

7.5.4 AVL f5igaBYFER

- AR RTIUEDRL, B A R, (SRS N 5

- R EREREPRT RS,

- ALPRRHUR — R RAPE oo, MHEUR AVL 8, ALERR T R B SRR, A BRI R AR
TR BE RS /D, ERGHE THERE AF ERR TE ,

7.6 Ih&E

1. EEL[CIEE

- ook ARSI RN, BB “— 0 IR, SE TR ERG B S — ME(E DA R E S
12, o RIEAH A ¥ EIRAAS T iR,

- BRITRTPROELEERS, HE () THEIR N DU REIBERE Sk R () TR

- ICKSRIMBNGE LA ARERG, TEERG. JE. E. B, SEMRESE,

- ZICRAARIARIL, TR M ARG B B A H SR T IR

- WRZITERRIE SR IR, SEe ool SEIN TR ook, 525 Tk e s AR AR
fE, TS YR IBILIRA R,

- TR DA ESIFROR,  J7 IR B EA A A% e AR A HEA, AR A E R B TR TR
2RT | B R AR H B AR,

- T E R ET R —EEE A ST, BT “—E-ERMERT WBEET TR, EEE
B fTAIARE L,

- HIR. PE. RTET EERREELM S, MR T SUETIEE, BRI e, |
B IR E B

- ConH SR e TR A MR, HAN, AR R EE R E % O(logn) .
B TS R 2 SRS ER SR, RIERFRIBAEE & SE O(n) -

- AVL B, tORS-PH oo, CEE e (R CRAE AN BI i AR PRERS RAS T IR R S5 187,
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- AVL BRBEEIRE A e, fohe. Johbeseie. Jo/ehemahe. EmASMPRETER, AVL &
TR T THE M R E, (R BT IR V-1

2. Q&A

Q: BRHA —AERSH ook, SR mERRERHREEZ 0 152
2, RAsmEMREER ERE “RrNEEE",

Q: ZITRAHAYIR AR IHPR— R — BRI S e, B BB fEHENE? AT DA B IR T
BT B TR ARG 2

F SRR R, MERERE BRI =AU, Hrh OIS DUET TR EE T 2 A BRI R R
Q: %f1/& DFS Emi —ehia T, . R=FEIEF, 2RIHETEMRE?

BRI PP RIS e E R IR, B, . R ESTR =M _JTES T E, Bl a] DU e e e —ER
TEMEFFHERA R, PN —ocisfirh, mRERTR/ NN £ FHRME < REME < HFERE, Hit
TMTHEEI “ — R —H" ETIEREDR, Wl DUERSA PRI,

Q: HhetklE 2RI MHEHIS node. child, grand_child ZRIRIBAIR, 7B node MR EiELAI node JRAIK
BT ELMEER? it ER e~ 2 177

T T 2R E A AR AR KB IS (E R R, A5 % F right_rotate(root) AME T HIIVIRETRS, &&
return child JR[AIGEHE RN TR RUMRETR,, Rt AXOAR B ARG A BT RS B AR £ 7% PR ZUIR [ 52 ALY,
B HE R R MERE B

Q: 7 C++ 1, AR P#E53 2] private Ml public W, BAHEGTEEZEWE? AT EZEH height () HzUR
updateHeight () BRI FIFATE public 1 private HlE?

FEBFENGERHEE, MRGERERENNIEH, MGt 2 private o Hla0, 87 BELE Y
updateHeight() B A ERMN, BEHERA. MEREEFN—F, M height ) EFHMEIEEE, FHLUR
vector.size() , KFIERERK public BAMEFH,

Q: nfarfe—#Him A B R — PR Tt s ? IRETR R R AR IREE?

BN, MBI IREA SRR build_tree() AIEFLAH ., DRRETEIEE, RMER
G ERHEE, AR EOTREAREE, FEREMEEAA T8, BRI DA KRR E RS B
it
Q: ffJava ™, FHEHHES—EZH equals() /7iK?
£ Java W, $REAERIAR, = R LA ER ST, AT A, MRS TR
AR,

- = FREEWESEE SRR —EY A, e A B R SHEE,

- equals(): FIZR¥ LEMEYIEIIE R TS,

Rlt, RS E, BRIMEZMEH equals() . A1, & String a = ?hi?; String b = ?hi?; %]
W7 BB A R E B, eMEmE—EYE, Fitte] DI a = b R EEEWE T BN,

Q: BEEBICEFHFIRIE R, (7B 2" 157
R, B h = 2 i ok, HEREEn =7, AREHEEE4=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() SRR TE TR AR 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)

FEEPREA, BATa] DLE R AR EE S 1R A HERERE R (BB THIRERD

FCUAHE P IR 1 “ R NEIRHES” #1 “TERENHER”, FAT ] DUEIE 3% E — 1 £lag B{E4 Comparator
BHL UNEAERET B ORTEMERE” R, R TR

// == File: heap.cs =

/* FaiiERE «/

/] ¥ia/NTEHERR

PriorityQueue<int, int> minHeap = new();

/] B KRIEHTE (EA lambda RRIIEER Comparer EDE)

PriorityQueue<int, int> maxHeap = new(Comparer<int>.Create((x, y) = y.CompareTo(x)));

/* JTTENHERE x/

maxHeap.Enqueuve(1, 1);
maxHeap.Enqueue(3, 3);
maxHeap.Enqueuve(2, 2);
maxHeap.Enqueue(5, 5);
maxHeap.Enqueue (4, 4);

/* EEUHERIETE */
int peek = maxHeap.Peek();//5

[* HEARIATTRLIERE «/
/] BT RE A —ERAKENFT

peek = maxHeap.Dequeuve(); // 5
peek = maxHeap.Dequeue(); // 4
peek = maxHeap.Dequeue(); // 3
peek = maxHeap.Dequeuve(); // 2
peek = maxHeap.Dequeue(); // 1

[* FEBUERRAN «/

int size = maxHeap.Count;

/*x FIEHEREE AT */
bool isEmpty = maxHeap.Count = 0;

/* SINBRFEER +/
minHeap = new PriorityQueue<int, int>([(1, 1), (3, 3), (2, 2), (5, 5), (4, 4)]1);
8.1.2 HREMEIR

DXEHRZARTERER, 75 BN RS NEERE, TR AT A NE B T (B, i > F R
<)o RERELERAIFE A] DAEATEEL
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1. ERNREFRRT

“oTH” EHETEEE, e TJTRHFRIE G HESIREOR, BN IE R e e ek, I ERATIF R I e

IR it ¢ HERH o

B HEIFRR ok, JTRAKRERE, KRIURERE oA E, WETEENER RGN

AREBL

niE 8-2 fiR, #MERSIG, HEFHBMNRSI R 2+ 1, GFHBNRTIR 204+ 2, REBNRTIH

(i—1)/2 (AR, HRIMANE, ForasfBR s R T,

HTRAEEAE I
“YER B—IR ‘R
ﬁn

ERBYIRESH (KEHE)
A “®I ®T ‘TR

#F; o0 1 2 3 4 5 6 7 8 9 10 11
300000000008
(i-1)/2 i 2i+1 2i+2
SERES BB g; ga
EBERE | B EIREEEE

8-2 HERAHYFRELfH 1T

FAM AT DA 2R 5 [ A B AR X, 77 R -
// == File: my_heap.cs =

/* EEAFEIRZRE| */
int Left(int i) {
return 2 x i + 1;

}

[* TR FEIRARIERS| */
int Right(int i) {
return 2 x i + 2;

}
[* JEEVRENEEAIERS| */
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.cs =

/* 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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() AR k(@) AR
1. GRS 7 FINESRBR 1. GEE 7 MINEERR
2.)&E§Ei§ﬁiﬁﬁfl (sift 2. WEREREITHEK (Sift
Uj Ui
‘?§$9>§ﬁ¥57 ‘E§ﬁ$9>ﬁf5$7
~ RPATRHR
0000000808080 | Step 7 (o]e]7]e]7]6]2]a]s]a]o]2]s] Step 8

B8 @) N

1. fSERRS 7 FUREMRE
2. RERERETHERL (Sift

Up.
ERTEME, ATBERMNERERIEE

OooonooBsDooan [ step 9

8-3 JERAHERDER

SRR 0, FIBIIIRERES O(logn) » RILATAL, HERULIRMEREBBEIRE% Ologn) , JERA

HERRERE IR R ARIE 2 O(logn) » AT FHIR:
// == File: my_heap.cs =

/* TTENERE x/

void Push(int val) {
/] FIEEnEh
maxHeap.Add(val);
/] RIREIEHETEN
SiftUp(Size() - 1);

}

/* WEEnEE 1 BAtR, WKZETEHEREWL «/
void SiftUp(int i) {
while (true) {
/] TEENENRE 1 BIRENEL
int p = Parent(i);
// & “HBIRERLY 3 “ENELEIABIRT, BIERERK
if (p < 0 || maxHeap[i] <= maxHeap[p])

break;
/] AWEIRE
Swap(i, p);
// EEE _EHEREL
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 SR SERTRTREER
1. ERTRTREUERETRRIA 1. SERETREBERERTRIR
2. BHENERETR 2. BHENNEERETR
3. REEREITHBA (Sift Down) 3. REERETHBA (Sift Down)
< fEEp%E 5, 6, 7 R, HE 7 ®K - {EEEE 5, 3, 6, Hls 6 MK
- IREDRS 5 EREDES 7

OPE000D0000a -’ (009000080000 0

ERTETRLRM SETETRERR
1. ESERETRIBERERTRMN 1. RERIATTREUERRTRIR

~

. BHEAAERRTE
. WEERETERL (Sift Down)

v 1EEEE 5, 3, 6 R, HIRE 6 A
~ ENEL 5 BEEE 6

w

FErEQEE O step 9 | I R Y Y N

8-4 HERHTHICER HiHERE D BR

2. BHERERETR
3. REERETERWL (Sift Down)

ERTRER, KIBERIEAREIEE

Step 10

BT R AHEREREMELL, HERETE TR MR R E IR R AR 2% O(log ) o FRAESUN FAR:

// == File: my_heap.cs =

/* TTEHER +/
int Pop() {
/] FI=ERIE
if (IsEmpty())
throw new IndexOutOfRangeException();
[/ KIMREIERAERM (KRB TRERTR)
Swap(0, Size() - 1);
/] MIBRETES
int val = maxHeap.Last();
maxHeap.RemoveAt(Size() - 1);
/] RIBEZERHEREN
SiftDown(0);
// REBEFEIETTE
return val;

s

/* RERL 1 BHMR, WHIBEEREREL +/
void SiftDown(int i) {
while (true) {
/] PIERERSL i, 1, r PERAKER, 524 ma
int 1 = Left(i), r = Right(i), ma = i;
if (U < Size() && maxHeap[1] > maxHeap[mal)

ma = 1;
if (r < Size() && maxHeap[r] > maxHeap[mal)
ma = r;

/] E CEIR 1 &K 3 HIBIEEIRL, RIESRMERL

if (ma = i) break;
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/] FIRMEIE,
Swap(i, ma);
// BERTHEREK

i = ma;

8.1.3 fRME RIEA

- BESRATH: R A R T BB T E R RS, HSIR SRR R R 9 2 O(log n)
, TEHEREIRIER O(n) , BLEBRERARE SR

- MEREHER: faE—sERL TR DUR RS —EHERE, SRR NET T TR R R, EmiSE]
fArrErt. Am, HMEEEEN -EEREN T NEBMRE T, SR MR =,

- JEHURRI kAR e SR ARSI EIRNE, RN R R, B ER R AT 10 BT
VR R T AR, S EGH EEHT 10 AUR AhSF.

8.2 FEITRIZ(E

FEFLARILT, TR — 8RR TH TR AR — (R, SRR EHERRIE,

8.2.1 FEBINMIRIZIFEIR
WM E S — AR, RRAETRS, RCHRETTRIT “AHERRIE", BoTsbl S e
i, HEROTRPIT REE" HERIL,

BE TR, MR RERN—, HRETRR R THE AR BOIHIE T, FtHERE “A L
MR AR,

BT REE 2 n , BETTRIAHREIREEH O(logn) IR, FIa% @ HER 7 AR M 2 O(nlogn)

o

8.2.2 FERESMRUEIR

B E, PR AT DB A B 2 R T 1R, o i

L R ERAIATA TR IEEA BT BERE T, R AR TR E MRS 2T e
2. IR ERHERE (g BB, RUCEHHEAEERRFNT “TETHERHEREL

R HERE —MHEETR, DARKEIES 2 RRENAG B R — N 51500 HER, TR iR e, (Rt HEAs
2 AW R,

ZFr DR E R, B A IERRRESREE B ATETR . T FRICAR SIAN THEM, SRR L E AT EIRS
ARARHI,

EFHIIRE, HREMRRA T, RILEMRRMR GTIAN FHER, MRMERIL. MDA REITR,
BRI SEEN R R A 1R — (W ARG AT ACHITES, BT ERAMAMEI R E F I THER L :
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// == File: my_heap.cs =

/* EteT, RIBGMNBYIEHER +/
MaxHeap (IEnumerable<int> nums) {
/] BV TREFAENFIL TR
maxHeap = new List<int>(nums);
/] HERBRER R SN E AR E B R,
var size = Parent(this.Size() - 1);
for (int i = size; i >= 0; i--) {
SiftDown(i);
I

8.2.3 EHESR

N, FAARE B AR AR 5 TR R IR R

S T TORR S n, RIBEEIR S (n + 1)/2, HeP ) B R, FE R
HOEBE R 2 (n — 1)/2.,

TR IR R, AR S R ISR, UL RO eI logn
W R E AT, 1RSI RO R RS RIS O(nlogn) » HIEMMIEIAS BUL A NERE, B2 TRIMi
% B R B 8 2 % T BB P L
B FACR ISR T 2 RS, 7 T RRTRH s, (i — BRI b 1 5836
O, ISR O A R R

HR=E HEMRNE

(Wﬂﬁﬁgﬁ%kﬁﬂﬁﬁ
h — 20
t///// \\\\\‘ 1
o h-1 S 2
aat |
SRR S 2
SYIVIVE
o Be3 e 23
1 2h-1
GHER, EHNEES D e 2h

0)

8-5 SEE UM EHIR R

qniE 8-5 F7r, HEE “METHZERHEREL” BYRAOSHIRBE N Z R R ARG BE M, misZiERE 2 AR
T, I, FRAMATDASATERT “HIRGEOE < BRI SR, 19 2IA SRS HERTLIZ AR B AEAI,
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T(h) =2h+24(h —1) +22(h —2) + - 4+ 200"V x 1
i X P 2SI, Jold T'(h) FLA2, 1951
T(h)=2hn+2'(h—1)+2%(h—2)+ -+ 21 x1
2T (h) =2'h+2*(h—1)+23(h—2) + -+ 2" x 1
(EFISSRAIRE, FIRR 20 (h) W LR T(h), Al
2T (h) —T(h) =T(h) = —2°h + 21 +22 4 ... 4- 20—1 4 2h
Bl b, BB T(h) 2—EEFLEE), TEREHRMAR, SRR HEEMES:
1—2"
T(h) = — b
=2 —ph—2
= 0(2h)
Me—tb, B h M5 T ITRIOEEEE S n = 2M T — 1 BEEIREES O(2") = O(n) . DAL

R, RSN HER IR BGRE 2y O(n) , JER R

8.3 Top-k fiRE

Question

faE — R 2 n RIS nums |, 5HIRBIESH KR K EDTER

BIREZE, BFIe A AR U R E R, BRSO U HER R

8.3.1 FHix—: EHEIE

AT DOEATIE 8-6 ARAY K WhEw, 2 BIFESIRPIREGE 1. 2, ... kK RIICR, BEBEEEZ O(nk) .
W IRFGERR k< n IER, WA k8o Enns, HRFRERE-Emn O(n?), JEwFER,



B8 E MifH www.hello-algo.com

171

k =3

nums n 7 nn EHEBRARE

N

~—_

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]

2

k=3

wes  (E)EEEED

E#h5ek, &E heap BIE]
ZRMRT
fros b _T
EFIRT

heap ‘

Step 9

8-8 HLNHEREZH AR k TR

N/ lESa

// = File: top_k.cs =

/* BREREAET|PRAN kK BxE +/
PriorityQueue<int, int> TopKHeap(int[] nums, int k) {
/] ENIEHER
PriorityQueue<int, int> heap = new();
/] #EREFIAET Kk {EcENER
for (dint 1 = 0; 1 < k; i++) {
heap.Enqueve(nums[i], nums[il);
I
/]l #%E k+1 BEcERR, RIFEBRNRES K
for (int i = k; i < nums.Length; i++) {
/] BERITEARERIETER, ERETELER. EaTENER
if (nums[i] > heap.Peek()) {
heap.Dequeue();
heap.Enqueue(nums[i], 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.,
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(AR R P R Ry, TR AT DAERERA AR TR DB EGE, (RIS & R O RCeR R, R A
¥k O(1) o AT, ARSI S O(n?) , iEm s HEZ,

2. MpER

AR (adjacency list) ] n (EEEAS ERSIACRIRE, HEALSHIHIRIRORTHRS 5 ¢ (A5G RSB IETHR o
, HAPlAE 7 RZTER BT A AR L TR (Bl THRS AR A TER) o (8] 9-6 Jeom 1 —flEl (o FH A 42 R A 17 ) [ ) s
1l

TRR  ERIRRSRENFTA IR

e &
[ e« 2ele

RBHER
graph adjaceney list
9-6 [ERMIERLTR

AR BRGNS, TSRO E/NA n? , WItEENEEa, A, EMERhREE
I E AT A RS AR A GIE, TRl ELIRF VSR AN AN AR R e

BUERIE 9-6 , MILRAREEUEERPH “SAE” AERAHOL, DRI ERAM el CAER ATSRL 75 15K B AL 3X
B, L E ARSI R, AT DRSS R 2%y AVL BTaRALRAN, MR RRERRE O(n) R s
O(logn) ; IEr] DAEGESS S5 ER MR R, TEm R mERER=E O(1).

9.1.3 ENERER

R 9-1 R, FFEBIEARFA] DT EACERE, AH AR th n] DAL 25 [ R TR

®9-1 BEALTEH RAYE

HE B [ AL
A R KRR TBAELT JCHERS
HhERARES  uhERE UEREREIAEE M B R BR AR RS

ENZER B ERMEEASINER  TREYEEE
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9.2 EIRVEREHEF

THE 2

V] &+ AR

[ Y SRR E AT 0 29 387 ROTRCEANSS “THRE” BUBRME. £ “MPREIERT 1 “MPREER” MMERRTIE T, B
B AR,

9.2.1 EAMHEIERERETR

A —(E TERR R 2y n ORI (E, RIS RERERER BB 7 S\ANE 9-7 Fm.

- WIERINRRE . ERAE AR B SR E ANEENAT, A O(1) R, iR M, R
IRy SE T 177 T 32

©OBTTERG: 7EABRERRA AT — AT 5, WM 0 BIRT, [ O(n) R,

- RRTEEE: FEASEEE R T, MR TSI BRI, BEE (n — 1) R
“Ffe LRSEY, FETEA O(n2) IR,
- WA (A n TETERS, AR S n (UTEBE S vertices , AT O(n) WS WIGIL n x n K
AN EEAERE adjMat , 5 O(n?) KSR,

Step 1

Step 3

TRRGRT
=3l

MEE

N Y

TRRGERT
=3l

ipRE G-

~ W N ke

S kB o kB o ©

S kB & o ©

s & r & »r &

s & r & e =~

B e ke kW
S r Rk o & =

B R e B e N

HpiEIERE ]

Step 2

B B e kW
S kB o ©

BR e kRN

HpEAERE -]

Step 4

s kB B B o ©

®© o r B o o ©

S & r & »r B

® o o »r o & »

PR e Rk RN
B e Rk e kW

ABIEIERE

®© kB e k| kB N
® B o B o B W

ABiErERE

S B B & o &

® o r B o o &

e o | ® o o
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=3l
@—{\/\ MR ©)
(-]

o

] SBiENERE

men @O0 O00
o 1 4
0 1 0
1 o 0
1 1 0
0 1 0
0 o 0

F W N ke

Step 5

[ 9-7 HRFEMAIRTIAIL, BEME, S TERS

DA & J5 7 5 ek 2 s [ ) B B AR T -
// == File: graph_adjacency_matrix.cs =

/* BERIMEERERNERELER +/

class GraphAdjMat {
List<int> vertices; /] TEBLERT, mREAFK “TERE", T5IKFK “TBEES!
List<List<int>> adjMat; // #BiZiEfE, 175IZRS|HE “TEERS]”

/*x BEETF */
public GraphAdjMat(int[] vertices, int[][] edges) {
this.vertices = [];
this.adjMat = [];
/] FEIEEL
foreach (int val in vertices) {
AddVertex(val);
+

/] FhigiE
// #EE, edges TTENKRIEHZERS|, BENEFE vertices THRZKRS|
foreach (int[] e in edges) {
AddEdge(e[0], el[1]);
}

}

/* FEERTERLENE x/
int Size() {
return vertices.Count;

}

[* FIETERL */

public void AddVertex(int val) {
int n = Size();
/] EIEREBYPFTILHIEREE
vertices.Add(val);
/] 1EFRBIEIERERFTIE—1T
List<int> newRow = new(n);
for (int j = 0; J < n; j++) {

newRow.Add(0) ;

¥

adjMat.Add(newRow) ;

/] TESMZEPEARHTIE—5

foreach (List<int> row in adjMat) {
row.Add(0);

+
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/* MIBRTERS */
public void RemoveVertex(int index) {
if (index >= Size())
throw new IndexOutOfRangeException();
/] TEIEELEYPFEPRERS| index BITEEL
vertices.RemoveAt(index);
/] TERPIEFERERMIPRZRS| index BY1T
adjMat.RemoveAt(index);
/] TEHRIEFEREAAMIPRERS] index EYF
foreach (List<int> row in adjMat) {
row.RemoveAt(index);
¥
+

[* FiGE x/
/] 28 i, j HFE vertices FTTEXRS|
public void AddEdge(int i, int j) {
// R5|EREIEFRE
if (<0 ] <0 || 1> Size() || j >= Size() || 1 = 3)
throw new IndexOutOfRangeException();
[/ EEEER, MEEREREHAGHETE, BRE (14, j) = (§, 1)
adjMat[il[3] = 1;
adjMat[j][i] = 1;
+

/* MRS */
// B i, j HFE vertices TEHZE3I
public void RemoveEdge(int i, int j) {
// BE5|MREEEFRE
if (<0 [l <0 [l 1> Size() || j >= Size() [l 1 = 3)
throw new IndexOutOfRangeException();
adjMat[il[j] = ©;
adjMat[jI[i] = 0;

h

[* BGUEDABIZEEME =/

public void Print() {
Console.Write(" TEELEEF = ");
PrintUtil.PrintList(vertices);
Console.WritelLine(" #BiE4EfE =");
PrintUtil.PrintMatrix(adjMat);

9.2.2 ENMIERMNEIR

A SR B A THRG ARy o, IBAREZ m, RIRTARIRIE 9-8 AR/ TR E B SR,

WIS (ETEERE RS YRR ERTIERIA], A O(1) el FzyRmemlE, fr AR RN
P 75 TET i

- MRS TETERGE ERESS Y b AR TS €38, M O(m) R, TEMEmE D, 52 R ER
&5 TR H3E

BTG TEAREER AT — AR AG R, MR TERCE 2 S A ER A SHETRS, (EA O(1) K,

- IMBRTERG: FRETRMESER, MERESTHEEMNTAE, 8 O(n + m) K,
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- WAL TERBEEERPENT n (ETEESAN 2m 1718, #H O(n + m) KR,

EY RETEMIBENFE T Y RETEMEEFAT
M /A\—‘@\/ e (-0
I ‘9) t\
/ ¢
%0/ 0—©o
] R ] mER
[ Step 1 | Step 2
EY RETEMIENFE TR
6/\ w00 o -9 @—@\ e O
0-0-0-0-0 0
-0-0-0 oo
0-0
-] ER B
| Step 3 l Step 4

A SRR TR

p 0—-0-0
0—\@ ) msTm ©) ém
NS »-0-0-0
) -0
& R
| Step 5

i 9-8 MRV, BEMNE, HEMITERS

DUtk s EE, BILE 9-8, EEERIEE LI,

R 17T T B ER AR, DA CRESKES, B RS (BREREA]) AU SEAS 51,
- ERMER R #ETR, key BIARPGIE, value RyxJHMNTHERETER RS (BEATHS),

5N, BAERIZR A E Vertex FRIRFIRIAR, BRMAVERZ: (IREMIEIER L, HEBSIRTIK
[ > A EITERE,  AREERAEMIBRER 5 % 4 ROTERG, RIFRETREMER, AR« RS2 1, &
IR, AN ETER A2 ME— ) Vertex BIIH, MIBPRE:—TER: Z Bt ZH B HLMTERS 7

// == File: graph_adjacency_list.cs =

/* BERMERERNERELER +/

class GraphAdjList {
/] #BER, key: TBZE, value: ZIBBERIFREABIZTERS
public Dictionary<Vertex, List<Vertex>> adjlList;
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/*x BIEF */
public GraphAdjList(Vertex[]1[] edges) {
adjList = [];

/] FEFRETEEETE

foreach (Vertex[] edge in edges) {
AddVertex(edge[0]);
AddVertex(edge[1]);
AddEdge (edge[0], edgel[1]);

}

/* EREEEHE +/
int Size() {

return adjList.Count;
¥

[* FiGE x/
public void AddEdge(Vertex vetl, Vertex vet2) {
if (ladjList.ContainsKey(vetl) || !adjList.ContainsKey(vet2) || vetl = vet2)
throw new InvalidOperationException();
/] 188 vetl - vet2
adjList[vetl].Add(vet2);
adjList[vet2].Add(vetl);

}
/* RlERE */
public void RemoveEdge(Vertex vetl, Vertex vet2) {
if (ladjList.ContainsKey(vetl) || 'adjList.ContainsKey(vet2) || vetl = vet2)
throw new InvalidOperationException();
/] MIERE vetl - vet2
adjList[vetl].Remove(vet2);
adjList[vet2].Remove(vetl);
¥

[* FILTEEL %/
public void AddVertex(Vertex vet) {
if (adjList.ContainsKey(vet))
return;
/] ERMERAPITIE—(EFEE SRS
adjList.Add(vet, [1);
}

/* MIBRTERS */
public void RemoveVertex(Vertex vet) {
if ('adjList.ContainsKey(vet))
throw new InvalidOperationException();
/] TEFMIERTDMIPRIESE vet HFERVIELESRT)
adjList.Remove(vet);
/] ESHEMIEERIEEET, BERFIEESE vet B2
foreach (List<Vertex> list in adjList.Values) {
list.Remove(vet);
¥
}

/* BIENEBER */
public void Print() {
Console.WriteLine(" #fEXR =");
foreach (KeyValuePair<Vertex, List<Vertex>> pair in adjList) {
List<int> tmp = [];
foreach (Vertex vertex in pair.Value)
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tmp.Add(vertex.val);
Console.WriteLine(pair.Key.val + ": [" + string.Join(", ", tmp) + "1,");
+
}

9.2.3 MFEHLL

AR AP AEE n (ETERGHD m fRi8, R 9-2 BHEL T EE A BER AR AR I S R, SER, MR
(GRS BHEASCEE, m#iER (MERR) S5 Ara s Ry RN MR R RV E B,

R 9-2 Hii RA pe BRAR AR M B

ARPEERE  RRER GEASHS)) MR (MR

HEREEE  O()  O(n) on)
T o) o() on)
e o1)  On) on)
T om)  0(1) on)
A TEL Om?)  O(n+m) On)
AEESEEE O(m?) O(n+m) O(n+m)

Bl 9-2, PUIPAER (RS MRRRCRES MRS, (AERE L, AR RReRE
#, SRS AR ERERTR], A28 2KE, ARAERREEL T “DIs R AR, AR
By “DARpf#e " R,

9.3 EfE:H

BHURAZE “ 82" MBIER, mERNAAESNEBE, rJDFRNMEER 282" iR, Kk, R
ERE R — R, BESR, RAE S PR i e ) A R A — RERE B

V] A S 22 P PR R T R R AR L BUE W55 [BIAE R SN R] > 2 i . BB ERANIREB R ES.

9.3.1 EEBKED

BB Wi —REHE RORAE T TR, TESLIAEE 3%, AR Eeai IR AR G R TS, 3 — R RE s
sk, NE 9-9 R, 1/ EATHRGHEE, BEITETZIARIATA MIETER:, RERE T —ETHR R R A #
FRIER:, DA, BEEFTHTERG MR,
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©
©

R @RS

0
(BFS)
@ wuess (@) mess,

E RS, fE/E Rt P TR

©
©

EFHFTIE

i @ 0,1, 3, 2, 4,6,5,7, 8

-
©

9-9 R B ER

1. BEZEEHR
BES J@FFEBTHIRER, BB AR, (THIEA el WNE, S8 BFS 1 “HifiiE” E
AR E T,

1. AEFTEIATERS startVet AT, MBHROER,
2. RN SEIEAT, BT ETHRN ORI, R TR B R TER A ZH TSI,
3. EDER 2., ERIFTETERBGIF 2 SRRA A,

7y TR BT TERS, PR ERER —ERE S visited ARECERIFLEENRL C 4,

Tip
MRS IBEE— G key MR value BIAEZRSR, ERILAE O(1) ReRIHEREE NIEST key
ARSI A AR (. ARTR key RUME—ME, MERESER HRBERRESS R,

// == File: graph_bfs.cs =

/* BEEBRES */
/] ERMEBERERTE, WEEBEEIEEIIPIEAIEIER,
List<Vertex> GraphBFS(GraphAdjList graph, Vertex startVet) {
/] TBELEFRRFY
List<Vertex> res = [];
/] BEES, BREREWAMBIIER,
HashSet<Vertex> visited = [startVet];
// {THIBAREIR BFS
Queue<Vertex> que = new();
que.Enqueue(startVet);
[/ LIBEL vet AjckEs, EEEZEMETEIEH
while (que.Count > 0) {
Vertex vet = que.Dequeuve(); // {THIETEZLH
res.Add(vet); /] ECEkEHRTERL
foreach (Vertex adjVet in graph.adjList[vet]) {
if (visited.Contains(adjVet)) {
continue; /] BRBEEHEBIIERS
¥
que.Enqueue(adjVet); // RAFIRFHREIRITEER:
visited.Add(adjVet); VAR R EARE Ryl ]
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I
}
// REBREESFS
return res;
}
ISR, ERBIRE 9-10 AMNTRPE i,
FEDFFI res EWFF res
[ C ]
75 que 1551 que
o 00

s () 5, SRR

1. WZIERMNEDFS] res
2. REIRESHIFT AN ETRASHT
AF que AN visited

g () 5, SRRITLUTHRAE

1. REREMAESFT res
2. HEEIREHATEMHERERIT
A%l que M visited

( ]
o—0—90

T () ), R

1. HEREMAESFF res
2. HEIBEHATEERERIT
A%l que M visited

MEEE visited

[ Step 1 ]

EWFF res

e () w3, WA

} 1. WBZBBMNESHFY res
2. HWEIERHIPREMMEIREIT
A3 que AN visited

Wl

MEEL visited

(o0000

TR () 51, SRR

} 1. HEIBRMNESFS] res
2. HRIRRSHIFT AR RTRRT
A% que IHN visited

FEHFFF) res
(0000 )
1751 que

000

RIS visited

(0000000

TR () 51, SRR

} 1. RBEREMAEHFT res
2. REIRRSMFRE MR ETRRT
A%l que IHIN visited

TEMIFT res
(000000 J
751 que

00

HREE visited

(00000000 |

s () 3, BEETATHRE

1. HERMMAERFF] res
2. HEIBRHFTEMIETREERIT
A5 que WAIN visited

HRES visited
(000 |

[Step 2

EHFF res

(000 )

1551 que

000

HFl A5

BEBEL visited

(000000 ]

FEFS) res
(00000 )
1751 que

000

BEBED visited

(00000000 |

EWFF res
(0000000 |
00

HRES visited

(000000000
[step s
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FEHFS res ERFS res
| ] ’
| —— 1751 que —— mca— 1551 que
| | = ° 1 = 0
@ 3! PN F— @ it PN
- _ MRES visited . _ HRES visited
TR () w5, SEMITUTHRIE B TRRS \) HF, LMITUUTIRE B R
1. HEETERNNESFS) res (7) l 1. RETENNESFS) res (s )
2. REREMFIEMRIARRT b ’ 2. RERMHPAEMBRIERAIT g
A7 que AN visited Step 9 ‘ A7l que AN visited Step 10
EDFS res
‘ | ‘
= = 1551 que
\ A Hyl A

HRES visited

= {75 que A%,
« FEEE, FeRER

Step 11

9-10 [ERIEEEIETIP R

JEE B A HE 1 M —?
ANME—, BEREEITER R BRI WL IR RINEFERT, 12 A A1 AR TERS R AL Sl e SO 1
{EZATAL. DA 9-10 2, TERS 1. 3 AUFIMHINER AT DAZZ e, TERG 2, 4. 6 AFGRHIER tha] DAMERZE R,

2. ERRES

IR . P THES & AFNE R —IX, H O(|V|) Reffl; (EER AR TEBE B AR, 2 e
UL E S E g w2 ik, A O2|E|) Kifd; AR O(|V |+ |E|) Ko

DHIBAEE: #5 res, MBS visited, {75 que HIITEREERRZ S V], #/H O(|V]) =M,

9.3.2 REBKEDN

W — MBS E R, MRl E mEERES TR E 9-11 FoR, 17 EATERGHEE, FifE
ATTECRG RS M8 AR TERY, EEDERIREERIR M, HESUERSRERE, DU, BEEArATERGE <
o
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@ @ ElRREERSTER

(DFS)
13 12 IWQEL BikLhA,
) 6 (J BUlEEH: - EESRED
¢ EETIA

@ 0, 1,2,5, 4,6, 3

9-11 [EMIIREESE

1. BHEZER

efl “EFIRIHFIRET AHEEAHAOE R BRI AR E L, BEEEETEM, EREEET, &
MR R — MR RS visited AGLERTHFIMAITERS, DUk E A A THRS,

// == File: graph_dfs.cs =

[* REEBFEFEHBIR */
void DFS(GraphAdjList graph, HashSet<Vertex> visited, List<Vertex> res, Vertex vet) {
res.Add(vet); /] EoEkEhRIERL
visited.Add(vet); // 1RsCIERERKTAM
/] EFHZIBEEVFRE AP IRIER,
foreach (Vertex adjVet in graph.adjList[vet]) {
if (visited.Contains(adjVet)) {
continue; // BRIBEWELMEBIIER,
¥
/] IEEEERABIETER,
DFS(graph, visited, res, adjVet);

}

[* REBIETS */
/] (EREERIRFRRE, U EERYEEIBRIIFRE #DIZIAR,
List<Vertex> GraphDFS(GraphAdjList graph, Vertex startVet) {
/] TBRRERRFEY
List<Vertex> res = [];
/] BEES, BREREwMAMBIER,
HashSet<Vertex> visited = [];
DFS(graph, visited, res, startVet);
return res;

R ER BRI E 9-12 FR,

LRSI NIRHE, FORBHRCT — (8RR 75 75 206 53 9 TE R
RS A LW, FoREE R CAGRE],  [RIHE] T B 7T IR B

7 VINTRERR, R E 9-12 B ARBAT Sl fEMSPREEE (BEMEETH) @ DFS Bk, Uit
(BRI 77 IR BB, ArTHRIR [
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Step 9

FEHFF res

(000 )

RIS visited

(000 }

aen:
rewsns () sompsTans
mavms @)

FEHIFT res

(00000 |

HMEEE visited

(00000 |

TBAEPEEL:

rewsmes () ompzrams
wesmms @)

FEHHFF res

(000000 |

RIS visited

(000000 |

SBHERER :

rewsns () sompsTans
wavmmEs O

FEWFT res

(000000 |

HEES visited

(000000 |

R
s () smEmEEREER
Rirrsam, Bnzns )
i - aeEmERs (0

EWFF res

1) J

HREE visited

Ll )

BAEPEEL:

rewmss () sommrms
wevmmy @)

EBHFT res

(0000 )

BEED visited

(o000 |

pist

rewRs () somETERs
e ©)

EHFF res

(00000 |

HRES visited

(00000 |

PR
ks () opEERREE Y
Ritesisam, mnzms ©)

EBHFT res

(000000

BERED visited

(000000 |

R
(O wramEEREETn
RityossEe, EA=ms E)

EWFF res

(0000000

HRES visited

(0000000

IBAREER

vt () sompzmns
wevmmy ©)
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EDFS res

HBES visited
2 3 p.
LM |

7 ‘ ¢ ELHREER :
Tk () wFfaETRESEES
R HEE, EHERR
R () Sk, BRRED

Step 11

[ 9-12 B AR B TeE FiAb BR

TREEBE AL R A 51 75 W —2

SRE B E TR, IREEIET IR A, 4E SETER, JofEMbE s AR R AR Al
PA, BRASRZTERGAINE o] DUERITEL, #2REBIEE,

DIHHEF 2B, “MR—TE = F" “E =R =6 FE =6 W 2hlEEHF. TP &FE
W1, R 7 =REREITIERE, RS =4 @R R B ET.

2. ERRES

DERIBRIE T TR G 1k, A O(|V]) R TS E I 2 %, MR O(2|E|) F;
Wt O(|V] + |E|) B,

SSRBEIE: Y res , MEESA visited HEBMRRZ2 V|, BEFRERAS V], FitEH O(|V])

'5‘:_" FIEHO

9.4 /Mg

1. ERSCIEE

- EERTERSFBALN, Al DAFROR 2 — M TER A — MBI R S

- METASRIERIGR BERSHS) FoaiamE (8D, MEEER (8 BAHESEEE, KimEHENE

- ArAERGERATT AN, EEE P AERIERAE, AR SR SRR,

- WREEPEA R AR IORE, 1T (F) R ETEE, EETTRARE, M 180 FrRmEER
BB, MR R & e LR R, (B,

WA A 2 SRS B AR ARORE, 5B o fESRAT B Y BETERS ¢, HrhfEE T Rk TER R AT A R TE R,
IR TERAH B A AR S 2, (H R TR EOE RS FR AR RIS, (R SR B,

- ERRARTREAE RSB RN, A] DUR H R AL R R R, TR T A RRCR,

- PEERTR AR A AT, AREEMRREE T DASRHHUR T, ARECREEE T DARRR A,

- BN SEB E AR SE, (AR, MO,

- BRI A AR, AR R O T Y — R R

- BRI R TR R EL MR, ERERRIE ST, @R T ',

- ERREESETT R - EEERR, R ERE RIS, HRERREAEE,
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2. Q&A

Q: FIERERBTHR IR RIBFHI?

HEEER EARESRANERS 8 g “BER—EEFy”, mhsaiig “BRISE —ETER
17, PARZIEHRES: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

FEARSCH, BREHARA—EE P, MAR —ETER 7S, &R R %M ETER ~ R REfF A 2 R HAR, It
fR FR {152 AR S0 JEE — R B

Q: AFELEE F RS & A EIRE 2R ?

fEAREEE A, EIETERG A, B0E (ATHRERERE, BRI RO E T o 2 AR,  DUERTEE
AT A EIE 7 &

Q: 7EMRESR, “BLRZIERAIEAAT A THR" FITHRGIEY 2 & H 2K

A URERER, (AAEEPREM, AIRedRZgifae SRR, HUEIRTER R Ay, BB %IRTE
REERNIINERFSE, EtRE B PIEERH WA S 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.cs =

[* Zonw (BRER) */
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int BinarySearch(int[] nums, int target) {
/] Ve EEER [0, n-1]1 , BP i, j @iEEESIETR. BExx
int i = 0, j = nums.Length - 1;
// EE, EESERATRHRE (B 1 > j BAT
while (i <= j) {
intm=41+ (3 -1) /2; // 3AEHEES n

if (nums[m] < target) // WIETERE target 7EERT [m+1, j] &
i=m+1;
else if (nums[m] > target) // IWIEH:REA target EEM [i, m-1] A
j=m-1;
else // #EIBERE, REHES|
return m;
+
// FHKEFIBEETE, 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,

FfMr] SRR BB A A FIDIRERN — S A
// == File: binary_search.cs =

/* ZHEE (EEAARER) */
int BinarySearchLCRO(int[] nums, int target) {
/] VB ERAERER [0, n) , Bl i, j SREERESIETE. BxtE +1
int 1 = 0, j = nums.Length;
// BB, SESERATEHRE (B 1 = j] BAD)
while (1 < j) {
intm=1+ (3 -1/ 2; // SHEPRHES m

if (nums[m] < target) // WIETEREE target 7EERT [m+1, j) &
i=m+1;

else if (nums[m] > target) // WIEHREA target 7EER [1, m) &
j=m;

else // #EIBERE, REHRES|
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.cs =

[* ZHESEANY (BEETR) */
int BinarySearchInsertionSimple(int[] nums, int target) {
int i = 0, j = nums.Length - 1; // #BHKERER [0, n-1]
while (i <= j) {
intm=1+ (3 - 1)/ 2; // stBEHEFRS 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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: 12
i 10
i 6 6 6 6 6
L
=1
#®l o 1 2 3 4 5 6 7 8
A
i

et 1, j DRHEAREIIETR. B

MERTAEY [1, j]

Step 1
12
10
6 6i{6 6 6
mE 1l 1
™ im 1
#l o 1 2 3 4 5 6 7 8
A Aooa
i m
EE=ER:
1. B8R N = (4 +3) /2
2. v nums[m] = target
l Step 3 < BT § o= m - 1 RMNEBER]
12
10
6 6 6 6 6
3 | i
wiE 1 M
#®l o 1 2 3 4 5 6 7 8
AoA A
m i j
EE=ER:
1. B8R N = (1 +3) /2
2. ~ nums[m] < target
Step 5 < BT Qo= m o+ 1 RMNESER]
12
10
6 6 6 6
3
b D
# o 1 23 45 6 7 8
A oA
j im
EE-SHEE:
1. BERE N = (4+3) /2
2. ~ nums[m] = target
l Step 7 < BT § o= om - 1 MMNESER

15}

Step 2

Step 4

Step 6

Step 8

o @e :

iE
=3l
E |1
L.
#3l o
A
i
& 1
m
#3l o
TR ‘1‘
#3l o

12 3 4 5 6 7
A
m
EE=EE:
1. SEbE m = (i +35) /2

3
12 3 4 5 6 7
A N
n j
BEZ5ES:
1. tEPRE m = (i + j) / 2
10

] w

123 4 5 6 7
Aoa
im j
EE=3HEE:
1. BEPE m = (i +5) /2
10

1

v NRBEEEE i< j
- BHHZSHIEE, EEHRS| i

10-6 il BT R AT AR BR

12

12

12

12

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.cs =

[* SN (FEERTR) «/

int BinarySearchInsertion(int[] nums, int target) {
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inti=0, j ms.Length - 1; // #EHERAER [0, n-1]

= nu
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] &
+
}
/] 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),

FEARBRIIERE —orrh, f5ER ¢ f1 j AR ENEIL FROCRE B H R, A8, EMeRRRkEIER, sUglinis
gk,

10.3 “HiESER
10.3.1 EHEER

Question
HE—MERES n WAFMES] nuns , EHrfRERSEEITE, IR EIMEY| & ALA—HETE target
&5, HEYIPAEEZTE, HIRE -1,

A% 1 = AN BE 0%, a5 iliig @ B /AE—E target , RIEEGEAMAE L RAEEHRA—
il target KIE5],

ERIEEE AR KA ERAR AR, EER, AP REREE target , BB ATREESLAT
RS B,

- BRG] B,
- JeZE nums[i] B target ~MHE,

HIEFDA LGN, EHaRE —1 Biaf, N RER:
// == File: binary_search_edge.cs =

/* ZHHEERE—E target %/

int BinarySearchLeftEdge(int[] nums, int target) {

/] HEBRE target AUHENEL

int i = binary_search_insertion.BinarySearchInsertion(nums, target);
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// &iXF target , XM -1

if (i = nums.Length || nums[i] !'= target) {
return -1;

}

// % target , REZE3G| 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. EREHEER
B E, M AR A ERR A TCENRAREHRRAGTTER, B8 EE: BE#RA—M target #i{b%
Al /c—M target + 1,

GniE 10-7 R, EHISERUR, f56E ¢ fEAR /A —E target + 1 (WRAFETE), Wi j famEA —ME target,
[KgE3& 5 BIR,

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

FAERL, IREIFEARR ¢, FIETREARFHRE L, MR ;-

// == File: binary_search_edge.cs =

/* ZHHEERE—E target %/

int BinarySearchRightEdge(int[] nums, int target) {
/] BUAEHRAL—E target + 1
int i = binary_search_insertion.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

FRERZEFTA TR G, WIE 10-9 Fr, FMBHR—EREERE, 7E b A B SR 2 5 A
target, fisE, HERFEIEMIIRS

target = 13
nums =
9 13 17
18 22
26

ESFEHEES, SEINS
target FUAESHRR[E

10-9 #RMEE SRR ECZ N

R NR:
// == File: two_sum.cs =

/* FiE—: BAVE */
int[] TwoSumBruteForce(int[] nums, int target) {
int size = nums.Length;
// WELEE, KEEEES 0(n 2)
for (int i = 0; 1 < size - 1; i++) {
for (int j = 1 + 1; j < size; j++) {
if (nums[i] + nums[j] = target)
return [i, j1;
b
¥

return []1;

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 ‘ LERER 2 | 7 |11 I
[ key [N ] b { key b=
map = S map = —
i d =3l D éﬁ =3l
EHES] nums EFHES] nums
+ 13 - 2 = 11 FE map +© 13 - 7 = 6 FfE map R
- TR 2 Wi map - f¥7THR 7 FHGE map
Step 1 Step 2
target = 13
nums = ‘7 | 7 | 1115 ‘
{ key ¥ | b 3
map =
-+
EFHES) nums

© 13 - 11 = 2 7 map
~ BETTHEEGRS| [0, 2]
Step 3

10-10  HHBHAEZRFOR AL

BRI NrR, (S5 E A
// == File: two_sum.cs ==

[* FEZ: BEENEER +/
int[] TwoSumHashTable(int[] nums, int target) {
int size = nums.lLength;
/] EBhEEER, TREMES 0(n)
Dictionary<int, int> dic = [];
/] EBREEE, REEHES 0(n)
for (int i = 0; 1 < size; i++) {
if (dic.ContainsKey(target - nums[i])) {
return [dic[target - nums[il], i];

+

dic.Add(nums[i], i);
}
return []1;

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
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// == File: selection_sort.cs =

[* FEEHE */
void SelectionSort(int[] nums) {
int n = nums.LlLength;
// MEE: ®HEFEES [i, n-1]
for (int 1 = 0; i < n - 1; i++) {
// WEE: RIXHFEEANNRINTER
int k = 1i;
for (int j =1 + 1; j < n; j++) {
if (nums[j] < nums[k])
k = 3; // sZF&/)cENERS
¥
/] #EmNTEREREFERNEETERR

(nums[k], nums[i]) = (nums[i], nums[k]);

11.2.1 EEEE
- 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,

- AEREHE: aniE 11-3 R, TR nums[i] A AIRESC BB EHAMERTTRIAIE, SEME Y
L 3 A A B

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 R

RBIFE SR
// == File: bubble_sort.cs =

/* JEFHEE +/
void BubbleSort(int[] nums) {
// SMERE: RKHFERZE [0, il
for (int i = nums.Length - 1; i > 0; i--) {
// WIEE: BERHFER [0, i] PHRATERMEZERBN&REGH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]1) {
// ¥ nums[j] £ nums[j + 1]
(nums[j + 11, nums[j]) = (nums[j], nums[j + 1]);

11.3.2 MERENL

WMEEE, RK g “BiR” PRAPITIEA R ERE, SRS e idlly, rTERREGR, Hit, [T
DA AN —EHEREAL Flag RECHNSHETENL, — E BB ELRE,

CEBIBEEL, PR L I R R T R AR (9 2 O (n2) 5 (B ARSIz AT s, T
SIS O(n) .

// == File: bubble_sort.cs =

/* BFHE (EEREN) +/
void BubbleSortWithFlag(int[] nums) {
// SMERE: RKHFERZ [0, il

for (int i = nums.Length - 1; i > 0; i--) {
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bool flag = false; // #MALIEESL
/] WNERE: EXRHFER [0, 1] PHRATERREZEBNREGIH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]1) {
/] XM nums[j] B nums[j + 1]
(nums[j + 11, nums[j]1) = (nums[j], nums[j + 1]);
flag = true; // sEEIMTE
}
+
if (!flag) break; /] Itk ‘B RZMEMTE, BIEHRE

11.3.3 EEZEREY

- WSS O(n?), BIBHEHES: S B EFHNESIRERRAL — 1 n—2, .. 2. 1,
BRZ (n — 1)n/2 . 1E5IN flag miibiz, BAERBERETES On).

- BHBRES O(1), WHHDT : 48658 ¢ f j (AR BOR BRSNS,

- RREHEE: HRE BT PBEIEEF TR,

11.4 {ENHEF

HAHEF (insertion sort) J& MR EAVHEFEETR, CHTIEFEE T B — R AR IEE L

B, BRI MEE TR, MR BHARCHPERBETRZE — gD, A
ZILRIAA S IERERINL B

11-6 R T FSIHE AT RAIVIRIETRE, RAEMETTERS base , HIMTTFEARIEEIERT1E] base ZHHIFA
TLRAGRE 0, REAF base IELK HIERSI,

. ut
8880088 -

nums[5] = nums[4]

#w&E 3 #EAE nums s N
" TG TTRIR
BHFERNERLE BEBH— ) —ﬂ 2

nums[4] = nums[3]

N
BEEEEE

nums[3] = base

e | 00008

11-6  BLYGHNIRIE
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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.cs =

/* FEANHFE *+/
void InsertionSort(int[] nums) {
// SMEE: BEHIFEM%A [0, i-1]
for (int i = 1; i < nums.Length; i++) {
int bas = nums[i]l, j =1 - 1;
// WIEE: #& base WAZIEHFERE [0, i-1] FWERAUE
while (j >= 0 & nums[j] > bas) {
nums[j + 1] = nums[j1; // #& nums[j] mGHEH—{L
J--i
+
nums[j + 1] = bas; /] #% base EREZIIEREMNE

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|



www.hello-algo.com 219

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
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// == File: quick_sort.cs =

/* TR} */
void Swap(int[] nums, int i, int j) {
(nums[31, nums[i]) = (nums[il, nums[31);

}

/* HE&|S */
int Partition(int[] nums, int left, int right) {
// LL nums[left] AEE
int i = left, j = right;
while (i < j) {
while (i < j && nums[j] >= nums[left])

J== /] REBLHKREENAEESNTR
while (i < j && nums[i] <= nums[left])
pitisi: /] REBAKREEANREEHNTR
Swap(nums, i, j); // XMEmiETHE
}
Swap(nums, i, left); // SEEEINEWMFREYIHDFREZ
return i; /] REIEZEHNZRS

11.5.1 EEZRIE

PRIgHE R R AR AR AN E 11-9 PR,

L &G, BEEFIST R D", SEIRHER B TSR RS,

2. 1%, BTSN T A BEERAT I,

3. FERE, HE YRR 1R, TEmses M@ rHET

- 00000 “
BRREE
aonoan

oi=3 5
A

a
8

EEEF RS EESFEE -

80 :oa0

s (b RIS

0a8: 000

#1EIEE | RIHIEE #21EIEE

088800 )

11-9 PRIEHEFP e

BEFREFIRT MRS
EETFEFIRER 1 KL
BIETSeRR SIS



B1E HF www.hello-algo.com 221

// = File: quick_sort.cs

/* REHRE */
void QuickSort(int[] nums, int left, int right) {
/] FEIREZRD 1 K#RILEE
if (left >= right)
return;
// HEES
int pivot = Partition(nums, left, right);
/] EEAEFRES. GFES
QuickSort(nums, left, pivot - 1);
QuickSort(nums, pivot + 1, right);

11.5.2 EEZIFH

- IFHIBEREZ O(nlogn). JEAEREHDT: EFSERT, HESEISEEEE S logn, BEFH
AEEE A N, BEHEH O(nlogn) K, ERZEMN T, FRESE S RESIRE 2 n (IFESIE]
DARES M n — 1 BWETES, REEEGEER n, SREPIEBE S n, S8R O(?”LQ)
IR

- BHEBEEES O(n). FHHDT : E#A Y E2EFER T, ERRZRERE n, HH O(n) #
B, HEFIRE RS FEITHY, RFEEBNEEINES),

- AREHY . EEEEIRE D, BRI G PR EHE TR,

11.5.3 RIEHIFAER

feLm ERtRER th, PIEHEFERCRTT B A A R ES, @8 REHE R PR AR S 5 OF
Fe7 A CHEREHERST AR, (EOE R DO ORCRE s, EEA PURERE,

- HBURZENE DI BERIME: SEAPURHEF R ERIBIRE S O(n?) , WHADHITRE, EEEK
ZHIEHT, PuEHEFRETE O(nlogn) MIRERIMEHEE BT,

- PREERIRCR S EPUTIH B IR IR, RATADR A T S A SIER,  BlFFETT R AR
o Mg “HERHEP” S ARR LRI MR, EmEk=iE Rt

- BAPENEBREUN: £ R =REERET, PORHPTRIbR. RME, SRR EER D, SR
SEAHERT L “TERHERT SRR AR L

11.5.4 BEHREWL

PRidiHb e 2ol A\ T ROIRFISCR AT RERRAIS, 28 —(Etssm Bl 7, @AY 2 e 2R, BiRHErEE
IRETCRIF AR, BTN R ) 7e iR, AREEWEREMY R, B FEYIRER n — 1.
AFHEAIRER 0, WHEE X, S aE MR E Ml r B RES 0, 2GR, i
BICR “TEIRHERET BEIE R,

VBRSO, BT DU RIS Sell) 7y v L R BB IGRIG . BN, FR(FT AT DARE MO —
TETCRIE 2R, AT, WSRERE, SREER AR RETRE, MeRMAT TN,
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TEERNE, BGESEEERIE “RREMET, IR B BB IR — 8T r AR,
TR P HE P IR TSR AT RE S L.

7 ViE—DUGE, BT DERS IR = p0rR (GEEAMAIIE, B, PRICR), WikiE =@k
TR PR B E R IR, SRR, FEREE "B AMEAAR” MR RIERTE. ER, FFER A
EHUE 2 RIEITE, U — I m BRI R R, AR IAE, MRBEMESLE O(n?) iR
RFEAR,

R R
// == File: quick_sort.cs =

/> ER =R TR RAIE +/
int MedianThree(int[] nums, int left, int mid, int right) {
int 1 = nums[left], m = nums[mid], r = nums[right];
if ((L<=m&&m<=7r) || (r<=mé&&m<=1))
return mid; // m £ 1L # r ZfE
if ((m<=18& L<=r) || (r<=18&1 <=m))
return left; // L # m # r ZMH
return right;

hy

/* EEED (Z8EE) */
int Partition(int[] nums, int left, int right) {
/] EE={E{#EE T RPN
int med = MedianThree(nums, left, (left + right) / 2, right);
/] PO EEIRE B R A i
Swap(nums, left, med);
/] BL nums[left] BELEZ
int i = left, j = right;
white (i < ) {
while (i < j && nums[j] >= nums[left])

Ji==i [/ REEAEKREENREESNTE
while (i < j && nums[i] <= nums[left])
i++; /] WERGHKREERNEEHNITER
Swap(nums, i, j); // KRaEMETE
I
Swap(nums, i, left); // WHEEHIEWMTFEFIND TR
return i; /] REIEEHZERS|

11.5.5 BEFERENL

TERSCA R, PORHEP AT REM 2RI 2 . DUE R s A RS 26, BOlE )75 IHRE 2 m
i M e o BRI AR R T2 O A FRISIRIREZR m — 1 B FRES, 8RR & — iR &b
RIS/ (RO —EER), IBEENSEEES n — 1, HEFREEH O(n) K/NCHE B
ﬁfﬁo

7 BB A R R R, BAIMTPT DIE SR I e HE P e iR, Ees i E AR, B 7 i)
AR, HRBE TN RESGEE n/2, FIISHETEERREERESEIE logn , 1EMmikRZE
A RENTE O(logn) » fEXEEW FATR:

// = File: quick_sort.cs =
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/* REHE (BEREREN) */
void QuickSort(int[] nums, int left, int right) {
/l FREFIREZD 1 K#LIE
while (left < right) {
/] HEHSIEE
int pivot = Partition(nums, left, right);
/] EEFRES PEE AR ER TR
if (pivot - left < right - pivot) {
QuickSort(nums, left, pivot - 1); // EEHEALZFES
left = pivot + 1; // FerkHFERA [pivot + 1, right]
} else {
QuickSort(nums, pivot + 1, right); // EEHFHLFRET
right = pivot - 1; // FERkHFEMA [left, pivot - 1]

11.6 &HHIF

BHHFE (merge sort) B —RENMARISHIHF AR, WEE 11-10 Forig “81237 1 “G0F BB

L @5y REBE: BRI R RS B B, SR B 14 P Pl B AL 22 T 71 O e P
2. APHREBE: B IR S 1 R EE Sy, BRIAEOF, FREMbf /oG RGN A 7 81 & OF 2y —
RIVA RS, EEAH,

FEEIEEEEE

RIS PEER

) EEEm
SRR

g

11-10 EOHHERRIE o BL & B B

11.6.1 EEZRIE

GniE 11-11 fzs,  “EorREBE” A8 TE 22 PRI AR M #8740 r G T 70 20 i1 B
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1. BHEpEYhE mid , RIEH| 7Y (@R [left, mid] ) F4FME (& [mid + 1, right]

)O

2. RERITHER 1., BETEFIEMRER 1 R 1L,

“EOREE” R TEMR e TR A S OF 2 — A RS, REERRE, ERER 1 HTFHE5I6
waaE b, AHFREEEVEE AT A P,

=

| Step 3

[ Step 5 ]

| step 7

BEES <

EiEs <

BEHS <

E#as <

EEEE

AREHEID
EJ1a000

RERE
(12000

REHEIE

3T

SRR
(12000

Step 2

Step 4

Step 6

Step 8

Bk b,

Enast

BITESY -

E¥Es -

B ok Uk,

EIEH

BEws -

E¥Es -

2800

IRERE
[J13500

HERE
(315500

EERE
[315500
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praici Ureg BaEgs < a an}
| g o
EAAH EaH [J
Step 9 Step 10

11-11 &0t ER

BIR3E, SOFHy B TR P E R HIRE NE 72 — 2,

- RN SRR TR, FREG T, REEFRETE.
AT JRRE TR, FHRES TS, RARER S D

AU EBRG DA N ERETR, s5ER, nuns INRFEDFIERT A [left, right], T tmp AUERERE R 2
[0, right - left].

// == File: merge_sort.cs =

/* aHEFRESIFNEGFRES «/
void Merge(int[] nums, int left, int mid, int right) {
/] EFEYERE [left, mid], HEFEFIERA [mid+1l, right]
/] BI—EERRES] tmp , ARERSHENGER
int[] tmp = new int[right - left + 1];
/] A FREYHA FRESREEERS|
int 1 = left, j = mid + 1, k = 0;
[/l EEAFREIEEEITERE, ETHRIGE)\ BT RE R IR ES |+
while (i <= mid && j <= right) {
if (nums[i] <= nums[3j])
tmp[k++] = nums[i++];
else
tmp[k++] = nums[j++];
}
/] EEFRESIFNG FRESIRRER TR E N RS
while (i <= mid) {
tmp[k++] = nums[i++];
}
while (j <= right) {
tmp[k++] = nums[j++];
¥
/] HEEREFRES tmp HRYTTEBEREIERS] nuns BIVHFERERE
for (k = 0; k < tmp.Length; ++k) {
nums[left + k] = tmp[k];
+
I3

/* GHHEE */
void MergeSort(int[] nums, int left, int right) {

/] #&IEMRM

if (left >= right) return; // EFEIIRES 1 KRIEEED
/] BIDPEER
int mid = left + (right - left) / 2; /] EtEHEL

MergeSort(nums, left, mid); /] BB FET
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MergeSort(nums, mid + 1, right); // EEHGFET
/] EHFEER
Merge(nums, left, mid, right);

}

11.6.2 EEZFH

- IFERRRIEZ O(nlogn), FEEREHDT : 8154 S % logn WIRIER, SEE IHRIEEE
Zn, HIAAREREEHEZ O(nlogn) .

- BEBERES O(n). AEHEHET : JBERE % logn , #/H O(logn) A/NUHEBIAZSR, & DHEME
AR A BB, ) O(n) K/ANEESNSH,

- BT fEA0HERETD, MEETRNRTIRREE,

11.6.3 iE4ERTIHF

SSRGS RS, A O AR U T G B %Y, v DR RS FR AT (LB T AR de b
k% 0(1).,

- @ REBE: ATDUERT IR BMR CIRIE” ARE B A RS > TR, (EE 2500 F A AR e 2
- ADRREEL: fESEATERYT, BRGNS EERUEES I () RIFTE, RS0 GREmifEE A
FRHtsh R YIS O 2 — R A P Ssh B Y)) EHEN I MEAS ER S,

HAGEBIANET LA, A B ARE# n] DA R AR & RhE T2,

11.7 MFEHIF

Tip

BREAHIRT, FETECROESE “HERE™ =,
HHEHF (heap sort) 2 — MR AHERTE RHS M E A AP A R, TRMT DM H CAE 28R "2 HErs
BE” M TR MR BT,

L. #@ PRSI EEN/NEMERE, R B/ NT RO R HERATE,
2. NErHTHHERRRE, MRIXGCEEHERDTR, AR SEIIE NEIRHEF R4,

PAETTIABEIRTTAT, (HF BB —EEEAMNEA AR A TR, R ER M, EEES, BIMEE R
—REEIEHERE T
11.7.1 BEZRE

AN RIS n, HEREHERFRITREANE 11-12 TR,
L. SR FESINGESRTHHER, SEUR, RATTRAHERETH,
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2. FHERTEOCR (BB —EeR) MHEROTER (RERETR) k. Eisciug, fERER 1, B

Her R & 1,

3. TEHEFETE TR, (ETHR R THEAELIRIE (sift down), SERUERILE, HERIEERENEE,
4. EEITE 2. PHE 3. D WE n — 18R, BIRSERESIHER.,

Tip

B L, STREMERREHREES 2. PE 3. 5, L2227 - HEBEHITRIPER,

0.
o ©o
000

SR TTHRT

SEMIEFIRT

ws (BODBBE
ERRTR ERETR
{ Step 1 ‘

HENEREN EHFER

w: (E0080

)
ﬁ\ o
©00

HRNAMER SHFER
w: (20000

| Step 5 ‘

0
© o
000

AN ENER Em?ﬁﬁ
- @00000

[ step 7 }

SERHF

1. BNFEFAL LT

SERHF

1. BNREFEER

2. EEMSERPREURATR
(1) WERRTRIVERRTR
(2) HEEREITHERL

SERHIF

1. BNFEF)IERER

2. EEUSERPERRATE
(1) ZSERATRBERRTE
(2) HEEREITHERL

SERHF

1. BNEFERER

2. EEMSERPRIURATR
(1) SERETREERRTR
(2) HEEREEITHREL

doo

ﬁﬂWFHEH EWTEH
nums
| Step 2
o
000

HEANERER BHFER

s (0000

's
000

SEMPEER EWEEH
— (00000

Step 6

Step 4

o

000

ERNAERER BHFER

Step 8

SEHIF

1. BNEEDI R
2. EEMESERPRIBATE
(1) ZSERATRRERETR

IETRHIF

1. BNREDIEERER
2. EEMHERPRIBEATR
(1) RERATREERETR

SERHIF

1. BNREDIL T
2. EEMSERPRRBATE
(1) ZSERATRRERETR

IETRHIF

1. BINREDIERIER
2. EEMHERPRIBATR
(1) RERATREERETR
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Y 4

e o
000

SRIEKERN BHFEN
s (EO000
Step 9 \
-]

QHWEQEH EW&EH
- 100800

Step 11

SERHF

1. ENEDERER

2. EEMSERPRIRATR
(1) IWERRTRBERRTR
(2) RTEERETHERW

SR

1. BNFEFIEERH

2. EEUSERPRREATE
(1) SERETRERRTE
(2) REERETHERL

@
o o
000

RN EREN SHFER
w 00000

Step 10

o
e o
000

EWEEH
w (00008

Step 12

11-12  HEfEHE P BR

SETRHIF

1. BINRDIEERERT
2. EEMHSEREPRRBATER
(1) HBERRTRIBERARTR

SR

1. BINRETIIEEER

2. EEASERRRIRATE

(1) ZgERATREERETR
(2) REEREITERL

3. RS—ETREARE, HFTR

FEREAASEBI, MM TE AT =EHEREERRERL sift_down () B, ERERNEZ, H
JRHERGRT R G REE TR IR A TTR M), FEMFZELS sift_down () HzUFTY —ERES2E n, AR

fEE RN ERTANRE, XA TR:
// == File: heap_sort.cs =

/* HWREHNEREA n , {LER i R, RIEZEEREL «/
void SiftDown(int[] nums, int n, int i) {
whitle (true) {
/] FERESEE i, 1, r FPRERAKER, 524 ma
int 1 =2 %1+ 1;
int r =2 %1i+ 2;
int ma = i;
if (L < n & nums[1] > nums[mal)

ma = 1;
if (r < n & nums[r] > nums[mal)

ma = r;
// EE i BASKES 1, r #H, QEEEEHREREL, B
if (ma = 1)

break;

/] RIREIE,
(nums[ma], nums[i]) = (nums[i], nums[mal);
/] EEE FHEEL

i = ma;
F

/* EREHFE */
void HeapSort(int[] nums) {

/] BETEIR(E. MR ERIEERE LAINYE B BiEL

for (int i = nums.Length / 2 - 1; i >= 0; i--) {
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SiftDown(nums, nums.Length, i);

}

/] HERPIREEGATE, BB n-1 &

for (int i = nums.Length - 1; i > 0; i--) {
/] IR AERE (RRETEEETR)
(nums[i], nums[0]) = (nums[0], nums[il);
/] VIIREREEAKCE,, RIBEERETHERL
SiftDown(nums, i, 0);

11.7.2 EHZHNE

- REBAES O(nlogn). EEEIEANT : BRI O(n) R, EHEREHIRBUR AT R
IREE 2 O(logn) , HEE n — 1 i,

- BHEERES O(L). FHHbY: BEEEEEEER O(1) 22M, TTRAHRAHER IR FAT 2 1E 5 )
AT,

- ARREHET . 7RSS TE T R AR ROT RN, S T RIVHB B AT RE AL,

11.8 HHiF

AT PR "SR I ER”, EMIER LB TR BRI AR NR BB T, AEHER T
FUARIR B LB O(nlogn) o A, WIVFIRGI &M “ELLBHIPEEE", EMiR R E
JE AT DOE R SRR

#®@HF (bucket sort) JZ/ARMGHI— IR, EiE@ T — L BAR/MEFRFHINE, R385 —{E 2
TREE, RERPFE RIS AT AR, EREMNE D DIRITHEY RS B RS
(/i

11.8.1 BEZXEE

FR—ERER n WY, HrR2#HE [0, 1) NRTEEE. WHEFmERDE 11-13 Fir,

L. WIaME k (8, % n R0 kE,
2. BHgfEfE o BIBITHEY CEERAERE S INEHF D,
3. TZHRARIE NEIRRINERS & B R
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ﬁ?ﬁfw ESET, HEHE
S ECEIHAERER
" HEEFEI
buckets HITHE
YFHEE le, .2) [0.2; 0.4) [o.4, 0.6) [0.6, @.8)
/ R RIIER
B S / BHHER
HERER r
nums
11-13 AP A LR
TS R
// == File: bucket_sort.cs =

/* WEHE */
void BucketSort(float[] nums) {
// a1 k = n/2 @@, FERESERSE 2 Btk
int k = nums.Length / 2;
List<List<float>> buckets = [
for (int 1 = 0; 1 < k; i++) {
buckets.Add([]);

1;

+

/1. #REYTESERIZEREP

foreach (float num in nums) {
/] BNEBREEES [0, 1), B num * k HRFIZES|ERE [0, k-1]
int i = (int)(num * K);
/] #% num FIEER i
buckets[i].Add(num);

+

/2. BEEFNTHRF

foreach (List<float> bucket in buckets) {
/] ERRNEHRRI, WIS EMEE REREE
bucket.Sort();

5
/3. EHREHER
int j = 0;

foreach (List<float> bucket in buckets) {
foreach (float num in bucket) {
nums[j++] = num;

}

11.8.2 EE XIS

MEHERE AR AR PR B IRRRE R, Bla, MABERME 100 EMEycs, HRSRHIRG], RECESEE—
RPERAFTHE R IR, R DGRECRI A 1000 4, AR EHHERNETHEY, RIEMAR G
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- WERIBIRRIE 2 O(n + k) BRTTRAE S BRI TS, TS EMN TR . B
BRG] O(% log ) M, BUHERFFARREER O(nlog ™) IR, HEHIMOR & HBEANS, FRIBIR
BERBIIR O(n) . &OHSRISREENFTERAITE, B8 O(n + k) B, (EREMNF, Frad
BB ERGT,  FHEF %A O(n?) B,

- SIRBIRIEZ O(n + k). ERSRHNY: I k ERALUE o (7T 2a0Esha,

R SR B R T S R R AR,

11.8.3 MEIFIRFIY 5L

ArHE e A IRF P R A B LT DOER) O(n) , BSBERIG CRI I Bl B atih, (KA B REE 2
B R . Gan, FRFVAE SRR B b AR A R S A 2 o LR 10 G, (RS R EAS o 1Y,
IR 100 JTERYAER 2, @R 1000 TTAYAER Do HF BRI R L8173 2% 10 ff, SEMHrm S EEm g
FEH K.

RHEBLPEINHEL, BATA] DUeoE —RE 2 SR, R RIS 2 3 B, srlse R, PR
WZRINAEEE 2 3 ik, EEFTARPRCRBERABOIHY,
QniE 11-14 o, JERETIEAE BRE PR, AERRERRERTRE, B, ~fEEE
R R o 2% 3 (e, FLBEE 7 75 AR IR R RHRERG EE TG

BB
HEHBSER
ARHELL — g5y 20% 15%
EigER &ErsLE
[ o
REER —- <100 100-500 >500 <10 18%
10-20 13%
20-35 12%
18% 35% 12% 35-50 10%
. 50-100 12%
<10 10?50 ) 50-100 100-500 20%
TS ) i >500 15%
13% 12% 10%
10-20 20-35 35-50

11-14 JEIEE|Sr4H

QIR TR AR R b S MR 040, IRl DURRDR ORISR 70 i 30 € TIOR3 SRR (EISERRIR,
BRI A T ER R, ] DURIR R R SR A SRR R T 0L

qniE 11-15 Fiow, B s EAS ARTE IERE 70, IS Ml i A B 3 (B L R, FRE T R s 125 23 i
FBME
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HERE

0.4

- \
0

0.0
0 3 10 25 80 200 +o T mERE
" A \‘—\/—/‘

EHiREE <3 3~10 10~25 25~80 80~200 >200

11-15  ARFERER 7l 70 40

11.9 =HEBHIF

sHEHF (counting sort) EIBME TTREEAR BB, EHEH RS,

11.9.1 §ESER

SeRE ARG 487E —EREZ n WES] nums , HAPRTREZ “FaBE0, M7 BN
FRUNNE 11-16 Frm,

1. EFREA, HRHEFHNRKET, Lo m, REEY—ERES m + 1 EBIEY] counter .

2. B counter il nums A BIRE, HAF counter[num] HEEF num FUHBUREL, #ist
FIAREE, HFEED nums GRERTEIT A num), iR counter[num] #0 1 BIA],

3. WA counter MEMARSIEARG R, HMHEREBZERHDTL 7. 8 7K, BMER counter
FRIE A B BB N B K IIE R nums BIA],

FHIFFRES nums

o B nuns MHERTRETRN
RV N N counter[num] X%k num MIHIRRE
#=5| (& 1 2 3 &4
F)
s 8fES counter

‘ \ 7EH counter , EHF
RBHIREIEAN nums BPA]

RS nums
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11-16 srEEHERFRE

RSN R

// == File: counting_sort.cs =

/* SR +/
/] BEER, \ERRHFEYE
void CountingSortNaive(int[] nums) {
/] 1. #EtRESIRAITTE m
int m = 0;
foreach (int num in nums) {
m = Math.Max(m, num);
}
/] 2. HEBHFHILIRRE
// counter[num] & num BYHIRREX
int[] counter = new int[m + 1];
foreach (int num in nums) {
counter[num]++;
}
// 3. iE:h counter , BFZTHEENEESI nums
int i = 0;
for (int num = 0; num < m + 1; num++) o
for (int j = 0; j < counter[num]; j++, i++) {
nums[i] = num;

h

AP ECHE P B HE F3 ) B i
emmHE R S, Bl AT DUR et 8 FR AU B8 counter RYRHIEIZR S I — (8, HHtat 2
BREREE RS ETTR IR BERNT, AHLE, SHEEHEF R B R T8 — R,

11.9.2 =EBER
ADRE ATRER IR T, W AN BERHR IR, RS ER 3. BT . (R NG REE R i, TR
FEm SR RS CERIAR 25880 SIS TETHER, 0 R E: L REAA R AU HE R 4 R,

HR RGN A GEAS 2 R HE &5 SR ? M e 555 counter 19 “HUSRAI", BEAEFE, &Il i ENRIR
M prefix[i] SFHRMEAIET 1 TR 2

prefix[i] = Z counter[j]
7=0

Hi SR WIRER R, prefix[num] - 1fREICE num fE4TRBES] res gz —XIBINRS], EEE
AR B, [A2 e S AR 5 B TT 3R MR B R A RS AW, B, B2 Rk, FAPIEN 7 E 37 B FE% nums
HUEEETTER num , FEREIEARAHRIT LR,

1. # num A res IZE5| prefix[num] - 1 &,
2. DHIZA prefix[num] J/ 1, WSS FRBCE num BIER5],
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ERTEIE, ) res R HEF AT ISR,
At B R,

FFE5) nums |0 RN I oflsfof2]2]4

HF num

B#ES) counter u

E#H nums AHEHEERPHHTIRE
counter[num] RF num IR

| Step 1

:
= (@000000000

SERET) res

HF num

HUMRA prefix anun

(counter)

EIFED nuns RRSETE nun , SHRNT:
1. # num A res W5 prefix[num] - 1 &
2. 2F0EM prefix[num] B 1 , WMBETRKE num K3

:
= (000000000
4

e - ((HEE000080
/' / - ”/
/ - - /',,/"
Yy -

BFoum 0 1 2 3 4

nan prerix (B} B EOE

(counter)

EIFES nuns PERSETE nun , SHRAT:
1. # num 3N res WF3| prefix[num] - 1 &
2. QIRA prefix(num] B 1 , WMBEITRKE num K3

RS nums

6000000000
e (0000000000

o 1 2 3 &4

HBF num
IS prefix nnn
(counter)

HREHIGEDARE, HENRBIRRED
1B res HHEEHFNER

[ Step 7 ]

11-17

At B R B BRSNS R RR:

FE5) nums

KERET) res

HF num

BISEA prefix
(counter)

BB res BEFMHEY nums BIR], [B 11-17 JER 752801

S
0 1 2 3 &4

BtH counter RYFIERM, TR prefix

prefix[num] - 1 ®% num 7 res PRE—RHBRNRS|

Step 2

AR5 nums

KERET) res

HF num

BB prefix
(counter)

num

:
fDoaoEozEmE
([ [T T[]

Y

e 1 2 3 &4

BE - BE

BIFES nuns FESETE nun , SHRIT:
1. # num A res WFRS| prefix[num] - 1 &

Step 4

RS nums

KERES) res

HF num

BIfBH prefix
(counter)

2. QM prefix(num] B 1 , MR TRKE num K3

num

:
HEanEaEEaan
([ [o] ]

7 =
/ o

BIFFED nums FESETE num , SHRAT:
1. # num N res WHK3| prefix[num] - 1 B&

(st s

REF] nums

KRS res

HF num

HIgEA prefix
(counter)

{ Step 8 ]

st BUHET P BR

2. QIR prefix[num] BiF 1 , HWEHTRKE nun HFR3|

LEEErEEREE
EEE ) E )

0 1 2 3 &4

LEEEE

PR res EHERMES nuns EIA]
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/1

/*
//

== File: counting_sort.cs =

stEHEE +/
TRER, JHEYY, TERRERT

void CountingSort(int[] nums) {

/1. GEtRESIRATE n
int m = 0;
foreach (int num in nums) {
m = Math.Max(m, num);
}
/] 2. GEEEFHILIRRE
// counter[num] & num BYHIRREX
int[] counter = new int[m + 1];
foreach (int num in nums) {
counter[num]++;
}
// 3. K counter HIEIERA, 1§ “HIDXRE &is “BER5|
// BN counter[num]l-1 & num 7 res FHE—RHIFHES|
for (dnt 1 = 0; 1 < m; i++) {
counter[i + 1] += counter[i];
}
// 4. BEIFEESE nums , BBITREBENGERES res
/] #aES res FRECIRER
int n = nums.LlLength;
int[] res = new int[n];
for (dnt i =n - 1; i >=0; i--) {
int num = nums[i];

res[counter[num] - 1] = num; // #& num HEZIHERSIRE
counter[num]l--; // <EHHER 1 , BEITXKE nun HIZS|

}

/] ERERMEY res BEEMESY nums

for (int 1 = 0; 1 < n; i++) {
nums[i] = res[i];

h

11.9.3 BEZIFH

BERIEAEE 2 O(n 4+ m). FEAEEHDY © ¥ IGESi nums FIERS counter , #BMEFASRIERR, —%

B TEn > m, FREEHREER OMn).

- BEEIRES O(n + m). EEMHY: #B T RESAIZ n F1 m KI5 res fl counter
- BREHEE: BRI res T CRMIERZ AL 1Y, RIEIRET nums 7] DB T

RZMIAESNE, EMESREHF. BiELE, EFET nums U] DUSZIEMAHIPAIR, BEER

EAERER,

11.9.4 BRI

BREM, RUFFERGEHFIEFESY, (EERsEHEEN BB SMHE. A, EHEHEHT
AR B AR S 2 A
Al By BRI IE RS, AR AR AR EER, 7R ARE R n] DI R R B R, A H
FEE OB PN REE S E TR Z FIRTAHE N R, BN, BNt E A BRIRBEES, DU ITH BT
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mE—AHE, RemBT R IER, HrsesiRmEiim X,

At BT R R RO HRORHR R BTSN, e, 12 BRRBIF m REERK, Il A i 2 22
Hn<mb, SHEHEPER O(m) K, AIgetk O(nlogn) MHHFHAILEZIE,

11.10 E&HIF

L@ T R, EEARERHR n BORERHEEE m BN, RS n = 100 852
SEETHER, TISESEE—(E 8 My, EEME AR m = 10° JEE A, AR EEHIFEES AR
e, MR ] DOR ISR I,

e (radix sort) HURLEAHEEHEHEE — 2, WEBASREHEBCRERN R, fFHER L, EEEFA
MBSO FRNEERR, RO —OETHE, 1EMS 2R RHER AR,

11.10.1 BEERIE

DAESRE AL 0], BB RIOORS 167, SshEss 8 A7, HBHFRIFAZAIE 11-18 AR,

L WGtk =1,
2. BESRAVES kAT “RHEUETT. SRR, BRIERIRE kA DEIRHER.
3. K kI 1, RRIREER 2. AR, BIIFTEREHET ERIEA R,

HNRB] nuns . . S, H HFE 8 {1
AL K = 1 HiFR 1M HIFW 2 f % 3~7 {0 BEHEER
10546151 35663510 356635179 10546151
35663510 88906420 88906427 30524779
42865989 10546151 82060337 34862445

34862445
81883077
88906420
72429244
30524779
82060337
63832996

63832996

81883077
82060337

42865989
30524779

34862445

81883077
30524779
42865989
63832995

THEHEF RS ERL, BN d SRS o, ZEREE kA x, , ATRMEHEUREHRE A

11-18  RErEA SRR

x
Ty = LEE:TJInOd'd

35663510
42865989
63832996

72429244
81883077
82060337

88906420
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Hob o] FoRENEE 1 R, T mod d Fom d BUSE (IR, BHREeeeEl, d = 10 Bk € [1, 8]

o

eoh, B2/ NMER A B ES, (2 AT DARIREC IS k ADETHY

// == File: radix_sort.cs =

/* ¥EBITE num B9 k i, HEF exp = 107(k-1) */

int Digit(int num, int exp) {
/] BN exp MIF k ALUBRAENEERITHRENRGE
return (num / exp) % 10;

I
/> sHEHE (R#E nums 8 Kk HFE) */

void CountingSortDigit(int[] nums, int exp) {

[/l HEMFINGEERES 0~9 , RtEEREZ 10 BIEEES

int[] counter = new int[10];

int n = nums.Length;

/] #5t 0~9 BEFHILIRRE

for (int 1 = 0; 1 < n; i++) {
int d = Digit(nums[il, exp); // JBY nums[i] % k fi, 5% d
counter[d]++; /] #EEF d BHIRE

+
/] KEEM, & “HIRES &g ‘BRSS!
for (int i = 1; i < 10; i++) {
counter[i] += counter[i - 17];
+
[l BIFED, RIBENAER, BETREAN res
int[] res = new int[n];
for (int i =n-12; i>=0; i--) {

int d = Digit(nums[i], exp);

int j = counter[d] - 1; // ¥BEX d ERESIFHZRS] j
res[j] = nums[il]; /] EERITTRENRS j
counter[d]--; // #% d NE=ER 1

+
// ERERBEEREMY) nuns
for (int i = 0; i < n; i++) {
nums[i] = res[il;
¥
}

/* BEHE x/
void RadixSort(int[] nums) {
/] EEETINRATTE, ARFIETRAME
int m = int.MinValue;
foreach (int num in nums) {
if (num > m) m = num;
+
/] REMEARISANERES
for (int exp = 1; exp <= m; exp *= 10) {
/] HEYTENE k HITEHRE
// k=1->exp =1
// k=2 ->exp =10
// Bl exp = 107(k-1)
CountingSortDigit(nums, exp);
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S EGE AR B4R THER?

G H @O, Ry @SN W AR BEH, MRS —WmHFESAI R a < b,
M —mHFAR a > b, IR ERE A — WA R, BREF RSB SRk
iz, I AL L,

11.10.2 EEZESHE

HRBER B, S P 0 A R B R B A R, (LR HLIE VORI TRT AR 2 IS R R X, FLESE
BORREK, (I, FRRWORIE & MR, 82 BER00 Bk, ATRESSARRTRE O(nk) > O(n?)

[e]

- IEBEAEES O(nk). EREEADT: REREZ n. ERD dEMH, BRAER b, AIBE—A

BUTEREHEF R O(n + d) W, HFFTE & G O((n + d)k) Wi, @3N R, d Ak 45
e, AR O(n) o

- BRHBGRES O(n + d). AEEHHEE: BEEHEEPHER, BEHr FERERE R n # d (5] res

F1 counter,

- REHEE: EntEdERERy, REGEERRTE; EstBdiEARER, EREHREARES IR

P aE R,

11.11 /i

1. EE[EIEE

- IR E A A TR AR E B B HTY —EAREE A AR EBE AR ], BT A] DU iRHE

F BRI R B EE (L) O ()

- AAHR AR BN TR EAZ O R AR IERA R, MY, #EAEAHT R

RFREAEE 2 O(n?) , (HHRETCEREAEENE D, (RIAE /NSRRI HE A H5 h AR 2 0,

- POEHEE RN R E D B R . IS, A RTRER TSR E R 2 A AR R, HEIR

ST O(n?) o 5INHALECE e B el bE i M 3] DARE ISR S (L MR, 138 (B eI B
R, AR MEEIREE, KRR ERS O(logn) .

- At EREE A A AR R, SRHEEER 7oA, EA O, HE R bR R i B

5, ZERMHEEE R O(n) ; SRTIHER S5 ER o A S AR RE vT DUR AL O(1) o

- MHEP RS =R BRI, AMNHEE RS IAR, BRI T ARE, EAREREERRK

WP, AHE (Y B S8 A2 R S R T2 70 i

- AMEEHEE R R AR, EEE st st E R B IRER E B Y. stEdTE R ER R AR

BRHHEEARAEDL, A 2R B R RES 5 IE R

- HEHPTEEZR A H T AR BB Y, ZOREREER R 2 [ A BB
- RREOAREL, T EIRE AR, BARRCR, T, R DU BB R, AT, B

HAE RS ENTEER R, G ERIRRE S R R R A I LE R T, EERER S, JIMH
BHURE R R AOE R S B A H A,

- [ 11-19 BT BHH R EEARRR, RErE, st PER s ST,
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R SRR R
ee  ms  me  mw | EEE wem  oEmm g
®mEAR o) o  om oM ‘ HEE R FEEm e
FORT . wAWE  om oM o) on | wE W EmE KB
fENHE O(n) o(n?) o(n?) o(1) EE Rt B @ i 14
BOEHF  Onlogn) Ofmiogn) O()  Ofogn) | HilE i FE@EE  HL#
é’;flff) . @HH#F  O(logn) O(mlgn) O(mlogn)  O) | ME  HEM HEEE  E#
M Onign) O(nign) Ofmiogn)  O(1) ‘ FEE R FSER LR
BAF | On+k)  On+k  OM) On+k | ME  HFEE FEEE  FHE
BOnF  WEE On+m) On+m) Onsm) Omem) | WE  HEE  FEEE  FER
EMHBE Ok Onk Ok  Om+b) | MR FEE  FEEE R
n AEREAN
= - w | Hm e

FEHEIES, m AEREE
EHHFED, k RRAMIH, HHS b &R

11-19 HermREE

2. Q&A

Q: B AR E A BEIEN RN

EHRET, BMETREENY @ E I ETHE R, flan, 240N gEmmiEEE, RMmEEEH—
fEZ ey feteiRdRiETH T, 550 (A, 180) (B, 185) (C, 170) (D, 170) ; H¥ G EiETHF.
HR e EE AR E, FItATaeEfS%] (D, 170) (C, 170) (A, 180) (B, 185),

AIDAEREE, 24 D C M EHRA TR, AN ERESEIE T, mMERRMAREERIN,

Q: WHEHIH “MAEEEER” B “NAEAEER BINERF ] DA HIE?

T, ERMUAR LT R A, WAL “CHELEER” B “NCEEAER, Bl aEtrRES,
B ET— TR,

N Se#1 5y partition () MR — 222 nums [left] Al nums [1] o SERAHLR, FAERUC BT RAR <= 5
B IR ER BB — 2 2t nums [left] >= nums[i] B, REEFRMAE “DEEFEGER, AR
AR RN ICE, MIEE 1 = j RpkERE, sERaTEE nums[j1 = nums[i] > nums[left],
EtEaR, R — PR e e il —(E LB EOE KA e R B A B A v, B fe ] 73 B
BEH] 7, sGEMS [0, 0, 0, 0, 11, WHRL “MEMEAER, HHl7&EY A [1, 0, 0, 0, 0],
BEGE R RN,

FRNEEZ T, WRFBMEE nums [right] AREMEE ARERIELF OB, WEM “CEEAERR,

Q: BANRPEHEFRIERERE R, At SRS RS IR IR E A #iE logn ?

R R FE T2 AR B AR 7y PR B, i M e 1) 50 TR AP TR e 271 381 g 2 D - B 51, A SR DR VR S e
FERiZ, W NIRE) YR E R K AR R ER—F, BERERERN, —EBA FREE, IERKENIE
TERERLE logn o

[\ R A R HE R, FRMAE r] RE e B IR B R B i KM, mEBN FAn. n—1. ... 2. 1, &
TEVRFE A n o JRIENRFE BAEL AT DURE SIS R Tl B,
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Q: EEHFIFHATH TCRAM SRS, PO R AT 2 O(n?) W52 sXaal fR SRR (L% I ?

. BIREREEDN, AT DA RIE BN S #] R A 2 2 =8 ANRL SRR RIRETEE, fEH IR
B NAFURIR I ER e FERZITIE S, EATTR EMMHFRIRES], (2T o B AT 2 e,

Q: HHER IR R 212 O(n?) 2

BEWIT, FrEEEMA SR — R, GRRPHRA 0 O(n?) WEEAH FEt T2, RIRR i
Rt O(n?)
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F£128F #74

Abstract
HEMOR B, BRI e S B A R,
DMEZER T —AERENEE: HBEME, —UEIEEH,
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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
— 75T, A3VATT DA AR 22 4 e B i R

- SIREOEEE: SRR E SO BRI EE r, SRR BIERH MR 0 AR O R, AR R
R B RO R

- ORBEERIL: U0 Karatsuba 5%, ERRBEEERIE D R 72 2088 N R BIHISRIEATINE,

- JERESRTL: BN Strassen BT, EORFAERHIRIE T i R 2 8/ NE R SRIE R AN TR

- ISR R NRERE AT DOBEIEIE MR, 1SR S IR RIS

- ORMEREE: EEFAI, RATH BT NI S, ISR R E S, KR
Wi pr B T DM R R AR, REBh & OFHE R T SRR
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T3, SHATEEEIAME RSN P SRR Bz,

- DS SRR ARSI EER S R ARy, SAERAR HARE B TR E A R,
DRAEHERRIR—F=[5 [, A SR BRI R A TAH R = 0 1

- AbiEE: AEBRECE, SR,

- POdHEE . PREHE R R AR, SRR ) R M E S, —{E RS TR EE R DN,
b — P RESIRTCR LA R, FHERNEM R EIT RIS 2180, HETHEYIHE T —ETR,

- WHE MR U EA AR R B R BB 2 EA, RRBEERMNETTRETHY, REFSER
TERMIXE, M2 —E A R,

- OB Bl ToTEEt. AVL R ALRE. BRI, B+ 85, EMAVER. fEARIMERSE SRR T DAL A
THERMEHIE

- MERE: HERERR RERPRAVSER TR, HARERRCE, A MIBRFIMERE L, ERFR EARRRE T ARIE
i

- MRS MENMERR S ERIENI G, (BREARRE R R ERIER T ek, fln, s
b rR RS ER A1 S BB S KLR K, DRI ERRCR,

AIDVEN, it AR AR, S SRR R .,

12.2 9ARIESER

BMCAERE, B EHETR R MR,

RIS CEBBETEREHER, RRES O(n) .
FHRRES S SRR VORISR BB, I T2 R O(log n) #% O(1)

TR L, KRB S O(logn) MHESBEIRIE T IR IR GRS EBIN, flan — 70 208,

- oSN E PR RE ERYTH R BETTR) DN —E/NEE FERAIN— SR BT
F), B —EREEINY 22 s S BT R 21k,

C BRMIERENARR, £ TESH, AVL Bl HERESEREMET, SERENREEREZES
O(logn) »

oS E ARSI,

- FRER PR o SR R R (TERRS A T AR s T (TERFIA —F i T &
i), EREE L I T RN H TR AR E R,

- PRBERENE): EooEsd, VR T HEE, EASZ M T HERE A,

- TRFENEHSOR: —oa 5EER A TTR, HARES FRENRET S0 & FRE
TSFRIRTRIRE, i Pl & (R IRF S Z TR

IMARESITETHE R RCR, AH ERK AR S LR —EEIE, moraiEa s v DUHERR %
ﬁ@

1. ERaAaBlR—_niEs

fEZAiEF, —o@sFERERE 050 HEK, BERMERDE (BE) KEBE.,
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Question

M —ERER n AR nuns , HARFTATRAERE K, EEITR target

o, HMFESEE (4, 5] BN FRERLZS £(4, 7).
DUERIRE f(0,n — 1) Alctal, &bl N S EREIT — e S,

. stEEREM [0, 7] B8 m , R EHRR— S E R,
2. MR SR RIS N — I TR, AIRER f(i,m — 1) 8 f(m +1,j).
3. S 1. B 2. B, HEE target Bl 2RI [E],

12-4 JoR T ARSI rp 0 80K 6 I TRIR,

A

\ 4 m
(o, 3) an 12 15 23 26 31 35]
A
n W
(2, 3) [1 3 nn 12 15 23 26 31 35]
A

m

A 4

BAERETE 6 MHR3A 2

12-4 o ¥sK061ERE

FEEBERIE,, FME & —EREER dfs () AKRMEHE f(i,7)

// == File: binary_search_recur.cs =

/* ZHiES: BE f(d, j) =/
int DFS(int[] nums, int target, int i, int j) {
// BEEEAT, AREBEZETER, lRE -1
if (1 > ) {
return -1;
}
[/ StEHEES| m
intm=(+3)/ 2;
if (nums[m] < target) {
/] EEFEE f(m+l, )
return DFS(nums, target, m + 1, j);
} else if (nums[m] > target) {
/] EEFREE (i, m-1)
return DFS(nums, target, i, m - 1);
} else {
/] HXEEERER, REHZES|

return m;
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hy

[* ZDE8 «/

int BinarySearch(int[] nums, int target) {

h

int n = nums.LlLength;
/] KfERE £(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

HFB it 14 (m—1) [m+1,7]

AR, AFERETERS I (m — 1) &SRS ARk, s aE 12-7 Hig

@ HIRFELS ST11,
preorder an...
A A A

@ @ i i+l i+1+(m-1)
PRFET

inorder na

o O v

12-7 ARETEA /A TR RS [ H TR

4, EXRER

7 TR m BIReR, BAMFEED—EFEE R hnap AREEFES] inorder HITREIR G HYEML:

// == File: build_tree.cs =

/* WBEZTE: 298 */
TreeNode? DFS(int[] preorder, Dictionary<int, int> inorderMap, int i, int 1, int r) {
/] FaEMATEERLE
if (r - 1 < 0)
return null;
/] VIEIRERRE
TreeNode root = new(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(int[] preorder, int[] inorder) {
/] BLEER, #F inorder JTEIIZRGIHIER
Dictionary<int, int> inorderMap = [];
for (int i = 0; i < inorder.Length; i++) {
inorderMap.TryAdd(inorder[i], 1i);
}
TreeNode? root = DFS(preorder, inorderMap, 0, 0, inorder.Length - 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 Az 2 iR RE R i
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.cs =

/* BE—EEE */

void Move(List<int> src, List<int> tar) {
// # src ERFEH—EEE
int pan = src[”1];
src.RemoveAt(src.Count - 1);
/] EEBBAN tar TEZL
tar.Add(pan);

}

[* KEZFIPNIERIRE £(1) */
void DFS(int i, List<int> src, List<int> buf, List<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);
/] FREE f(1) : # src FEF—EEEZE 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(List<int> A, List<int> B, List<int> C) {
int n = A.Count;
// #& A TEZP n {EEAEFER) B #BE C
DFS(n, A, B, C);

QniE 12-15 F7w, {ATNEERTRE T A — AR 2 n BRI, {8 G AR — M8 7RI, BB — AR R 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,



257

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.cs =

/* HiFFESH: HlE— x/
void PreOrder(TreeNode? root) {
if (root = null) {
return;
}
if (root.val = 7) {
/] ECERfE
res.Add(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”
ERSHRARE, PIBEAEEREERN, ZiRE R, BRIMTBEGRE MR,

Pl —
FEZ TR PR ATE AR 7 AIETRS, GHIR IR, 2E L R R 1L

TEBIE— TR b, TR 2B — M H%] path sodkai FDE RV EIRGERIE, ERiFEHER 7 FIER5EK,
AR path W HHESIR A res . EFITEMIR, res PREFIFLRITAIM, FXEEWNR:

// == File: preorder_traversal_ii_compact.cs =

/* HiFEH: BIEZ «/
void PreOrder(TreeNode? root) {
if (root = null) A{
return;
+
// ER
path.Add(root);
if (root.val = 7) {
/] ECERAR
res.Add(new List<TreeNode>(path));
+
PreOrder(root.left);
PreOrder(root.right);
// [Eh&
path.RemoveAt(path.Count - 1);

fEFR “El” o, FRDEEKEE AT HIRGHTEE path RECERERAE; WAE “ENR” AT, FRIEHEEAZETRRE
path i, PAREARE A ARG,

BUgzlE 13-2 FonfiEts, BT PO E sUMERBEE 2y “HidE” B “HE”, MIER(EE 20,

EE: BOED, EMRE
EB: gk, RUEE
path = [1, 7]

’..
= i BOES, ERMRE
[EhR: kg, KRR
x \ path = [1]
0O 000

BEIER 7, AISREHEEGER

res = [] res = [[1, 7]]

‘ Step 1 ‘ Step 2

BE: BOEY, BRI
EB: fREikig, RRE
path = [1, 7, 4]

EE: BOES, BRRE
[EB: tRERAE, &zURE
path = [1, 7]

res = [[1, 7]] res = [[1, 7]]

| step 3 Step &
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=0

13.1.2 B9

AR RHEF) [ 1 o R O 35— (B B AR AR R A, AR PFIm TR “BIEL7

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 10‘

W BOED, ENRGE
ElR: RERAE, RUEE
path = []

res = [[1, 7], [1, 3, 7]]

13-2 EilHENE

EE: EOES, EMRE
EB: RERE, KRR
path = [1]

res = [[1, 7]]

EE: BEE, BHRGE
[EHE: PRERE, KRR
path = [1, 3, 6]

res = [[1, 7]]

B BEEY, EMRE
E1B: RERE, RUEE
path = [1, 3, 7]

BEEE 7, ARERETNESR
res = [[1, 7], [1, 3, 7]]

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.cs =

/* HiFFES: HIE= +/
void PreOrder(TreeNode? root) {
/l B
if (root = null || root.val = 3) {
return;
}
// EH
path.Add(root);
if (root.val = 7) {
/] ECERAR
res.Add(new List<TreeNode>(path));
}
PreOrder(root.left);
PreOrder(root.right);
// [Eh&
path.RemoveAt(path.Count - 1);

“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, List<Choice> choices, List<State> res) {
/] YERR B AR
if (IsSolution(state)) {
/] ECERfE

RecordSolution(state, res);
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/] T BiEELEs
return;
+
/] EFHFREIEE
foreach (Choice choice in choices) {
/] BN FIEREIER TS
if (IsValid(state, choice)) {
/] Efl: MUHEE, FHkRE
MakeChoice(state, choice);
Backtrack(state, choices, res);
/] [EhR: HEHERE, MERIZAIRIAREE

UndoChoice(state, choice);

AR, FRMBEAEZRE AR EGIE =, IRFE state R HIRERIKIE, % choices A EATETRAIAE
TEIRAIG FEIRE, SR res EERIEHSI:

// == File: preorder_traversal_iii_template.cs =

/* FIETEFAREREEDAME «/
bool IsSolution(List<TreeNode> state) {

return state.Count != 0 8&& state[”1].val = 7;
F

/* GCERRRE */
void RecordSolution(List<TreeNode> state, List<List<TreeNode>> res) {
res.Add(new List<TreeNode>(state));

}

/* FIEREERIARRET, ZBERTEZE +/
bool IsValid(List<TreeNode> state, TreeNode choice) {
return choice != null && choice.val != 3;

I
[* EHRRE «/

void MakeChoice(List<TreeNode> state, TreeNode choice) {
state.Add(choice);
}

/* VRIEARRE */

void UndoChoice(List<TreeNode> state, TreeNode choice) {
state.RemoveAt(state.Count - 1);

}

/* BIERE: GIE= +/
void Backtrack(List<TreeNode> state, List<TreeNode> choices, List<List<TreeNode>> res) {
/] BEREAMR
if (IsSolution(state)) {
/] ECERAR
RecordSolution(state, res);
+
/] EFHFREIEE
foreach (TreeNode choice in choices) {
/] Bt MEEERT AL
if (IsValid(state, choice)) {
/] EFl: MHEE, TR

MakeChoice(state, choice);
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/] ETTF—EEE

Backtrack(state, [choice.left!, choice.right!], res);
// [ELR: #EEEE, MIEEZARIKRE

UndoChoice(state, choice);

R, BMHERENER 7 TR IEZ AR, LTIl 21219 return sHAIHNER. [E 13-4
L TR EMER return FEATRYIE SEE,

nuRE L

FikEe
Q. et
[}
*Y return B return
sCiRfERIR0], FHRERIZS CiRfEEAEE, BEELES

13-4 CREFERMIBR return R8s @RS L

FE LSRRI E SRR TS B IR, S EI0e 52 A 2L 00 s R B TR B SR B S RS, (ED P M R 4, B I,
Fr 22 1RSSR DAE SR R, TR A AR I ELBE RSB A2 3% state Ml choices , MEFHMEZEAP%&
1875 1 BT,

13.1.4 EHWEE

7 7 BIEMHI AT ETARE, MRS — TR R AR AR S 3R, MBI RE =4 H R,
R 13-1 Fire

®13-1 B RAEE R IEMTE

il TR plE=

fi# (solution) MR FIERFEMIFIESR, ATREA —Ee2ld  MEREIERS 7 MW 24 R R A B

IR LE HH AR R RE AR IR T TR, EEAE B SHEIDS 3
(constraint) RBIHRE
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EAT EFR il =

IREE (state) ARREFRRN A R — R ZIEN, e ME B MR, B path HiZkE5)
EiE

=550 El BRI T R SRR RS ENERE, EEM  REMAE B) THIS, AFEEETEE path,

(attempt) HiES, HEIikRE, MEREAMR FIERE B ER R A T

EpiES ELRFEEZ AN ARG AR AERE, WEHaTEM  ERUAZEEIRL. FREBM. BEES 3

(backtracking) HAEEE, [FIZ| -—EiKE HEGRAR s RAORE]

EiL53 SR RIR B R ARG R EE RS EBRES 3 W, R HEsES

(pruning) BAERTTIE, RS SRR

Tip
FIRE, ff. IRRESFAESZIBARY, 1E70A. B, EhRe#|, S35 mAETEEY K,

13.1.5 {EELELERY

EEEEAE R — RS EEE, CERITE n s T R EERE N IR R, BT
VBB RRESER BT A RIRERI AR T 2, T BAESHISIRIRET, BEARENREE,

SR, FEJEFRAHRIAS B S R R s, ol SRV R TR e DARE 2,

- WRE RIS R E AR RE S IR P A AT RE, R AR A PT DOE 2 B0 s R T FE
- 2R R R R R A E ATATRRE (BIANESTE, R BIRA BN EE), BEIRERAR, =M
FORAIREFEIFRA,

RIEEGAE, Dl Ry SR Lt s B 2 R T e BB B AR DT R BN, iR ik TE
MR8 2 ] A R SRR, R AP0 ZH S AT Rl RERIISEME T AE R, (EIERETRTL S, BSER Al R
B, RBRCR R EE WA,

BB RSN E N G A A R AR, T B A R A

- s A sEETTIA LRSS EEHE, EmE T SR Al REE L BRI,

13.1.6 [El¥AER(GE

(e e 72 ] R R 21 TR, SR e PR S B L R
1R SRR AR RSN R R E R R TT %o

- EHIRE: A ARG, KREHFARTRERHSIE S

- TERMEE: AE RSN EEN, KERSHIEN R EENR &,

- ISR A AR TR — RYIR/NRRIR RS, EORRE T BRI AR TR B E] S — IR T,
BRARER B —EENE, HARER KB BB NEE L,

HIAN T SRR R E SRR R TR SRR R AR
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- n2iE fEn x n R ERE n BRE, #REMEARE,
©BOE: E9 X 9 ERTHIEARTY 1~9, fERRT. BYIMEE 3 x 3 TR THRIBT A EE,
- EFEORE: S —EERE, HEORBES B ETERE G, SIS HEBTERE AR,

A AL : TS RER B AR AE — (8 & 2 R TR T S R A B (B

- O-1 HHEME: A A —EEE, SEYas ENEENER, ERETEEFRRGIN, 3
Y LSRR E R R,

- RATRIME: £ -EE, (E-ERGHIE, FiREATE HARMA L OURIR AR, SRR,

- EROREIE: A —EEaE, PREIRCRRYSE e, R T I TE R < R A 18 A

LR, BIRNFF A G BRI, R RERITT %,

- 0-1 F A B RE A B e, DOE R m AR RAIRCR,
- RATRZ —EEE A4 NP-Hard B, # AMRH B BEEIAMS R IASE,
- ORI R R G P B — RS SR, T S AR R R R SN IR R R

13.2 £HYIRE

EHB R REREAN —E RN, ERERREAE —~EE S W— TR ERT, X
HHATCRIIFTH ATRERTHES

R 13-2 BB T ARMERBIRERL, BTG E A RES A0 A A HES
®13-2 EHFIRHA

LPN ] FR A HEA

[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 EBFTENRER

Question

i A\ —ERE s, HrpAEEEETR, REFTH TRERIHES,

FEEIS EA I M, SRR DU RS A QR — R BRI AL, (i A2 (1,2, 3],
WIRRMEIRIE 1, FHRIE S, REORIE 2, AUEEHD(1,3,2] . FEIRER TG R,  rue s
.

TemMrE R AEE, FEES choices BEIAMIIFHIFIAILR, IRE state BEHZE HATCHIEEN
TLR. R, BETTRAAITPIEE R, Wt state T TR AR R HE— 1,

qnie 13-5 AR, A Al DURHE sod 2 e B — PRI, B RV EER R E RTIRGE state . TEARETRS
Bildh, A6 —FSRRENEIENRS, FIEEERAEE A,
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B—mRE

13-5 2HEFHIR G

1. ERBENK

T EHSETERPEE —R, BMFBESIA—EA RS selected , HH selected[i] Fon
choices[i] @A EHOEE, WHRNEEH DL NEIRIRE,

- EMHIEEE choice[i] 18, FeMMmti#f selected[i] B A True, T EEHHEIE,
- FERHEEERY choices I, BLBATHE CHOREMETES, BIBTRL,

GnlE 13-6 AR, (REFRAME —EEE 1, 55 WiEE 3, F=WBE 2, NIFEAES “WiTsTR 1 7,
TEH =8I HcR 1 FITR 3 H03

:

J StRES 1, 2, 3

P—
_ MR TRRENTE 1
BoRR 3 HSAETES 2, 3
BE 09__
ERE 2

B EHSEENTE 1, 3
FRaETES 2

13-6  EHHBTETRA

B2 13-6 3851, ZOURHRIERHE B ARA/ME O(n™) WNE O(nl) .
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2. EERRER

B LB IR, BIMRIAT DRSS i “eIEHE" T, 2 7 Ana i, B reEE
BHESEAIE RIS, MR eMERTE backtrack () Hz(H:

// == File: permutations_i.cs =

/* EIESRE: 4% I %/
void Backtrack(List<int> state, int[] choices, bool[] selected, List<List<int>> res) {
/] ERERESFNTEHER, CiRfE
if (state.Count = choices.Length) {
res.Add(new List<int>(state));
return;
}
/] ERFREEE
for (int i = 0; i < choices.Length; i++) {
int choice = choices[i];
/] Bt RAFEEREETR
if (!selected[i]) {
[/l Ef: MUEERE, FIRE
selected[i] = true;
state.Add(choice);
/] ETTF—EEE
Backtrack(state, choices, selected, res);
// [ELR: #HEE:EE, MIEEZ 8RR
selected[i] = false;
state.RemoveAt(state.Count - 1);

}

/* 2HF I %/

List<List<int>> PermutationsI(int[] nums) {
List<List<int>> res = [];

Backtrack([], nums, new bool[nums.Length], res);
return res;

13.2.2 ZEESFEENER

Question

A\ (EEE RS, MR RER S EHBOCR, IR EIATE A EERHE,

IS % [1,1,2) . BT 5 EESREERTE 1, RIS M@ 1251,
IR 13-7 s, FRO7 ke G — R,
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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.cs =

/* EERE: 5% IT %/
void Backtrack(List<int> state, int[] choices, bool[] selected, List<List<int>> res) {
/] ERERESFNTEHER, CiRfE
if (state.Count = choices.Length) {
res.Add(new List<int>(state));
return;
}
/] ERFREEE
HashSet<int> duplicated = [];
for (int i = 0; i < choices.Length; i++) {
int choice = choices[i];
/] Bt AAFEEREETRE B FAFEEEEESE TSR
if (!selected[i] && !duplicated.Contains(choice)) {
/] EFl: MHHEE, TR
duplicated.Add(choice); // sE#EIEFEBHITERE
selected[i] = true;
state.Add(choice);
/] EIT T —EmEE
Backtrack(state, choices, selected, res);
// [ELR: HEEEE, MIEEIZaI8IREE
selected[i] = false;
state.RemoveAt(state.Count - 1);

i

[* 85 11 %/

List<List<int>> PermutationsII(int[] nums) {
List<List<int>> res = [];
Backtrack([], nums, new bool[nums.Length], res);
return res;

TR 2 B AR, B n E7EREE nl BHE] (BR); (B s, MRS n (55,
(57 O(n) B, PRULRRIBGRIE 2 O(nn) .

BAOBIIRRES 1, 65 O(n) HEEI2, selected (5 O(n) 230, K418 2 4 n 18 duplicated
| O(n?) %, FIZRBHEES O(n?)

3. MENRHLE

FHTER, BESR selected Al duplicated ERFHABIR:, (HMIE ) HAEAE,

HELEEIR . B EE SRR A —f selected . ERHZERIRERO ML TCE, HEHRE
W FAE TR TE state HEEHHE,

- % ENE: SimEE (SEMIUAY backtrack FX) #EE—E duplicated . EECERAEEAR
e (For JHME) R CREPHEER, HIEMARREHES TR R BRI,
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[l 13-9 Jeor 7 mE ST RGP A A B, TERE, RrP RO IRENRG (OR — (A8, TEMRETRE B RGBS 1 |
A 25 Ml A B — 8 HES

o 5
nEEE— S
WHthHITIA [1, 1, 2] [1, 2, 1] (2, 1, 1] HEEF= §

13-9 PRSI Rk 1E F HE R

13.3 FEMRE

13.3.1 E|EERENER

Question

45 7E — M 1E R B FH%1) nums A1 —1E HAZERE S target , sERHIFTEATREAL S, FSEEFTRITE
A target . AEMYIRERITER, BREITETTUPGERZ R, sEABRFIERIRMENELEHMA S, &
A ER S ERES,

B, WA {3,4,5) FIEEEH O | 2% {3,3,3), {4,5} . FEEED Fik

SR AT AT LU U R MR,
- FERESTERIER, A {4,5) F {5, 4) BR—ETE,

1. S2ELHYIEE
FERUA HEFI R, TR DAE FEA BORFEE R K — RVE RN R, WEE SRR E “cHE
M7, EICEMER target I, Bl FEBREE RS,

iR AN FE R, AEEETPITE ] DI OGER, K SHFER) selected KA S E
TR O, TR IS 2R EI T/ MEB L, P15 IR S
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// == File: subset_sum_i_naive.cs =

/* BIESRE: FEM I +/
void Backtrack(List<int> state, int target, int total, int[] choices, List<List<int>> res) {
/] FEMZER target B, :CHRAR
if (total = target) {
res.Add(new List<int>(state));
return;
¥
/] EFRFREEE
for (int i = 0; i < choices.Length; i++) {
/] EiR: BEFEMNBIB target , BIBLBZRE
if (total + choices[i] > target) {
continue;

}

/] EF: MUEEE, EFTEM total

state.Add(choices[i]);

/] EITT—mEE

Backtrack(state, target, total + choices[i], choices, res);
[/ [EIR: fEHEE, MBI Z AR

state.RemoveAt(state.Count - 1);

}
[* RBFEN I (BEEEFE) «/

List<List<int>> SubsetSumINaive(int[] nums, int target) {
List<int> state = [1; // #RE (F&H)
int total = 0; // F&M
List<List<int>> res = []; // #&R8% (FEH7)
Backtrack(state, target, total, nums, res);
return res;

m L B ESEARS [3,4, 5] MEFITR 9, WMLAIRA [3,3,3],[4,5],[5,4] o HERRIHR ¥ AR
% 9 AR, EHPAEEBIN T4 [4,5) f [5,4] .

ERR R AR B BRIEFRY, AT TR R ERIER, (E 13-10 frr, JoiE 4 1238 5 BLIEE 5
RIE 4 RAFMIS, HEER—E 75,

choices =

target =

BREE
JTERM >9

BomiE
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13-10 FHi% s BB eIk

&7 APREE TR, RERNERRBEIRNET R, IS IRBCRIRAK, AR R A,

- BEYTREZ, THEE target BURK, EmmEeELRERNEEFE,
- s (M) RUREHERFER, TEICHERS, MR e ETT R R,

2. BETFEERK
BAE Sl R E B BRI T R, BIEE 13-11, S PR DURFENET BT R R E A1,
Ban LA &,

L EHE—RRE o BEE 3 4 1, SARESENETRNIETFE, 8 (3,4,...].
2. Z1%, EEHEWEE AR, W TREZPOE 3, WAL TE (4,3, . ] M 1. SR
HrEEeE,

fEfmidied, S ErREREC A EIG ORI E I, RIS D S8R,

1. miPWERESE 3 A0 5, ARTHE (3,5, ... ],
2. PRI AR D, ERTFE (4,5, ... ]

3. EHWIEE D I HREEPEE 3R A, AT (5,3, ] F1 (5,4, .. ] BUET 1. BRI 2. b
HORHY T 452 R L

choices = a

F#& [3,3,.] [3,4,.] [3,5,.] [4,4,.] [4,5,.] [5,5,..]

EfRFE ERTFE EETE

Bl 13-11 IR SR8 T 7
AT, BEMAM] (1), 2y, ..., 7,], FOBBRAPORIERINS (1, 2, , . ¢, |, WS
TEWIL i) < iy < <y, FWIETIEPEIGEIE I @RS, HER IR,
3. BRAEER

BB, WG start , FINEERRIARE, BIMHERE o, &, & P —WiER5! b
YT, SRR BRI 1 < iy < - <4, , TEMIERAE FHRME—,
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PRItz Ab, BADEBFEEEST 7 LN TER .

ERA RS AT, Sy nums HEFF, fEAEFIFTEBERE, & FENEM target RFE A RIERE,
BEBRITEELR, HPEM—Ti@A target o
BEICEMEE total, BIBLE target EBUTIRIER GG CEN, & target FiR 0 RFaBRE,

// == File: subset_sum_i.cs =

/* BIMERE. F&EM I %/
void Backtrack(List<int> state, int target, int[] choices, int start, List<List<int>> res) {

/] FEMZER target B, :CIRAR

if (target = 0) {
res.Add(new List<int>(state));
return;

+

/] EFREREEE

/] BT ¢t start BHMARESS, BREMEEFE

for (int i = start; i < choices.Length; i++) {
// Bik—:. BEFEMER target , BIEEERTE
/] ErRAEARETIEHRF, BETREAR, FEMN—TEEE target
if (target - choices[i] < 0) {

break;

+
/] ER: M®EE, FH target, start
state.Add(choices[i]);
/] EITTF—EmEE
Backtrack(state, target - choices[i], choices, i, res);
/] [EhR: HEEEE, MERIZAIRIARAE
state.RemoveAt(state.Count - 1);

}

[* REBFEM I %/

List<List<int>> SubsetSumI(int[] nums, int target) {
List<int> state = []; // HKEE (F&)
Array.Sort(nums); // # nums ETTHEF
int start = 0; // EshiECiEE
List<List<int>> res = []; // #&R=5 (F&ER75)
Backtrack(state, target, nums, start, res);
return res;

13-12 Fin 255 (3, 4, 5] FIEFETTER 9 A DL LR S & AR RE [ e e
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i target

choices = BRAMRE
target =

BE-RE

B=owmRE

i2if target BETFE

13-12 F5F0 1 [mEE

13.3.2 TEE/|RTENESR

Question

40 E —(E EEE S nums F1— M B EREE target , sERHFTAATREMAA S, HSMHEAHITER
FI%EIR target o 4AEPSIRIRER S EBICR, BMCERTHHER X, D EBSIE R ENELEH
&, PP EaSERAS,

FEIELS LR, AR ABRBIRT AL & RRER, JE5IA TR, i, sl [4, 4, 5] AL
0, ARG RES [4,5), [4,5), BT EETE,

16 P e P S AR A S R AR R b 2 IR (IR 13-13 vh, SR —dRdh =R, A miEE
4, GEAMEEEIES S, EmmtEE TR, FHE, B WM 4 thgEt 5w 4,

choices = a
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13-13 M TRERWERTHE

1. BFTRY

DI, BAMER RGBS R b L RESORIE IR, HEU By miRESIR EHT
[, RIHMSETTREEARAR, SRS RS T, HEADTREEEZTRMAS, AR e CAge
i, FtEEEETTR,

BLPERIRY, ASERUE REIERESC R N REBORIE — K, SERE, M R] DI AR start A 2 %A :
EHEE v, 18, RE N WERG 1+ 1 RGARET, ERRERRER &, Mt EREET
Fo

2. ERBER

// == File: subset_sum_ii.cs =

/> EESE: FEM II %/
void Backtrack(List<int> state, int target, int[] choices, int start, List<List<int>> res) {
/] FEMNHER target BF, :CiRAE
if (target = 0) {
res.Add(new List<int>(state));
return;
+
/] EFHFREIEE
/] B ¢ start BHAESS, BEEREEFE
/] BIR=: 1 start BHIAESS, BREERER—TTE
for (int i = start; i < choices.Length; i++) {
/] BEifk—: BEFEMNBB target , HEEERIEE
/| ERAAMRESIEH R, BEBTEREKR, FEM—TEBE target
if (target - choices[i] < 0) {

break;
+
// BN MNRZTRELETREE, SEZESSTEE, BiEE
if (i > start 8& choices[i] = choices[i - 1]) {
continue;
+

/] ER: M®EE, T target, start

state.Add(choices[i]);

/] EITTF—EREE

Backtrack(state, target - choices[i], choices, i + 1, res);
// ELR: HEHEEE, MBS iRIAKRE

state.RemoveAt(state.Count - 1);

}

/* REBFEM II +/

List<List<int>> SubsetSumII(int[] nums, int target) {
List<int> state = []; // #KR& (F£)
Array.Sort(nums); // % nums ETTHIF
int start = 0; // EshiEciEE
List<List<int>> res = []; // #&RB5 (F&EH75)
Backtrack(state, target, nums, start, res);
return res;



13 E [E www.hello-algo.com 276

13-14 R TR (4,4, 5] MIEEITR 9 WENER, HEOSTIREIRRIE, SRR E R 2SR
witr, MRfRR(EESIERE, DIEREBIERRIER WM TR,

choices = n
target = P

EwiRE Lotz
EE—&wPE%ET
&' REReEEEE—NR 09‘_ (X, 72’
-UF 7 Jam
&_ | EERE R
%‘?o [&,5] BETE
W=
FRFEE
Bki— . -
AR EIRES TR
818 target

13-14 F5H0 11 [EfiE R

13.4 n 2/5E

Question
BB SRR, 250 AR FERE—1T. —FIS— R4 LT, 47E n @25 —E
n x n K/, SHESRITE 25 2 MEHE LR N#RITT 2.

i 13-15 fiw, & no= 4K, HEADUREIMER, REWIEEIENAEE, n x n KBS n?
1%+, %At TRTARYIEEE choices . 7ERMENE 2GRS, HEGREE BTSN, SERZIAI B
JENRAE state .

) | ) |

€
€

€
L3

| |

13-15 4 BJ5HIERfE
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[l 13-16 J&oR T A B LR BB AREER 1T, W5, F—E ML EEERNE, ¥
FaRRoT R EE AR \ FIUCE AR / AR,

RRAER— RSB MR R AR
x| x| X W
Faezem—17 x| W foxefox N W

<
N
N
<
., N R
B h N i s
X X. B (R e R W
~ | A P
22 a | |
| Noi 7
N
. i L
X X. RO
AN | —
| N T

FRER—F REEFA—THREE

13-16 n BJERBELT R

1. FITHERE

SEHEEMBRITEN S 0, RIRMESEE @ SURSTH R ER adrsE —E 556,
W, WA ARBORITIE RIS : 8 —1ThM, AETHE FHEE, EERR 1T,

13-17 iR 4 BIRFERZTRERE. ZEERS], B 13-17 (£RH T8 TR HP—Ef 23,
Ml ELAF AN RS AR BRA IR 75 AT T B9

L]
L3

W [ TN X

WE¥ 117

(&ER) (& 88) (HER)

W W N R
WES 2 & % F . ]

WE® 3 17 i T ﬂ

L3
e
L3
L3

3

WEE 4 17

[
3
=
[l
[
e
€

13-17 ZATHCE R

EAH LA, BIBCERIGES] ORI, et 7R T HEZ MR ENATE S50 3
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2. FIEHAREIR

2 T RANFIH, B AT AR — 8 R E 2 n (MRS cols itk SR E A Bh. ESRIENRE
i1, BANEE cols #OH L/aRIFEITEIEE, MAERHHENEEH cols HIRRE,

Tip
FETER, JEMRERSAONE B, HATRSIE LRI TEmM, SR IEESHEM,

FIOE, U R R ARAT TRV SRR SRS TROFTAIRDI % (row, col) , M MEMEFR Y FoE F BHA 4R,
TRIMES B2 i LA 07T 225 RFI23 AT, MBS ERTA S 709 row — col 2y,
AR, WRRIARS L row, — coly = row, — coly , HIEM—EHAER— =SS 1, R
F, BlPAT DAREBIE 13-18 T RARESY diagsl SO B LR A 25,

FIBE, BRI RS T row + col RUGEIE. TR trT OIS diags2 A HRBEUCEFARLY
5,

RERH AR
BEHER

Goan

cols

HIIRERER

13-18  RERFIA AN A ARFT R

3. EXRER

R, n #EHBEF row — col MEIEZE [—n + 1,n— 1], row + col MEEZ [0,2n — 2], FDAE%
FRRFIUCE AR B 2% 2n — 1, RIfH% diagsl fl diags2 AUREHRR 2n — 1.

// == File: n_queens.cs =

/* BIERE: n EE *+/
void Backtrack(int row, int n, List<List<string>> state, List<List<List<string>>> res,
bool[] cols, bool[] diagsl, bool[] diags2) {
// ENETFREITER, CiRfig
if (row = n) {
List<List<string>> copyState = [];
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foreach (List<string> sRow in state) {
copyState.Add(new List<string>(sRow));

¥
res.Add(copyState) ;
return;

}

/] EFHFRE

for (int col = 0; col < n; col++) {

/] FEZEFHENEHAGNRE AR

int diagl = row - col + n - 1;

int diag2 = row + col;

/] Bt FRAFZNEFES. THALZ. ARG LEEER

if ('cols[col] && !diagsi[diagl] && !diags2[diag2]) {
/] ER: BEGHEEZIETF
state[row][col] = "Q";
cols[col] = diagsl[diagl] = diags2[diag2] = true;
/l BMET—1T
Backtrack(row + 1, n, state, res, cols, diagsl, diags2);
/] ELR: EZETFIREAZ= AL
state[row][col] = "#";
cols[col] = diagsl[diagl] = diags2[diag2] = false;

}
/* K n BFE =/

List<List<List<string>>> NQueens(int n) {
/] ¥iaE nxn K/NERERR, Hep 'Q' RRER, '#' ARTML
List<List<string>> state = [];
for (dnt 1 = 0; 1 < n; i++) {
List<string> row = [];
for (int j = 0; j < n; j++) {
row.Add("#");

b
state.Add(row) ;

}

bool[] cols = new bool[n]; // :RHRFIEREEERE

bool[] diagsl = new bool[2 * n - 1]; // EHRFHARLETEER
bool[] diags2 = new bool[2 * n - 1]; // I ALGIETEERE
List<List<List<string>>> res = [];

Backtrack(0, n, state, res, cols, diagsl, diags2);

return res;

BATIE n Ik, FBINKR, MRETERET2IE n. n— 1. .0 20 1EERE, FH O(n!) K
. HACORARNE, TGN state W res , WRHRIEREA O(n?) B, [KIt, SOmIR B
R O(n!-n?), BELE, RS HAHRIE RS RIRS MY SR, RTS8 B DR

k5 state i O(n?) 25/, M cols. diagsl Ml diags2 B O(n) =i, MATEEFEZ n,
A O(n) feBig=zsis, Wik, 2HBES O(n?).
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13.5 /h&E

1. ERSOIEE

o I AIEAH R R, B AR TR RS SRR, SRR, 8E
R IFIFRARRIREER, B EIRBIFTH RECERT IR S R,

- [AE AR SR R A E SR AR AR ), EIEERE RS A B M SRR, EEEINW
FRATRMEAFRIIE DR, RIREE E— P RS, REIEIZATHGIRGE, WAEGTE UL ANEE, EiliEiRZ2

PRI 75 TR B 3
- [l R S 2 AEA AR, MR R BB YA R, BRAT DR ATAT R E A 203, K
EfRTHE =R,

- [l SR T S AT R TR = R RE AN A TR R TR AL B A R R SR T DA [T SRR R, B
FEEAFAERCR E S BICR E AP IR,

- EHIHE SRR T RS TRIATE FTRERIHES, TAIMFED) —(E 8 AR AL B E T 3R 2 5 PSR,
SR IRIR A TR ES 0 , WREBETTRAPOEE K,

- AEEfRIREES, ERESHFEREELR, AREHRGHEEEY, RFMTREHRAETRER
i HEERORIE — IR, Sl — AR R SR E D,

- TEREMMEN SR ES TR ETREMS EEENTE T8, R MRS TTRIERF, MEsERE
W FTA IR RORR, EAEE TR, RIHERMRTRERETHER, MR —AEEoRk iR T — W
AERRAARS, TEMR A e R A =) SOEITBIRG

- BPRTERMEE, MYIRRES TR G EEERRE S, TFAREY CHEF AT E R, B A AR
TEREGHEEERA, TR RS TR - L RESOEH — K,

- n REHESESHRE n @2EHED n x n R ERTTSR, ZRATE 2500 f R SR
Tio iAFERIKIREFAITAR, SIKIR, ZEABMIUCE AR, R ITAH, TR T
BHREE, RESTRE 25,

- FIRIHHATE A ARET R R LT B, BIRFIATER, B —ER R S SR G A Ba, e
TREPRIR TR E GTR. BIRBAATR, FAMFEmEES A flskaz . KA LR G
25, HRERNRHEER —T (FED AL BRI 7w e TAIRT IR,

2. Q&A

Q: BB A AR I A B R?
MEARE, [ EEIRREET, MEEEAE | A",

- [EERREEANREE L, A, ERRENERS R —, BREEE S METER,
- IREAGSHEREEL T (RO R, WG, [, BIREE GRIRRE) SFRH
e
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145 EHRERE

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.cs =

/* B %/
void Backtrack(List<int> choices, int state, int n, List<int> res) {
// EIMEEIZE n FEE, ARHEEMN 1
if (state = n)
res[0]++;
/] EFHFREIEE
foreach (int choice in 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) {
List<int> choices = [1, 2]; // "lEFEEMLENE 1 fE 2 B
int state = 0; // %% 0 PEBIAME
List<int> res = [0]; // {EA res[0] ixHEHE
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] + dpli — 2]
TEERE O, &8 7R AR R AR R, DRI AR R] DA ¥ RIS e R, [E 14-2
R T 2R HERR 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,

BIsR DU T2, BRI U R S B s (HE R
// == File: climbing_stairs_dfs.cs =

/x B2 «/
int DFS(int i) {
// B 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);

F

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")

143 TEARRESHEEE T
B 14-3, SRURERINERIBERIE R T TR 80N, G40 dp[0] WHMRZ dp[8] A1 dp[7], dp[8]
ez dp[7) R dpl6], MBS TFIE dp[7].

DAMCEEME, FRETHOEEDERTHRE, FrARESESRN, RN EEFERRE S HERN T
il Lo
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14.1.2 F%=: sLiEkigs

2 T HOTEETENER, BMA ARG 7 RIEERBENE R, 2it, WSS @S] mem K&

18y B RIAR, R R PR B 1 B R

L EEWER dpli] B, BMVEHGLEZE mem[1] , DMEZZMEH,
2. HEIRFESE dpli] B, FRMERTEREME mem[1] FPEEGSER, e B R RZ T RE,

RSN R R:

// == File: climbing_stairs_dfs_mem.cs

/* SEREEES +/

int DFS(int i, int[] mem) {
// BH dpl1] # dp[2] , REZ
if@A=1111=2)

return i;
// EfFfESE dpli]l , BIERESREIZ
if (mem[i] !'= -1)

return mem[i];
// dp[i] = dp[i-1] + dp[i-2]

int count = DFS(i - 1, mem) + DFS(i - 2, mem);

// =8k dplil
mem[i] = count;
return count;

}

/* [CiEts: LIBHIES +/
int ClimbingStairsDFSMem(int n) {

// mem[i] EEXMEEIE i FERIGEMBE, -1 AKRETE

int[] mem = new int[n + 1];
Array.Fill(mem, -1);
return DFS(n, mem);

BilE 14-4 , SBCELERE, it SR FRERRESE R, NRERERELE O(n),

EORHIREE,

SIS IR ST ANRREHERES 0(n)
ERFEEERFRARFRAE—R

—3

i

v

—{é
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14-4  FefE Lo B R e s

14.1.3 &= BHERE

RCTRbi s M “RIERR” M5 ITEERE (RETES Bas, BB BT R D g R i ¥
i, BEEMOANRNTHRE GEHRD, 218, ZBENEEUE 7 RERMR, R R REAR,

Bl A, BHRERIER —RE “POREIE” 75k e T IERNERLG, SRR E AT HENE, B
I i P RE i

HRENRERE NS RERE, Rt REAEEEER, SAGHRE, £ITEREF, &MGht
—fEbHS dp bl T REERE, ERE] T B R S mem AH IR HYRCER (R :

// == File: climbing_stairs_dp.cs =

/% [Et&ts: ERERE +/
int ClimbingStairsDP(int n) {
if(n=11l n=2)
return n;
[/ el dp xR, AREHETFE-ERMR
int[] dp = new int[n + 1];
/] ¥taikRE: FER &/ FRIERAE
dp[1] = 1;
dpl2] = 2;
/] KRB WBUNFREIREZR D KRR K FRE-E
for (int i = 3; i <= n; i++) {
dp[i] = dp[i - 1] + dp[i - 2];

}.

return dp[n];
14-5 BifgE 7 DA LR U RO B TiE e,

S N, =t N < N i\
7 7

ek
dp[1] = 1, dp[2] = 2

HRREEIS 572!
dp[n] = dpln-1]1 + dp[n-2]

WAsRARERYS, EITIAREETE, ZLERRRERELE

14-5 EHEERRERE NI E R

B [ETE R bR, BIRERIEILE A RRE” MU RN HEER R HRERE B, SR AIRREHR B I — {7~ [
PARAHME R sk M e (B, 3114, TR A R R B % 2 5 TP AE R R R B 0

IRIRLA LA, FRAMTRT DA A5 H B RE R ) 5 AR5
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. HEE dp W% dp %, dp[i] FoRIRAE ¢ BT R,
- RN TRIBEEARAE (5 1 BERIS 2 FEHRBE) FRA4T0aURRE,
- RIS dpli] = dpli — 1] + dpli — 2] BAREEBESE,

14.1.4 FRHBEK

ALORIEE FTREREBL T, W dpli] RELdpli — 1] Ml dpli — 2] B, PEIEERIMMEZEAEFH — M5 dp H6H
iR v DRI, A (AR BORE AT R RT, RS R R:

// == File: climbing_stairs_dp.cs =
[* eighs: THESENENBRERE «/

int ClimbingStairsDPComp(int n) {
if(n=11l n=2)

return n;
int a =1, b = 2;
for (int i = 3; i <= n; i++) {
int tmp = b;
b =a + b;
a = tmp;
}
return b;

BERl LRSS, dRE 2 T R dp (RO, ARG O(n) % O(1) .

FEFEMBIEES, &R A REAREA R, SR A AR D EATRGE, B8 “FRiE”
ARETE LIRS, SRS MR B 2y “TREhSEE B “IERE

14.2 shREMREIRIERE

fE bE—#irh, FRMERE T BRI ER AN A A 1 R R AR R PR, ERR B, PRS- RE ]
AT, fE0TG. BOREAEE, [mI3 A HI R R

- P IRTE SRR R A M i P R A ) 2 2B B S () 7 R, EEECDN TR, MrERW & O R
IR, BREISEIRHERI R,

- BIREREI B EETIRIE R, EEMEERAR TR ERIE, BHREME AT R AR,
FE 57 A AR Hh &t B 22 B AR 1 il

- [EEEIAAE E N ENR TR S R FTRERYAR,  N0IE M BTEOR o N R 20 S IR YR —
RYNRFD BRERR,  BATA] DU TR AP BR < AT 1 SIE VF— (8 1 RS

B L, SHRERIEE AR e ELE, EfMMEUSERTRE, BEABINARR: RE T
R,

14.2.1 RIBFEE

TATE TS IR RS ek E, (2 SN & o i T Al
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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.cs =

/* Tegipe/vUE: ERERE «/

int MinCostClimbingStairsDP(int[] cost) {
int n = cost.Length - 1;
if (n =11 n = 2)
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return cost[n];
[/ Mk dp R, AREHETREERNZE
int[] dp = new int[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] = Math.Min(dp[i - 1], dp[i - 2]) + cost[il;

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

AREWMAT AT MR, R TAE, (FESREEHER O(n) BE O(1) :
// == File: min_cost_climbing_stairs_dp.cs =

/* [EiEm/MUE: THREVBNSIEHRAS «/
int MinCostClimbingStairsDPComp(int[] cost) {
int n = cost.Length - 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 = Math.Min(a, tmp) + cost[il;
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,
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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
dp[i-1,1] ]

dp[i,1] dpli,2]

dp[i-1,2]
dp[i-2,1]

dp[i-2,2]

14-9 EREATH T HIRHER (R
B4, J&E dp[n, 1] + dp[n, 2] BIAT, W& ZFRRIERNE n B 77 RAAE:

// == File: climbing_stairs_constraint_dp.cs =

[* TEAIRICIERE: ENREFRE] */
int ClimbingStairsConstraintDP(int n) {
if(n=11 n=2){
return 1;
I
/] #ia dp R, AREFFREIENRE
int[,] dp = new int[n + 1, 3];
/] ¥EARRE: FERR &=/ FRIERVAR

dp[1, 1] = 1;
dpl1, 2] = 0;
dpl[2, 1] = 0;
dp[2, 2] = 1;

/] RREEEFS . BV NFRIEZRD KEBRKFRE
for (int i = 3; 1 <= n; i++) {
dpli, 1] dpl[i - 1, 2];
dpli, 2] dpli - 2, 1] + dpl[i - 2, 2];

}
return dp[n, 1] + dpln, 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,
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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,

BHEXHEATR
// == File: min_path_sum.cs =

/* BRNEEEFN: BAOEE */
int MinPathSumDFS(int[][] grid, int i, int j) {
[/l BAELAEBERTE, BRLEES
if (A =08& ] = 0) {
return grid[0][0];
¥
[/ &ITHEEIMR, AlRE] +o B
if <0 [l §<0){
return int.MaxValue;
+
// 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 Math.Min(left, up) + grid[il[j];
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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.cs =

/* BRNEBEH: EiRkiEE &/
int MinPathSumDFSMem(int[][] grid, int[][] mem, int i, int j) {
[/l BAELAEBERTE, BRLEES
if (A =068& ] =0) {
return grid[0][0];
+
/] B1THIZREIHEFR, BRE] +o LB
if <0 [l §<0){
return int.MaxValue;
+
// EBHIHR, HEERE
if (mem[i][j] != -1) {
return mem[il[j];
+
/] B BB TTRIEREEAE
int up = MinPathSumDFSMem(grid, mem, i - 1, j);
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int left = MinPathSumDFSMem(grid, mem, i, j - 1);
// sEgRlREAE EAR (1, j) HsRNEERE

mem[i][j] = Math.Min(left, up) + grid[il[j];
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]

14-15 FefEfL i sl i

3. FE=: BRERE

BERIEETEN BB, B0 TR:
// = File: min_path_sum.cs =

[* E/DNBRASHN: BHREFRE] «/
int MinPathSumDP(int[][] grid) {
int n = grid.Length, m = grid[0].Length;
/] ¥iak dp R
int[,] dp = new int[n, m];
dp[0, 0] = grid[0][0];
/] KREEERE: BT
for (int j = 1; § < m; j++) {
dp[0, j1 = dp[B, j - 1] + grid[0]1[j];

}
/] RREERE: 5
for (dnt 1 = 1; i < n; i++) {

dp[i, 0] = dp[i - 1, 0] + grid[i][0];
¥
/] ARREEEFS: HERTAIS
for (int i = 1; i < n; i++) {

for (int j = 1; j < m; j++) {

dpli, j1 = Math.Min(dp[i, j - 1], dp[i - 1, j1) + grid[i]l[]];

+
return dpln - 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.cs =

/* ER/NEEEH: TRRECERNENRERE] «/
int MinPathSumDPComp(int[][] grid) {
int n = grid.Length, m = grid[0].Length;
// Wk dp R
int[] dp = new int[m];
dp[B] = grid[0][0];
/] REEERE: BT
for (int j = 1; j < m; j++) {
dp[j] = 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]1 = Math.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.cs =

/* 0-1 BE: BHEs «/
int KnapsackDFS(int[] weight, int[] val, int i, int c¢) {
/| EEETMEYRASEERGSE, BREEE 0
if (A =01 ¢c =0) {
return 0;
}
/] EEAEERE, HREREFHALE
if (weight[i - 1] > c¢) {
return KnapsackDFS(weight, val, i - 1, c);
}
/] EEARBNFBANYG 1 NRXEE
int no = KnapsackDFS(weight, val, i - 1, c);
int yes = KnapsackDFS(weight, val, i - 1, ¢ - weight[i - 1]) + valli - 1];
/] REmEL R EEERA—E

return Math.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, HRTRENEETEREEZ,
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R YaEE
dp[3,30]

REBRNIG 3

dp[2,10] ik YaERE > Se5E
&ﬁi REHANE 2

dpl[1,-10]

BEBANDG 1

YIemiRsR i 1 2 3 HEEE cap = 30
YmESR wgt[i] 10 20 20
Y)EEE vallil 60 110 120

14-18  0-1 ¥5 G A 2 ) 14 = R X

2. FEI miEkES

B TARGEE S TR E AR E — R, BRIMFEB LIRSS mem R 8k TR E M, Hrb mem[il[c] ¥ E
dpli,c] .

FINARE %, BB FRIEROR, W2 O(n x cap) . BT

// == File: knapsack.cs =

/* 0-1 . LEkES «/
int KnapsackDFSMem(int[] weight, int[] val, int[I[] mem, int i, int c¢) {
/| EEETEYRASEERGSE, BREEE 0
if i =01l ¢c =0) {
return 0;
+
// EBEHRLER, AEERE
if (mem[i][c] != -1) {
return mem[i][c];
+
/] EReEERE, AREEREFHANE
if (weight[i - 1] > ¢) {
return KnapsackDFSMem(weight, val, mem, i - 1, c);
+
[/ FABEFRBRANNBANY@m 1 WRAEE
int no = KnapsackDFSMem(weight, val, mem, i - 1, c);
int yes = KnapsackDFSMem(weight, val, mem, i - 1, ¢ - weight[i - 1]) + valli - 1];
// EERIR[ERMiETS R EEE AR —E
mem[il[c] = Math.Max(no, yes);
return mem[il[c];

14-19 R T fERC IR s rp 8T i & 0 3
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MR YaEE
dp[3,30]

REBRNIG 3

BIiE: REIR®R dp[2,10] ik YaERE > a8

?ﬁ REHAME 2

% of

dp[1,10]

& BERNYS 1
o = *

YImRsR i 1 2 3 HEESE cap = 30
MREE wgt[i]l 10 20 20
YEEE vallil 60 110 120

14-19 0-1 & QSRR IR 8 2R i At

3. HE=: BRERE

BREATEEE _ERUR AR ER HIEE dp RAER, BB TR

// == File: knapsack.cs =

/* 0-1 B8 HERE «/
int KnapsackDP(int[] weight, int[] val, int cap) {
int n = weight.Length;
[l Mk dp *
int[,] dp = new int[n + 1, cap + 1];
/] KREET
for (int i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (weight[i - 1] > c) {
/| EBBEERE, AfHEYm 1
dp[i, ¢] = dpl[i - 1, c];
} else {
/] FENBEYISE 1 EmESENRAE
dp[i, c] = Math.Max(dp[i - 1, ¢ - weight[i - 1]] + vall[i - 1], dp[i - 1, cl);

F
I

return dpln, cap]l;

UNIE 14-20 R, BERREAEEE AN R MR EE AR IS dp J/ NP, B O(n X cap)



T
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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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- n [ ] HI“ - ] ] “I"
ER wgt {H{E val h 0 1 2 3 4 EE wgt (W val el oo 1 2 3 4
wgtli-1] valli-1] [ [} [} [ 0 [} wgt[i-1] val[i-1] ] [ [ [} [} ]
1 5 [} 1 [} 5~ 5 5 5 1 5 () 1 05 5 5 5
2 1 * 2 ) e 2 11 * 2 0 B
3 15 - 3 0 3 15 - 3 )

mer—mesws « - [CI) I 0D ED ED

BFESRE 1 = 2 17, BITRESS

Step 3

Step 4

e R ( 0 [ 5 [ [ ] e ]

BFERE 1 = 2 17, BITREEE

£ - - [ ] n - - [ ] n
EE wgt {HfE val h 0 1 2 3 4 EE wgt (HfE val el oo 1 2 3 4
wgt[i-1] val[i-1] o o ] [) o o wgt[i-1] val[i-1] [) ) o o ) )
1 5 o 0 5 5 5 5 1 5 o 0 5 5 5 5
2 11 * 2 o é 11 16 16 2 11 * 2 o - 11 16 16
3 15 (% 3 0 3 15 - 3 )
aen-axcw - ((DEDEDEIED Nt - - [~ [
BFEHE 1 = 2 7, EITREEE SERERR, EFI dp REFNHRE i - 2 WAER

[ step 5 ] Step 6

14-21 0-1 B MR RIS B E @

RN ERS, RMEFT Y] dp (95— ¢ EREMER, 6 H A0 paE R e A 6 E 7 RIA]
// = File: knapsack.cs =

/* 0-1 B8 THRECENEIERE] «/
int KnapsackDPComp(int[] weight, int[] val, int cap) {
int n = weight.Length;
[l etk dp *=
int[] dp = new int[cap + 1];
/] ARREETS
for (int i = 1; i <= n; i++) {
/]l BIFE
for (int ¢ = cap; ¢ > 0; c--) {
if (weight[i - 1] > c) {
// EEBEERE, AFEYm 1
dplc] = dplcl;
} else {
/] FEFEYS 1 EmESENRKE
dplc] = Math.Max(dp[c], dplc - weight[i - 1]] + vall[i - 11);

I
F

return dplcap];

14.5 25 ERME

TEAHH, TRy —EE RS aE: 2280, BERern—aERG: 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.cs =

/* T2EE: BREHRE +/
int UnboundedKnapsackDP(int[] wgt, int[] val, int cap) {
int n = wgt.Length;
// #%ak dp &
int[,] dp = new int[n + 1, cap + 1];
/] KREER
for (dint i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
// BBBREERE, AfEYR 1
dpl[i, c] = dp[i - 1, cl;
} else {
/] FEFNEYISRE 1 EMEARNRAE

dpl[i, c] = Math.Max(dp[i - 1, c], dpl[i, ¢ - wgt[i - 1]] + valli - 11);

I
I

return dp[n, capl;

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,

) - a = U - a B “
BE wgt (HE val el oo 1 2 3 4 EE wgt (AfH val el o 1 2 3 4
wgt[i-1] valli-1] 0 0 [} ] ] [} wgt[i-1] valli-1] [} [ [ [} [} [
1 5 ¢ 1 5 o 0 Il 0 15 20
2 1 ¥ 2 [} 2 11 * 2 [ 5
3 15 - 3 ] 3 15 (% 3 )

uer—muaEs < - ([ IEDEDEDED

i 1= 2 6, B dp PEENR 1 = 1 WA

[ step 1 :

Step 2
a a A @
ER wgt {H{E val A 1 2 3 4
wgt[i-1] val[i-1] 0 0 0 0 0 0
1 5 [} 1 0 5 10 [EEEHEEPY)
2 11 ¥ 2 [} 5 11
3 15 @ 3 o 11
aen—wwenn o - ((DEDEDEDED
EFERE i = 2 17, BITRESS
[ Step 3 J

Step 4

wgt[i-1] val[i-1]

aes—anams « - | ([ ED EDED

EFESHE 1 = 2 17, BITREES

HE wgt (H{E val ~.C

wem—mia oo - (0 EH 5D EED XD

EFEHRS 1 = 2 17, ETREES
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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.cs =

/* T2HE: THRENERNERERE] «/
int UnboundedKnapsackDPComp(int[] wgt, int[] val, int cap) {
int n = wgt.Length;
/] #EKE dp &
int[] dp = new int[cap + 1];
/] ARREEE
for (int 1 = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
/| EEBREeRE, AfEYR 1
dplc]l = dplcl;
} else {
/] FEMNBEYISE 1 EMELENRAE
dplc] = Math.Max(dp[c], dplc - wgt[i - 1]] + vall[i - 11);

¥
+
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.cs =

[* ZEERH: BHRERE +/

int CoinChangeDP(int[] coins, int amt) {
int n = coins.length;
int MAX = amt + 1;
[/ Wk dp R
int[,] dp = new int[n + 1, amt + 1];
// REEEHE: BITEY
for (int a = 1; a <= amt; a++) {

dpl[0, al = MAX;

+
/] KEEEEFS: HER{TAIS
for (int i = 1; 1 <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EEBEIZEEEE, B EEE 1
dp[i, al = dp[i - 1, al;
} else {
/] FEFEEE 1 EmEARNBIME
dpl[i, a] = Math.Min(dp[i - 1, al, dp[i, a - coins[i - 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] [ 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 Bif&H amt = 4 WEEE n-3 EiSEE  amt = 4
MEURTS (n+1) x (amt+1) B9 dp 4EME AW ETTS max = amt + 1 | EHFIB 0

Step 1 Step 2
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5 &4 & 6
=R EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! o 1
2 2 @ - 0 *t
3 5 @ | o
FRAEEY
#:
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 )
[ Step 3
s & & 6 6
MR EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX M?X MAX
1 1 @ : 0 1 2 3
2 2 @ [) 1
3 5 @ 3 0
s
d‘p[i, a] = min( dp[i - 1, al , dpli, a - coins[i-1]] + 1 )
[ Step 5
y & & 6 @
=R EfE e e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! ° BN - 3 4
2 2 @ 2|0 1
3 5 @ | o
HRREE
#:
dp[i, a] = min( dp[i - 1, al] , dp[i, a - coins[i-1]] + 1 )
[step 7 |
s & & 6 6
R EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 1 2 % 4
2 2 @ - 0 1 1 2
3 5 @ 3 0 "
R
#:
dpli, al = min( dp[i - 1, a] , dpli, a - coins[i-1]1] + 1)
[step 9 |
5 & 8 68
R il el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! 0 12 3 4
2 2 @ 2| o | e
3 5 @ |0 1
HRREE
#:
dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 11

i 4 & 6
& EfE h [ 1 2 3 4
i coins[i-1] 0 0 MAX MAX MAX  MAX
1 1 @ ! 0 1 2
2 2 @ - 0 *1
3 5 @ | o
HRREE
#:
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 )
Step &
&8 & & 8
R EiE 3 [} 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 o : ] 1 2 3 4
2 2 @ » ] 1
3 5 @ 3 [
R
db[i, al = min( dp[i - 1, al , dpli, a - coins[i-1]] + 1 )
Step 6
i 4 & 6
R EE h 0 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 3 1 ; 3 4
2 2 ® 2|00 1 1
3 5 ® 33| "
KRR
#:
dp[i, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 8 |
s & & &8
Eot EfE 3 [} 1 2 3 4
i coins[i-1] o 0 MAX  MAX  MAX  MAX
1 1 @ ! [} 1 2 3 3
2 2 @ [} 1 1 2 2
3 5 @ s | o ‘1
R
#:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
[step 10
: & & 6 6
R EfE R 0 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! 3 12 3 4
2 2 ® 2|e¢ 1 5
3 5 @ : | o 11
KRR
#:
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )

Step 12
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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 2 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 EfE N 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

TE o2 R AL R T e 2 B RME B

// == File: coin_change.cs =

[* B TERECRINERERE «/
int CoinChangeDPComp(int[] coins, int amt) {
int n = coins.length;
int MAX = amt + 1;
[/ Wk dp R
int[] dp = new int[amt + 1];
Array.Fill(dp, MAX);
dp[0] = ©;
/] e
for (int i = 1; 1 <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EEBEIZEEEE, AEEE 1
dplal = dplal;
} else {
/] REFEFE 1 EmESRNE/IME
dpla]l = Math.Min(dp[a], dpla - coins[i - 1]] + 1);

}
¥
return dp[amt] != MAX ? dpl[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.

iRss EfE
i coins[i-1] BiREEH
amt = 5
1 1
2 2 $
3 5 (5]
BEIAAHE: 4
WA R + + + +
+ + +
+ +

14-26 ZEETHARTE 11 R AIE R

1. BEREIBER

FAHEH b, A E SR AR, [ RIS B 0 ARt R o IALABUR. T dp
FORBR 2 (n 4+ 1) x (amt + 1) (-4,

BRI REAAH & B A Y NI8 E RiT TR I B Y A RS I SR A S B 2 A, ARREIERS TR 2

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.cs =

[* TBIERM I1. SHREFRSB] «/

int CoinChangeIIDP(int[] coins, int amt) {
int n = coins.Length;
[/ Wk dp R
int[,] dp = new int[n + 1, amt + 1];
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!l B ES
for (int i = 0; 1 <= n; i++) {
dp[i, 0] = 1;
+
/] KREEETS
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EEBBEIZEEE, B EEE 1
dp[i, a] = dpl[i - 1, al;
} else {
/] BEFRFE 1 EmESRZM

dpl[i, a] = dp[i - 1, al] + dpl[i, a - coins[i - 1]];

}
I

return dp[n, amt];

3. FHRER

B ERAR R 7T AR, M RRAE S A RN AT
// == File: coin_change_ii.cs =

[* ZEFM 11 TERECRNERERSE «/
int CoinChangeIIDPComp(int[] coins, int amt) {
int n = coins.Llength;
[l %k dp *=
int[] dp = new int[amt + 1];
dplo] = 1;
/] KRB
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EEBEIEEEE, AEEE 1
dpla] = dplal;
} else {
/] EAEEE 1 EmERRZM
dpl[al = dp[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 HWiEEE AR REHES

FROEDA L5V, ISR TA5HE: dpli, j] BRGSO dpli, 5 — 1] dpli— 1, 4] dpli—1,5—1]
SHPIR RIS, FI AR 1, SRR R
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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.cs =

/* HmEEEERE: ENREFRE x/

int EditDistanceDP(string s, string t) {
int n = s.Length, m = t.Length;
int[,] dp = new int[n + 1, m + 1];
[/ REEE: BITEY

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

dp[i, 0] =
}
for (int j = 1; J <=m; j++) {
dpl0, 3l = 3j;
}
/] KEEEEFS . HERITAIS
for (int i = 1; i <= n; i++) {
for (1nt j=1; 3 <=m; j++) {
if (s[i - 11 = t[j - 1D {
/] EMmFcEE, MEEZBNBILMFT
dpli, j1 = dpli - 1, j - 11;
} else {
[/l RVERESE = HA. bR, BRE=FRENRVREETEH + 1
dpl[i, j1 = Math.Min(Math.Min(dp[i, j - 1], dp[i - 1, j1), dpl[i - 1, j - 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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ooao ooeo
e 1 2 3 4 PIle 12 3 4
o e 1 2 3 4 o [0 1 2 3 4
M| |11 2 3 4 5 I IE U T B
a 2 2 2 1 2 3 a 2 |2 2 1 2 3
13 +1
n 3 |3 3 a 3 |3 3 2
RAEER REE
#: #:
dpli, j1 = min( dpli, j-11 , dpli-1, j1, dpli, j1 = min( dpli, j-11 , dpli-1, j1,
|Step 11 Step 12
o880 (p]=]:]
i:\j e 1 2 3 4 i\{ o 1 2 3 4
o e 1 2 3 4 o o 1 2 3 4
n 11 1 2 3 4 u 11 o1 2 3 a4
B 2221 2 B 2221 2 3
+1 +1
B 3 (3 3 2 2 B 3 /3 3 2 2 3
HRAEE HRAGE
dpli, j1 = min( dp[i, j-11 , dp[i-1, j] , dpli-1, j-1] ) + 1 dpli, j1 = min( dp[i, j-11 , dpli-1, j1 , dpli-1, j-1] ) + 1
Step 13 Step 14
ooan
SNle 1 2 3 4
e |0 1 2 3 4
[ 5 I U G T
a 2 |2 2 1 2 3
B 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.cs =

/* 4REERERE. TRIREMEBINEIRERE] */
int EditDistanceDPComp(string s, string t) {
int n = s.Length, m = t.Length;
int[] dp = new int[m + 1];
/] 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] = Math.Min(Math.Min(dp[j - 11, dp[j1), 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,

BigER BEER: ARBREFTANERBIRGRSHENEE
131
N
31 J— :
¥
e U
’
¢
N O =
’ (1)
(]
@ 15-1 ZETHRAEAERME
B R R:
// == File: coin_change_greedy.cs =

[* ZERM: BF «/

int CoinChangeGreedy(int[] coins, int amt) {
// 1B%& coins BIER
int i = coins.LlLength - 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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3. ARIEFEEARNE, AR ERTY) 0 — 8o .

R EE HE BEE
val[i-1] R E{IRE

i wgt[i-1] val[i-1] wetli-1] HEEEHEE

2 20 120 6

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

HI IR [ A
// == File: fractional_knapsack.cs =

/* ¥ */

class Item(int w, int v) {
public int w = w; // ¥mESE
public int v = v; // ¥Im(BE

}

/* DEEE: 8 */
double FractionalKnapsack(int[] wgt, int[] val, int cap) {
/] Bi¥meBs, aamEEsE: E5. BE
Item[] items = new Item[wgt.Length];
for (int i = 0; i < wgt.Length; i++) {
items[i] = new Item(wgt[i], vallil);
+
/] ¥EERE(GME[E item.v / item.w REIEETHR
Array.Sort(items, (x, y) = (y.v / y.w).CompareTo(x.v / x.w));
/] EEEEEE
double res = 0;
foreach (Item item in items) {
if (item.w <= cap) {
/] ERGFAETE, AEETYREEZESE
res += item.v;
cap -= item.w;
} else {
/] BRBRAREFRE, SR —FHEESE
res += (double)item.v / item.w * cap;
/| BERGAE, FiBHTE
break;
+
+

return res;
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PN 0 B (RIS RS SR FEE 2 2 O(log m) , 2SRIMERREDER 2 O(logn) 5% O(n) , BUARAERES
GECTE )

i oh, TERERNT, FEETREY B, FIERNEBRES O(n) , Hin Y80,
HURWIEAL T —18 Ttem W51, FEZHEBHES O(n) o

3. IERET4:8HH

BRHRETE, B o R RER S, SRRERDORIGRAEED res , HEBHIUSYM
x o

BERH U EHEMEENEEY M, WERASEAERYIN oo BRY5 v MR EERS, KIS
BIRIMEE—TE RN res . 1EH res RREWPE, SHRERPLHEEETMN .

B ER A, B AT DIRER  EA P, MIME 2, BAEEE RPN EL E R, 50
HH B AR SRS 2 B R

GniE 15-6 Ffow, 4n SR b e BRI it BB 70 BB 1 — Tk — A R ARl AN At e, R o> B0 [ R ) i
P2y “SRAEA PRSI T [ A AR TIAE” IS {RE ] DAR BP0 A (e Ay E B A B 28 SRS (4 R o

YmEEE
5.25 5 5
* v & -
YoES
40 10 30
50
| “uzE

15-6 U L RER &M FRR

15.3 RAFEME

Question

A —EES] ht , HAPEEETRNAR —EEERRAEE, BATRREEmRERR, ez
[l ) 2 [ AT DAAH B — (A

DERNA RN @A R ER R (HE), HoeEhBIERRRRE, M ERR AR 2R 5|
2%

SR AL REA IR E R, SR AR RREAR, RERKAR, ROIA0E 15-7 Fir,
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R

e B N W B U O N

BAAES (5-1)x7=28

15-7 BRARARHERREE R

AR M EREAIE AL, RIEASRERGIR R 2 MR RRAR AR5 ], Re [4, 7] o
HURER, ARENEERUEE, HrhmmEhERIE, SERmRRINESIRT 22, S &2 capli, j]

, BIAT{3aH AR
capli, j] = min(ht[i], ht[5]) x (7 — 1)

STIER Y 0, WERRIALA R0 CREERED 2 C2 = "L (0, e, Fll] DSk
fE, FETIRIHRARR, WRBERES O(n?) .

BEEEA S RCRIIE, W 15-8 Frx, BURE—EIRGE [, 7], HiWE R < j BEE ht[i] < ht]j]
, B i BRI, § AR,

8
7
6
5 | J
4 = |
3
2
1 | ‘
. |
0 1 2 3 4 5 6 7

i Z5ER, ] AER
BIAE cap = min(3, 4) x (7-0) = 21

i3
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15-8 WI4HiIRGE

QniE 15-9 R, FHBLRHRFHRAR j %R ¢ SRk, WA R e s,

BN ERERR j 18, R j— @ §E8/0; MeERERIE, FtmERRENE (%8R 5
SN (BENRM § AR .

pE—— < e

e B N W s 0 N ®

BNBERR, BE—E)
LRIAE cap = min(3, 3) x (6-0) = 18
15-9 MNBEIRREZIIAGE

i, BMRARMRNBEERR  , AATREEAREER, HAMARTE T/, HEElRegEAn B
BRI © FIREEEER) . BIANTERR 15-10 1, BEHREHIRHIFEEEKR,

e B N W & 0N ®
ess—— <\

L

0 1 2 3 4 5 6 7

mPRERElR, BEAREEA

BIBE cap = min(8, 4) x (7-1) = 24

B

15-10 [ ESEN AR R ARG
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P I AT A R B AR . RGP AR, 7 asphivn, ki PO WS A R S T O A,

TETAHIE,

15-11 R 7 B SR B A T iR

W e

Step 1

KR

Step 3

KR

Step 5

S kB N W s O O N ® S P N W s GO O N

S kP N W s O O N ®

PIGIRAET, $5H2 5 1 § 45 5URBI s,
S RTIRAERI A capli, 7], WERTEA
HOBER i VIR j IO, SRR B — .
EEEGTE 2. HRE 3. 5, HE DR,

o 1 2 3 4 5 6 7

MBKIER 1, j , EHDTIESIME, SRRAME res = 0

< He

—— < .

o 1 2 3 4 5 6 7

HHBE cap = min(ht[il, ht[j1) x (j-i) = 24

RABE res =
3
v

0 1 2 3 4 5 6 7

max(cap, res) = 24

< He

HHIAE cap = min(ht[i], ht[j1) « (j-i) = 28
RABE res =

max(cap, res) = 28

Step 2

Step 4

Step 6

it

KR

S B N W H O O N ® S kP N W s GO O N

S kN W F O O N ®

HHIB® cap = min(ht[il, ht[j1) x (j-i) = 21

B|ABE res = max(cap, res) = 21

< b

j
v

o 1 2 3 4 5 6 7

EHIBE cap = min(ht[il, ht[j1) x (j-i) = 15
BAZBE res = max(cap, res) = 24

< He
=y

0 1 2 3 4 5 6 7

ERAE cap = min(ht[il, ht[j]1) x (j-i) = 21

BABE res = max(cap, res) = 28
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b
v
2
HHBE cap = min(ht[il, ht[j1) x (j-i) = 4 EHIBE cap = min(ht[il, ht[j1) x (j-i) = 5
BABE res = max(cap, res) = 28 Step 8 BAZBE res = max(cap, res) = 28

Kt

KR

S B N W s O O N ®
S Bk N W H U O N ®

o 1 2 3 4 5 6 7 o 1 3 4 5 6 7

| Step 7 |

ij
v

S kP N W s O O N ®

v iEiE i B AEE,

[step 9 - PHAEE, EERASE 28

15-11 mAHFRMEN B

2. EERRER

BATEERZ n i, FILREEEEEZ O(n) .
BAELG. j. res (ERIRBOUNORESMER, FLEHEEEES O(1) .

// == File: max_capacity.cs =

/* RABE: BE */
int MaxCapacity(int[] ht) {
[l Mtk i, j, EESHIESIMmE
int i = 0, j = ht.Length - 1;
/] IBRARBES 0
int res = 0;
// EEEEEE, EEmMREER
while (i < j) {
/] EMRABE
int cap = Math.Min(ht[i]l, ht[j]) %= (3 - 1);
res = Math.Max(res, cap);
/] ERBEFER
if (ht[i] < ht[j]) {

i++;
} else {
Ji==
IF
¥
return res;
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3. IEREMH:EEA

ZF S Es B, REABREEEENE Pud” —SiRE,

FLANAERRRE capli, j] T, @ 2980, j 25 RIR. 5 BRI ¢ B —i8, E8sE 15-12 Frnrikig
B, JEREWRE IR TR E LN B A D,

cap[i,i—{— 1],cap[i,i+ 2]7 ,cap[i,j - 2],cap[i,j - 1]

|
| R | ||
il o I | [ | |
EEREEE g ERREEN
caple, 7] capl1, 7]
BhBAYIAE
| | |
] | |
| | ] | | | | |
| | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | |
caplo, 6] cap[o, 5] caplo, 4]
| | | | | |
| | | | | | |
L | | || | || ] |
oy ||| HEE | | ] ]
caple, 3] caplo, 2] caplo, 1]

15-12 B RS kiE ATk RE

Blas, EEupbB R EERE LR R § NBENFAEIRNE. fiERMCEERNERR—E g
HEAREN, WptEH, SEanRER I RERRERE, BOREMA eEBEnR R R,

DAL, BEERAIRIER 2" 1Y, SRR ARN,

15.4 mAY)5 FiRREE

Question
HE—HIERE n, BEYIDAZ/DWME BB, RUIDEMEBRENRERAZZ /D, WE
15-13 Firre
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| =

BIANES n , R max(ngxnyxngx.xng o xn, 4 %ng,)

15-13 RV SRASA R 7%

R B n Uo7 m BN T, Hh% i MR n,, B

m

=1

AER) HAR R A BN TR AR, H

MRARAEER, MERE SRR EMRIAE R, & n ot —ER T 2, RIEMfRER 2(n —2)
o FRAFREZIRAEER n (ELLER:

2(n—2)>n
2n—nm—4>0
n>4

GniE 15-14 R, Hn > 48, J)rH—E 2 BRBEEER, EHRIIRRFR 4 K BHEREZS) 7.

BRI —: AIRVIDTTRPES > 4 WET, BECIEZEAESTY) n. RARRIY) T R A 10 2,
3 E=MKT,
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(=]
=)

nz4 B, 58 2(n-2) 2 n
ALRESAERERFE 1, 2, 3 BF

15-14 Y EBEREER
PR ARBEWER R REN, 7£1, 2. 3E=MFE T, AR LREEN, FH1x (n—1) < n K
3z, BI)orih 1 e & EBERER N
aniE 15-15 iR, En =60, B3 X3 >2 X2 x 2, EEEEVISH 3 LUt 2 HEE,

BARRS . YIRS, RS EREEEME 2, FR = 2 SR ISR ZME 3, MRS E KRR
FHo

EFEE=ME 2 &, @S iamE 3

15-15 &EDInHF

Fr PR, RTHERLH DUN ARSI,

WAREH n, EHAEMY)I R Y 3, ERERES 0, 1. 2,
EERE 0 IR, 1R n 2 3 IR, R MUEmERE,

ERREUS 2 R, ARSI, RE

B LR, HR2 x 2> 1 x 3, FEERERE M3 Hihs 2,

BN e
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2. EERRER

Nl 15-16 AR, BAEEZEEEIE R A Y] 88, ] ORI A MEPRERSE] 3 BIEE o , HEEIESS
FIERE b, A

n=3a+b
TR, R n < 3HEBFRIEN, LEFRSEEL, #BEAL1 X (n—1),
// == File: max_product_cutting.cs =

/* RAUIDTIE: B *+/
int MaxProductCutting(int n) {
// & n <= 3 K, HEDSH—E 1
if (n <= 3) {
return 1 * (n - 1);
}
/] EEMTISH 3 , a A 3 BES, b AERE
inta=n/ 3;
intb=n%3;
if (b = 1) {
/] BEREA 1B, % 1 x 3 ks 2 x 2
return (int)Math.Pow(3, a - 1) * 2 * 2;

}
if (b = 2) {

/] ERREA 2 B, THERIE

return (int)Math.Pow(3, a) * 2;
}

/] EfREA 0 B, THERE
return (int)Math.Pow(3, a);

L . ] D
2B b af@ 3
n=3xa+bh

15-16 AV FRENEH RTTE

Iy ] R FE B DR Pl SRR R BB TA. DL Python 261, ARG B EUE =,

TEFE T %% FEE pow () MRFREEES%A O(log a) o
KX math.pow() PERIEAY C 755 EAT pow () BRI, HBTIBECR, RREMEER O(1),

S a F0 b A FEBOVNESNER, ISR O(1) .



BISE HE www.hello-algo.com 339

3. IEREMH:EEA

AR, Rt n > 4 RIS

L AR < 3 BRE&EEYIS T RPEE > A WET o, IE—E DU HES# 2 2(x — 2),
TEMAES R (B RIS, SRR E.

2. VInTiFAuE 1 BEREEYIDTTRTPEEERF 1, BEE—EA LEHASD IR FH, DA
RS ERARE, ERBERTE,

3. ViR mBWE it 2 « (Rt BY) T RS =8 2, ARE—E Al DR mifE 3, SRAEE R,
BT JE

15.5 Ih&E

1. ERSEIEE

EUAR TR B PR NI B L R, EUER R A (P SR R D I M I R DA, DO
(B4 R,

R L (O — (T TR SR, S TR L — (R STRLE N TRE,
PR BRI,

- AL R RS, R AR RENR, MBS, S RS O
15,

BB, B RAL S, ASHOIAT AR SR A R 5 S A & H R
R, EUE R SRR,

A AR R R R T AT SRR AR TN, SR T (R A
W T R

- BRSO RN, MIEAR, BAEMNA S, GBS,

CORMRERIE RS A PEAN, W ARG, IEREMEE, Eh B AN L,
B TP S

-V ERIEETE 0-1 TR b, AR, AT SRR, EEIGHY
AT A T A,

- R RN SRR, BERIRERES O(n2) . BB NS, SHRABEIEN,
SRR L% O(n) .

- ERKYIS TR, B A T R > 4 RIS, REVISRE T
%3, RO AR, W R RS BB TIE, B2 O(1) 5t O(logn) .
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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/

16 E sk www.hello-algo.com
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[ Extension: Python

Python Extension Pack .70
Don Jayamanne | <> 7,005,466 %k % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable [v Uninstall [v O

This extension is enabled globa

n Pack DETAILS
udio Code extensions fo...

Du;\ J;ya & Extension Pack (7)
RERTTINRE

Python Environment Manager wnn  autoDocstring - Python Docstring (

_r.

Extension

Python

;ﬁxmgﬁmﬁ I

m Python 84K * 5
P

@  shirc Install

Jinja

Python Extension Pack

Install.  /\

p I Python Extended

16-2 %% VS Code /R

16.1.2 REEFESIZIE
1. Pythonigif

1. F#fiZ4E Miniconda3, % Python 3.10 BEEHHRA,
2. 1£ VS Code M7 DIRETT G HIEE python , %% Python Extension Pack .
3. (A[) 7Em2HEi A pip install black, ZERFEHRAIMLTH,

2. C/C++IRIR

1. Windows R&#asELEE MinGW (HLEZGE); MacOS B# Clang, fZHZEE,

2. £ VS Code MEFAINRET HHIER c+ , Z#E C/C++ Extension Pack .
3. (A1) BARK Settings E i, %5 Clang_format_fallback Style F&2zUHEH% =X (k% I1H,

{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach }.
3. JavalzRig

1. F#Ei%%4E Open] DK (AR W2 > JDK 9),
2. 1£ VS Code WIHEFTIHET G 18R java, %4 Extension Pack for Java .


https://docs.conda.io/en/latest/miniconda.html
https://sourceforge.net/projects/mingw-w64/files/
https://blog.csdn.net/qq_33698226/article/details/129031241
https://jdk.java.net/18/
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4, C#HIRIR
1. F&EZ2EE Net 8.0,

2. 1£ VS Code HHEFEIHRET GRS R C# Dev Kit, 2% C# Dev Kit (AlE#H),
3. tA[{# A Visual Studio (245041,

5. GoIRiR

1. TGl %24 go .
2. 1£ VS Code HRFEHRER TR go, %% Go,

3. ZIREERE Ctrl + Shift + P BHEMSMW, WA go, #i%¥ 6o: Install/Update Tools, &HBZE

A2z & RIAT

6. Swift IRiS

1. F#EfZe8E Swift
2. £ VS Code HIIEAINHET TR swift , 2% Swift for Visual Studio Code

7. JavaScript IRI%

1. F#fR4E Node.js o
2. (AJ#&) 1E£ VS Code MHEFRINRET SR Prettier , ZHEMAMKAMTA,

8. TypeScript IgiE
1. [A] JavaScript BRIR 2244 B8,

2. &4 TypeScript Execute (tsx) o
3. £ VS Code MHEFIIRETIHHHEER typescript, %% Pretty TypeScript Errors .

9. Dartigig

1. N#AE2ZE Dart o
2. £ VS Code HIHEFEIIREM IR dart , & Dart,

10. Rust i

1. T#HOEZ%E Rust o
2. 1£ VS Code RYHEFEIIREMIHHER rust , %% rust-analyzer


https://dotnet.microsoft.com/en-us/download
https://code.visualstudio.com/docs/csharp/get-started
https://learn.microsoft.com/zh-cn/visualstudio/install/install-visual-studio?view=vs-2022
https://go.dev/dl/
https://www.swift.org/download/
https://marketplace.visualstudio.com/items?itemName=sswg.swift-lang
https://nodejs.org/en/
https://github.com/privatenumber/tsx?tab=readme-ov-file#global-installation
https://marketplace.visualstudio.com/items?itemName=yoavbls.pretty-ts-errors
https://dart.dev/get-dart
https://marketplace.visualstudio.com/items?itemName=Dart-Code.dart-code
https://www.rust-lang.org/tools/install
https://marketplace.visualstudio.com/items?itemName=rust-lang.rust-analyzer
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16.2 —iCZ2EBIE

HNEFHRENAIR, HPERFE SR MIERR, e, TUREHEE 7R, MR WAL, X
FEER, MREATEWEI TGS GEERE, MR METEBIE, DUasrE R E R 2R I,

i 566 AR GitHub ID #S7EAZ A E, A EMAN PDF M3 H FIEITRR, DURGEHIAM S B Tt B i
FAZR R

BHIEERE ))
AR [ 3 1 R O BTV B P R RS AR TR, N ST AR RN 75 (.
TEABHIRE Y, A SR A IRp 45 A0 R 22 B H 2R 2R MR

1. NEMA

GniE 16-3 Fow, SHEHEMEA EAEA “AWEEDRT, An] DI LS P BRE Oy Bl 2,

1. BhE “4RiREIR7, WFIBEH “F2E Fork A" IR, sERIEZERIE,

2. 8% Markdown JFRERNE, WENBRERME, MRS % —.

3. EEHMARTIES BRI, AEREE “Propose file change” #%8H, HmptiEiZ, B5% “Create pull
request” %5 RTAT S ECHIEGE K,

“x D 0@

Pudli _etomst % % Qmn O e
Hello 3 31 4t A BR
B ®O™ Mk 1 SREE %R 300 BN HES TR

B 1% MRk
B ®2® BRESH
o BIW MRS

31 BBGEHH%R

< v ovov

312 WIS EREHR
BROMIBENEIENA. BRI BAR B . B, TNERAEEE R n
ATHREDETHN.

32 WABBAE 311 BIELEN: M S5IEEMN
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2. NEEIE

REH B2 I FIRE R, R EXBSRRERHMERGE S, BRCENEE, REFREERLAT

Pull Request TAEifRfL,

g LN

3. Docker ZfE

B GitHub , ARSI 055 # Fork 2IMEAMRSE R,
HEASER Fork GREAE, #FH git clone 2 iHE i mibE 2 A M,
TEAHETNABINE, WEFTEERE, Bt Aas ErEE,
A AT E L Commit , A% Push Zja & #,

BT RMEE, 5% “Create pull request” %81 EIATZEE RIBGE K,

1£ hello-algo iRH® T, #ITLATN Docker #5215, HIRJYE http://localhost:8000 #ifIAHRE:

docker-compose up -d

{5t FH AR i <> R AT HIBR AR -

docker-compose down
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algorithm

data structure

code

file

function

method

variable

asymptotic complexity analysis

time complexity
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English

space complexity
loop

iteration

recursion

tail recursion
recursion tree

big-O notation
asymptotic upper bound
sign-magnitude

1’ s complement

2’ s complement
array

index

linked list

linked list node, list node
head node

tail node

list

dynamic array

hard disk
random-access memory (RAM)
cache memory
cache miss

cache hit rate

stack

top of the stack
bottom of the stack
queue
double-ended queue
front of the queue
rear of the queue
hash table

hash set

bucket

hash function
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English

hash collision

load factor

separate chaining
open addressing
linear probing

lazy deletion

binary tree

tree node

left-child node
right-child node
parent node

left subtree

right subtree

root node

leaf node

edge

level

degree

height

depth

perfect binary tree
complete binary tree
full binary tree
balanced binary tree
binary search tree
AVL tree

red-black tree
level-order traversal
breadth-first traversal
depth-first traversal
binary search tree
balanced binary search tree
balance factor

heap

max heap
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English g i
min heap /T /INTEHERE
priority queue N sl
heapify Hefl HEREIL
top-k problem Top-k [Al& Top-k [l
graph &

vertex ToUA THRS
undirected graph TmE 3 1 ]
directed graph Al A I [E
connected graph e E JeEL A [
disconnected graph ez E 3 ey [
weighted graph AE A P
adjacency LB skE

path JEgEs PRTE
in-degree NE NE
out-degree HE i
adjacency matrix RAFEHERE AR
adjacency list LBfER HhER
breadth-first search ISR R
depth-first search RENEHER RER S
binary search TER “ofds
searching algorithm HRAR A RS
sorting algorithm Her ik HEFp IR
selection sort e BEHE
bubble sort B HERZRE FB
insertion sort AT AT
quick sort PRIEHE Y StSEEag
merge sort HHHEF At
heap sort HEHER HEREHE?
bucket sort HER? WY
counting sort T g /€ 352
radix sort R GE 35 2 23 GE g
divide and conquer GaR(=| PaR(E]
hanota problem IS ] TR N EE R
backtracking algorithm IR RES [ e 5 1%

constraint IR IR
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English

solution

state

pruning

permutations problem
subset-sum problem
n-queens problem
dynamic programming
initial state
state-transition equation
knapsack problem

edit distance problem

greedy algorithm
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