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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,
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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 [
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RFEFNHEE, RmEkRmor, BEEERARNEE, 5—77mH, WFFRREMRBHEE LA NS AR RE, 2
ZIREI R, B D,
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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,
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& EIE tuEEn v @ @R &) 2508
31 MBI
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35 o
B f4m gASHE O © @3
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@ BeE wEE , @ wroters 1558w B
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= SRCEBY —REEN, XTREECIR (RNORN) | BRI ERNE, i, BEXTE
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Il BNE AF >
vz ER2E A > WA HK Aa
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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,




1R VAL www.hello-algo.com 11

1.1 BEZEERTE

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

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

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

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

FRERHEFEROAFHT

\
EFHER: RICE—EHEETEA » 67 AR
EPRSE:

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

Step 1 Step 2
—H R —HERE

EFHRSR: EFHASR:

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

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

;
—HEBR
EFRSR:

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

Step 5

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

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

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

1-2 B R

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

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

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

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

fERpR P BRI R RRRT 1, #ERl —1 =07t

FRERE, 7TEA204+10+1 = 3175

AR
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BiEsa 31 = 11 - 1 = 0

BEEE -20 -10 -1

TWENTY

\
TWENTY ‘|

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

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

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

1.2 BEZERMHE
1.2.1 REEER

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

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

1.2.2 BRSBTS

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

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

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

1.2.3 EREBERREEZNRIR

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

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

BE—RIUREES

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

data structure

RUtERLHEEFNER
BN PEN B RHRIES &

[ 1-4 BRSBTS IR AR (R

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

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

11 R R R B R L 2 PHEREAR

BRUEREEETE  PREEAR

B R RPHERTREA

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

it R TSR

ERSAE, ERERREERERINENRGESH. ERM, AEFURHERZEEAESVE
B,

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

1.3 &g

1. ERSEIEE

- EEIREHFEAEPEENE, WAZE IR, B L, RMEEENARPEE TR
ZRTE, AR TS RN HEE,



1R VAL www.hello-algo.com 16

- AT SRR B o S ERTAEEL T oG 2 B E EERTR AR,

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

- BWERENSRAH L REBEER, DRI RTE AR S E,

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

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

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

2. Q&A

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

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

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

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

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

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

FEMETRR TR, B ARIESR DA 8 g i ) A

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

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

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

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

RCRFETTIREE it BERHIEA,  BEGR (G R

2.1.1 EAR

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

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

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

2.1.2 IPREE

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

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

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

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

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

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

- e REAEREE, A RIE IR E AT &,

- BRI DB R E AR FTREREERNCR, THEAERERE SHEERNEE.

Tip

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

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

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

2.2 ECEEDR

TEETA, EEPUT TR R R0, B BB, I, 16 4R B A2 4
MR, FRIMSEE T R AT E R R B B B TR, B A R s RIS R 40, IR,
2.2.1 &

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

1. foriBE

W RANEUERZ —, WEEFHTEIB IR BIREN

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

for

// == File: iteration.java =

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

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

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

I

return res;

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

-

i+

#
=1 E

=5
2-1 SRFIR AT AEHERE

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

2. while EE

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

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

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

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

res += i;

it+; /) EARFEE
I

return res;

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

// == File: iteration.java =

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

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

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

3. BEikiDE

Pl mT DATE — {18 & Rl et A PR SRR 59— (EDE Rl 4, ST DA For JEIFE 2451 -
// = File: iteration.java =
/* £ for EE %/

String nestedForLoop(int n) {
StringBuilder res = new StringBuilder();

// BB 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+ ", "+ G+ "), ");
}
}

return res.toString();

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

Fsa




2w AR www.hello-algo.com 22

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.java =

/* 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



2w AR www.hello-algo.com 24

&

AT ‘@ Bkt ©

recur(n)

}

recur(n-1)
BERE recur(4)

! |
recur(3)

!

recur(2)

WERE
} P

recur(1)

2-4 JRIENFA TR

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

2. BiEl

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

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

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

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

/* 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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25

BT “8

recur(n,

recur(n-1, n)

recur(3,

recur(2,

recur(1,

recur(0,

0)

}
}
|

wt5+4)

|

wt5+4+3)

l

wt5+4+3+2)

|

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

HRSHEE
SRR

Bt “@

return

f

return

f

return

f

return

f

return

f

return

f

return

2-5 FRIRE @

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

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

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

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

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

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

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

Tip

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

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

Question

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

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

A
%DHNO

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

BARTRBBNEIE n fEE:

// == File: recursion.java =

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

/] #IEEE £(1) =0, £f(2) =1

if (n=11l n= 2)

return n - 1;

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

}

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

f(n)

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

f(n-2) f(n-3) f(n-3) f(n-4)

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

[ 2-6 BRI EE IR

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

K 2-1 EBLRE R RS L

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

fEH
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IER IRl

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

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

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

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

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

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

[* EREIEEEE «/
int forLoopRecur(int n) {
/] ER—ERETCRYHE BRI R LR
Stack<Integer> stack = new Stack<>();
int res = 0;
/] & EEEyY
for (int i =n; 1 > 0; i--) {
/] BB NEBIRE R R
stack.push(i);
¥
// 1@: R[EIEER
while (!stack.isEmpty()) {
/] 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

[/l EERTEET
void algorithm(int n) {
inta=2; // 1ns
a=-a+1; // 1ns
a=ax*x2; // 10 ns
// BE n &
for (int i =0; 1i <n; i++) { // 1 ns
System.out.println(0); // 5 ns
¥

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

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

HER L, SHERERNPITRRA SPOABE, Bk, RO THERTEGRREAN T F 284, B

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

2.3.1 FstRREgRES

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

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

[/l BEE A WREEHEE: S0

void algorithm_A(int n) {
System.out.println(0);

¥

// BEE B WEKEEME: 4R

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

System.out.println(0);

¥

}
/] REE C MESEEME: BEE
void algorithm_C(int n) {
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for (int i = 0; i < 1000000; i++) {
System.out.println(0);
I

[ 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 i = 0; 1 < n; i++) { // +1 (B&WEHIT 1 ++)
System.out.println(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++) {
System.out.println(0);

¥

// +n*n (15 3)

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

System.out.println(0);

¥

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.java =

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

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

return count;

2. 18 O(n)

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

[* 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.java =

[* ARVEBE (EFRMET)  */
int arrayTraversal(int[] nums) {
int count = 0;
// ERERE Y REMIELL
for (int num : nums) {
count++;
¥

return count;

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

3. T30 O(n?)

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

// == File: time_complexity.java =

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

return count;

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

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

(] RE—mEtmmE

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

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

// == File: time_complexity.java =

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

b
I

return count;

4. {5 O(2")

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

// = File: time_complexity.java =

/* 1B (EEEIR) */
int exponential(int n) {
int count = 0, base = 1;
/| EREH—SBT, RS 1, 2, 4, 8, ..., 2°(n-1)
for (int i = 0; i < n; i++) {
for (int j = 0; j < base; j++) {
count++;
¥
base *= 2;
+
// count =1+ 2+ 4+ 8+ ..+ 2"(n-1) = 2*n - 1
return count;

}

BT EEH
BE—H%H= MEHE

20

21

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

2-11 AEHPER IR R

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

// == File: time_complexity.java =

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

TREPE RAFRIRE, F5EEE (BOEE, B PHEE R, BRERERERIRHE, fF8HEE
FIFRRZHY, JE R T B8 A S AR R RN AR IR
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5. HEmE O(logn)

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

HERE R EUR log, n, B 2™ KRR,

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

// == File: time_complexity.java =

/*x HEPE (BEEIR) */
int logarithmic(int n) {
int count = 0;
while (n > 1) {
n=n/2;
count++;
+

return count;

BNEFIRER n SEES 1 8

ﬁuﬁ%fﬁw 5’3 ﬁ@ ] ;ﬁ_ﬁtﬁ %‘fggﬁf'ﬁ

s

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

&

N

[y

2-12 BIEEE IR AR

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

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

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

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

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

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

6. iRMEHEM O(nlogn)

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

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

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

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

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

nl=nxn—1)x(n—2)x-x2x1

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

// == File: time_complexity.java =

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

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

2-14 B3R R AR i 1 e

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

2.3.5 ®&E. RiE. FIINEEEE

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

© Honums = [1, 2, 2, ...]1, BVEERCRS 1K, HEREEYIZRAATZESUED, EIRIER
B Q(1) o

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

// == File: worst_best_time_complexity.java =

/* ER—ERES), &% {1, 2, ..., n}, [EBFHITEL «/
int[] randomNumbers(int n) {
Integer[] nums = new Integer[n];
/] E£BES nums = {1, 2, 3, ..., n}t
for (int 1 = 0; 1 < n; i++) {
nums[i] = i + 1;
}
/] BEHITELPESITTE
Collections.shuffle(Arrays.asList(nums));
// Integer[] -> int[]
int[] res = new int[n];
for (int i = 0; 1 < n; i++) {
res[i] = nums[i];

}

return res;

h

/* EMEY] nums HEF 1 FRTEZRS| */
int findOne(int[] nums) {
for (int i = 0; i < nums.length; i++) {
/] BrE 1 EREYIEIE, ZEIRERBEERE 001)
/] BcE 1 EME5ESE, EINRERBEME 0(n)
if (nums[i] = 1)
return i;

h

return -1;

AR 2, Bl E BB rh R PR L FE R R MR, TR 20 8 U 1AM R AR, ATRE @Al
RN, TR AR E A RON, WABEHINT IR R R, R DAL M A
?20

e ER RG2S R R A LI R R MR . “RSTRAORERI M S i B e
TREMRD, A RAEET MR MR BTRCR, AL R, PRSI AR I e R M\ R
FRIBTRCR, O AT,

SHARR SN, TRIPTAT DART LML B ORI AME. HEn L3R, e 512 kT
ALE, PRUHTEE | (e RS MR AR SN0, RSN TE i B B R 5 R 1 — % /2
| TR O(n/2) = O(n) .

(BB BRI, 3 SET R R SR R (A LM TRIAR, TR 2 (R 2307 HH L0 40 5 A e ]
Y, LENSRBIL R, BRIPIEE PR 5 2 R R (2 BB RO (0 P,
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LAHEERVL RS © Ry
FTREFI O FFSDEAEIRA LT, LRI 3 F Ao m AR, (e 2% Lo, o
FEMORA R BI, 7EA TR T, FEEIL TR O(n)” MR, MHFH e
B O(n) .

2.4 TRIEHE

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

2.4.1 EEEERITR

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

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

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

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

BEER T MERENATEE

AL

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

2-15 TEETAME A AR A3 R

MHBAREHSL :
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/* BRI %/
class Node {

int val;

Node next;

Node(int x) { val = x; }
¥

/* BT */
int function() {

/] BITHLEARE. ..

return 0;

}

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

}

2.4.2 HHEGE

2 TR (0 B 77 DRSO R MO KB, TGt e SRR W RN
T BLARE R SO IR 2, RIS OB TR 2 S BB, 3 R At 2 R 2 — T R, TPl
T ARAE AT B\ KR A RS0 S A 5 P e B
WAL RS, RESEMREN B2 AHEa%R,
1. BUBREMARDRIZME: % n < 10 1, SRR O(1) ; 55 n > 10 1, ¥IALAES] nuns 5
F O(n) %, BB % O(n) .«
2. DABELRBTR IR e I, IR T 200, 168 O(1) Z50; It ek
nums I, TR O(n) 250, FILEZESMIES 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[nl; // 0(n)

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) */
void recur(int n) {
if (n = 1) return;
recur(n - 1);

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

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

2.4.3 ERE

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

e o(2m)

F5EE o(n2)

HEEE

seiRiE=E A/ AR o(n)

HEME 0(logn)

HEES.

HHPE o(1)

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

BNERAN

2-16 Y FLAYZE BT )

1. BHEO(1)

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

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

// = File: space_complexity.java =

[* B */

int function() {

/] BITRLEAR(E
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return 0;

I
[* BEEE «/

void constant(int n) {

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

final int a = 0;

int b = 0;

int[] nums = new int[10000];

ListNode node = new ListNode(0);

/] BEFNEEGE 0(1) =M

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

¥

/] BEFHRIGE 0(1) =M

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

}

2. 1R O(n)

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

// == File: space_complexity.java =

[* 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 = new ArrayList<>();
for (int 1 = 0; 1 < n; i++) {

nodes.add(new ListNode(i));

5
[/l RE#% n WHEERGER 0(n) =M
Map<Integer, String> map = new HashMap<>();
for (int i = 0; 1 < n; i++) {

map.put(i, String.valueOf(i));
}

aniE 2-17 Fow, HERAREIRE 2 n, BIRIAELE n EARIRER 1inear_recur () B, #H O(n) K
INEHE A i -
// == File: space_complexity.java =

[* HRMERE (RIEEIR) */
void linearRecur(int n) {

System.out.printin(" i&E 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 @
n 3\
! f
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 s 2 o R 1

3. F50O(n?)

75 R R AR E, TERBE R n BT RER:

// == File: space_complexity.java =

/* FRE */
void quadratic(int n) {
// JEFE(EF 0(n~2) =R
int[][] numMatrix = new int[n][n];
[/ Z#HBIUEE 0(nt2) =
List<List<Integer>> numList = new ArrayList<>();
for (int 1 = 0; 1 < n; i++) {
List<Integer> tmp = new ArraylList<>();
for (int j = 0; j < n; j++) {
tmp.add(0);
5
numList.add(tmp);

qniE 2-18 iR, sZERAANEIERE S n, TESERIEE X APAgIa T — @S, REDHIZ n, n—

V201, FEEAN/2, FIKAREH O(n?) 23H:
// == File: space_complexity.java =

/* FHME (EEEIR) */
int quadraticRecur(int n) {
if (n <= 0)
return 0;
// BE%| nums EE%A n, n-1, ..., 2, 1
int[] nums = new int[n];
System.out.println(" & n = " + n + " B nums BE = " + nums.length);

IN
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return quadraticRecur(n - 1);

B5 nums EE BT & B

n ~———+ quadratic_recur(n) return 0
n-1 ~——— quadratic_recur(n-1) return 0

' ! f
2 ~———+ quadratic_recur(2) EeRa return 0

1 e Jlmi3Es 1
1 ~———+ quadratic_recur(1) return 0
EESERERPBIALT —ERET, BRES SRS

1+2+ .+ (n-1) + n = n(n+1)/2 EHB o(n2)

2-18 RN bR AL BT 75 B 2

4. 35 O(2")

TREAPE R R ook, BIRE 2-19, E#A n W N _Johl” MEBEEA 2" — 1, 5H O(2™) =M:
// == File: space_complexity.java =

/* IBEME GEim—icE) */

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

return null;

TreeNode root = new TreeNode(0);
root.left = buildTree(n - 1);
root.right = buildTree(n - 1);
return root;
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B EIRGAEE
20
/ \
21
2 - HanE
/N N N TN
2n-1
FRAmREE & SREHE
20 + 21 + 22 4 - 4 2071 = Qg =HME o(2")

2-19 il oA A A TR B 2 R

5. H#WE O(logn)
HEEEE RN MGEE R, GIna 0y, WMAREZ n (IR, SRR s e B R E o 2w, B
R 2 log n HIRXERE, i O(log n) HEBMEZSR,

BN B 2 e, BN —EIERE 0, BRI [log, n) +1, IEEFHRRES [log n|+1
, BIHEEREES O(log,,n + 1) = O(logn)

2.4.4 (g
BUARTEOLT, B BB IAR IR R A A S R AR REE B R B, RTIAE B RIS, AR LR
Fe 8 e PR 2 o A R 0 W S TR

RRAVRIR ] B L I 5 7 22 DAV T S PRI BERE R 20 X, R ZPPR. TR R TR 2 P AR T B B R U T
R SRR Ry “ DA R Rz, RIREZ © DURFR s,

IEIR AR RS BRI A B EIME T . ERZEIEN T, Rt E e E, Rt DIk 8
HREFHARRR, ER, EERRRARIENT, SHlaMemE i E=,

2.5 i

1. EE[OIEE
HRIERCRTHS

- R RHIRCR A S R R B R A B S I M (8 T 2R E AR,
- BA] DOZE EFRHIBUREHG T RARCR, (HE IHIRAGRIGAEE, HaREREs T,



2w AR www.hello-algo.com 47

- R AT AT DATE RR B R R A B, AT A SRIE AT A T2, i RIS R RIAE N R B
FHRRE T BIRR,

I ] BEHE

< I R R B P A M R R TR AT T IR P B R R3S, AT DU G A T B IR0, (A LB
NRTRESSR,  WNAE AR R N e R R MR AR RIS S LT LR B 55

- R R O PR, BIERAMNE BR, RIUE n ERIERER, BREMET(n) 1
14 RAR,

- WEER R 2 WD, ECEHRIERE, BB 1A

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

- R BEERR AR E AR EE, R AR A, SRS e, R FYRRE
BUMERE, SERFRIEAERE AR, K2 N\ R — W T 2210 e B AR IR 1A R B SR I T

+ PRSI R A P S W SR TECE BRI N TR TRICR, i B PR I AT BE AR, BT
F5JURE T A P T B A i N L A DA B SR S TR B

IR

SRR OO (ORI, R R A (0 T A R A R B VR R R R,

BRI TR T 5 2 AR, TR, ISR, B R, WASIRIR
N ZS AR SO, WA T 5 2 MR Rk, MR R RTG 23R, b e e FTS 3 F EIE
B S S R

PR RS R, VS TE RS A VR 2B TR RS R M

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

2. Q&A

Q: FEEM AR O(1) 152

Fam b, Rl A SR ] s ERE O(1) » MBRARZHIENXGES (B4 Java, Python, C+
+. Go. C# %) AR ABImMEMERE, FIEERH=MERER On) .

Q: BRI HE AT HE OB IR 2
@ (function) WLUMMILHTT, FPHSBEHMIRIE, 755% (method) SL—PIFFMIG, B MRS
FEILERIPIFE, RERIERIIPIR SRR T HR
AR R AR 2 A BAGRIA
C CHERRFRRRRAEE, WANEEANBS, FAEER, R BB A
(struct) SCBUREVIFFEILRET, B HERMIG I B P HL R 2 e 0772,
- Java il C# RYIEEIIERAS, RIS 075 BRI 5, T8
RUREER, A CRIBASERA L, FAENRIRER BIEa,
G+l Python MU RUFARREE (M50, WmIFgaBRis 7).
Q: [ 5 FLAT SRR A AR A A A K17
TR, WERRIREIGRRY, FURMIOR R, TR A ZMIEE kN,
BRI = 8, (T AE@ B AR IR S ST b, SR % AR o — R U, IR
S I ) — P ORI,
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FEEPEF, RARMEFENAERHET AN “HE80H” @R 2D, Frbh— Bk AR AR E n = 8
Z PRI, HEH n = 8° MR T, BRI RBHEALETET,

Q B FAEMBERMAS R, BRRER N (SEM) AREHERRED?

TERIIE T, DA NT rRE E IIE I, BIAE RS |, TRIDE RIS B+ BiskiE 2,
(K RO R, DR O (log n) $£%8 O(1) I,

EEERE RS R, ERRRE RS, flanEm AR , RECERRER, TR
EEEMMMER, EREAMYIEF AR, DEECEEGE, 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];
boolean[] bools = new boolean[5];

3.3 HF4RES

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


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

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

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

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

3-4 FOR T IRAS, — RO R B AR T I,

+0 +5 & -0 -28

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

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

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

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

(@ 3-4 JRAS, —HEEL B A B

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

1+ (=2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

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

— 0000 0001 (J5H5) + 1000 0010 ()

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

= 1000 0001 (J5H)

——1

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

+0 — 0000 0000
—0 — 1000 0000

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

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

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

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

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

(—=127) + (—1)

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

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

— —128

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



3w BRAHE www.hello-algo.com 56

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  BeEgE S Bk 7 77 30

4.1.1 [FE5IERRE
1. #satkrE%)

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

// == File: array.java =

/* FsatrEs «/
int[] arr = new int[5]; //
int[] nums = { 1, 3, 2, 5

]

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.java =

/* BEWEERITTER +/
int randomAccess(int[] nums) {
// 1EER [0, nums.length) HRFEHEIMER—ESFE
int randomIndex = ThreadLocalRandom.current().nextInt(0, nums.length);
// FEEQIR[C]FEi TR
int randomNum = nums[randomIndex];
return randomNum;

3. ATTE

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

8800 ) .- e
|
N

nums[4] = nums[3]

:

HETTRIRA

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

RT3 1 BENTTE 3 e

800800
N
nums[2] = nums[1]

(s W1 ]s]2]s]¢ ii@ﬁiz;—zg 0 Bk

nums[1] = 3

:

4-3 (IR ATTRRGI

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

// == File: array.java =

/* 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.java =
/* MIBRZE5| index BREITE *x/
void remove(int[] nums, int index) {
// 1BZF5| index ZEHFMBETERRIBE—L

for (int i = index; i < nums.length - 1; i++) {
nums[i] = nums[i + 1];
+

MEARE, AR ASLMERR(E A DA B,
© IFREIBTRREE G BRI AFOBRA TR B E LS 2% O(n) , Horb n 2B R,

- RIOTR: HRESIREARE, FILEmAGTRRE, BHEYRERERNTTRE AR,

- 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.java =

/* 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

for (int num : 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.java =

[* 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.java =

/* 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 ]

{77 EPRL(E 1_ﬁ§ﬁﬁ$ﬂmﬁ
ﬁﬁ?ﬁiﬂﬁﬁ,‘mﬁaﬁ%iﬁﬂ

4-5 SlEGERSIE REGEF TR

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

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

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

[* SEALERY|ENELEER] +/

class ListNode {
int val; /] ENELE
ListNode next; // M T—Ei#HI5IH
ListNode(int x) { val = x; } // E#EF

4.2.1 SESERIIERIRE
1. MRS

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

// = File: linked_list.java =

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

ListNode n@ = new ListNode(1);

ListNode n1 = new ListNode(3);

ListNode n2 = new ListNode(2);

ListNode n3 = new ListNode(5);



HA4E (YRGS www.hello-algo.com 72

ListNode n4 = new ListNode(4);
/] tEEENRLZ RS | B

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

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

2. HENERRS

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

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

r A
n@ nl
A

P
P.next = nl

B P ¥EM@ n1

= ./
FERRASREIEEE no A0 n1 ZRSIEAME P o i

[

nd.next = P

Bl< no 5@ P

A \\1'I'V/’ .

no A nl
P

4-6 SEAEHSIE N\ HIRRB]

// == File: linked_list.java =

[* TESEAEERTIBVENELE n0 ZRIENEIRL P +/
void insert(ListNode n@®, ListNode P) {
ListNode nl1 = n0O.next;
P.next = nl;
nB.next = P;

h

3. THPRERES

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

n@.next = nil
T B4 no 3EM@ ni

FEER SRR P

A A

né nl
A

MibRsTRiR, B P HAAER
nl ,

BEMRMERTIBERENHEE P,
HIRMBAER P Bk

4-7 Sl ER A HI R e RS

// == File: linked_list.java =

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

if (n@.next = null)

return;

// n@ -> P ->nl

ListNode P = n0@.next;

ListNode nl = P.next;

n@.next = nl;

4, BHRIENES

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.java =

/* FHfEiEAERY|PERS|E index BIEIRL %/
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.java =

[* TESELEERDIhEMES target HEEEE */
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 val; /] EnELE
ListNode next; // 18A&BAEEIRLAYS|HE
ListNode prev; // 1EABIEEENELAYS|F
ListNode(int x) { val = x; } // BE#EF

EmiEsERy)

singly linked list

—> —>| — —>{ —> None

IRR SR

circular linked list

[ & V]

EmEsR

doubly linked list

s —  — — —> None
None <« -— -— -— —

[ 4-8 i FLGES ER IR

4.2.4 §E4ERY|HBIFER

BEa AT RS E T N EEIHER, (781, AR R RS A

- HERBEYTH: AR ARSI —ImE TR, ERBRRIEAERE, HEE; &
ARG BB — o T, MERIRIEER AT B AR 5 —ImiEEfT, ERBERR Ao, HE
151,

- OMERAR: SR VR BRI TR R —, EZIRT, FrAERIITRAGHISE] (RS
FRAIH,

- M SRR AR — AR A T3, A A TE R AR B (8 A R A R, A E S R A A
TUERARACAR B TR AR ) A TE R

B [ Gl o5 ER 1) B DA 7R S R S T — BT 12— MR T R85 5

- ERERORMENE: LANTEAL R, B P, FRMTR ARG R RETR, 15 R] DUBIEE EIRG P — (A s
] ERLR 5 | AR E L, JRPURE il &5,

- BITESREN: EMEBITEST, B RENNERIBILHIN, B TR NI A W @ A AT — (A
MR — AR H, Bt B 5 R IR SIS R S i B

- LRU #5k: ek (LRU) EEES, JMOFRZRERIIRIT R D EHER, SRR
B RIMIPRETRG, JE IR (o A B a1 5 ses ER Sl TF & 5

BV SR AR TR 2 I B R, USRI E IR
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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
AL IRRE S R

PfRTRIETTRE, P AT CAE I BIRERES Y (dynamic array) ZREBIHS, CHEA TS IEES,, 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

M@ i “MyieaE” M “BYnE" EmETGe Tk
// = File: list.java =

/* ¥IELERSI */

!l EHGE

List<Integer> numsl = new ArraylList<>();

/] BYHE CEIERIINTERERNES int[] BEELER] Integer[])
Integer[] numbers = new Integer[] { 1, 3, 2, 5, 4 };
List<Integer> nums = new ArraylList<>(Arrays.asList(numbers));

2. hRTE

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

/* TR */
int num = nums.get(1); // sAMZES| 1 BHTH

/* EHTE */
nums.set(1, 0); // #=FR3l 1 BHNTEEHE 0

3. EAERBRTER

MRS, ERFI AT L st SR TR, (R RS R R R T R IR & O(1) , {EHE AFRIMER
TERAPSER Y EEHIAER, RERREZ O(n)

// = File: list.java =

/* BB */
nums.clear();

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

[* TEREIEATE */
nums.add(3, 6); // ®ER3l 3 BHEAHTF 6

/* MBRTE */
nums.remove(3); // MIFRES| 3 BERITE

4. FEFHHRT

BaREZ 8%, RS DIRIRR S ER, el IERGEFIAITR,

// = File: list.java =

/* FBERS|EFHBY */

int count = 0;

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

}
/* BIEEFBIITE +/
for (int num : nums) {

count += num;

}

5. HH&H

K — (R RS numsd , FRAF AT DARF HDHEEI R R AR R,
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// = File: list.java =

/* BHERESRT] +/
List<Integer> numsl = new ArraylList<>(Arrays.asList(new Integer[] { 6, 8, 7, 10, 9 }));
nums.addAll(nums1); // #&£E%] numsl HER nums ZE

6. HiFRY

SERERBIHEF 1%, FMMERT DUE FTER Y R ITE AL E P S B ER “ZoiEs” i “SaE R,
// == File: list.java =

/* HFFERH */
Collections.sort(nums); // #HF#%&, SBITERNEIKEES

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.java =

/* BFIEER */
class MyList {
private int[] arr; // &5 (f#FS5ITER)
private int capacity = 10; // $£IIE=
private int size = 0; // BIIRE (EFixtHRE=)
private int extendRatio = 2; // SXEFIESHIEEL

/*x BT %/
public MyList() {
arr = new int[capacity];

hy

/*x ERRIIRE (EFiTtREE) */
public int size() {
return size;

h

[* EERIIBE */
public int capacity() {
return capacity;

}
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/* sEETE +/
public int get(int index) {
/] FESIMNRHUR, WEHEE, TH
if (index < 0 || index >= size)
throw new IndexOutOfBoundsException(" Z=5[#5HR");
return arr[index];

I
[* BHETTE */

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

}

/* TERERFIETTE */

public void add(int num) {
/] TEHEBHAER, BEESES
if (size = capacity())

extendCapacity();

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

I
[* TEFEBATE */

public void insert(int index, int num) {
if (index < 0 || index >= size)
throw new IndexOutOfBoundsException(" ZH3|#HE");
/] TEHEBHEER, BEESES
if (size = capacity())
extendCapacity();
// #F5| index UKZEMNTEEAEZE—
for (int j = size - 1; j >= index; j--) {
arr[j + 1] = arr[j];
+
arr[index] = num;
/] BFTERE#E
size++;

I
/* MEFTE */

public int remove(int index) {
if (index < 0 || index >= size)
throw new IndexOutOfBoundsException(" ZH3|#HE");
int num = arr[index];

/] #&HR3| index ZIRRITTREEAISE—IIL

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

+

/] BFTERE#E

size--;

/] REIHMBRI TR
return num;

}

/* BIIESR */
public void extendCapacity() {
/] FE—EREARREY] extendRatio {EHIFRES, MiHEERFESIHEEEHEES

arr = Arrays.copyOf(arr, capacity() * extendRatio);
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/| EHEYRE
capacity = arr.length;

}

/* {EBRFIERARES] x/
public int[] toArray() {
int size = size();
/] EEIERREHENNEYTER
int[] arr = new int[sizel;
for (int 1 = 0; 1 < size; i++) {
arr[i] get(i);

}

return arr;

4.4 FCISRGERIREN *

FEAERIRTAETH, AR T FESIFNGES ER 5E MR AL H B A RRHERE, MR T “HER "
1 B MR GEE,

B L, PBRAREAORRE EPue v RUB AL IRm A DR I R 23, it i s SR A s B B R RE
4.4.1 AEHHERE

ah A RS IR E . 1R (hard disk). 521288 (random-access memory, RAM), 1REX (cache
memory), 3 4-2 J&/R T EMTER EH RS IR A ARG R B,

®4-2 EHREMIGFRE

TULS O EE PREX

Hig RIIGHFER, WIEERARR, R ETIESNE MECHTHRIERES, K>
. HERSE TERE B RER CPU #j[HrC AR B

ZRNE BrERERAEEX BERENEEX BrEREREEK

wE K, TB &I B/, GB #il JEH /N, MB

T g, HEFET MB/s Wk, %+ GB/s IR R, A EIHH GB/s

fERe (N BfEE, #BEHT/GB WE, #TEMHET/GB e E, B8 CPU fTHEHE

R

T AT CURE T B 7 R R 25 ] 4-9 FRA B EE A, BREE T & S BE THR A % /7 28 B AR e, %
BV AR, TSR AR RS AR AR, TR at BRI TR AT M AR TR A AT R

- DERREEDABGL ISR, Bk, RMEETHEREHERGER, FHite ESRIIMEER, HIR,
FCIRRE A A AR AT 1%, SRS CH RN B TS 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: #HfEres = [0] * nEpT —fE&S, Hrbf—E5E 0 482 BILHINE?

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

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

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

& (stack) 2 —REIEC AR HEEH AT E RS,

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

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

A

res | |faes

HERIE

5-1 HEBRITEARHA

5.1.1 ST BIRME

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

R 5-1 HEBATHRAERNCR

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

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

/* FREE «/
Stack<Integer> stack = new Stack<>();

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

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

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

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

/* HETRTAT */
boolean isEmpty = stack.isEmpty();

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

HeERs &
pip Sl
A=l ma (@
push(4) -
HBR l
TR ‘
Nl l T s l B l
EERRREERT i EERRREERT 1
HIMRRRED HMRRSEDR
' |
ENRS | 4:60

SRR
Step 1 Step 2
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i

pop() AR

o @

!
RERERRMSHET i
HMRBREE (?

N @D

|
‘ Step 3 |

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

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

/* BEREERTIBRES «/

class LinkedListStack {
private ListNode stackPeek; // iGEEEIBLE{EAMEETE
private int stkSize = 0; // HENEE

public LinkedListStack() {
stackPeek = null;
}

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

}

[* HEMERRTAT +/
public boolean isEmpty() {
return size() = 0;

¥
[* NHEE «/

public void push(int num) {
ListNode node = new ListNode(num);

node.next = stackPeek;
stackPeek = node;
stkSize++;

¥

[* HEE «/
public int pop() {
int num = peek();
stackPeek = stackPeek.next;
stkSize--;
return num;

}

/* EEBEEIETER */
public int peek() {
if (isEmpty())
throw new IndexQutOfBoundsException();
return stackPeek.val;
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h

/* % List E{tA Array MR[E] x/
public int[] toArray() {
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. BiEFINER

(o FH BB BB B, AT AT DURF RS ) R AR 2 B TH, ANIE 5-3 PR,  ASHEE L HHEBIRIE ) B ELE
W5 BRI TR B MR TR, KRR S O(1) .

- A -
push(4)
Em | i =
mnl Iﬂiitl | (] ERE e
a ERRRERG R a a ERRTERES
g HIMERARE g g W ETAEE
3
HRE \ g wex (01
Step 1 ‘ e Step 2
ey -
pop() H
RlRMTIR TR
g EERRRES R g
HIERREE
- |
1 ] arx [0
| Step 3

[ 5-3  J R Re 471 T R A ) A ) HE AR PR (R

HR AMEBE) TR P RE G TR BTG o0, Rt FA™ AT DAGE B RERS1), SRR AEZH B 1T R B 8 B 25 T R
DA 2 Bl s -

// == File: array_stack.java =

/*x BERfEYIERESE «/

class ArrayStack {
private ArraylList<Integer> stack;

public ArrayStack() {
/] W ERT (EhREMRES)
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stack = new ArrayList<>();

h

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

}

/* HIEMEERTAT */
public boolean isEmpty() {

return size() = 0;
¥
[*x NHEE «/

public void push(int num) {
stack.add(num) ;

}.

[* LR «/
public int pop() {
if (isEmpty())
throw new IndexOutOfBoundsException();
return stack.remove(size() - 1);

}

/* sEEEEIETER */
public int peek() {
if (isEmpty())
throw new IndexQut0fBoundsException();
return stack.get(size() - 1);

}

/* #% List @EfkA Array HRE x/
public Object[] toArray() {
return stack.toArray();

}

5.1.3 METRYL

SRR

PP e B BT S A M B T A TR AR, BSEESRRE AN SR RE M 1, (RIS T T B T SRS, [tk
—RA g A E,

IR %

TERLTARRF A BB AR, N\ HEB A B (R 7 FH S0 70 BL A B T AT IR T, BRI PREUAR i 1,
RIRCRE R, AT, WERAHEBRHE S A&, SRMAas], SRR ONSEB IR RS i 1
#0(n).

FERN A R FIR BB, SRR R 805, TAAE LIRS R A R RCR AR, (B2, A

BIERER EONGCE BRI B IEHE, RIBCREBR, NE, RAMEBTTRA SR SR, A
JERT DA BRIV BR, e MRk,
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iR LRI, B ONHER B HEBIRIE R TR B E AR AR, H140 int B double , FRIMTAT DA H DL #d

o

- RS BB A M SRR AR RCR G R, (HE IR R AR, PR i,
- R RS BB A B T DASE (A S AR AR R B,

e

YRR ESIR, R /BTN “WIaAR", ZARREEHEPRTXR; WH, AN 2R
TEREE (BN 2 £5) JEITHEAN, WABNARMATREE L ERT R, B, SORBEEE B HEE ] HEE R
—ERE IR

BRI, RS B S HTRG TR EE R MR (71, IR DLSEas R S R A FH 0 23 BRI SRR
ARk, TR RER B AR E DIRRE B B SN E A RO IERE, R AR R TUE T O

=

0

5.1.4 HERHBIFER

- RIS PRIB AT, WAPRRE BN, SERMERCTREE, RIS L EEEHR
TTAHER, EARRIMHLAT DOBIE BB BRAERI B b~ H, RIBRIFER LRESUT R, aRER
IRFSCHRFIRIB AT AT, IR FEE = 2 b 8 A AR 5 L L,

- PG P, BRI bR I, ZRAGEAT & 1 H B TEGRT 0 — (A HE B, PR AC B el Xy B R S M
FEMRIE PR 3NAR, 1A IR AR B & BT AHEB R, 11 [0 B R & N BT T H B R 1

5.2 {75l

175 (queue) 2—MHEMEL AJCHIRAIRIARIE B RIS, BAERE, (THIBHR T HERELS, RURA AT
IOAATHIREER,  TALFA T3 SRR A N2 BB o

qniE 5-4 FoR, BAAGRHTHIERRER (78", BEMA “THIRE", MTRIMASIRRERERS "N,
MR 721 & TCRAIRERE 2y “HIF7

1751 epd] H3l
queue pop() pop()
75IE [ /f
w51 |
i | /
F5IR [
AT N5

push(5) push(4)
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[ 5-4 fTHIRISE AR

5.2.1 {T5UERIRE

(THIRH RIRIEUNSR 5-2 R, REIEBE, FRBENES AR REG AT AR, AR 5
HEBMRIR 5 TR a4,

* 5-2 ATHIRERR

L A R B
push() LRSI, EMGTEIMENSIE  O(1)
pop()  (FFIETER A O(1)
peek()  HiRIHI LR O(1)

FefMr] AE R AR EE & R AT 51 -
// = File: queue.java =

/* FIR(TH */
Queue<Integer> queue = new LinkedlList<>();

/* JTENY */

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

/* SHEMTHIETERE */

int peek = queue.peek();

/* tEEH] */
int pop = queue.poll();

[* EBITTNRE */

int size = queue.size();

/*x FIETHIRERT */
boolean isEmpty = queue.isEmpty();
5.2.2 {FHIER

& TEBUTY, WIMHEE RGN, e eR, WS —umiBRITER, S5 ARSIRIRES#R Y

BEXR,
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1. BRtigERTInER

qniE 5-5 FR, BT UK SRS RS “HAEIRE" A “RRETRT 2RI A “rEIE” M TR, BUETS
PRI ERG, (720 E (AT THER AN RS,

HEE 4

TR RIS
_ A3l _
P~ won (@) push(4) won (@)
)] L
7 Yy
w1 | g @ (\?/
8 ERRRE SRS (/?) = ] EERREEEES (- )
HINRRA(T] HINRIRBS \[
2 rwn () B8 o
s | 5 ) L ° J
53R R @l)
| step 1 | Step 2
5
pop() RPFTREDES
won ()
L
- ] ERRRE S5 (- )
o HINRTAIT] I
°
R

Step 3

5-5 BEPRGEAS RS EBUTHIRI NS HFIR 1

DA 2 F St BB 1 B B 727 O R S -

// == File: linkedlist_queue.java =

/* BERiEERIERTY] +/

class LinkedListQueue {
private ListNode front, rear; // SBEiZL front , EHi#: rear
private int queSize = 0;

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

hy

/* ERTHINRE */
public int size() {
return queSize;

h

/* FETHIRE AT */
public boolean isEmpty() {
return size() = 0;

}
/* N5 %/
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public void push(int num) {
/] EREEEIIE num
ListNode node = new ListNode(num);
/] MNRTH AT, BSTE. EREEsRZE R,
if (front = null) {
front = node;
rear = node;
/] MNRTHAAZT, BiEZEELHE I ERELE
} else {
rear.next = node;
rear = node;

+
queSize++;
¥
/* 5 %/

public int pop() {
int num = peek();
/] MBREEENRE
front = front.next;
queSize--;
return num;

h

/* FETHIETE */
public int peek() {
if (isEmpty())
throw new IndexOutOfBoundsException();
return front.val;

}

/* HEiEsEERYENA Array MHRE] +/
public int[] toArray() {
ListNode node = front;
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 RIBARE & O(n) , EEESHIFIRERCREAR. AT, BT AR LRI 277
AR E (8 T

A AT DA — 528 front FEATHIE L RNERS|, WiAEE —H8E8 size FARTEITIIRE, ER
rear = front + size, EARFEHN rear f5AUTHIEITEZEIN N —EN EH,

BRI, MFIP R E TR RS [front, rear - 1], SERIEREITTIANIE 5-6 Fn,

NFIERE: i AT EIRESS rear R 1HE, ik size BN 1,
HHEE: HFEA front N1, WA size W/ 1,

AIDAEE], AFIFIHFIERA RS THEA T — AR, RREERES R O(1) .
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front IEAITYIETR 1. HERIER rear
rear IBEMTFIRTER + 1 2. RITEMEE rear &
rear = front + size BmysizelE i
A3l KR
15508 push(4)
front > n front » n
wsi | a (5 [T a B emee
n size = 4 a a size = 5
EEERZET EERREET
g HINRR B a g HINRR AT a
i | rear » rear »

{.u

Step 1 Step 2

1.4 front B 1
2. 4 size HH 1

FHIRE

size = 4

front >

RERRZMET

a
g HIMRRBITTI

Step 3

5-6 FLREHAIEHTHIHI AT SR E

YRATRE & S5 3 — (R fETENET ASIMHSIRERES, front F1 rear HRFEAIG IS, B EMEERS
IR AETR AR SRS 1, 2 7RI, BT DA ISR 2 B AR “ERIE A

BIRERIEIS, BT R front 8L rear ERUEMESI AR, EZFIZIEAISEMAASUEY]. BRIENIMER
FATLUZEE “HERRIE” REH, B TArR:

// == File: array_queue.java ==

/* ERIREEHEIRTY] «/

class ArrayQueue {
private int[] nums; // RBREHEEFTIITERES!
private int front; // {FHIEIEE, ERATIIETE
private int queSize; // {THIRE

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

}

/*x EETHNEE */
public int capacity() {
return nums.length;

}

[* EEUTHINERE %/
public int size() {
return queSize;

I
/* FEMTIIRERT */
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public boolean isEmpty() {
return queSize = 0;

hy
/% NFI %/

public void push(int num) {

if (queSize = capacity()) {
System.out.println(" 1F5IE#H");
return;

b

/]l stEITYIEEE, ERTIIERS + 1

/] FEBEERRIEEIR rear HIBESIEERR[CIZIZEEE

int rear = (front + queSize) % capacity();

/] # num FIEETTIE

nums[rear] = num;

queSize++;

}

/* HF %/
public int pop() {
int num = peek();
/] T EEERERBE—, SRS, BREEIES|EESR
front = (front + 1) % capacity();
queSize--;
return num;

h

/* FETHIETE */
public int peek() {
if (isEmpty())
throw new IndexOut0fBoundsException();
return nums[front];

}

/* R[EIEY] x/
public int[] toArray() {
/] EEIRERREHENNEYTER
int[] res = new int[queSize];
for (int i = 0, j = front; i < queSize; i++, j++) {
res[i] = nums[j % capacity()];
+

return res;

DAL BEERUTIIAR R A RIRYE: HREAREE, A, ISfEMEN R, BT DR 1 2% Bl e
Hl, Mg I NIEA W], A BRI ] LB BT EE,

PR BB A S LA G B AR — B, R A

5.2.3 {THIsBIFER

- WBETHL, BEY)E MR, sTERINATEIH, RERER GRIRIER BT h AT B, e+ —H
i, RN EELTRTE, S0 TR ZEE R BRI,

© BRI, MR EER LRRE]” HRERISR, BIGHENRERIES (T, BB BT A5E,
(TS L35 5 AT DA RS R R BRI
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5.3 £r(T5!

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

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

2o {1 |

DooDE—
0ooe g

F5IR

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

5-7 BEATHIRERIE

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

%53 BFIRIESE

TTiEA fifii I i A e

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

IR, FRAITRT DAERE T AR GE = C BRI A {51 -



5 E MO TS| www.hello-algo.com 99

// = File: deque.java ==

/* R ERITSI «/
Deque<Integer> deque = new LinkedList<>();

/* TTENG %/

deque.offerLast(2); // #IZEFHIE
deque.offerLast(5);
deque.offerLast(4);
deque.offerFirst(3); // HEETIIE
deque.offerFirst(1);

/* EETTE */
int peekFirst = deque.peekFirst(); // THlETE

int peeklLast = deque.peeklLast(); /l THRTE
/* TR */

int popFirst = deque.pollFirst(); // F5ETELHT
int poplLast = deque.pollLast(); /] THIETEEY

/* ERERTIINRE */

int size = deque.size();

/* FlEIERTIIREAT */
boolean isEmpty = deque.isEmpty();

5.3.2 £mTHIER

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

1. BRtEmigsaTInER
[ b — Bz, Pl B g FR S AR BT A, R 2% e m] DAY (M PR AR CEFRE H SR E)
FITE IR OB BT TR CEHBASIERE)

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

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

IR AT TREE 4

fF5IE push_last(4) IS E RS RTIR
5508 50 ek @ ey (@
wn | gy |23 N ' 1}
B EERRESEEEE) e z EERRRE ST (2)
(= HIMRIRABBEITF N ] HIMRBASRITS i
rex (O s
Tl 9 ] '
s
55U mon (@

Step 1 Step 2
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EER 1

E e e RlkRREEE
FIEAT {FIRHF)
push_first(1) e @l) pop_Tast() N
i
g o GID
B EExmRumwss) @ B EExmRSEwEs) 6
a HIPRRHERETT a HIMRBAHERETT }k
© R @
ron (@)
| Step 3 Step 4 |
(5]
pop_first() TIBRFEERS

prn GD

EERREYS MRS R °

g HINRRALEET /ﬂ/

R Q;

| Step 5
5-8 FHAGEAS Y| BB T AR A IR E
BHEXHS AT AR
== File: linkedlist_deque.java =
// Fil linkedlist_d j

/* EmEELERTIERE «/

class ListNode {
int val; // EiEh{E
ListNode next; // BiEEIRESIA
ListNode prev; // ®iBEE(ZLSIFA

ListNode(int val) {
this.val = val;
prev = next = null;

}

/*x EREREEETBRNER(TY /

class LinkedListDeque {
private ListNode front, rear; // EBEi%: front , EEIZ rear
private int queSize = 0; // ERTINEE

public LinkedListDeque() {
front = rear = null;

}

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

}

/*x FIERERTIRERT */
public boolean isEmpty() {
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return size() = 0;

I
[* NFUHRIE «/

private void push(int num, boolean isFront) {
ListNode node = new ListNode(num);
/] EfEEERSIAZ, B]S front 1 rear #BIEA node
if (isEmpty())
front = rear = node;
/] FHIBNFIRE
else if (isFront) {
// #& node IiEZEHELEERITESR
front.prev = node;
node.next = front;
front = node; // EFTEEENEL
/] FHIRNSIRIE
} else {
/] #% node FIEETEALERT|EED
rear.next = node;
node.prev = rear;
rear = node; // EFTEEIRS
¥
queSize++; // BHTIRE
}

/* (THIENT */
public void pushFirst(int num) {
push(num, true);

}

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

I
[* HHHRIE «/

private int pop(boolean isFront) {
if (isEmpty())
throw new IndexOutOfBoundsException();
int val;
/] ATHIEETHRIE
if (isFront) {
val = front.val; // E7FEREARGE
/] MIBREBEARL
ListNode fNext = front.next;
if (fNext !'= null) {
fNext.prev null;
front.next null;

¥
front = fNext; // EFEEENEA
/] (THIRETHRIE
} else {
val = rear.val; // EFE&EZE
/] RIBREETE,
ListNode rPrev = rear.prev;
if (rPrev != null) {
rPrev.next = null;
rear.prev = null;
I3
rear = rPrev; // EHEEIRS
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5
queSize--;
return val;

[l EHRTIRE
I

/* FHIEES */
public int popFirst() {
return pop(true);

h

/* THIEREFI %/
public int popLast() {
return pop(false);

}

/* SHEMTHIE TR */
public int peekFirst() {
if (isEmpty())
throw new IndexOutOfBoundsException();
return front.val;

}

/* sEETHIETTER */
public int peeklLast() {
if (isEmpty())
throw new IndexQutO0fBoundsException();
return rear.val;

h

/* REIFEFIBRFIED */
public int[] toArray() {
ListNode node = front;

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

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

+

return res;

2. BRtEFINER

e 5-9 FoR, BAERESIE BT AL, B thal DAE R B IS E R & 71,

front $EAITTIETR
rear (EEIFFIRTE + 1

rear = front + size

1758

1758 l f75IE

£ A5l FIIRE

size = 3

front >

RERRRITEES

n HPRRHRETT]
73R 1 l fr5IR
A5 3

rear >

175

Step 1 Step 2

1. HERIER rear
2. BTHRMIEE rear &R
3.4 size B 1

fFFIR AT
push_last(4)
front > {FHIRE
a size = 4
EERRZEEET]
a HIrRRAYRTT
u rear »
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En

1.4 front EH 1
2. BTRMIME front &
3. % size B} 1

1FFIEAT
push_first(1)

a

FHIRE
a e s
a EERRZDEES]
a HIMRRARRTTI

fFHIEHEI
pop_first()

Step 5

5-9 FLR P B A 78 AL SRR

( Step 4

fFHIRHFI
pop_last()

1.4 front B 1
2.4 size B 1

front >

ERERZTEET)
HPRREAHRETT]

PR

1FHIRE

size = 3

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

/=

File: array_deque.java =

/* BERIRFEFIERNERTY] +/
class ArrayDeque 1
private int[] nums; // BREEEM(THITTRIMET
private int front; // {THIEIEE, ERTIIETE
private int queSize; // ZMITIIEE

/*

BETF x/

public ArrayDeque(int capacity) {

}

this.nums = new int[capacity];
front = queSize = 0;

/*x ERERTINEE */
public int capacity() {

}

return nums.length;

/> ERERTIINRE */
public int size() {

}

return queSize;

/* HEERTIIREAT */
public boolean isEmpty() {

}

return queSize = 0;

front >

1.4 size BH 1
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/* SRIRFESIZRE| */
private int index(int i) {
/] EBEERREEIRES & EAE
// B 1 sBEyEHE, EFIEES
// & i #BEyIEESE, EFIESE
return (i + capacity()) % capacity();

F
[* ATFIENG */

public void pushFirst(int num) {

if (queSize = capacity()) {
System.out.printin(" €£ETHIER");
return;

¥

/] T EEER LB

// BREEHREEIR front HIBMREY|IEIRZEEE SR

front = index(front - 1);

// # num FEETIIE

nums[front] = num;

queSize++;

}

/* THIENT =/
public void pushLast(int num) {
if (queSize = capacity()) {
System.out.println(" ZmTFIER");
return;
}
/]l StETYIEEE, ERTIERS + 1
int rear = index(front + queSize);
// # num FIEE(TYIE
nums[rear] = num;
queSize++;

}

/* THEEH %/

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

}

/* (THIRES */

public int popLast() {
int num = peeklLast();
queSize--;
return num;

}

/* FETHIETE */
public int peekFirst() {
if (isEmpty())
throw new IndexOut0fBoundsException();
return nums[front];

h

/* FHRETFFIETE */
public int peeklLast() {
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if (isEmpty())

throw new IndexOutOfBoundsException();
/] SHEETERSI
int last = index(front + queSize - 1);
return nums[last];

}.

/* R[EIFEFIERFIED x/
public int[] toArray() {
/] EERERREHENNEYTER
int[] res = new int[queSize];
for (int i = 0, j = front; i < queSize; i++, j++) {
res[i] = nums[index(j)];
+

return res;

}

5.3.3 £mryIER

B {78 A B HE A BT S i, Rt el LEBUE WA MAE RS R, RN AL = B B,

BAMEDE, BN “BEE” DIREEE AR E: KA SRESARIE push ZIMER T, RBIBEE pop
B, A, FRIIRAEIRNRG], WEEHE GRAEBEHSE (BIanERdrcEE 50 2. EHEERN
R 50 I, MEST LA (T51E) BUTHERRE, (HHERMTEEBIZIRE, PRS2
{PHIREAHE R, SR, W™ RO E R EIEHE B SE AR RN, U A 751 RE %0 3 0 B 5 1
B LEEEI N,

5.4 &L

1. ERSOIEE

- HEEJE - RENEIEE AR R R RS, Al My s FR 8 AR B L,

- AERFRAIRCR T, BRI BB A RS EPIReR, (BERARRET, BIRAHEBIRIERTR R
BEEHEO(n) . M2, HOBAHAS Ry E B EA B A TRERRR R,

- AERERCERTTH, HEBRES BB REE SRR S IR, EFRETEENR, SRS ER TS
PR EC RS 2 ] EE PRSI TR R,

- ATAE TG SE NS R R R A, [RIAR AT DAOZ 8 P51 B G ER S AR B, AR IR R RCR R 23
RERATBEL b, ATH1 05 5 B AT RSB A Al A B

- BTy EAEEE BRI, ERFEmRE T TR AR,

2. Q&A

Q: BITAMANEIRIRE G2 B AGEAS R Y| HHL?
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BB RNERIBREAE B2 “HE” BBl B wE e Bk, 2EmGEoE I a T, B
P BGEIRIBAZ IR, &% I G IEHE B TER L, (A 78] DT (B B — LE MR AR, IS A "2
1751” =EIHRE,

Q: fEHHEERR, AT EREMHHEE R IERE?

QSRR TR 2 A P R, AR TR ZREGE R 5 2 RANTREMIE], Java fl Python SFESHEA HE)
B e, Al TR R TR IRAS; 1E C A1 C+ iR P B R G IERS,

Q: BrfrigEmEHEB I e 7k, SRR E?

BTyt G2 B TSI R S e B P T, ERBIRZRHEE + (THIRGERE, [KIRT DAE B
BEMTHIRFTH M, A H N,

Q: 8l (undo) FISHEH (redo) BEAEZANAIEEIA?
(o P R Ml A, SRR A TR, EER B AR SRARUH
L. FEERFEITER0E, AEEREBALE A, WHETHEEB,

2. BERPHT “HEH" I, CHER A rREEEORROERE, MR AR B .
3. HRPHUT “RIMEH” K, (CHER B o I EBaLRRIE, KB AHER 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.java

/* FaiER */
Map<Integer, String> map = new HashMap<>();

[* FIBIRIE %/

/] TEREERTDIIEEESR (key, value)
map.put (12836, " /\BR");

map.put (15937, " /\EE");
map.put(16750, " /NE");
map.put(13276, " /NE");

map.put (10583, " /EE");

[* EHIRE */
/] AEREERBPEANE key , B32E value
String name = map.get(15937);

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

MERRA M AR ER 7T B RES. EVEAENE, RO
// == File: hash_map.java =

/* EHHEER x/

/] EFHEEH key->value

for (Map.Entry <Integer, String> kv: map.entrySet()) {
System.out.println(kv.getKey() + " -> " + kv.getValue());

¥

/] BEETFHE key

for (int key: map.keySet()) {
System.out.println(key);

¥

// EBEREHE value

for (String val: map.values()) {
System.out.println(val);

¥

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

FE51

key value

-

“ "

15937

MIJ\HH
16750 { “/hE"

13276 | “INE"

". I '" I ".

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.java

/* BEH */

class Pair {

public int key;
public String val;

public Pair(int key, String val) {

this.key
this.val

}

key;
val;

/*x BERMETIEBRNMER */
class ArrayHashMap {

private List<Pair> buckets;

public ArrayHashMap() {

/] MeikkEyl, 8% 100 @

buckets = new ArrayList<>();
for (int i = 0; i < 100; i++) {
buckets.add(null);

}

key , Z19HMERA key % 100, [E 6-2 DA
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[/* HERRT */

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

}

[* EHRE */
public String get(int key) {
int index = hashFunc(key);
Pair pair = buckets.get(index);
if (pair = null)
return null;
return pair.val;

}

[* FZIRE */

public void put(int key, String val) {
Pair pair = new Pair(key, val);
int index = hashFunc(key);
buckets.set(index, pair);

I
[* MERIEIE */

public void remove(int key) {
int index = hashFunc(key);
// B% null , KFRMER
buckets.set(index, null);

}

/* EEVFRERES */
public List<Pair> pairSet() {
List<Pair> pairSet = new ArraylList<>();
for (Pair pair : buckets) {
if (pair != null)
pairSet.add(pair);
¥
return pairSet;

}

/* EBFRER */
public List<Integer> keySet() {
List<Integer> keySet = new ArraylList<>();
for (Pair pair : buckets) {
if (pair != null)
keySet.add(pair.key);
+
return keySet;
}

/* EBFIEE */
public List<String> valueSet() {
List<String> valueSet = new ArraylList<>();
for (Pair pair : buckets) {
if (pair != null)
valueSet.add(pair.val);
¥

return valueSet;
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/* SUENHEZER =/
public void print() {
for (Pair kv : pairSet()) {
System.out.println(kv.key + " -> " + kv.val);
IF

6.1.3 HMRERERE
WAH L&, MEEAHERZRIE key M A2 FEEI AT R MR 2, Az
PR SR, R, PG E—E& e “ S A B ER L DL

BN EIRGIFP AR, EEAR key RAAAHFRE, Hik e XaoEm b s R AR, flin, EiR25E5
12836 #1 20336 HUMIfES AR, FRFI1SG2]:

12836 % 100
20336 % 100

36
36

WniE 6-3 fin, MiEESEER T A — @4, SRR NE, FAPIHE SR Ml N\ B R — S RS
2% &5 (hash collision),

BN key #35| EE5 &@itH value

key value

Y L

J

__——» 36 —] “Ihegr

@—// 37 15937 | “/hi@" \w
@// BERED 50 16750 | “/hE" \\m

key % 100

76 13276 | “/NiE”

83 10583 | “/hag"

s

6-3 HEREZRIRGI

AT, WHERAER n 8K, 2 key HTECEIFE — M AIMERMBE, ERBED, Fit, RFITL

GniE o-4 FoR, IEAATHEEE (136, A) Ml (236, D) LM, WMARERHK,
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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.java =

/% SEICAIIMEEER */

class HashMapChaining {
int size; // REHHE
int capacity; // HMEXRTE
double loadThres; // MEEBEANEHEFEE
int extendRatio; // EAEH
List<List<Pair>> buckets; // @[5!

[*x BHEF */

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

loadThres = 2.0 / 3.0;
extendRatio = 2;
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}

buckets = new ArraylList<>(capacity);
for (int i = 0; i < capacity; i++) {

buckets.add(new ArraylList<>());
r

[x HERR %/
int hashFunc(int key) {

}

return key % capacity;

/*x BEEF %/
double loadFactor() {

}

return (double) size / capacity;

[* EEIRE +/
String get(int key) {

}

int index = hashFunc(key);
List<Pair> bucket = buckets.get(index);
/] EHWE, EiE key , BIR[EI¥EFE val
for (Pair pair : bucket) {

if (pair.key = key) {

return pair.val;

}
+
/] BXRKE key , BIRE null
return null;

[* FZIRE */
void put(int key, String val) {

¥

/| EEHRFBBRER, RITES
if (loadFactor() > loadThres) {
extend();
+
int index = hashFunc(key);
List<Pair> bucket = buckets.get(index);
/] EFHE, FBEIEE key , BUFEHEHE val AR[E
for (Pair pair : bucket) {
if (pair.key = key) {
pair.val = val;
return;
}
+
/] BEfEZ key , BIEEHMIZEEE
Pair pair = new Pair(key, val);
bucket.add(pair);
size++;

[* MUBRIRIE «/

void remove(int key) {

int index = hashFunc(key);
List<Pair> bucket = buckets.get(index);
/] EsHE, WEPmbRRES
for (Pair pair : bucket) {
if (pair.key = key) {
bucket.remove(pair);
size--;
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break;

}

/* ERHER */
void extend() {
/| BERE#ER
List<List<Pair>> bucketsTmp = buckets;
/] R IEREBIMEER
capacity *= extendRatio;
buckets = new ArraylList<>(capacity);
for (int i = 0; i < capacity; i++) {
buckets.add(new ArraylList<>());
+
size = 0;
/] BRESHERERBREZTHER
for (List<Pair> bucket : bucketsTmp) {
for (Pair pair : bucket) {
put(pair.key, pair.val);
I

h

/* HIENFEER */
void print() {
for (List<Pair> bucket : buckets) {
List<String> res = new ArraylList<>();
for (Pair pair : bucket) {
res.add(pair.key + " -> " + pair.val);

}
System.out.println(res);

EFTERENE, EESSHYIRRE, &SR O(n) RE, BN PO RS Ryl “AVL B o “400%
B, TEms &R R R B LS O(logn) o

6.2.2 FRMENL

BRENL (open addressing) ARSI ARSI RIERE, T2EE “ZRIKA" ARMEMERESR, HKTAE
DOARGIEIRE, o IRRIN 2 0O R S

N DABRIEIRE 251, A8 BB HERE R AR B AR

1. BRE

ARVER B [EE P R AVAR MR SR TIRH,  HaR 77 iR B @ MR R A P AN

- BATTR: BEMERAGREMRS, SRBEMNCATR, AEERMCERRRIET PRERES
1), BEEEEZ, FTRBmAHF,
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- AFLER: ARBRREER, NERAMHES RERETHRIEE, BIREBEITR, &E value HI
Al WNEIBEISA, S EETRAERERS, JRIE None o

6-6 JEoR T RUE L (RRMERE) MERRAVESR 2. MRBEAEEEX, SERMVHER key #NEHEET
BREVFHFERIM, THEEARMEIRE, BRI %A DA IR,

#i5| 2]
BsELE 01 500 | D |
BELER, HEB 1 02 |
7 < | (COED
ERT key % 100 27
EmAERR key o
BREREER 78 (276 £
676
776 [ x |

@ 6-6 BAMCEIE (BRIERE) MERRAVEES 2
AT, MRPERER S AL “REBIR”, B, ESAESAE A B R, G B A R
REJATREVERRK, (e — D ez A BRI R, TWACEITERE, SAES0HMENRRIERCR AL,

EREENE, BIIAFREERBOENEGRIO P ERMERITER, E2 R & MPRT R & £ RS N 2L — 24
None , MiHEAMITERR, MRUERERZEMMEIRME, KItEZTL NTRAEER R, f2A]
RERRFIBLLTCRAMFLE, WA 6-7 Fro

=5l e 7]

00 <

wu [
=3 (K=
S| S

01

02

w
S
S
E

76 <
s (B0 2%,

MEEEATEZ THTERT

~
~
=3
~
o

78

6-7 AERIBUEHEFMBRIT R B AR E
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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.java =

/* BELHER */
class HashMapOpenAddressing {
private int size; // H{EHE=2
private int capacity = 4; // HEXRAE
private final double loadThres = 2.0 / 3.0; // BB BEANEHFEFE
private final int extendRatio = 2; // EBEE
private Pair[] buckets; // #&FE%l
private final Pair TOMBSTONE = new Pair(-1, "-1"); // MIBREsC

/* EETF */

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

hy

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

h

/* BEEAF */
private double loadFactor() {
return (double) size / capacity;

h

/* €5 key HENREKS x/
private 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) {
// BzZanaE T MkRER, AiSREHBEEZES IR
if (firstTombstone != -1) {
buckets[firstTombstone] = buckets[index];
buckets[index] = TOMBSTONE;
return firstTombstone; // REZHENEZRSI
}
return index; // R[EIEZRS]

// 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--;

I
[* EEMER «/

private void extend() {
/] BEEEER
Pair[] bucketsTmp = buckets;
/] VR HIERERIRMER
capacity *= extendRatio;
buckets = new Pair[capacity];
size = 0;

/] BREBNERBERBESHHEER
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for (Pair pair : bucketsTmp) {
if (pair != null && pair != TOMBSTONE) {
put(pair.key, pair.val);
}

}.

/* BIENFEER */
public void print() {
for (Pair pair : buckets) {
if (pair = null) A{
System.out.println("null");
} else if (pair = TOMBSTONE) {
System.out.println("TOMBSTONE") ;
} else {
System.out.println(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.java =

[* NEREE +/
int addHash(String key) {
long hash = 0;
final int MODULUS = 1000000007;
for (char ¢ : key.toCharArray()) {
hash = (hash + (int) c) % MODULUS;
¥
return (int) hash;

hy

/% FTEHE +/
int mulHash(String key) {
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long hash = 0;
final int MODULUS = 1000000007;
for (char c¢ : key.toCharArray()) {
hash = (31 * hash + (int) c) % MODULUS;
}
return (int) hash;

h

/* BEFZHE */
int xorHash(String key) {
int hash = 0;
final int MODULUS = 1000000007;
for (char c : key.toCharArray()) {
hash ~= (int) c;

}

return hash & MODULUS;
:
/* TEEHE */

int rotHash(String key) {
long hash = 0;
final int MODULUS = 1000000007;
for (char ¢ : key.toCharArray()) {
hash = ((hash << 4) ~ (hash >> 28) ~ (int) c) % MODULUS;
}.

return (int) hash;

B3, SEMEREEIRNRE —PEREREE 1000000007 BUE, DIRERFEZEESEEE N, E
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,



How MER www.hello-algo.com 124

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

At AL DA, FEZRTE ISR T R R AR R R, — TR N B S IR R TR R RLRE,
o — kit N BB Z AIBOTR S BORE RN 2 2R, R 6-2 R T EEFRIER R AR
"k,

-+ 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.java =

int num = 3;
int hashNum = Integer.hashCode(num);

/] EE 3 HHEER 3

boolean bol = true;
int hashBol = Boolean.hashCode(bol);
/] TME true MIHEEES 1231

double dec = 3.14159;
int hashDec = Double.hashCode(dec);
/] NER 3.14159 HVHEEES -1340954729

String str = "Hello E@EE";
int hashStr = str.hashCode();
/] FE& “Hello EEZE” WMIZEES -727081396

Object[] arr = { 12836, " /A" };
int hashTup = Arrays.hashCode(arr);
/] BEF [12836, /Ni§] B93EEEZA 1151158

ListNode obj = new ListNode(8);
int hashObj = obj.hashCode();
/] EREE¥pME utils.ListNode@7dc5e7b4 AY3EZE(EA 2110121908

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,
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7.1 —ciE

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

/* ZITiHEnEREER «/

class TreeNode {
int val; /] ENELE
TreeNode left; // AFHEIZESIH
TreeNode right; // HBFEEESIE
TreeNode(int x) { val = x; }

}

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

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

— i RENRE

binary tree

|
E?W ﬂm&

EFi a7

AN
Vivivi

[ 7-1 AQHIRG, FHEIRE 7

7.1.1 ZiE RS

TR AR AN E 7-2 AR,

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

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

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

- HIRSHIEE (height): {ERRAEZEIRG BRI SEHTR 2% IR AT OB IS R BUR

—5ohd
=E -3

T

7-2 IR I ATE

Tip
TR, WIMEER “mET M RET ERA KRIBHEET, BASEHRBM TREE T
Fhy BNEREE", EEEEN S, SEMRERTEEMmL,

7.1.2 B AIRE
1. A=

BRGEAS AL, Eewlia s, REEsIH (e,
// == File: binary_tree.java =

/] W ILETE
TreeNode nl
TreeNode n2
TreeNode n3

new TreeNode(1);
new TreeNode(2);
new TreeNode(3);
TreeNode n4 new TreeNode(4);
TreeNode n5 = new TreeNode(5);
/] EEESBZENEIE (E1E)

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 A B PRETR:

// == File: binary_tree.java =

TreeNode P = new TreeNode(0);
// 1 nl -> n2 FREIENEEL P
nl.left = P;

P.left = n2;

/] THBREREE P

nl.left = n2;

Tip
FETRAR, AR TR GOt oAy A TR, T IR G e 5 TR I PRk 17 A
FEFRt, R, 7E—Joirh, MARMREEZH —EREL SR, UEIRA BERERIERE,

7.1.3 BRZTHEER

1. SEE= i

niE 7-4 iR, Se_Juft (perfect binary tree) Fir g RIEIRGET#E 2N, TE5EL —ooiifrh, HEENRGATRE
B0, HERFTEEIBIIEES 2 ; HEEER b, AEBEES 20T — 1) REEREEEERER, R

Y B RS AR R AL

Tip
AR, TEFPSCHERED, SE38 TR SR 2 — ol
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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,



BT7E M www.hello-algo.com 133

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.java =

/* BFES */
List<Integer> levelOrder(TreeNode root) {
/] BTy, IMANREIR,
Queue<TreeNode> queue = new LinkedList<>();
queue.add(root);
[l B —ER, BREEERFS
List<Integer> list = new ArraylList<>();
while (!queue.isEmpty()) {
TreeNode node = queue.poll(); // BX%IHEx
list.add(node.val); /] fEFEEA(E
if (node.left != null)
queue.offer(node.left); // EFHEIEEAG
if (node.right != null)
queue.offer(node.right); // BFEEAT
¥

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.

REWEED 2 Ok,

def dfs(root):

" TR
if root is None: return

@ ANiGEAR AT
dfs(root.left)

@ EUEFHE, BEHRE iR
dfs(root.right)

@ ELFHMIEHMA, HEE

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

@ 7-10 — risBRIETF. . RFE

1. EBER

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

/* BIFE */

void preOrder(TreeNode root) {
if (root = null)

return;

/] HREMBSIER: RERE -> EF#E -> AF8
list.add(root.val);
preOrder(root.left);
preOrder(root.right);

I3

/* HEEFH */

void inOrder(TreeNode root) {
if (root = null)

return;

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

b
[* &EFET */

void postOrder(TreeNode root) {
if (root = null)
return;

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

Tip

WG S AT DRSS RE, A BBAEE ] LB 1T

[ 7-11 JoR T Rl ERT o rNRIEIERE, Hajpzy B” fn “|”

1 B” FORBABOHTTIE, FETEHER PR T —E R,

2. " FoReFIRME], RRERTEIRC

iB: TR
@: EEEH

HIFFEN (7F @ MIRIEE)
1

B: B
a: e

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

& B TR
@: @ e

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

=

Step 2 ]

Step 4

s

( Step 6

P ) R 2o

B AR

@: e e

BIFER (F @ mIRIER)
1, 2

B ETER
a: @ L

HIFFER (F @ Rk
1,2, 4

B TR
&: AL

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

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

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

Step 7 Step 8

B: BTER
a: e

B ETERE
@: e e

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

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

Step 9 Step 10

B B TR
@: mLEEH

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

Step 11

 7-11 R e AR E AR

2. ERRES

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

7.3 ZrohfEyIRT

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

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

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

ﬁ%ﬁigéf\\\
//l\\ //2\\ EREEE: i

¥ swmes

PLUEPLPL L e

AFEHRARS|: 2i+2

7 8 9 10 11 12 13 14
RS Fom — ot

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

& 7-12 5E£ TIPSR

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

7.3.2 RREETH

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

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

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

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

7-13  JEFEEFIT Y E A T Al REME

o 7 RRILRTRE, BT DA AR AL W S B R A None o WNIE 7-14 Fow, ISROEPHR, JE
e B A A] DAME— R ek 1o RIS

/* ZITRIRRESIRR +/
// 1ER int WIEEEEER) Integer , FATLUER null RIBERSML
Integer[] tree = { 1, 2, 3, 4, null, 6, 7, 8, 9, null, null, 12, null, null, 15 };

10 11 12 13 14

ZIFF (7)) AIME—RRI =T

fEFIF=SI © 12 3 456 7 8 91011121314

mrzven (@EO0 020G s

=i

7-14 ARERIRBI et ppy 3R

ERHRARE, 522 JuBHEREGERMSIRIOR, FEEEe _JTiER, None {HWBIERIKE HEEH
AR, IKILRTA None —s& tRBUEME L FiIFFIRIA RS,

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

ERTETH
AT TR

BRFESBFS (F5)

88680800000

7-15 sEE ITBIIREEIIRIR

AN B 7 — BRI RS ORI e, BA5 DL R R A,

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

// == File: array_binary_tree.java =

/* PEFIRR TR ZIoiEsEn </
class ArrayBinaryTree {
private List<Integer> tree;

/*x BT %/
public ArrayBinaryTree(List<Integer> arr) {
tree = new ArraylList<>(arr);

}

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

}

/* EEZRS|A i EEE */
public Integer val(int i) {
// BR5ER, ALRE] null , KKRZ=AL
if (i <0 || 1>= size())
return null;
return tree.get(i);

}

/*x ENES|A 1 SNATFERNES] «/
public Integer left(int i) {
return 2 x i + 1;

}

/* ERZES|E i BENETFENERS] «/
public Integer right(int i) {
return 2 x i + 2;

hy

/* EEVERS|A 1 ERRRIREIREIIERS| */
public Integer parent(int i) {
return (L - 1) / 2;
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/* BFES */
public List<Integer> levelOrder() {
List<Integer> res = new ArraylList<>();
/] BiEEsskET
for (int i = 0; i < size(); i++) {
if (val(i) !'= null)
res.add(val(i));
b
return res;

I
[* REBFTET «/

private void dfs(Integer i, String order, List<Integer> res) {
/] BBAZ=I, BRG]
if (val(i) = null)
return;
/] BiFESh
if ("pre".equals(order))
res.add(val(i));
dfs(left(i), order, res);
!/ HFEEH
if ("in".equals(order))
res.add(val(i));
dfs(right(i), order, res);
/]l BRFE
if ("post".equals(order))
res.add(val(i));
¥

/* BIFFESH */

public List<Integer> preOrder() {
List<Integer> res = new ArraylList<>();
dfs(0, "pre", res);
return res;

}

/*x HFEESH */

public List<Integer> inOrder() {
List<Integer> res = new ArraylList<>();
dfs(@, "in", res);
return res;

}

/*x BFESH */

public List<Integer> postOrder() {
List<Integer> res = new ArraylList<>();

dfs(0, "post", res);
return res;

7.3.3 {BELEEPRTE:

TR PSSR A DU R,
R 81t A7 CE MR A RO IR S T rh,  SBPPRIBCRCAT, 7T B A R R R T
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- AREGHEEE, A,
- SRR RE R TR

SR, BB FROR WA A — L2 fRIR

- [HIfE A TR B AR TR S R, R S R A R R R RR
- TR S O R P 1 A\ BB R AR A B R, R,
B TR A E R None IRF,  FELSI AR B S RO BRSO L ERERR, SR R,

TS

aniE 7-16 FioR, —ioi€34 (binary search tree) i & DA NI,

L BRARETR:, 2T ATA BT RIE < RETESHIE < G B ArE IR HE,
2. [EREIRGHYE, AR —oria, RIFEBEN 2 1. .

ZikEn

binary search tree

# 7-16 —Irig =

7.4.1 i SER0IRE

B oS #E L — (@A BinarySearchTree , WiE & —{EREEE root , FRIAIBIIIHRETERS,

1. EENES

450 B RZETENE num , ATDURIE i s B E 2R A, e 7-17 s, JwMES —EEE cur, 2
U AR GRS root HH3%, P LLECHETRSE cur. val fl num Z IR/ NETR,

. #cur.val < num, SEAEFEEIEEEE cur (945 TR, EILEUT cur
+ #cur.val > num, WU EERERESE cur (/ETRIT, IRBEBT cur
- Fcur.val = num, FUEERENEREENEE, kR R

cur.right,
cur.left,
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EoeawrEmns (@)

Step 1

Step 3

E-gawrEnEln (@)

00000000
Step 2
E-eamtEnEs @)
aa
ALAT
00000000
Step 4 N

7-17 o= A s R R

TR SR MR IA TR B, AR R R, SR R 2 — et
HORRRE, % TERCEE, 5 O(logn) B, eI EELT T :

// == File: binary_search_tree.java =

/* EEHEIEE x/
TreeNode search(int num) {
TreeNode cur = root;
/] BEEN, HEEMEEE
while (cur != null) {
// BIZENETE cur BOAFEH
if (cur.val < num)
cur = cur.right;
// BEZEETE cur BAEFRH
else if (cur.val > num)
cur = cur.left;

/] XEIBIRERE, BRHEE

else
break;
¥
// REIEZEE
return cur;
I3
2. HENERRS

A —MERFRATTER num, 2 TORFE TS e TR < IRENES < AT AOMEE, AR L E

7-18 FlrRo
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1. AERAGCE: BABRIEARECL, (CRETREE, RRERTERSEN num BN (RIEE A T

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

E-rRsETEADS @

2. EEZIERENEGE @

R T pre.right =

7-18 AE—JriE s A HIRG

R EBF, TEER DT

, H

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

A, HIER[E,

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

FERN R HACHTRS, 1T oo A B ATRE,
// == File: binary_search_tree.java =

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

B AR, A SEEE O (logn) Hfd.

3. THPRENES

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

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

et L2 LT )

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

7-19 fE—TiEa s mpRETR (2% 0)

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

v ik cur B9 2. ¥ cur BiaBHTEN

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

7-20 fEJCiES R mEREIRS (2 1)

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

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

E-asmTaEE (O EoEaETIREs O

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

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

Step 2

\ 1. EHBMSELY cur

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

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

1. ZHFFHIBRETRS cur
v HE cur WFHEBE - 2

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

00000

Step 3 ‘ Step 4

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

// == File: binary_search_tree.java =

/* MIBREREE %/
void remove(int num) {
/] EEAT, BizankE
if (root = null)
return;
TreeNode cur = root, pre = null;
// EEEN, SBEMEL
while (cur != null) {
/] IREFFMIPRETR,, Bk @RE

if (cur.val = num)
break;
pre = cur;

/] SMIBREIRTE cur MEFEF
if (cur.val < num)

cur = cur.right;
// ERIBREARETE cur MIEFREAF
else

cur = cur.left;

+
/] EESMBRERY, AIEZR[D]
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 != null ? 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);
// 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

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

[\ [\ [\

HNER 2 HENERE 1

B B
bt b Fig il il o

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

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

7.5.1 AVL & RA5:E

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

(balanced binary search tree),

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

/* AVL FEAREEER x/

class TreeNode {
public int vatl; /] EnEh(E
public int height; /] EhEESE
public TreeNode left; // AEFHEIEL
public TreeNode right; // GFEIZ
public TreeNode(int x) { val = x; }
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“HIRE T RIRCRZEIRE E N RIRIEETRG MR, RIATAG®AY BT MBE, FERAIEENE, EHR
AR O, TZSHIBAIEEZ —1 o TRz 8 THEBR, 3l AR 588 ORI 58 7 6 5 0 v

// == File: avl_tree.java =

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

h

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

2. EORNFEETF

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

// = File: avl_tree.java =

/* EEFEEF «/
int balanceFactor(TreeNode node) {
/] TEEFHEATFS 0
if (node = null)
return 0;
/] EETFERTF = EFHEEE - AFEEE
return height(node.left) - height(node.right);

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

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

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

1. KBk

QniE 7-26 R, BRI R R T, (ERETEE, —oih e EAMETRTE “HRG 37, BB DA
BRGNS RXENREEC 2 node , HZE TEIRSECZ child, $UT “HhE” #f1F. ERGHRRER, T
BRI, 3 HAPAORE e s R MR,
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“EEE RERE:

Step 2

EHRETE

1. BA child RRE, #§ node ML

| step 3 |

Step 4

7-26 HHEBREAER

(’ )
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

o

/

o

7-27 i grand_child 4 BESAE

“MATEE B-RPRMANRE, BEREFREERBRETRHEEARER, BN IR

/I =

[* GHERIE +/

TreeNode rightRotate(TreeNode node) {
TreeNode child = node.left;
TreeNode grandChild = child.right;
// L child AEEE, % node MGHEE
child.right = node;

File: avl_tree.java
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node.left = grandChild;
/| BmEHEE
updateHeight(node);
updateHeight(child);

// R[EINEEE FRERVIRETE,

return child;

2. EBE

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

7-28 FEhEfR(E

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

\
\ ) )

7-29 # grand_child (A FERAE

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

/* TEHER(E */

TreeNode leftRotate(TreeNode node) {
TreeNode child = node.right;
TreeNode grandChild = child.left;
// L child AEEE, #§ node MAhesE
child.left = node;
node.right = grandChild;

/| BmEEHEE
updateHeight(node);
updateHeight(child);
// R[EINEEE FERIRETR,

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

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

// = File: avl_tree.java =

[* HUTHeEHR(E, FZFHREMMETE +/
TreeNode rotate(TreeNode node) {
// JEERERRL node BYFEIEAF
int balanceFactor = balanceFactor(node);
/] =l
if (balanceFactor > 1) {
if (balanceFactor(node.left) >= 0) {
/=)
return rightRotate(node);
} else {
/] SFcEheEALE
node.left = leftRotate(node.left);
return rightRotate(node);
+
}
[l G
if (balanceFactor < -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 &% BiRE
1. HENENZY
AVL Rt (5 BhE A SR 0E B — e S e 08 L, ME—RIIERILER, 16 AVL KR N EiEi%, Wa%Einss|

MRETRABE S LT & B — YK MHIR, Bk, T EREMERBLG, AaRm LT hemRee, (8
P R R P, RS A R AR :
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// == File: avl_tree.java =

/* HENEDELE */
void insert(int val) {
root = insertHelper(root, val);

h
[* EEHENEIRE (EBSE)  +/

TreeNode insertHelper(TreeNode node, int val) {

if (node = null)

return new TreeNode(val);
[* 1. BN UBELHENEE +/
if (val < node.val)

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

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

return node; // EREEAHEAN, HiZR[O|
updateHeight(node); // BHEHESE
/* 2. BITHeEHR(E, R TFHEMMETE ~/
node = rotate(node);
/] R[EFEEVIRETR,

return node;

2. THPRERES

R, 1E oo BRI MERETR 7T AR TR b, SRR R E TR TIe IRIE, MATA KA EIRG TR IR -,
R HS AN R FR:

// == File: avl_tree.java =

/> MIBRERRE =/
void remove(int val) {
root = removeHelper(root, val);

h
[* ECMIPRENRE (EBISE) */

TreeNode removeHelper(TreeNode node, int val) {
if (node = null)
return null;
/* 1. EHERLRIER */
if (val < node.val)
node.left = removeHelper(node.left, val);
else if (val > node.val)
node.right = removeHelper(node.right, val);
else {
if (node.left = null || node.right = null) A{
TreeNode child = node.left != null ? node.left : node.right;
/] FEIEEENE = 0 , HEMPER node R[]
if (child = null)
return null;
/] FEIERENE = 1 , BEMIBR node
else
node = child;
} else {
/] FEIHEE = 2 , AP EESIN NERNMPR, MAZEREIRERIEE,
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TreeNode temp = node.right;
while (temp.left !'= null) A{
temp = temp.left;
IF
node.right = removeHelper(node.right, temp.val);
node.val = temp.val;
¥

I

updateHeight(node); // EFEiEh=E

[* 2. BUTHEER(E, FZFRIEMMETSE «/

node = rotate(node);

[/ REIFHERIARERRS

return node;

3. EHENEL

AVL SR E RS s R e i ool s — 2, TR EEIR,

7.5.4 AVL f5igaBYfER

- KHARFIREERTERL, B AR, SRS N A R

- FRRER BRI R S R,

- ALBRBHR R RACEE oo S, HEBR AVL 8, ALBRIRCEEIRIEE TR, BRI BRETRS
PR B R TR /D, BRSPS R B

7 6 IJ\n\I:I

1. EBL[OIEE

- oo ARSI RIS, BB C— A R, S TR ETRE S —EE DU W ETE
B oy BE R T E R T BT,

- EPRTOCEIHR R E TR, HAE (B) THEIESRHE DA RIBIRE Ak BB A () TR

- TOUBIRVMEBAMNE BLAEAR RS, FEEEL. . . B, SEMRESE,

< U RIRALL., B R R SEG H BR  BL A B A B T I RE L

R RN TOTHIRIRIE SER I, SER T, SEIm TR e, 5e3E e R R ERAR IR
RB TmHEAS R Y2 IBMLIR iR 2R AE,

- eIl ARSI ROR, J7IE R BRI S N 8 AR s A R, AR AQ i R B R 2 R Y
R BB R AR B B fa e,

- COtMIE T ET R R EE Sk, BT “—E—ERIMNER” WREET R, EEE
ETH R BB

COHIE. R, BEFES BEBERIREELES CMEEE T SUERIRE, FEAES” e, 3@
{5 R JE A B

- ZonHEESSHE RSN TR E RS RS, HAH. HAMMERRE R RE R A O(logn) .

B T S eE L A SRS AR, STERFREME G S EE On) o
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- AVL B, BRS-F# o ria s, e i e R CRAE A Tl AR R B G PR T SR PR -1
- AVL BfRVe R E Ui a e, Zhe. Jotahefche. Jeeemahe. fEimABMPRETRiR, AVL &
TR THE R0, it BT TR -

2. Q&A

Q: BRI AR TR, AR AR AR IR A O W52
2, RAsmEMREER TR “CRrEEE",

Q: T AR A\ B IHER — e b — B IRIERC B e, MR “—ERE" faTEIE? AT DABR 2 B IR 1
BT B TR AR 2

E el SR, MERETRE BRIy =M DORR, b R T 2O T 2 (8D BRIV E R R
Q: #fHE DFS Ewi—siliaal. . R=MIHT, 2hlHTERRE?

SAIE A0 A E S EAIRERL, BT, TR, B ER R =R TR ER T, TR AT DA e M — R
TENEFER AR, BINfE i =miith, HRERA/NNE EFEEE < REME < 6FH8E, Hit
BMAEZE £ — R — 47 WESRIEFETR, Sl UESE FIESE T,
Q: AliEiRlE R RH A H % node. child, grand_child ZRB{R, FF node HIREIEEA node SR
HAR AT EMEEN? AU RS e T
FRAF 7B AR 1 A5 A AR B S R fE, A5 HEHR1E right_rotate(root) A Z TR AMRETE, R&K
return child IR [BIGedE > &1 7R AR BT RS, 7Rt AR B A I AQ B B 1 HE 4R 7E 5% bR TUIR [RI& FE Y,
NI eI A i
Q: £ C++ 1, A ##HI5 3 private Ml public H, B EAETESZEE? AT EZER height () KM
updateHeight () BzN5BIKTE public Al private FIE?
FEBEINENEHEE, WRTEREEBNEEE, &G private o Filan, & BENFY
updateHeight() B AEFEMN, BHREMA. MERRIEFRN—D, 1M height () ZaHEEIREE, HLUR
vector.size() , FIIEEERK public BAEEA,
Q: wiffie—4H N BRI — M TS S8 IRETEGEE R N R REE?
TR, RSN TR O A —oriE SRR RIS build_tree () HiEH4A ., EIRMETEE R, IRIE S
G ANERHET, REFHEOCEEAREER, FIEEHRSE A T8, ISRERT DA TR (R 35 B
ks
Q: 7E JavaH, FH¥ELEG—EEM equals() 77TA?
£ Java H, EAEARERIAR], = RS L EEESER SHEE, BRG], MRERFERN TR
A,

- o= MR EEEE SRR R —EYA, BefMfEsd s A E R SR,

- equals(): HZR¥ LAY E R SRS,

(KItE, nSRZEEEE, RIMEZEEH equals() o #ATM, J&i# String a = ?hi?; String b = ?hi?; ¥
SRy B R e R BGt T, efMfsmEE —EY 1, Fitthal DU a = b AR LB 7 RN A,

Q: BEEBIEFHFIRIRE R, (772 2" 17
R, B h = 2 ik, HEREEn =7, AREHEEE4 =2" = (n+1)/2,



161

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.java =

/* VAR +/

/] af/ N EER

Queue<Integer> minHeap = new PriorityQueue<>();

/] B KRIEMTE (A lambda FRRIUMEEK Comparator EIA])
Queue<Integer> maxHeap = new PriorityQueue<>((a, b) -> b - a);

/* JTTENHERE x/

maxHeap.offer(1);
maxHeap.offer(3);
maxHeap.offer(2);
maxHeap.offer(5);
maxHeap.offer(4);

/> JEEUERIETTER */
int peek = maxHeap.peek(); // 5

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

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

[* FEBUERRAN «/

int size = maxHeap.size();

/* FIEMERE TR AT */
boolean isEmpty = maxHeap.isEmpty();

/* BINEBRFIMEERE +/
minHeap = new PriorityQueue<>(Arrays.asList(1, 3, 2, 5, 4));
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

T mT DA R 5 B BT 4E R R X, 77 R -
// == File: my_heap.java =

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

}

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

F
/* ERREEZRS| */
int parent(int i) {

return (1 - 1) / 2; // BWTER
}

2. FHRPBEIRIETTE

HERATE TR B2 I CRIRUARERS, tHRtE ByIn e ErR:
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// == File: my_heap.java =

/* SHEERRIETR +/
int peek() {
return maxHeap.get(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.java =

/* TTENERE x/

void push(int val) {
/] FIEEnEh
maxHeap.add(val);
/] RIREIEHETEN
siftUp(size() - 1);

}

/* WEEnEE 1 BAtR, WKZETEHEREWL «/
void siftUp(int i) {
while (true) {
/] JEBRENEL 1 BUARENEA
int p = parent(i);
// & “HiBIRENRY” 3y “ENELMIABIRT Ky, ARG
if (p < 0 || maxHeap.get(i) <= maxHeap.get(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 . IERIETREERRT RN
2. BHENERETR . BUHERNEERTR
3. WEERETHEEWL (Sift Down) . WEERETHEENL (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

080000000000

w N

. BHEAAERRTE
. WEERETERL (Sift Down)

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

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.java

/*x TTERUER %/
int pop() {

/] HI=RIE

if (isEmpty())

throw new IndexOutOfBoundsException();

/] REIRERERARNMN (KRETRERTR)

swap(0, size() - 1);

/1 MIBRERRS

int val = maxHeap.remove(size() - 1);

/] WIEERHETR

siftDown(0);

/] BREMERETRTTER

return val;

}

[* WERRE 1 BAMR, WIRERERL «/

void siftDown(int i) {

while (true) {

/] FIERERSE 1, 1, r REZAER, 524 na
int 1 = left(i), r

right(i), ma = i;

if (1 < size() && maxHeap.get(l) > maxHeap.get(ma))

ma = 1;

if (r < size() && maxHeap.get(r) > maxHeap.get(ma))

ma = r;

/l EEE 1 &RAHERS 1, r @R, WEAESEEL, BH

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.java =

/* BT, RIBmABYEER «/
MaxHeap(List<Integer> nums) {
[/ BEITERERRERILEETE
maxHeap = new ArrayList<>(nums);
/] HERBRER R SN E AR E B R,
for (int i = parent(size() - 1); i >= 0; i--) {
siftDown(i);

h

8.2.3 HHEES R

N, FRAIARE SRS AR R T TR A IR P R

-SSR n, RIEEER S (n+ 1)/2, Heb ) B RS, FI R
HIEBS R 2 (n — 1) /2.

TS RO, RS R LS, IR R RS —TERIEIE log n .
Y5 LRI, ARSI EROB AR 2 O(n logn) » TRMAREEAS SUL AR, 16 2RI
% 1 TR B BR8P L
B AR A T o8 A MRS, 2o T WA ST, (PR —IBER ISR 2 m . OIS o 0“5
TER”, RN O A A R R

HEEE HEMRNE

(Wﬁﬁg?kﬁﬁﬁ
h 20
‘/////’ ‘\\\\\‘ 1
T TP 5
SN N |
e =2 - 2
SV IVE
[T J— 23
1 oh-1
FEE, EOMRESR e — 2h

0)

8-5 SEE UM EHIR R

qnie 8-5 i, HiEGE “TETHRRHERL” RIRIOERIRBEF RN E RS TE R A BE e, TRk PEAEE2 “HIRG
T [, BT DB G “HTRECR < HREET SR, 19 21T EARHERTLIE AR B AR,

T(h) = 2°h +2'(h — 1) + 22(h — 2) 4+ - + 21 x 1
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et AT IR R 2B, s T'(h) b2, 155
T(h) =20 +2Yh—1)+2%(h—2) +--+2"1 x1
2T (h) =2'h +2*(h—1) +23(h—2) + -+ 2" x 1
EHASENAEEGE, TR 2T (h) ME LT (h), A15:
2T (h) —T(h) =T(h) = —2°h + 21 +22 4 ... 4- 2h=1 1 2h
Bl b, BB T(h) 2—WEFLES), ATERFERARMAR, SRR HEEMES:
__9h
T(h) = 172y
1—2
— 2h+1 —h—2
= 0(2M)
s, EEEA b RETENESSEERn = 2" — 1, BEERES O(2M) =0(n) ., Dbkl

R, WA RN HERIR R BORE S O(n) , RS

8.3 Top-k fiR&

Question

#E AR R n BEEFRES] nums , IR B AR K E7TR,

BONEZEE, BRI A AR RS LB E R, B AR RCR S SRR TR

8.3.1 7FiE—: Eh#iE

MM rT DUEATIE 8-6 Fnky k #hEws, S BIESIR-TREGE 1, 2, ... kK RITE, HEEEES O(nk) .
WTTEFUBRR k< n BN, WAk n HBaany, HIREMRE@ERR O(n?), JEHEER,
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k =3
L1 [7 (6 [3]2] EHEBRATR
AN

~—_

B E—RHREE 1 ATE
N
B BoRHBE 2 AR
\
\\
an BSRHEE 3 ARE

8-6 EFimiki AN k HTR

Tip

Bk =nik, BRMIUSIIZENERFH, RSER “BET" HEE,

8.3.2 AiE=: HIF

aniEl 8-7 FvR, FRAMAT DSBS nums EATHE, FHIRERAIEN kTR, REEMEZ O(nlogn) .

BOR, womik R ERUERS T, RARMRTHKHERE b ETRAE], AR EHE EATER,

k=3
s (L DEIEIZ)

HEFIETHIF

- Lo
RESA k ETH

000

8-7 HiF =ik AH k HTH

8.3.3 FiE=: 7

FATA] DAEE R HERS S AN = RO TR Top-k [, Fik24NfE 8-8 Fim.,
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1.
2.
3.
4.
k=3
el [ [ ]2
i
1. #80 k ETRNER
[ Step 1 ]

w @000
:

i

1. #H0 k ERENER

Step 3

k=3

— @0000
:

i

1. #80 k ERENER

2. % kel ETRRALIE
- EEITER > BHEETR
- HSERIRTT RGN

[ step 5 ]

k=3

- (2008
.

i

1. #80 k ETENER
2. e k+1 fEFTHRRAMGHIE
¢ WEITR < BERTR

| Step 7

Hha e —E/ TR,  HHERE TR RN
S BRI K AETCR AR AR,
58 k + 1 RS, HERTTRANHERIETR, ARHERETE TR R, MR E AT R AHERE,
FERTENER, HERP R RRH) k TR,

] @

' ZRBERT
L S -

heap

()
o 0

o ZiRTR
1 4 ki EFIRT

4 ZRHRT
EHIRT

BR @
© o0

=R
BIRT

Step 6

Step 8

k=3

w: (0000
.

i

1. #8E0 k BRENER

Step 2

k=3

— @0000
:

i

-

. ATk ETRENER
. S kel ETTERANIE
v ERITR > #MATR

~

Step 4

k=3

w @0000
:

i

1. #80 k ETENER

2. #5% k+1 fEFTRRGHIE

v ERITR > BWMETR

- ROERIRTTR RN
HRERTRENER

k=3

w: (0008
.

i

1. #880 k ERENER

2. #5% k1 EFTRFGHIE
v BHITR < $EETR
B 5]

AT @
o

4 20 MRS

EPIRT
o (@0

SR Q

R
EPIRT

§ #m

#RT @

SRR
EPIRT

1 em

#AE @
o 0

ZRBRE
EHIRT

v (DG

S ]
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b 2L

//:SE

k=3

e [ ]s [3]2]

E#h5ek, &E heap BIE]
ZRMRT
fros b _T
EFIRT

heap ‘

Step 9

8-8 HLNHEREZH AR k TR

IR
// = File: top_k.java =

/* BREREAET|PRAN kK BxE +/
Queue<Integer> topKHeap(int[] nums, int k) {
/] ENIEHER
Queue<Integer> heap = new PriorityQueue<Integer>();
/] #EREFIAET Kk {EcENER
for (dint 1 = 0; 1 < k; i++) {
heap.offer(nums[i]);
}
/]l #%E k+1 BEcERR, RIFEBRNRES K
for (int i = k; i < nums.length; i++) {
/] BERITEAREREIETE, WBERETELER. EricENER
if (nums[i] > heap.peek()) {
heap.poll(Q);
heap.offer(nums[i]);
}
I

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 IhgE

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

N\ >

RBHER
graph adjaceney list
9-6 [ERMIERLTR

AR BRGNS, TSRO E/NA n? , WItEENEEa, A, EMERhREE
I E AT A RS AR A GIE, TRl ELIRF VSR AN AN AR R e

BUERIE 9-6 , MILRAREEUEERPH “SAE” AERAHOL, DRI ERAM el CAER ATSRL 75 15K B AL 3X
B, L E ARSI R, AT DRSS R 2%y AVL BTaRALRAN, MR RRERRE O(n) R s
O(logn) ; IEr] DAEGESS S5 ER MR R, TEm R mERER=E O(1).

9.1.3 EMNERIER
G152 9-1 FiR, FF2BiE 2% A] DU B ACH S, AH 0 RS Rt AT DARL 2 [ 3t B R R,

®9-1 BEALTEH RAYE

HE B [ AL
A R KRR TBAELT JCHERS
HhERARES  uhERE UEREREIAEE M B R BR AR RS

ENZER B ERMEEASINER  TREYEEE
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9.2 EIRVEREHEF

THE 2

V] &+ AR

[ Y SRR E AT 0 29 387 ROTRCEANSS “THRE” BUBRME. £ “MPREIERT 1 “MPREER” MMERRTIE T, B
B AR,

9.2.1 EAMHEIERERETR

A —(E TERR R 2y n ORI (E, RIS RERERER BB 7 S\ANE 9-7 Fm.

- WIERINRRE . ERAE AR B SR E ANEENAT, A O(1) R, iR M, R
IRy SE T 177 T 32

©OBTTERG: 7EABRERRA AT — AT 5, WM 0 BIRT, [ O(n) R,

- RRTEEE: FEASEEE R T, MR TSI BRI, BEE (n — 1) R
“Ffe LRSEY, FETEA O(n2) IR,
- WA (A n TETERS, AR S n (UTEBE S vertices , AT O(n) WS WIGIL n x n K
AN EEAERE adjMat , 5 O(n?) KSR,

Step 1

Step 3

TRRGRT
=3l

MEE

N Y

TRRGERT
=3l

ipRE G-

~ W N ke

S kB o kB o ©

S kB & o ©

s & r & »r &

s & r & e =~

B e ke kW
S r Rk o & =

B R e B e N

HpiEIERE ]

Step 2

B B e kW
S kB o ©

BR e kRN

HpEAERE -]

Step 4

s kB B B o ©

®© o r B o o ©

S & r & »r B

® o o »r o & »

PR e Rk RN
B e Rk e kW

ABIEIERE

®© kB e k| kB N
® B o B o B W

ABiErERE

S B B & o &

® o r B o o &

e o | ® o o
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)

-
sk ko n FACQ
s»as»-»-\ws@\,

W
R O )

@
I I I e Y - )

TARsETI
=3l

=

@—\Q\, MR ©)
AN >@
)

] SBiENERE

4

A\
s & r kB o o
A

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.java =

/* BERIMEERERNERELER +/

class GraphAdjMat {
List<Integer> vertices; // TBELERFI, wHEMAR “BEE", R3IMKR “TEIRRS
List<List<Integer>> adjMat; // #MZEXEFE, 175ZR5|HE “TBEEZES|”

/*x BIEF */
public GraphAdjMat(int[] vertices, int[][] edges) {
this.vertices = new ArraylList<>();
this.adjMat = new ArraylList<>();
/] FhiZIEEh
for (int val : vertices) {
addVertex(val);
¥
/] FhigiE
// #EE, edges TTENKRIEHZERS|, BENEFE vertices THRZKRS|
for (int[] e : edges) {
addEdge(e[0], el[1]);
}
¥

/* FEERTERLENE x/
public int size() {
return vertices.size();

}

[* FIETERL */
public void addVertex(int val) {
int n = size();
/] EIEREBYPFTILHIEREE
vertices.add(val);
/] 1EFRBIEIERERFTIE—1T
List<Integer> newRow = new ArrayList<>(n);
for (int j = 0; J < n; j++) {
newRow.add (0) ;
¥
adjMat.add(newRow) ;
/] TESMZEPEARHTIE—5
for (List<Integer> row : adjMat) {
row.add(0);
¥
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/* MIBRTERS */
public void removeVertex(int index) {
if (index >= size())
throw new IndexOutOfBoundsException();
/] TEIEELEYPFEPRERS| index BITEEL
vertices.remove(index) ;
/] TEHRBIZFEREAAMIPRERS| index V1T
adjMat.remove(index);
/] TEHRIEFEREAAMIPRERS] index EYF
for (List<Integer> row : adjMat) {
row.remove (index) ;
¥
+

[* FiGE x/
/] 28 i, j HFE vertices FTTEXRS|
public void addEdge(int i, int j) {
// R5|EREIEFRE
if <0 |l <0 |l i> size) |l j >= size) |l i = 3)
throw new IndexOutOfBoundsException();
[/ EEEER, MEEREREHAGHETE, BRE (14, j) = (§, 1)
adjMat.get(i).set(j, 1);
adjMat.get(j).set(di, 1);
+

/* MRS */
// B i, j HFE vertices TEHZE3I
public void removeEdge(int i, int j) {
// BE5|MREEEFRE
if (A <0 |l §<0 |l i>= size() || j »>= sizeQ) || i = 7)
throw new IndexOutOfBoundsException();
adjMat.get(i).set(j, 0);
adjMat.get(j).set(i, 0);
}

/* BUENHBIEFERE +/

public void print() {
System.out.print(" TEZEEF] = ");
System.out.println(vertices);
System.out.println(" #pissEpE =");
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

PR 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.java =

/* BERMERERNERELER +/

class GraphAdjList {
/] #BER, key: TBZE, value: ZIBBERIFREABIZTERS
Map<Vertex, List<Vertex>> adjlList;
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/*x BIEF */
public GraphAdjList(Vertex[][] edges) {
this.adjlList = new HashMap<>();
/] FEFRETEEETE
for (Vertex[] edge : edges) {
addVertex(edge[0]);
addVertex(edge[1]);
addEdge (edge[0], edge[1]);

}

/* EREEEHE +/
public int size() {
return adjList.size();

}

[* FiGE x/
public void addEdge(Vertex vetl, Vertex vet2) {
if (ladjList.containsKey(vetl) || !adjList.containsKey(vet2) || vetl = vet2)
throw new IllegalArgumentException();
/] 188 vetl - vet2
adjList.get(vetl).add(vet2);
adjList.get(vet2).add(vetl);

}
/* RlERE */
public void removeEdge(Vertex vetl, Vertex vet2) {
if (ladjList.containsKey(vetl) || 'adjList.containsKey(vet2) || vetl = vet2)
throw new IllegalArgumentException();
/] MIERE vetl - vet2
adjList.get(vetl).remove(vet2);
adjList.get(vet2).remove(vetl);
¥

[* FILTEEL %/
public void addVertex(Vertex vet) {
if (adjList.containsKey(vet))
return;
/] ERMERAPITIE—(EFEE SRS
adjList.put(vet, new ArrayList<>());
¥

/* MIBRTERS */
public void removeVertex(Vertex vet) {
if ('adjList.containsKey(vet))
throw new IllegalArgumentException();
/] TEFMIERTDMIPRIESE vet HFERVIELESRT)
adjList.remove(vet);
/] ESHEMIEERIEEET, BERFIEESE vet B2
for (List<Vertex> list : adjList.values()) {
list.remove(vet);
¥
}

/* BIENEBER */
public void print() {
System.out.printin(" #piEXR =");
for (Map.Entry<Vertex, List<Vertex>> pair : adjList.entrySet()) {
List<Integer> tmp = new ArraylList<>();
for (Vertex vertex : pair.getValue())
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tmp.add(vertex.val);
System.out.println(pair.getKey().val + ": " + tmp + ",");
¥
}

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 ECED 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.java =

/* BEEBRES */
/] ERMEBERERTE, WEEBEEIEEIIPIEAIEIER,
List<Vertex> graphBFS(GraphAdjList graph, Vertex startVet) {
/] TBELEFRRFY
List<Vertex> res = new ArraylList<>();
/] BEES, BREREWAMBIIER,
Set<Vertex> visited = new HashSet<>();
visited.add(startVet);
// {THIRREIR BFS
Queue<Vertex> que = new LinkedList<>();
que.offer(startVet);
[/ VIBRL vet Ak, EBBEZEHM5EFETER
while (!que.isEmpty()) {
Vertex vet = que.poll(); // {THIETRELHE
res.add(vet); /] ECEREHREITER:
/] EFHHIBERAVERE #DIRIER,
for (Vertex adjVet : graph.adjlList.get(vet)) {
if (visited.contains(adjVet))
continue; /] BREBEWEFEIES,
que.offer(adjVet); // RAFIRFARIBIEERS
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visited.add(adjVet); // tRECZIBREEWH
}
}
// 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. REERRINEBFS res
2. WRTRRHFTABETREST

A5l que IEAMA visited

(00

75 que

000

«—

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



HOE www.hello-algo.com 190

@ @ ElRREERSTER

(DFS)
13 12 IWQEL BikLhA,
) 6 (J BUlEEH: - EESRED
¢ EETIA

@ 0, 1,2,5, 4,6, 3

9-11 [EAIAREEICER

1. BHRIZER

el EFIRUEEIRMET AEEARR ISR ERNRE A EE, BEEESUETEM, EREERET, K
(M thRZRE— AR RS visited ARACERTHAIHIATTERS, DURE % B 1 55 A TS,

// == File: graph_dfs.java =

[* REBFEFEENRT */
void dfs(GraphAdjList graph, Set<Vertex> visited, List<Vertex> res, Vertex vet) {
res.add(vet); // uﬂﬁuﬁ'F'ﬂIﬂﬁi
visited.add(vet); // 1EscZIERGEWAME
/] FEFHXIBRHIFRA #bIRIER,
for (Vertex adjVet : graph.adjList.get(vet)) {
if (visited.contains(adjVet))
continue; // BKBEWARIAVIESRS
/] IEEEERABETER,
dfs(graph, visited, res, adjVet);

}

[*x REBIES +/
/] EREERIRFRRE, UEEBYETEIBREIFRE #MIRIaR,
List<Vertex> graphDFS(GraphAdjList graph, Vertex startVet) {
/] TEREEFHFS
List<Vertex> res = new ArraylList<>();
[/ BEES, BREREHEMBHIIER,
Set<Vertex> visited = new HashSet<>();
dfs(graph, visited, res, startVet);
return res;

R ER BRI E 9-12 FR,

LR NIRHE, RGBT — (BT IR 75 75 206 53 9 TE R
HESCR P LR, FRoRRE 7 A CAGRE],  [EE] T BT ERA B

7 VINRERAR, R E 9-12 B ARBAT Sl EMSPREE (BEHEETH) @ DFS Bk, uits
(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 o=

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.java =

[* 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=1+ (3 - 1)/ 2; // stEPEERS m
if (nums[m] < target) // WiBENEREA target 7EER [m+1, j1 #R

i=m+1;
else if (nums[m] > target) // LLIERREA target EEM [1, m-1] A
j=m-1;
else // #%FNBEZETR, REHZES]
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,

FAM AT AR % 2R B B B A AE R D REAY — S s Rk
// == File: binary_search.java =

/* ZHEE (EEAARER) */
int binarySearchLCRO(int[] nums, int target) {
[l B ERARER [0, n) , Bl i, j #KiliEEENIETER. Bxx +1
int i = 0, j = nums.length;
// EE, SESERATERE (B i = j BAR)
while (1 < j) {
intm=1+ (3 - 1)/ 2; // stEPFEERS m
if (nums[m] < target) // ILIERERPE target 7EEM [m+l, j)

i=m+1;

else if (nums[m] > target) // ItiEREREE target EERM [1, m) &
j=m;

else // HEFBEETR, REIHEEKS]
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.java =

[* 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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201

15}
: 12 i
i 10
i 6 6 6 6 6
b S
=1 |
#l o 1 2 3 4 5 6 7 8 9
A A
i bl

Mt i, j HRHEEESIETE. BaE
MERTAEY [1, j]

Step 1 Step 2

P T IEN

1
L.
#l o 1 2 3 4 5 6 7 8 9
A Aoa
i m
EE=sEE:
1. sEF8E m = (1 +3) /2
2. v nums[m] = target
[s:epa ST G = m - 1 RRIMEBER S
15
12 [
10
is 636 6 6
3 | i
= 10l
#®l o 1 2 3 4 5 6 7 8 9
A
m i j

EE=5Es:
1M N = 3+ 3) /2

2. ~ nums[m] < target

Step 5 < BT Qo= m o+ 1 RMNESER] Step 6
15
12 [
10
6 6 6 6
3
b D
# o 1 2 3 4 5 6 7 8 9
A oA
j im
EE-SHEE:
1. BERE N = (4+3) /2
2. ~ nums[m] = target
l Step 7 < BT § o= om - 1 MMNESER Step 8

o @e :

i
=3l
E |1
L.
#3l o
A
i
& 1
m
#3l o
TR ‘1‘
#3l o

EE=EE:

1. tEFR&E m = (i + j) / 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.java =

[* 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.java =

/* ZHHEERE—E target %/

int binarySearchLeftEdge(int[] nums, int target) {

/] HEBRE target AUHENEL

int i = binary_search_insertion.binarySearchInsertion(nums, target);
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// *#EF target , &[E -1

if (i = nums.length || nums[i] !'= target) {
return -1;

}

// % target , REZE3G| i

return i;

10.3.2 EHEER

ARG &SR A — M target WE? REREATT N2 BEAEANS, BHRIE nums[m] = target [ FHIHE
AR e, FEHETEIL NS, A BEAREE r DLE1TEEL

T T FRAM A A P A B I EC ) 7T

1. EREHEER
B E, M AR A ERR A TCENRAREHRRAGTTER, B8 EE: BE#RA—M target #i{b%
A —MH 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.java =

/* 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

PSR!
// == File: two_sum.java =

/* 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 new int[] { i, j };
b
¥

return new int[0];

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
. [ ] - DOOO0
i i
[ ey g ]ﬁi { key sg }ﬁi
map = map =
value =3l value =3
FEHET) nuns EZES) nuns
+ 13 - 2 = 11 K7 map 13 - 7 = 6 FE map &1
- TR 2 Wi map - f¥7THR 7 FHGE map
Step 1 Step 2

target = 13

we: - (E)EIEIED
.
i

[ . sg } ﬁi
map =
value %3l

EHES) nums ,

© 13 - 11 = 2 7€ map P
~ BETTHEEGRS| [0, 2]
Step 3

10-10  HHBHAEZRFOR AL

BB TR, (#7EEEERA
// == File: two_sum.java =

[* FEZ: BEENEER +/
int[] twoSumHashTable(int[] nums, int target) {
int size = nums.length;
/] EBhEEER, TREMES 0(n)
Map<Integer, Integer> dic = new HashMap<>();
/] EBREEE, REEHES 0(n)
for (int i = 0; i < size; i++) {
if (dic.containsKey(target - nums[i])) {
return new int[] { dic.get(target - nums[il]), i };
+
dic.put(nums[i], 1i);
+

return new int[0];

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 ERESEEZ

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.java =

/* FEEHE *+/
void selectionSort(int[] nums) {
int n = nums.length;
// SMERE: KHFERBA [1, n-1]
for (int 1 = 0; i < n - 1; i++) {
/] NEE: RERHFERNNRINTTE
int k = 1i;
for (int j =1 + 1; j < n; j++) {
if (nums[j] < nums[k])
k = j; // s/t ENRS
+
/] #EZmNTRERFERNEETRRIR
int temp = nums[i];
nums[i] nums[k];
nums [k] temp;

11.2.1 BEZEH

© WERIBIRRE 2 O(n?). JRENBREHE:: SMERSE 0 — 1 8, S RIAHFENRES n, #E—h
FIARHEFF I RRIE S 2, EVEMINEBARIES n, n— 1. ... 3. 2 MgEE, iz 002

- SRBEREE 2y O(1). BRHRHERE: S5HE i A j (A B WO MBS,

- R WIE 11-3 B, 0% nuns [1] A ATRERS B UL T RIS, SERE
[ ZEC

FHFEM

oo @

PITHE—mEE

RAFER
308080
RRE—RBEE,
WETE 4 MOARSHEEE T e

11-3 R AERE R
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11.3 BFHIF

BAHEF (bubble sort) JZ @AM L ELSHRAMHA TR E BT, IS EE AR SRR T B THE — 4%,

KA A2 1R HE

qniE 11-4 foR, B iEERE AT DRI TR A R F AR RS e mbrda AL 7, MR ELEBAHA TR R
N, AR HETER > AR BB EE, BRI, BRARHITTR GBI EIA R A .

009900

TSRS —H R
TERANGERRBRIEL

- 00000

Step 1
- 0QQoQo
o

WEEEEHEMTE:
v EBTER > AETE
o ZHEMETE

Step 3

nums °°°°°°

W EEESIRR:
v EERE < ARk
- R

Step 5

Step 7

11.3.1 EBEERIE

WEEGEHEMTR:
v EBTR > GETR
~ RIREMETR

Step 2

nums 966¢°9

WEZEEHEMTR:
 EBRR > GETR
- ZHMEMETE

Step 4

WEEREHEMTR:
v EBTE > GETR
-~ RIREMETR

Step 6

IKE KE
nums o ° 0 ° o °

B n-1 EEEEHE

ERTERE,
BARETHAE

11-4 FHTTERRR e E i

R ESNRER n, IR HIDERANE 11-5 R,
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L B, ¥n@TRIT B, FRESINERTR LR IEMAE,

2. BN, BFER n — 1 E7TRAT “EilR”, 8 IROTR M E IR E,

3. DUKEIE, & n — 1#m "Bl &, Win — 1 K CERARPERE IEMAIE,
4. (R —ETReE R R TR, BANR, FIRESIHEE 72K,

“BHAkE"  KHFERM
BT

- 00088 o,

7% 1 ®EE

0a0000 B oo

BiT%¥ 2 HER

R - |

BITE 3 WER

=
80 a8 o=

&l

=

[0, 3]

BITE 4 BEHR

- ao8aoa

BiTHE 5 WEHR

- 08000

FRHF (Rg—ETERERHF)

[o, 1]

[0, 0]

11-5 JERHEFE RS
RPN

// == File: bubble_sort.java =

[* EXHEE */
void bubbleSort(int[] nums) {
// SMNERE: RxHFERZS [0, il
for (int i = nums.length - 1; i > 0; i--) {
/] WNERE: EXRHFFER [0, 1] PHRRATERREZEBNREGMH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]) {
// 3 nums[j] B nums[]j + 1]
int tmp = nums[jl;
nums[j] = nums[j + 1];
nums[j + 1] = tmp;

11.3.2 ¥EREWK
TSI, ARG B AR A BUT TSR, SR Y, TEBRES R, Eit, A
DA I —ERESE 0T Flag ZRESHNSAEEN, — B3Rt BhR(E,

OB, ORISR AR R0 5 O(n?) ; HEW ARG, fE
FI AL IR O(n)
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// == File: bubble_sort.java

/* BFHE (EEREN) */
void bubbleSortWithFlag(int[] nums) {
// 9NEE: kHFEME [0, i]
for (int i = nums.length - 1; i > 0; i--) {
boolean flag = false; // #IA{LiBs5(L
// WiEE: FXRHFER [0, 1] PHRATERREZEBNRAR
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]1) {
// i nums[j] £ nums[j + 1]
int tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
flag = true; // E8TMITE
¥
¥
if (!flag)
break; // Ltk “BE” RXIAEMTR, BiEHE

11.3.3 EEZIFH

- WRIBARE S O(n?). EEIEHDY: &6 “EIR EBIMSIRERRSn — 1, n—2, ... 2 1,
RIS (n— 1)n/2. 163N Flag bEfeis, LSRRI ITES O(n) .

- PRI Z O(1). WOHHERE: F5HE 0 A j GEHIBROR MRS,

- RBEHDY: BURTE CHI BB T A,

11.4 ENHF

WA (insertion sort) 2 —Efff ELAYHE IR, “EIRY T /F 5 B T ah R il — Rl R A e A E B AL

B, PAMEAR RS R TR, MR H AR EHP R TRZ — gD, At
IR AZIERERIA B

11-6 JEoR 7 S IHE ATTRAVIRIERRE, RIEEITTRS base , WMTFERIEEIERT1E] base ZHHIFA
TLRAGHRE 0L, REAF base IEL HIERS
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nums[5] = nums[&]

& 3 AR nums o N
N LHETTERRR
EHFEROERLE PRI —f | gl
;-.....h.

nums[4] = nums[3]

BRTER [
wmEEEs| |\

11-6 BRI NIRSE

11.4.1 BEZERIE
376 N HE R (B R ] 11-7 TR,

1. WIEARRES, FESIRSE 1 TR CeidE .

2. BEEFINE 2 HCRIER base , MHMAZIEMA ER, MHIRGET 2 TR EHim.

3. BEHUGE 3 AUCRIES base , AFHIBHAZIEMAER, WS 3 TR CHi.

4. DAMCFEHE, fERB T, BEURE—ETRIER base , MAHMAZIEMAMER, rARICEHNT.

EHFER

[o, o]
[0, 1]
[o, 2]
[o, 3]
[0, 4]

[o, 51

11-7 AR

RBIRECHSA :
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// == File: insertion_sort.java =

/* WEAHERE +/
void insertionSort(int[] nums) {
// SMEE: BHIFEM%AE [0, i-1]
for (int i = 1; 1 < nums.length; i++) {
int base = nums[i], j = 1 - 1;
// WEE: #& base WAZIEHFER [0, i-1] PREREUE
while (j >= 0 && nums[j] > base) {
nums[j + 1] = nums[j1; // #& nums[j] mBGHEH—L
J--1
+
nums[j + 1] = base; // #% base EREZIIEREMNE

11.4.2 EBEZSH

- WBREE R O(n?), HEREHDY: £, BUrEAREIHIFEEE n — 1. n— 2,
20 1R, RAMEE] (n — 1)n/2, WILKEEMES O(n?) . EIBRHFERE, ﬁ)\?&ﬁﬁf@i‘%ﬁum
ke BRI RE TR, SAHHTERRERBERE O(n) .

- EREAES O(1). BHPT . 1515 4 0 j R FEEOCNRRS MR,

- RREHEE: ERAREEET, RMERTRBAZMEETRNGR, TeUEEefrER.

11.4.3 {ENHFRIES

RS R 2 O(n2) | TRIFIETS2 B ety RO R MR 2 O(nlogn) o« ALY
HORF IR R, (/EVDRHRBU MU, SAHERSEE Hik,

S A LA A 3R — 29480 3 PO PRV R OGS, Bty i3 O (m log m) HOTE LS EE A 4094
FIRIOHE R, RO TS YIEA e, TR/, n2 1 nlogn MBUEHESEE, ik
RERME TG, 5 1 BT SR R S P MV,

B L, FERRET (B Java) MINEHEFERIRA TR, KSR BRI, AR
SRR EITE, BIA O RS, B

SESRIOTRHE . R IEHE AR AHEF R AR # 2 O(n?) , (BEERREDI, $AHER I R 5%
R IETRHE AR, 32 DR ER,

- RHE RN TR E T, RERER —EERRAR R, R N 3 (EETRE; AHEE R TR EE
B, (475 1EETHiE, B, WORHEE RS RSE 5 L A H 5 .

ORIEHUF AT R ORI S O(n?) o WREE ML A FINROR!,  FAHDT @ L%
FRHEP R T .
EEH R RE, BEEHRZEHET.

11.5 REHIF

REHEF (quick sort) 22— MR IARISHHEFRER, T, BHEEZ.



FNE HF

www.hello-algo.com

220

PIEHE R OERMER “IHSdln”, HEER: BRSPS ETTRIER R, ARFTH /MRS

RICRBEIHAMN, MARRERERTRBEIHAN, B, s mfren

1. RS e e Te R 2 AR B, WIABL I ETERE 1 A0 J 23 BIE ) B4 Y it o
2. goE—EEkE, EERPER L G) SRS ERE - EEEEHER O BTR, REREMFETER,
3. EEHITSER 2., HF 1M JHIBRELL, RERFEEBESREEE TR 7 5%,

| step 1
nums
i j
def partition(nums, left, right):
R 2R
i, j = left, right # B nuns[left] AR%EM
while i < j:
while i < j and nums[j] > nums[left]: # WEREREENNEEHSTR
j-=1
while i < j and nums[i] < nums[left]:  # HWEBEREEANEEHNTE
i+=1
nums[il, nums[j] = nums[31, nums[i] # REMETE
nums[i], nums[left] = nums[left], nums[i] # RBRMCRERFETINS TR
return i # EEREHNERS|
| step 3 BEn
. left right
v v
- (00088
A A
i b
def partition(nums, left, right):
Rl
i, j = left, right # B nums[left] AEAH
while i < j:
while i < j and nums[j] > nums[left]: # WEREREENEEMRTR
j-=1
while i < j and nums[i] < nums[left]: & #AMAREBEANEEHNTE
i4=1
nums[i], nums[j] = nums[3], nums[i] # HREMETE
nums[i], nums[left] = nums[left], nums[i] # RERPCHMERTFETINS TR
return i # EEEREHNRS|
l Step 5 BEY
. left right
v v
- (080808
Ao
i
def partition(nums, left, right):
"HRRIS
i, j = left, right # B nums[left] REAE
while i < j:
while i < j and nums[j] > nums[left]: # WEREREEEREMETR
j-=1
while i < j and nums[i] < nums[left]: # WEREREEARNEEHNTR
i4=1
nums[i], nums(3] = nums(3], nums(i] # RIERBTR
nums[i], nums[left] = nums[left], nums[i] # HERYSMERTRIINS TR
return i # EEERHNRS|
Step 7 BEY
left right

v

~ 000000

A
i
1

def partition(nums, left, right):
R
i, j = left, right
while i < j:

while i < j and nums[j] > nums[left]:

j =1

while i < j and nums[i] < nums[left]:

i4=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]

return i

v

# BA nums[left] AEAH

# WERAREECERMHTRE
# WERGREEANEEMNTR
# SHEMETR

# HBEYSIRERT RTINS FR
# EEEEHNFS|

Step 2

Step 4

Step 6

Step 8

BEH
left right
v

nums

def partition(nums, left, right):
R
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:
j-=1
while i < j and nums[i] < nums[left]:

i+=1
nums[i], nums(3] = nums[3j], nums[i]
nums[i], nums[left] = nums[left], nums[i]

return i

11-8 ffRo

# B nums[left] ZEAEg

# fEREREENEEHTR
# HEREREEARBERNTR
# ZHEMETRE

# REREYCHAZMFEIIRS R
# BEREHNRS|

def partition(nums, left, right):
R
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:
j-=1
while i < j and nums[i] < nums[left]:
i+=1
nums[il, nums(3] = nums(3], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

BEH
left

nums

.
i
1

def partition(nums, left, right):
R
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:
I
while i < j and nums[i] < nums[left]:

i+=1
nums[i], nums[3] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

# Bl nums[left] ZEAE

# SEREREEREEHITR
# HEREREEARBERNTR
# REMETRE

# RERYCAEMFEIIRS TR
# EEERREHHRT|

right

# LA nums[left] AEas

# REREREEREERRNTR
# HERGREEAREEHNTR
# SHEMBTR

# RERYCEAERFRIINS TR
# EERAHHFS|

def partition(nums, left, right):
R
i, j = left, right
while i < j:

while i < j and nums[j] > nums[left]:

bl

while i < j and nums[i] < nums[left]:

i+=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

BL nums[left] A3

x

# REREREENRERBNTR

WEBEREEARBEHNTR

x

x

SHERIETTR
BREHNET T RN RS
SEEREHERT|

x a
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Step 9
BEY

v
nums ‘nnnnna‘

EFES HFES)

‘YRS SERER, WEMTHRE
EFESIERTE < BEM < ATFRIIERTE

11-8 Il 25 BR

W SeE| e, TR R = ARy e RS, R A, Hike A rESERETR <&
R < A TEIUERITR". Wi, B TARATEISHE T EE THER

PRIEHE I 7 6 R
VS 1) 5 1) B 1S MR R 1) ) I e L 1 2 119 R R 371 I e P

// == File: quick_sort.java =

[* TR */

void swap(int[] nums, int i, int j) {

int tmp = nums[i];
nums[i] = nums[j];
nums[j] = tmp;

}

/* HEE|D x/
int partition(int[] nums, int left, int right) {
// LA nums[left] ZBE#EEZ
int i = left, j = right;
while (i < j) {
while (i < j && nums[j] >= nums[left])

3j==7 [/ REAEEEKREENREESNTER
while (i < j && nums[i] <= nums[left])
= /] WEEAXREEANELESHNTE
swap(nums, i, j); // IEWETE
+
swap(nums, i, left); // $EEHINEWMFREYIHDFREZ
return i; /] REIEZEEHHZRS]

11.5.1 BEZRIE
PIgHE e R e RGN [ 11-9 TR,

1. &G, BEEFISIT R ", SEIRHER B TR 7R,
2. 1%, BT RESIRAG T A BNEERAT I,
3. FHEIRE, EEFREYHRER 1IRRELL, 7Em e s e s R HE
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- @00080 \
BRRGEIR
o0D0B80

THECRIS

EE e waTHoI HREs

ETEFET BEH TS ~ HEFTHIIRES 1 K&IE

. BIRTSERk I HEE

RS THEBS

] o 5]

wBEE || #IbEE EIEEE

11-9 PRIEHEF ke

// == File: quick_sort.java =

[* RIRHEEE */
void quickSort(int[] nums, int left, int right) {
[/l FEIRESD 1 KEILEE
if (left >= right)
return;
// HEZ5D
int pivot = partition(nums, left, right);
/] EBEFRE. HFhET
quickSort(nums, left, pivot - 1);
quickSort(nums, pivot + 1, right);

11.5.2 EEHEZEHN

- IR 2y O(nlogn). FABEREHT: 12BN N, WREDFEEREES logn , EHH
IS n, BHEH O(nlogn) i, EREENT, SMIETHEI M RIEEKRREZ n HIRHESIH]
SRRSO F n— 1 RE RS, EREEEEE0ES n, SEPIEEES n, S8ERH O(n?)

IR

- BHEBGRES O(n). JRHHDT : S A5 2B FIEN T, EIREBRERE n, £H O(n) #

B, He BRI AE RS BT, AREEBHEESNES,
- AR AW REIRE W, HERATRE G R ERETRAH,

11.5.3 RiEHFHMTER

e ERRER t, PRIEHEFERCRTT HEZE A R ES, @8 REH R PR R 5 F

FP7 A “HEREHERST AR, (EDE PO ORCRE S, EEA DU,
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- BRI RERAUR: SRR BB B O(n?) , WHETHEFRE, HEEK
ZHIEHT, PudHFRETE O(nlogn) AR FEUT,

- PRIBERIRCR S EHUTIH B MRIERE, RO IRE 7 RS A SIRER, R TT R RR 5
o Mg “HEREHEE” EEHEARENEAGIHITR, Emik=iE R,

- BUHREREBUREUD: £ ER=MEEEAT, POEHEERI bR, BE, SHRSFREREER D,
AT e “TERHERT SRR R L

B

(it

11.5.4 BEHREN

P b A 2l A\ TR ISCR AT RERRIS, 22 —(Etsom Bl 7, ek ARSI 22 2R, BT ®E
RACITCRIE R AT R, BB B e ilig, B = A v, HEE FRSIRE R n — 1,
ATFHIIRER 0o WIRE X, SREEEMEEE T EIRER 0, 2IaRIERN, Pudiz
By “ERHER” AREIER,

T BRGSO, BRATA] DUR AR el o rp OSSR BB IORIE, B0, FRAFTR] ARG —
ETCERIE R EL, SR, WSRIESCNME, BEDESIA BRI RS, BRI R,

FRETERE, BAGESENARNE “RREMET, RIS RE BT R — AR 2 R R R B,
R PO HE P IR TSR AT RES L.

o TIE—BUGE, FRAT DATERS R = A S TR QR MR E, B, PRITR), AiffiE =1k
ﬁ?ﬂ’]ﬂ#ﬁ%ﬂ’ﬁﬁ%iﬁ@ ek, FRMER B A MBARKR” BIRAFKIER T, R, JINER

EIUE 28T, DUE— SRS EIANRE . AR IAE, RREEMESKE O(n?) MR K
PN i

RBIFE RS
// == File: quick_sort.java =

/> ER= BRI 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<=r) || (r<=mé&&m<=1))
return mid; // m 7 1L # r Z[HE
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{#E T RIS
int med = medianThree(nums, left, (left + right) / 2, right);
/] &P EEIAE B R A i
swap(nums, left, med);
// BA nums[left] BEEEZ
int i = left, j = right;
while (1 < j) {
while (i < j && nums[j] >= nums[left])

J==3 /] RERLKERNREESNTER
while (i < j &% nums[i] <= nums[left])
i++; // RERAREEAREESNTER

swap(nums, i, §); /] REmETE
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}.
swap(nums, i, left); // WEEEIMEM FREFIRDFAZ
return i; /] REIEZEHZERS|

h

11.5.5 BEFEREL

LA T, POEHEE T REM R MR, DIeef PR AR 26, SORE ) FESRER m,
TR E BRI R R O A THAIMRES m — 1 06 75, ERERE & ERERE R
AR (RO —E7CR), IREMNSEEES n — 1, HRFZEGEA O(n) K/NHEBE=
o

7 BRI R R R, BAMTAT DI RIE SeHE P e iR, Ees i E AR, BB - i)
HEFTIRIE, AR TS RERG@EE n/2, RIS/ IARMEARERE RIS logn , EMAFRE
A RENE O(logn) » FEXEEW FAUR:

// == File: quick_sort.java =

/* BRI (BEREREN) */
void quickSort(int[] nums, int left, int right) {
/] FEIREZD 1 K&k
while (left < right) {
[/ HEZDRIE
int pivot = partition(nums, left, right);
[/ HWmEFEY BRI AMERI TRERHF
if (pivot - left < right - pivot) {
quickSort(nums, left, pivot - 1); // EEHFEFES)
left = pivot + 1; // FEgEKRHFEME [pivot + 1, right]
} else {
quickSort(nums, pivot + 1, right); // EEHIFEHAFMET
right = pivot - 1; // FERKHFEMA [left, pivot - 1]
IF

11.6 &HIF

BHHEEF (merge sort) 2R /MARISHIHEFEE R, WEE 11-10 Foriy “#ln” 1 "G50 .

1 By REBE: BRI A R RS R B EE o B, HF R B A P Pl REL AR 2% R ek 71 T o Pl L
2. BOFREBL: B YRS 1 R EE Y, BIIAEOF, FREbils /o IR A 81 & OF 2y —
RIHRFESI, HEAHR,



BUE www.hello-algo.com 225

FEEEEEEER

Bl PR

... WE
S

SRR

11-10  AfFHER RIS 73 B 5 R B

11.6.1 BHEELHRIE

qniE 11-11 Ffos,  “E o BEEL” 8 TH 2 SRR X i Bz (e R 1) 20 25 w1 fei57

1. GRS E mid , RIEE 7MY (&R [left, mid]) A% (&FE [mid + 1, right]
)o
2. BEHITHER 1., AETFMEYIEMRER 1 R ILE,

“EORER” R THMR = TR A & 0F 2 — (E A P isl, REERRE, ERER 1 HFRH5I5
et AUFREEEREE T AR A P,

2880 J 2880
prsch kg RTEIS a
‘\ ........................................... HESHEE ’ ............................................ HREE
( 1= ‘ 31550
Eas ‘ EEst ’
| Step 1 ‘ Step 2 ‘
(7]=]2]¢) [ G880
prizici b ‘ EE#HS <
‘ bt & i
EEs EEs -

Step 3 ] [m
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BERS < Baws -
BEEE REHEE
SR FRUER
EMAH < EHAH -
| Step 5 Step 6
b 4101 U, EOES
_ wmgEa BWREE
EJ1=C50 L3100
E#Est < E¥EH <
Step 7 ] Step 8
BERS < Bews -
REHEE
FRUEE
E#Es < EHEst <
Step 9 Step 10

11-11 &0t BR

B, SOt R TR R E R RRENE 2 — B,

- REEER: SRBRIEAE TR, FREG TR, REEMARETRS,
- A JEREAE TR, FRES TS, RIRER S

A0HEF R EBA LR EREEAUR, SR, nuns KIS S ORI 2 [left, right], i tmp AUSBERER 2
[0, right - left].

// == File: merge_sort.java =

/* BHETEYMEGFEY] x/
void merge(int[] nums, int left, int mid, int right) {
/] EFEYERZE [left, mid], HFEYIERZA [mid+1l, right]
/] BI—(EEREsfES tmp , ARERAHEBIER
int[] tmp = new int[right - left + 1];
/] AT A FRESRERZRS|
int 1 = left, j =mid + 1, k = 0;
/| BEAFEIIEEEITER, ETIHERIAGE T EE R 2R ES
while (i <= mid && j <= right) {
if (nums[i] <= nums[j])
tmp[k++] = nums[i++];
else
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tmp[k++] = nums[j++];
¥
/] A FREYHAFREEYIRR Rt R R SRR fES
while (i <= mid) {
tmp[k++] = nums[i++];
}.
while (j <= right) {
tmp[k++] = nums[j++];
}.
/] EEREFRES tmp FRYTTEBREIERES] nuns HVHFERE
for (k = 0; k < tmp.length; k++) {
nums[left + k] = tmp[k];
¥
¥

/* BHERE */

void mergeSort(int[] nums, int left, int right) {
/] #RIEEH
if (left >= right)

return; // EFEFIREZD 1 B&LILED

/] B PEER
int mid = left + (right - left) / 2; // =tEhE;
mergeSort(nums, left, mid); // IEEAFFES
mergeSort(nums, mid + 1, right); // EEHEFEG
/]l EHPEER
merge(nums, left, mid, right);

11.6.2 EBE XY

- BERIBERIE S O(nlogn). JEEEREHEY: BI5FEERIE R logn WIRIER, 5REE5 OHUMRIEER
Zn, FLAEIEBGRES O(nlogn) .

- ERBRES O(n). JREBRHT: EERES logn, M/ O(logn) RANMHEBIER, &HHR(E
TEREB MBS R, (5 O(n) K/ NSNS,

- BT (EA ORI, ST R R R,

11.6.3 $ELERTIHF
SHAGRASERDY, & DHHER AR A Pk B B 5, 1] DU S (B 2 AR B
K 0(1),

- A BEBE: ATDAGER] IR R IR AE BB R A o> TR, (EIE 2200 e A HE AR e
© APREE: ERASESIR, BRI IERHERSEES I (e HRTEE, RS GEmfEEs
FRitfs R SOt R — A RA Pl R A1) EEEN BRI NG R A,

HAE BN el i, A BB AREE n] DIE R R BRI T2,
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11.7 MRHIF

Tip
BB AHTHT, SERECRT oS “HERE =,

AR (heap sort) J&—fEALAHERE RO RE BB A mScH P i RE, MR DI CAS SRR R A
BRIE” M1 TR HHERRIET EHIHERHET

L. B NN/ NESERR, IR E NTC SRR HERRTE,
2. NErETHHERTRE, RIXGLERIEHERDTR, RIRISEIENEIRHE I3,

PAETTIREESRRIAT, (EFREREY — (ARSI A R o tH TR, HEGRE M, EEERD, JIEE N
— AR B T

11.7.1 BEELRE

RIS n, HERHERP AR ANIE 11-12 For.

L. #@ PRSI RTEHER, SEiR, ATTRANHERETH,

2. FERETECR (B —ircs) BMERROTR (RE—ETR) . Esig, HRRER L, B
Her e REE 1,

3. TEHERETEH CRBAG, TETHBRBITHARLIRIE (sift down), SERUEREILTE, MREIMEESINBE,

4. EEITH 2. PIE 3. D WE n — 1 @R, BIRTSERPESIHER

Tip
HIR L, TREEEREP S 2. DB 3. H, HEZ 7 —E#HTRAP B,

@w

@ @ BT 0 ( SRR

/ ) / 1. BARBIRER \ 1. BABBIERER

o fa\ /e (N ) @ 2. EERERREREATR
JRSS— (1) SRR USRS

HTTEYER BHFER
ERBIRTITT
- 208888 \ﬁ.ﬂﬂnﬂ
HRTETR HRERR
[ Step 1 ‘ Step 2

0 SRR e 9 SRR
A4 N4 A4
1. BB 1. BB
2. EEEREPRREATR r@ @ @ 2. EEERPRTEATE
(1) SHEEETREERETE N (1) REEBETRREEETER
WRNERER BSHFER (2) WEEERETEREL WRNEREN BHIFER
wes ((JEIEEEE w: (HD0000

Step 3 \ Step 4
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o ©
é@@

STEHEN EHFEN
w1 6D

[ step 5 }

()
000

EMNEREN SHFER

w (B00808

=12
6 o

000

SRIHKER BHFEN
wes - DEOE

[ step 9 }

-]
e o
000

ﬁﬂwgﬂﬁﬂ ENEEH
— 100800

‘Step 11

SERHF

1. ENREFERER

2. EEMSERPRIRATR
(1) WERRTRBERRTR
(2) RTRERETHERW

SERHF

1. BINFEFIIEERH

2. EEUSERPEREATE
(1) ZSERETRERRTE
(2) REERETHERL

ST

1. BNEFEER

2. EEMSERPRIRATR
(1) IWERRTRIVERRTR
(2) RTEEREETHERW

SERHIF

1. BNEFIIEER

2. EEUSERPEREATE
(1) ZSERETRERRTE
(2) REERETHERL

o
000

ERNENER BHFERM

- (00000

Step 6

o
o o
000

BRNEREN BHFEM
~ 00800

Step 8

e o
000

HRNERERN ERFERN

-

- (100000

Step 10

o
e o
000

EBHFER

- 000000

Step 12

11-12  fefEHE 2 B

SETRHIF

1. EBNRDIERIER
2. EEMSEREPRBATER
(1) MBERRTRIBERARTR

SETRHIF

1. BINFETIEEER
2. JEEMSERPRIEATE
(1) ZSERATREERETR

SETRHIF

1. BINEDIEERER
2. EEMSEREPRBATER
(1) MBERRTRIVERRTR

R

1. BINFRTIIEEER

2. EEASERRRIEATE

(1) ZERATREERETR
(2) REEREITERL

3. FS—ETREARE, HFTM

TEREARSEBI, MM T “HER" ZEHERNEEERER sift_down () =X, ESERNZ, B
FRHERE R R JE G REE TRBURATTRTEVD, R EMTEELS sift_down ) HEFUHTYE —HREZH n, AR
TEEHERER B TR R, RIS R ATR:

// == File: heap_sort.java
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/* HRBEHNRES n , {ER 1 FR, RIEERHERL «/
void siftDown(int[] nums, int n, int i) {
while (true) {
/] FIEREREE i, 1, r PERKEER, 585 ma
int 1 =2 %1+ 1;
int r =2 % i+ 2;
int ma = i;
if (L < n 8&& nums[1] > nums[mal)
ma = 1;
if (P < n 8&& nums[r] > nums[ma])
ma = r;
/] BER i RAIERS| 1, r @R, HEBESHERL, B
if (ma = i)
break;
/] AHAEE,
int temp = nums[i];
nums[i] = nums[mal;
nums[ma] = temp;
/] EERETHERL

i = ma;
¥

/* HREHRE +/
void heapSort(int[] nums) {
/] EERRIRME. HRABREI LMY E M B EIE,
for (int i = nums.length / 2 - 1; i >= 0; i--) {
siftDown(nums, nums.length, i);
}
/] {GERPIREERATR, BB n-1 &
for (int i = nums.length - 1; i > 0; i--) {
/] RGREMERAENY (RRETRERTR)
int tmp = nums[0];
nums[0] = nums[il;
nums[i] = tmp;
// DIRENELAECE, RIEERETHERNK
siftDown(nums, i, 0);

11.7.2 BE XS

INFRIBAEE 2 O(nlogn), AEEEMEHES: BUHERIRIEMH O(n) W, e BUR A TT RN
BIHREE 2 O(logn) , HEE n — 1 W,

- BEBRRES O(1), Yy A EEH O(1) M, TTRIAHER BRI EER 2 (E R P
AT,

- ARBEHT . TESHERETE T R AR RO RN, S T RIHB B AT R L,

11.8 HHiF

AT RN "SR R, e MIER LB TRER R NRE BT, AEHER T
FUARIR R R O(nlogn) o P2, BFGRHAR M “JEHEH P EER", EfMaoRR R
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JE AT DOE R SRR

#@HEF (bucket sort) Z/IARIGHI—ESIE, CE@BOE —LEAR/MEFRFHIME, 53085 — 2
TRELE, RERPPE RIS AR T AR, EREMNE D BIRITHE RESLIRMIIER TS B RS
{7i8

11.8.1 EEZRIE
258 —EREA n KIE, Hor22aE [0, 1) PNEIZEE. AHEF R R aE 11-13 R,

L. wigafe k (8, #F n fE7TRIECE K ERH.
2. ¥HgfEE o BB THEY CERAEGE S INEHF 0,
3. TZIRMTE NEIRRINEF & B R

s idns (0.5 ] 0.95 [ 0.2 [0.09 [ 0.57[0.43 [ 0.91 [0.75 ] 0.15] 0.37 RS o es
— SECBIHAELOE
# HEERSH
buckets HITHE
BFEE [0.2; 0.4) [0.4, 0.6) [0.5,. 0.8)
BB HIER
R SR EOHER
RS '
nums
11-13 WHEFEE LR
B RFR:
// == File: bucket_sort.java =

/* @HEE */
void bucketSort(float[] nums) {
[l Bk k = n/2 @&, FEIARSERSE 2 BxR
int k = nums.length / 2;
List<List<Float>> buckets = new ArraylList<>();
for (int i = 0; 1 < k; i++) {
buckets.add(new ArraylList<>());
+
/] 1. #RESITREAERRIZEREP
for (float num : nums) {
/] WAEREES [0, 1), FH numn * kK HRFIZES|EE [0, k-1]
int i = (int) (num * k);
// ¥ num ¥TIEER i
buckets.get(i).add(num);

+
/2. BEEBRNTHRF
for (List<Float> bucket : buckets) {
/] ERNEHFR, o IBRREMEEEEE
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Collections.sort(bucket);

¥
/l 3. EhREHER
int i = 0;

for (List<Float> bucket : buckets) {
for (float num : bucket) {
nums[i++] = num;
+
}
}

11.8.2 EHZIFHE

MHER B R R B R BAR RV R, Blan, SAERMEE 100 BER, mRTHRG, RetcEEL—
RMERAFTHE R e, A DUREERI R 1000 A, AR A ERETTHER, RERERE

- RIS O(n + k) @ (RBOTRESERN T2, IEFEMNETCREER 7 o BEHF
MR O(F log ) Rifd, MIHEFERTEREH O(nlog 3) Kifdl, HEATEUR kb HLBOKIKR, IRFRIBEIHE
JERIBIR O(n) . BOFERNFREETNAMAITER, €8 O(n + k) R, EREEWT, HE
FHESECE|— R, BT ZER O(n?) R,

- BHBEAES O(n + k). ABEHHRT: FRERED kAR n 8RB,

- MHER R SR IR HEF AR N TR AR TR R S R

11.8.3 MAIFIRFIY 5L

AriHE e B IRF PR A B LT DUER) O(n) , BRSNS eI 9 Bl B amih, [R5 BRI R 2
Ao, BIan, FRAFTAE SRR B b AR A R S B P2 oL E) 10 A, (RS R E S o MY,
IR 100 JTERYAER 2, MR 1000 TTAYAER Do BRI R P81 73 % 10 {8, S EfHrm s SEEn g
FEH R,

RHEBLCPEINHE, BATA] DUCRE — KRB 2 SR, RIS 2 3 EAf. srlsc g, MR mish
B2 ARAEE 5 2 3 i, HEFTHAPR TR BER KB,
QniE 11-14 fos, JERETIEAE ERE PR, HERRERRERTREY, B, ~fEEE
R R 2 3 (8, ELEEE 7 75 TR IR RHRHRG EE TG
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R
-— HHEISER
RBE — 65y 20% 15% -
FEIEER BRI
MEEM —1bo 100-500 >500 <10 8%
- . 10-20 13%
e 0 20-35 12%
18% 35% 12% 35-50 10%
50-100  12%
<10 10450 50-100 100-500  20%
>500 15%
13%
10-20 20-35 35-50

11-14  JEEEH| 734

QR BAME ARITE P b S O MR 41, BT DURRDR ORISR 70 i S TEIS RO J0 SRAR. (EISHERRVE,
BRI A —E TERESET,  a] DARIRE R RE PR SR MR R A T AL

qniE 11-15 Fio, B ah AR ARTE I RE 70, ISRl i DA B 3 e (B I ], FRE T R A 125 20 i
FBEE

HWEEE

0.4

- K
0.0

+oo  Em{ERE

’ ﬁ@ﬁﬁ@ﬁ

EHiBsEE <3 3~10 10~25 25~80 80~200 >200
11-15 HABEHER M E

11.9 HEHIF

stEHEF (counting sort) ZEiBMAH T REEAEE Y, 1EH ERREEHEL,
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11.9.1 fHEEIR

FeRE —EMENBIF. 58 —ERER n UES] nuns , HAPR TR “FEREC, SHEHIP RN
FRUNIE 11-16 Fm,

1. ERAMA], RHEHPPRAKET, A m, REETERES m + 1 (W] counter .

2. B counter Sl nums BB BUREL, HA counter[num] ¥EEIF num FUHBRIREL, #ist
FIFREEE, RFEEN nuns GEERTEIT %A num), A% counter[num] #4101 BIw],

3. HIR counter MAMARTIEARAF, HUHERMABZERHDTEH 7. 8 R, BMER counter
FRAE 25 B BB N BRI IEF3E N nums BITA]

SHIFMES nums

\ S T nuns MAMERTSLIIR

(V2N N counter[num] 8% num HIHHERE
Aol (M 0 1 2 3 &4
)

| ; 7E# counter , HEHF
| \ L FRERHIREIEN nums BIE]

LERES nums

11-16 stEEHERERE

RSN MR
// == File: counting_sort.java =

/* EHEHIE */
// BETR, \EARHEYHG
void countingSortNaive(int[] nums) {
// 1. }L,D+|3$7)7|Jﬂ_j(7t§ m
int m = 0;
for (int num : nums) {
m = Math.max(m, num);
+
/] 2. GEEEFHLIRRE
// counter[num] X5k num BIEHIRKEL
int[] counter = new int[m + 1];
for (int num : nums) {

counter[num]++;
+
// 3. FE:h counter , BFZTHEEBENEREEESI nums
int i = 0;

for (int num = 0; num < m + 1; num++) o
for (int j = 0; j < counter[num]l; j++, i++) {
nums[i] = num;

h
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A FEICHE > BT HE e 1) R gk
e PRI AER, BT DU E B AR IS counter RIRHER S 1124 —EHE, AFHtatE
BREBRB S ETTR OB BT, AE L, S8R RARHEE R NI — R,

11.9.2 =B8R
ADREEATRERIR T, MR AR DE, R EE 3. ST . R NG REERT e, FhifAEdz
FRRT A ERS CERIR R B2E0 BIREITHE, i LR H A B A HE 7 45 5

AU A REAS 2 5 R HEFP A5 SRIE?. (M Jeat 5 counter AU “HISRAN”. BIAZERE, Rl i EIVETR
il prefix[1] FRESIRT 1 TR M:

prefix[i] = Z counter[j]
=0

RIS LA RN, prefix[num] - 1{RKICE num 7E45 MY res hitg—RIBBIM RG], EEE
ARAEE S, NAT S FRIRMSE T EEZ B A RS R E A B, 8 Rk, BAFEFE 7R nuns
EEICE num , EESRIERPFITLRML,

1. # num ARSI res YRS prefix[num] - 1 &,
2. DHIEA prefix[num] BN 1, MR NRBE nun RS,

EFTERIR, Y res FREHIFIFHIER, KEEM res EERMY nums BIA], [E 11-17 BIR 7525
At B R,

= (000000000 = (000000000

BF num &;i { 3 l: BF num B/ 1 "1 /3 4
&S counter an AIEEA prefix aannm
(counter )
FEF nums W EEBFIHIRE #tE counter MIAIRM, 3TH prefix
counter[num] €& num BHIDRE prefix[num] - 1 &K num 7 res PRE—RHBENES|
Step 1 Step 2
num num
= e (D B0000000 = oe: (000000000
s HEBENENOED
wemm o 17 3 4 BEom o 13 3 4
BIEEH prefix aannn HIEEA prefix aunn
(counter) (counter )
EIFES nuns RESETR nun , SRHT: BIFES nuns HRESETE nun , SRET:
1. #& num BN res WHE3| prefix[num] - 1 & 1. # num N res WF5| prefix[num] - 1 &
2. LHIEA prefix(num] B 1 , HMBHTRKE nun K3 2. QHIEM prefix[num] B 1 , HWEHNTRKE num W3]

Step 3 Step 4
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R nums

ERMET] res

Hi4EH prefix

[ step 5 |

FES) nums

EERMET] res

WM prefix

| Step 7

o

s ~
BFnum o0 1 2 3 4

EEOEE

BIFED nuns FRSMETR num ,

(counter)

:
EEEEREEEEE
[ [ [ [ ][]

SRAT:

1. # num N res WFK3| prefix[num] - 1 &

2. 2HiEA prefix[num] B

BEum 0 1 2 31.

EEEEE®

(counter)

1, #MEETRKE nun HZRE|

CoEzEEOeEEE
OEEEE

HREHIREDIAE, HENBIITRED
B res HRREHFNER

REF nums

KRS res

HF num

BB prefix
(counter)

EIFFEDS nums FRSETE nun , SHRAT:
1. #& num N\ res BF3| prefix[num] - 1 &
2. PHIMBA prefix[num] BFE 1 , KWEBTRKE num WZH5|

Step 6 |
RFES) nums
KERET) res
HF num
BISEA prefix
(counter)
Step 8 |

11-17 &P B

at B R E BRSNS R RTR:

// = File: counting_sort.java

/* EHEHE */
/] REER, AHEYE, TEREEHR
void countingSort(int[] nums) {

// 1. f?]h%‘l’@?”%jﬁﬁ? m

int m = 0;

for (int num :
m = Math.max(m, num);

hy

/] 2. SEIEEFHIHIRE

nums) {

// counter[num] & num BYHIRREL

= new int[m + 11;

int[] counter
for (int num : nums) {
counter[num]++;

}

// 3. X counter BIETERF, #§ “HIRRE” EHifs “BRs|”

// Bl counter[num]-1 2 num 7£ res HHEEZE—XHBIENZES|

for (int i = 0; i < m; i++) {
counter[i + 1] += counter[i];

hy

// 4. BIFEES nums , ERTREBENGRES] res
/] a1k res FARECERGE

int n = nums.length;

int[] res =
for (int i =
int num

res[counter[num] - 1]
counter[num]--;

new int[n];

n-1; i>=0; i--) {

nums[i];

= num; // # num HEIHEZRSIE

/] SEBMBER 1, JSEITRKE num BIRS]

BEEEE

oooanaobon
LEfrEzeEEE

e 1 2 3 &4

LEEEE

R res BHERMES nuns EIF]

:
(N E ==
(o] [ ]
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}
/] ERLERMES] res BERMEEY| nums
for (int i = 0; i < n; i++) {
nums[i] = res[i];
}
}

11.9.3 BEZIFH

- BEBIBARES O(n + m). IEEBEREHET © ¥ GET nums FIER counter , B FIARMERFRT, —%
BT n > m, RKEEREER OMn),

- BEEIES O(n + m). EFEMHEY: #B T REDAIZ n F1m KRS res Fl counter .

- RREHEE: BRI res T CRMIERZ AL 1Y, RIEIRET nuns 7] DB S T
E2ZMMHEEAE, RmEREEH T, BfE L, [EFER nuns WA] DUSEIEMIHET R, HE5R
RARRRER,

11.9.4 {EMR1E
EFNEH, (R BEBHEFIERIGY, (5585 SRR VBB S HEE ., AT, RS
(TR 0 R A 2 S

Al By BRI RS, AR A AR AR ER, R AE R n] DI RS R B RS, W H
FEE OB PN RERE S E TR Z FIRAHE UM RR, flan, BN S A BEIRBEES, ] DUERITH BT
nb—EEE, RFermETE IR, Hr e sis m e 2,

st B R R RO H RORHR BB TS DL, e, 72 BRRBIF m REERK, 5 Rl A it 2 22
Bn <mB, HEHFEER O(m) K, FIEELE O(nlogn) RHT A BHEEE,

11.10 EE3HF

iR TR, SRR ERR n SO E R m BB, R RMTREE n = 100 (& {lﬂ
SOEITHER, WERSRE —E 8 MiBUE, JERME R m = 10° WK, AT R E RO R
TR s, MR EHE R AT DO IS i 5

HEHF (radix sort) AURLEAHEEH R — 2, thEBESAHEBCRER T, fFHEE L, EEHFA
MBSO MRNERERR, RUEES—AOETHEF, 1S 2B RHER AR,

11.10.1 EEZRIE

DAERSREERI 20, IREBF RG2S 1A, SBmho2ss 8 i, HBHIFAAIE 11-18 Frr.

L etk =1,
2. BRI kACAT CEHEUERTT. IR, BRIEIRIEE b AR NEIRHER
3.8 kN 1, SMRIREER 2. HESDEIR, ERIATE MEHER SERIEA I,
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NEE RIS EB, BN dEAHEREE o, BEREE kAL x, , ATRMERABCREE A

BN nums
WAtk k = 1

B BB 0 HEE 24

10546151
35663510
42865989
34862445
81883077
88906420
72429244
30524779
82060337
63832996

35663510

88906420

10546151

72429244

63832996

81883077
82060337
42865989

30524779

35663517
88906427
82060337

81883077

305247793

42865989
63832995

CALbStE, HF

HFSE 8 fi

B 3~7 1 HHFEER

11-18  BEHEpERERE

Ty = |‘dk—1J mod d

T

10546151

30524779

34862445

35663510

42865989
63832996

72429244
81883077

82060337

88906420

Hrb o] FoRENTE o 1A RV, T mod d For d BUSE (IR, BHREeeekl, d = 10 B k € [1, 8]

o

A, AR Z N ESEE B RS, (2 AT AR RIS b AOE THE

// = File: radix_sort.java =

/* ¥EBTE num B95 k i, HEAF exp = 107 (k-1) */
int digit(int num, int exp) {
[/ BN exp MdE k AILBERELEEHNITRENRGHE
return (num / exp) % 10;

F

/> sHEHE (R#E nums % Kk HF) */

void countingSortDigit(int[] nums, int exp) {

[/ TEMHRUSEER 0~9 , AEFERES 10 AEET!

int[] counter = new int[10];

int n = nums.length;

/] &5t 0~9 KREFHIHIRE

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

F

/] KuEIBA, & “HIRES Was EIHIRS

counter[d]++;

for (int i = 1; i < 10; i++) {

F

counter[i] += counter[i - 17];

/] BIFES, RIBRNSEHER, BETHREN res

int[] res = new int[n];
for (dnt i =n - 1; i >=0; i--) {

int d = digit(nums[i], exp); // B nums[i] % k fi, &% d
/] GEEF d WHERRH
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int d = digit(nums[i], exp);

int j = counter[d] - 1; // ¥EBX d EREFIHHZERS] j
res[j] = nums[i]; /] EERITRENRS j
counter[d]--; // # d BNEER 1

¥

// ERERBEEREMY] nuns

for (int i = 0; i < n; i++)
nums[i] = res[i];

}.
[* BEHFE */

void radixSort(int[] nums) {
/] EEESIMRATER, ARABRAAIE
int m = Integer.MIN_VALUE;
for (int num : nums)
if (num > m)
m = num;
/] FEEREAEESAUEFES
for (int exp = 1; exp <= m; exp *= 10) {
[/ HEFITENSE k BITEHENEE
// k=1 ->exp =1
// k=2 ->exp = 10
// Bl exp = 107(k-1)
countingSortDigit(nums, exp);

R ARNLB 4G HER?

fEEBERHE PR, By @ EEN W HEERAR. BRAIRE, MRS A R a <D,
M —MmHPAR a > b, BRESE WA RIS — WA R, BRETF IS EEIET SRk
fir, R RERZ ST HE AR AL T i

11.10.2 EEZESNE

HEBERA B, S P 0 A R B R B AR, (AT ELIE VORI TRT AR 2 s R R %, FLESE
BORREK. (I, FRBWORIE & MR, 82 BER0  BK, TRESSURRTRIREE O(nk) > O(n?)

e}

- IFHIBERES O(nk). JEABEHNY : SERES n. BRI dEMHL SRMEE b, HIEE—0
BATEHBHEF R O(n + d) B, HEFATE kAER O((n + d)k) R, @ISR, dfk #4E
BN, RERIEREEE R O(n) o

- BHBEEES O(n + d). EEMHDY : SETEHITPHEE, BEHIF T RE S n f1 d ) res
K1 counter .

- Bty ErtEuEely, HEtER AT, B8R AR, REGHE AR E R ERE
HeER a5 5,
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11.11 /&

1. ERSOIEE

R E A TR A R B, BB HTY R R AC B RAR ], R AT DU R
B S5 EE IR R MR L5 O ()

R HER R A I 9 7E 25 A S R AR E IR, TS, BESRIE ARG
BRI 2 O (n2) | {EHURBTHRIERTE D, B TE NG RHR O HE R (D R IE R 200,

R R S B MR B, TER B, A TR R IE R A S R R
MR O(n?) o 51\ RIBEL R b M SR B T DA (RS (L IUHER, B O ERE T
R, ARGRNEEREE, SRR RS O(logn) .

BB AR R AL AR EL, TR T SNARN, TEA ORI R S e
5II, SRR S O(n) 5 SRTHE R BRSS9 92 MERREE ] DAREEAL % O(1)

RIS S SRR, R A0SR, IR T AR, R R R
FORSI, R B T SR T T 5

CEFRCHE AR, A R R RS B . SR BT R R K ()
COREEATRAOEI, 3 LR s AL,

- B EBER R BB R, R A BT

- RIAGR, TRIMA RS R, A R, R, DA RS s, AT, 4
R RIS KR, 1 R AR S R R A L, (E R, TR
TR R R AR R A O

- 1119 B T ERHE IR, R, SRR B s,

BEERE SMERE R
ae mn me  me | BEE e mEmm miwe
mEAE 00 O0d  OkY o) | HEE  RM  KEEE R
tgff‘f)'* wAME  Om o)  om)  o() | EE  FH  GEE kB
AW Om) oM o) o) | EE W DEE  E®
BEHE  Onign) Omign)  O()  Ologn) | FME R FE@E  Hw
f(ﬁfsrf) | &% OMign) Omlogn) Ofnign) O | MWE 5  FEEE WK
#BHS  O(logn) O(mlogn) Ofniogn)  O() ‘ R RE FEEE ke
B#F | On+k On+k  OM) On+k | ME  6E FOEE  FHB
BOAR . WEsps On+m) Onvm) On+m) Omem) | E  HAE  FOEE  FER
E#HF O(n k) O(n k) O(n k) O(n +b) BE E[35:] EEEE  JEH®
n ABEREARN
= th & ‘ WHEFEF, kK AEHE

BHHFED, m AEREE
EHHESD, k BEAIH, HEa b &k

11-19 HEFri A RS L

2. Q&A

Q: HIFHEERE M BEEI NRAwFR?
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BT, BMETREENAEEE e THE R, flan, 2AEuaMaEmmiEEE, RMmEEEH—
a4 feteiRdRiETH T, 1550 (A, 180) (B, 185) (C, 170) (D, 170) ; H¥ HEETHF.
HRHE R EEEAREE, FItrTaeEfS%] (D, 170) (C, 170) (A, 180) (B, 185),

AIDAZEER, BYE DRI C MBI 7, WRRAEREREEE T, mERRMARERIN,
Q: Ml “EAEAE#” B “EAEAEHT BINER AT DIsSHE?

AT, BERMCURATR AR, SAE AT AER” B REAEAENR, Bl ERER,
BAAH I — RIR A

M EE#| 5 partition () HRE S 23 nums [Left] 1 nums [1] . 52 A g, FEAEBUE IR 1T BHT <= 3
W TR IE 5 2 i nums [Left] >= nums[i] SAZEMRNE, BRI “EIEEA TR, AR
AR AR E R CER, HIEE 1 = j IEkHERE, BInIEE nums[j] = nums[i] > nums[left],
st s, MRS — D e e i — (i L R M B K e B B A i Aoy, O Ry R

BEpIF, 4Eks e, o, 6, 6, 11, WAL “WERAER", Ml ®REY% [1, 0, 0, 0, 0],
TS fEAE SR A IEERT,

BRABE T, WIRIMEEE nums [right] AL E, AREIELFSORA, e “IEEFEAER,
Q: B PRIEHE P HRE IR B AL, At BRI RE ARSI E AR TR I R A log n ?

RSB R PR A 2 AR [ 3R 77 TR A B, i I S 1 A7 [ ek 71 1 5 20 T {1 - P71, 7RI AR VR A
Ht2, [ FRER 7Y R ER K2R RER—F, BEEERT, —BEs—FERE, BERZIIE
TERERZ logn .

[l E R PO AR, FRAIMA AT RE & AR E R R KRS, REBR A n. n—1. ... 2. 1, &
ERER n o IRIETR R AT DUk S I Il

Q: EMFIHFTE TLRAERE, PodH T R 2 O(n?) W52 A g Bl IR 15 ?

. BIRIEREEI, w] DA ROE BN S RS E] o 2 =R /R SRR RINEREEL, (A TR
M NAFUERIREI MR 7. FERZITIE S, EATTREMHEFRIRES], (s o BT e,

Q: Wb IR R R E AR O(n?) ?

BEWMT, FrETEMS SRR, ARRPHRA 1 O(n?) FELkACH REtT s, RN
% O(n?)
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F£128F #74

Abstract
HEMOR B, BRI e S B A R,
DMEZER T —AERENEE: HBEME, —UEIEEH,
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12.1 SasEE*
334 (divide and conquer), £z, BRI EE B RIEETERE, 268 FERIEEEH,
BEE “57 MO9RT miES R,

L g3 (B REEY) « BRI I AR o) it 2 IR B 2l 1 R, B EE R/ 7 R AR 1L,
2. 16 (GOREED - REAIR R/ T IR, PORETEME MR MET S 08, TEmm t s

HfiE.
qniE 12-1 fow, “GHHEET ZoERIH I EHN 2 —,

L g3 JEEMR RS (D S 2mifE ) (7R, E2FRIRE—ETR (G FHE,
2. 16 WREEMEAFR S (FRENR ETE0F, RmEErE RS (REER.

roar (BIEE
E)

BFHIE

- (B
B)

12-1 AP I TSRS

12.1.1 NfATRIERS JERIE

— (TR Al & I SHERRIR, JEH AT A2 DL B R
L. PRI CA R s FRE AT DA OSSR+ FTRE, DA RES DA R 77 sOEE st 1 T 81 7

2. FRIERENIN: FREZMIRAESR, DM, o] DIESZRR,
3. FRIERRT GO R BRI RER & O 7 FRER RS,

UK, A0 IR DU = MEH R iR,

1. PRI DA SRR s (SRR 850 2 1 ps] (R
2. FRIERBNIN: B8 REE T DI HE THE Y (PR ] DUBSLETT KA
3. FRIEMMTAE0E: WEGR Y (FRERE "] EH 2 — RS (RFERR
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12.1.2 BB BIREAME
SYIEAME] DA RO R D R, TR DRI R, TEH A, kY. S0,
HEREHE MRS, B, AHFED, MERATMER T 6%,

AR, FITALEEER: R n] DAPRTHESIARCR, HR s (g fasis, MRMEDMAZ
8 TR, BER T, # T RIS OF % IR ERERIE, ISR FIRCR 2B L R DR T RE AT R 3
o2 IS M T RE A] AR BRI A T 5 5 75 T A Ao

1. BFHERENL

DL kbR A, EpE A RS n SRS O(n?) B, BRBMRIEE 12-2 FrRirR, 1
FBUGE B 20 2 A TS, FIBIA T O(n) WERE, HEF A TRSITRE O((n/2)2) Wi, &OHmME
TRFIFE O(n) B, HOBSESRI BRI %

2

O(n + (g)2 X24n)= O(% + 2n)

FEEEEEEE FEEEEEEE
b

o(n)

EHE BEHF BEHE
o(n?) 0((n/2)2) 0((n/2)?)

DEEEEEEE

4888 o(n2) 4888 0(n2/2+2n)

[ 12-2 &7 AR R AR
R, BAEHEATAER, HAEEMNAGE 7 28 7w # o &R R

2
n
n®>—+2n

2
2
s M
oo
n 5 n >
nin—4) >0

EEWER n > AR, BIRMOREBERED, HipReRlZeEn. ST, 0 RNRREMETRR T
JilE O(n?), FURMEME P EUESN T,
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DA, RN 7 RSB e bRl 7 2 i - Bies, B 28 B L — e T R R 1 1 e ?
R ER EAUE “BOHEET, REERES O(nlogn) .

A, WURBAM S e a3, RS E 0 2% K E T REEIe? ISR AT AR,
AR BESH T IERER, M LFREERE DUESI On+ k) .

2. FITHERERL
PRI, 204y TR AR AR hy, RO o DO TR, thRLA, SN AT ARSI
FIRTIRTREIE, AR SRR T AR AL

WATRAENAE S Z R ERH BRI AR, BRG] DRI R 208 1, Emsen A Hat A
IR, REE T DR A TIRE

FRANTERE 12-3 Fomfy) “MHER” d, B ERERPEE S ECE S EA T, RIRTHE AT A AR B HE RS 70
FIREEHRETT, EREREEIHER

{/Eé \\% |

12-3 PRI TR R

12.1.3 8ERER

—J3MH, Z3E ] DAR AR 2 AC M SRR TR

- SIREOEEE: SRR E SO BRI EE r, SRR BIERH MR 0 AR O R, AR R
R B RO R

- ORBEERIL: U0 Karatsuba 5%, ERRBEEERIE D R 72 2088 N R BIHISRIEATINE,

- JERESRTL: BN Strassen BT, EORFAERHIRIE T i R 2 8/ NE R SRIE R AN TR

- ISR R NRERE AT DOBEIEIE MR, 1SR S IR RIS

- ORMEREE: EEFAI, RATH BT NI S, ISR R E S, KR
Wi pr B T DM R R AR, REBh & OFHE R T SRR
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T3, SHATEEEIAME RSN P SRR Bz,

- DS SRR ARSI EER S R ARy, SAERAR HARE B TR E A R,
DRAEHERRIR—F=[5 [, A SR BRI R A TAH R = 0 1

- AbiEE: AEBRECE, SR,

- POdHEE . PREHE R R AR, SRR ) R M E S, —{E RS TR EE R DN,
b — P RESIRTCR LA R, FHERNEM R EIT RIS 2180, HETHEYIHE T —ETR,

- WHE MR U EA AR R B R BB 2 EA, RRBEERMNETTRETHY, REFSER
TERMIXE, M2 —E A R,

- OB Bl ToTEEt. AVL R ALRE. BRI, B+ 85, EMAVER. fEARIMERSE SRR T DAL A
THERMEHIE

- MERE: HERERR RERPRAVSER TR, HARERRCE, A MIBRFIMERE L, ERFR EARRRE T ARIE
i

- MRS MENMERR S ERIENI G, (BREARRE R R ERIER T ek, fln, s
b rR RS ER A1 S BB S KLR K, DRI ERRCR,

AIDVEN, it AR AR, S SRR R .,

12.2 9ARIESER

BMCAERE, B EHETR R MR,

RIS CEBBETEREHER, RRES O(n) .
- ERMEY: TR VORI BBV, BRI RS O(log n) HE O(1) .

TR L, KRB S O(logn) MHESBEIRIE T IR IR GRS EBIN, flan — 70 208,

- oSN E PR RE ERYTH R BETTR) DN —E/NEE FERAIN— SR BT
F), B —EREEINY 22 s S BT R 21k,

C BRMIERENARR, £ TESH, AVL Bl HERESEREMET, SERENREEREZES
O(logn) »

oS E ARSI,

- FRER PR o SR R R (TERRS A T AR s T (TERFIA —F i T &
i), EREE L I T RN H TR AR E R,

- PRBERENE): EooEsd, VR T HEE, EASZ M T HERE A,

- TRFENEHSOR: —oa 5EER A TTR, HARES FRENRET S0 & FRE
TSFRIRTRIRE, i Pl & (R IRF S Z TR

IMARESITETHE R RCR, AH ERK AR S LR —EEIE, moraiEa s v DUHERR %
ﬁ@

1. ERaAaBlR—_niEs

fEZAiEF, —o@sFERERE 050 HEK, BERMERDE (BE) KEBE.,
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Question

M —ERER n AR nuns , HARFTATRAERE K, EEITR target

o, HMFESEE (4, 5] BN FRERLZS £(4, 7).
DUERIRE f(0,n — 1) Alctal, &bl N S EREIT — e S,

. stEEREM [0, 7] B8 m , R EHRR— S E R,
2. MR SR RIS N — I TR, AIRER f(i,m — 1) 8 f(m +1,j).
3. S 1. B 2. B, HEE target Bl 2RI [E],

12-4 JoR T ARSI rp 0 80K 6 I TRIR,

A

\ 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.java =

/* 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.length;
/] 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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MIEBE1E preorder YRS FHE inorder Y2RS5 RS

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.java =

/* WBEZTE: 298 */
TreeNode dfs(int[] preorder, Map<Integer, Integer> inorderMap, int i, int 1, int r) {
/] FaEMATEERLE
if (r -1 < 0)
return null;
/] VIEIRERRE
TreeNode root = new TreeNode(preorder[i]);
// &E# m, {MmaEDEETFHE
int m = inorderMap.get(preorder[i]);
/] FREE: SR
root.left = dfs(preorder, inorderMap, i + 1, 1, m - 1);
// FRIE: BEATFE
root.right = dfs(preorder, inorderMap, i + 1 +m - 1, m + 1, r);
// R[EIREE,
return root;

}

/* WEEZTE +/
TreeNode buildTree(int[] preorder, int[] inorder) {
/] BLEER, #F inorder JTEIIZRGIHIER
Map<Integer, Integer> inorderMap = new HashMap<>();
for (int i = 0; i < inorder.length; i++) {
inorderMap.put(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 Ff6E% 2 AR R R
R f(2) B AT AR 2y R EERAED) B R A S C . Hrh, CBABEEM. B MARE,

2. FRESHE

BRRE f(3), BVEE=(HERR, SRR T —L,

RZCHA (1) F0 f(2) Bf, FrARMTATiEmiam RS, A% A TERRIK s BV A 1 —fafi, BiTiE 12-13
PR ER, SR =B IEF e A= C T

1. 2B & HEEAE. C A&EE, HmEEREABEB,
2. 1% A HRIERH—EEIEETE A EREBEIE C
3. X CAHARHE, AR, MMEEBREBHEC,

all Lal

R £(3) WER:
iR £(3) 1. RW{EEZEYE A BBHE B

Step 1 Step 2
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lal Lla

A B C A B C
fRR £(3) MPEW: R £(3) WM
1. BTWEESHE A BBHE B 1. TEEER A BBHE B
2. BRIG—EERYE A BBHE C 2. BRK—ERSRE A BBHE C
3. MR B BBHE C
Step 3 Step 4

12-13  KifsEZy 3 AR R R
WAE LF, BATSERE f(3) 8155 Zmifd 7R f(2) M— 7R f(1) . e RNE =8B 1%,
JRFERE 2 2RI, IS T SR ALY, T ELA#A] LS OF,

b, FePTAT A B 12-14 ORI NS RN 5050 : JSEIRE £ (n) 815 2 TR f(n—1)
(A TR £(1), AL PR RS = (8 7R,

1. #n—1{EEE#ECIEAREB,
2. #FER 1 (EEBME A B ZEC,
3. #%n— 1 AEEFEB AREBEEC,

SHARTE T f(n — 1), USRI g HREES, EEEsR TR f(1) . 1 f(1) 1
RBERIN, R — DB (T,

FRIE f(n-1): #§ n-1 EEEK A BHEB

A |

) 4
FRE £(1): $HE 1 EESNE A BHE C

.é—.*.—

FRIFE f(n-1): ¥ n-1 [EEENE B BHE C

TTA

[RR3E f(n): ¥ n EESE A BHE C

12-14 R NS TR E R 70 16 SRS

3. EXRER

ERERER, BMES —EEEER dfs(i, src, buf, tar), BERTERZF: src THERY ¢ (EEEFE)
REAE buf BEIE BT tar :
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// == File: hanota.java =

/* BE—EEE */
void move(List<Integer> src, List<Integer> tar) {
// # src ESEH—EERE
Integer pan = src.remove(src.size() - 1);
// EESBBRN tar TEIP
tar.add(pan);
+

[* KEEAINEERIRE f(1) %/
void dfs(int i, List<Integer> src, List<Integer> buf, List<Integer> tar) {
/| & src RET—(EELE, WEEEERZS tar

if (1 = 1) {
move(src, tar);
return;

+

/] FRE f(i-1) : #& src TEEP i-1 {EE#EFEEY tar #BE buf
dfs(i - 1, src, tar, buf);
// FRE (1) : #& src REF—EEEHEE tar
move(src, tar);
// FEE f(i-1) : #& buf TEEP i-1 {EEREFEBR) src #BE tar
dfs(i - 1, buf, src, tar);

+

[* KEZFINIERIRE */

void solveHanota(List<Integer> A, List<Integer> B, List<Integer> C) {
int n = A.size();
// % A TEZP n {EEREFEB) B #% C
dfs(n, A, B, C);

4niE 12-15 R, AINEE TR AR — AR S 7 n BRI, FRE ARG AR — 8 7, EHE—MER R dfs O

B, BREERES O(27), SHEMEL On) .

12-15 (A NSE I RE AR e At
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Quote

PN RETR B — S E e, EhEEN—ESEEE, BEME=RERNEaET, DAk 64
TEHR N —HEE R, BEMNEEEER, MMEEERE — [ ERYOEMRENI—Z], B
TH SRt & AR,

SRIM, BN PSSR —k, SHTEARL 204 ~ 1.84 x 1010 #, &% 5850 {4, isid
8 7R T E AR, TR, MEEEERZEEN, RMEZAFEROETRHNEIR,

12.5 /i

1. ERSOIEE

- oriaR R RREETARGET RS, EAE o @) fe (B0F) Mg, 8 RRIREEE,

- BRSO IGTEEIAFE IR MRS R, TRER SR, TRIERES S,

- AR R TR RIS SR ER], R bR P A 03 2% R AR E RS, EE R AT R R
wEa v, 1EmsERidHET.

© BIAARIGERE R DARTHERIERCR, — 750, 2ERIEED TIRIERE,; H—Jim, SHaREAIR
RHIAMATIREE,

- oMIAREA] DURIRET 2 IR, Rz B e R B RA RS, R n] R B,

- MEBR RS, BEEMSECRER, FEEMEZ O(logn) MRS ZERHERIRE
B,

- S ESEIRRIEH S IR, ENE SR T REERRET S A RIP B, I AT DO E IR
THAEB i,

- ERME TR RTE S, MR (SRR AT DAB ) i e TR T (D, g Rl DAEE ]
SR AR R AE AR 5 | [ AR B B

- AEFINIERES, —E R n AR R DAE > 2 MR 2 n — 1 B9 R — BRIy 1 A9
o TZNER RS = 7R, JREERE SRR,
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BE13E [

Abstract
BN ER = R RIR RS, FERTERIER ol sE e 2| K&,
[EIWARY D &R M RE S E TR LR, TETER, RAIRENEAEHNE M,
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13.1 [EIEEZE

EESEE (backtracking algorithm) & —fHiEE 53 AR IR ER 7%, B0 B ZIE—EIiaIkGE
3, RAOMISFERTREIMIRTT R, EEFEMARIEERER, ERHEIMEEER T rTReny e
IR AR A 1k

mIEEREFE RN REER RS AGETRSH. £ "ok BEEh, BT, R RFE
BN, AR, BRI E G — (8RR, 25 R s R A LR,

ol —
fE AR oTh, S RCERATAER 7 RIETR, SEIREIEIR S,

BRIGE, WA ETSRE, WHEERERMIER SR 7, A2, ANZEREEMALSRES] res
2, FHEDERE BN 13-1 F1 2L RS R

// == File: preorder_traversal_i_compact.java =

/* HiFFESH: HlE— x/
void preOrder(TreeNode root) {
if (root = null) A
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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BRI —, FREEERAR X BT, MR REEREOR A R EIRE return AIFR MR,
ERSHRARE, PIBEAEEREERN, ZiRE R, BRIMTBEGRE MR,

Pl —
TR P RATE ER 7 RETRS, SRR MRS E e fh R,

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.java =
/* BIFES: BIEZ +/

void preOrder(TreeNode root) {
if (root = null) {

return;
+
// ER

path.add(root);
if (root.val = 7) A{
/] ECERAR
res.add(new ArraylList<>(path));
¥
preOrder(root.left);
preOrder(root.right);
// [Eh&
path.remove(path.size() - 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,

G BHl: BEEDS, ERRE
-~ EB: tR{ERAE, RRE

\/a\x e\ path = [1]
\Q o‘ @ res = []

B BEED, EMRE

EhE: R, &R

path = [1, 7]

BIIEE 7 , ASBREHIEEAR
res = [[1, 7]]

‘ Step 1 ‘ Step 2

BE: BOED, ERRE
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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13.1.2 B9

BHl: BEEDS, ERRE
EB: tREiAE, RRE
path = [1, 7, 5]

res = [[1, 7]]

BE: BOES, BRI
ElE: RS, REE
path = [1, 3]

res = [[1, 7]]

BEl: BOEDS, BERRE
ELB: kg, &sUEE
path = [1, 3]

res = [[1, 7]]

‘ Step 11 |

Step 10

W BOED, ENRGE
ElR: RERAE, RUEE
path = []

res = [[1, 7], [1, 3, 7]]

13-2 EilHENE

ARG [E] DA R 0 B — (BB B SRR, BRI R TR “o9ke”

EE: EOES, EMRE
EB: RERE, KRR
path = [1]

res = [[1, 7]]

EE: BEE, BHRGE
[EHE: PRERE, KRR
path = [1, 3, 6]

res = [[1, 7]]

HEl: REES, BRI

ER: RS, RERE

path = [1, 3, 7]

BIIEE 7, ASBERIEEER
res = [[1, 7], [1, 3, 7]]

o

B =

TR R AT (E Ry 7 HIERS,

IR

AR (AR ARG EIE LR RS RS S, M BRI AR F A 3 1
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2 TR DA BRI, BT R A SRS, HBEMES 3 WEE, RIEEANEE,
Adr s, BEIUHBUN RTR:

// == File: preorder_traversal_iii_compact.java =

/* BIFES: BIE= +/
void preOrder(TreeNode root) {
// B
if (root = null || root.val = 3) {
return;
+
// EH
path.add(root);
if (root.val = 7) {
/] ECERAR
res.add(new ArraylList<>(path));
}
preOrder(root.left);
preOrder(root.right);
// [Eh&
path.remove(path.size() - 1);

“BIR” REARREIERI G, i 13-3 R, fEfsEiET, Wl 9T 7RSS SRR S
X, BRI ZEERNER, miEs TS8R,

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 :

/* [BEIEEEESS «/
void backtrack(State state, List<Choice> choices, List<State> res) {
/] FIERR T AR
if (isSolution(state)) {
/] ECERfE

recordSolution(state, res);



13 E [E www.hello-algo.com 263

/] FBigEES
return;
+
/] EFHFREIEE
for (Choice choice : choices) {
/] BN FIEREIER TS
if (isValid(state, choice)) {
/] EFl: MUHEE, FHikee
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.java =

/* FETEFIIREERE AR «/
boolean isSolution(List<TreeNode> state) {

return !state.isEmpty() && state.get(state.size() - 1).val = 7;
}

/* GCERRRE */
void recordSolution(List<TreeNode> state, List<List<TreeNode>> res) {
res.add(new ArraylList<>(state));

}

/* FIEREERTRET, RBERTEE */
boolean isValid(List<TreeNode> state, TreeNode choice) {
return choice != null && choice.val != 3;

I
[* EHRRE «/

void makeChoice(List<TreeNode> state, TreeNode choice) {
state.add(choice);

b
/% WHEHRRE */

void undoChoice(List<TreeNode> state, TreeNode choice) {
state.remove(state.size() - 1);
}

/* BIERE: GIE= +/
void backtrack(List<TreeNode> state, List<TreeNode> choices, List<List<TreeNode>> res) {
/] BEREAMR
if (isSolution(state)) {
/] ECERAR
recordSolution(state, res);
+
/] EFHFREIEE
for (TreeNode choice : choices) {
/] B WERERTEE
if (isValid(state, choice)) {
/] EFl: MHEE, TR

makeChoice(state, choice);
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/] ETT—REEE

backtrack(state, Arrays.asList(choice.left, choice.right), res);
// [EhR: HEEERE, MEEIZEaIREE

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



13 [E www.hello-algo.com 266

- 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.java =

/* BIEEEE: 285 I +/
void backtrack(List<Integer> state, int[] choices, boolean[] selected, List<List<Integer>>
< res) 1
/] EREBREFZFNTEHNER, CixfE
if (state.size() = choices.length) {
res.add(new ArraylList<Integer>(state));
return;

+
/] EFREREEE
for (int i = 0; i < choices.length; i++) {
int choice = choices[i];
/] Bt AAFEEEETR
if (!selected[i]) {
// ERl: MUHEE, BIiE
selected[i] = true;
state.add(choice);
/] ETT—EmEE
backtrack(state, choices, selected, res);
/] [EhR: HEHEE, MERZAIRIRRE
selected[i] = false;
state.remove(state.size() - 1);

I
[* 25 I %/

List<List<Integer>> permutationsI(int[] nums) {
List<List<Integer>> res = new ArraylList<List<Integer>>();
backtrack(new ArraylList<Integer>(), nums, new boolean[nums.length], res);
return res;

13.2.2 EZEEFTERER

Question

N\ —EREEs, pFIrp el R SR TR, IR M FTA N EERHES,

iM% [1,1,2] . AT/ EESFRERTE 1, RS M 1251,
W 13-7 AR, 77 ARSI — 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



13 E [E www.hello-algo.com 270

2. EERRER

£ RIS ER b, M @A — IS R B — R R S duplicated , HIRECEGZIRHE
REWIBRICR, WMFERTTRI:

// == File: permutations_ii.java =

/* BIEEE: 8% I %/
void backtrack(List<Integer> state, int[] choices, boolean[] selected, List<List<Integer>>
< res) 1
/] EREREEFNRTERHNER, LR
if (state.size() = choices.length) {
res.add(new ArraylList<Integer>(state));
return;
}
/] EFHFEIEE
Set<Integer> duplicated = new HashSet<Integer>();
for (int i = 0; i < choices.length; i++) {
int choice = choices[i];
/] Bt AAFEEREETRE B FAFEEEEESE TR
if (!selected[i] && !duplicated.contains(choice)) {
/] EFl: MHHEE, TR
duplicated.add(choice); // EEREZBMTEE
selected[i] = true;
state.add(choice);
/] EIT T —EmEE
backtrack(state, choices, selected, res);
// [BIR: HEHERE, MERZAIAIKEE
selected[i] = false;
state.remove(state.size() - 1);

I
/* 285 11 %/

List<List<Integer>> permutationsII(int[] nums) {
List<List<Integer>> res = new ArraylList<List<Integer>>();
backtrack(new ArrayList<Integer>(), nums, new boolean[nums.length], res);
return res;

(BRE&TCRE M Z I AR, J n 7R n! BHES) (B83R); TERCEas RN, TEERRER n ),
5H O(n) R, PELREIBGRIE S O(nln) .

RRIBEEIRE 2 n , 8 O(n) HBIEZ3M, selected M O(n) 22, F—FRZIRZ LA n 18 duplicated
, 5 O(n?) =M, HLaRBERER O(n?),

3. WMEBRELL

FETER, BESR selected Ml duplicated EBAABIKL, (HMIE I H A,

HEELEEER: SR N A —f selected . EHZERIRETTESMLE TTE, HEMHRE
W EAE TR TE state HEEHHE,

- MIECENE;: SiEE (BEMER backtrack ) #RELE—M# duplicated ., Eil#tHIEEA
iR (for MERE) LT ECOHOEER, HIEHBRBHE TEABEE X,
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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.java =

/* EESEE: FEM I %/
void backtrack(List<Integer> state, int target, int total, int[] choices, List<List<Integer>>
< res) 1
/] FEMZER target B, :LERHR
if (total = target) {
res.add(new ArraylList<>(state));
return;
+
/] EFHFREIEE
for (int i = 0; i < choices.length; i++) {
// BNz BEFEMBIE target , BBKBZIEE
if (total + choices[i] > target) {
continue;
+
// EF: MEEEE, FHoEN total
state.add(choices[i]);
/] ETTF—EmEE
backtrack(state, target, total + choices[i], choices, res);
// [ELR: HEEEE, MEEIZAI89KRE

state.remove(state.size() - 1);

h
[* REBFEN I (BEEEFE) +/

List<List<Integer>> subsetSumINaive(int[] nums, int target) {
List<Integer> state = new ArraylList<>(); // #EE (F£)
int total = 0; // F&M
List<List<Integer>> res = new ArraylList<>(); // &RE5| (FEH5)
backtrack(state, target, total, nums, res);
return res;

S A RS [3,4, 5] FIEIREZ O, #HIE R (3,3, 3], [4,5], [5,4] . BRARIIIR T HiEAI
25O MITH, (AP AERBIN T4 [4,5] A1 [5, 4] .

R 2 1 B R S RN, AT TR SR RIE Y, W 13-10 FiR, S0HE 4 (5% 5 BULE 5
B 4 BRI, EEEE (T4
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choices = FoRAH
target =

BB
JTEM >9

EoREE

13-10 FEi%a BB BTk,

&7 APREE TR, RERN R BEIRNET R, IS IRBCRIRAK, AR R A,

- BHPTEREZ, THREE target AR, EaBREg§EERBNERTE,
- HemTER (MA)) RIRFEHAFFFER, TREICHEEMS, R ET TR R,

2. EEFEY

BA% AL SRR IE R D BRI T R H, BURE 13-11, HEEFRZEEANFRNEFEEREY TR ELR,
Ban LA~ B,

1. EE RIS R BRE 3 A AN, RESEHETRNATE T8, 5 (3,4, ...].
2. Zfh, EHEURE AR, B WRIEZEGE 3, NAZBEELNTE (4,3, . HIE 1. BHER
H TSR E L,
(BT, BB R RS BRI E R, RIS 5 S AR L,
1. BITREIE 3HI 5, AT (3,5, .. ]
2. WITBRIE AR 5, ARTE[4,5,...].

3. HH—WEE S, HIH RMGENGR 3 M A, AT (5,3, .. f[5,4,...] B 1. SR 2. Hoh
ORI T 452 2 W,
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choices = B

i A3, 4
BGREEFE

FE  [3,3,.]1 [3,4,.] [3,5,.]

y

~ ~— N~ — -

TR EE7H ENTE

13-11 AFRBEFNEFEHHIER 75

KA, RIS (1), 2y, ..., 7,], RIGBBEAICRIBEINS (2, 0, . 2, |, RS
TEML i) < iy < < iy, FWIETIEPHIGEIE I RS, HER IR,

3. EXRER

BB, BFIGHEE start , FINEERRIARE, BIMHEEE o, &, e T WiER5! b
YT, SRR BRI 1 < iy < - <4y, , TETIPRAE FERME—,

PRitbz4b, FHESFEEEST 7 DU miTER A,

ERARUE =G, Sy nums HEFF, fEAEFIFTEBRER:, & FENEM target RFE A RIERE,
BBBRITEELR, HPEM—TiA target
BEICEMEE total, BIBLE target EBUTIRIER GG CEN, E target FiR 0 RFaBRfE,

// == File: subset_sum_i.java =

/* BIEERE: F&EM I +/
void backtrack(List<Integer> state, int target, int[] choices, int start, List<List<Integer>>
< res) 1
/] FEMER target BF, :CiRAR
if (target = 0) {
res.add(new ArraylList<>(state));
return;

+
/] EFHFREIEE
/] BT ¢ start BHMERESS, BREMEEFE
for (int i = start; i < choices.length; i++) {
// Bity—. BEFEMER target , BIEZEERTE
/] ErRAAMRTIEHRF, BRETREAR, FEMN—TEEE target
if (target - choices[i] < 0) {
break;

}
/] ER: M®EE, FH target, start
state.add(choices[i]);
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/] EITTF—EREE
backtrack(state, target - choices[i], choices, i, res);
/] [EhR: HEE:ERE, MERIZEIRIARAE

state.remove(state.size() - 1);

I
[* REBFEM I =/

List<List<Integer>> subsetSumI(int[] nums, int target) {
List<Integer> state = new ArraylList<>(); // #RE& (F£)
Arrays.sort(nums); // ¥ nums EITHF
int start = 0; // EHiCiAEL
List<List<Integer>> res = new Arraylist<>(); // #RE5 (FEL5)
backtrack(state, target, nums, start, res);
return res;

13-12 Fin 25 k51 (3, 4, 5] FIEFETER 9 A DL LR S R AR E L.

i target
choices = aa BIRAGRE
target =
B imE
@
pel
E=mE

#Bif target EETE

13-12 7R 1 BfEE

13.3.2 TEEHETRIENR

Question

A8 —E IFEEBE A nums FO— 18 EAZIE2E8 target , RHATERIGEMAEE, FREEGFICE
MR target , &EMAIRGERLZEBE LR, BIEOCEN A POEFE R, LBy EELEH
&, PPN EASEEHS,

FEERS A, AR ABRSIRT AL & RREE, U5 THTIORIEE, I, 4w (4, 4, 5] fI A
0, HIBAERABIELES T [4,5), [4,5), BT ERTE

Y R B R RS E SE SR P M S VORI, (21 1313 oh, F Wb E MR, L miEns
A, BEAWEERGRESY, ETHHEE T R, 5 RIOME 4 e T 5.
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choices = B

[4,4,..] [4,4,.]

J

—
13-13 MHE CEERWEE 75

1. HFTRE

PRI, BT ERRBS C R A AR — X, BB KRy HRESIR O
9, BIHAHSETCRECEAHMAT, ERWRE R WIS, HEATRE/ABTHENT, A C iR
i, FtEEEERTTR,

BLLERIRY, ASRERIE RHERES T U REBORIE — K, sEERE, Mt n] DI AR start A 2 s :
EHORE v, 18, RE N WRERG 1+ 1 RGARET, EREREXRRER TS, habilftEREET
=o

2. ERBER

// == File: subset_sum_ii.java =

/> EERE: FEM II +/
void backtrack(List<Integer> state, int target, int[] choices, int start, List<List<Integer>>
o res) {
/] FEMZER target B, F:LERAR
if (target = 0) {
res.add(new ArraylList<>(state));
return;
}
/] ERFREEE
/] BIRT: ¢ start BHMRESS, BREMREEFE
// BRi=: % start BAMERES, BREBEEIER —TTH
for (int i = start; i < choices.length; i++) {
// Bity—:. BEFEMER target , BIEZEERTOE
/] ERAEAMRTIEHRF, BETREAR, FEMN—TEEE target
if (target - choices[i] < 0) {
break;
¥
// BRI MNRZTERELETTRESE, RERIESSTEE, HiZbAE
if (i > start 8&& choices[i] = choices[i - 1]1) {
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continue;
+
// Ef: MEEE, T target, start
state.add(choices[i]);
/] EITT—EmEE
backtrack(state, target - choices[i], choices, i + 1, res);
// [BIR: #EHEE, MIERZgiAvikRE

state.remove(state.size() - 1);
}
[* KEBFEM IT */

List<List<Integer>> subsetSumII(int[] nums, int target) {
List<Integer> state = new ArraylList<>(); // KR (F&)
Arrays.sort(nums); // ¥ nums ETHIF
int start = 0; // EHiLiak
List<List<Integer>> res = new Arraylist<>(); // #&REF| (FEL5)
backtrack(state, target, nums, start, res);
return res;

13-14 /R TR 4,4, 5] MIEEITR 9 WENER, HESTIREERIE, SRR E RS
fitr, MRfPR(EESIERE, DEEBIERIER WM TR,

choices = n
target = JU—

B REE Lotz
ER—&PHEET
&' EREEWBE—R CS‘- (X, 7%
-0F 7 Ja
&_ ‘?O | EERER
[4,5] EETHE
X
N=
FhrerEE
BE— . —
i EEES TR
818 target

13-14 F4EF0 11 [ @A

13.4 n 2/5:E

Question
BB SRR, 250 AREREFRE—1T. —FIE— R LT, 47E n @25 —E
n x n KN, SHERITE 25 2 MREHE LR NRITT 2.
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O 13-15 Fri, & n = 4 8, AT DARBIMER. (CRMEEENAESR, n x n ADIERILE n? @
¥, 4 TITE R choices . TERMEE BEHNEREH, HEBIRREIE B, SERFZILERE
ZAREE state

W W

W W

— —

13-15 4 2JaRHER#E

[l 13-16 J&/R T AR =R MR B REAREER 1T, W5, F—kEEms L ERERNE, ¥
FagR R EEAAR \ AIUCH AIER / WA,

FREER— R A BEEREF AR

X, X W S
RRELER—T — x| Y X LN
=N | 4 |  —

-
N
J
S
R
‘;' \w e A
- ™, | I
X X, D B i
4 R < i
i S /
. ‘ b
X X, ’T”:*i"**””
) i | N o

FRER—F REEFA—THREE

13-16 n 2JERHERFTHR bR

1. F{THRERER
SEHEEMBITEE S 0, RHIRMESES—Edm: U R asriE —E 55,
W, WA ARBORI TR E SRS : 8175, EETHE HEE, HEERR 1T,

13-17 iRy 4 2RFERNZTRERRE. ZEERS], B 13-17 (£ 758 TR HP i,
i HRFAN TG B S AR 1 ARA TR 77 SRETIEAT T B9
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W T8 ] T %] W
BEE 15
(44188) /\ (4488) (4488)
W W ¥ W]
BEE 2 7 ‘1‘"‘
' L]
—* Yy M w M
BEE 3 o= o ‘
‘;‘ W] W
| v [ W w
WEE 4 7 L] ¥ | W v
W ¥ w o[ [ ] W :
W] ] | [ |

13-17 ZATTHCE RIS

EARE BE, BTREREGES ©OErER, s 7 R—THEZE 2R ES 03

2. FIEHARER

2 T RANFIH, T AT DA — 8 R E 2 n (MRS cols itk SR E A Bh. ESRIEIE
i1, BNEE cols FOH L/aRIPETEIR, MAERBHENEEH cols HIRRE,

Tip
FRER, MEMRRESAINE M, HAPTRSIE LRI, SIR5IEEEHE N,

AREE, G o] i S A AR AT SRIE? SEBUIRhIL AR FIIATHIRE 1 2 (row, col) , e RERHH YRR 1 S A 4R,
TR BZ B AR LA FITRS SRS [EAHEE, WEBRMAKR LA row — col ZytHElH.
ks, WRMNERTRE row, — coly = rowy — coly , HIEM—ERER—FI:E AR L, FIHAZ
B, FfMn] DAFEBhIE 13-18 FRAIME] diagsl stk ik EE AR LR EH BN,

IR, KBS ERAR I row + col RMHEME, FMFEIBERT DFEIES diags2 AL M AREY
o
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eEERAR
RERER

CT T 1]

cols

RHRIIRTHER

13-18  FREBIA HANE I BRAT R

3. EXRER

SR, n #EHPEF row — col MEIREZ [—n + 1,n— 1], row + col MEIEZ [0,2n — 2], FDAE%
SRS AR BLE AR 2 2n — 1, BIFE%) diagsl Ml diags2 IREHR A 2n — 1,

// == File: n_queens.java =

/* BIERE: n EE *+/
void backtrack(int row, int n, List<List<String>> state, List<List<List<String>>> res,
boolean[] cols, boolean[] diagsl, boolean[] diags2) {
// ENETFREITER, CiRfig
if (row = n) {
List<List<String>> copyState = new ArraylList<>();
for (List<String> sRow : state) {
copyState.add(new ArrayList<>(sRow));

¥
res.add(copyState);
return;

¥

// EFHFREY

for (int col = 0; col < n; col++) {

/] FEEEFHENEHAENRE B

int diagl = row - col + n - 1;

int diag2 = row + col;

/] BN AAFZIEFAREY). THAL. RERAGLEEER

if ('cols[col] && !diagsi[diagl] && !diags2[diag2]) {
/] ER: BEEREEZIETF
state.get(row).set(col, "Q");
cols[col] = diagsl[diagl] = diags2[diag2] = true;
// HET—1T
backtrack(row + 1, n, state, res, cols, diagsl, diags2);
// ELR: WZETFIRE#AZ= AL
state.get(row).set(col, "#");
cols[col] = diagsl[diagl] = diags2[diag2] = false;
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hy

[* K n 2l «/

List<lList<List<String>>> nQueens(int n) {

}

/] ¥iE nxn K/NRURERR, Hep 'Q' RARER, '#' AR
List<List<String>> state = new ArrayList<>();
for (int i = 0; 1 < n; i++) {

List<String> row = new ArraylList<>();

for (int j = 0; j < n; j++) {

row.add("#");

I

state.add(row) ;
}
boolean[] cols = new boolean[n]; // ZRINEETEER
boolean[] diagsl = new boolean[2 * n - 1]; // ZEHTIHAKRLIETEER
boolean[] diags2 = new boolean[2 * n - 1]; // A EAGLIEREER
List<List<List<String>>> res = new ArraylList<>();

backtrack(®, n, state, res, cols, diagsl, diags2);

return res;

BATIE n Ik, FBIKIH, MRETEREATHIE n. n— 1, ... 2, 1{EEE, 8 O(n!) K
M, B RCERMMRNY, TREAERERE state SHTIIE res , WRRIEG O(n?) RS, [N, SERMIGRIMIHEE
ZO(n!-n?), B L, HRIEEASERIVIE A RIS MY S, RIS R A7 DA E R
R,

W51 state [ O(n?) 4, W% cols, diagsl il diags2 B O(n) 25, BACEERE % n,
 O(n) M@z, Wi, SRMBES O(n?).

13.5 /héE

1. ERSEIEE

- PEERAE RS R, BB s S TR ETUET RS SRR, i saET, 8E

R BRI RIRC SR, B IKEITE MEUER IR AR,

- [EIEAAR M SR R CUAE E SR DR AR ). EEEREE SR E AR, BEBEIw

RRATRIFAFRIIE DR, HIHBGH E—DREE, REIFIZATHUREE, WARSE AR, EalkERE
I 75 TATAH B O o

- [l LS 2 AEA AR, BT TR BB TR, SIRAT DURRTAT R A EAE 23, K

IR THE SRR,

- [ETATE SRR T ] TR AR DA 3 TR A R R, A& e AR B 2R ] DUFT [ SRR AR, (B

[EREREZERVE LN R E S CRiN] 12PN

- EHPIHEE S ST R S TTRIITA ATRERIHES . FRAMRED) —(EIRS AGL B E T R 2 5 R,

B EHIRIR R U RS0 S, MRS EITTRAPOERE R

- AERHPIRES, RESPHFAEEETR, AREHERGHBEEY, RMTEEORHETRER

i L REBOEIE — IR, BB R R SR EH,
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- TEMNEENEEZEATESTIEMN S HEENTE T8, 86 TESTRIER, migsEEd
AT AN AAER, EAEE TR, RITERMRTRERIETHER, MRE — AR E —HY
FERRLAARS, TEMR A i T B A =7 SOEITBIRL

- BRTEMEE, EYRHESTR G EEERRS, BMFRESICHEATRTE R, EEAEE A
TEREGHEEBEIA, MRS TR - L REROEH —IK,

- n REHESESHE n E2ERES n x n RSP ERTTR, ZRATE 250 M f AR
Jio AFEMIKIRIGEFAITAR, SISR, RN AR, R ITH0R, TR T
BN, RESTRE 25,

- BRI A AR R AR T SRRl BRFIFER, A — AR i — SR S E 25, e
TREPRIRS TR E ATE. BIRBAAR, FMFEmMEESA oy pltskaz T, XEAMR LR O
25, HRAERNRHEER —E (BD EALR BRI T Friw e ATAIRT B,

2. Q&A

Q: R B ) B R ?
MERAE, [ “EEIARNET, MEEEAZE—E TR,

- [EEE RS ERRE EE, A, RRRERNERS R, BREEESEET RN,
- IRMEAGSEREEL T R AR, WG, [, BIREEE GLIRRIE) R
%O
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145 EHRERE

Abstract
/INRRE AT, TLIRTRE AN K
EREH SN E R BRI RENE SR, —0 5 [HBRAME MR E R R
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14.1 ¥IREHREIRTY

BREFRE (dynamic programming) & —(EEERHELEE R, i RS A — RV E/ N FRIE, i
BRI E AR B R, e RIEEE AR R,

TEAH, FMEEEMBFEAT, Jeatierg s, BIRHhUSHERTHE, BZEPEH
B B RE R B TR

JerE
fE e n BERUAERS, REEPAIDAL 1 BEEE 2 B8, sERH 2/ 080T 5A] DATERHTH?

qniE 14-1 Fiow, SR 3 BEIERS, Htf 3 M7 5n] DAUEEIHETH,

0

BEES n= o 1 2 3 4 5 6

TetsE 3 [EigiEds 3 BrE:
0515253 , 05253 , 05133

14-1 eZIZ 3 BE 77 8=

AR B K AT RECE, BT AEREIE B IR s R Al REME. BB, RTEHEER S —E%
TREAE AR (CHE At fERIRE L 1 PEe 2 [, SR PR TEAR R T REBEM 1, B
THERIR LR IR, REXCHBUN R RR:

// == File: climbing_stairs_backtrack.java =

/* B %/
void backtrack(List<Integer> choices, int state, int n, List<Integer> res) {
// EIMEEIZE n FEE, ARHEEMN 1
if (state = n)
res.set(0, res.get(0) + 1);
/] ERFREEE
for (Integer choice : choices) {
/] BIRE: AEFHIEE n B
if (state + choice > n)
continue;
/] EFl: MUEE, BHikRE
backtrack(choices, state + choice, n, res);
// [EhE



o
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2

F
/* Te&s: [E «/

int climbingStairsBacktrack(int n) {
List<Integer> choices = Arrays.asList(1, 2); // "EZEELEC 1 Dy 2 B
int state = 0; // %% 0 FERHAIE
List<Integer> res = new ArraylList<>();
res.add(0); // {EM res[0] HBEHEHE
backtrack(choices, state, n, res);
return res.get(0);

14.1.1 FiE—: |higs

(e T R T M A R R A T IR, TR AT RIBRIE B (E — RINIRHP B, @R mois, €
A R RERIf

TRAPIT DA S R S AR £ W, SRS 4 WL dpld] FE/7, TR dpli] R, K
TRRE

dpli — 1],dp[i — 2], ..., dp|2], dp[1]

MR B X AE B 1 PEE 2 B8, RULEIRMUGAESS @ FEMEE B, b— A rTREutE58 ¢ — 1 PEEkEs « — 2 FR
o HATEEE, FAMHRETESS ¢ — 1 BEEES ¢ — 2 PEIEMIE ¢ B

FH I TS H—E E R TeRE < — 1 BEMI T RBUM LIRS ¢ — 2 BENT RBURSRESIE « BEs
£ /N W

dpli] = dp[i — 1] + dp[i — 2]

ERWRE ORI, #0872 FAFEIRAERR, DR DU 7 PSR REE A, [ 14-2
JeoR T AR HER R

dp[5] =dp[3] +dpl4] =8

dpl4] =5

dp[3]1=3

|

BEE#H = 1 2 3 &4 5 6
AEH dpln] = 1 2 3 5 8 13




>
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b

14-2 75 REEIRHER R

TlFIT DB A G EI R BAE, DA dp[n] 2GRS, R MO N A IR 92 (/1N
BRI, EEFE RN TR dp(1) A1 dp[2) BHEE, b, BN TREMRZECHN, B dp[l]) = 1.
dpl2] = 2, FRIEEIE 1. 2 WA AIE 1. 2 M7,

Bl DU RS, A R RS A N IR et =, (EEINGE:
// == File: climbing_stairs_dfs.java =

/x B2 «/
int dfs(int i) {
// BH dpl1] # dpl[2] , REZ
if (A=1111i=2)
return i;
// dp[il] = dp[i-1] + dp[i-2]
int count = dfs(i - 1) + dfs(i - 2);
return count;

}

/* EtEtE: ##2 «/
int climbingStairsDFS(int n) {
return dfs(n);

}

14-3 JErR 7 2SRRI, BRI dpin|, HIEEBIIRES n, REERES O(2"). 8
BRI R R, AR A —E BRI n, AR AIBRASF 2,

dp[9]

dp[8] dpl7]

dp[7] dp[6] dp[e6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[4] dp[4] dp[3]

BREERMNELNFEIREES FRE
RS R ERR 0(2")

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.java =

/* CENES «/

int dfs(int i, int[] mem) {
// B%1 dp[1] # dpl[2] , REZ
if(A=111=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);
// 3% dpl[i]
mem[i] = count;
return count;

}

/* [CiEts: LIBHIES +/
int climbingStairsDFSMem(int n) {
// mem[i] FEERMEEIZE i FERISZRARE, -1 KRERLER
int[] mem = new int[n + 1];
Arrays.fill(mem, -1);
return dfs(n, mem);

BixlE 14-4 , SBCLERER, Fif SR PEBREE K, MEERERELE O(n), B2—M
EORHIREE,

SIS IR ST ANRREHERES 0(n)
ERFEEERFRARFRAE—R
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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.java =

/% [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.java =
[* 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.java =

/* 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.java =

/* [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[i];
a = tmp;

}

return b;
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14.2.2 BB
T BN RE R BB S G AR R R > —, HE A e e IReE, SrRRsEN
BB ATIRAEAT B, T B 48R KT 4 R B e

DATCHEER 7B, #57EihRE ¢, EEsetiiRig i + 1 FRRE 7 + 2, 0BIBIERk 1 PHpk 2 5, 1Efft
TEAEERRRY, FRIMMEZEE ROIRAE « ZATAIRAE, BIMEHARE ¢ FIRRIRARE,

SR, AR BAMAR TEARAS RTEH I — (R, R —4K T

AR TE B
fE A n BEROMERS, REEPRTDLE 1 REEEE 2 B8, fHAREMISIRBE 1 K, s5fA 2/ 0%

A DATESIFETH?

qniE 14-8 o, MEEE5 3 BEER 2 FERIAT/7 S, HABGI =Bk 1 FER77 ST R ARG, BItgEse,

MR TeeEEmEmek 1 FE,
FEAE 051253 WEE N

RS n = 0 1 2 3 4 5 6

MetrsE 3 EREEE 2 &5
=:

93253, 05153

[ 14-8 FARIEEES 3 FERY T REE

(ERRIRE T, 1SR R 1 B AR, IREE T WA 2 B, BRI, R -SSR TR
fE CRERIFTAEMREBO Bscyoe, JRRIRT MRS (LW EHEBEREB0 .
REEEH, R O R R e, MRRBRIRS AR dpli] = dpli — 1] + dpli — 2] WM T, HBH
dpli — 1] FRFEARGEE 1B, EHPES TS L —Hapk LB LA 5E, Mk TREGRE, RMR
RN dpli — 1) EHERT L dp[i] s
B, RIEERRAEER: IR [i, ] FormRLEN i BREH E Rk T R, Hob e {1,2). e
EHRAVOBES T LBk T 1 BERE 2 B, FRlTaT AR BT AR AR e T AR,

M EWRBKT 1 BERE, B AERIERE 2 1, B dpli, 1] RAER dpli — 1,2) EEsiEs,

C MWK T 2 B, b LRk 1 RSB 2 B, B dpli, 2 WTRARE dpli — 2, 1) 8 dpli — 2, 2]

BRI,
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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

dpli-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.java =

[* TEAIRICIERE: ENREFRE] */
int climbingStairsConstraintDP(int n) {
if(n=11 n=2){
return 1;
I

[l #3at dp &R, RAREEEFFREIENRE

int[1[] dp = new int[n + 1]1[3];
/] ¥IEIRRE: FERER/\FRORERVAR
dpl1][1] = 1;

dp[1]1[2] = ©;

dp[2][1] = ©;

dpl2]1[2] = 1;

/] RREEEFS . BV NFRIEZRD KEBRKFRE
for (int i = 3; 1 <= n; i++) {
dp[il[1] dpli - 11[2];
dp[i][2] dpl[i - 2][1] + dp[i - 2][2];

}
return dp[nl[1] + dp[n][2];

£ RHARGT, BERERZHERTE ERRE, R OB @R 2., (E 15 R W 2

R, AT, FEEREAAIREEERN AR,

T PR B e "1 o

ME—EHA n BEROMRS, (REPRILLE 1 BEeE 2 B, BLE RIS AN, REABSES 2
B bk BB, 2 mPTH A Rk EIEE 20 B b, Blan, AR BIBEE] 7S 2, 3REE, AlZ

R REBRZIE 4, 6 B Lo wEMA 2/ D75 5] DITEEHETH?
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FEISERIER, TRBRBRAKEE RATE ARRE, A2 R — Bk & 15 3 = AR R R T fmmge, IR B
HBki, EPRISHERE, BhRERIE R DR,

B E, SRS REMHE (BINRITRIFE) A SRS, BNEEME, JRIMEE gk
ERHAMT I, FlanmEEE s, EEEEA, SRR, [EmfEA RIS 2] A] A s A .

14.3 EhREREIMRERRR

ARG T BN RE R R R A T SRR, A T AR — D PR {18 S P A R

L. Gy — (R A R B RE R B e ?
2. RFENERMBIMEZIEMREAT, 7EREDERZHE?

14.3.1 RIEFIER

RERUACHE, IR AR S R R, BB TR, W R BRSO, IRl & BRI R AR,
SR, BAREEIE R RNA T B R BTS2 . R FRAFIE 5 S R O, BRI &8 & AR )
W (EE) Wk

T8 5 T AR A S R e “DOSRE VR S RERE RT DAGE R A A, o — (A ER AR
—fEERK, B RRERR RS,

HATESE, WEREE S IR RS, I ARSI — RN, AR E RN IR, 8
AT DA P (B A A R
TEUCHERE |, BHRERIEIREIR A — L EH “hnorIE”,

- HEAUERK (N BiRE (0) FRgEAMHIE

- TIREAGIRRERES A — RS, ZHERE BRI AR IR, 3l H— iR 28 B EL o [ AR RE A7 R JEHE R (R
THIEN, thiFfE—L “JorIE",

- R B R T A FTRERIMRIRTT R, TRk R R,

- FERA A HREHE SRR, 7 ERE AR 2677 %,

QRER— A TR R DR SRR SR, i B R BHRART “AnopIE”, ML A] DARGER B B RE SR, A
KRB,

14.3.2 REKBRTER

Y RE R ) AR RS & R R RO E R B R A TN, (D@ HEIE DA NP ER: iRDUR, EFIRRE, HNT
dp %, HEEREEEITRE, MEE RS,

7 T EE SRR AE B, TR — AR SR R MRS AR,
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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
AR,

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,

BRI
// == File: min_path_sum.java =

/* BRNEEEFN: BAOEE */
int minPathSumDFS(int[][] grid, int i, int j) {
/| BEHRELABTE, BjREES
if (A =08& ] = 0) {
return grid[0][0];
¥
[/ &ITHEEIMR, AlRE] +o B
if <0 [l §<0){
return Integer.MAX_VALUE;
+
// 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.java =

/* 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 Integer.MAX_VALUE;
+
// 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]

~..%

dp[zg'l]

~.

14-15 FefEfL i sl i

3. FE=: BRERE

FRIEREBHERERBIRE, B NoR:
// = File: min_path_sum.java =

[* E/DNBRASHN: BHREFRE] «/
int minPathSumDP(int[][] grid) {
int n = grid.length, m = grid[0].length;
/] ¥iak dp R
int[1[] dp = new int[n]l[m];
dp[0][0] = grid[0][0];
/] KREEERE: BT
for (int j = 1; § < m; j++) {
dp[B][j] = dp[BI[F - 11 + grid[0][3j];

}
/] RREERE: 5
for (dnt 1 = 1; i < n; i++) {
] dp[il[e] = dpl[i - 2]1[0] + grid[i][0];
/] ARREEEFS: HERTAIS
for (int 1 = 1; i < n; i++) {

for (int j = 1; j < m; j++) {

dp[il[j] = Math.min(dp[il[j - 11, dp[i - 11[j1) + grid[il[3];

+
return dpln - 1]1[m - 1];



514 E BHRERIE

www.hello-algo.com 300

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.java =

/* ER/NEEEH: TRRECERNENRERE] «/
int minPathSumDPComp(int[][] grid) {
int n = grid.length, m = grid[0].length;
// Wk dp R
int[] dp = new int[m];
/] KREEERE: BT
dp[0] = grid[0][0];
for (int j = 1; j < m; j++) {
dplj] = dp[j - 11 + grid[0][j];

¥
/] 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] = Math.min(dp[j - 11, dp[j]) + grid[il[j];
IF
¥

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.java =

/* 0-1 BE: BHEs «/
int knapsackDFS(int[] wgt, int[] val, int i, int ¢) {
/| EEETMEYRASEERGSE, BREEE 0
if (A =01 ¢c =0) {
return 0;
}
/] EEAEERE, HREREFHALE
if (wgt[i - 1] > ¢) {
return knapsackDFS(wgt, val, i - 1, c);
}
/] EEARBNFBANYG 1 NRXEE
int no = knapsackDFS(wgt, val, i - 1, c¢);
int yes = knapsackDFS(wgt, val, i - 1, ¢ - wgt[i - 1]) + vall[i - 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
‘,!"o\%‘ REHANE 2

dpl[1,-10]

BEBANDG 1

YIemiRsR i 1 2 3 HEEE cap = 30
YmESR wgt[i] 10 20 20
Y)EEE vallil 60 110 120

14-18  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] .

SINGLIRLZ %, WERIEARE BRI, k2 O(n X cap) . BHERTBIR:
// == File: knapsack.java =

/* 0-1 . LEkES «/
int knapsackDFSMem(int[] wgt, int[] val, int[][] mem, int i, int c) {
/| EEETEYRASEERGSE, BREEE 0
ifF(A=01c=0){
return 0;
+
// EBEHRLER, AEERE
if (mem[i][c] != -1) {
return mem[i][c];
+
/] EReEERE, AREEREFHANE
if (wgt[i - 11 > ¢) {
return knapsackDFSMem(wgt, val, mem, i - 1, c);
+
[/ FABEFRBRANNBANY@m 1 WRAEE
int no = knapsackDFSMem(wgt, val, mem, i - 1, c);
int yes = knapsackDFSMem(wgt, val, mem, i - 1, ¢ - wgt[i - 1]) + vall[i - 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

B REEH dp[2,10] o WREE > KasE

?ﬁ REHAME 2

% of

dp[1,10]

& BEBND®R 1
o = *

YImRsR i 1 2 3 HEESE cap = 30
MREE wgt[i]l 10 20 20
YEEE vallil 60 110 120

14-19 0-1 & QSRR IR 8 2R i At

3. HE=: BRERE

BREREIEE R EE TP IHSE dp RAVERE, BEXUTR:
// == File: knapsack.java =

/* 0-1 B8 HERE «/
int knapsackDP(int[] wgt, int[] val, int cap) {
int n = wgt.length;
[l Mk dp *
int[I[] dp = new int[n + 1][cap + 1];
/] KREET
for (int i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
/] EBeEERE, IfEYHE 1
dp[illc] = dpli - 11[c];
} else {
/] FENBEYISE 1 EmESENRAE
dp[illc] = Math.max(dp[i - 11[c], dpl[i - 11[c - wgt[i - 1]] + valli - 11);

h

return dplnllcap]l;

QTE 14-20 AR, eI AR RE AN 2 MR E AT I RS dp R/hBE, B O(n X cap) o



T
or

14 E BhREHE

5

www.hello-algo.com

- 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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- a @& “ - a B n
ER wgt {H{E val el o 1 2 3 4 EE wgt (W val el o 1 2 3 4
wgt[i-1] valli-1] ] [} [} ] ] ) wgt[i-1] valli-1] ] ] ) ) ° ]
1 5 [} 1 ° 55 5 5 1 5 9 1 5 5 5
2 11 * 2 [} * 2 11 * 2 o U
3 15 - 3 0 3 15 - 3 )
aen—mncren o - (D EDEDEDED aen-mncen o - (R EDEDEAED
) BFESRE 1 = 2 17, BITRESS BIFERE i = 2 17, ETEREEE
Step 3 Step 4
£ - - [ ] n - - [ ] n
EE wgt {HfE val el oo 1 2 3 4 EE wgt (HfE val el o 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 17, ETRESSE SERERR, EFI dp REFNHRE i - 2 WAER
| Step 5 Step 6

14-21 0-1 B MR RIS B E @

EREANS B, FRIMEF L] dp B —4E ¢ EFEMIPR, 7 A pole R 5 o 2 18 5 28 5 Bl -
// == File: knapsack.java =

/* 0-1 B8 THRECENEIERE] «/
int knapsackDPComp(int[] wgt, int[] val, int cap) {
int n = wgt.length;
[l etk dp *=
int[] dp = new int[cap + 1];
/] ARREETS
for (int i = 1; i <= n; i++) {
/]l BIFE
for (int ¢ = cap; ¢ >= 1; c--) {
if (wgt[i - 1] <= ¢) {
/] FEFNEYISR 1 EMEARNRAE
dplc] = Math.max(dpl[c], dplc - wgt[i - 1]] + vall[i - 11);

F
¥

return dplcapl;

14.5 T2 H 8MHRE

TEAHH, TRy —EE RS aE: 228, Hmern—ERG: Tk
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14.5.1 25 8RH&E

Question
BE n @&, B EYSNERS wet[i — 1], BER valli — 1], M—EFES cap W&, &
Bl AR SGRE, M7ERE S OAE FEMAY SR KEE, RE0E 14-22 fir,

e B8 {HE SesE
i wgtl[i-1] val[i-1] cap = 50
1 10 50 o 1 —

2 20 120 . x2  — m
3 30 150 &

4 40 210 ¥
5 50 240 (>

=RAEE: 290

BEAR: §—E @ IRE = BASE
HiLA 50 HRAE

14-22 seen WRERREER

1. BREREIBER

SE T BN 0-1 AR AL, WML PRI AL B L

- AE0-1 HEMES, YA, BRI AR, HEERERT ¢ — 1 [EYs s,
- T UMET, SRS BERZERE, FIEYE AT R, il BARERT ¢ fav e,

fER T HMENRE T, RE [i, c] WEML T R MBI

C ORI BLO-1 PR, WA [ — 1, ).
BN i B0 ISEMEARR, #EE (i, c— wgtli — 1]].

TR REE RS 7T RESE 7y -

dpli, c] = max(dp[i — 1, ¢|, dp[i, c — wgt[i — 1]] + val]i — 1])

2. EARER

BLEmIEE H AORECHS, KRB E &It — 1 8%, Hipme 8
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// == File: unbounded_knapsack.java =

/* T2EE: BREHRE +/
int unboundedKnapsackDP(int[] wgt, int[] val, int cap) {
int n = wgt.length;
// #%ak dp &
int[][] dp = new int[n + 1][cap + 11;
/] KREER
for (dint i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
// BBBREERE, AfEYR 1
dp[illc] = dpl[i - 11[cl;
} else {
/] FEFNEYISRE 1 EMEARNRAE

dpl[illc] = Math.max(dp[i - 1]1[c], dpl[illc - wgt[i - 111 + valli - 11);

}
}
return dp[nllcap];

3. FHRER

HRE ARG R /B Lig AR A TR Ry, Rt s E IR dp #rb S —T®ITIERE

%O

EMEEFINEF I 0-1 B RIELHS, FHFEBIIE 14-23 AHRME I,

) - a B U
EE wgt {H{E val el e 1 2 3 4
wgt[i-1] val[i-1] 0 ) 0 [ 0 )
T e
2 11 ¥ 2 [}
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

EE wgt H{H val c

wgt[i-1] val[i-1]

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.java =

/* 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.java =

[*x TR BRI +/

int coinChangeDP(int[] coins, int amt) {
int n = coins.length;
int MAX = amt + 1;
/] #EE dp &
int[]1[] dp = new int[n + 1][amt + 1];
/] REERE. 51775
for (int a = 1; a <= amt; a++) {

dpl@][a] = 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
dplillal = dpl[i - 11[al;
} else {
/] FEFEEE 1 EmEARNBIME
dplil[a] = Math.min(dp[i - 11[a]l, dp[il[a - coins[i - 1]1] + 1);
}
+
+

return dp[n][amt] !'= MAX ? dp[n][amt] : -1;

14-25 JeoR 7 ZER IRV ENREIENERE, Mseeh tREIEFEARLL

8 &4 & & 8 & & ¢
Rt i SNl e 1 2 3 4 R HfE Nale 1 2 3 4
coins[i-1] ] i coins[i-1] 0 ) MAX MAX MAX MAX
1 1 @ 1 1 @ ! 0
2 2 @ : 2 2 @ - 0
3 5 @ 3 3 5 @ 3 0
WHESR n-3 Bif&H amt = 4 WEEE n-3 EiSEE  amt = 4
MEURTS (n+1) x (amt+1) B dp JERE AW ETTS max = amt + 1 | EHFIB 0

Step 1 Step 2
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5 & 6 6
=R EfE h 0 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! o 1
2 2 @ - 0 *t
3 5 @ | o
KRG

#:
dp[i, al] = min( dp[i - 1, a] ,

dpl[i, a - coins[i-1]] + 1 )

[ Step 3
s & & 6 6
MR [ K ) 1 2 3 4
i coins[i-1] 0 0 MAX  MAX M?X MAX
1 1 @ : 0 1 2 3
2 2 @ [) 1
3 5 @ 3 0
s
d‘p[i, al] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1)
[ Step 5
5 & & 6
=R mfE h 0 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! ° BN - 3 4
2 2 @ 2|0 1
3 5 @ | o
HRREE
#:
dp[i, a] = min( dp[i - 1, al] , dp[i, a - coins[i-1]] + 1 )
step 7
s & & 6 6
R EfE 3 ) 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 GD 1 0 1 2 % 4
2 2 @ - 0 1 1 2
3 5 @ 3 0 =
R
#:
dpli, al = min( dp[i - 1, a] , dpli, a - coins[i-1]1] + 1)
[step 9 |

s & & 6
R il h ) 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! 0 1 2 3 4
2 2 @ 2|0 1 1 2 2
3 5 @ | o i
KRGS
#

dpli, al = min( dpli - 1, al ,

Step 11

dpli, a - coins[i-1]] + 1 )

i 4 & 6
& EfE el 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 1 2
2 2 @ - 0 *1
3 5 @ | o
HRREE
®:
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 )
Step &
i & & 8
R EiE N e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 o : ] 1 2 3 o
2 2 @ » ] 1
3 5 @ 3 [
R
#:
dpl[i, al = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
Step 6
i 4 & 6
R EE Nal e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 3 1 ; 3 4
2 2 ® 2|00 1 1
3 5 ® 33| "
KRR
#:
dp[i, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 8 |
s & & &8
Eot EfE Nale 1 2 3 4
i coins[i-1] o 0 MAX  MAX  MAX  MAX
1 1 @ ! [} 1 2 3 3
2 2 @ [} 1 1 2 2
3 5 @ 3 [ i
R
#:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
'step 10
: & & 6 6
R EfE SNal e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! 3 12 3 4
2 2 ® 2|e¢ 1 5
3 5 @ : ] 1 1
KRR
#:
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )
Step 12
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5 &4 & 6 5 & & &
=R EfE el 1 2 3 4 (] EfE el 1 2 3 4
i coins[i-1] [ 0 MAX  MAX  MAX  MAX i coins[i-1] ) [ MAX  MAX  MAX  MAX
1 1 @ ! 0 1 2 3 1 1 @ ! 0 1 2 3 4
2 2 @ 2|0 1 1 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.java =

[* 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];
Arrays.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], dpl[a - 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.

iReR EfE
i coins[i-1] BiEEE
amt = 5
1 1
2 2 $
3 5 (5]
EEASHE: 4
EASHR: + + + +
+ + +
+ +

14-26 ZEETHARTE 11 R AIE R

1. BREREIEHE
FAHEH b, A E SR AR, [ RIS B 0 ARt R o IALABUR. T dp
FORBR 2 (n 4+ 1) x (amt + 1) (-4,

ERIRABAIAL & B SR B R B A B WO AR IR A B 2, SRR RS 77

dpli,a] = dpli — 1,a] + dp[i,a — coins[i — 1]]

B HESEA O, MZDRIBEAEEAI S BReH, BB ESITE dpli, 0] #uhts 1, B
R, SEEIER > 0 MBS, HEETHE dpl0, a] R0,

2. EARER

// == File: coin_change_ii.java =

[*x BRI I1: BREREI «/

int coinChangeIIDP(int[] coins, int amt) {
int n = coins.length;
// ¥iatk dp R
int[]1[] dp = new int[n + 1][amt + 1];
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!l B ES
for (int i = 0; 1 <= n; i++) {
dp[il[0] = 1;
+
/] KREEETS
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] BEBBEIZEEEE, AfEEE 1
dp[il[al = dpl[i - 1][al;
} else {
/] BEFRFE 1 EmESRZM

dp[il[a] = dp[i - 11[a] + dp[il[a - coins[i - 1]];

}
}
return dp[n][amt];

3. FHRER

e E AR PR 7T T A, R P e 2 R
// == File: coin_change_ii.java =

[* ZEFM 11 TERECRNERERSE «/
int coinChangeIIDPComp(int[] coins, int amt) {
int n = coins.length;
[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



14 % BhRERIE www.hello-algo.com 318

Question
HPE T s 1 t, IREK s A ¢ rasiE/ D a8,
VRA] DATE— {8 7 BB FhofEA T = REAm iR e A —EFoT. MBR—EFoT. HEoEisttE—E50,

Nl 14-27 R, fF kitten My sitting FREMTHE 3 20, TG 2 DO BURIEE 1 JUBTIEIR(E; 1 hello
W2y algo T 3 4, QIS 2 SO HRIRIERN 1 IRIMBRIRIE,

s- E0800 s- (80080
lgm lﬁﬁlﬁﬁ m%llsﬁlgm
Gl o] oDoo

- BE88080800 - (3E80

14-27 SRARBEAEAY R IIEOR)

A AR AT DR BRI DUR BBV iRE, R IER IR, —HRDUR (—IRATHIRIE) BRI —
g,

qniE 14-28 FoR, EABRFERIEAIEICT, SEERHERR URAE HFF 20508, SigEE —ERiE, SRk
FHIE hello HHRF| algo HiF 2 AT REAYEETE,

TERRRI R, AR ESE R ARG hello METE: algo < MIHYEIEIETE,

14-28  FLJRIRAR BRI R S i PR A Rl R
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1. BHREREIBER

B BERRORE, ERINGE, Rmesl dp &
BRI T s T XA,

TR AL IHREIERER, PSRBT, A AR TR, 3250 s M £ ORISR n
film, % A R IE sln — 1) F1 t{m — 1] .

- i s[n — 1A t[m — 1) HER, TR ABOBE, EEEE sin — 2] F1 Hm — 2] .
C #s[n— 1 A t[m — 1] R, RIEES s 8T REE GEA. MR, iR, FERTE RS
FIEAIR, FETTAT ABOB M, % R N R,

s, FFMETH s PIETHEmRR (GRiERE), MEHERE s ¢ PRIERRIRFILAC T3 R L,
Ktt, ARREZERITE s F1 ¢ HhB AV ¢ FI58 j 57T, &% [1,7].

YRAE [i, j] SRERO TRERE: 9§ s O ¢ MR EREs £ IR § MERimi D
S, BE RS (1) x (+ 1) 4 dp %,
o PR TR, TR RS R

208 TR dpli, j], HEBEITET RS s[i — 1) A ¢[j — 1], AORSR R AR SR 5 2
14-29 FiRHY = REIRH.

1. 16 s[i — 1] 24%H t[j — 1], BRI TFRIE dpli, j — 1],
2. WBR s[i — 1], HIRISKTRIE dpli — 1, 4]
3. W s[i — 1) Bt i — 1), BUEIBR FRIEE dpli — 1,5 — 1],

EREPHLE e

00000
(c[o]d]e] (c[o]d
dpli, j-1]
fE% k
s - BB0OC 080
‘- (T ]
dpli, jl dp[i-1, j]
1 k #in8 e
(b]o]o]e]
(cJold]e] (c]o]d
dpli-1, j-1]

[ 14-29  HiiE AR RETE S

FROEDA L5V, ISR TA5HE: dpli, j] BRGSO dpli, 5 — 1] dpli— 1, 4] dpli—1,5—1]
SHPIR RIS, FI AR 1, SRR R
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7

dp[lhj] = mln(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.java =

/* HmEEEERE: ENREFRE x/

int editDistanceDP(String s, String t) {
int n = s.length(), m = t.length();
int[][] dp = new int[n + 1][m + 1];
// REEERE: 851785

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

dpl[il[0] = i;
Iy
for (int j = 1; J <=m; j++) {
dp[B1[3] = 3J;
}
/] ARREEETS: EHERTTAIS
for (int i = 1; 1 <= n; i++) {
for (1nt j=1; j <=m; j++) {
if (s.charAt(i - 1) = t.charAt(j - 1)) {
// BEmMFTEE, AEEEILEMTFT
dp[il[3] = dp[i - 11[j - 1];
} else {
[/l RVERESE = HA. bR, BRE=FRENRVREETEH + 1
dp[il[j] = Math.min(Math.min(dp[il[j - 11, dp[i - 2]1[31), dp[i - 11[j - 11) + 1;
¥
+
I

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.java =

/* 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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/] IRREEEFS: HER(T

.F

h

r

}

or (int i =1; i <= n; i++) {
/] KRR 57
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.charAt(i - 1) = t.charAt(j - 1)) {
/] 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]
+
eturn 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

AR, RCRIRAR, BT AGIRAAS, AT A AT at RS A 7 R, 1E OR s s A T
EABE R IR,

- RefEfe =R R TH KRR U, B 2 SR B e R — MR B THAE UL, A

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

TR B SRR, TR G A Eh AR PR iR

GG

HHMERRIVEIEREINE S —, BA0-15H, BeEH. LETEEFEEM,

- 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

ARREMGRAIE T RIIEZE 7T BOARRE, (R MAE s Pl B AL P I I 7 E 3

- 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,

BiIRE8R HEHEE. AREEAAR ER RS HENEE
131
:
31 J— .
¥
e U
¥
:
N R -
”
’ (1)
0
[l 15-1 TRy 2 Rng
BT AR:
// = File: coin_change_greedy.java =

[* ZERM: BF «/
int coinChangeGreedy(int[] coins, int amt) {
// 8% coins EFIERE

int i = coins.length - 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



HFIoE &

s

www.hello-algo.com 329

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.



H15E BE www.hello-algo.com 330

W EE fHfE

i wgt[i-1] val[i-1]

1 10 50 ] BAER HazEE
2 20 120 20 cap = 50
3 30 150 B ™~ m
4 40 210 bd 30—

5 50 240 (>

BAEE: 120 + (30/40)x210 = 277.5

BESE: BRE A 30 58 ¥ pAEe
H{EM 50 HEAE

15-3 P BUE SRR G R

SRS CLRIREA O-1 75 CLPAEACRE FAERAE0L, KBRS AT | AR o, EEERIE S RAR T
N
RFBHER, ABAT RGN 5y, W6 154 Fis, BPio SUEHms e eiTYI5y, kit
B st S .

1 SOAYIR TSGR R RIS valli — 1)/wgt]i — 1], BRSALEIE,

2. [ER A i, ER w, B EMIIEES w x valli — 1] /wgt[i — 1] .

RN EE HE BEE
val[i-1]
i wgt[i-1] val[i-1]
wgt[i-1]
1 10 50 5 ) B BRI Hanm
ENER BIEE MnEE
2 20 120 6 _ e
va -
3 30 150 5 & Yo gtlicll u
4 40 210 5.5 %
5 50 240 4.8 7

15-4 PyinfE A R B NYEE

1. ERIREE
RAMHE RN RREE, AH BREACEA R FRYSMELL, I r] R E 15-5 FroRi s
[

L ¥t SR BN EE T s EHROETHER
2. FEFAATEY)SL, e AR B A AR S P
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3. HHIEREHARANE, RIEEHE R RE— BT B

R EE HE BEE

. . . val[i-1] RSB EE
i wgtl[i-1] vall[i-1] wetlio1] PEPHEEE

2 20 120 6 2
¥
4 40 210 5.25
R
1 10 50 5 ¥
3 30 150 5 &
5 50 240 4.8 -

[ 15-5 o3 80H B B A TR

2. ERBER

BEREEURETSIYR

BATEENL 7 —EY) e Ttem , DAREREY SIS IR B B EDEITHE . EME T RAERE, EHuaimkk

H SR (B -
// == File: fractional_knapsack.java =

/* Y& */

class Item {
int w; // YIREE
int v; // YwEE

public Item(int w, int v) {
this.w w;
this.v V;

}

/* DEEE: 8 «/
double fractionalKnapsack(int[] wgt, int[] val, int cap) {
// BiYmey, eamEBY: =8, EE
Item[] items = new Item[wgt.length];
for (int i = 0; i < wgt.length; i++) {
items[i] = new Item(wgt[i], vallil);
¥
// REREBAIEE item.v / item.w HSIMLETHR

Arrays.sort(items, Comparator.comparingDouble(item -> -((double) item.v / item.w)));

//Llﬁ”ﬁﬁ
double res = 0;
for (Item item : items) {
if (item.w <= cap) {
/] BREBGRERE, IKENYREEREESSE
res += item.v;
cap -= item.w;
} else {
/] BRBGAREFRE, REYRN—HoEES
res += (double) item.v / item.w * cap;
/| BERGAZE, FIBHTE
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break;

return res;

hy

W HE 7 AR IR AR 2 O(logn) , SHEMEER % O(logn) 8 O(n) , BIRRERGES
A EREE B,

BRHEE 25, TERENILT, TEEFHEMEYMHT], FREEHES O(n), Hrbn 290E80E,
HIRFIGGIL T — 18 Ttem ¥fFeRsl, KBLBRBEAEELS O(n) .

3. IEFEtEsEEA

PR Bah v REAEER SO, ERXEEERGRAEES res, HBHIUEY
To

BUEEH B B R AERY S, WERARMERNYS . RS « WEAEERS, Fite
RIVBEE—ERIA res o T res REEFTE, SIRERPLALETN © .
BN R A, PR DS ER P G, RISz, FAMEEE R Sh R R,
HH B AR SR R A R

niE 15-6 FfrR, Q0SRGRA) b EE BRI S B (70 BB 1 — ok AR R A R AN A, S0 o> B0 R T
P2y “SRAEA PRS0 T [ RA BRI SRR LT DR BRI A8 (T Ay L B A BT AE SR (1 2

o

it

-

MREEE
5.25 5 5
% o & (S
YREE
40 10 30
50
A saER

15-6 8 BRE A RR
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15.3 RAB=RIE

Question

g AN— ] bt , HHESETERR—EEERRNEE, HIHREERERR, AR EMz
B =3 i ] DAAE R — 525

A A BEFREEMRERNFME (HfE), HiSEHBENRERIE, M E R EE RS |
ZE,

FHTERA RN ERENR, FEREARNASRNARERRK, RERAKAE, REIGE 15-7 i,

bl

e B N W B U N ®

S
[y
[
w
&~
(L]
[=)]
~

[ 15-7 BRRA BRI R

AR AR AL, RIAERGIRE 2 MR AR ARG ], L% [4, ]
HURER, ARENEERUEE, HrhmEdERIE, SERMRIRNESIR 22, AR5 capli, j]

. TS Et AR
capli, j} = min(ht[i], ht[7]) x (j —1)

SEMEI R %, FERIRAAL A ROR GIREEAER0 2 C2 = 2 mersisty, SRVl BASSSRR AR
RE, HEMiRIHRAAR, RIS O(n2) .

1. BERBEE

SR AR, W 15-8 R, BUBE—EIRAE [1, /] , HUNERS1i < j B ht[i] < htlj]
B i 2R, § B ERIR

)
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S B N W PN
pe—— < e
—— <\

i Bl ] B/ER

ERIAE cap = min(3, 4) x (7-0) = 21

15-8 WIURARRE

aniE 15-9 FvR, SRR j R ¢ SRk, WA R—a 8.

ERRNDHEBERN § 18, BE j—1 §E8/); MeElERRE, FHitsER g erg G hakEm) 5L
N (BRI § AR o

8

7

6

5. .
| ;
3

2
1EEEEER
: |

e 1 2 3 4 5 6 7

HRBERERER, BE—E
ZRIAE cap = min(3, 3) x (6-0) = 18
15-9 MNBEIRRZIIKGE

i, BMAmRNBEERR o, AATREEA RS, HAMARTE T/, HEElReEEAn
BRAVEN ¢ FIREEEER) . BIUNTER 15-10 H, BEERRHEEEER,
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—— <\

i

A
8
7
6
5
4
3
2
1
0

(7] 1

2 3 4 5

FPBENER, BEFHEEX

EHEE cap = min(8, 4) x(7-1) = 24

15-10 NS EIREAR IR AR RE

P I AT A R B A SRS . RIAGIL IR ER, B S as i, R A PR RAR B R TR RS, B

EELELEDEN

15-11 foR 7 BRI A T I AL

B

| Step 1 |

KR

Step 3

S kR N W s O O N ®

S kN WS O O N ®

MEIER 1, § , EROTIRSIRG, FEBAME res =

] 1 2 3 4 5 6
EHEE cap = min(ht[i], ht[j]) x (j-i) = 24
RABE res = max(cap, res) = 24

WFHAARRETS, 4845 4 F1 5 251 BE5 it
AHEEATRREI AR capli, j], WMEHRAR R,
Eeget « FOMR j RO, RS A RS B —4%
EESITE 2. FE 3.8, BE 0 M J HIBRETR,

KR

S Rk N W F O O N ®

Step 2

it

S Lk N W H O O N o®

Step 4

j
’ v
i
] 1 2 3 4 5 6 7
EiEE cap = min(ht[i], ht[j1) x (j-i) = 21
BABE res = max(cap, res) = 21
i
v
| 3
v
o 1 2 3 4 5 6 7
ERIBE cap = min(ht[il, ht[j]) x (j-i) = 15
BABE res = max(cap, res) = 24
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< He

< He

8 7 8 7
w7 HR 7
6 6
5 5
4 4
3 3
2 2
1 1
o 0
[ 1 2 3 4 5 6 7 [} 1 2 3 4 5 6 7
HHBE cap = min(ht[il, ht[j1) x (j-i) = 28 EHIEE cap = min(ht[il, ht[j]) x (j-i) = 21
l Step 5 BABE res = max(cap, res) = 28 Step 6 BABE res = max(cap, res) = 28
i i
v v
8 8
7 7 .
‘ | : :
5 ER s
4 . 4
3 J 3
a2 2
1 | 1
o o
o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
HHAE cap = min(ht[il, ht[j]) x (j-i) = & ERIBE cap = min(ht[il, ht[j1) x (j-i) = 5
l Step 7 BABE res = max(cap, res) = 28 Step 8 BABE res = max(cap, res) = 28
ij
v
8
7
6
5
4
3
2
1
]
0 1 2 3 4 5 6 7
- i8R 1 B 5 1EE,

Step 9 . BRHAREE, EERASE 28

15-11 mARAERMEN B

2. ERRER

ARSI E R n dh, FUEREBHEEZ O(n) o

B j. res (EREBOUNORESMEM, KBRS O(1) .

// == File: max_capacity.java =

/* RRBE. B «/

int maxCapacity(int[] ht) {
[/ ¥atk i, j, EEDHIESIMNS
int i = 0, j = ht.length - 1;
/] VERABES 0
int res 0;
[/ EEEEEE, EEWREE
while (i <

i) A
/] BRAEE

(=)

g " St
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int cap = Math.min(Cht[i], ht[j]) = (3 - 1i);
res = Math.max(res, cap);

// B ERER

if (ht[i] < ht[j]) {

i++;
} else {
J--i
}
I
return res;
I
3. IEFEM$:ERA

ZFU B Es B, R A SR EEENE Pui” —SiRE,

FEANTERRRE capli, j] F, @ ZRIR. J RRiR. & EZHURIGHR ¢ N8 —i%, E8%0E 15-12 FRmikeE
W UBRE”, EEWE 2 REEAE S IR E RN,

CCLp[i,i-l— 1],cap[i,i + 2]7 ,C&p[i,j— 2],cap[i,j— 1]

capl[e, 7] capl[1, 7]

caple, 6] caplo, 5] caple, 4]

caple, 3] capl[o, 2] cap[e, 1]

15-12 BEEfESkE AR RE

BlsaEsl, ey rR B E PR ERUSE R j NBEINFAIRE. MM eEEHNE R &
LR, s, WERrGRERTrIRERRER, POl el &S BEni n .

DA b #raei, MEERARIER “Ze” 1Y, BERIEE A,
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15.4 mAYIS FiRRE

Question
HE—E RS n, KHY)D 2O WEERENMN, RKUDBREEERNRERAZZ/D, WIE
15-13 Fii7Ro

ENEEB n , R max{ngxny xngx..xng_o%n,_q%xny)

15-13 &K1 FerEnI e &

et n V15> m ABEIR 7, HAs ¢ MR 7R n, ,

m

=1

AER) HAR RIS A BN TR AR, H

PMTEEHZNR: VIDEE m EZ2R, 8 n, BxEz/0?

1. BEHERETE

MRARASER, WIEREEEOFRAE L E MM E R, B n ol —MEEF 2, AIEMEsRES 2(n — 2)
o BIMHFRZIRAEE n (FLLEL:

2(n—2)>n
2n—nm—4>0
n >4
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GniE 15-14 R, En > 48, J1rH— 2 BREEER, EHRIIRRFR 4 K BHEREZSD)IT

BARRIE—: WIRVIDTIRPEE > 4 MET, R EEZEAERY)y. BEHYID TR AEEE 1, 2,
3 E=HER ¥,

N
=
=
1
N

(=]
==}

n: 4 8, 58 2(n-2) 2 n
AERETDHRIAEEFE 1, 2, 3 BF

15-14 Y EBERIEER
B TIASRERE R T 2R BN, /£ 1. 2, 3E=MEFH, R 1RREN, HA 1 X (n—1) < n K
Sz, BIPIOr 1 S & S EORAER N
GniE 15-15 FR, En =061, A3 x 3> 2 x 2 x 2, EEKEVIZN 3 U5 2 HisE,

BANRI . U RT, RS EREGEME 2, FRH = 2 82 R ZME 3, MRS E KRR
FHo

BEEEDME 2 &, EEEmhEramE 3

15-15 &EYI7 AT

ok BRTIE, FIHERLH DUN B AEERI,
L WARE N, RHEAEMYIDHET 3, EEMREE 0. 1. 2,
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2. EEREUS O, AR n @ 3 IREEL BT R,
BRI 2 Wy, AREEEY, RE
4. BB LR, HR2Xx2>1x3, HILERRE—E3 EHhA2,

w

2. IERRER

qniE 15-16 AR, MRS BRI 2B, mnl DA MERERG2] 3 NES o , FHERBIERR
FIGREL D, WA

n=3a+b

TR, R n < 3MBFRIEN, LERSE-EL, #BEA 1 X (n—1),
// == File: max_product_cutting.java =

/% RAYUIDFE: 8 +/
int maxProductCutting(int n) {
// & n <= 3 K, HEJDSH—E 1
if (n <= 3) {
return 1 * (n - 1);

+
/] BEMTINH 3, a A 3 WEH, b ABH
int a =n/ 3;
intb=n%3;
if (b = 1) {
/] EBHEAE 1K, §—%H 1«3 #Bks 2 x 2
return (int) Math.pow(3, a - 1) * 2 % 2;
¥
if (b = 2) {
/] EiFEA 2 B, FMHERIE
return (int) Math.pow(3, a) * 2;
}

/] EiFEA 0 B, TMHRE
return (int) Math.pow(3, a);

B8 b af@ 3

n=3xa+bh

15-16 w AV FAERIEHRTTTA
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I P BRE E B DR P sl SRR R BB 7L, DL Python 261, W ARG B EUE =L,

- JEET xx FIEE pow () WRREEAEEZSZ O(log a) o
- B math.pow() PIERIFAY C 35S AT pow () BRI, HBITIZBEEE, WRIEMER O(1),

S0 o 1 b R B MO NIRRT, RIS BARIE 2 O(1)

3. IEH#1%:EHEA

HERRFEE, Rt n > 4 BB,

L AR < 3 BRREEVIS T RPEE > 4 WEF o, WE—EA] DU HAESESE 2 2(x — 2) ,
TEMERER (B KIRME, ERERETE.

2. UInTigAuE 1 BERREVIDTRPFEERT 1, BEE—Er LGB IR 7, A
JERS ORI, SRR E,

3. VInTiRm B W Wi 2 : (REkmEY) 7T RS =82, 0B —En] DU amifE 3, FAEER,
SRR &,

15.5 /i

1. ERiEEE
- BBHEETREE AN R SR, HRBUR R B A TR RS B (T I i B TRER,  DASIIE
(EEctdénodl JiiN
- BEETAEIE A — A A B AR, AR A A R R AR BN TR, B
fe] REAR AT

- R R AN, R RN, MR BIREAIE, SR NSRS A R
fi5,

BB, B S, AR AR SR A B 5 A A & IR
R, UL TR BRI,

AT R R R L ORI SRR A TR AU R AR
W 2

- OBHRSLEYRRR, EAEEE E A R, MR, BOEAS, GBS,

CORMRERIBE RS A AN, W RN, IEREMEE, Eh e AN L B,
Al M T S

- VBRI 0-1 TR b, ARV, AT SRR, EESRIGHY
e T LA P 38 DA,

- ERA RN SRR, BRI O(n2) . BB, SHRANBEER,
YR RIREARI L EEALZE O(n) o

- ERAYIS TR, B G I AR > 4 IR, RETISE T
%3, RSO AR, BRI IR RSB B TS, 8% O(1) 5t Ologn) .
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16.1 X HIRIERE

16.1.1 #FE IDE

HEEEGE BT, R VS Code ERAMILSFIFEEE (IDE), #iftl VS Code B, MIRIEERFIEEM
JERRAE) VS Code AT FHEUFIZEE,

Q% OO0 F :

Visual Studio Code Do ¥ Download

Code editing.
Redefined.

Download Mac Universal
Stable Build

Stable Insiders

mac0s Universal
‘Windows x64 User Installer

nnnnn

e K Ie

.rpm

0417 ©OAO K1 © Gatsby Develon (gasby-oraph-apo)

8 .
mecan 2 ks 1
T# VS Code
Run and Debllg BUNT-IN Git Extensions

16-1 fEE# TH VS Code

Other downloads or open on web

IntelliSense

VS Code A BARBREARBRG, XFRZHRNGESWPITHERSE, LA Python 26, % “Python
Extension Pack” g 21%, BIAIEST Python #ENNERREE, 24P ERANE 16-2 R,


https://code.visualstudio.com/
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[ Extension: Python

Python Extension Pack .70
Don Jayamanne | <> 7,005,466 %k % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable [v Uninstall [v O

This extension is enabled globa

n Pack DETAILS
udio Code extensions fo...

Du;\ J;ya & Extension Pack (7)
RERTTINRE

Python Environment Manager wnn  autoDocstring - Python Docstring (

_r.

Extension

Python

;ﬁxmgﬁmﬁ I

m Python 84K * 5
P

@  shirc Install

Jinja

Python Extension Pack

Install.  /\

p I Python Extended

16-2 %% VS Code /R

16.1.2 REEFESIZIE
1. Pythonigif

1. F#fiZ4E Miniconda3, % Python 3.10 BEEHHRA,
2. 1£ VS Code M7 DIRETT G HIEE python , %% Python Extension Pack .
3. (A[) 7Em2HEi A pip install black, ZERFEHRAIMLTH,

2. C/C++IRIR

1. Windows R&#asELEE MinGW (HLEZGE); MacOS B# Clang, fZHZEE,

2. £ VS Code MEFAINRET HHIER c+ , Z#E C/C++ Extension Pack .
3. (A1) BARK Settings E i, %5 Clang_format_fallback Style F&2zUHEH% =X (k% I1H,

{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach }.
3. JavalzRig

1. F#Ei%%4E Open] DK (AR W2 > JDK 9),
2. 1£ VS Code WIHEFTIHET G 18R java, %4 Extension Pack for Java .


https://docs.conda.io/en/latest/miniconda.html
https://sourceforge.net/projects/mingw-w64/files/
https://blog.csdn.net/qq_33698226/article/details/129031241
https://jdk.java.net/18/
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4, C#HIRIR
1. F&EZ2EE Net 8.0,

2. 1£ VS Code HHEFEIHRET GRS R C# Dev Kit, 2% C# Dev Kit (AlE#H),
3. tA[{# A Visual Studio (245041,

5. GoIRiR

1. TGl %24 go .
2. 1£ VS Code HRFEHRER TR go, %% Go,

3. ZIREERE Ctrl + Shift + P BHEMSMW, WA go, #i%¥ 6o: Install/Update Tools, &HBZE

A2z & RIAT

6. Swift IRiS

1. F#EfZe8E Swift
2. £ VS Code HIIEAINHET TR swift , 2% Swift for Visual Studio Code

7. JavaScript IRI%

1. F#fR4E Node.js o
2. (AJ#&) 1E£ VS Code MHEFRINRET SR Prettier , ZHEMAMKAMTA,

8. TypeScript IgiE
1. [A] JavaScript BRIR 2244 B8,

2. &4 TypeScript Execute (tsx) o
3. £ VS Code MHEFIIRETIHHHEER typescript, %% Pretty TypeScript Errors .

9. Dartigig

1. N#AE2ZE Dart o
2. £ VS Code HIHEFEIIREM IR dart , & Dart,

10. Rust i

1. T#HOEZ%E Rust o
2. 1£ VS Code RYHEFEIIREMIHHER rust , %% rust-analyzer


https://dotnet.microsoft.com/en-us/download
https://code.visualstudio.com/docs/csharp/get-started
https://learn.microsoft.com/zh-cn/visualstudio/install/install-visual-studio?view=vs-2022
https://go.dev/dl/
https://www.swift.org/download/
https://marketplace.visualstudio.com/items?itemName=sswg.swift-lang
https://nodejs.org/en/
https://github.com/privatenumber/tsx?tab=readme-ov-file#global-installation
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
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solution
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