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~ chapter_heap
>
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2 my_heap.py
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> 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
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Pull requests 10

chapter_tree
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queue: deque[TreeNode] = deque()
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return res
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auE 0-8 FivR, ABNEEZ M “MB—", SERIRERPSHEITH B MM B =13,

MrE— ez — FrEg=

STRLERIND HRF BN ERNINER

RETE
BENTB RISERR RREES
HizEH

At EIR i

FREL At E) 2 R Bl [F] —iB R MEAR, LIMAR
FERIKHRICIZ H IR IERR EREENANAER

& 0-8 HIRFESIHL

0.3 /&t

1. EREH

- AR FEZNERIENFE, WRIRCE —E &M, RABRERNBIRRSEIEER, iRt

AR IR .

- BRNAZEERERE N, BORSHIRIE =887, W 7 IRIUsEIRE 2 .
- NTRENT, EFENEREBE-AANTHERER, JUETFZERK,

- TS mE ERE R T A HESAERAR, AR, MAATIXENEEZ KT,
© ORERTYES R RAERE, SRR IO TR R B R,

- ABMIURATE D ETTENIRAPHEX, WD 2 = RAEERS W,


https://github.com/krahets/LeetCode-Book
https://github.com/krahets/LeetCode-Book
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Abstract
—N/ DR SE, SEIERIAE—E, 12 LI ERETENREE,
GEaE IRILEE, IERIBMEIER, BATTIHEE SRR EE A,
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1.1 BETRAFRE

SEAWTE] “FIER XA, RERMSEEE RMEhR b, FEREEFAYNEREE, MEES
AR AR, IX BRI H R A0S AR Ab rT WL,

EERRITRIRZ A, A MEBNEIER D= RESEPIRE P AR TIPS RIE, IR En
MEIHFEAER D Y. PEBAR2E LD BRI RIELIX — R,

Bil—: A, R, SAONFEN N DS, MRS T RIFHAR, BIRERNTREE
T MPEE TN r 7, JEERIERE 1-1 FroRey 7 s,

L BT —Fryoisy, EFZNE TR, WEETFR N m.
2. I ESEFRERF r LT m 25, PDHERR T BATEE 7y, EBTEE S NEER T,
3. RWrEEHER 1. P 2., EERIPHEEFEN r TS 1k,

FRERHEFIROAFHT

BEFRER: RIEE—HEEEEN » HF TR

EFASE:
1. EFFRAE—¥0EL, RAEFEE n
2. BF r 1 m [E8, FHBEESES

Step 1
—H DBk
EFHRSE:
1. EIFFFSRIREOMN IR, KREFER t
2. BF r # t §8, EHREFESS
Step 3

Step 5

PO NAAERERGEE, S R E AN &K Bk, WEBIRSHEIME, BT LSS

Step 2
—¥ sk

EFASE:
1. BAFRERBON—H0BL, ERNEFEE p
2. B8F r # p G0, EHREFES

Step 4

;
—H TR

EFRSR:
1. BAFRERBON—F00EL, ZREFEE ¢
2. ERIIEFEH r BF, TRES

K11 BEFHPE

JA

N—DEHPH A", NEIERAE, BOTATLR LIRS I —RYRIFEE “ &R
Bl ReBb v, BAHESTIN, SRATEEHETHIIN M, EEMNNEHS, SRR NE 1-2 Fr

7TNo
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12

L Rhsahlorh “HE” M OTERT MG, FHEIREIRE MR 1 KM B2 7.
2. P — Ik, AEHFEORIEAAE, SERERE 2 KNSR,
3. AWITEAS IR 2., B4R KIS H B A Gy, BEETAINEEA .

FHF FHF FHF
A Ta [ o N & N A nn
2 A 5/ T . 2 A 5/ T / 2/A/5 5
) [ » 5 _
\| // ’o N / .Iv N
WL X L3 5 S s
g 3 4
FHIF FHF
= s ~ 5 2 5
it YiC 5 2 A \5 2/ A A
7 e \ D '\
Wt» A % v
5 5 2 5
< 5 5 2 5_ A A

1-2 vt PR

RPN R TTIEA B B AT B, e NBUREN IR SR, PR mRIE S I

JE B AR TR AHE I S 5

BI=: BEmik%F, BIRBNHEETIEL T 69 JThvrsh, 4 TR 100 o, WIWBREFRZHRHAT 31 T, il

KAREARHSE AN E 1-3 R &%,

ANENUEEE 31 s EE/NYETH, 5 17T, 57t 10 7T, 20 7T,

MATETR R ORI 20 78, FA 31 — 20 = 11 76
MFIRANET R R AR 10 7T, ®R 11— 10 = 175,
MEIZRANETIPEERR 17T, FR1—1 =07t
FHRERE, 7TEN204+10+1 = 3175

AR
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S 31 = 11 - 1 = ()

HEET -20 -10 -1

TWENTY

hY
TWENTY ||

1-3 BEmikFIE
UL BT, Bl — DRI RTE R AE R (RATRERIRI#RIEE M), WS 7 alfTHRE )T
R, NBUREHSRIENMES, XMTEAR R 500" Bik

NETRIE—IER, REVERHUT, JUPArERERRREEAITRE, HER ISR ET i
KRG REE NS, RINGRS A CPU Al GPU HUTEE, IXFE—K, Tl Ik REFEAE i At A)
R EAL L, DU 7y sURRE AR 2% ),

Tip
RN BAEEEM, BIE. BN ERER SRR — MM, BERSAT THEE, ARS8
PN 6 ARSI RESINSI AV a8

1.2 BiEREHta
1.2.1 HiZEENX

8% (algorithm) ZAEA RN AR E MR — 4IRS BRI B, B RA IR,

- IEURRARARY, B TSR R AR e o
- BARTY, REMAEAIRDER. WRMAEZER N ENK,
- BLBEETERS X, EARRMARIZTRET, fMbaaZdE,

1.2.2 HHRGEMEX

R4 (data structure) ZALNIF LRI X, WEBURNE. Bl FXAMGIRRIETE, €&
AL B R,
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- ZEEGEHRED, AR,
- BAEBRERATREDUE, MMSEEAREVIR. A0 PR, EHTE.
- RERTERBIRRORNZEER, DERRSR0sT.

BURSHBEH R — e e, SRR ERD TSR, EEWEAS T HEH 2, T2
MT

- EERMECT A, ERARISINFIMERERCE L ENERE, (HE T ER I AR,
- EIMETEER, RUTERENZEGER, ERESHERNAEERE,

1.2.3 HEEMERZENXF

nE 1-4 forR, BURGEHSEERREMR, BEAE, BAERIEL T =177,

- BARESHRERNE G, BARAH OV EIRRM 7B SR, DAUARIEERIRRT T I,
- RIEONBIREEANE @, BURGAR S OUAERREE, SRR GEM O E A,
- RIRER AT DET ARSI, EHRITRERTREAZERK, SIS BIEL 2 K,

BE—RIUREES

MmN
BN ‘ B il
. —— .
input algorithm output
¢t )

data structure

RS iEEE
SSPOIVI:NES ¢ s

B 1-4 BURSHSRIERRR

BARA SEIEMNE 1-5 ForiIPEfiIR, —ERAR, RTESTEFHEZIN, A TRAA RIS,
BATHEIRBI B — DD AE, BERELAIRE ARG SR MBI,
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B 1-5 PrERIK

PRI BRI B DR FR AR 1-1 Fm,

® 11 RBIREHE S RIZEE N PRERIR

RS EE  PRERIR

W ABE RPFEERIFIAR

Hmaitg BARHAGIEK, WIEPIR. R ERTT5F
27 FERIARPER EARE S — RERA D IR
R IR

EREARE, BURSHSRIERMTREESN, ERWL, A5 DAIRHET 2 MgEIE S 1L,

LIEAR R TR
FESLPRITIER, BATER K “BURGHSEIE" fMVoy “BIK" HUARFTERIE LeetCode ik
H, skbr kRN EHERAEHHIRE M T THAIRTR,

1.3 &g

1. EE[Ep

- RIREARESRIAEAE, HAZBAA] KEESEAN, Lhr b, BMNELENAREHERTIFS
B, DARORA TS A R/ N
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© BETHEEHS S EREEME R, oERERARI T amia M EERTREE,

- BRI RE SHEAHPRERAER KO mAHFEIRE S H IR,

- RMRENPEAR EZIVORE, B PERICY ATE R4 HIERE,

- RIREAEA BRI A AR R E (R — A5 L BRI D B, MRS T REAL A i EdER
Ti o

- BARSHSEIRREE, BURSHREIRNEA, MRRNEBIREAEAL @,

- BATAT DOR EARES A 5 FIER O BRERRUR, BIRIGEREDE, ORI IRANERE 77 S AREIRSE,
DRERRARI D BRI R BT

2. Q&A

Q: fEN—%BEFHR, RERT LEFMRHERMOGI RIS, HASRSEmEESERG 7, ERM6N
AIRLTY; RS RERE RN TR R RIS A 2R TR LR IAR R ?

GRS AR TAERRELLEREINN “HE50" B9IE, ARAEREREMIZEBZE "7,

BIUEEE (DAHAMERMEE) MWEYARETELERPNELIE, maEE TR, EfRn
R RERS 1R T L S L AT, MR TAERVEAIR &, 28— R, SMmEIEsSaNE THF
PRI

- RPN AL BIRGE SRR, s s, BT REATELIX M RAERM T, 18170
. PEREARES, B LERIFRAMT AR,

- ARG B, BATSAIE N EH T RN A E AR O(nlogn) 5 MRS E SR EE
REREE (BIA2E5), ABATAIRE R DURHRCRE SN S8y ki, KNS RERN O(nk)
Hp kil SEARAERAN, & HRIIBTN SREQNERANME (RARER, IR,

fE TR, KERBUEMEUSEIRMMER, V2 RERUEW “E02" Mg T, RISRXES R —T7
TE R T (R RUAS By BRI, 59— 75 T AR T RN R R A AR RDR . ABURTRRGSE %, &daiiz, oA
AL TR, TR REARE A R A BB (U
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Abstract
B3R L aniE s B A B P R S A S,
TR IBAER F S5 EIXHNEE_ EIRARR, FREMRENERTTZE,
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2.1 HiEHEE

FERIREA, BACEIER AR AN Z R HAr.

L IRBNINERTL: FIATEAERUE A5 A\ TE RN Al S8 fthoRAS AR I
2. FREAML: F—DRIERREF SR, R EER AT RE IR A,

R, fEREMARRIEIRIATIE T, BIEBCRENNEERRMS N TEFNE, BRI
1:38

- INRIEeR: BRI TN RIFKE,
- ZBRBeR: BIESANEEREEIRN,

sz, JOMERRBRT “BRXE” WBIREHH S HEIE. MARUIHEEIENEREREE, KAREA
IXEE, BAARERSMEIRIA T L, MEmiE S BRI S MR,
RERVFAETTIREZE D WA SEERNA, BRI R,

2.1.1 SEBRMS

IR TIEG S0 A RIS B, THSAERRIRA — IR, FUAEF TR X PN SERCR . EL0 772K
B AL, BTERAEE, IR SRS TR S NI, SRR S AET R
S, A LR R,

— 771, MESUHERRIIASSEN TR, RECERE P SRR, Lol — NSRRI (TR Rers, 0
LERBEEAELH CPU LEtT, —MERONERIERE, AT ERIERNE ENRIIRS B,
BRI, BEETERAHLES MG R AT AR — B, XA B TR S LI XTI, it
TPYE, THERIL,

577, IR VI, B AR R, SRR FRNNCE. B, EHA
SRR, SEME A E(TIIECSIN: B I, TOAES ASURREAN, MIRasRATAER AR, Wik,
TEEERIRANEE, TROTREN &ML AR, THXHE BRSO R S,

2.1.2 IBigEE

BTSRRI B AR I RRR I, FATRT DS e G — Lo BRI BIE IR . IR 5575 20
IEEZE S (asymptotic complexity analysis), HREZE D1,
BT RS AR B IR IS A T A e AN TR RN 23 (R B3 R 5 i A BRI 2 R SC R EHIR T DA Fi AN B A
B3, BIEPET TR A RIS, XN E AR O, BT DA HE D =N E ORI

- CIHRAISEEIR B N BE S ZREE (time complexity) FIZEEZE (space complexity).

- “BEERABIEMERIIG AN RS 5 AT R T BIRIBITRCR S A BER RIS Z RIS A,

- IR EIE KR FORE SRE T OSER RIS TIN B G S AR ERE, R N Rl E AR

MR “PUg”,

AP Bve i 7 SRR IS TR, AEAE LR LTS,
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- BEHFERISITAME, EngaTite,

C RS TINAINSE, rEERIEH TR T A,

- R DMAIEARIEGE & TRFIERCR, STHEEAREEE T IREIERE.

Tip

GRRORTIS R AR EIR K, AHELD, B STEREE TN 4,
EIRE I BN R T —HE P SIRRCRT “PRR”,  EFRATTAT DA 8 p0A T 5 SR A =R A I e 2 1] 8%
1B, MHAREIRZ FRRER,

SRERMCAMS, X TRFE RS, FIMEA RS, WX PNAEE, EREDHATEERK
EAETENESENMAINE. R, HENTNEIE N MR s RRRR RN, XE DL 2 A HIS T A
22 [AE B O

LR AT, EEUUREIRA S SIBARGE S RIEZ R, JOMEREHrENLPG I 78, PARERENSSE R i
TR 5

2.2 ER5E=E)T

FERZES, BEEPTEMESRRE LN, ©5EREIEEM, Blit, fEM4A RS AR RS 2%
JEZ AT, WAVER T RN AERE P EEIITES, RIMMEARRF RGN #H,

2.2.1 &

&R (iteration) B —MEEHRITRMEFSHIIZHIGH, A, BESEMLE —ErRA TEEHRITREE
8, BERIXDERFEAER L,

1. for fEIF

for MEMNERE WHNEIER 2 —, WEETEMICHNEIR RN,

DUREREET For TEMASEEL TSRAT 1 + 2 + -+, RAGERMEHLZE res Id5, FETFENZ, Python
Hirange(a, b) MMMXER “LHAGAF B, NMELEEN a,a+1,...,b—1:

// = File: iteration.cs =

/* for &I */

int ForLoop(int n) {
int res = 0;

/] &Kk 1, 2, ..., n-1, n

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

I

return res;

B 2-1 212K R AE A
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LI Wit
=1

2-1 SRFIR B AEAEE

SRR BRI S A B R/ n RIELE, sREBR “RIERRT, SLhrt, INRIERERMIR
A “BRIERRT. HRXNBERTE T I 4,

2. while f&F

5 for fEIAEML, while FEIAMEE —FMSLBLEAITTE. £ while 1B, B SRESRERMA, 1R
FHNE, MARSHATT, SNIERETRIEIA,

REHAH while EHRRITRA 1 +2 + - +n :
// == File: iteration.cs =

/* while f&¥F =/
int WhileLoop(int n) {
int res = 0;
int 1 = 1; // ¥VIAHEHGTE
// TR 1, 2, ..., n-1, n
while (i <= n) {
res += 1i;
i+=1; /] EBWEHTE
¥

return res;

while fi¥FEE for FREARI A HIE TR, 7E while FEIAH, FRATAT LA i 46 48 B RN GA LA B3

BN L FARASH, SR & ¢ FECHATRIRE ST, IXFBU A KT for FEIASEL:
// == File: iteration.cs =

/* while &} (FREH) =/
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int WhileLoopII(int n) {
int res = 0;
int i = 1; // WIRKEHEE
// @EHRM 1, 4, 10, ...
while (i <= n) {

res += 1i;
/] EEHTE
i+=1;
i*x=2;

}

return res;

JEERE, For PEPRIAREI AN, while DEPREMARIG, PIEHRA] DASKPENEEH, LR HME— 5
TR [ T SRR R

3. IRERIF

AT DE — MERGE AR E S — MERGE, RHEHPA for fER A
// == File: iteration.cs =
/* WE for &R x/

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

// &% i=1, 2, ..., n-1, n

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

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

return res.ToString();

K 2-2 B EMIRAER,

?
Sl

PRfEER

H i+
]
H

MR

- EE
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2-2 RENEIRIIREEAER]

TEXFEILR, REBIIRIERR S n? BB, BUEREIRIS TR EREMALIE RN n PR,

BATAT AARSLARNERE GRS, B KIREEZE R “THE", RN EERERSE ST RR" “THRTT
KAR", DA,

2.2.2 #13

Y3 (recursion) J2—FERTETRMS, I EEGEH B B RAERAE, ©EZUSMIHE.

L i&: BEAMIRAMEAE S, EHEENENERLASE, BR0AT] “KIERF,
2. 1 Mk “RIEFEMET JE, BFPMNRIRBEREAREOTEZRRIRE, CRE—ZH545R,

MM EE, BAEEERUS =1NER,

L. 2ab5%fF: AT REM 2RE %" % “137,
2. JBPAA: XER BT, MEBUAME S, EEEAENSERLISE,
3. IBMIEER: X U7, KERNENBRRAZERIREE E—R,

MDA, FATAFTVEHEE recur(n) , FBEATRASEAR 1 4+ 2 + - + n AUHHE:
// == File: recursion.cs =

/* B3 %/
int Recur(int n) {
/] EIEEHF
if (n = 1)
return 1;
// & &)3FA
int res = Recur(n - 1);
// V3 REER
return n + res;

B 2-3 R T iR RIS IS AR
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AT “&” mE 93
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) 3 return 2 + (1)
l KIFFH —/‘
recur(1) return 1

B 2-3 SRANpR IR
BRI EMER, ERGEAR DIGEIMRLER, BEfRER 7R S FIK R 8
E2v8

MR CERTL” MARERE, WEISRIIS I, A RN EE R AT EEE 55,
ORI R BRI, KIS TN T, e A R LA AR
1 AN IR S /N T, BB AT 3511 AR AT
D ESRSRATEEON B, A f(n) =142+ +n.
C R FEIEERRBUCRAISRE, M 1 IBHE n, SHCHUTRARGE, BIRIREE f(n) .
C ORI RN TR f(n) = n+ f(n—1), REF GEITH) 45 R, AEEAMN f(1) = 1
L,

1. FAR%
BIHREE KA B 80, RSN BNERE BN, DFEREA R, 18R kA =G R,
TR S0 77 TH IS R

- PREE BT SCEARARERELERR . RS iR RPN XD, B EOR A A SR, A,
T LB AE IFE SN A 22 ),
VR VEVESE S Cgaga st DN DpA R S v i L VR BT N 2 NI ETR v &Y LA i

G 2-4 FoR, FEMRA R RZRAFRT, FINTELE n DARREIRGRITEE, BTN n o



H2w EREDN www.hello-algo.com 24

AT “@ Bt 93

recur(n)

}

recur(n-1)

!
|

BERE recur(4)
! }
recur(3)

!

recur(2)

fib %283
} ™
recur(1)

B 2-4 JEIAEHIRE

FESEPRA, GRiETE S RVFRRINREE R R A IR, IERAIE T AT RE S ER H A R

2. E#)3

BEBEE, WRABHEIR BTG —SA BT, WOZRERT DA gw i as sl R et t, HHEAS
BIRCR ES5IEARMHEY, XGRSV ERYT (tail recursion),

- B SRR EIE E—BRREYE, FENRSEPTRE, RERGFEAE E—-BRANLET
Lo

- I IR ITE R M EOR AIRTHYRSE — DR, XEREREBOR M E] E—B)a, TR T H At
BfE, HIERFTMRST - — 2R BT

A& 1+ 2+ -+ n B, FATTDLEEE R & res BEONKESEL, MmsSEELEZEA:
// == File: recursion.cs =

/* BiE */
int TailRecur(int n, int res) {
/]l &1L H
if (n = 0)
return res;
// EEVAER
return TailRecur(n - 1, res + n);

B ARHITIE RN E 2-5 FiR, A @@ IaFI R, E RRFIERERHAUT SR TR,

- HIEIE: SRRHRIERE 7 R RITH, SRREEEE T OORAHRE,
- R RFERIERAE “ET RIRETIITH, Y77 A RRRREERE,
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AT “# mE 7"

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

recur(n-1, n) l ret[r'n N+.+5+4+3+2+1
l rettrn n+.+5+4+3+2+1

recur(3,n+...+l5+l¢) ret[rn n+.+5+4+3+2+1

recur(z,n+...+l5+l¢+3) ret[rn n+.+5+4+3+2+1

recur(l,n+...+l5+l¢+3+2) R ret[rn N+.+5+4+3+2+1
| wirgp |

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

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

2-5 REiEIdE

Tip
BER, WR2MIENSRSH SR EIEIT L, BIan, Python BUARSHFE#IFMAL, KIithAN
B BT, HIAFTRE BRIk H R,

3. &3

LS 67 MXAEIEREN, BEEEHIEAR SRS ENE., A ENS %, DL LB
Hyfil,

Question
HE— NI EF0,1,1,2,3,5,8,13, ..., KRIZEINIHE n M

RILPIACEINE n MEFHN f(n), BEWILEL.

- BB N (1) = 0F1 £(2) = 1.
- BB N RATAEIIR, B f(n) = f(n—1) + f(n —2).

RIS R TIBVIA, KA DR E NI, fEn]5 HEA R, A fib(n) RIRf52I2EK
AREZEBNHIES n DN

// == File: recursion.cs =

/% FEFARES: YT «/
int Fib(int n) {
/] &1EEHF f(1) =0, f(2) =1
if (n=11l n= 2)
return n - 1;
// BAFEB f(n) = f(n-1) + f(n-2)
int res = Fib(n - 1) + Fib(n - 2);
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/] REILER £(n)
return res;

}

WEZDA EARD, FRATEREPIEIT A TR, IXEWRE N — DL TN . WE 2-6 Fr
TR, XEERWHEIAE AR, &R E—RZECN n 1U2Y3 (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)

B 2-6 ERIIRSEB RS IR

WA FB, BRI T KRB E N TR (R, X ETE E eE,
CONEEAER, MR HE. B SNE. SIARIRIZ 2 o N e AR T T XA R
7730
C MNEURSSIMAEE, BARRIE SO, RRIEAMECRE, [’ SR IE S e B T4
#o
2.2.3 FmENL
BEEDL TS, 135 2-1 R, JRACRDBIT/ESIL. HERERS B A FTRAL,

*® 2-1 EREGEIAR RAT

IER pill|
KT TEERGERY EREE B &
K
IR ReREHE R, TR EOE AT B RO AR 27 AT
WERE JE R EE RN 722 A SRR A A AT RE R R AR I ]

M
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JESAN 1B
EHE ERTEREIMES, (REEW, AT @R TR, W, B i, [, ISR,
i 33 G
Tip

ANSUREHE DA S N A BRI A, FIDATERRSE KR ENEERE S,

Wz, BB EAEG T 2WNIERRRIE? DLEIREBIAREOR, SKREBREEEIAR 77 BT, XEK
B AT FH B R ERSR PR 2 e SE AREORANRAERY, IR TAEHLHI S %A “Te AJa ™ D) Sl ) 1,

FR L, AT A SR XIBARECERTR TE SR AN ETIR R,

L & HERBROAAN, REERE AR EOVZRBOTECHRTARN, TSR R R, S5
IR [l S H R
2. V3: HRBGERPUTHIREIR, KRBT VAR ERRR, TR AR BRI TN,

[Rlitt, FRATIAT PARE FH — A B RO B BRI T, MR 3 4% (i B K
// == File: recursion.cs =

[* (EREAENET */
int ForLoopRecur(int n) {
/] ER—EXRIERIEINAR S AR
Stack<int> stack = new();
int res = 0;
// & &)3EA
for (int i =n; 1 > 0; i--) {
/] BEE NIRIR(E R 7
stack.Push(i);
}
// V3 REER
while (stack.Count > 0) {
/] BT “HIRIRE I 37
res += stack.Pop();

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

MEE A ERW, B AOENE, RISZEREMER T, REEAAEIERZHE T A DI,
HA—EERFIXA, A LN

- BRAUERUARRD PTRE SEAIME DARRAR, RIRMEsE 2,

© ONTREE IR, BHURSTE RARRIT Al RERR R,
Bz, EREUERBTI O TR MBI, e sLikt, AHTMNE RIS H R e A &R 7T
REREE,
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2.3 BHEIERE

BT TRl A] DAELUL EL i S R TRRORCR . an SRBA TR MR 1 — B AIE RIa T R, BOZAn AT le?

1. s ER, AR E,. WEES. REINRS, XERZFHSEMAAINEI TR,
2. VAR EIRERR R IS AT ), BIANINIERAE + TR I ns, FIKIRIE « FFE 10 ns, FTEHR(E
print() 7% 5ns %,

3. G ITE R RERIE, HRAT AR PITIRERA, MG ENSTR A,
BIantE LA RS, E AR RN A n

// EEETEEST
void Algorithm(int n) {
inta=2; // 1ns
a=a+1; // 1ns
a=ax2; // 10 ns
// &% n &
for (int i =0; i <n; i++) { // 1 ns
Console.WritelLine(0); // 5 ns
¥

MAEALTTE, FTDMSRIEIARIZ TN Y (6n + 12) ns

1+14+104+(1+5) xn=>6n+12

HS2PR b, SEiFRIARSITIN R SERABSE, &0, FOIAmERmGN EsTrFade, FAE
ERBEESIARNE6 23T, Hik, BANRMER MR ERIBITIN A, XA mGd R 7R
1538

2.3.1 FitBIEIEKESE

IR A T SET T AN R RIRIB TR, MR RTAIST T Il R 2 2RI 5

“BFRE KT X BRSNS, B DEE — MR AN CARERR, B ABIR KN n, BEZAEE
A, BFIC:

/] &% A HWNEISERE: EHM
void AlgorithmA(int n) {
Console.WritelLine(0);
}
/] 8% B MNEIEZE: Z&4EM
void AlgorithmB(int n) {
for (int i = 0; 1 < n; i++) {
Console.WriteLine(0);
}.
}
/] &% C HNEIERE: EHM
void AlgorithmC(int n) {
for (int 1 = 0; 1 < 1000000; i++) {
Console.WritelLine(0);



H2w| GREDM www.hello-algo.com 29

B 2-7 JeoR 1 DAL =D RIE R BRI T 2 2%,
©RIEARA L ATEERE, BIRSITNEAREE n R, BAFRLRERR AR AN “HE

|Z)/l\”0
- BIR B PHUITENRIETRZMEIA n X, BRIBTINHEREE n HREERIEN K, HBRIRRII )2 2% AR
N SRR

- BIA C RETEHREFR ZIEHA 1000000 (R, SBRTHEIRK, (HEeSMABEERN n k. Bt
AU R 2% A0 A AEIR], 0 “HEBR,

Bk C - EEM

1000000

Bk B — i

RAEB TR 10
5 /Mm
0

@ 1 2 3 4 5 6 7 8 9

BNEHEAR N
n

& 2-7 BIKA. B CHINAEKES

BT BRSO RIRANSI TR A, AR 2% R T A TIREE R E?

- IS AERES ARG RIERR, Hln, FIA B HIBITIN R BLMIg K, 7En > 1 INELETE A B8,
£ n > 1000000 fELSRTE C 818, Fsk b, REmMALBIER/ n BER, S2EN “BHH” EE
—EMT “EMERT AR, RKIERN R KBS X

- INRIEZERHERDTEERME, B, BT e IR S BRI TN RIFE KES T, B
BEAER AR 2R o, FRATTRT DAfRT B oK BT A TH AR AR PR TN TR R RIS TR, ATTRE
HRBEBITES [y “HERIERES, XA R T

- WREAE A ERRRTE. B, RERTE AT C RTREZEME, EFRsfTR EZHR
Ko FFE, REREBHNHEREL C &, EEMALSIERN n BN, BiEB R TREEC, Xt
TGN, BT FME DLOUE R B 2 AW R RRCR I & K. 2R, REFE LRRE, SXED
W ATy PR R PP IS IRRR B A R HL 75 1%

2.3.2 HIEHELR

EE—TAKRINA n BRI
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void Algorithm(int n) {
int a =1; // +1
a=a+1; // +1
a=-a=x*x2; [/ +1
// &% n &
for (int 1 = 0; 1 < n; i++) { // +1 (BR#EHIT 1 ++)
Console.WritelLine(0); // +1
}

REIERREEER R — MR TRABIEA n WKL, 129 T (n), WA LRSI EIEEER D

T(n)=3+2n

T(n) 2—xeiEL, UHHIBITIN R AR LN, I e R A2 AR 2 LR

BA TR A E 2 LR O(n) , BMCERERAKR OIEE (big-O notation), FRREE T (n) K
Mk ES (asymptotic upper bound),

I IR)E AT A BRI “BERE T (n)” MR RS, EEAEMRECAE X

FRREHIE L5
EFAEIESE c IS ng , FENTRAER R > ng, HET(n) <c- f(n), WA f(n) &
HT T(n) —PE0E LS, 128 T(n) = O(f(n)) .

W 2-8 R, WG LR S EE f(n), BHEY 0 EETEFAN, T(n) fl f(n) bTAHR
RO KRR, (AT — N ERRSK .

c-f(n)
T(n)

4_,——‘—‘—”’—ﬂ—'

© 1 2 3 &4 5 6 7 8 9 18 11 12 13 14
BABUEAN n

% n > Ny E?: y{:‘l%ﬁ C'f(ﬂ) 2 T(I'I),
IEBSRIIAR f(n)  T(n) M—NINELESR,
2% T(n) = o(f(n))

B 2-8 PREHHL E5R
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2.3.3 #HFE

Hn b SRR LA A, WERIREIE I A S 2B, thoeiHn, TR DUBERHER TR, AN
KR, mt AT DUR e H A R

RIEESN, WE f(n) 25, BAMETERINEERE O(f(n)) . WAWHTHEEIL LS f(n) We? Bk
NP BRGUHRERE, REHINTENL B

1. F—%:. KiHEFHE

EORRED, BT BB RIHERTR, AW, BT Rk c- f(n) PREBERE c fTMBUERRD, Bk
2T (n) WIS FREL FEOHET PURME, ARYEILRIN, AT DUS\Es B DU TSR RS

1. 20 T (n) R FOVENTERS n Tk, DO B AR A5,

2. B RE. BN, 783K 2n X, Sn + 1IRSE, #RATLARIMEIL n ik, BN n BT EREOS R
IR R,

3. TR ERENRIE, SRIEEESFTINEEANAREINRERE W, 52 EMRIAR 25
ENE 1. SN 2. KHETT,

B — R, BATTAT DA IR BT R G TR E R

void Algorithm(int n) {

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

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

// +n (15 2)

for (dnt 1 =0; i <5 % n + 1; i++) {
Console.WritelLine(0);

}

// +n*n (15 3)

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

Console.WritelLine(0);

h

PARARER 1A EIREITRIENAIHER, Wt NN SR O(n?) ,

T(n) =2n(n+1)+ (5n+1) +2 558G ()
=2n%>+Tn+3
T(n)=n?>+n fartfigiit (0.0)

2. B-W: JErIHEESR
I EZER T (n) PEEINCRIGE ., IXZENE n TS KN, REMNITELIETSIEH, Hith
T A s M AT DA

R 2-2 R T LR, Hi—SSskagER Y TR “RETTIERSIMEC X —4He. M n T K,
XS TC R AR,
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R 2-2 IR ERERRN I 8] 52 2%

HR{ERCR T (n) IR ZE 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 ERHER
W NBUER/ NN i, 8 VLI R 26 BN 1E] 2-9 AR IR MRS & I HER ) o

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
TR < MEH < SR < R < FI50 < S8R < Bkl

E¥E 0(2n)
THB 0(n2) gﬁ
HHEIRIERE %M 0(n) E
T(n) e
4B 0(1og n) ]
©
=

BB 0o(1)

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

BNEEA)

& 2-9 5 DRI [R5 2 e 287

1. B O(1)

R BRERE SRR R n Tk, RIREEE n B2,
TEDUR e D, RUEBREECRE size AIREIRK, HlEITHSMALIER N n JEx, KN RSRETHN O(1)

// = File: time_complexity.cs =

[* B */
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. 4%k O(n)

LM IR EEE AN T AEAE RN n DAEMEPIIG K, Sl ERiim & HENTE s 25 A
// == File: time_complexity.cs =

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

M B A I R S B I I E 2R O(n) , Hrh n WEEHERER K E :
// == File: time_complexity.cs =

[* MM (BEEE) */
int ArrayTraversal(int[] nums) {
int count = 0;
/] ERRBEHAKERIEL
foreach (int num in nums) {
count++;
¥

return count;

EFEERE, FSABIERD n TRIEMABISRRRDR BAE, HAES —REIr, 28 n A
TR, AR AP, BERE n HEARA/N.

3. F5MH O(n?)

T R TSGR AN 1 AT/ AR, 75 W3 tHEUE S IRERh, SR IRIRRIPIR
TEHRROIN IS LA O(n) , RUA PRI IS Z8RER O(n?) :

// == File: time_complexity.cs =

/* FERM */
int Quadratic(int n) {
int count = 0;
[l BIRRBEEEAN n HESFXR
for (int i = 0; 1 < n; i++) {
for (int j = 0; j < n; j++) {
count++;
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I
}

return count;

2-10 ML T HE. SelERTAISE TS B = A R 2 2%

&% n R

fatfF n R
1R EE
AYiE) S A AtialE A BBl R
HEE 0o(1) LR o(n) F75H o(n?)

() rE—titmme

B 2-10 HE, SebEBTAF IR A R S 2%

DABHERE A, ANEGRERIAT n— 1, WEMEn — 1. n—2. ... 2. Lk, TN n/2K,
WS AR O((n — 1)n/2) = O(n?) :

// == File: time_complexity.cs =

/* FEM (BEHE) */
int BubbleSort(int[] nums) {
int count = 0; // it¥#eE3
[/ SMER: RkHFEXER [0, il
for (int i = nums.Length - 1; i > 0; i--) {
/] AEWF: BREFEXE [0, 1] PRRATERREZXENREGH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]1) {
// Xi& nums[j] 5 nums[j + 1]
(nums[j + 11, nums[j]) = (nums[j], nums[]j + 1]);
count += 3; // TEXEEE 3 MEITIRE

b
I

return count;

4. 1588 O(2")

VAR IR R AEEI S R AR T MHERIREON 1NN, RREEN 2, ARWRRE
TR A, DA, 2R n /A 2" DI,
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& 2-11 FO DA ARES L T4 RS R, WEEREN O(2") . BIER, A n KRR, REE

count IR M FIRE
// == File: time_complexity.cs =

/* IEEFN (BRI  «/
int Exponential(int n) {
int count = 0, bas = 1;
// AEsR—ah=, ERH5 1, 2, 4, 8, ..., 2~(n-1)
for (int i = 0; 1 < n; i++) {
for (int j = 0; j < bas; j++) {
count++;
}
bas *= 2;
¥
// count =1+ 2+ 4+ 8+ .. + 2"(n-1) = 2*n - 1
return count;

}
1A &K
SE—HN= 5 AR
O] z
O 0 #

0 0 o 0 r o sem

0-0-0-0-0-0-0-0 =

TR EEE gﬂﬁ”ﬂﬁﬂ@‘ﬁﬁ% AR
2% + 21 + 22 & . 4+ 201 = 2n-1 $e¥Bh o(2")

2-11 4EEFT A R A

TESCRRBE LS, 88 ML T IR R £, HIandE A R A, Hsiat—n 8 =,
1k

// == File: time_complexity.cs =

/* 18¥PY (BYISCEL)  «/
int ExpRecur(int n) {
if (n = 1) return 1;
return ExpRecur(n - 1) + ExpRecur(n - 1) + 1;

ad n kRoREE

TR KA IR, £5280% (BOER, FSE) PHEE L, N TRIEEECRRRE, fsEiE A

RIREAZIY, JEH TR A S SR S0 O RIS R R,
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5. 3% O(logn)

S8R, MR T “EBREIRE " RO, BRMABIER NN n, BTSRRI, H
HAEFRNE R log, n, BN 2™ B PREL

B 2-12 FNPAFAESBHU T “RHRAERE—" iR, MREREN O(log,n) , LA O(logn) :
// == File: time_complexity.cs =

[*x EEY (BIFKI)  */
int Logarithmic(int n) {
int count = 0;
while (n > 1) {
n /= 2;
count++;
+

return count;

BNBAKEN n sEE% 1 1

=]

#H log,n+1 B

sase
(]

[y

ITRIBERE BBR & E
log,n +1 FHEET 0(1logn)

& 2-12 XU R E %

SRR, Xt TR, DUNRBEIZRR T — RN log, n B IAM :
// == File: time_complexity.cs =

[* XEBY (GBYIFTI)  +/

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

R BT R T OARISHE RS, AT 2T W OREONRET MEREM, EKEE, 2
PURTH R A EEAR I ) 52 2%
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O(logn) MIREBU2Z/D?
HERIR YL, “—23 0 m” MRNARNRERER O(log, n) . MEEMNBHRANK, BITATLAGEIHRA
NS, FHRERII B 2%

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

bR, JRE m AT AEAE I E 2 I RGE R iedt, RLFRATEE SEHIEE m , BN E#Z
i28 O(logn) o

6. ZtE3#b O(nlogn)

LRMEXRT BN & TR EIEA, WETERRIN RIS 22518 O(logn) f1O(n) » HHARRSATTR:
// == File: time_complexity.cs =

[* RETTE */
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++;

h

return count;

& 2-13 R T AP B AT e I — ZAHREEEE Y n, WG log, n + 12, KK
FEREN O(nlogn) .

BEMRESH

n Rk
Y e

3
93

H log,n+1 B

x &4

Q)%

& &

HERER K
n = (log,n + 1)

BB S AR E

0(nlogn)

2-13  ZeMTEL RIS TR 2 2%

1R,

&

1R

&

™y
=
n

=

&

FimHF EENN A EREEE N O(nlogn), GlaPEHT. 1T, HEHEFE,
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7. Bkt O(n!)

B sl BB B AT R, 280 n DNEAEERITR, RETAFTRENHIITTSR, 77588EN:

nl=nxn—1)x(n—2)x-x2x1

B AL, s 2-14 MU NMUEATR, SB—BEoRE n A, BESRE 0 — 14, DU

e, BEEHE n BHEE53:
// == File: time_complexity.cs =

[* BFEPY (BYFSCEL)  */
int FactorialRecur(int n) {
if (n = 0) return 1;
int count = 0;
// K1 D9 n A
for (int i = 0; 1 < n; i++) {
count += FactorialRecur(n - 1);
}

return count;

B2EH BEN
n n
n-1 n(n-1)
n-2 n(n-1)(n-2)
o n
SHTINAREE (IRKRENTREE) B e B E
nx (n-1) = (n-2) x . x 2 x 1 = n! BitsEEY o(n!)

2-14 TR A (R A% e

*n B

HER, BRNYn > 4RMEH n! > 27, BTSRRI BB RIS ER, 1 n BRI AN AT#EZ I,

2.3.5 RE. RiE. FIHESRE

BRI BRI R EER, M SHABIRN AR, BEmA—DNRERN n B8 nuns , Hr
nums M 1 % n R, SN HEI—X; ETRBF2REITELE, £55 HR2IRETR 11

K5lo FATTATLARSH DA NS5 IR,
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© Mnums = [?, ?, ..., 1], EYREICERE 1IN, FEEEEEE, RIARZENHERE O(n)
- Hnums = [1, 2, ?, ...]1, BIYEDNITEN LK, TICBAHZKEAFEUSR, B
M A Q1) .

“EREN R A" XN EREENE B, AR O 105 FR. MR, “RAER RS A" XN R EEHNL R,
H QIdERR:

// == File: worst_best_time_complexity.cs =
[x ER—NEEE, TEHA {1, 2, ..., n}, IREHITEL */

int[] RandomNumbers(int n) {
int[] nums = new int[n];
/] HE#AE nums = {1, 2, 3, ..., n}t
for (int 1 = 0; 1 < n; i++) {
nums[i] = i + 1;

F
/] BEMFTELERAATTR

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

return nums;

hy

/* EHEA nums HEF 1 FRIEZRS| */
int FindOne(int[] nums) {
for (int i = 0; i < nums.Length; i++) {
/] HitE 1 EHRALEN, RIKENEEZE 0(1)
/] EBE 1 EHEELN, RERENEIERE 0(n)
if (nums[i] = 1)
return i;

}

return -1;

ERRIRE, BOHEEFRHRDEHRERFERE, ROEE G ER IR A GRS, AIRESHR
—ERIR TN, MmN PEREEONEH, BOVESH T AR E e, IR DU Ot E R,

LSRRI DA, 220N 52 P IR R TS 2 BT “RSTRAOR AT, A B
TREMRD, HRAEBSOR M BT RCR, MH T, SRR 2 o] DA BUSE AL RS A B I
BT, B O IiE kAT,

RS, FlTET AR 26 e Bt B LR A RO TEIR0L, et Bk, P A S R TAL
{9, DR 1 BT T MR RIS, TR SN AR O B AL K R ¢ n /2, F
BN EEZEER O(n/2) = O(n) .

B THNEZRAIETE, THRPY N RS 2 AT FEA IR, RUOAIRAME AT R RE A S AR AT,
FEIXRELCT, BT (EH iR 2= R 2 2 R N B IRRCR AR,
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W LRDES O 1752
FTREE T O R T TRARTE T, DR 8 ( F EoRAr I T 2, (ELAF R S B, 3%
ARG, A BRI, ZBR0 “EYNAEZE On)” WRE, LR
BN O(n)

2.4 TEERE

TEE#RE (space complexity) FTHIRE X G HIN72 RBEE LR B 2R AU K SS, 1X S SN H
BREARREREL, JAFEE “IBTNRT By S HNEZERT,

2.4.1 HZEHAXZ(aE

BRI TR I 7 23 1R 2 DR LA,

- FAZEE: T EEIRA R AR,
- BN AT EERIR ST RTRER, MR, LT CEREE,
- EEm TR AR .
—REOLR, SRSRENSIHEER “GFEEm” ik “HHasE,
G R AT PO — X0 =00
C EERYE: AT RERRSTEEPRSME R, TR, NRE%
- AR TR A A R B SR, RS UA F RN AR S AEAR TR QI — MR, BREL
REE, ARz A 2 BRI
LM A TRIFHIFEIEFIES, SR E 2t

FEMT —BAE PR MR R, BRABEF S A8, bt 8 =5, s 2-15 for.

BEER TERERENSITEE

AL

4 )
PN HEZiE Mt sEiE
HNIIE IR AR
HEsia]
EwiE

& 2-15 RIEERIRIAESC A

EEQINTIINN
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/*x £ x/

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

I
[* BEE x/

int Function() {
/] BITELER(E. ..
return 0;

by

int Algorithm(int n) {
const int a = 0;
int b = 0;
Node node = new(0);
int ¢ = Function();
return a + b + c;

2.4.2 #HAZE

/] WANEYE
/] BFSE (B
/] EESE (B
/] EEEE
/] titi=iE) (R
/] kR

=
£
£
FAER %)

AR ZERER TR S N RS R EREAMAE, JFEEGI RN “BREEE" 5o SRR,

Mm-S N AEREAFEFZE, FAEWRKERETZMERE, XRF NN ZERZE D EER, 165
R CRIERT A B AR N ACE R BRI N7 2 AT

MELATA, REZAERETN “&E" ANRERE

1. BUBZEMABUENME: % n < 100, 22 O(1) ; HY%n > 10 B, WHLHEH nuns &
i O(n) %2, FILEEZREREN O(n) o

2. DASERISIT IR M I, FRFFERIT RS — (T2, & O(1) 2W; A4 ¥MAMLEEL nums
i, FRREA O(n) 550, WILEESREREN O(n) ,

void Algorithm(int n) {
int a = 0;

int[] b = new int[10000];

if (n > 10) {

// 0(1)
/1 0(1)

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

h

{EIEPAEeD, TRz, W5 LA A

int Function() {
/]l PITEERE
return 0;

hy

[* BRHO=EERERN 0(1) */

void Loop(int n) {

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

Function();

}
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/* BPANTEEZRER 0(n) */
int Recur(int n) {
if (n = 1) return 1;
return Recur(n - 1);

% Loop () Fil recur () IS ZREEE N O(n) , B2 IAIE 28R,

© B% Loop () TEFEMIEA T n X function() , FHHHI function () ERIR[EIFFREK T kM= (Al
AR RET Y O(1) .
- JBHEEL recur O FEIBA T REF LRI n NRIRER recur() , MG O(n) Bz,

2.4.3 FEhR¥EH
WHIABIER N n, B 2-16 [T T4 WA AR 2B (OMESIEHES) .

O(1) < O(logn) < O(n) < O(n?) < O(2")
TR < X < KYEH < P < fE

fe¥ET o(2n)

F5H 0(n2)
ATFEIERN L2148 0(n)

FEEF 0(logn)

MEER. MIEE

BHH 0o(1)

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

BINZHRAN

B 2-16 LAY R B2 2% 2R A

1. B O(1)

WEEE L TRESWMABIER N n TRNER, B8, N,

TETENR, EEAhRIiA AR a8 H R8I S AN, EEATIENEMARR, BT8R
BUG Iz, SREZETR O(1)

// == File: space_complexity.cs =

[* EREL x/

int Function() {

/] BUTHLEAR(E
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return 0;

s

/% BE x/
void Constant(int n) {
// BE. TE. WREHA 0(1) =ia
int a = 0;
int b = 0;
int[] nums = new int[10000];
ListNode node = new(0);
// EFHWNEE5E 0(1) =E
for (int i = 0; 1 < n; i++) {
int ¢ = 0;
+
/] TERFRERESE 0(1) =g
for (int i = 0; i < n; i++) {
Function();

}

2. BH#M O(n)

LNERTE W T T REE S n BUELRIEE, BER. AR BAAISE:

// == File: space_complexity.cs =

/% MM */

void Linear(int n) {
/l KEA n BIERALA 0(n) =g
int[] nums = new int[n];
/l KEA n B95IFREA 0(n) =iE
List<ListNode> nodes = [];
for (int 1 = 0; 1 < n; i++) {

nodes.Add(new ListNode(i));

+

// KEA n BEHEREA 0(n) =i

Dictionary<int, string> map = [];

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

+

i 2-17 FoR, BEEREEDEINRER n, BIFINTEE n DNARIREIR 1inear_recur () %L, fHH O(n) K
/N AR S ] -

// == File: space_complexity.cs =

[* MM (GBYATRI)  +/

void LinearRecur(int n) {
Console.WriteLine(" #/A n = " + n);
if (n = 1) return;
LinearRecur(n - 1);
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amn £
AT @ e
linear_recur(n) return @
linear_recur(n-1) return @
BIIRE l’ T
" | 1
linear_recur(2) return @
b2t D
1 gl 45 T
linear_recur(1) return @
EREEREBRRER n el ErE
H#H{EH o(n) HEEMIZ1E %M o(n)

2-17 BB AR LM 2 A 2 2%

3. FHH O(n?)

SETTRE W TAEREAIE, TTREES n OTFTTRA:
// == File: space_complexity.cs =

/*x FEH */
void Quadratic(int n) {
// 5¥EFESE 0(n”2) =g
int[,] numMatrix = new int[n, nl;
/] Z5IFRER 0(nt2) =i
List<List<int>> numList = [];
for (int i = 0; 1 < n; i++) {
List<int> tmp = [1;
for (int j = 0; j < n; j++) {
tmp.Add(0);
+
numList.Add(tmp);

W 2-18 FR, ABAIIREINRREN n, TESNBARECREIIAL T — A, KEAHN n, n— 1,
L2011, VKRN /2, FEEEKSE O(n?)

// == File: space_complexity.cs =

/* FRAM (BYISZI)  +/
int QuadraticRecur(int n) {
if (n <= 0) return 0;
int[] nums = new int[n];
Console.WriteLine(" #Y3 n = " + n + " & nums &KE = " + nums.Length);
return QuadraticRecur(n - 1);
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#4 nums KB BT @ e
[ n ~———+ quadratic_recur(n) return 0
n-1 ~———+ quadratic_recur(n-1) return 0
soze | ! !
" | 1
2 —— quadratic_recur(2) T return @
| wige
L 1 ~———+ quadratic_recur(1) return 0
TEEMNRAREPHBIAL T — A, BRER iR ERE
1+ 2+ ..+ (n-1) + n = n(n+1)/2 TAM o(n?)

B 2-18 3BV R B0 A T 75 B2 IR S 2 R

4. $E8H O(2")

FEENE W T XA, WEEE 2-19, BECI n Y “WH_XH” s 2" — 1, SHO(27) 2H:
// == File: space_complexity.cs =

/* EBEM GEILH_-XN) %/
TreeNode? BuildTree(int n) {
if (n = 0) return null;
TreeNode root = new(0) {
left = BuildTree(n - 1),
right = BuildTree(n - 1)
I

return root;

EERNTREH

20
21

22 >

-
m

2n-1

FRRT R kE SEERE
20 4+ 21 4 22 4 ... 4 2n-1 - 2n_q ;gum o(zn)
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K 2-19 6 XA TR BN 23 R B A

5. 3% O(logn)

SHEN T ML, Glan)3Ees, MAKERN n (W, SHRITEEE M SR 5 0, K
= logn MBI, #H O(logn) HebizH,

OB TF U TR, MA—DIERE n, BHAECY [log, n] + 1, BIXMEFRFEHKEN
llog,,n| +1, FEHBHEREN O(log,,n+ 1) = O(logn) .

2.4.4 WNEEES=iE]

BARIEOUT, B ERIARIN R 2 2 A 23 R 2 2 A REA S e L. ARMAESEPRIE O, [RIRHMEILR RS
P JEEAN 28 ) 52 2% JEE A T TR M

RoE AR 1] 52 3% L 30 3 T R DARR T B MV BN, R 2SR, TRATTRATYE 17 23 R IR T TR IS TIR L Y
RBESARN “DAASTRIHN B fez, WIARDy AR RIS A

R B RS BUR T HATEB BN TTH, ERZEIENT, NRSEEES, Kt DA E” 8
HRER AR, S8, ERERRRIELT, = REREhIEEEE,

2.5 IhgS

1. EREH

FLERCRIHS

- IR S RRCR R M B EIR LA B D E I FEbR.

- BATA] OB KBRS IEAG RIRRCR, (B DAHPRINAEASE R0, HSFE KRB R R,

- BRI AT AH BRSSPI R s, e RIEH TArEIB1T TG, JF HREB R REIEE T REE
MU TN HIRCR

I 1) B2 20

- IR A T R SRR IS TIN IR R R KA S, AT DA RO EIAROR, (EAERLEEN R AT
REZSRY, AAERm ARIEUE R0 NN B 2 R FEAR RN, TCRAE IO LU BRI 55

- BREMEEREMAK O FESFRR, MNMEHHENL R, R n #ERETHN, $#E8E T (n) 1
R,

- RN EERE S ARY, EHARGIHRERE, AEHIMENE LR,

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

- FUEE RN R R EIREE, TR SEMARIENANE R, NAERES NRE, &E FHNEE
IR, BAEN BRI, RO A BHE — R R R A RES BRI 0L

- YN AR A S M RTATE R LR N R RIS TRICR,  RAIT SEhR M A A RA R, T ECFIIN
A 2 TR G T N B 0 1 AR SR B 5 IV ECA IR,

MR



H2w EREDN www.hello-algo.com 47

SRR T S A, R 5 P o RIS R K 38,

LR A A T A AR, B, AL BRI, AR
oSl A T, B SIS BRI, MMz (AR 2], ECr bR 3 (L B
B

R BB R RS A A, AV AR N SRR S TN 2 R 2 A,

- s 2 EEIEHESIE O(1). O(logn). O(n). O(n?) f10(2") %,

2. Q&A

Q: RIHmEE R O(1) 157

Hig b, B@HEERSREAEA MR O(1) . AR RZERmZES (U Java, Python, Ct++,
Go, C#%) AHrEFNMLLEEN, Ft@EE A NZERERER O(n) .

Q: HEFITTRIXM N RBERIX AR 47

% (function) A DABIHSZHAAT, FrESEEAEREIE, 7% (method) 5—PXRKHE, #ilE L
AHERXNR, REMEXTIASLH]H L& H B TR R,

N DA LR WA TE S M BRI,

CCEEREAGRES, AT SIS, FTUERE. BRI B IREA (struct)
SR AN QIR SRR D BRI 24 T SRR 2 PP 77 15
-+ Java fil C# REFN QIGRIES, RIBE O7%) BHIENEAKI—H. BET BT ERLT
BB, ENEWEAER L, FREVIR R RS,
- C++ 1 Python BECRRSREAGRE (F%0, WIHSmmN SR 7%,
Q: R “HULMYZ I AR A SR 2 5 2 U Ak /N2
TR, RERRNRAE A, FRMRRI—E, TR & 2 R4 kb,
B n = 8, (RATAES RIS S FEOT R b, R NS A& & — R, T
HU AT R — MU AT S (TG AL
TESKBRFR, B DE R BRI R0 SRS/, I (R A R n = 8
2 RHRMARE, (HTF n = 85 AR T, XNHMKEBELEEST.
Q EAETFERESR AT, MR (20 IR EEI?
TESKRRBLFIFR, KERAM NI 2B B I, BIASCRAE RS, Tl DER e B ST &3,
d AR A, LARE O(log n) B35 O(1) MR,
LSRR, S LI s, PIAERRTT R, RN REE, TRITTES
WO EIAT#, R AR, DAL, AR,
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Abstract
BRI an[R — RIS E 2 AR HEZR,
TR A AR TR, BIAE AR EA SRR,
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3.1 HIEEHnE

HOLRBRE IR, RS, R BB TRARER. ML HE [, BATRIDAAN BT 0 “pEghi”
PINERE AT 703,

3.1.1 ZELS: SitS5IFEN

RS T B TR 2 MINEEE R, EEAHMTERTD, BB —E iy iy, AT 8RRk
PERZR; TAEMT, BRI MEBEXRAY], R “HE” 5 “BR ZMIIRERSR; ENHT A
FAAER, Sk T A4S R R

QNI 3-1 FfoR, BEREEMR] 30 “ERMET A CHRERIE” MREE, SR B, TREHRERH R LR
PEHES; AREAESSHNIER, Z2ARZMEHES,

- ERPEEIRETH: B, BER. AR AL IR R, TTRZAE N RIE R R,
- ARERMERdRG . L HEL B IR R

FREMERAR ST AT DU — 25 X170 MR A A AR EE

- PESTH: B OHE IREER, JTTRZMEZ X ZHIRR.
- PRGH: &, TRZERZXMNZHKR,

SEEiESM ERMERIESN

e " & 2
array tree d \ / \

%‘gi 3 > — —
linked list

push |/I \
i = graph T /
stack -

pop

s e e & s
FASY -
queue -— -— heap ¥\

pop push

BER {key 4 *}

hash table value

3-1 LRMEIRAEN SRS R4t

3.1.2 YR ESES55E

SRR, IR BRI BIR AN R, & 3-2 RoR T — DRI S, HP N RETT
PR A& —RINAEZE ], FRATAT DU N R R R — D ELRHY Excel 248, H A& BTTARER AT DAFE I —E R
ANNEA G
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ARGUEN 7 IR AR BEE. W& 3-2 FoR,  THEHURSER S MU A% i A 8D B TAS 20 ie
G, WREDNESREA MR L, A 7St B R AT RN R EE.

90 901 02 03 04 05 06 07

0x0000

0x0010
0x0020 a

0x0030

0x0040

AERESE ARG 020012 , SEIMIE

. ERANGSE  HENELE 0x0024 , SEIMIE

B 3-2 fFsR. WAEESTEL PAFHRAE

Tip
EfSHAARR, NAELLIE Excel RAZE—DMELAIEEL, SRR TIENIHEILEE 2, Kbt
ZiH, NEEH, ZEUHL BRIAEYE NSRS,

WFRFTARFP L E TR, SRR MER &, WRE R TR AR P RN T IR R
PRETH S AR, WEBE A EERF BN R, tan, BRI RI P I SRS R SRR
ZIRNANAE; WEREVDESRII A, B2 R R ARSI RE S (F B (E 7 B2 A A

e 3-3 Aor, PrBRgsi R Y BARAE RN IAE R 3, Al oS EAE s () MR
fefig (B2, PIBLEM WIRIZOE TRARATTIN, g, HIMSEIRIETTIE, PR BEEE A 5 I (RIS A 2 )
R T 7T 2 I AR A

HEREEE)EE ST el
TEfE A BITF S (Bl R R Y FEERNNEZEZ I

e FRERE | spssns
B sesannesa minamst | OAEZE
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K 3-3 ELRZE RIS B R

ERRIRE, B BIRa RS TRE ., HERR EANASIB, G140, ARAIPASIRE AT DARE AR sk
B, WATDAREFRRERSCEL; ke AR kA SCIL AT RE RN (5 B ek,

- TR AR PASIL MRARER. AL HME. &L ZERE. GKE (JEE > 3 REED SF.
- ETRERIEL: AR, PASIL MAARAR. B HE I%

HERAENIRILS, AT DMER IS TR  HREAT IS, RI AR “shS8dRa”. BAEvnas
KEATE, R “SSE8dRaSE", ESEENE, SEmEd EH N FESIRKEE L, MmME&
—EM) B,

Tip

QUERIRIE SV PRAS A PR A TR, B BERIE N —%, RS RIIA T N A,

3.2 BAEhiEsedl

LRI RN EEIER, ROSEESOR, B, MR, B85, 3D REERMPR, RERXEEIREIHN
55, EENTER RS MEALRE I K,

RABIRIARE CPU W DA TIB RSN, ERIRPEEEEN, ERUEUTILA,

- BRI pyte, short, int. long,

- TFEBEEA float. double, TRV

© FREE char, ATRREMIBES TR, MARSEERBNESE,
- AR bool, HTFHRR “B7 5 “&7 AW,

SEABRION B, IR R A ME IR, — N IR 1 b, R RS HOIRIRER S, 1
45 (byte) Hi 8 HAE (bit) 4

FALERE AR A A S B R T H S R RN, R A Java a6l

- BEHOOM byte A 1Y = 8 HAE, WIDAFOR 28 MIF
. E@kgpkﬁu int gﬂq 4 ?17 32 Hﬁ% TU«%T 232 /\5&%

R 3-15128 7 Java FRASRPEALERERIN & 2, BUEVEEMBOAME, HREICHBEILHER, KEEEHH
A, REN AT D &K AL,

R 3-1 HARBEERAT 5 A 2 AR E G

E il e HH=E BME BRE HINME
B byte 159 —27 (—128) 27 —1(127) 0
short 2 FA —215 215 _ 1

int 4 A —231 231 1 0
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el S5 GHZEE BME RAME BRIMA
long 8 Fi —203 263 1 0

FRE float 4 FH5 1.175 x 10738 3.403 x 1038 0.0f
double 8 ¥ 2.225 x 107308 1.798 x 10308 0.0

FIF char 2 7 0 216 1 0

/R bool 157 false true false

TBIER, 3% 3-1#XTH0E Java REABHR AL, SRmEIE S A S BEEEIE X, eSS i
XA, BUETEEFIERINME R Re 2 A A,

-« {E Python ", BEHCEM int ALARERAR/D, RZBTRIHNGE; FR% float BIUEE 64 7; &
A char K81 AANFRFSCER B EKEN 1 PR str

-+ C I C++ R E R ABIERAI A/, MRG58, 3 3-1 875 LP64 i, HpFF
1S Linux A1 macOS AN Unix 64 (#E RS,

© A char FNAR/ME C I CH+ HON 1 27, fERZHURIEIE S P BURTREENFR RIS 7%, 0L “F
Rt B,

- BMERRA/REMNT 162 (08¢ 1), BENFHEENFEEN 170, K2R ENL CPU #EH
1 F 1 E R/ NS HENFE R IT,

Mz, BRI GHARGE Z RIA 2R VE? JATRE, BARait2E it B PR S R T
Ko RANEREER “457 mIE “BdE",

FARFOR “—HETT, BANTEASBBIEASA, X2R BRI LS n] AR AR R R A
JFRAR, HETHEHEINERES int, /ML float IEREFHF char, M5 “BdEghity” Tk,

HAIET, SRR TR “PIERRL”, mBRa Rt 7 EBRR “Ad8U R, Bl RS,
BATHHFE R RE B RFESFRRARINEALIERA, EH5 int, float. char. bool %%,

/] ERZTHEREIELB R EA
int[] numbers = new int[5];
float[] decimals = new float[5];
char[] characters = new char[5];
bool[] bools = new bool[5];

3.3 HFLmI *

Tip
TEAS, FREiA * FFSARIERET ., QIRIRIN G REURZIBE AR, FTRERk, Fsedh
PR 5 A BRI


https://en.cppreference.com/w/cpp/language/types#Properties
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3.3.1 [Ff3. RESF#MED

£ E—T TR RSP RAVLI, AT BEESE RN FOR B AT L IE R — 1, Bl byte HUBUETEFEZ
[—128,127] o MR EY, CRINTEREY REH, G, *MERESETIR,
BT IR, By bl WS TESEETE T RPN, TR R B, Bt =FRE
o

- RS BAPRECT R RN RS AT S0, Hip 0 FoRIES, 1 R, KRR

FIMEL
o B IEEA RS ER AR, SO SRS R ER RS BRATS A AMNE AT A LU
AN IEREORNG S SRR, SRR SR SR AR B 1 o

B 3-4 Jor TR, A FIANG 2 TR L4575 7.

+0 +5 B -0 -28
0000 0000 0000 0101 [R5 1000 0000 1001 1100
BREFS s,
FHHE B MR
2000 0000 2000 0101 =B 1111 1111 1110 0011
fERFSRUERE L 1
0000 0000 0000 0101 B 0000 0000 1110 0100
EHMERD, RB, HEHES Hi¥MRE, kB, HMEEERER

K 3-4 5, A5 Y B AR L

[F53 (sign-magnitude) BAREM, EEFEE—LFERME, —AHE, HBNEEARERHE FaR, flanfEsR
BRHE L1+ (—2), BENERE -3, XEREFNHL,

1+ (-2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

N TR, AT &R (1 s complement), WIS R I/EABR LN RS, FE(E RS Fil5T
14 (—2), Bres BTN, WInTfEs EfsEE —1 .
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1+ (—2)

— 0000 0001 (J5r4) 4+ 1000 0010 (Jh5)
= 0000 0001 (sfd) + 1111 1101 (JiH)
= 1111 1110 (JxH3)

= 1000 0001 (J5r4)

——1

i, B FREMA +0 A —0 MMoRTR IXEIRE BT NN R i fI g, JXA]RE
RWRE . AR, A X EFMNE, WATGER SECHIMEE R, mmanREAIEL
BUETMATE X, WFRZESIAGIMIHIWTERE, XTSRRI ENRIZE R,

-+0 — 0000 0000
—0 — 1000 0000

SEE—FE, REUAEEATE X WE, RSP 5N T#E (2 s complement), FAT/EKAM
K MUERRY, i, (SRR

—0 — 1000 0000 (J5if5)
= 1111 1111 (}x#9)
=1 0000 0000 (¥~H)

FEMTHI AN BN 1 2742007, {H byte RUMIKERA 8 7, KILEHFIZE 9 iKY 1 SHEFH. W
g, MFERIMSA 0000 0000, SIEFHMMGHIF, XEREEMIFRHREE—NEF, ERFEX
MG IR,

ERIEfG—M5E: byte BBIWEUETEREZ [—128,127], ZHERN— % —128 2UMA{SEITE? 3K
RS, XIE [—127, +127] WRIFTH B N N AR, AN, B RASFIRMD 2 [l ] DA AR
et

AT, #PA% 1000 0000 2—ABIAk, EIFEA X PIE, RIEEHTTE, BAEENZANE RSN
0000 0000 , XZAREFEN, FAZEBRTET 0, ERAMNMENIZEB S, HHEVIEX MRS
1000 0000 %% —128 , bRk, (—1) 4 (—127) fEAME RIIHTLRME —128

(—127) + (—1)

— 1111 1111 (J#r%) + 1000 0001 (J5h5)
= 1000 0000 (szf4) + 1111 1110 (ShH)
= 1000 0001 (#~H) + 1111 1111 (¥MH)
= 1000 0000 (¥~H)

— —128

RAJREC LI T, EIRATAEHREERINEZE, XERE —NEERI: IHEPLNERRIRELE iR 3 22
TIEBREN, XZFROVIRIZEMN THAZE (banskik, BRIEFETR) Kk, BRIk & fa
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B, HERGHTHTAH, BRIEEEDR,

BIER, XIFAERE HEURREMNE, Rk AR HIBHA S, HRYLIRES ISR i
BEAaR. Blan, HREIE a — b AT DAL o + (—b) ; HRIRERBRIER] DI TR 2R
INEBIRTE.

PRAEFRATAT PUSES T AL E FANME AR R B TAMYEOR,  THEALAT DU [RIRE B BB AR (R AL B IE BR
TEREIANE, AT ERFEPRATRE (R LR EIRGE, I BICAURE A B S B B A, JXRR e 1
fEERIE, $E8 T IsRER,

DRI BEHER R, HRERRBAICN AR E, RECESEREEE PR T,

3.3.2 Fm#mEY

OMIPRATRES RN int F1 float KEMFE, #2 4 F1, HAT4 float WEUEEEIZ AT int ? X
EERER, R float FFEFR/ Y, BUETEE NIZZ/NA YT,

Khr b, IXRBONIEREL float R T ARMFORTTR, id— 32 HURH R —HHHIEOY :

FR4E IEEE 754 brifE, 32-bit KR float H LA R=NE R,

: ?\ﬁf%ﬁi S: 5 1 'fﬁ, Xﬂ‘m b31 o
: *Ei&'fﬁ E: le 8 'fﬁ, Xﬂ'@ b30b29 b23 o
COERIN : 5 2361, ML boby; ... by o

I FLoat X RAEAY L SE AT 5N
val = (—1)bs1 x 2(baobao-b2s)y 12T 5 (1 by by, . by),
P2 R R AN
val = (—1)% x 287127 x (1 + N)
HL 5 T HR L A
s {0, 1} Ee€{1,2,..,254}

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

TS s B E SN
D8888800

A A A A A

b31b3@ b23b22 bn
HFUAETH, 55 R IEEE 754 47, &RBIX R TR
s=0 val = (-1)5x2E127 x (1 +N)
E = 124 = 1x0.125x 1.375
N =22+23= 0,375 = 0.171875

3-5 IEEE 754 tnifE Y float BB RH

MELE 3-5, HE—DTROEIES =0, E=124, N=2"24+273=0.375, WA:

val = (—1)0 x 21247127 % (1 4+ 0.375) = 0.171875
PAERATAT AR A SRR Float MIZOR T AL &R, SEOLBUETEREIZR T int . RIEL EHHE,
float ATFSRIEARIERCH 22947127 % (2 — 2723) & 3.4 x 1038, VIHAFSAERTISEIH ML,

RABFE B float ¥l v HUEVCH, (HIRIERDRNTE VRIS, BECEA int K525 32 bR TR0y,
Hep RS0, i THEERAIAETE, T2 R3 float BEUEBLK, MBI ET Z [RIHY ZE (B STk
Ko

%k 3-2 fR, 488 E = O f1 E = 255 BAARRE X, MTRRE, J%5 K. NaN

% 3-2 RS X

8L E SEHLN = 0 SHBLN # 0 HEAK

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

{EAF BRI, IIERBC BRI T IR RS 1, B/ NME RSO 27120 ) B NEGEMEC 27120 x 2728

o

YFEE double HRHIZEILT Float (IFRIRTTIE, TEMAMENR,
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3.4 F{4RS *

FEIEALA, FraBdEEE AR AT 060, 745 char ABIS, T HRRTHF, BATEEL
—E TR, WESDNTIN B AN XX R, BT FREZE, HEAUA] DUEd &R
JR IR AT R A

3.4.1 ASCIl FH&

ASCII BB 2 i B 2174, H2F8% American Standard Code for Information Interchange (FEH
PREAS BASHAED) . B 7 AL 3R (—DFRK 7 A1) RR— DT, REZEWERR 128 MR
FrF, WA 3-6 FvR, ASCII R SCFRIIAR/NG | B 0~ 9. —EEMRRFS, DU—E8HI=/ (0
BATRAFIHIZRTT)

+idth i H ax +its i FH +it e FH +idt#l i FH
0000 0008  NUL e 33 0010 0001 ! 65 0100 0001 A 97 0110 0001 a
1 0000 0001  SOH TREFTA 34 0010 0010 C 66 0100 0010 B 98 0110 0010 b
2 0000 0010  STX EXFE 35 0010 0011 # 67 0100 0011 c 99 0110 0011 c
3 0000 0011 ETX EXER 36 0010 0100 $ 68 0100 0100 D 100 0110 0100 d
[ 0000 0100 EOT EmER 37 0010 0101 % 69 0100 0101 E 101 0110 0101 e
5 2000 0101 ENQ ER 38 0010 0110 & 70 0100 0110 F 102 o110 0110 f
6 0000 0118  ACK |5 39 0010 0111 ' 71 0100 0111 G 103 011@ 0111 g
7 0000 0111  BEL Let=d 40 0010 1000 ( 72 0100 1000 H 104  011@ 1000 h
8 0000 1000 BS B 41 0010 1001 ) 73 0100 1001 I 105 0110 1001 i
9 2000 1001 HT RTEIEG w2 0010 1010 * 74 0100 1010 3 106 0110 1010 j
10 eeo0 1010 LF #iTH 43 0010 1011 + 75 0100 1011 K 107 e1le 1011 k
11 0000 1011 VT SHHRF 44 0010 1100 5 76 0100 1100 L 108 0110 1100 1
12 0000 1100 FF Evat 3 45 0010 1101 - 77 0100 1101 " 109 0110 1101 n
13 2000 1101 R EEg 46 0010 1110 5 78 0100 1110 N 110 o11e 1110 n
14 0000 1110 50 TR®R 47 0010 1111 / 79 0100 1111 0 111 e1le 1111 0
15 0000 1111 SI BRI 48 0011 0000 ° 80 0101 0000 P 112 0111 0000 p
16 0001 0000  DLE  MiEEiEy 49 0011 0001 1 81 0101 0001 Q 113 0111 0001 q
17 0001 0001  DC1 R 50 0011 0010 2 82 0101 0010 R 114 0111 0010 r
18 0001 0018  DC2 RS2 51 0011 0011 3 83 0101 0011 H 115 0111 0011 s
19 eeel 011  DC3 B3 52 0011 0100 4 84 0101 0100 T 116 0111 0100 t
20 ool 0100  DC4 RS 53 0011 0101 5 85 0101 0101 [} 117 0111 o101 u
21 0001 0101  NAK 5L 54 0011 0110 6 86 0101 0110 v 118 0111 0110 v
22 0001 0118  SYN [BE 2200 55 0011 0111 7 87 0101 0111 W 119 0111 0111 w
23 2001 0111 ETB R 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 R 58 0011 1010 E 90 0101 1010 z 122 0111 1010 z
26 o000l 1010  SUB e 59 0011 1011 3 91 0101 1011 [ 123 0111 1011 {
27 0001 1011 ESC ) 60 0011 1100 < 92 0101 1100 \ 124 0111 1100 |
28 0001 1100 FS KSR 61 0011 1101 = 93 0101 1101 1 125 0111 1101 H
29 0001 1101 GS HER 62 0011 1110 > 94 0101 1110 " 126 0111 1110 -
30 o0ee1 1110 RS RRABE 63 0011 1111 ? 95 0101 1111 _ 127 0111 1111 DEL
31 eeel 1111 us PITHRE 64 0100 0000 a 96 0110 0000 N
32 0010 0000 sp =HE

3-6 ASCII 4

SR, ASCII W NRERSFoR I, BEE AN RERIL, WA T —REERRRE Z1E S 1Y EASCI 17745, &
£ ASCII /9 7 i 55AiE B ®) 8 i, BEFEFR 256 D ARIIFERE

fEHFIEEN, Szt T —H#IEH T AFEMIXE EASCII FRF8, XEFRFENET 128 M FEHR—N
ASCIT 1, J& 128 NFAPEXAR, PUEMNARIE S IR,

3.4.2 GBK ¥f&%

JERANTEEL, EASCH MR TCEEW R V2 ST R EOR, X/t a1, JeH %/
HILTFA. HEERARESRT 1980 £R 16 7 GB2312 F1¥4E, HIGET 6763 NMNF, HAWE TIXNFH
RS TR,

SRTM, GB2312 TLiREBH WA BT, GBK FARFEZIE GB2312 (YA 4 ISR, eHRT
21886 MY F, 1t GBK M4tg77 %, ASCII FRHEH —PMFTRR, NFHERAM DM FTRR,
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3.4.3 Unicode FF &£

BEE RPN AR, FATRSIIEINE TR, THXHR TR, —J7H, XTI
HEXTREBSHTR, TEESESHE NER LE. H—7m, R—MESEESMTrrEnE, o
R AT RNUE RS2 AR gREEhRME, MRS BB = B IELA.

AR IARHIRTFEN O AEAR : QRHEH — A e 5e B AT 4R, R I SRS R T8 S AT S AR 3L
h, AEERT PARORS TR S AR BEMIELAS M8 7 I ? XA E R, — R 5% Unicode Miz
[[=

Unicode MIHIXZ &N “Gi—h57, HIE FRERYN 100 2 NFRF. ER N THERTEENNFEITMAG—
IFRER 2, TRAE R F i AT R TR B S IR 5 S0, D R g AR A [R) i = A2 Y ELAS [A]
EIL}ﬁ\O

H 1991 &4 LK, Unicode AWy ZHINIES 57 5F. #= 2022 4 9 H, Unicode EAHEF 149186 1~
TR, AESMHIESHNTER. FESEERIEES, £ KM Unicode FRFEH, FHMNFRGH 2 =1,
HEARNTRFGH 3 FHHEE 4 777,

Unicode Z—Mi@HFE, KR EZASNFRIE WS oy “WR7), HEIHFRAMEETF
P 7 X B TR . BATAEESE: H2AKER Unicode M RN HELE — D XAHR, REH
MIENTFAT? BIANZAE — DN 2 F %, RSEWAHIAER —1 2 FHRFFEERAD 1 ¥ Y
7¥e

MNTF AL, —REEAIRIRTT R PR RIS, W& 3-7 FR, “Hello” HHE
RS 1591, “BiRT PR TRE M 2 7, BT DOEE & A4E 0 K “Hello BIK” FEIFTA 1K
Gt 2 TR, IXFERGULA] DARERE 2 T — D fs, IREIRDMEBINE T,

=5 Unicode
H 00000000 01001000
e 00000000 01100101
1 00000000 01101100 | KED 1 FRRRXER
( (FH o)
1 00000000 91101100
o 00000000 01101111
-1 01111011 10010111
KER 2 FHRRXEH
& 01101100 11010101

3-7 Unicode w4
SR ASCIL FSELMIFBANTIEMH, SR X HFT 1571, HRHERTE, SR AR NS Z
ASCII gt REIMIRE, AEFIRBNGFZ A, Wi, FAOTFE—FEIMNSEE Unicode gwbd 751k,
3.4.4 UTF-8 ¢t

HAfl, UTF-8 B EbrR BRI & 72/ Unicode 4wl 75 7%, ‘R —MmlZ KEMSHIS, #1135 455
RER—DFRF, BRIEFRERMEMZ, ASCII FRR®E 177, M FRNAEBTRRE 2 5N, HH
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AUFR S RF R 3 21, HAhA — LA R fF TR 4 2779,
UTF-8 BIgmtRNFFAE L, 7020 BL R PR DL,

©ONTREN 1 FIHRITR, RRESAEN 0, HR 7 AZEN Unicode i, (EFERATZE, ASCII
FIHE Unicode FAFEH G4E THT 128 MY, thwi/@idd, UTF-8 Sifhn] B RIfE% ASCII %, X
ERETA AT DA UTF-8 SR EEAUAIZHT ASCIT S0,

CNTRENn FHHTRE Hhn > 1D, BRENMTFTHEn CEREN L, Fn+ 1MRENO;
ME ZAFTTE, HEDF IR 2 EIREN 10 ; HARATARH THEFEFAFH Unicode MG

K 3-8 J&oR T “Hello HIE” X MAY UTF-8 %, WIESLEL, MT e n HREN 1, FtRFAOEE
Bl AL 1 BN ECRAT AT RN n o

BN A ERHARATE RIS 2 AARE DY 10 We? S2br b, X4 10 RER IR IIERH. RIZRGM

—MERATFIIFEMNTOR, A7 3KEE 10 BERSAE B R GEPOE AT H =5

ZFTAKE 10 SIERERTT, ZRONE UTE-8 g, NalREEFARIREMAIE 10 . IXPE51en] DU
SRAUEZSRIER : R — TR REMAE 10, BZFRKEY 1, N ASCIL#, 1M ASCII A

AR 0, ST E,

FH

H 00000000 01001000
e 00000000 01100101
1 00000000 01101100
1 00000000 01101100
o 00000000 01101111
" 01111011 10010111
* 01101100 11010101

BEE 3 UiRER 1
RRFHEER 3 F1

3-8 UTF-8 gwi il

BRT UTF-8 Z4b, i ILA9ZwHS 75 208 45 DA Wi,

- UTF-16 %at%: fEH 2 8 4 F1RFR—DFR, TG ASCIL FrHAE A AER 745, #FH 2 7
TR, OEERFFEERAD 4 F1RR. NT 2 FWHHFERF, UTF-16 4wf%5 Unicode 5 s5iHZE,
- UTF-32 9wt%: SNFRAERER 4 7799, XEKE UTF-32 bk UTF-8 f1 UTF-16 B 5 HZE, Fipld

XT ASCIT F4F o5 FLE R ISR

MAEESE SR AEE, EH UTF-8 R P ER @R, BOVENH 1575, /] UTF-16 gt

UTF-8

01001000

01100101

01101100

01101100

01101111

11100111 10101110 10010111

11100110 10110011 10010101

BHATHNE 2 i
BB 10

FEFSCFRF (BlanHs0 SEMER, BB 2 57, M UTF-8 AfREFR# 3 571,
NOREMERIMESR, UTF-8 REMIMRE, 2 TANFEMESHR: UTF-8 .
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3.4.5 RIEESHNFHRD

MNFLUENRZEREIES, BPBiTHrFREERA UTF-16 8¢ UTF-32 XEHF KL, EFKHmD T,
BATR] DLRE AT H B (AR A B, XA R RA DA LR

- KEPLYIR: UTF-16 gt n] DURAE Z it TRENL TR, UTF-8 2 — M Kagmil, ZAEKEISE ¢
PNFRF, BATRZENFFRIIFGLIBHEE « DR, ZXHE O(n) KINFL,

C PR SRENLTRZEM, HHE UTF-16 SR rF R K EHZE O(1) B9#fE, E2, 5 UTF-8
R ) AT B R e i T B D AT R

© IR £ UTF-16 iiERwrr e b, IRZFITERRIE (WnH, M, A, MPRSE) BA 5T,
£ UTF-8 Sty F e b, BHTIXERIEEEREIOMIHE, DR 274 TC8H) UTE-8 Gt

KPR L, HWAEES NFRARmETT R MRABIEE, PRFZRR,

- Java B9 String ZEUEH UTF-16 4wid, BNFREH 2 71, XEEN Java iBF &2, AMTA
16 1 AFRFTA FTRERI =1, SR1M, X2 — DA IEMIIAINT, 52K Unicode FIVEY R R T
16 fiz, FPA Java HFRFERERTRERH —XF 16 ALAE (FrA “ARREEXT”) #oR.

- JavaScript fil TypeScript FIFFF R UTF-16 ZmiBIJR A S Java 2, 4 1995 4E Netscape A H]
BRI JavaScript iIEE W, Unicode it T A& BRI, ARIEER 16 ALA4mA5E0E AR RATA 1Y
Unicode FfF 1o

- C# {#f] UTF-16 %mf, FZIERN.NET F&2ZH Microsoft ¥ iy, 1 Microsoft FIIRZHA (L
i Windows #1ER%) &1 12 H UTF-16 4wkl

BT DA SRR 1R B 0 AR RO ARG, BTSRRI “REDX” (977 2oRFREIE 16 A2 Z ) Unicode
T R PMICHZWTERZE, —J7H, UESENIFRET, — DRl b 2 s 4 7
T, MR T ERmWMIIE, 5—77H, BB R ERHING AN, e TR S ZERIE
HERE o

TP EIRE, #9EE SR T — AR5,

- Python H#Y str ffif Unicode %itd, IFRA—MRIENFIFERR, FHENFRHKERRTFZRH
FE KM Unicode F i, & FAFRALEE ASCI F#5F, WEMNERFSH 17T, WREFmEE T
ASCII i, (HEHERAZLIESFH (BMP) M, WEMNERFSEAH 2 71, REG@EH BMP ¥
¥, MEADFRF S 4 57995,

- Go IBE M string KAAENERMEH UTF-8 4ifid. Go B S IEHEME T rune KB, BEHTRREAD
Unicode 55,

- Rust IBES Y str fl String BAULENEREH FH UTF-8 %f%, Rust t424L7T char 287 HTFFRREAN
Unicode 55,

TREERNE, UL BREmEE S P IEaETT 3, MR S ¢ el e p g
fefR AR, £ E LT, BATER 2RI RGN UTF-8 #83K, DURZIRILIIHA
PR AR
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3.5 IhgE

1. EREEH

- BURGHR] AR B LS YEES M PR A T 0 2K, IREREEIIR THIR TR 2 NP R R, M
YR HEIR T BARTE T BALNE I E 77

- WA R IELNE. ARRFIRDREE, @ E RN RIEZEE BRI 2 hkiE (B, B3R,
Fe. BAFID) FOAELet: (Rt B, H#E) Pkl I RAVSCEILRA] RE RN (1 & LM B R s N ELe MR R a5 1

- YRR IBITH, BARSEETE I ENINEY BNNEZ RIEHA N B AL, R X e A
Huk 5 RIEE

- YIEEEER R ONES S AIEE B Mo BER) . ITEEURSEN R A, RERE
PR I A LB,

- BN AR EA SRR A RS byte, short, int. long, F#mi%{float. double, F4F char
FIfA/K bool o EATIAYEETE Bl BT & F 22 R/ N R 77 7K

- JREES, RABAIAMG R BN I =R/, ez RR] DA B, REE RS R R LR
0, HEHRA2ETE,

- BOSIETHENHZ DAME IR AEE R, EAMDERR N, HHEALRT DU IEER B InE — =, A
TE R EIEIRE M T R R R RS, I B TELE IR U S R,

C FREYRESE 1S, 8 MARENIAT 23 N B R, BT TEAETEEUL, TR A B B S
Bl AR TR, RIS TR,

- ASCII ¥ 2 R RSSO, KERN 1579, HISE 127 M FERF. GBK FFEER AR S+
TR, HUWGRPT 2 MNF, Unicode 801 TR — 5B 2 AR, IR & FIES 7
¥, MR T2 RFmA 77 28— BT 5 B AL AD (A

- UTF-8 B&Z¥ILM Unicode it 771k, WBRAMEIEREL ., TR —MEKNRmL %, BARENY R
M, BRERTE T EEEREE SR, UTF-16 f1 UTF-32 2S5 KAWL 5%, Egmigrhsgit, UTF-16
RS A L UTF-8 870N, Java fil C# HmfEiE = BhAEH UTF-16 gwhd,

2. Q&A

Q: Mt 2 RFIN S LM R e A M R EE 12

B RICEREA, Mo TR MR, TATATRERMA “ge(Hiht” (5% “IBmmhR” EWEUD:
AP MR —DRER, HBERKEDENE —EBIER, XATREBEFEMONR GEH VLZLERD,

MBI EERE, MR RIRZERHAE, Ehg PRI S —ME, et s— PR —R
o [Alit, W RATREFIN G S A dRSS Y (B, BER) FIHELRIERBIRS ().,

Q: char BBRKER 1 F704?

char KB K E HIRIEIE S R RIS 77500, 140, Java, JavaScript. TypeScript. C# #B®H UTF-16
Zmhd (fRFF Unicode #4553), Kt char UMK EN 2 777,

Q: ATHAHSINNEIRE MR “HESBIRSEN" R AE? Hethn] DT AR ARS8 1E, X5
TEERE “n&" 1Y,

A SEA] DASCEIANASHIEHERE, EEIRGSGMIIARR TS (KERATE) 1, REETHHNEBIESES ]
DAEhASHIAIEMER TR, HEMWARZEEN, REEERBEE TR, SR EeIE— N
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HERIVEA, FIREAHIN AL R Z5E i+,
Q: etk (BB BIRR, RIEEERIRD, M2l “HSBEasy” e?

FERPGEES T, BAEMATIEEH B RiaEe, XD TIERENEEENE. Fld, Java £
ArraylList (UFHAAEIER N 10, 556, §aREt2 Bahsiin, HUESH) “FIR" &,

Q: FEAMSHI TR BRI 17, BRAKMEEE IR 2R Wa R “Jeil 1 JFHUR”, TiAMEE R th
—FER] OB “JeBUEn 17 1§28, XN 20E?

X2 RN RS A AN (A B e S fr 2 i AN SRR, BRATEAHAMEN: &k a+b=c,
HRAFRATFR a /& b B ¢ L, R WFR b 2 a B ¢ BN

BE D n = 4 MRKERNZERE 0010, MR MFEEEY (RBEFSAD), AR MY THIE
o ElREM 17 A5

0010 — 1101 — 1110
BAI2KM, FEHEMAMEHIAZ 0010 + 1110 = 10000, Hi2id, M3 1110 25 0010 5] 10000 [
U, IXERAE iR REURIEM 17 92bR R THRES] 10000 R R,
M2, #hE% 1110 ] 10000 (Y “#hET 222/ D0E? FAMRIAFT DA “SelU=)ain 17 58e:

1110 — 0001 — 0010
HADIET, SRASAIRNG EONXT 5] 10000 B9 (M, BRI “JEEEEANE" F1 “kMGEL RIS w] DUHARIFIAY
B GelBUJEm 1) LB,
LR, TATHAT DU FRRANMS 1110 RIS, BI “Seif 1 JEEUR”:

1110 — 1101 — 0010

BESRE, EBJE 17 A e 1 JEEURT XA R TR E] 10000 FURNEL, BRI,

AR LR, “BUR” BRERER ERKE 1111 g (BOVTER RIS + RED = 1111); TMfERIGERE BN
LS2IA0AMD, w22 10000 AT,

ERLAn = 4 MBI, HeTwaE SRR —HEHIEL
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Abstract
b6y AR [ R Y R e
BUARREHESTHES, BB, FERIREEL D ESAL, RS B AR ThEsE 2,
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4.1 #H4A

A (array) B MEMEEURSH, HRHREZRBATTRFBEESN AR T, BT RESHETH
EFRNIZITRENERS| (index)o & 4-1 R T HUEH R T 2SR 7 (77 2o

— EFREBENNETEEEEN
TR
element
s ¢ |
array
s§§| ] 1 2 3 4
index
mﬁt&iﬂ:‘ 00 04 08 12 16
memory location
FIAREZE
pilbakiapy LA El

K 4-1 e S EFETT

4.1.1 FAERIRE

1. MiatkEa

FA AT DARAE AR SRk B PRI Ga kT R TEHIME. SAE VA, TEARTEERENTEN T, K25
FIE S SRR O

// == File: array.cs =

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

2. ifinlcE&E

BATTRBAAEEESERI AR, XEWE HERAUTRNEF I RE A 2. SeBdmEtt (F
TLRNAAHIAE) FEADTTRIRS], BRI DUMERE 4-2 R AR RERENZT RN FE L, B
ZIT R,
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¢

TE®Sl o 1 2 3 &

RfEt 00 04 08 12 16

TRKE - &

TRAELE - Bkt + TREKE « TRERS

(BT (GHHEISE)

Tl REEARS] 3 ABITTRERIAE N
012 = 000 + 4 x 3

K 4-2 BEHTRIINF LT

MERE 4-2, BANTEZIBAEDNTRNIRIIN 0, RUPFAELERER, FAUM 1 THATHSRSEER, EN
HHEARNAEE, KolARERAFIEIMB R, 5 nRitFEERERZ 0, FIErRIIN 02
B,

EFEA TR T RIEE ERL, BATATRAE O(1) W RINBENLE M R ER — T,
// == File: array.cs =

/* BENLIARITTER */

int RandomAccess(int[] nums) {
Random random = new();
// EXia [0, nums.Length) RENIFHEL—NEE
int randomIndex = random.Next(nums.lLength);
/] FREXNFFR[EIFENTTE
int randomNum = nums[randomIndex];
return randomNum;

3. fARE

BAHTCRAENGFHRE “BREN”, BN REA R EAREAEE, & 4-3 FoR, 05 PR
AR, WHRERZTRZ ENATA LRGBS 0, Z/FRHTRMESIZR5
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8000 -
EEEEE
N

nums[4] = nums[3]

:

BERRAX

e G 1 [2]5]5] 4]
1 N

MRS 1 MENTEE 3 e

800800
N A
nums[2] = nums[1]

e a -

nums[1] = 3

:

4-3 BEHFENTTERHA

BEPERTREE = 4
BIRRTTE 0 RN

BATER,
ERNERETR 0 &K

ERERRNE, BTEHNKEREEN, FEMA-MTROERSFERARTITR “BK7 BN

I RER R T R ETE “HIRT B HiTig,
// == File: array.cs =

/* TEELAMIZES| index RIEATTE num %/
void Insert(int[] nums, int num, int index) {
// BZFE5| index UKZEHFIETERGZE—L
for (int i = nums.Length - 1; i > index; i--) {
nums[i] = nums[i - 1];
}
// B num T4 index AITE
nums[index] = num;

4. MpRTTE

IR, N 4-4 FoR, HEMERRS] « ARCR, MTREERT] ¢ ZJFRITRE AT 81—
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fEmIpRTR

H
w
B

80000
nums[1] = nums[2]

o BRERR

= MR —1

EMATHIRES] 1 TR ﬂ 515
N

nums = nums[3]

80080 -
—
nums[3] = nums[&]

TRMERG, SR TRERR
1

FETE & BERN, TIREER

g

B 4-4 BAMERTTERRA

EER, MBRCRTRE, RAEREBRIITEER “TEX 7T, UBNEAREEBRE,
// == File: array.cs =

/* MIFRZR5| index QMITE */
void Remove(int[] nums, int index) {
// IBZE3| index ZEBIFAETREMEFIBI—IL
for (int i = index; i < nums.Length - 1; i++) {
nums[i] = nums[i + 1];

h

BHRE, B SMERREA DR 6,

ISR B AFIBRA TN R A0 O(n) , Horb n AEEH K,

- BIOTR: HTEHNKEAZE, FtEmATTRE, BHEHRKECERTRRER,

- AR TATA] DA — DB AR, FRRTE —#87), IXFEEmABER, BRIRETTR
g TR W, (HIXFHEIE R N AR 2R

5. EHEA

ERZHIRIBIESH, AT Us RS e, ] e IREE@E TR
// == File: array.cs =

/* WHEA */
void Traverse(int[] nums) {
int count = 0;
/] BER5EHEE
for (int i = 0; i < nums.Length; i++) {
count += nums[i];
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}

/] BiEBHEATE

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

hy

6. &BEHE

FEHAHPEBIE TR TR, SRHIWOTRER I, AVLECE S VRS,
KON B R LM R A, P DA B ESIRERAR Ny “LRIMEEEKT,

// = File: array.cs =

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

}.

return -1;

7. A

FEERNRGIGES, BPEURIESAH Z FAFZ R AT, MWmEEZ ety B AR, HItE
REHGEES T, BHNRERSZER,

GERBAT B AR, WREFEL - PNEREEAH, A RERBLATRRREH SR, X217
O(n) B#ME, TEECHIRRIE NAFFFERN . B FAvR:

// = File: array.cs =

/* T RHAKE x/
int[] Extend(int[] nums, int enlarge) {
/] BE—NT BRKEGNEA
int[] res = new int[nums.Length + enlarge];
/] BE#HADHFRE TR ERZIF A
for (int i = 0; i < nums.Length; i++) {
res[i] = nums[i];

¥
/1 REY REHHTERA

return res;

4.1.2 ¥AMK=SRRYE

BAFBEESNNFAERAN, HuREUHEAE, ZAMMEUEFEENERER, RIa] DRI EE R
ABIREERI AR ERCR,
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- ARRRCRR: BE VBRI TIESIHINEER, TCOESMOZERTT .

© SCRERERLIR . B R VEE O(1) RN FHEMTER,

- RAF AR HUIMEBETTRN, THFREAUMUSINEE, IER% A7 HE A AR, IS B ik
fERARTHE SRR TR

ELE R if R —1ENT)8, HAFERL N RRME,

- AAGMERBERIE: YD ITRR LN, A SMBRR RIS RERNTTER,
- REAAE: BAHENBERERET T, VT ARATRERITH B S HZEE, THHRR,
- MR BN RN KRR, IAZRAE RIMAIR S T .

4.1.3 BB

BEH R — R R WRBERSEN, BN e R ERh, Al TSl S & 2 R s

- BEMLYIT : QO SRERATAEREH LIHE — 2R EAR, AR AT AR TEE, HAER—RHUFY, RIERS IS
REATLIHEE,

- HEE AR B R A REERE GRS, PORHET. AR, O E RS R B
¢ LT,

©OBERER: YFEPIEER AN TR IE MR, TOUE A E N E R, RIS
ASCIT FSHIBLET, WA AR RF 9 ASCIT BB{EIENZERG], XA TC RIS P I N A E,

- BIERES) . MM KR TR, R, SKEZFNSEREUEE, XEEEEEES R DB
PRI, BULH B A 2 0 4% S P P A i 8 P P BRI 454

- BUURSI: FH AT DA TSI ER. BAI, MEAER. HE, BRISEURSM, flan, BRI RS
i b2 — A 4ERA,

4.2 R

W EEMERFIALEE, £ PMERNRGUSITINET, SREINFZ R REREENT L, K
TTRINE, (FREEEHRI N2 USSR, TS EEH AR KN, A7 AT RETC AR LNt RAES 2, it
I BE R RIG LA R T

R (linked list) B—MEMEEdEL, HPRSNTREZ M RNR, #0108 “5IH7 g,
FIRESR T =D KRR L, w3 e R PSRBT R A 2R — N R

HERAVRIH RS2 (A A BB E AL, BRI i AR SR,
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FHEERNATETEZSEN
R

linked list

0-90-90-0-0-

BET MR
H 5|A (&sh

T
node

A AREFZE

FRERE | mpmaes
T ast | AEEIE

4-5 HEFRE X SFEETT

MERE 4-5, BERMAMANRZT R (node) MR, BN REESMIEE: TR “E” A&~
I 57

C OBERIVE DN R SKT AT, RE—NT AR BT
- R AIEMR ‘227, BAE Java, C++ fll Python H43BI#28 null, nullptr #1 None .
- {E£C., C++, Go Ml Rust HXFHEHIES T, LR “SIH” Ny 887,

GIBANARBSATR, BERTIA ListNode bR T EEHE, MEFHIMRE—15IH (58D, FILEMFRRIER T,
BER LR S E 2 N2,

[* BERTIRE x/
class ListNode(int x) { //#&EEKR
int val = x; /l TRE
ListNode? next; // ERT—TRN5 A

4.2.1 §#ERTFRIZE
1. IatkiER

HNHERD NP, BB RIS D RNR, FEPRWETRZRTIHKR. B emi)E, &
AL AT DANBER AL it g, 383 5 I next AR RIFTA 19 .

// == File: linked_list.cs =

[* ¥IEHEER 1 -> 3 -> 2 -> 5 -> 4 %/
/]l BREEDTTR

ListNode nO = new(1);

ListNode nl1 = new(3);

ListNode n2 new(2);

ListNode n3 = new(5);

ListNode n4 = new(4);
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/] TR ZERSEIA

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

HAHBER—DZR, A nums 5703 nums [0] F1 nums [1] 55, MifERZ H 2 MHRZAY T RSR
R, BATDBEHR RS RS ERERINHR,  than DL B RIBER P /FRESR ne o

2. BATR

FERER A SRR A S, W 46 R, BIATTEZERABIIRI A A no Al nl Z A — PP,
MRS A T AGUR (56D BIAL, W O(1) .

M2, fERAPHATRNNAEARERN O(n) , EREHE R TRREREIR,

P.next = nl
BI< P 5@ n1

G ./
HEHRTA n0 F nl ZEEATE P o o

nd.next = P
< no 5@ P

4-6 BERMAT RURHI

// == File: linked_list.cs =

/* FEHERNTAE n0 ZEHBATSR P */

void Insert(ListNode n@®, ListNode P) {
ListNode? nl1l = nO.next;
P.next = nl;
nB.next = P;

i

3. M=

Qs 4-7 FoR, ERERBIERT A ARETTE, N@RSE AR5 (EED Bl
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WER, REEMPRROEERUS TR P JyFER n1, (H3E0R Bigpi iR O4 AR El P, JXEWE P
B HETIRER T,

n@.next = nl

i B4 no $EM nl
ERERPHGTR P C)
ne nl

A

MbRTERE, R P HPATEME
nl,

BiEHERCELELRE P,
HEEEMTAAT R P SHRIEER

B 4-7 BERMIFRT A

// == File: linked_list.cs =

/> BFRERMT SR n0 ZENENTR +/
void Remove(ListNode nB) {

if (n@.next = null)

return;

// n@ -> P ->nl

ListNode P = n0@.next;

ListNode? nl = P.next;

nB.next = nl;

4' iﬁl‘nj-.ﬁll\\

TERER PV IO RCRERE, 1 E— DR, RATAILAE O(1) B RIS IOE e, BRI
R, BRFREAKT AR, BRI, HEREERY A WRER, ViIRERE i AN SRS
PR — 1%, WREZEN O(n).

// == File: linked_list.cs =

/* iRRERPZRS|IA index BIT= *+/
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. TR

BRER, EIRHEAES target T A, WHIZTTSERERPNERS], HERETETLEER, RBIT
Fi7R:

// == File: linked_list.cs =

[* TEPERAPEHREN target HENTHR */
int Find(ListNode? head, int target) {
int index = 0;
while (head != null) A{
if (head.val = target)
return index;
head = head.next;
index++;
¥

return -1;

4.2.2 ¥ vs. §ER

R 41 B4 7R BERN S IR RO L T HBRERCR . T e IR AR S A7 I REE, (RS Rk R
FIARAERICER A 2 BN 2 AR R

®4-1 BEAHSHERIPERIT T

e B
TR A SEATEEE
BETE KR TR
WTERCR  EREANTED, HARERIER TR ERNES
piiiE  O(1) O(n)
WIER  O(n) O(1)
MrEE  O(n) O(1)

4.2.3 FRERER

G 4-8 FoR, H LAY RERR SIS = Hf,

- BABER: RIRTHE AR EER, SARERATT RS ENER T 1 R T N IEE, JATR &
NIRRT R, RRfa— P ROV A, R RIEAZE None .

- WIBEER: RIS AR T RIEALT R (BREMR), WRE—PIPEER, EIMPHER
R, R AR AT DAL ST A

- OWAEER: SRAmBERMEL, DUARERICR TN TTAEIS . TIABERT RUE RN B & 51 54k
TR (=) MR A (B R) BI5IH (88D . AT BRMRERR, AR E B RIS
P, FTDASANA T A D BE R, A R th 55 22 o FH 3 22 A P A 2
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[* WEHERTIRE «/

class ListNode(int x) { // HiE&EXREK
int val = x; /] TEE
ListNode next; // iEAEHT=EV5|H
ListNode prev; // 1EABIET=RN5H

}

Lo

singly linked list

—_— — — — —» None

FRsEER

circular linked list

(@Y & & W]

AR

doubly linked list

] — —_— —_— —> None
None <«— le— — f— l——

K 4-8 HILBERASE

4.2.4 §EREBINFE

FRAEEFOEH TS, BABI, I 3R SE R 4,

- BSE RIS AFIERIR R A BER AT —ImdE AT, ERBIAVRFEONEHE G, WA, i AR (E
TEFERI—ImiET, MIBRIRIEERERAY S —Imit AT, ERIRIRrIoN et e, X RS,

- TSR RESHILR RIS MR ER TR —, EI%TRT, A RITRASEISRE— MR
':':‘O

- B AR FOREN —AE T, RN TRES — MERACER, BER IR ITRER
R LR AHIE R HABTH

AERF T H Z PR AT — DG — DRI R,

© RBUREH: FLANTELLRA, B R, BANFTEYIRT R R, XA DU AE T R R —ME
AT U5 FSRSEEE,  RATFXA RS,

- PSR RTINS, P R R EUE RTINS AR R B AIE A P R BT —
JE— WL, AXAIHER AR P fSIX MR E 215 fa] B

- LRU Rk %7K (LRU) Bk, WATHEEPOERE R R R ESE, PSR PRGN
FORMRTY slo  IXIH A A XA BER AR B1E,

INEBER TR LIRS 5, R RSB IRE
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- IR REMERIL: ERERSTH, WA A REEERRE M IR CPU HERE, EREX—
AREHATIEIRN, BRSO T — DR, S EA AR, CPU YRS~ — M, XRhE
MR A] DUEIS TP R RS,

- BIRRMNIX . ERAEERZP XA, MATRERMEAINERER, INAEER, MR AR, B
TR RES M I NEMPIFN— DINERER, DAESKITCAE %K.

4.3 FR

FIF (list) B PMHRIBIREHIMES, CERRTRIARFRE, XFTREM. Bk, @, MERREm5
TR, TTOUEMRE S ERERBIRIRIE, 53A] DT RER s S,

- PERKAADEE—MIIR, HRorEEMESERE, 7B UARENIET A

© WA FOTEMMER, HHTEKEARAE, FERGEEE—EAKERGIRIZIE,
MBS EBNRN, KEATEHERS SBAIRMEHERC X 2R VBRMEE LA R e =
e/ DEdE, MmMEDURBESIERSIRKE, HKED/)N, WRTRETCZEME AT R, SEdLR, W
BN IR,
FfRPt e, AT DA s (dynamic array) SRSCEIFIFR, BHR T EEHM SIS, FFHATRA
R B TR HITIEY 2,
Sfr b, VP2 gPRTE S PR RS I A 22 B Tl BB ISRy, 4N Python HHY List . Java FHfY

ArrayList . C++ " vector f1 C# HHI List 5, 78 FREVIFIEH, AT “FIR” A1 “BhaS%e”
PR R IR 2

4.3.1 FIRERERE

1. {¥atk5IR

BATEFEMSH “TootaE” M “BRtaE” XMAeEe T
// == File: list.cs =

/* #RHIR +/

/] TARE

List<int> numsl = [];

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

2. ifiRlcE&

FIFRA ST R, R PAE O(1) IFRIN T RIATERTTER, R R &,
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// = File: list.cs =

/* FETTE */
int num = nums[1]; // AAIERS] 1 &MTE

[* BHETTE */
nums[1] = 0; // BER5l 1 LBTHEEHN 0

3. EASHRTER

T8, F13RAT LA BRI S ERT R, EYIREESRMTRNNAERERN O(1) , EFEARMER
TERIIRERN S BN, NRZRERN O(n) o

// == File: list.cs =

/* BEHIR +/
nums.Clear();

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

/* FEREHEANTE */
nums.Insert(3, 6); // 7EZERS| 3 BENEF 6

/* MBRTTE */
nums.RemoveAt(3); // MIBFZ=RSI 3 &89TH

4, wBHYIE

5¥A—FE, FIRADRIERS &, WrlEEESITE,
// = File: list.cs =

/* BIRSBHTIFR */

int count = 0;

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

}

/* BIFEBHYIRTE */

count = 0;

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

}

5. HHEYI®R

HTE—DHHIER nums1, FATTAT DAK HDHEEI RS RATE RS,



AT HAHSHER www.hello-algo.com 77

// = File: list.cs =
/% BHEENHIR x/

List<int> numsl = [6, 8, 7, 10, 9];
nums.AddRange(numsl1); // ¥E5IR numsl HHER nums Z/5

6. HiFFIFR

SRR G, BATMERT DA SR B S EE AN “T &R MO THEH” 8k,
// == File: list.cs =

/* HFEFIR «/
nums.Sort(); // HFEGE, FIRTEMNDEIXHS

4.3.2 5K

RIS NE THIR, Bl Java, C++, Python %%, EMIMLHIRE %, #NSHHREHIRE
R, BINPIGE AR, §AEEEE. BOGERBEE rl DA P IRISE T3,

N T IR FNER TR B R, BATZAL — MR ZRYIR, GRS =1 E AR,

COPRAR: R D EERBEG A R, EAORGI, FATTERE 10 AR A R,

- BRIdsk: FU R size, MTIERIIRGATREE, HEETRMANMMERELN EH, RiE
e s, BATTUENAIRERR, DANHINTRSTRES A,

© PTEPUR: EREACTERNYIRERCH, WFRZEHTY A ol A Eseld - NERIEd, B
LRTBAHN T TTRIROB S B, ARG, BAIME SRR A2 R0 2 14,

// = File: my_list.cs =

/% FIFRE */

class MyList {
private int[] arr; /] R (FEFIRTR)
private int arrCapacity = 10; /] SIREAE
private int arrSize = 0; /]l YRKE (HixiHE)

private readonly int extendRatio = 2; // ®X5IRT BEEE

[/* ¥ERE */
public MyList() {
arr = new int[arrCapacity];

hy

/* REGIRKE (HixiE#HE) */
public int Size() {
return arrSize;

h

/* REGIRBE */
public int Capacity() {
return arrCapacity;

}
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/* IhRlTTE */
public int Get(int index) {
// FESIMNRER, WRESE, TE
if (index < 0 || index >= arrSize)
throw new IndexOutOfRangeException(" ZE5IHAE");
return arr[index];

I
[* BHETTE */

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

}

/* TEREAMTE */

public void Add(int num) {
/] TEHEBHAEN, AT BVIH
if (arrSize = arrCapacity)

ExtendCapacity();

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

I
[* TEFREREANTTE */

public void Insert(int index, int num) {

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

/] TEHEBLEEN, AT BYH

if (arrSize = arrCapacity)
ExtendCapacity();

// BFE5| index UKzZEMNTEEREGEEI—L

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

¥

arr[index] = num;

/] BEFTEHE

arrSize++;

I
/* MEFTE */

public int Remove(int index) {

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

int num = arr[index];

/] BERS| index ZEWITREEFIE—L

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

+

/] BITERHE

arrSize--;

/] REERIPRR TR

return num;

}

[*x FIRTE %/

public void ExtendCapacity() {
/] #E—NKEHR arrCapacity x extendRatio BYK4R, FHIGE#RLAE45HE4E
Array.Resize(ref arr, arrCapacity * extendRatio);
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/] EHFYRBE
arrCapacity = arr.Length;

}

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

h

return arr;

4.4 AES5EE"

FEAZERRTN T, BRI T EAAM BRI MR B R E R BRa, eMosfRT “E8FE"
“OYRRAENE” R BEEER

SKBR b, PIBRESHIEAR R EOE VRS X AR A7 E IR, i SIA R e R PR RE

4.4.1 HEHNEELE

HEN PR =MRAIN 5% B8 (hard disk). W7 (random-access memory, RAM), 487F (cache
memory), 3 4-2 &R T EATEHBENRG AR A EFAPERERE Ao

K42 BB E

(5 [EE A7

& K iEEE, WISHRIERS, RS ANSTRRFIIE AR U MRS, B>
By, XHF FEAC BRI ER CPU Vi[RI

S RNE LIEEVER S ER ISP S LIEENERSCIEEEESS LIEEVER S EFSPSS S

wE K, TB S5 #N, GB 25l FEH /N, MB 45

T g, JLEEJLT MB/s gtk JLt GB/s FEF B, JLtEJLE GB/s

ks (N BfEeE, JLEFLT/GB e, JLtEJLETT / GB IEH 5, BE CPU TR

R

BATTAT ORI BN ARG R N K] 4-9 IR A G, AR T & 5 BE TV A 17 (R 1 A8 AR B, 2%
B, AR, IXRZ BRI HFEER, T2 RSN TR IZ S IR SUE IS R,

- BMEEEDARENAAIIS, EJt, NEPRIBIREENEERESE, FIEREa KIEEDE, Hk, WfE
HIRRATR IR L%, IX I EXE DAETH B8 T 7 M
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- BRAANRERMESEEAEDGRT, 5 L1, L2, L3 ZFNARZIEKR, HYHRSF2ZEKR, 5 CPU
oL Z RIFYELE B AR, M S BRI RN, TTRTAEIRE S, E4AHART, Z22EHK
HISRAFEER R AR, TR AR Z TR B - o

CPU

e L2 Cache

g -
Ea

K 4-9 HRYIFHERS

HREE B8
g Al

Tip
HENAFE R RGN T, FEMEA=E 2 R T, SR b, XA s 7T
Fir TAPAUsR, B BSRIATAEA R LA RR 1l A 3 e A8 o

R, BERA TR REBEE, WA T IR AR 21T AR PRI, 2247 IR T 126
SEVIMNBIEATES, DIEREFIBITRHeR, =& HAME, WRHHEIRASIE1T,

i 4-10 Fow, ERFIBITHE, SRS MR SORIEINEF, 4t CPU HHRMM, &fFrILAETE CPUK)
—Ekr, BENEEEHMNNEINBEEWE, 4 CPU Rt mid i8R, MIMEZRIRRFRHITRER, )

SRR Y7 i,
ly v
E e _—ma_[Q
of = § — IR — jN
RE 35

b 1353 &7

CPU

B 4-10 WA, PEFMIZAE 2 I EdEiE
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4.4.2 HIEGHHATFRE

TENFEA AT, BHMERS B BAAMEMERE,

—J5H, PFRARRK, HFE—RNERGERZ RIS, RILTRAN B2 EHRES e R AT R st A
2, BEHRTTRREEHS, AIREHIMIE RRAAERER T R AT (FaEh), RIS RReRE &, 2R,
BATE R BHESNFZE R, IXATRESFBINFAIRSE, By A th R ZHIM I AR 23 R A
MEEZ S, BERDL A" ONERAHH TR AN A BCAIEI, SR TR RTE M

H—TiHE, ERFIBTRN, BEEREHIESRINNT, SRNFRRR ORI SRR, S BN
MRRCER AR, BHBTHESKFET K, AR SBANFERR L. Mk, BERIIITTRR D ETFIER,
FERERIMA SRR e, ERSSBNERA L,

4.4.3 PIRGHINERTFHE

ZA7f BREZRREE B T AT, HELRRFREG S, ERFPITEE DEEECEZNERN. BTRF
AR EAR, HAEFHE—NR YT RAEdE, Fit CPU ViR EHE NERA PN, MR RAEEE
KapH (cache miss), I CPU AMGA MIEERLARHT AAF FHANE AT T L.

B, “BAFARGD” M, CPU BGBIRMBE AT, Brtatthntiiier, JATK CPU NEEFH IR
BRI LLBIFR B TFa = (cache hitrate), IXMEFRIEH KM R AR,

NTRAJREIREIE @AIRCR, eff 2 RICA N EUREIMEALH,

©OBRAHT: RAANRBRAD TR SINEEE, TR AR T AL, LT AN RO, BT
Rt = R

- FRIOHUR: ACERER 2RI BRI RS (BIARIGRial, [EE S KBTI RSE), FARMER E A
RBAEMEERF 2 H, MR arH=R,

- AW JaERE: RN EARRIIR], IR ERRIREEE ] REL I S, Hit, RIS
iy, WREHEMNEERE, DaemmahR,

IR : AR DN EAERT ], B EAENARR SRR AT REFHR BT, A M — B, @i
TRE BRIV M BRI man R,

Khr b, BERMBERMN RN BCR R AR, 2L IR L5,

- AZEE: BERTRWEATTR S NERE S, SBEFTENNAREERE D,

©OBRAHMT: REREAE D BENGFRAL, MR TR B, RIS e R E B 5 =,
- PEHHLH: BEH EERER A BRI CE R TR, BURSUE A 206 BRSO 2 2.
- MR BB B ER TR A, RN BRI A 2dE A AT RERIR 7 M),

BATE, BAHAAERNEAG R, FCeERERes a1k, IXESERREIARET, &
TREH SR BAR S A T 5 52 X0,

REERERE, MEABCRIFAERABAEAN O PR TR, SEPRM A Frik AR aiig, MR
PR BT RRDUE, BN, BEHMBERAATDASCHL “4%” BdEgit (F—EXW40gd), BellEm T
758

- FEMEREEIN, BATRBUN TR AT BRI, EOVERE T S AR ERCRMBENL I R AT RE
51, AR CUR TR E RN B — E RN A3 R
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©AREIEREARRE R, SIAMERE. ARRIBUR EDME T, AR T RERSIIAARE N AIE, RERAET
ReR BB w57 08 T PR AR ER ), I i 7By A = £ AR T

4.5 N

1. EREH

- BEHMBER R AR A RIBAREEH, ol AREBERAE T BN PR A7 g 75K IS A7 B
RS EAE A, PE AR R S AR

- BEHSRREALTIEL S HNERD, EREARMBRTRSERR, BGHE KERRZ,

- ERERIEE EAG I (B SIS AR A SR, HAIDAREEERKE,; HW SRR, &
MNFEZ, H LRSI s ER, IIPRER, AR,

- HIRE ISR ERKTTRARFRS, EEETISBAEII, ERE TEAHRS, FNFTLAR
AR,

- HIRAHBURIESE & T BRI SCYE, (HATRE B 2 AF 2 RTR PR

- BRFBiT, SR TEEAMEENG R, BEHRHREE SAE SRR, THERMEANF R L HEnR
o

© RIFIEERAFAT, PO DAK =2 [ e B AT ()R SR MRS BdE AL, O CPU SR BEPORERE VI,
BERTREF TR,

- HTEABAERNEFMPR, FILEEE R E & EREEEIRSN, NARYE BT R
A %R

2. Q&A

Q: BUEHMFMEEAR EMTEREAESE B, X RRCRI S BRCR & S A 500 ?
FEETER _ERIHE F R B RSN S AN, BRI ERCR A —3, AR, R EA & B
A, I SE LA ANA A

1. DECFIREIGICR : A — B NINTE, BCH SR IER a5 mENFHENER, 7] DAERREHE)

DB, BEARGEER, R, BRI BCRIRE AR E AR ErE,

2. R/DBRA: RN RN, MR R/ N—RESZBR T AT HNAE. RIS G & 7 iR

3. RIEME: & LB NREIERIENTE, MM LRSS N DAEB TN IS E.
Q: N LHEHERMFERBNITER, MLERERP AN S H F 2L AE?
TR ARAERN, YTRZEERSIHE (8E) ER, &0 A DR R RSB AEGE, #40 int, double,
string. object &,
TR, AT RN RSER, XA R T B RS B R IRBON R T R, filan, RN
% int # long WAPEEL AL E BG4 7080 8 =1, R REA A N AR T EREE T, K
AP E TRM “TREKE,

# TERAFMIE = BARTFHIE (BxERFMLE) + TRZEKE *» TRZRS



Ba4wE BHSHER www.hello-algo.com 83

Q: MIERTI A P JE, BETREIL P.next B4 None Ig?

AMEX P.next HATL, MIZEERHIMESR, NATRENEIRTREEARBEI P T, XERETHPC
ZEMNBERFPMBR 1, RS AL P AR AR AR AN SO BE R AL R

MBS S () WA, FWIRCEXR, NERERF SR ERRT. AR
B, WOTEM2ZE, SBEE N, WERNT, EORRmMRT SRR I, ToA T SRR
HIPIE .

Q: TERERFHEAFRIMRRENE 2R O(1) . BRMMAHEE O(n) WNNEIRTE, TNH
LIAEZREFRRE O(n) IE?

MERAEHITR, FINRTE, FEERERSUE O(n) . AT, HERE O(1) BMEESSRT DR
P LB, I, TFIBATE & MR, Bl — MEE RIS AL A, FIR
A SRR O(1)

Q: B “BERENSHEM" F, RECNEE T RIEHE G - AEHIED? 2R R E S S —F
me?
REERRENRR, RN EMRIEEARE T,

< AEIZEBUAT AUE S S EEAER, el int. long. double FISEHIXN %%,

- FEEP R PR SS RIMBIR AT VIR E R G IR IF AR T E, KN 8 F ek 4 15,
Q: TEFIFKEIRMITREZANNZIZIE S O(1) ?
WERRMTENBEHYREKE, WFELY BYRBHRMN, RESHIE-HHNANE, HREYIRMITE T
Mzt %, XEHERRERERSZ O(n) .
Q: “FIERMHBIN AHIR S TEAHMISL M, ErESEERNEFERAIRS”, X E S EIR 2 IERIMY
I ENAE, KE, ARS8 S INEE?
XEMBERBEEAWNAES X —/H, JIRESEE—-MIGEEKE, BRI —EFERARXLZ; 55—
JiHE, NTBHIEEY R, §FE—-BRESEU—DRK, kil x1.5, Xk, WSHMREE0, BI1E
HARESE 2T,

Q: £ Python H#l4afk n = [1, 2, 31J5, IX 3 DICRAHULEANER, E206kn = [2, 1, 31X
KIEATFN TR id HAZESR, T2 Rl n FRIMHEE, XETTRIERES:, T2 m 28
f15?

[RanEF R EBBER TR n = [n1, n2, n3, n4, n5], BEHEHEH FIX 5 N RNRMSEAEGEEN
70, SR, BE—NFIREKS], BAMHIRATLIE O(1) IR PERECT s AR, AT 175 10 3800068 1z A5
o XBRNBEAHPFIERZT RS, IR RA S,

SWZIESF AR, Python RRVEFMHEEINNR, FIRPEHRIARETAS, MEMNETHTIH. B
I, BN EAFRAERRE AR~ id, FF HIXEE RN TC0ES:,

Q: C++STL HHY std :: list O 7T WABER, BEF G —ERHEH ENE2ERERNE, BHERN
Atz RRENE?

—J3H, BAVEEEFREABASEIRGE, mAELENAEHER, EREWER,

- BEFFE: BTSN ICEFERINEINYREE (—MHTRT—DEE, —TMHTE—1TER), A
std:: list @ L std:: vector B 5 H 2,
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C BEAKRMY: HTHRIEREESERN, F std::list M EFERHREME — KB,
std::vector BIMERES T,

o377, A RER AR O 3 R SR, BeRIPASIE & A8 = 12 4510 stack Al queue
MAFFER,

Q: #fEres = [[0]] * nZE T —P4E5IFR, Hrb—1 [0] AEHIZAIIG?

ANBILH, WZ4EPIRA, FrE R [0] LR ERR MRS M, MRBMELH IR, KU
FITE BIXS ROT R = B2 P2

WRAE —EH|RFED [0] BERMAZH, FICUEM res = [[0] for _ in range(n)] RSZH, XFh
TR FEHERIIA T n MEZHY [0] FIEXMN R,

Q: #fEres = [0] » n AT MK, Hf— R0 402 MIZAVILS?

FEIZBNRA, FrA%E 0 #2F — MY RIIGIH, IXZR Python XI/NE# GEHZ -5 2 256) R T4
L, DUERARMSREM, MmiErree.

BRENFERR—DMRR, BEEAMLBARA] DSBS RFRF IR, XZRN Python FEEGE “A]
TXR” HENMBBIENTCRN, SR ERUMON S —DINRI5IH, TIARSERAENEA S,

R, HHIFRTTRE FIENRT W (BIENFIEER, FHEEZEHIE), BUEGEN TR I ERNE N A,
AT 5 RZS RETTR A S LM R 22,
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Abstract
Fean F 50, R SIS IE I HER o
ME AR NG R N B A,
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5.1 %

t (stack) J2—FmEfEL NG HIZE LM R,

BATAT AR AR EON Rl B — R8T, MERRHERSI— T, IIABBHHREE T, MRk
FHRE TR E, BATRE TS MERIRTTR W 75, AR5, sifRE FHIXA RS
e

aniE 5-1 FoR, BAHEHEBSTRIITEA Oy “FRT0, JREARN “ARIR”. RAETCRAMBAL AR EI 7 A
BT, MERERITOTR A BRI E “HAR”,

= A% A% Hi% Hi%
stack push(5) push(&) pop() pop()

mlmfﬂm \ / /

HRE

B 5-1 FAJe A JE AL

5.1.1 RS REE

el FIREIN 3R 5-1 FT/R, BARR 754 T ERAE T RIS = ke, i, FATCUE WY push ().
pop(). peek() #ga 1,

R 5-1 FREYFRIERCR

Ttk fiipuy I ) A2 2%

push()  JEEAR (RMERTD  O(1)

pop()  IRIULH I 0(1)
peek()  VINIHLTILE o(1)

EHEEOT, BAT]DEZERREES MBS, A, KEESAIRERE IR, XA
DRIZIE SR B s “RERT SRR, FHERPIZEE LRI SHIC R ERIE,
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// = File: stack.cs =

[* WMatx =/

Stack<int> stack = new();

/* JTTENE */

stack.Push(1);
stack.Push(3);
stack.Push(2);
stack.Push(5);
stack.Push(4);

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

/* tEHE */
int pop = stack.Pop();

/* FREUERRIKE %/
int size = stack.Count;

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

5.1.2 #¥pCI

NTRNT AR TSI, BAPRZ A DL — ML

HOE e NE AN, R PATTR REEARTRAMIN B BRoT R, FATM, HEHMEERE ] DR A E IR
MERTCER, RBtEenl DAMON — R SZ BRI B s BE R, et0iliii, FRATATDL “fRill” e siEaRAgEt o Jok

BefE, BEHEXIMRBIEZEAT SHARHE,

1. BETFHRNEN

(S FBER SRR, FRATAT DLRF R AL A ARTH, BB AR,
i 5-2 iR, W AERE, BAIATRITRMABER LGS, XM Rm AT AP KA, Xt T

HEERAE, TRk OBER AR HIBRET AT

-
)\al Tmu

RESMREE !
HIMRIN

BER
BiE
Step 1 Step 2

N s#a (@

push(4)

EEEREER
FHIMRE AR

BHR

BHR 4
ARNNEFERAKER
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BT
P @
Jl
(- )

RETMEER /[
HIMRAAE @

|
e Y
BTR @

pop()

[-[-]-]-]

‘ Step 3 |

Bl 5-2 B THERITIMERAI AR HARERE

DA B2 TR SEEAR I A A CHS -
// == File: linkedlist_stack.cs =

/* BEFHERTLIE +/

class LinkedListStack {
ListNode? stackPeek; // kT S{EREIRN
int stkSize = 0; // HRHKE

public LinkedListStack() {
stackPeek = null;
}

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

}

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

¥
/% Nt/

public void Push(int num) {
ListNode node = new(num)
next = stackPeek

I
stackPeek = node;
stkSize++;

¥

/* Hitk */

public int Pop() {
int num = Peek();
stackPeek = stackPeek!.next;
stkSize--;
return num;

}

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

}

/* ¥ List ¥R Array FHiR[E] x/
public int[] ToArray() {
if (stackPeek = null)
return []1;

ListNode? node = stackPeek;

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

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

h

return res;

2. BTFHHENEH

(o FHECEH SEBARIS,  BATTA] DURF BRI BN, A1 5-3 FIvR, A tk’S ikt rE o 7l i A2 2520 R 1
WMyCRSMERTR, NEEREEN O(1) .

NE
push(4)
Hm b BEARRE _
A l 1"‘”’ / u ERE ;;;Z?;QEEE
g EEEHENA RE g g EEEREHA
a FHpRMAE a a FHohRMAEE
HRR a8 urx (1)
| Step 1 \ E Step 2
Hi% o
pop() :
BIR SRR TR
a ERERENA R n
n FHhRMAE a
- | 8
[ | uxz 1)
Step 3

&l 5-3 FETHUEHLIARAI AR AR

P AR 72 5 P E VRIS, R T DA FAZAS AL, XRERRIEAT 1 1T A B 25 L,
PNSERINGE

// == File: array_stack.cs =

[* EFHATIMBE «/
class ArrayStack {
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List<int> stack;

public ArrayStack() {
/] ¥aHFIR (5hASEH)
stack = [];

¥

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

h

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

}
[* Ntk %/

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

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

hy

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

}
/* ¥ List #1kA Array FiR[E] %/
public int[] ToArray() {

return [.. stack];

}.

5.1.3 FFhSCIRFTEL

SRR

PIRRSCEIAR SR OE X PRI TR, B KBRS SCHRRENLG ), (X Bt 7 HE SGekE, Hit—i%
AEHE,

TRV ES

FERT RN, AR AR BRI EEE R D BCLFRESEN T T, BARIFVERGF AR, K%
. KM, WRAENEHBAAR, ML AVH, SBORRARENNAERELHR O(n) .
TERETHERMISEIIh, BERMY BAERIE, AL LAY ANRERE R, B2, AMHREFRE
HHAATT RN GBS, EIRERMENER, A, MRATTRAGZ T RN, BRI AE EY)
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PR, TR RRCR,
LR LR, YA HEARIERTR B EATARIIUN, HI40 int 5 double , FATATLAGHLATREEIE,

- T RSB AR R 2R, Bl T AR RE, R FI8eRE R,
- BT RERRSCEIRIRR] DR LS RS HURCR R

K1Y &

FEWHAMRIIRR, RGERNTIRDE “WIaAR", WARAREBHERFRXR; FHH, ¥ Ayl 2R
SERER (BN 2 %) AT AN, P AENARDATREEL KRR R, Fit, TR REER—
TER AR B

RN, HTRERTT TR EAM e e, PBLRERAT LS 2 M EER.
gi b, FATIARERT St WERP SCEL AN & NAE, T2 e BT OUE T 04T

5.1.4 RBYBEEINFA

- PISERTPRSIB SATHE, PP S R, SO, RS R Tk
TINER, IZFERATLA] DOBS S IR R R R 2 E— DT, JRIBERERR EREHRIT Rk, WRZE RN
FrRIBMIATIE, BRATRZEMN MREL &L,

- BRFNEEM, FO0EHEEN, RGUARREARTAI— M, T ICRE 8 LR E58. EiEH
PRELHR, A IR B AW T AKRERAE, A LRI B 2T T AR R

5.2 BA%I

FAZ! (queue) J&—HEIESC A e IS ERARES T, B8, BRAIBUL T HEAEES,  BIH kA A AT
IMAAFIRERER, AT BASISLHERE AR BT

i 5-4 FoR, FATRBAIIELRERFR N “BAE”, REFRAN “BARE”, RATTTRMANREREIRIENA “ABL”,
PRENETTRAIRIENCN “HIBLT,

BAZY HBA HBA
queue pop() pop()

B [
ik | /

A | /

PARE

NBA NBA
push(5) push(4)
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5-4 BAFIRYSE AT A

5.2.1 BAYIERIRIE

PABIRH WA 5-2 FivR, REERNE, FRGEES TR XA AR, JRIELRAS

AR T % 4

% 5-2 PAFIBRAERR

VIR i P

I i) A2 2%

push() JTEABN, BMETEHRM=ENE
pop()  BAEICEHM
peek() IHMBAEICE

o(1)
o(1)
O(1)

BATAT DAE A F m AR 1B S BRI AFI2E
// == File: queue.cs =

[* FIEIEEATY «/

Queue<int> queue = new();

/* FTTENBA */

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

/* AEAE TR */

int peek = queue.Peek();

/* JTERHFA */

int pop = queue.Dequeue();

/* RERBATIBRIKE */

int size = queue.Count;

/* FIAFIRE AT */
bool isEmpty = queue.Count = 0;

5.2.2 PAFISEIR

NT BB, AR E—FEAREEH, P DE—SmaINoeR, HaES —umlbRcsR, BERMBEHET S %

Ko
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1. BTFERNEN

aniE 5-5 R, FATATPLRFBERAT “SK " F1 “RTRT 250 “PAET 0 “IAR”, FUEBVEARTERAN
TR, ANEDCRTIER T A

BHE 4
FNERREE
N A ,
- ) ) s @
B o 0
-] EELHEHRR @ 8 EEREMESR (6
a HSNRILAIIAT g a HSNRILAIAG \f\
MA] ren (@) <1 )
e e (@
[ step 1 \ Step 2
ik
pop() BERAT R
xea (@
1
- ] EETMERR (2 )
o HSNERILAIIAT I
°
R
| Step 3

& 5-5 FETHERIIMASIAIABNHIBAIRAE

PAR 2 SR SIS AR -
// = File: linkedlist_queue.cs =

/* ETFFEREZMBINTG */

class LinkedListQueue {
ListNode? front, rear; // kg front , EW= rear
int queSize = 0;

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

hy

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

h

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

}
/% NBA =/
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public void Push(int num) {
/] ERTREZAIM num
ListNode node = new(num);
/] SNRBAFIAZE, ML, ETFREEEIZTR
if (front = null) {
front = node;
rear = node;
/] ARBAFIFAZT, WRZHRANEETRE
} else if (rear != null) {
rear.next = node;
rear = node;

+
queSize++;
¥
/* HBA %/

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

h

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

}

/* BEEREMKA Array FHR[E] %/
public int[] ToArray() {
if (front = null)
return [1;

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. BFHANEHN
TEHEH P MBRE RN A E RN O(n) , X2SFEHBIRERCRER. AT, BATT LR RS2 75
TERE X AN ]

BATA DAEFH — DR front f8MANE TR RG], 4 — DL &E size H TIEHINKE, & X
rear = front + size, XPMARTEHM rear f5ANEITEZ G F—MIHE,

EFIigit, BahREeENARXEA [front, rear - 1], SAMEIERISELAIENE 5-6 Fimx,
NBAERAE: ¥ AT RIREL rear R4, FHH size WM 1,
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HIBAERE: HFTR front 800 1, JF¥K size D 1,
FIDAER],  ABAFHHBAIRAEES LR T — X8, INRERERN O(1) .

front 1EEMASIETR
rear IEAMFIETE + 1

1. itHRIEE rear
2. BERAME rear 2

rear = front + size 8o By oo ER) 4
AR i
I push(&)
front > front > n
ik | a MR a B wose
a size = 4 n size = 5
n EEERENAE n EEEREHA a
] FHIRI AT ] FIPEIAIAT a
an rear > rear >
R .
Step 1 Step 2 U
1. % front B 1
2. %% size BH 1
HEA
pop()
front > PADIHREE
a size = 4
a EEER2HA
a FHIMRIAPATI
Step 3

K 5-6 FETEEHSIRASIHI A BN HIBAIRAE

IRATRER B — DA FEAWIHE T AR AR R H, front #1 rear HRFEAIGISE), L EMSAEA
FEERIRICTRAR SRS 1o O T AR, FRATTAT DRR RN B AR PR

XMNTINEEA, FAFELL front 5L rear fEBUS B EHIN, ERERIZIBEH LIRS E T, XA E IR
FRATLUEN “BURIERME" R, B FAR:

// == File: array_queue.cs

/* BEFIRFEETZIAIAGI */
class ArrayQueue {

int[] nums; // BFEHENTITTRREA
int front; // PAEIEH, IEEMETE

int queSize; // BAFIKE

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

}

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

I
/* RERBATIBIKE «/
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public int Size() {
return queSize;

}

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

I
/% NBA %/

public void Push(int num) {

if (queSize = Capacity()) {
Console.WriteLine(" PAZIE®");
return;

+

// ITBINEIEH, ERNMERS| + 1

/] BIERIZIESEI rear HudEABREEREEIEIKE

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

// B num FHINZEE

nums[rear] = num;

queSize++;

}

/* HBA %/
public int Pop() {
int num = Peek();
// BAEIEHEGEB—, SHTEE, MREIZIFALS
front = (front + 1) % Capacity();
queSize--;
return num;

}

/* hRIPAETTE */
public int Peek() {
if (IsEmpty())
throw new Exception();
return nums[front];

}

/* RE#AE */
public int[] ToArray() {
/] (R AERKEEEANSIRTER

int[] res = new int[queSize];

for (int i = 0, j = front; i < queSize; i++, j++) {
res[i] = nums[j % this.Capacity()];

}

return res;

DAESCBRRIBASI R A R IR : AR BN ATES, SRT, IX N AENRERRIR, FAITaT DORF B o 3 4K
¢, MMigIAY B, A%EriE a] A2 BT,

PIRSCILRINS b e Stk —2, TEAEER,
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5.2.3 PAYIBRBI ]

C IR, WYE IR, TR, ARG E SRR BRI B, R
A, JERRINS AT, S AR TR 5 2 R B R A,

© BRMEDHEI, EATRELI R HRERIR, BIAHHTEINLRIESS AL, BT R HESSE,
PABIHEIX L4755 m] DA Ut 44 AL BRI

5.3 WFEAFI

TERRFI R, AT REMIER K BT R BAE B AT R, W 5-7 iR, JXEPFAYY (double-ended queue) 12
T ERREN, VRS R TTC R AN PR

W FEPATY PAENBA BAETHIBA
deque push_first(1) pop_first()
BAE \ /
ik { || A
Al |
BAR / \
BAENBA BAEE HBA

push_last(4) pop_last()

B 5-7 XAASI A

5.3.1 WFEPAFIEREE

KA AS 5 PR AR 5-3 FR,  BAREY 75 TR R ZEARTE A 8 FH A i R 1 5 R E

%5-3 WANTHRIERR

TiiEs filiid ff ) A2 2%

push_first() HILRFMENE O(1)
push_last() K THRRMEE O(1)
pop_first()  MIBRBAEICER O(1)
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Jiiks iiipuy Fif ) 52 2

pop_last() FHERBAFETEZR O(1)
peek_first() IiMIAETTR O(1)
peek_last()  VilMBAEILR O(1)

EAEH, FATAT AE R R ARIE & H SR A AFI2E :
// = File: deque.cs =

[* EEIRBAT] */
// & C# ¥, ¥R LinkedList BHIEXMPATIRAER

LinkedList<int> deque = new();

/* JTERENBA */

deque.AddLast(2); // FMEBE
deque.AddLast(5);
deque.AddLast(4);
deque.AddFirst(3); // FHMZEME
deque.AddFirst(1);

/* IhRlTTE */
int peekFirst = deque.First.Value; // BABTTZE
int peeklLast = deque.last.Value; // BAETTE

/* JTERHBA %/
deque.RemoveFirst(); // FAETEHPA
deque.Removelast(); // BAETEHEHEPA

/* FREUREPAFIBIKE */

int size = deque.Count;

/* FIETNEPATIRERNE */
bool isEmpty = deque.Count = 0;

5.3.2 WRPAFII *

XEIBABI A SERL S BABIZRAEL, AT DA RE R B 1 R IR B R A

1. BEFWmERNENR
(BB _L—T P, Bl P 8 D B A BERORSEBRAS, - R & mT DAY (R Sk 19 s O B EHBAFRAE) e
T UG TIRIETT L O BLABAERLE) o

X XEASITT S, SkEBAIE AR AT AT ABAFIHI AR, emgibiid, INAIBAA TR ZE LB 5S — A FR T 7]
AU, ik, FRATRA “XUABER" 1EN ARSI R = BHRE5

G 5-8 AR, BATTIRE DAV BE R AT SK T mM BT oA XX EI BASI I BA B FIRARE, [ A SEELAE PR R A B
T RRISIRE.
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N

RPN

0-0

BABAR BER 4

FHIPRIATEAT]

push_last(4) FNEHERE
ETR
- ]
n ERERZWFER o
a FHIRBATEATI
o
BER
Step 2 )
HBRRT=
BAEZEBA
pop_last() P
o
a
a EREARWAER G
a FHIPRIMATNEAT]
rer (@
Step 4
BIBRETR
swua (@)
ERERENFER \0
rss (O

5-8 HLTHERSINABASIHI AR AR E

EREREWEER
a FIMRIMATEAT]
MR s @
ME
| step 1 |
FHm 1
TIIE SR
BAEABA
push_first(1) eSS @
|
g o
n RRERENEER @
a PRI ATFPATI
—— %
RBER
[ Step 3 J
BAETHHAA
pop_first()
5|
Bl
a
Step 5 |
SCEARLAN TR :
// == File: linkedlist_deque.cs =

[* WAERTR */

class ListNode(int val) {
public int val = val;
public ListNode? next
public ListNode? prev

}

[* BEFREEREIMAINEAT] «/

class LinkedListDeque {

/I BRE

null; // B#TR518
null; // #iRT=51H

ListNode? front, rear; // 3kTm= front, BT/ rear

int queSize = 0;

/1 ERAFIEKE

public LinkedListDeque() {

front = null;
rear = null;
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/* FREXVWABATIRIEKE */
public int Size() {
return queSize;

}

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

I
[* NBARME «/

void Push(int num, bool isFront) {
ListNode node = new(num);
/] BEHERAZT, WS front A rear #FIEM node
if (IsEmpty()) {
front = node;
rear = node;
¥
/] BAEINBAIR(E
else if (isFront) {
// ¥ node HIMEFERLS
front!.prev = node;
node.next = front;
front = node; // kTR

+
/] PAEBNPARRLE
else {
// % node HINEFEREED
rear!.next = node;
node.prev = rear;
rear = node; // EHETR
¥

queSize++; // EHMNIIKE
¥

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

h

/* BAEBABA x/
public void PushLast(int num) {
Push(num, false);

}

/% HBNRIE +/
int? Pop(bool isFront) {
if (IsEmpty())
throw new Exception();
int? val;
/] BAEHPAIRIE
if (isFront) {
val = front?.val; // BELTEE
/] BT
ListNode? fNext = front?.next;
if (fNext !'= null) {
fNext.prev = null;
front!.next = null;
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I
front = fNext; /] BT R
}
// BAELHBARIE
else {
val = rear?.val; // EEETRE
// BRRET =
ListNode? rPrev = rear?.prev;
if (rPrev != null) {
rPrev.next = null;
rear!.prev = null;
IF
rear = rPrev; /| BHETR
¥
queSize--; // EHMIIKE
return val;

}

/* PAEHIBA +/
public int? PopFirst() {
return Pop(true);

}

/* BARBHIBA */

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

+

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

}

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

}

/* REEBARFITED */
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;
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2. BTHHENIH

i 5-9 FoR, SETEASKBISIZEL,  Fefi It a] DU R R SN A B,

front 1EEPAFIETR

rear $EEMFIBTE + 1

rear = front + size

H INEININ
o push_last(4)
BE ] | | 28 rrone - ([ wonkm
a size = 3 a
a EETREREFSE 2] 2 |
a HSEAPREINT (5] a
AR iRk rear »
P e S
l Step 1 ) Step 2
1. % front BF 1
2. BRARFME front &
3. 4§ size B8 1
BAEINBA BARHBA
push_first(1) pop_last()
n BAFIHKEE
size = 5
a8 EECMERFRE 2 |
a FIPRIMATFEATI a
( Step 3 Step 4
1.3 front B 1
2. %8 size R 1
BAEHAA i
pop_first()
o front IABHEE
size = 3
a REERREFHA n
] FSMRIAIREIAT a

Step 5

REREIMREFSA
TR AIEAT

EELIERTSA
FHIRIRA AT

B 5-9 FTHEH SN E ST ABA AR

TERNFISCIREER b, (XTI “BAEr ABR” 0 “BAEEHBR™ B9757:

/1

/* BETFIRREASSIAIN ARG */
class ArrayDeque {

File: array_deque.cs

int[] nums; // BFEENEATITREVEA
int front; // BAEIEH, ERMETEH

int queSize; // WHEPMFIKE

/* SR E */
public ArrayDeque(int capacity) {
nums = new int[capacity];

1. iHBEIESH rear

2. BTRFME rear &

3. 3§ size B¢ 1

front >

rear >

1. % size B 1

front »

IIKE

size = 4

BABIKEE

size = 4
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front = queSize = 0;

}

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

h

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

h

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

h

/* TTEIRREERE] */
int Index(int i) {

/] B ERRIBESSIEA B EARE

/] Y i EIRAREE, [EEIkE

/] Y i A E S, [ERIEER

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

/* BREABA %/
public void PushFirst(int num) {
if (queSize = Capacity()) {
Console.WriteLine(" N@FAFIEH");
return;

+

// PAEIEHMEAEB—(U

// BIEURIRESSI front T ERAE LIRS EIE E SR
front = Index(front - 1);

// ¥ num FRINENE

nums[front] = num;

queSize++;

hy

/* BAEBNBA */
public void PushLast(int num) {
if (queSize = Capacity()) {
Console.WritelLine(" W@ABAFIEF");
return;
¥
// ITBEINEIEH, ERNERS| + 1
int rear = Index(front + queSize);
/] ¥ num FRINZEAE
nums[rear] = num;
queSize++;

b

/* BAEHBA =/

public int PopFirst() {
int num = PeekFirst();
// BAEEHEEZI—(I
front = Index(front + 1);
queSize--;
return num;
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}.

/* BAEBA =/
public int PopLast() {

}

int num = PeekLast();
queSize--;
return num;

/* IRIEBAETTER +/
public int PeekFirst() {

}

if (IsEmpty()) {
throw new InvalidOperationException();
¥

return nums[front];

/* RIEBAEITER +/
public int Peeklast() {

h

if (IsEmpty()) {
throw new InvalidOperationException();
¥

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

/* RE¥ARTFITED */
public int[] ToArray() {

/] R MEKESEENNYIRTE
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 WmPAFINF

XAIRAS G EAR S RASRIZAR, Rl En] ASEBX R RIFrA BOH5,  [RIHRBESE waf B

BAVHINE, AR “HEs” DhReiE R RS : R BIENERE push Ik, RJEIEIT pop SLBLH
Wo M, HEFIRFFIRAIRGI, RIFEF SRHEEERPE (BIIMNARVFRIE 50 22), AR KT
50 I, BXAFFREEARIE (BNE) TAITHIBRIRIE, HEICTRSEBZIIGE, B s L AERDN A AFIRAE AR, 15
R, T RRLIZ B RE RIS N E RN, FUZXRE RS RERS B0 RS SL B — LA NS 4.

5.4 I©hg

1. EREH

- Mo AEIE e e IR A RS, @ B s Rk L,
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- FENTRIRCERTTH, ARRBAKIMAARSEFIRCR, BETAIEF, BRAMRENNBERER
HUEO(n) o HHZT, HRIBERLIMAA ENFRENRERKRMN,
(2 R T T, HARBA LIRS B ERE N FR S, (HREERENR, BRI
3 A BT R E R,
- BB — G S A S R R BR 44, [RIAE AT DA B s B R R ST, R I TR BSR AN 23 (RIS
1P i ol o V| SEZ S T TP Y B4 NEA T E LV
- OREIBASIR — MR S RIS, B AR VFE S TIT R A ISR R

2. Q&A

Q: MIVEERHIRTIE R IRZ A2 XA HER S

I ERATRTIE S IRIREA BT L2 “8™ AOAIL, X P 5 R—NH DUE N, U SRS, 4 A
Rt EIRIGHIN, 0T = MARTAG o (5 XA BB AT DATS (A S — 23R A, IXNE XA A"
BT AR,

Q: fEHME, RBEHERMHHT SKNE?

WRIFE TR E M T A, WAFRERBNG., HZRARHERE], Java Ml Python FFIES A BalhL
AL, RIEAFRZEFARERAT; 1E C M C+ hTREFIRERIAT,

Q: XABNIHR R MEPHEE T —, ERHRZT2?

X EIPAS R GTR AN ASIRZH S B MEHHE T, ERIAEM + AFIRNZH, [ AT ASKI S BAS
WIFTE R, I HERTE,

Q: it (undo) MIKHH (redo) BAKZUNAISLILAT?
FERMAME, A FITREE, B TR,

L BIMPHRIT - DRME, R MREEAKLA, FHEZHKB,
2. HHAPHIT BT W, R A R IR ARIE, R HEARB
3. HHPHIT “IBEH” I, MR B HSEH RO RIERLE, HARHEARR A
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Abstract
TEHFENIH R A, BmRME—IEENE B ER,
ELEI A ERBS, M DAPEERE] AR E
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BER (hashtable), XFREFIR, TEIETH key 51H value ZAIAIRLET, SZEIEMACEER, B
ma, FMAEHERPHEA— DR key, WETLAE O(1) BHENIREY MAYE value .

E 6-1 R, @A n ML, BNPARA T N EET IEYE. BBIIm RS “mA—
F5, RERAEES" FERIIEE, WATDARAE 6-1 FrRiIigfi &R,

BRHE

hash table

BA—T¥5 key, TiHWHEH value
A RPERENREERER 0(1)

K 6-1 M RIHRER

PRI RSN, BAAMBERMAT IS IRIIRE, EMBIRER I 6-1 Fir.

© OWMCE: (FEETRRNELE (555R) MREERIRT, fH O(1) M,
- AR BT BER REUTH, FFEeAESRNFETE, A O(n) NiE,
- MBRCER: FEEEWIICR, HMEE GER) PR, £H O(n) N,

®6-1 TLREWIBCRILL

o HER AWK

#H5tE  O(n) O(n) O(1)
wIEE  O(1) O(1) O(1)
WiEZ  O(n) O(n) O(1)

Mg, TEMA R TR SN g R O(1) , FER &R

6.1.1 MBERTEHIRE

G RAE WIEREERS: Witath, BIERE BIEEXNNIPREEEXF, RO
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// == File: hash_map.cs ==

/* ¥R ER */
Dictionary<int, string> map = new() {
[* HIEE */
/] ERFBRAPFMEEX (key, value)
{ 12836, " /A" },
{ 15937, " /0B 1,
{ 16750, " /NE" },
{ 13276, "™ INE" },
{ 10583, " /\§g" }
b

/*x BIERIE %/
/] AMRERTBEAE key , 32E value
string name = map[15937];

/% MRIBRIRIE =/
/] TERHERPHEFEE (key, value)
map.Remove (10583) ;

G =AM RRNEN 77 eI RMERN . e AR e REIEET

// == File: hash_map.cs =

/* BHKMER */

// BHEEX Key->Value

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

¥

/] BIREHE key

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

¥

// BMIEHE value

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

h

6.1.2 MEFEFRE A
BAVEZEEFAREI, U —ANBERIMIEGT R, ERTERTD, ROV A2 MR
(bucket), E/MEATTEME— MR, K, BIIRERZERE] key M MG, HERHIRE value .

2, GAIET key TEALN M HIMENE? X 2IEL IR FHEER (hash function) KPR, MG EREEIMERZR—1
RIS B B — DR DR S B, fERGAT R, MASHZATE key , WHZ=EIZATAR (B
R5Do HANEH, WA key , AT UBRIGA REBUHENZ key X RLAIEEAFEDN 768 P LA R AL B

A key , MaAmEEHTTHREEED WIS,

L. B IERIEREIE hash () HRESFETE,
2. KT ENEE (BEKE) capacity BUE, MMZREGZ key XIRIAIMG (BZHZRS)) index,
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index = hash(key) % capacity

BEjE, BATHEATLARIF index FEMG AR AR AT IS RATAE, MIMIREL value o

REEH K E capacity = 100, MA#EE hash(key) = key, SIFWBTEECH key % 100, & 6-2 DL key
M value BER AR, JRIR T AT BREHY TAE R,

DUNAHESEI T — ME IR R, Hrb, IO key 1 value BEER —1K Pair, DAFRREHEN,

BN key

ED—
B -

[

// == File: array_hash_map.cs

/* $2(E¥ int->string */

class Pair(int key, string val) {

S

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

[* BETFHATIMMGER +/
class ArrayHashMap {
List<Pair?> buckets;
public ArrayHashMap() {

/] #iaEAE, BE 100 ME

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

F
I

[* MRTERIL */

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

=5l

— 36

37

mEEK
key % 100

— 76

83

o
key

15937

i 16750

et 13276

10583

(B MERRE—MEE
%)

e . ven . e . e ' a ven

|

value

TN

“haEr

“hgEr

“E

“) By

6-2 e R TR EE

Wil value

— &3

—&3
— &3

J
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[* TIIRE +/

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

}

[* BIRE */

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

+

[* BBRIREIE */

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

}

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

}

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

}

/* IREXFREME */

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

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

+
return valueSet;

b

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

}
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6.1.3 BREAARSTAE
WA LE, WBTEEIER 2SS key MM ZS IR B ATE 25 MBI 23 0], ik A2
AT A TR A, i, BE @A “SAMANN AR 5.

T ERRGIFFRIG R, SRR key JEAAHRIRG, W7 REE LS R B, fldn, E#ESH
12836 120336 KIMPMEAER, BASE]:

12836 % 1060
20336 % 100

36
36

WA 6-3 fizr, WANEELER TH—MNMER, XERZ AN, BRI R AN R R — i H TS R
HMMaZ S (hash collision),

BN key #35| e W value

key value

Lt

N

— . 36 —]

m// 3=7 15937“11\@" \Hm

/ "aRER 50 16750 | “/hE” \
“’J‘ﬁ"

Ia oee

76 13276

83 10583 | “/\Fg”

wee ' ase . wee .

K 6-3 WA 5ol

AR, BRRER n K, 21 key HOTECEIFE — M AIMERMEIE, MR, Fit, AT
WY E ARV 0

Gl 6-4 Flw, ARTHMERT (136, A) #1 (236, D) RAEMZE, ¥ AFEMRIHEK,
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MEREE - 100 WERNE 2 8 BERSE - 200
IEFREB key % 100 » TR key %200
#3| key value 3| key value

36

36

136

50

150

83
183

Kl 6-4 MR A

KU TG R, TR BRI AT REBEIAHE, RN Lo FIah R R
capacity M2, RIS WA EEOR IR S A RA 077 B, 05800 T i 2Rt
ST i, GBS KRR RAR, B,

fAHEF (load factor) ZMAH R —DNEHEEME, HE OVGHRITREERDMSE, AT EHEBRAH
REEERE, WEENRAERY FRME R, BIE Java i, S7EE D 0.75 I, RGASKER
RITHEFILH 2 %

6.2 MR

B e I R U i 1 RV U BRES 4 G NE NG [T N s vl I PR v ol o R S e AT 7Y P w1
AR 2HRY, WS BEHE RN, WA 2 MBS E R — R
G IR SEE WL RIR, TEPIABHRIAT M. N Tz, 582 AR rmRn, A
HATIERRY R, EEMRHIOVIE. BIEEAHREAR, ERERKR, FARARTAREH TR
R EEREIRIZ SR ETT R, 0 THRIIRER, AT PR DA 5,

1. BRI R AR, AETFIRA Fn] DAL B s RN IEH LA

2. (HERLES, BISIGArRR LA™ B, AT AR

WG RAVEA R7TE T EARS “aEsCthht” "I SHIE™,

6.2.1 siEziithsit

fERGEIRTR R, B MAEEFME— N MERXN, 5EXHhE (separate chaining) N TREH RS, it
ERENBERTI R, RATE KA REVEE X AR B E R —BER . B 6-5 R 7 — PNk a7 R A5
To
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sl | R (RaRER)

mEsUteat v | (BY
SMETEE— R,

5 ]
| B |« ]
HAP B ARTE : :

o] ]

50 750

RREEH key % 100 76

850

BERAAEFER key

ERERTFHRR
83

o

Kl 6-5 HEAMALIGT &

E T et SRR IS A RAGIRIE T TR R AL T DUR AL,

- HJTER: WA key, ELRAEEISEINRS(, BIRTTRGERLT R, ARG HRERIFXT L key PA
AR HREE{ERN

COWMTER: E/EE IR REBOMBERSLT R, RERTR GREXD) IInEIER .,

- BRI ARAENR T PR EAOZE R BERSLH, 1B I HER AR B R T R H R,

HEFCHIHE 7 42 DU R R,

- O HHERR: RERE SRS, A LA SRR TR A A
- EIBCRIK: ROV AR R R E SO BT R,

PATAHSZE T i CHbAE RS 7 RV R A SEEY, FTREERM .

- ERAIER GISEED) ROERER, MM, EXME T, Bmk %) ga2 M, 80
R — IR,
- TSI SRR A7k, YREN TR 2 i, ROVGIET R EEREN 2 15

// == File: hash_map_chaining.cs =

/* PERHAIEFHR */

class HashMapChaining {
int size; // REXNEHE
int capacity; // BEXRTE
double loadThres; // &R BMGHEREFHE
int extendRatio; // ¥ &E%
List<List<Pair>> buckets; // #&@#4A

/*x ¥EFE */

public HashMapChaining() {
size = 0;
capacity = 4;
loadThres = 2.0 / 3.0;
extendRatio = 2;
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buckets = new List<List<Pair>>(capacity);
for (int i = 0; i < capacity; i++) {
buckets.Add([1);
r
+

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

}

/* BEHEAF */
double LoadFactor() {

return (double)size / capacity;
+

[* EERE */
public string? Get(int key) {
int index = HashFunc(key);
/] A, HHXE key , MIREFE val
foreach (Pair pair in buckets[index]) {
if (pair.key = key) {
return pair.val;

}

5
/] BEFXRIEKEF key , MERE] null
return null;

h

[* BIEE */
public void Put(int key, string val) A{
// EHaZREFEIEHEN, BITTS
if (LoadFactor() > loadThres) {
Extend();
¥
int index = HashFunc(key);
/] BHE, EBIFEE key , WEHIL val FHik[E
foreach (Pair pair in buckets[index]) {
if (pair.key = key) {
pair.val = val;
return;
}
¥
/] BEFEZ key , NWIEREEXRMNERES
buckets[index].Add(new Pair(key, val));
size++;

}

/* MBRIREIE */
public void Remove(int key) {
int index = HashFunc(key);
/] B, MABREEERT
foreach (Pair pair in buckets[index].ToList()) {
if (pair.key = key) {
buckets[index].Remove(pair);
size--;
break;
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[* T BRER */
void Extend() {
/] BEFER\ER
List<List<Pair>> bucketsTmp = buckets;
/] ¥ET BERFIEER
capacity x= extendRatio;
buckets = new List<List<Pair>>(capacity);
for (int i = 0; i < capacity; i++) {
buckets.Add([1);
}
size = 0;
[/ BRENMERERBEEMGHR
foreach (List<Pair> bucket in bucketsTmp) {
foreach (Pair pair in bucket) {
Put(pair.key, pair.val);
I

}

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

h

ESERRE, HEERIRKN, ZIORER O(n) R2E. N BLRHERION “AVL B 8 “2L8R”, Mifi
R IR R AR O(logn) .

6.2.2 FHKIuk

FFikS4E (open addressing) B NFIMYUBHRGEH, WiSiEid “ZEN” SRABST PSR, Hy X3
SLEFELRMERRM, ST HRIMAN 2 IRIA T2,

TR DAZRPEERI R, AT HE 20 T AR,

1. &R

ZRMEIRTNR A 17 20 K R ML EORMEATIRI,  HAR 77185 B G 7 R A A Al

- BAJER: EREAREOIREMRS, HRBMANCATE, WA RAERELEER (P RIEFN
1), EEHFDE, HTREAHS,

- BHoLR: HRIGHPR, WERMERD KEEETEEE, BRI NMITR, &A value HI
Al anFGBEISM, W E TR A ER SRS, IRE None .



HBowE IRHR www.hello-algo.com 116

B 6-6 feor TR (SPERI) MaFR RAVEEN 701, ARTEIEIGTR KA, HIGMAAARI key AR ML
SRR R, TEE ZPEIRM, S TARIRAF B A I2A0 PAS . N RIR

=3l

ig
l’ iS5

00 <
FihFak o1
SR, $ER 1 2 |

w Il »
=3 (B
gs
Ea

76 <
MFEE key % 100 77

BRI key
RREIGF N

N -} =)
~ ~ ~
o o o
ﬂ a = :

78

~
~
o

o
~
(=3
see
B l

B 6-6 JFRTE (ZeMEIRM) WA RATH(EX 70 Af

SR, LRPERINA 5 “RIEMR T, BIRORE, BT ESE AN ERK, XEESAE LR
REJATREVERRR, MMM — e IR A BRI K, RGBS, RASBURMESIRIERR S,
EREENE, BOFAEIISHIER I ERMER TR, XZ2RMPR TR S ERHNTE D2

None , Mi4&EWILRE, LMERNEZEMMIRE, KX NIRRT, fra]
REBRFNIXEETCRAFLE, W 6-7 Fro

=5l

o0 <
01

02

76 <
ps=% ([EDED 2=

MEZEERFEZ THRET

=3 w w1 [
2

78

6-7 AEITTRSFHEAFMIBRIT R SE A& i A
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N FRUGZEE, FATTA] RS (lazy deletion) Al EAREZMNBAERPERICE, M4
# B TOMBSTONE SRARICIX /M, TEIZALHI T, None F1 TOMBSTONE #RAFRZSAH, #Fnl DURERE N, BRI
FE, ZeERIZ] TOMBSTONE I RIZ4ksm i, RovE 2 RelREIR 7 ERE X,

SR, BHIER vl G 23 Iida A R PEREIR L. IX 2 RN B BRI (R AT = 4 — D BRARIC, FE%E TOMBSTONE
AosEn, LRI ER IR, FOLMERINATRER ZPkhd 21 TOMBSTONE A REFKEI BRIt R,

A, FEESMERMAIC FIEEE S TOMBSTONE FURS|, HFHE R HIRTE S5 1% TOMBSTONE 23 #t
A8 IXFEMIIEFAL R S FRERSIRINTTER, TR s 2 SR E (IR G ) FILRH, M
A L E T RCR,

DAL 7 — D EEWER TSI ERIERND I6/ %R, 07 Ese ot AR asE, il
KRB “NEEAH”, ST BHRERN, RIESk ks,

// == File: hash_map_open_addressing.cs =

[/* FFUBRER */
class HashMapOpenAddressing {
int size; // REXMHE
int capacity = 4; // BHERRE
double loadThres = 2.0 / 3.0; // f&Ry BMNHAHERFHE
int extendRatio = 2; // ¥ &Z%
Pair[] buckets; // 1&@%i4R
Pair TOMBSTONE = new(-1, "-1"); // MIBRtFIE

[* ¥REFHE */

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

hy

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

h

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

h

/* R key WNHEERS| x/
int FindBucket(int key) {
int index = HashFunc(key);
int firstTombstone = -1;
/] MR, HBITEBE
while (buckets[index] != null) {
// FEid%F key , REIFMAIEZS]
if (buckets[index].key = key) {
/] Ezanid® 7 kstrie, NERENZEoIEZRS |4
if (firstTombstone !'= -1) {
buckets[firstTombstone] = buckets[index];
buckets[index] = TOMBSTONE;
return firstTombstone; // R[EI#oIEHIEERS]
}
return index; // R[EIFEZES5]
}
// EFREINNEMRRIS
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if (firstTombstone = -1 && buckets[index] = TOMBSTONE) {
firstTombstone = index;

¥

/] HEBRE|, il EINRELE

index = (index + 1) % capacity;

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

h

[* TIIRE +/
public string? Get(int key) {
/] R key MRRIFEZRRSI
int index = FindBucket(key);
[/ EIXFIRER, MREFLN val
if (buckets[index] != null 8&& buckets[index] != TOMBSTONE) {
return buckets[index].val;
+
/] BEREXAFE, WRE null
return null;

}

[* FIMEE +/
public void Put(int key, string val) {
/] HHHRAFEBIHREN, TS
if (LoadFactor() > loadThres) {
Extend();
+
/] EER key MRHIEZRSI
int index = FindBucket(key);
[/ EIXRFIREN, WEXE val FiR[E
if (buckets[index] != null 8&& buckets[index] != TOMBSTONE) {
buckets[index].val = val;
return;
+
[/ BREFNREE, WRINZREX
buckets[index] = new Pair(key, val);
size++;

I
[* MIBRRIE «/

public void Remove(int key) {
/] #ER key MMHIFEESI
int index = FindBucket(key);
/] EXRFIREX, WERFINCEEE
if (buckets[index] != null &8& buckets[index] != TOMBSTONE) {
buckets[index] = TOMBSTONE;
size--;

¥

/*x U BRRER %/

void Extend() {
/] BEERRER
Pair[] bucketsTmp = buckets;
/] IR SENHIEHR
capacity *= extendRatio;
buckets = new Pair[capacity];
size = 0;

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

}.

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

h

2. FHEHEN

FTTRISG SAERTZEAL,  #RRIT RS UL WREG Z —, SRR, ORISR A i bpod — [
SERPE, MRS “RIRER T M58, B1,4,9, ... %,

PRI EEEA MR,

- T IRES O R BT 7T R, I R AR R ) SR R R
- PRI SEOE ERRIEERERSHENE, AT R 2 1S E AN A,

SR, P75 IRIFH A2 52K/,

- BRTFERENR, AL B HAN B E A S .
© TR, PO IRIAREA SRR NG R, X ERE BV R 2o, ~F 7RI th ] RE
TEIRVIFEE,

3. ZRRE

BN, IR TTIEEHZ METREE f)(2). folx). fy(x). ... BT,

- WAJLE: BHRHEE ) (v) MR, W22 fo (), DU, BEREREIEAEmATER,
- AR FEHFERIGREEIT FHTER, ERHEIETRNIRE; FERE s Z R EE
R, WHAAIG R R FAEIZTR, NERE None ,

SRR, Z2XRFRTENDTAERSE, B2 R0 EESH RIS E R,

Tip
THIER, JPlRSaE GRIERI, PRI 22 RIGT) Iefm&AEE “TREEEMFRTR" fIRE
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6.2.3 RIZESHIER

HAMGRIRIE SR T AR RIS A RIS, NEZEL M

- Python SRR F 4k, #it dict fEHIARENIEGE TR,

- Java RMAHEMAE, B JDK 1.8 PR, 25 HashMap WHUZH KEIRF] 64 HRER KRS 8 I, BERZS
FeAg M2 SR DATR T R PR RE

- Go RAHEAMIE, Go MUE B MR 7K 8 MNHEX, BHARNER —MNMRH, Hikmbmd
i, ST —IRRRISE R A 5RE, DIRCRIERE,

6.3 MEHEZ

BIPTAE T IG70 A TAR R BN IG 7 R AL B 7578, ARMITCIC B SHEIe 2 iUtk MR RELRIE
WEA 0] DACER A DRI E 5 TAE, Wi A g R 2.

QUSRI PRSI TARE, WBARRIERENI S BRI S . AE 6-8 iR, X THEHbEA R, BN N
EX SIS T, RBIRAEE N, REMN NI R E R E — MR, RS R
ZE O(n)

it E /R

RIERR:
1 BENTHDHES MEF
BfElEZE 0(1)

I —tt — —— —

REMR:
BENSEDHERMEF
BHaEE 0(n)

6-8 MaAmRIRERILS RZEMH I
BRI A OISR B, [RGB TP IR, e R E, AR KR

index = hash(key) % capacity

M PAEAR, YR FHERE capacity [EER, MAREIE hash() JeE v iaE, BEmoie 7 RE1EE
=PI B

XERE, N TSR R AR, BN S RHERNEPERTREE hash ) KR E.
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6.3.1 BEFRZEMEMR

N B BN R BRSNS, M RIAN B DA R

- WEPE: STMHEIREA, MR BEIENGL T AR, XA RER ORI T R AT SRR,
©OReRE: HREIRREEENIZEBHR, HEIFHE, I6 RS,
- B G RIANAE SR ER I S DA ER T R, TS, IR R AR UL,

Khr b, MAEEER T A DU TR R, 7 2N T HA SR+,

C WA VTR P EENLE, RIUEE S EREAER S RISCER, TR EED G
fHo HHMANEEE, RGN MARNEHEITRERE, KR5S EERGHEEITHEL, MRMmH T
Fie, AR ETERLAL ) IE#.

- BIRSERER A BE AR5 A] DA R BRI A E IR L R AE ;1RO T AT R IR
BAERETAE, HERWEINIEREEI T, WERMHILES, ARAREESEA e,

TR AR AL, O TR WIS EIE S B R E TR, IBREEREASESSRNLE
Ritto

- Bt JorRiEIE M A (E S O T R A BRI RS R
- PibEENE: SCSBEREIN D RFEIRE, E SRR EM L,
=15 VAR VNG G VA B '€ el D < = R T R g

BIER, W07 5 “DinEtt” RN, FRES S A R iRk BN, FEREHL
BN key &, MK key % 100 ] U5 Ak, ATz REL TRE, FrE/amaHss
() key A% HHAERAETR], RUFRATTA] DARE 2 MG (B S RT IR key ,  AITTRRAREE 5,

6.3.2 MFEEIZEILT

IERERNIRIH R — MR ESEFZRRME R, RAmx T REZRAEA R, BATHAER T —&H
BHIBRARER,

o MEMEA AR TAFRY ASCIT A AR, S BIRERIE I R {E,

ORI FIRBRIERAERNE, SRR —IMEE, BB DT ASCIT R FEREH,

- SR R ABURER D TR R e E R M E AR E,

- R R TTR ASCI MRS —MaffEd, RBEZ AT G ER T IER 51,

// == File: simple_hash.cs =

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

hy

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

hash = (31 * hash + c) % MODULUS;
Iy

return (int)hash;

h

[*x SHEFE */
int XorHash(string key) {
int hash = 0;
const int MODULUS = 1000000007;
foreach (char c¢ in key) {
hash "= c;
}
return hash & MODULUS;

].

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

return (int)hash;

WS IR, SRIET RIAR &G — S #HUE X KB 1000000007 B, DARRERIG T EAE SIERTERIN, (EIF
BERRE, N2 ZER X PO, B Ui S BURE R B2+ 2.7 X2 — D EBRI M,

et gt ERRBEBAENEEL, wf DU K RUE RS AR 20 04, RO 5 HA B 7 AR R
B, AT DAJRRD R BRI 22 A ST IV RR K, A TSR SR 7 v 5%

BT, BIRBNDERESE 9 MBI, el DI 3 2ERR, ABZPTA T LABE 3 FERRAY key AR MU E] O,
3. 6 X=AMATEME,

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, ... }

QISR key TEUFIHRIXFMEEBEINEE 10, IR2MGRmERS HBIERHE, MMMERRFR, BE, &
BORF modulus BB 13, HIT key Ml modulus ZAIRFIEALIEL, [l H IS R E R S 1S

TR,

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,... }

ERRIHIE, WREBIRIE key BRI AT, AB2IEREBEEGE GBI MBEFRATLL, e TH#RREH
HES S ARG {E. T key HIDMAFAERMEIATERE, X SR ER 5 HIERENR
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BIMEZ, BOTEFERTEIEEE, FHHX NIRRT RHR, DURATREMPRAIIERR, fEhmE
TRHIRS

6.3.3 BRIEFEX

BRI, PAENBIIREAARERE R M35, miE&a B2 AEEIE T Hir, #lan, BFimEm
Sl R, R INTENS F Al B s A A e TR X o N A BN AR R AT a8, XA RES IR A i 28,
I3 [ — L2z 4 A,
1ES2frrh, FRADEH S —LhREIa 7 B, Fla0 MD5, SHA-1. SHA-2 #1 SHA-3 %, BT A EE K
JEE e A B B 2 e K R IS A L
E— ML LR, B BEIEEARW TR S AL R, —E RN RS IR G Bk MERE, B—
EROMIFFE N BRI R B T FHRIG T B IE 22 E R, 2 6-2 BoR 1 1ESZBRN F s LAY RE 7 B,

-+ MD5 F1 SHA-1 EZ2 RIS, Rt el &LLeNHATH,

-+ SHA-2 25 SHA-256 B Z MG mELEZ —, ARBIRINBEZRA, RitEBAESRZ e

N S,
- SHA-3 % SHA-2 WSS AR, THHECRE &, EHE R HE SR SHA-2 251,

®6-2 HWUHIGHRERX

MD5 SHA-1 SHA-2 SHA-3
#1992 1995 2002 2008
[T
miHE 128 bit 160 bit 256/512 bit 224/256/384/512
& bit
BHEW B %z R R
%
ZeE AR, CHEIE K, EHERIIR = =)
25 N
7 EWFEH, (A TEIE SR EFH MEEMRSRIE, B7%s A TER SHA2
# %

6.3.4 BIELMMISHE

BATALE, PEFRA key A] DUZRERL, /NEERTATHRSFRURRT, HMWiEIE SIEH IR ERIRRR I E
e mED, ATIHHERAERTMES B Python M6, FATAT LA hash () BECK I EAREHEE
R A{E,

- BB /R BRI EURHA S,
© IFRERT AT RRIR AR ET EROVE S, AXBREETE BT,
- JTCHMIS AR TR TG A, e RRERAEAGER, F2E—NRAR{E,
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- REETEE T HAFA A R, B ES NSRRI, AR T AL RIS E,

Tip
THIER, ARGEE S RN B A E TR R BEIE 75 B,

// == File: built_in_hash.cs =

int num = 3;
int hashNum = num.GetHashCode();
/] EE 3 WREER 3;

bool bol = true;
int hashBol = bol.GetHashCode();
// RE true BNWRFEERN 1;

double dec = 3.14159;
int hashDec = dec.GetHashCode();
/] NEL 3.14159 WINGFH{EN -1340954729;

string str = "Hello Ej";
int hashStr = str.GetHashCode();
// FREB “Hello BIE” WIMAFHEN -586107568;

object[] arr = [12836, " /\&"];
int hashTup = arr.GetHashCode();
/] R [12836, /NG] BIMGAHEN 42931033;

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

TEVFZHIRIES T, RARENRAERBRRRK key o RINFRATRFIER G 1F9 key , 451
RONEREZAN, EREREDRESE, BITICEERTRTEREFELHN valve T,

BARBE SN (PR D AR R AR, ([HERAlIE A, JXIR R M Xt GG A P 2 5k
TR R, B RN ERLE T2MA, (HERNAFIERZE, BRETRENEN,

ORIPRA] BE R IEARN FIEH G s TR, EH AR ERTF, X2EN Python RRESSERERIG
g, WS AR B — A BEILEE (salt) {H, XAPEIER] VAR (I HashDoS %, f@7Hia
mEER 2 2,

6.4 &

1. EREEH

- B key, IATERAEISTE O(1) MIEIMZHE valve , BCRIEH

LA R G A, VRN, PR AR T IA T R,

- IATERECK key BUR IHCAED], MV RATHARER value .

- AR key AIREELIT AT FBUS HEMRAIRAIRE], SR WL TGS, IXRB S RN
TR,
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- BERBRBL, WBAEMPERIERLEIL, Ftn] DUl REAERERE A PR, S8AT &%
L, MafRY AR ERN R A,

- PR TFE AT RP TR ER DR, KB TBAE PRI ERE, WHAEMEG TR A
HIE1ES

- FEHIIE I R RN TR AONRER, BITE PRI R EEER —MERT, AW, BREKSERE
W, ] DAEIT I — D KRR 2L B S RE,

- FFRFHEER 2 RIRMRA BRI A S, SR EE DK, SR A REfBRcE, BABAR
o ZRETLEHZ N ERREGHI TR, HERKERNERS M ARE, HZ2DMEHEEEM T IiHE
BEo

© RRIGFETE S R T ARG R RIS, #l40, Java i HashMap {8 FBENlE, M Python 9 Dict
KR FFRFIE,

- MERAERY, BONIAERAREEEAEWMEE. SN MR EEWEEY, BREETEN %
LA UREFE 1A S HA RN

- IR BRIRIEE R KRB E N, DA RICHI R IEISRESY S 06, D IER PSR,

CE ST R AEE MD5, SHA-1. SHA-2 fil SHA-3 2, MDS5 & FH TR S F 528, SHA-2 #
T2 N5

© GIEESIEE S NEPRRRRE N ER AR, AT IERAERPIOMES, EBEENT, REARE
PSE Il EE O

2. Q&A

Q: MBFERIINREREEH LN T O(n) ?

SIS N, B RN AERELIEE O(n) . SIHFELHE iy, AORILE ik
EFL THOSHBCTIIN, RREZUER O(1) . FRITEAGIEES M EIIAT RN, EE AN 2
0(1),

Q: HHAFMEABFEE f(x) = 2 B2 BHRFLEMIET,

£ f(r) = x MAERET, SN TRNMME—RMRS], XSEHEN. A, ARSI T2
A (BEHKE), HIMA RS ERE — P IR B K ERUE, Baisid, RN R — MR
RS I B —NEUNOZE R, FFREE O(1) WEIRRR,

Q: MARIZLIREEA., R, X, HANF2BERA UL ETEmE?
B, WBmRINRYERER, EERBRER T, WRRAEHES o NEARER,

HR, HBEREE MR PN RRCRA S 1o Q1R — D IIRERENS 7EAH R A [A) & 2% B2 T (i I A e AR 5K
W, i@ e R E R, XRENIGREEOHEREITH, N RS2 ERE BOITE R,

BIE, AR A 2R AR DL, BIUTERE S, TRl R BLE RS R BT BB e P AT AR OF,
PRREIRILZE O(n) IHRIEN,

Q: ZRIGTHE T REEEMBRITRAVEREND? bRic CMNFERAD 2 X RE A AE A 15?2

ZRIGABITRF IR — M, JTHRSHEREA S REERMPRT R ARG, FEEIARCHBR, frid oy bR
AUz A T DARHREE . HRFeRimA MR R, JF HIEEIE ARGy CMPRAIG B, ZAE AT DL
BOFTTCRE M IXFERELRE LRI RATRIF 2L,  RERIEMG A 2R A 23 R FH %

Q: Mt ALELRIERIY, EHUTRAII RS MBI A 0E?
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AR IN e 1 7 PR A EIR B ARFT BB, & B key NIEHRC, IXSUARAMA MR, Bk, LRIERM
TRAMUENIEROE I KARUA R &R, EEHENEMEN SRRk 1k,

Q: AT 2 A AR SRARIA T T2

M7 R B fe — PR N B RE n B (BGR), IR EVEERARSIEEN; £ &5, Sk
& n AL, T key XM ARG HBAIRER L L, [FIEER —MEZ N key , EIRERRESHIIAC
BN, TSI 7 R R 2% i

Q: WFN TR, TR B B At 1 Ig?

HEHERT key BIESHINUEREEN, ERAHARNN, WS, HY key ZBHAMER (BIEIFFFEH) K,
FLTR ZAEBIIG T RO key BUSIONVEEHR S|, FREIMBEHFMITER, XHENEEMERR R,
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Abstract
SRR )], REMX, 2EEkb,
TRHEITER T I 6N STES.
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7.1 =X

ZX# (binary tree) E—RHELM RS, R WL 5 a0 ZAMIREXRR, BT “—ah ="
M EEH, SHEREE, “XWIEARTTRET N, SMTAESE. A7 RS HNE 71 R51 -,

[* ZXWHmE «/

class TreeNode(int? x) {
public int? val = x; // TRE
public TreeNode? left; // EFT=5IH
public TreeNode? right; // &EFT=5|H

BN EEERNSIH (85, 25HEREFT = (left-child node) FIBEFT = (right-child node), 1%
BRI F I REIRT & (parent node) . M447E — > BT mib, FRATPEIZY U097 7719 sl R
PR s BRI AR N %717 A4 (left subtree), FRIBEAISAFE (right subtree),

TEZ X, BRSSO, HAl R 1 e 0 R e A, B 7-1 FoR, SR “R 27 AR
WA, MEAFHAMEGEFTRSE 47 M NS, AFRE TR 4 REDUR T SRR,
GFRE a5 S PR SRR,

—Ri RN

binary tree

|
E@ZV ﬂ‘ﬁ,ﬁ

EFi aFH

ANV
Vivivi

7_1 Qdﬁ")ﬁ\ ?‘A—I_—"P/r\i_\:i\ ?‘*}j‘

7.1.1 ZXWMERKE

X ARTEIE 7-2 FrR.

- BTE (rootnode): HiT - XWMIAEMT A, HAERTH,

- M58 (leafnode): &A F1 TR, HMMNMEE IR None .

© i (edge): EBEEFANT RMREL, BNV S5IH (B,

- THEATEME (level): MIREJFEEE, R SMEEN 1,

- THEME (degree): AR AMEGE, EXMH, EEETEERZ 0. 1. 2,
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- ZXWMEIEE (height): MR REIFRIEH 1 ST ZE R RTEGR
- TRAPRE (depth): M RENZT R AL AR,
- TRIEE (height): MEEEIZT RUBOZHIH-TT R ENZ T RS R R R

)4
=E -3

M

7-2 ZXOMBYERIRE

Tip
TR, BOTEHER “SET M WET Oy "SRR, (B E M TR R HE
SO ST R, EXAMES, SR AT 1,

7.1.2 B AIRE
1. A —Xi

SEEREM, EemmntetiN, KRedsii (et

// == File: binary_tree.cs =

[* B _XHY «/
/] PIEETR

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

// METRZENEIE (H58)
nl.left = n2;

nl.right = n3;

n2.left = n4;

n2.right = n5;
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2. ENSHIFHSR

SRR, 1E Al A\ SRR 0] POE I AR E R, 1B 7-3 B T — 4 Rpl,

AT BBRTS
@ nl.left = P nl.left = n2
A P.left = n2

7-3 TE XA A SR

// == File: binary_tree.cs =

/* BANSHET R */

TreeNode P = new(0);

// TE nl -> n2 HEREATS P
nl.left = P;

P.left = n2;

/] BBRTIE P

nl.left = n2;

Tip

REERRE, AT R RES I — MR A ZARESH, TAHER T 0@ 5 R MERIZ T R
FE i BRI, £, FBASHERER 2 —ERER S 5EMA, PASKIA KRR SCHI#E,

7.1.3 ER-XHFER

1. TR

WE 7-4 R, SEEZXM (perfect binary tree) FiE BRI RS 2, 1E7838 = RH, 5 s
N0, HRFETNSERN 2 ; HRETEER b, WY EEECN 20 — 1, RIRERERSER, K

R =R e W 0P B IE 8

Tip
TEER, EFSGEXAH, 5838 A H SR Z XA,
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FERNiR
perfect binary tree

(oA Fr o il — )

FRB ERYTS R R

7-4 FER XY

2. B2XHY

WK 7-5 FirR, B2 XM (complete binary tree) (X ARFERKER T M ATEREW, HERIKZEIT 550
MEBEMRIRESIAT, BER, EREXMRE— e = XM,

RETWiH

complete binary tree

ERETRELER, AttETRERIER

B 7-5 sEe X

3. ERH—Xh

GHE 7-6 AR, SERZXM (full binary tree) BRT TR 2, HARATE T SEA NN T R
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SRR

full binary tree

FrETRRERA 0 = 2

Bl 7-6 S — S

4. FH -

WK 7-7 FirR, FHEZXH (balanced binary tree) AR sl B/ FHIFIAS 106 1 v 1 2 ZE 48 0 {E A e
o1,

i

balanced binary tree

BERN ETRBE - SFHBE - d
WFE =N TSHRE d] <1

B 7-7 - X

7.1.4 ZXMeNEk
B 7-8 JER T X R BRARSE M 5B AL S5 K, Y YRR SR, A R W 4R
G EEmA—, YRRl “HER,

- ERXREEERNN, ATDASE AR X aia” L.
- BERNIR S — R, A THREEE R E, RIS RERLE O(n) .
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4
N P
S\ ,
4
Biag J/ iBitE
FEE XA R

B 7-8 XA ERELI S5 R ZELH
R 7-1 R, TERELSWMRZEST, XM PR, TR, SEFRSINCRESWME,

R 7-1 “XRBRESH S =45

SR R
51 BT R 2071 1
FER h R R 28 1
FER h R R 2k — 1 h+1

TRULEON n ORIORE log,(n+ 1) —1 n—1

7.2 ZXbhEH

MPIEEERI R, PR — R T RERMBURS Y, R EE 75 2RISR MR R R0,
PR — AR ERSS A, X E S e P iR N 7, I RRRSI,

XM Wi 7T S NEAR R T, BT, AR AR i R

7.2.1 BFiERH
WE 7-9 Fir, BFEEH (level-order traversal) MIRESEIKENZR E XK, HAEG—ELBMNERGT
i 37 TR0 75 R

BERBHAR FE T EMR%ER (breadth-first traversal), AR Eiki€Z (breadth-first search, BFS),
TR T —f/ “—E—ERINT R B EED 7T
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IEREER

8 \
’iﬁf BFRE (a7 @ Mg

il

/ "'\'"j_‘;‘"j_‘_jj:i:t-‘/‘-‘\ R

7-9 “XWHIZEFPiET

1. KEE5EI

AL @ A “BAFIT SRS, PASIEENE “JeHESCHY” BRI, i RS s i R
AORLI, P e R AR — B, SRS

// == File: binary_tree_bfs.cs =

/* BFBH */
List<int> LevelOrder(TreeNode root) {
/] #EBASY, MIANRTIR
Queue<TreeNode> queue = new();
queue.Enqueue(root);
[l MB—15%, BFREERFS
List<int> list = [];
while (queue.Count != 0) {
TreeNode node = queue.Dequeue(); // PFABIHPA

list.Add(node.val!.Value); [/l RETRE
if (node.left != null)
queue.Enqueue(node.left); [l EFTHENBA

if (node.right != null)
queue.Enqueuve(node.right); /l BFTHENBA
¥

return list;

2. ERENR
NRIEZER O(n) © FIE T RBVIR—R, 8 O(n) KR, Hon e,
- BEERER O(n) « EREBHT, B R, @0 ERIKE 2§, I RZFNEZEE
(n+1)/24M75, A O(n) 230H,
7.2.2 #iF. PF. BFIER

MNHL, #iF. PRERERRGEE TREMRLEBH (depth-first traversal), WFRREMRLIEZE (depth-first
search, DFS), ‘BAREL T —&f “SEEZIREL, FEHgke:” g7
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[ 7-10 JoR TR X TIREE AL St 7 0 TR [, PRI AR Ci sk Ig 2 e B bR — SRS 587 —

B, EE N TRMKBR=MIE, oA NATRE R, T S R

def dfs(root):

" RHERE R SR
A if root is None: return
; @ BENiginEEFin
dfs(root.left)
@ BisinEFH, MigHinaFn
dfs(root.right)
@ EEFHET iR, RBOEE

RERERE 0 O,

FIFFER (E @ LiAPTR)
1, 2, 4, 5, 3,6, 7
REERE (7 @ LIFRTR)
4, 2, 5,1, 6, 3, 7

BEFER (F @ bisETs)
4, 5,2,6,7,3,1

B 7-10 ZXEKRWIRTE. TP, R

1. XEBSER

RS 2RI ST S :
// == File: binary_tree_dfs.cs =

/* HiFFBH */

void PreOrder(TreeNode? root) {
if (root = null) return;
/] ERMRGER: BTHR -> EFH -> GFH
1list.Add(root.val!.Value);
PreOrder(root.left);
PreOrder(root.right);

}

/* FFEEH */

void InOrder(TreeNode? root) {
if (root = null) return;
/] BRI EFW -> BTa -> AF
InOrder(root.left);
list.Add(root.val!.Value);
InOrder(root.right);

}

/* BEFBH */

void PostOrder(TreeNode? root) {
if (root = null) return;
/] BEMLER: EFW -> AFR -> RBTR
PostOrder(root.left);
PostOrder(root.right);
list.Add(root.val!.Value);
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Tip

REER SIS R AT DAL TR SR, A >GR3 AT AR TR

B 7-11 JeoR 7 R — WA AR, Halaoh “3%” F1 037 PADSEEaEs L.

1. %" ForITa#iiE, BRI T — N R

2. 17" FOREAEORME], REHHTTRCETIF5EE,

[ Step 1

(s

En

v 7]

B TR
3 B LEH

HIFFEH (F @ LiFETR)
1

& mTEg
3: B LEEH

RIFBFE (1F @ WiFETR)
1,2, 4

#: mTEE
13: @ EEH

HIFER (7 @ LiHRTR)
1,2, 4, 5

i#: T
13: B EELH

HiFFBH (E @ hiplET )
1,2, 4,5, 3

‘ Step 2 |

[ Step 4

Step 6

Step 8

#: AT

V3: LR

HIFFBA (7 @ LIAETR)
1, 2

& ETEh
A: A EEH

WIFFEE (7F @ LIEETR)
1,2, 4

#: Mgk
A mLEEH

HIFFERE (7 ® LiRTR)
1,2, 4,5

#: AT
Y3: L EE

HIFBA (£ @ &i5lETm)
1,2, 4,5 3,6
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i#: TR
13: B EEH

#: AT
3: B LE

HiFBA (£ @ Li5lETis)
1,2, 4,5, 3,6

HIFBR (£ @ 2i5iETEa)
1,2, 4,5 3,6,7

Step 9 Step 10

& ETE
13: @ LEH

HIFFEFA (£ @ LipiETR)
1,2, 4,5,3,6,7

Step 11

7-11 AP R R

2. EREDR

- WS AYE R O(n) © FIET S —R, @ O(n) K,
- SEEZIE R O(n) « FEREMIUT, BIRGEA RERR, WITREAS] n, RE0E O(n) Bz,

7.3 ZXMHART

EHERFOR T, “XWIFERITN T A TreeNode , R Z FNESFEEHAHIERE, E—T08 THERFOR T
A — AR A T AR

2., BAIRES AR IR X IE? B2 HER.

7.3.1 RERFTEZXH

FeohT— M BRREB, B —MRSEIE M, BATR A T IR R e I R A7 7 — DN e, W&
NI SRR B IE— IR S L
MRIEZ i@ PR, FATA DS AR RRG 5 FWRRIIZ AR ‘B A" HRENRNRTIN .,

WZWRIAEFTRRIDN 20+ 1, AFHRRTIN 20+ 2, B 7-12 Jon T &N T RRT | Z HRIBU 5
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Hana®&sl: i

1 maxs

EFTASES 2i+1
BEFHRRS|: 2i+2

fERREFT XN

¥EFEE 0 1 2 3 & 56 7 8 910111213 14

=razes (00080000080E00

Bl 7-12 583 “XMWIBHRR

WSt AU A Y TRER TP RSN (RED . BEBEAETRER — DT, ATER AT DOEE B 2 70Kk
WRERE (F) FHR.

7.3.2 REEEZ-XH

FERXIE—NRFG, £ X R EE R FAEVFZ None . HITBEFEFHIFF AL EIXLE None , Al
WEFATTCIR LT FIRAEN] None FE RN A ALE, IXEWRE AL M — SIS ERTT 3 2P w7
5l

K 7-13 FiR, e —RAEER X, BRBEHFRR TR LI,

EFT) (BER) TEME—HRRLE AN

BAFEl 0 1 2 3 4 5 6 7 8 9

k5 iz M 12 ]3] 4 6]7]8 o 12]15]

B 7-13 R A B 2 A SR RTREE
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MY FRRIETE,  BRATTn] DA B AL IR 5 b i s A None o 4NIE] 7-14 AR, IXAEERE)S, B
F 3 e 8 ] DAME — SR XK 1o B ARESAn :
[* XM HART «/

/] fER int? TI=EE |, FAIUER null RiME={
int?[] tree = [1, 2, 3, 4, null, 6, 7, 8, 9, null, null, 12, null, null, 15];

10 11 " 14
BIFF () AR

BRI © 12 3 456 7 8 91011121314

rrarrs (BOEO0 0008 5

=i

Kl 7-14 ERESRA IR IOR

EREARE, 522 XWIEREGHEMBEDRIOR. FsEe —XMEE L, None RHBIERIKZHEEH
AU E, PBLRTA None — tRBRTE IR iSRRI AR e

XEME BB RS2 X, AT AEIREERTA None , AR, 18 7-15 /T — Pl

EFERFT (8H48)

EAREZRH
NRERc:-Edi)

BFEmFY (#8)

8880808000

K 7-15 #=42 - YHIEEER

DA SCEL 7 —RRE TR FORH XA, GG DU LR,
C AR, RRERE, £ () TR R,
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PRI, HPEl, B, BRI,

// == File: array_binary_tree.cs =

[* BART XM +/
class ArrayBinaryTree(List<int?> arr) {
List<int?> tree = new(arr);

/* BIRBE */
public int Size() {
return tree.Count;

}

/* IRENES| AN 1 HRE +/
public int? Val(int i) {
// BRSER, MRE] null , KR=AL
if (1 <0 [| 1 >= Size())
return null;
return tree[il;

}

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

}

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

b

/* REVES|A 1 TRIKXTHRINES] +/

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

¥

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

h

[* REMRIFER */
void DFS(int i, string order, List<int> res) {
/] BRZ=L, MERE]
if (!val(i).HasValue)
return;
/] BIFER
if (order = "pre")
res.Add(val(i)!.Value);
DFS(Left(i), order, res);
/l &R
if (order = "in")
res.Add(VvVal(i)!.Value);
DFS(Right(i), order, res);
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!l EFi&EH
if (order = "post")
res.Add(Val(i)!.Value);
}

/* HIFEH */

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

}

/* HEEH +/

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

}

/* ERFBh */

public List<int> PostOrder() {
List<int> res = [];

DFS(0G, "post", res);
return res;

7.3.3 iR5RRY

CXRMHPEBEH SRR E A LML,

- BB IESIHINAE SRR, MR R, ViSSP s sk,
- ATREAERE, BT E R,
- SRVFREALIE AT Lo

SR, BEAHRRWFE— /IR

- AR EESNFER, BIAE & R R KA,
- R SR EOE I B N\ S B RR ST, BRI,
- XM FREAER R None I, BEHA LS BT SR BRI, 2 IR SR B IR,

7.4 —XiEER

e 7-16 FizR, —XIEZEW (binary search tree) i & PA R4,

L OXTFRT R, ZTRPRra TR iE < R ERE < G FRHarE T R iE,
2. B RRE, AR SRR, RIFERERE &M 1. .
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—RigFh

binary search tree

Bl 7-16 —XRRM

7.4.1 “XIEFRRIRIE

AT R 5N — 12 BinarySearchTree , FHAEA— R GAZER root , FEFIRTAHRT £,

Z8E HARTTAE num , AT DUREE — SHRRRMEPOR A, WK 7-17 FoR, BAIITEH— PR cur, W2
BRI A root H%, FEFAELELT RUE cur. val Fl num Z[RIFAVN KR

- #cur.val < num, BEBAHEARTTRLE cur UG FRH, FHEIT cur

cur.right,

- #cur.val > num, WEBHEARTISAE cur B TR, RIEHAAT cur = cur.left,
- Fcur.val = num, BWHHREIEART A, BEHETEAIFRENZT R
aEoxEEnrERTR @) E-xgEmrERtR @)

7”3 o O @ © 0 9 o

Step 1 Step 2
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EoREERPERTR () EZRIERHPERT R

Step 3 Step 4

7-17 XA EREERTT Rl

SRR EBIRIES S EHRIAN TR 8, EURAHERR L IR XY
I, Y YRR, S O(logn) IR, REMESAR:

// == File: binary_search_tree.cs =

/* BERTR «/
TreeNode? Search(int num) {
TreeNode? cur = root;
/] TERER, HIHTREBE
while (cur != null) {
// BfrmEiE cur BIAEFRA
if (cur.val < num) cur =
cur.right;
// BIFTSIE cur MIAFE
else if (cur.val > num)
cur = cur.left;
// HEIBERT R, BHEER
else
break;
}
// REIERTR
return cur;

2. EATIR

B MHEATTR num, N TORIF SRR 0 <R R < GFRT BMER, A RERARNE
7-18 fRe

1 BRAANE: SEPIRERE], MRT R, MR8 AT AEN nun FARVNRREIAE MR, B
FE AT R (GEPIZE None ) INBRHHIEIR,
2. RIZOLEMAN L FIAMLT A num , FIZT BT None FURLEL,
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E=xEFERREATR @

R H1T7 pre.right =

7-18 TEXAEZEM AT A

FERISEHA, FEERLATMA.

CXRAERWMARFFAEERE A, SNREREE X Wik, SREEATRENTERE, NARTH
A, BEIER[A,

NTEBBAT R, BANFEMBIT A pre R LRG0T R IXFEFEIRTIE None I, FRATTATEL
PRIENHACT AR, M ZE T s ffi A Ao

// == File: binary_search_tree.cs =

[* HANTIR */

void Insert(int num) {
[l BWAZE, WPBERTS
if (root = null) A{

root
return;

}

new TreeNode(num);

TreeNode? cur = root, pre = null;
/] EFER, HEHTREPkE
while (cur != null) {

// HIAEETR, HiERE

if (cur.val = num)

return;

pre = cur;
/] BB cur BIEFHG

if (cur.val < num)

cur = cur.right;

// NGB cur WYAFIE

else
cur = cur.left;

}

/] TR

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

SEEN R, FBATREH O(logn) WL,

3. MBS =

FEAE XM FPEREIER T A, FRREMER, SRATREE, RIOTFERIEEMRREERE, —XER
PR LB < MR < AT BOPEBTART S, (KL, FROTRIE AR mp 7 R, 730, 1M 2 =
FBEOL, AT R AIAHBR TS A,

N 7-19 FoR, AR AR O I, R UM A, AT DAEREMER,

E=REEREIRTER @

00000000

cur
v TR cur ) 2. HiEMBR cur BIE
25t + e
Lo o i L FrmfE =0 $IT pre.left = None

7-19 AEXAERMAMERT A (ERN0)

GniEl 7-20 AR, YAEMHBRTT S 1IN, KRR s i 45 SR A
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E=xERREsE (©

v TR ocur B9 2. & cur BHHEFHR

. B TR . = .
1. ERFMETR cur FhHaME = 1 $1T pre.left = cur.right

B 7-20 £ ARRMAPMERT A (2N 1)

HREMIERT RS 2 I, BATCIRERMPRE, MRRZEH DR 0L . BT ZARR SRR
ETR <R R < AT BRI AN R DU 7R BN e BT R
RN LR TR A (PR — D1, MRERRERENE 7-21 Fr.

L EREEMERT S R ps)” R — A, 128 tmp o
2. tmp FMEE S FMERTT RROME, FFAERHIEITMIERT A tmp o

E- g EE (O E-xgRnTsEE @

Y f\
@\ 1. EHEBRTEA cur . 1. ERBIRTES cur
. , /\ B cur HTFAME - 2
@ o 2. BBRTHR cur SH=H:

@ &jﬁ f @ j J»\ /0\ (1) T cur EHFBHNEHTS nex
D € @@@é@ 000000

A

A
cur

[ step 1 \ step 2 |

o T ) (o T T
0
\‘ 1. EREBIREA cur

v PR cur WFHRHKE - 2

1. ERFWRRTR cur

v TR cur WFHRME - 2

2. BIBRTR cur FH=EH: Y o) 2. BITHR cur FRH=D:
(1) B cur ERFEHNEHTR nex (1) & cur EHFBHNEHTR nex
(2) E=XNPEJIBFFTR nex (2) EZXWPRIABERTR nex
€
00000

(3) ¥R nex EEATR cur

Step 3 ‘ Step 4

B 7-21 1 XAERMRPRT A (R 2)
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TR R E AR O(logn) IR, Hrp&EERAHMER T RFHE O(logn) WA, FREXH 87 54875
FHZ O(logn) WA, REMEGLT:

// == File: binary_search_tree.cs =

/* BBRTI= */
void Remove(int num) {
[/l BEWAT, BRG]
if (root = null)
return;
TreeNode? cur = root, pre = null;
[/ EREHK, ST AEkE
while (cur != null) {
/] HREFRBRT R, BEHTEIR
if (cur.val = num)
break;
pre = cur;
/] FHBETRE cur BIEFRIE
if (cur.val < num)
cur = cur.right;
[/ FHEETSRE cur BUAFHAE
else
cur = cur.left;
+
[/ EEFHBRET R, WEERE]
if (cur = null)
return;
/| FHEHE =0 or 1
if (cur.left = null || cur.right = null) {
// BFHSREE =0 / 18, child = null / ZFH=
TreeNode? child = cur.left ?? cur.right;
// BBRTH S cur
if (cur !'= root) {
if (pre!.left = cur)
pre.left = child;
else
pre.right = child;
} else {
/] ERBFTRART R, WEHREERT S
root = child;
¥
¥
// FRHa#E = 2
else {
// FREHFBHAYE cur M TF—1MHSa
TreeNode? tmp = cur.right;
while (tmp.left != null) {
tmp = tmp.left;
¥
/] EVAMBRT S tmp
Remove (tmp.val!.Value);
// B tmp BZ= cur
cur.val = tmp.val;
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4. PEFEHERF
E 7-22 fiR, “XREHREDEE ff — R — 57 FBHIE, moXIERME R < AR
TR <HAEFIR" FRPKRR.

XERE E RN PR TR REALN, BREMEN N — M, AmEGH—PMEEER: =X
ERMEPF R E TR,

A b di e B, FRATE — AR TR EH e BRI O(n) IR, TEAUATAIMNIHE TR IE,

FEH =L

SR PFERFTI

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

TERAF

-

RFEHET,
TRE © L85

B 7-22 ZXAERMATH 5

7.4.2 Z“XEFERBINE

R, BB B R, MR 7-2, SAERM AR TR ERII (7] 2 2% AT
A, BARE Beiirat. RATERSIEIN, IR ESPREHRRIZ RS, B = AR AT

EH,

® 7-2 BAHSERREIRE

T RN
#HTE O(n) O(logn)
AR O(1) O(logn)
fiERTE  O(n) O(logn)

EHARTEOUT, —SHURMZE P /Y, XAEREAT DATE log n IR N E BRAER T 5.

SR, AR HE = AR Wb ARIIER T, rTRESF B RN & 7-23 FIURAVEER, IXIF#%
FERAERIIN 2 2R O(n) -
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o o
0000

EE_—igRR

pl3 i o og k)

7-23 XAHZEHIR{L

7.4.3 Z“XRIEFWE RN

- RERGHIZRRT|, SHEMIER, A, MR,
- RN R AR R EBAR S,
- AT EEEEER, DR IR,

7.5 AVL g *

£ RN BETRRIHES], E2UEAMMEREREE, —IERMATRERM VR, EIXMERT,
P BRI I Z 2R O(logn) 45679 O(n) .

i 7-24 R, S IR RaR0E, AR = IR RRME RIB OV EER,

o
@ @ BT 5
o o

MEs3ssE 3 @

B iBf
TR EiE-Ri BE
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K 7-24 AVL SEMIBR T 5 24 IB L

I, EE 7-25 FrRiyse R XM AR AR AN RS, BRERE T E A BUR, BRI R R 2 ik
Fitto

[\ [\ [\

HATR 2 HWATS 1

1314 Bty
FRNH FH—i EiE R

K 7-25 AVL SERAT mE & 4B L

1962 4 G. M. Adelson-Velsky 1 E. M. Landis £ i& X “An algorithm for the organization of
information” HHEHH T AVL I, &SRR T —RIRE, FRORIERFELERINFIINERYY SUS, AVL BA
SIBAE, TS SRR RN )52 24 (RAF1E O(logn) Pll, #eAgidld, 76 75 S SdhA 73 I 2 i i e
Mz, AVL REGEMAZORF eI BUEREVERE, RAAREFRIN HOME,

7.5.1 AVL WERARIE

AVL SELR = AR, 2 Vi — S, RN 2R KRB A TR, AR — 1 — AR ER A

(balanced binary search tree),

1. ¥55

g

1T AVL B AOAHSCHRE R 2RI s, R BRATTRE 0T S84 height 288

/* AVL WTIEE +/

class TreeNode(int? x) {
public int? val = x; // TRE
public int height; /] TREE
public TreeNode? left; // EFTS5IH
public TreeNode? right; // AFT =35I

}

TREET BIEMNZT REIERRIZH T SR, Rt (07 R, TERAIERRE, MR
AU O, TSRS —1 o BATRHATEN D TREE, 03l T IRBON S35 i e
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// = File: avl_tree.cs =

/* FBTREE %/
int Height(TreeNode? node) {
/| ETHREER -1, HTRsER 0
return node = null ? -1 : node.height;

i

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

2. TRFEHRAF

T RITFEERF (balance factor) & SN RZEFMRT IR EG AT, [RIRFUE 2 a9+
N0 BAFRERRICT PR 7 AU DI REET SRR L, T (/RS :

// == File: avl_tree.cs =

/* FRERFEEF */
int BalanceFactor(TreeNode? node) {
// EHRFEEFH 0
if (node = null) return 0O;
/] HTRTFERF = EFNEE - AFNEE
return Height(node.left) - Height(node.right);

Tip
BOPEEAF N f, WI—#R AVL REERT R AP B e —1 < f <1,

7.5.2 AVL bihEsE
AVL WHVERSTET “HERE” $80F, TREMIERIN — WIS 5 FIRHE R, [ S E e 7
5, HADIEVE, BEEGIRVEREREMRES “ T SUSERM MIPERR, WAEEREREN P R,

BATR IR F0E > 1 BT Ry R 7, MR R B LA, BEEARIE N IORD: HTE,
FENE. SetibefaEie. Jeehefatiie. N EEN T IR e R,

1. KBk
E 7-26 FivR, AN AR T, WERTE, XA MR U2 9 37, B DIZ A

TRV BT, CRIZTRICN node, HZAET RIS child, 4T “HhE” #1F. ZlfGheE, ¥
PPV -8, FF BTSSR CRE — SRR MAITE
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[ Step 1 |
\ “BRE RERE:
1. K child ARA, ¥ node EHLEE
> E= 24
h;l

)

Lo

node
Step 3 |

RAELGHFNE
FRTRIZA node
REFHRIBA child

Step 2
\ ‘G HRERE:
BERETH
b 1. Bl child ARA, ¥ node MHEHE
i
- 2. A child BRLET node BIIE
L)
A AHETRE, ZFRERRE T
node
Step &

B 7-26 HIERIEVER

QN 7-27 FiR, 47 s child B4 1195 (0228 grand _child ) Y, REAELTEFH A —2F: ¥ grand_child

Y4 node HY/ET 5,

)
/// grand:child ///
o

BHETH @

|
AR //

o L

7-27 i grand_child 4 BESAE

‘AT R MIBRARIULE, SR IR SRR, A RATR:

// = File: avl_tree.cs =

[* GHERIE +/

TreeNode? RightRotate(TreeNode? node) {
TreeNode? child = node?.left;
TreeNode? grandChild = child?.right;
// L child HES, ¥ node MGHEH
child.right = node;
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node.left = grandChild;
/l BMTAEE
UpdateHeight(node);
UpdateHeight(child);

/] REFEEEFRIBETR

return child;

2. EBE

FHRLIE, GRS LIRS — R “BifB”, MITFZEHITIE 7-28 FRi “/he” #H1F,

/ /O emane

& 7-28 FEhEfR(E

[FFE, 40 7-29 AR, Y478 child BT 14 (I8 grand_child ) i, FEIELFEFRMN—F: ¥
grand_child E24 node 94 717 mio

ST EREFE
) o
mmﬁ o \
\ \
o

A
grand_child

7-29 # grand_child (A FERAE

A DAOER R, e Tie R e 2 R BEFRI), SN R REI PR R TS DLt PRI, 2T xR
M, BANATRARRSIRAREHTRIFTAR left B right , KFTHR right BN left, BIRNSE]
e SRS -
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// = File: avl_tree.cs =

/* EEBERIE */

TreeNode? LeftRotate(TreeNode? node) {
TreeNode? child = node?.right;
TreeNode? grandChild = child?.left;
// L child AES, ¥ node MEhER:
child.left = node;
node.right = grandChild;

/l BMTEAEE
UpdateHeight(node);
UpdateHeight(child);
/] REFEEEFRIRETR

return child;

3. kEhEfahahE

T & 7-30 AR R 3, A e A HEAR T IE TR S A, IR R ESE N child $04T “ERE,
XY node $UUT “HHE

# child $#iT @ 3t node 1T
EhE aiE

o

K 7-30 SerEheiatale

4. SaREELE

aniE 7-31 iR, AT _ERKRE M EIBEIE I, TR child PUT “4E7, X node HUT “ZEHE”.
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ERETH

Bl 7-31 SehlEarehe

5. HesER0iEE

& 7-32 FORHIURI R B TE LS EIRRGIR DR R, AIfREERAGTE, Jefchefatibe. Setbem/ohe. ol
HEES(EN

N
2
o
o
FoAhE FAhE
i e =7 B

7-32  AVL BRI PY e F i

QITRERAIR,  BATEIE I S 75 s AP R DR v — M 37 sl B PR A B TR SRS, R SR 9
JE T 7-32 FREIIR RSO

R 73 VURMHE R UL A A
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KRGV RRPPR T FURRCTPEER T R 7Tk
> 1 (FEfm) >0 filie

> 1 () <0 Jetehiefa e

< —1 (1w <0 TEliE

< —1 CHflm#) >0 Jetiliea e

NTETER, BAOTRIERAREE RN A TIXAEE, BHAVRREX SR KB O T ek, R

WV R P, AR TR

// == File: avl_tree.cs =

/% HATHERRIRME, ZFINEMMETE +/
TreeNode? Rotate(TreeNode? node) {
// IRERT = node BYFEIEF
int balanceFactorInt = BalanceFactor(node);
/] Elmi
if (balanceFactorInt > 1) {
if (BalanceFactor(node?.left) >= 0) {
/=)
return RightRotate(node);
} else {
/] TR ATE
node!.left = LeftRotate(node!.left);
return RightRotate(node);
+
}
!l G
if (balanceFactorInt < -1) {
if (BalanceFactor(node?.right) <= 0) {
/] e
return LeftRotate(node);
} else {
VI =) d =y
node!.right = RightRotate(node!.right);
return LeftRotate(node);
+
}
/] FRs, Tiheik, BHizik[o]

return node;

7.5.3 AVL PEBISE

1. BATR

AVL BT Rl A R E S AR RME TR B0, ME—RIXKHIET, /£ AVL A fAT ARG, MZTHHEE
MR R R ATRES L —RIIKET T, Bk, OTTBEMNZANTROTR, AR LT iestiRe,

P KRBT AR P, A R R
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// = File: avl_tree.cs =

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

h
[* BABANTIR GEBIEE)  +/

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

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

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

return node; /] BEETEAREN, BiERE
UpdateHeight(node); // EFfTREE
/* 2. PITHERRIR(E, EZFMERMEFE +/
node = Rotate(node);
/] REIFHEET S

return node;

2. M=

Kol £ = AERMAIMIERT RO IER R b, TEMWRETITHER AR, fRTE LM Rk P,
A4 AR

// == File: avl_tree.cs =

/* MIBET= +/
void Remove(int val) {
root = RemoveHelper(root, val);

I
[* BIEMBET R GEBIEER)  «/

TreeNode? RemoveHelper(TreeNode? node, int val) {
if (node = null) return null;
[* 1. BHRTRHMER +/
if (val < node.val)
node.left = RemoveHelper(node.left, val);
else if (val > node.val)
node.right = RemoveHelper(node.right, val);
else {
if (node.left = null || node.right = null) {
TreeNode? child = node.left ?? node.right;
/] FHREE = 0 , BENER node FiR[E]
if (child = null)
return null;
/] FrhaEE = 1, HiERER node
else
node = child;
} else {
[/l FHREE = 2 , WEPREEHWTNTAMER, HFRAZTRBRSFTE
TreeNode? temp = node.right;
while (temp.left != null) {
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temp = temp.left;
IF
node.right = RemoveHelper(node.right, temp.val!.Value);
node.val = temp.val;
I
}
UpdateHeight(node); // EFfTREE
/* 2. BUTHERRRME, BZFHERMETE «/
node = Rotate(node);
// REIFHERT =

return node;

3. TR

AVL BT B S AR5, R EEE,

7.5.4 AVL R8BIz

- HENERE R, IS TR, (RS 75

- AT HREIREFIRTIRG.

- CLPRRAUE — R DR T SRR, HERT AVL R, ZLEBRRIE PSR E AR, A S IR A
FRTRATBEELIRETE /D, T MR A PR T i,

7.6 IhgE

1. EmREH

- XPER AR R R S, %ﬂ AT HIREE. 8P X RE S MED R E
B, BRI F 1 S T R

T EXMPRENTR, HE (B) FRRNENEREIMERNZT SEE () F#

© S XRRIRHRARTERAEIRTT A, AL B EL b SEMRELSE,

© XEIRIA, TR AT R BRI SRR AR T IR

- WA S XRRAIE SR TR, SRR TR SR SRR R, 5258 O R R AR AR

A, MEERERMEHRERS,

- ZXRATDRBEAROR, JHIRRR T R EN SR B RS, FARIE AT RS T R HRY
G IMESRFRR LIS

- SXMIERED R AT ERE R, BRI T —EERINRT REE TR, S
AL B,

- HIR. PE. EREN SR TIREREER, ENEIT SUERIRSL, mREmas:” fehri, @
IR RS

- CXERM R - MESE T RE R IR, KA, AR RS 2 EEY O(logn) .
Y XAURBRAOVBERI, BTN FRERERIANE O(n) o

- AVL B, RPN, Cmd B R i CRAE AN AR PR s BT 2R OR 5157,
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- AVL WRUBERRERAE AR, o, Johbersaie. Jo/ehemahe. EmASMERT A5, AVL M=
MIRTFTTRATTHE R R E, FER BRI -1

2. Q&A

Q: MTHRAE—T A X, B m AR AR AR 2 0 19?

T, BRDym IR E 2 SO G RI R,

Q: =XAHEA SR — i —EIRIERC G e, XER “—EBRE" f5ale? Al DABRN BRI
TR B PRI ?

EXAERREREH, MR SEREE = AR E, R R R LA T EHA T 2 D PR R
Q: Mft2 DFSh —XMAERT, . JF=/Y, 2alat2me?

5l mm mEeHR e, v, PR BRI SR R, BT DA eS8 — M
SENF Bk 5 5R, BN —IEER S, AT SANE EFTHRE < BTAE < AFTHRE, Akt
BATREZIR “f — R — 7 Begalift, stal IRSE FR s 75,

Q: AhEtRlE R MY 55 node, child, grand_child Z[AICR, I node BRI A1 node KT
ERATRELEIL? AGiHREEE RN T?

FATT B E NI VTR A SR B XA A8, 4 BETRME right_rotate(root) £ AR TR T &, &K
return child JRIAER: 2 J5 T OAR T o R AR T s AN AT s B B R AR 1% IR EOR [ 5 2 AR 1Y,
FE FHTeRER 4 Tu R,

Q: £ C++ 1, HREWI7 3 private Ml public #, XAEAETLAFZREIL? NTLEW height () ERERI
updateHeight () B BIHTE public fl private HIE?

FEEHIENMERHEE, WRFERERNEMGEH, Bt private o filgn, AP pEH
updateHeight () B ERNH, BEHREMA. MEREIEFI—F, 1M height () 2RI EEE, BT
vector.size() , [RIIZERK public PAEFH,

Q: anfal \—2HEm NEIEA EE — IR = A RS2 AR S fERR R A 2R EE?

SE, MR 7R O XA RRH S Y build_tree ) 77iEH &, ETRTAMNER, BITEES
K N By, RERHROTRIEART R, SR EG TR, IZXARMAT DA R AR IER ) Tl
a8

Q: 7£Java, FIFEXNILESG—EEH equals() Fik?
£ Java 1, N TFEARFIERE = AN RN EENEREMES, XT3 R, MRS TERE
SEAE,

- o= AR EREGTAE—MNS, BIElENEFRRAE R S,

- equals(): FRXEER DA RIER B,

[Rlik, anSRZXSEOE, BTV IZEH equals() o A, @I String a = ?hi?; String b = ?hi?; #]
BN FZRY R AEE AT R Bitrh, BAHEAE—MN %, Rttt PAH a = b SREERFH NIRRT
ES

Q: IEMRIBTEIRIKEZAT, AFIFRT SRR 28 157

2, BINEE h = 2 MR, B AR =7, WKEY AR 4=2" = (n+1)/2.
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Abstract
Rt R ILEED, EERK, BEESR,
JREJRE L U i EREE V5, T e L R S R S AR 7S
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8.1 i

# (heap) 2R RIEFKIFAITER XM, TEAJNMREAL, 4 8-1 s,

- UNTRHE (min heap): TR AME < H7 1 S0E,
- KT (max heap): LR AIME > H 717 SHME,

N N
/NN N N

Wy Wy

= ‘B2XW B 2 “T2=X# B
HETRNE <« HFHRNE HETRNE : AFHANE
Nk KImsg
min heap max heap

& 8-1 /INTHiHE S R Tvibk

HEFEON e KM — R0, B DA R,

© RIRETRSEEETE, HMEAT AR,
o BRSO EARTT SO CHETR, CRERZE RS BT RN HERR,
- XTFRTUE ChTE), HETUTER (R WEZRKR &I K,

8.1.1 MRYE FRIR(F
FERHIR, TF2HEIE SRR 25T (priority queue), X2 —FMRIVEIRLEH, & S RA R
S HE IR

SKBR b, HEBH N T SCBOLERAS, RTHERT S TooE MREV MRS BRI IETERAS, A M R,
BATATLARE “HRIEASN” T “HE” BAEFTHIRIRETHE, Kk, ABXWENMIEEX 0, G—FiE “HE

HERYH I BRE LR 8-1, T5TEA T ERIERmAETE 5 R,

7 8-1 HERJHRIERR
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Jii%% iR I [R5 2% e
push() TERAME O(logn)
pop() HETRTT 2R e O(logn)
peek() VIFMETOTER G TR [ /NTHED AR K / /IMED 0(1)
size() PAGEITT IR o(1)
isEmpty () HI W HE RS O(1)

FESEBRR AR, FATTA] DAEREGE F A 8 S5 1R HIHESR (BLSeBABIZ0),

RUTHFREIETH “WAEIRHESN” F1“ KBNS, BATA] OSSR B —> flag BifZ4 Comparator
I UNTIHET 5 OCRTHE” Z ARV, AR ATR:

// == File: heap.cs =

/* FafiE «/

/] a1 N

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

/] BRI (A lambda FRAHIEE Comparer EIFA])

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

/* TTENE */

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

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

[* HETTTERHE «/
/] HETRZTM—TMKENNSIFTY

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

[* FRESERIN x/

int size = maxHeap.Count;

/* FIEMER T AT */
bool isEmpty = maxHeap.Count = 0;

/% BNFIRHZE «/
minHeap = new PriorityQueue<int, int>([(1, 1), (3, 3), (2, 2), (5, 5), (4, 4)]1);
8.1.2 fERYSCIR

IOCKRIRHRARTIME, 35 R HAEAR O/ NTE, R ArE R/ NEEHMTEA TR (BN, & > Z oy <),
JESSRB A3 A] DAE AT SR B,
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1. ENEH#ERT
X BN, e XAAEEIE A HBERER, BTHEER —Ahre e X, R ERATIR R AT B
KA EHE

2 R FROR X, STERRRTAE, RIUCERYTAE MR IAE, 1R iR 2R 5 24X
RSBE,

K 8-2 R, RS, HEFWRNRIIN 2+ 1, GFWRNRTIN 2+ 2, KURNRGHN

(i —1)/2 (FREER), HRFIBIN, FoRas me i s 71,
SRERLEN IREMIEEN (RETH)
¥ BRI fEM “HA" RT T2

#Fl o0 1 2 3 4 5 6 7 9 10 11
TR ﬂﬂﬂﬂ.ﬂl.ﬂl
(i- 1)/2 i 2i+1 2i+2
Y~
RE= BR %; gg
BT %S MRS LI T i

K 8-2 HERIFRRGA7NE
BATAT ARG R 5 IR s CER bR B, 75 (e S -

// == File: my_heap.cs =

/* FREAEFTHRNERS] +/
int Left(int i) {
return 2 x i + 1;

}

/* REBEFTRNERS] */
int Right(int i) {
return 2 x i + 2;

}
[* REIRTRIES| */
int Parent(int i) {

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

2. IFiEBETRTTER

HETOTER RN = XA, /@28 3RAE TR
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// == File: my_heap.cs =

/* IFIEEETRTTER */
int Peek() {
return maxHeap[0];

}

3. JTENMfE

BETCR val, BATEIKHBIMBHMEIR, WINZ)E, BT val ATRERTHERHMITE, HERIRZS T ATRE
CUHRESR,  DRIBE TR NS M AT A EIR Y R 12 LIS, X MRIERIONEN (heapify),
BERMAHET JOTR, WRETIHITHER. W& 8-3 FroR, BT EEHm AT RS HAT mpIfE, anaam AT
RER, WRENZt, RIGRSITIHRIE, WERETBEHEPHEITR, EEEIRT SE0EE| M
I RN EE

@ Nt

1. ¥R 7 RNERE

w50 e

000000

1

step 1 | (>TeTeTol7[sTa]ae[aTel2]7] S

BERT

HE @ M HR @ Mg

1. ¥R 7 FNEER
2. NEZETUHTHEWL (Sift Up)

1. BHR 7 FMERE
2. MEETU#TH#E (Sift Up)

v HR5 s PR 7 v R 5 s BR7
o RRET R
>3] (000008008000 =5
@ M HR @ Mg

1. BB 7 FMERR
2. MNEETU#T#E (Sift Up)

1. BHR 7 FMERE
2. MWERZETR#T#KE (Sift Up)
v HR6 < R v PR 6 s R 7

o RFETR

Step 6

ER e ' B e [step s |
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w5 @ Mt 5 @ Mt

1. BER 7 FNERE 1. BHR 7 FNERE

2. WEZETH#TH#A (Sift Up) 2. MEETR#THAK (Sift Up)

v HR 9> PR A9 > AT
~ RRITREIR

: ¥
0000000808080 | step 7 (o]e]7]e]7]6]2]a]s]a]o]2]s] step 8 |

TR @ A

1. ¥R 7 FNERE

2. MEET#TH#K (Sift Up)
SEWSERE, ATUENEREIIESE

OooonooBsDooan [ster 2 )

8-3 JLRAHESHE

R REE n, WHEEERN O(logn) o HILATAL, HEAIREREIREEERZ N O(logn) , JTTRAHE

BRI ZE R O(logn) o RESUTRAR:
// == File: my_heap.cs =

/* TTENMHE */

void Push(int val) {
[l TR
maxHeap.Add(val);
/l MEZETH#EL
SiftUp(Size() - 1);

}

/* MTE 1 Fis, MKETEN «/
void SiftUp(int i) {
while (true) {
/] FETHR 1 BRTR
int p = Parent(i);
// & WIRTR B} TREAEE", NERHEKL
if (p < 0 || maxHeap[i] <= maxHeap[p])
break;
/] TR R
Swap(i, p);
/] TEFE LK

i=np;



FE M www.hello-algo.com 166

4, TR HELE

HETTTR 2 —XRAUIRTT S, BIIRETTR, MRBNERMIIRFMERE TR, B2 XRFATE TR
KR KAEZ, XRESREEME R TR E LR WNE, N 7 RERDITTRRTIZS, HATRM L
D,

1. ZRHETIOTR SHEROTR AR S RAH T R
2. ZHGERE, RHERMWAIRFMER GEE, BTogsct, Ftshn EMEREZESRIHETUTR) .
3. MIRFTRUTYE, MR IRHITHEL.

Q= 8-4 FvrR, “MIREJRHEL” IHRIETTIYS “ RS MR, B PRARY miE S HM A1 5
EIEATEERR, REORRY 710 s SR st ZRRTEIA AT IR, BRI M OB 2 AU B 9
PR

BT BITRILAE
HITR # " sERE

o 1. BEMTESHRTERR
y \ A Y \
él) g; o
meaRT

Y e e ——— S —
OO0o0o00000080 (st 1| 00000000000 =

1. BRTMTRSHETRRR
2. FHUBIAERETER
) @ 3. MIAZEGH#THA (Sift Down)
é gg v TS, 8, 7, A 8 BA
)OO ‘

step 3 | 00000080808 Step &

BRI (@\\ TR
1. BHERTERSHERTREZR R 1. ETTESHETETIR

2. BEHHFTHERETTER 2. BHYFIEERTER

(- 3. WIRER#THA (Sift Down) (5) /B 3. WIRER#THA (Sift Down)
cAEBR 5, 8, 7 B, BR 8 WA ©EFR 5, 6, 7 %, B 7 BA
-~ RHER 5 5HA 8 _
0000

(o [=]7[o] 7 [e[2 ] [+ [3]¢]2] il (a1 T lislialsTalafe s [olz] E

1. BETMTRSERTREZR
2. BHYUEIRERETR
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w

. MIEREHTHK (Sift Down)

TR 5, 6, 7, BHA 7 BK
- PR 5 5HR 7

Step 7 ‘

BRGE - G EE

ETMTRLE

-

. RRTITR SRR

. MBI

. WIRER#3#4t (Sift Down)

c HEHE S, 3, 6 9, BA 6 BA
- RHAR 5 5TA 6

1.

~

2.

w

3.

: step 9 |

I R Y Y Y

FErEQEE DO

K 8-4 HETHITER HHHED PR

SRR NHERIEAEMD, HETUTR M HREN RIS 240y O(logn) » ARESINRATR:

//

/* TTEHHE */
int Pop() {
/]l FI=HIE
if (IsEmpty())
throw new IndexOutOfRangeException();
[/l RFRTREREHTR RIEETRSETR)
Swap(8, Size() - 1);
/] BBET =
int val = maxHeap.Last();
maxHeap.RemoveAt(Size() - 1);
Y/ NIES 3314
SiftDown(0);
/] REBETNTE
return val;

File: my_heap.cs

s

/* WTR 1 FFih, MIREREL +/
void SiftDown(int i) {
while (true) {
/] TS 1, 1, r PESRAKNTSR, 124 na
int 1 = Left(i), r = Right(i), ma = i;
if (1 < Size() 8&& maxHeap[l] > maxHeap[mal)

ma = 1;

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

/l B ‘PR 1 &K % UEIHTRT, NERHEL

if (ma = i) break;

SETTR LS SETRTR LS
1. TR SHERTREZIR 1. BERTRSERTRZIR
2. B METRERETTR 2. SR METRERITR

. MIMZER#{THA (Sift Down)

v fEFR 5, 3, 6 A, TR 6 |A

Step 8

SRR LS

BEMTRSHRTRTIR
EEIERE -7 3
MIRE#THA (Sift Down)

TG, ATBENMHRISEIEE

Step 10
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/] IR T =
Swap (i, ma);
/] TEHRETHEL

i = ma;

8.1.3 HMERKA

- DRFEBNFI: HEIEE (SR SE A e AR E S,  HNBARIHE AR E RN B 2 2422 O(logn)
, TEHERIERN O(n) , XL SR

- HEHRR: g R, BATAT DA BTN — D, ARG AR T TR HHERE, MIMSEIE 7
o SAM, FATEH M —MEE IR 7T UCBIEE R, TR “HEHERT =0,

- RWURRI ke X NEMARTER, RNt By i, Gk RvEns 10 fTE
TERNTREAE, EECGHEAT 10 BB hF.

8.2 FEIMHIE(E

FEFLAROUT, TR — NIRRT TR D, XN “EHERE,

8.2.1 fRBHNIEIR{ESCIN
BATE LR, RERFIR, REHENTCERIT AR, SR eE2R NSRS,
SHZTCEHUT “MRETN” Hefk,

Y —DITRAME, HERRKERN— BT AR NTRE AR AT = KR, Fites “H kR
PR,

BREREN n, BPTROAHERIESH O(logn) RE, Rtz AN REZ2E N O(nlogn)

[e]

8.2.2 & BT

Kk b, BATA] DASEEL— R N S HE ST TR, AR,
L. RFIRATA TR IEEASHARINE e, HRHERPE R AR S22
2. i (BPEimER), MROOSE DR T TSR,

T AT UG, PO ROVIRY R RSB R — A STAN e, Tl TR EpEN, FitEE A
R M,

Z P OER B i, BROMIZAERES CRIE S AT R PR FMELR SN THE, XA ST R 2
AR,

ESFWAE, HTHNYRRA TR, BILETRRsR S, ook, Wl MUErR, &i&
—EH T RV RIE DRI R, BAIWEIHAE R A THE(L -
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// == File: my_heap.cs =

/* FRERE, RIBRMANTIREE «/
MaxHeap (IEnumerable<int> nums) {
/] BHRTERETAehAINEE
maxHeap = new List<int>(nums);
/] HENRBRHT R UMY EMEFE T R
var size = Parent(this.Size() - 1);
for (int i = size; i >= 0; i--) {
SiftDown(i);
I

8.2.3 ERESR

N, FATPRE R S A T TR R R A

SR R AR n, MM (n+ 1)/2, b / B R, R
AR (n— 1)/2.
- AEMTIE RO, N AR S LS, RILROE RSO — SR logn .
5 AP AT, AR AR 2R O(nlogn) o HXAMHEEIIEAMN, FNRINE
) SRR AR S T TR PR
B ORI PR TR 57, o T AR ME SIS, R — RN n o B b 1 “5e3a—
B, R RS R IE R

TRARE PENANE

(EMERAERRE)
h S 20
t///// \\\\\‘ 1
o h-1 B 2
aat |
SR Y S 2
SV
 he3 e 23
1 oh-1
(58, HREER () — 2h

0)

K 8-5 SER_XMAEET REE

HIFE 8-5 R, 1R “MITEEIRCHEAL” BB IR T 1 A 15 SRS, T RBBS IR Y
R, [, BT DA A IRAY AR X B R, TR T LIS ORI R,
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T(h)=2°h+2Y(h—1)+2%(h —2) + - 4+20"1 x 1
fefE B FTEEB A FNEIR, ek T'(h) A2, 155
T(h)=2hn+2'(h—1)+2%(h—2)+ -+ 21 x1
2T (h) =2'h+2*(h—1)+23(h—2) + -+ 2" x 1
R AAEEGE, R 2T (h) WE LT (h), 715:
2T (h) — T(h) = T(h) = —20h + 21 422 ... ;- 2h=1 4 2P
Mg EX, BB T (h) B— B, rTEZEFERRNAK, 15208 ERER:
1—2"
T(h)=2——5—h
— 2h+1 —h—2
= 0(2h)
2, BEN b RREMT AR n = 2" — 1 B/EERENOR2Y) = 0(n)., DEEE

R, FANFIRIFFEHERIN TS O(n) , ERERL

8.3 Top-k ialEA

Question
HE—NEEN n EFEAH nuns , THEIRBIEEHF RN E DNTE,

MM, BAVC PR EES LR BRI, B AReR E E R HE RS,

8.3.1 Fix—: BHiER

TATAT LORATIE 8-6 Fmsi k583w 7, 2 RIESRCPREGE 1, 2, ...« K KITR, WHEREN O(nk) .
WHEFOERT k< n BN, FRY k5 n lEEEEN, HERRERE-EET O(n?), JEEFER,
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k =3
nums n 7 nn BHERRATE
N

B E—WHEE 1 ATE
N

B BoRHBE 2 ATHR
\\

én BSWHREE 3 ARE

K 8-6 i Sk AR k TR

Tip
Hk=nh, BATUASEERBOARFFY, WHENT & Bk

8.3.2 AFix=:. HF
i 8-7 Firs, FATATLASE$EH nums METHER, FHIREIEAILN kAR, MEEZE N O(nlogn) .
BAR, T A RS T, WARMAER RN kAT ENE, MAEEHFE TS,

k=3
mns (L EIEIEIZ)

FHEEAFITHEF

- 4O
RESA k TR

000

K 8-7 Ik AR k MR

8.3.3 FiE=: i

BATTAT AR T HEBE A Rot g ok Top-k M, iRAZ4NE 8-8 Ffim,
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L. WIefe— A/ NTiiE, HHETTOTR &R/
2. SR EEHRIET K DNITRIRIRNHE,

3. MEB k + 1 MndITs, HERTRATHNUTR, WARHETUTRHHE, FFR AT R AL,

4. WhreRa, HEFPRIFRIRUR RORH kDIt

k=3

(2000

A
i

1. BHE1 k MTENE

s

k=3

- @0000)
:

i

1. 880 k MRENE

Step 3

k=3

w @0000
:

i

1. Ra k MTENE

2. ME kel DITEFIRHINT
v YEITEE > BITR

- FPETRTHR S

k=3

-~ (2008
.
i

1. B# k DMTENE
2. M3 k+1 DITRFHEHIE
v HEITR < BIMTR

:tm@

ZRWET
BART

ztm
o 0

ZRWET
‘ 2 BART

:tm

ZRWETR
# K] BART

#10 (::)

ZRIET
‘ +J BUART

Step 4

‘ Step 6 ‘

Step 8

k=3

w: (E000
.

i

1. a0 k DEENE

w @0000
:

i

1. 0 k DTENE
2. M3 kel DITEFEAIT
v HEITE > EITE

k=3

w: (2008
.

i

1. BH k DTENE

2. M3 kel DTEFEHIT

v MEITR > BINTHR

o TR
EERITTRENE

k=3

w: (0008
.

i

- BE k DTENE

« ME k1 DITRFEHIT
v YEITR < RITR

~ B

[N

TR

ZRWET
BART

e (@0

iem
o o

ZRWET
‘ & WART

sm (@)
O o0

ZRRWET
WART

#m @)
o 0

ZXWET
‘ < BART
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0

g — {3

WA, BE heap BIE]
ZRIET

HART

Step 9

K 8-8 HTHEIFHKEAH k PR

ARHIAESATT
// = File: top_k.cs =

[* BEFHERBAPRAN kK NTE */
PriorityQueue<int, int> TopKHeap(int[] nums, int k) {
/] #taf/ T
PriorityQueue<int, int> heap = new();
/] BEANE] kK DNITENE
for (int i = 0; i < k; i++) {
heap.Enqueuve(nums[i], nums[i]);
¥
[/l M%E k+1 NTEFR, FRFENEKER K
for (int i = k; i < nums.Length; i++) {
/] BEFITERTHEITE, WEHETUTRLE. HaicREAE
if (nums[i] > heap.Peek()) {
heap.Dequeue();
heap.Enqueve(nums[i], nums[i]);
IF
¥

return heap;

EHHUTT n MR, HERARKEN kb, RIENRIEZREDN O(nlogk) . EITTANRERIRS,
kg, NEEREER O(n) ; 2 kRN, NRASXRERZEDT O(nlogn) .

SN, GITRER T ESBARRAE R R EARTIMABIER,, AT DARFS4E HENRITTER, ATSEEL
BRKH) k NTCRRIEISE T

8.4 Ih&

1. EREIEH

C MR MR R, MRS AR TR T, K O TRHERETUER A U 1,

RSBSOS L HBA I RIS, S P SRS

SR PR R R R BRI R B A G e AME O(log n). TR HiHE O(log n) ATV IRIME
7% 0(1) %,
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- EEXMHERIESHEEHROR, EIIRTE R 6 SR A

- HE(LERVER TR HERIME R, AEAMER I HER(E R A= HI 2,

- A n DNTCEIFERERNN A E AR MEE O(n) , AEFE &SR

- Top-k B2—MEMEENE, 7] A AMEEIRSERRR, NRSREN O(nlogk)

2. Q&A

Q: HdEZE Mg “HE” SNFERR “HE” 2R —HEEE?

MBS, FURRETE “HE”, HRYARGNE FRIHER SIS R — 7, BFP s Th
A DAE RV ESRAF B RE. B Al AR R —E BRUHENTE, AT R F R a5, HIXERR
HREN, BFRERBOXENT, DPIENFE, SRR, AR EENER R EEIEE,
AL AT RE S S BUAAF R AN S faEl- <5 Al
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F9HE
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Abstract
EAEmRIES, BTG E— DR, HIEEENWILHEIE,
HF—RIMHIRSHEE, #EX5KE KRR 2SR 8RR EDID,
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9.1

(graph) 2 —FhAELM BB, M= (vertex) FIi (edge) Ak, FATATDLKE G gtz n—
ARV MI—Hil E EE. ANRAIER T —MLE 5 N 7 ZaavEl,

V ={1,2,3,4,5}

E={(1,2),(1,3),(1,5),(2,3),(2,4),(2,5),(4,5)}
G={V,E}

WERRTURENET R, RIDBEEERS DT RSN (a8, AR DLRF B 7E— M BE R R A EX
45, N 9-1 AR, MIETEMRR (BER) FIMGRR (W), PIgERR (B) MAmEES, HimE

!

| /\ S
!

i # &

(BHEXR) (SHE%R) (REXR)

ENZEEmERS, AMtRASER

B 9-1 #ER. M, BEZRIRIRR

9.1.1 EIMERAEBSKIE

iR G EA TR, a5 hEEE (undirected graph) f1BEM@EE (directed graph), 4N 9-2 FfizRe

- FEEET, BFORMTURZEIR AT ERRR, BINIEE QQ HHY “4FARART,
- tEAMEY, PRGN, A — B A« BWRANAREE TN, Flanm s -
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ZHE A
(aFxAm) (aBrm)

K 9-2 HHESILHE

WRIBATE TSR G EE, ] NiEEE (connected graph) FI13EE@E (disconnected graph), & 9-3 Fi
Ro

- NTEEE, WNENTRA, AR HARERTR.
© OTHREEE, WEADTURHR, 20D TRICIRENE,

N

8 B
(AT EEE) (FEMRAEE)

9-3 EEESAREEE

PATERT IOILEsm “FEE" &, MMSEINE 9-4 FiRiEIE (weighted graph). BIAITE (EHRE)
FEFWerh, RGN RN R RIS 2 MR “SRERE”, XM E M4t n] U A ERRR,

T HRE
(Fr&B%EAM) (LRAEWNER)
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9-4 HIESTEANE

BRI & DU B AR,

- ¢F% (adjacency): MM Z AIFIEILAHZER, FOXMITUR “QFHE"7, TEE 9-4 ) TR 1 ARRHE TR
TR 2. 3. 5o

-+ BB (path): MR A FITWR B S R REIFFIRFR UM A 2 B 1Y “B&127, 7EE 9-4 Hh, 4%
Hl| 1-5-2-4 2 TR 1 BT 4 19— SR8 12,

- E (degree): — M IURIMARILE, X THME, NE (in-degree) Fonf Z/ D FULFRMNIZTIN, HE
(out-degree) KA Z/DFIBMNLIURTEH,

9.1.2 BEIMERT

EH R T N “RRERERE” 1 “ABERT, DUNERI T A T2501,

1. 4BiERERE

RN AEE N n, $MEERE (adjacency matrix) HH—1 n x n K/NHEIERFRE, 8—17 ) 1R
T, ERETENRRD, H 180 ZRmAD S B RS EEN,

HIE 9-5 R, WAMHERRER M., TUSHIRN V|, ILmHIEE M, j] = 1 FoR V]i] #1105 V]
WD, ]2 M, j] = 0 ZRMIAZ TG,

mR%IE

#l o 1 2 3 &4
o e, 1 10

‘ ‘ \ 101 e 1 0 @

SRIREERE
graph adjacency matrix

9-5 EMMRIEFEFRIR

WIEHEFEEA AR,

- TERIRE, WURARES B SHE, HEIRRRRERE X A LOTRIAE
- TR, BRSO T X SR,
- RFARREFERITTRM 1A 0 BN E, WA Ron A A,
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i FH AT AR RN IR, FRATAT DAE R RIAE R R DAREGS, (R N E SR E IR IR &, IR A4
B O(1) . AT, MEFERZEEZERN O(n?), PfES RS,
2. SPiER

$BiER (adjacency list) fEH n MEFRRFTRE, HERTRFRTUL 8 1 DMER NI ¢, HAEME 7%
TBUSHIFT A BEETUR, (SGIZTUSHERITUR) o 1B 9-6 JBIR 7 — M ARRER R K BI7R B,

R SERAREENFER

™~
[ e« eole

Wiz
graph adjaceney list

B 9-6 ERIBERIR

AR MUF MR F R, THAMREOEH N T n? , WItEEN T, A, ENERPTEE
i P EERORE I, R RISCR AN A R R

WIZEE 9-6 , AREREEH SRR “BERIBAE” TR, RUARA 0T AR AU 7 R ARALRR,
HOA S A KR, T DU RE AL AVL RSRTSBA, MM O(n) L% O(logn) ; AT
DHEgEREEHONIA TR, TN E 28 O(1) .

9.1.3 ENERA
R 9-1 R, VFZEISERGUR] DU EDRGERE,  AH R A AN AT AL & TR R

#9-1 BAETEFE WE

i b el
RS R GFRRAR TBHELT I HERE
HEkERES  whe SRR R EHER

ENIEER 2k BARREDTESINER  TRPUEHE
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9.2 EREhLIRF

EIRSELAHRCERT 0o xt “I07 BORBRCERIN “Ti” AU3RME, £ “QBRAERE” R “QBEER™ MAFRTIAT, %
B AR AN

9.2.1 EF4BIEEEAYSCIR

NIRRT n BTEAE, NSRRI ER LB AnE 9-7 R,

ORISR : ErBEE AT R SRS R AR, A O(1) WAL, mid TREME, HtFEER
BB T 7 O,

WU (AN IR 1T %1, A 0 BIRT, A O(n) KA

MBI FEAREEERE bR 1T 5, UMM AT ESINA SRS, BB (n — 1)2 A EE
“Ffe LREE”, MR O(n2) I,

WM A n NI, WIAMCKEE N n TSI vertices , T O(n) B, 1B n x n K
INIARBESERE adiMat , 5 O(n2) B,

TRFl& bttt
® o 1 2 3 4 ®w e 1 2 3 4
o o 1 o 1 o . 0 o 1 1 1 o
—— MeaE —— winn )

\\\\ 110 1 o o \\\\ 11 0 1 o o

//// 2 0 1 0 1 1 //// 2 1 1 0 1 1

— 3 01 0 1 0 1 — 3 01 0 1 0 1

4 o 0 1 1 o 4 o @ 1 1 o

SBIEERE B PHEIERE
Step 1 Step 2
T TR (<)
® 0o 1 2 3 4 ®l 0 1 2 3 4 5
o o o 1 1 o 0 o o0 1 1 0 o0
— rz € —— Fm O
\\\\ 1 e o 1 0 o \\\\ 1 e 0 1 0 0o o0
//// 2 1.1 o0 1 1 //// 2 1.1 0 1 1 @
— 3 01 90 1 0 1 — 3 01 0 1 0 1 0
4 e @ 1 1 o :iy 4 o @ 1 1 0o o
N Y
. 5 o ] '] o ] [}
SPIERERE SPIEAERE
Step 3 Step 4

TSR (5
#w o 1 2 3 &4
o pr—s e o 1 1 o o
\\\\ 11 0 1 1 o
\\\\‘ 2 1 1 0 1 o
//// 3 0 1 1 0o o
CD 4 o @ o 0 o

3] BIEAERE

Step 5
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B 9-7 AREEIEFERIRIAGIL, B, SEMTTN

PAR 5 T AR A P R [ A S B
// == File: graph_adjacency_matrix.cs =

[* BETFMEEMESITHES +/

class GraphAdjMat {
List<int> vertices; [/l =5k, TEAR “TMRE", ®IFR “MR=R57
List<List<int>> adjMat; // <FiEHERE, 175IFRSIME “TimES!”

/* FRERE */

public GraphAdjMat(int[] vertices, int[][] edges) {
this.vertices = [];
this.adjMat = [];

/] OIS
foreach (int val in vertices) {
AddVertex(val);
+
/] #hniA
/] EEE, edges TERRMAZESG], B vertices TTHEZESI

foreach (int[] e in edges) {
AddEdge(e[08], e[1]);
+
}

int Size() {
return vertices.Count;

}

[* AT +/
public void AddVertex(int val) {
int n = Size();
/] BETERSIRPRINFHIRAE
vertices.Add(val);
/] TESMEREPERARII—1T
List<int> newRow = new(n);
for (int j = 0; j < n; j++) {
newRow.Add(0) ;
+
adjMat.Add(newRow) ;
/] TESBZFEPEFRRII—5
foreach (List<int> row in adjMat) {
row.Add(0);
+
+

/* MBI +/
public void RemoveVertex(int index) {
if (index >= Size())
throw new IndexOutOfRangeException();
[/ EINRFIERFERZES| index BITNSR
vertices.RemoveAt(index);
/] TESBIEFEREPMIPRZRS| index BY1T
adjMat.RemoveAt(index) ;
/] TESBIZFEFERMIBRZRS] index EY%I
foreach (List<int> row in adjMat) {
row.RemoveAt(index) ;

h
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[* HA */
// B%¥ i, j MM vertices JTRESI
public void AddEdge(int i, int j) {
/] FR5HRSEEIE
if (i <0 [l <0 |l i> Size() || j >= Size() || i = j)
throw new IndexOutOfRangeException();
[/ EEXEER, BEFEMEXTFEMALSR, BEE (1, §j) = (3, 1)
adjMat[il[j] = 1;
adjMat[j1[i] = 1;

}

/* MR %/
// B i, j WX vertices FTEZES|
public void RemoveEdge(int i, int j) {
// BR5|IEREHEEVIE
if (<0 [l <o |l i>=size() |l j >= size() Il i = j)
throw new IndexOutOfRangeException();
adjMat[il[j] = ©;
adjMat[j][i] = 0;

}

[* FTENSPIZRERE */

public void Print() {
Console.Write(" TR=IR = ");
PrintUtil.PrintList(vertices);
Console.WritelLine(" 4B#E4E[E =");
PrintUtil.PrintMatrix(adjMat);

9.2.2 EF4BiERAII

RIME RSSO n, JEBOY m, WIRTHRIEE 9-8 FRrI 7 IASLEL S s .

USRI AETRON B R AR AR IIARNRT, fE O(1) A, FEv2TEmE, Fr AR SN aRmnm A
JITAIEIA,

- MHIRRIG: RN MR P A SO BR S, A O(m) R, TEMAEY, FTERNMERAD 77
[ETH32,

© WAL FEABIERPAIN—RER, IR IR BER ST, O(1) WA,

- MBRT: AR AR, MBREESEE TR, A O(n +m) IR,

- WL TESBERTEIE n AU 2m 38, A O(n + m) N,
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Step 1

Step 3

irsia E-©

Step 5

B 9-8 ABREARAIFIGGIL, WML, HEMH TS

SRIRABESNFE IR

SHMRABENATE TR
-0
0-0-0-0
0-0-0
o-0

mirsTsR €

Step 2

AN ERREERAIRAG LI, XA 9-8, LR A LR AR,

© N T B IE BRI, DARSRIEARD, BAIEMSIFR G RCERR,

0—©o
N

-

BiER

>@

wnn @-0 | g

R SEIMRAEENFTE TR

PRER

L SEINRAEERTE TR

HER

- ARG FRAAEER, key NTURSLM], value MIZTRAIAHETRSIR (BEKR).

FAIN, BAHERER B Vertex ZORFURTIA, IXFHMAEVIRAE : ARG MRHEFE—FE, MSIRRTIRK
XAARRTR, AR EMERRG Dy « TR, WFEHRENBERE, KA RT « IRI[EME 1, %X
HIRML MR TUARZHE R Vertex LB, MIBRAE — TRz FEs s HAh TR T

// == File: graph_adjacency_list.cs =

[* BEFHMERTIMNTEEZE +/
class GraphAdjList {
/] SBER, key: T, value: &INSMIFRA SBIETRS

public Dictionary<Vertex, List<Vertex>> adjlList;

[* FOIEREL */

public GraphAdjList(Vertex[][] edges) {
adjList = []1;
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foreach (Vertex[] edge in edges) {
AddVertex(edge[0]);
AddVertex(edge[1]);
AddEdge (edge[0], edge[1]);

}

[* RENS#E */
int Size() {
return adjList.Count;

h

[* A «/
public void AddEdge(Vertex vetl, Vertex vet2) {
if ('adjlList.ContainsKey(vetl) || !adjList.ContainsKey(vet2) || vetl
throw new InvalidOperationException();
// FhNiA vetl - vet2
adjList[vetl].Add(vet2);
adjList[vet2].Add(vetl);
}

/* BRI */
public void RemoveEdge(Vertex vetl, Vertex vet2) {

if (ladjList.ContainsKey(vetl) || 'adjList.ContainsKey(vet2) || vetl = vet2)

throw new InvalidOperationException();
// MR vetl - vet2
adjList[vetl].Remove(vet2);
adjList[vet2].Remove(vetl);
+

[* FHINTRR */
public void AddVertex(Vertex vet) {
if (adjList.ContainsKey(vet))
return;
/] TESMBERARII— TR
adjList.Add(vet, [1);
¥

/* MIBRTO= +/
public void RemoveVertex(Vertex vet) {
if (ladjList.ContainsKey(vet))
throw new InvalidOperationException();
/] TESMIBERFMBRINA vet JRZAVFER
adjList.Remove(vet);
/] BHEMMSER, RIRFIEEE vet BIA
foreach (List<Vertex> 1list in adjList.Values) {
list.Remove(vet);
¥
+

/* FTENSPIER */
public void Print() {
Console.WritelLine(" 4B#E&R =");
foreach (KeyValuePair<Vertex, List<Vertex>> pair in adjlList) {
List<int> tmp = [];
foreach (Vertex vertex in pair.Value)
tmp.Add(vertex.val);

Console.WriteLine(pair.Key.val + ": [" + string.Join(", ", tmp) + "1,");
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9.2.3 RMENLL

REFHE n DR m 5838, 3R 9-2 X LT MEFEFFABEGR AN I RCRFI R MR, HER, BER
(BER) MMASCEI, mAER (BRR) LIRS IO R RE RIS,

R 9-2 BB S BT EE

SWHEFERE  ATHER (HER)  AWER (5FHER)

FIBRTI @)
WEEZRER O

) O(n+m) O(n)
2 On+m) O(n+m)

HIRSAE  O(1)  O(n) 0(1)
b o1)  0(1) 0(1)
ipss 01)  O(n) 0(1)
TR O(n)  0O(1) o(1)
(
(

n
n

MERFR 9-2, PLPARRER (IGMER) HIRTRRCR SRR R, HE0R L, fEREAEME A RIERNRE
i, AR M BOREBRIERIRT, ZREKE, BEFEMEARIL T “DAAsRH R A0, etz R
BUY “DARF RIS ) T,

9.3 EMER

PHERRIR “—X 2" FRR, MENAEAESKEBE, ATURRERRN “2M2" XA EHit, FTATE
ERE R — MR B AR, PRI 3s Dh PRt P ks R I — FRE B

PRI AR T 2N AR R R LB . A 7 77 SR o s ERSBhNRER BT,
9.3.1 [ EfRFKER
VAR C D e — R S D 7T K, WEATI R, WREURTiMBEERIENTE, 22

ke WA 9-9 R, WA EATRHR, Bl iIpTa BT, RIEEI T — PR B FTA AT
IS, PAHSEHE, BEEFrETURIRSEEE,
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©
©

B ERSER

0
(BFS)
@ s (@) wese,

HILRT. BREY KMIARINR

©
©

BAFTA

@ED e, 1, 3, 2, 4,6,5,7,8

-
©

K 9-9 EIr AL EE

1. HETHm
BFS JEH EBIASIRSEEL, AU ATR, IFIEA “Je AJel” MR, X5 BFS i "ML Miz” KIEAR
SFfE T,

L. Rei i aa s startVet ARSI, FHIFETER,
2. EPERE IR, A E TRFICSIA, SRR RIZ TR B AT QB T A B BA S R #R
3. IR 2., EEIFTETEBI R eG4,

NTPIEESEHTUR, FAIFEE —MSHES visited RICFRMPLT L OHTHL,

Tip
G AEE— D HTEE key MIATEf value FIIGFER, TRIPAE O(1) IS 28 RHAT key
ARSI AR, ARTE key RUME—PE, IERESER A THIRREST R,

// == File: graph_bfs.cs =
/* TERIER */

List<Vertex> GraphBFS(GraphAdjList graph, Vertex startVet) {
[l TRIBHF
List<Vertex> res = [];
// WMEES, BTFEREHBREHNINS
HashSet<Vertex> visited = [startVet];
// BABURFSLEL BFS
Queue<Vertex> que = new();
que.Enqueue(startVet);

while (que.Count > 0) {
Vertex vet = que.Dequeue(); // PAETA=EHRA
res.Add(vet); /] BFIFETNR
foreach (Vertex adjVet in graph.adjList[vet]) {
if (visited.Contains(adjVet)) {

continue; /] BhEEHGHIRIA TS
¥
que.Enqueue(adjVet);  // RAPAKIARIAITHNR

visited.Add(adjVet); // tRCEIAREHAIA
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I
}
/] RETRRIERFS
return res;
}
R, O ARIE 9-10 SRAMTAFE AR,
BFEFF res BHFF res
[ @ ]
BAI que PAF! que
o 00

TR () I, FTUT R

1. BEMRMNEBRFS res
2. BETARAIFIAE BETRRALT
ABA que M visited

TR () s, ST

1. BEMRMNEFHFT res
2. BETARMFIAE BERRAIT
ABA que FHMA visited

m () HIK, AT

1. BEM=MNERHFF] res
2. RBEMRHFE PEMRAIT
NBA que FHIMA visited

TS visited

[ Step 1 ]

HHBA PN

TS visited

(00000 J

BAHFFI res
(0000 )
BASY que

000

IRRES visited

(0000000 |

EHFF res
(000000 ]
00

IEHIRE visited

(00000000 |

i () s, FATUTHRSE
1. BEM=MNEFEFS res
2. RETIRNFRBETRMT

AR que FHIOA visited

TR () K, FATIU TR

1. BERAMNEFHFT res
2. BEARBFEPETLRAIT
ABA que HIIA visited

T () K, FRATIUTiRE

1. BEMRMNEFHFT res
2. RETUREIFRE SETRHRIT
ABA que HMIA visited

M () A, AT

1. BZM=MNERFF] res
2. BEMREFEPEIRAIT
ABA que FHAIA visited

BEEE visited
(000 |

[Step 2 ‘

BHFT res

(000 )

BAZY que

000

HHRA U

REEL visited

(000000 |

BHEFF res
(00000 )
B3I que

000

WRERE visited

(00000000 |

BHFY res
(0000000 |
00

BERE visited

(000000000
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@\
4

T () B, AT
1. BERMNERHFS) res

2. REMREFE BEMRAIT
NBA que FHIA visited

) BEAIL Sk 3 4 51 75 W —2
AME—, TR R R “HE I BN, i 2 A I A A TSR3 i I e VR
{EEHTAL, A 9-10 i, Wik 1. 3 RO RIGA R PAZE ., Tis, 2, 4. 6 BO5 Rt th iT DUE RS,

2. ERESR

9.3.2 REMKERH

EHFS res

BAZY que

HAA

IRFEES visite

= BAFI que A=,
« FREE, FERUBH

mA () HI, FATIUTIRE

1. BEARMNERFF res
2. RZMREFTE SPEMRAIT
ABA que HIA visited

HFHFF res

BAFI que

|

Y

HA

IEHES visited

Step 11

& 9-10 IRy AL cim 20 3%

EHFS res

BAZI que

HBA

WRERS visite

Step 10

INFIAEZE : TS ADIEBA R, R O(|V]) IiE); (EmpAME SRR, TR,
BRI BT 2 R, 6 O(2| E|) W) Stk O(|V] + | E]) B,

SWSAE: 1% res, ATHA visited, I que FRITIASRERZ N |V, 1 O(|V]) 5,

REEOL it s — R e B S, Joisal A m i ki@ i i k. aniE 9-11 FioR, MWE EATURHA, i

AT AR RR TN, BEEDERIRSKIIRE], HARSERRSLIFIRIE, PAEHE, BEEArA TUE 52
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@ @ ERRERTEH

(DFS)
| ta2 s (@) wis,
> N EEAER, BRSNS EE,
o @) 5 (9/ B34 - ISR
’ S

@ ©,1,2,5 4,6, 3

9-11 EIMIIRENSCiE

1. BETHm

XA SEFVRSKHR AT AT E R TIBIRIM, 51 EemAEE, fEREEnT, A
MFFEMEI— PRI ES visited RICKOWIIRIATIR, DOB % E R 15 R TH A,

// == File: graph_dfs.cs =

[* REMFTBHIHEIREL */
void DFS(GraphAdjList graph, HashSet<Vertex> visited, List<Vertex> res, Vertex vet) {
res.Add(vet); /] BFIHETNR
visited.Add(vet); // #RI2ZINSE4#KIAIR
/] BEIZINRRFRE $BIETI S
foreach (Vertex adjVet in graph.adjList[vet]) {
if (visited.Contains(adjVet)) {
continue; // BEIE#IARIAIINSR
¥

/] BRI BTN R
DFS(graph, visited, res, adjVet);

}

[* REMIFER */
/] (ERLBERKERTE, UEREBEEE N RBIFRE $BIEINR
List<Vertex> GraphDFS(GraphAdjList graph, Vertex startVet) {
[ TRIBEH RS
List<Vertex> res = [];
// BHEEES, BFIERERIAREHINR
HashSet<Vertex> visited = [];
DFS(graph, visited, res, startVet);
return res;

IR 1 SRR A 9-12 R,

HELARER N NiHE, FoRITE T — DHHE 75K FH U
MR A L), FoRIBITTIECLIRE, [BIHE] T IR R B

N INRER R, EBCKIE 9-12 AWM SRR, ENPREEL (8E HEm MR B4 DFS g, s
BIATTIEINIT S AATR[E,
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© 00

BHFF res

@ J

TS visited

o )

HBHEBRES:

wiam= @)

BHFF res

(000 )

IFES visited

(00@ }

EHEER:

sarET () soomETn
s @)

EHFF res

(00000 |

TS visited

(00000 |

SBHERRER:

wmms (O sarEma
s (@)

BHFF res

(000000 |

IRRES visited

(000000 |

EHEER:

sarT () soomeTs
s @)

BAHFF res

(000000 |

ITRE visited

(000000 |

SR
s () sErESEmABEET
Azrsam, BaEms )
st - BeEmEms (O

BHFY res

1) J

BEEE visited

Ll )

BIREL:

s () samEms
sz @)

BHFS res

(0000 )

WRERE visited

(0000 |

SEHERER:

T () msmEmR
amsams @)

BHEFT res

(00000 |

REEE visited

(00000 |

LB ER:
1w () SFEHERAEE
RitssEmE, mrEms ©)

BHFS res

(000000

WRERE visited

(000000 |

e
s () wFssEmsEER
RikgossEE, EAEms E)

BHFY res

(0000000

BEEE visited

(0000000

AR

s () somEms
amsmms )
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EHF5 res

1\ 1\ EES visited
2 3 -
LM |

7 ‘ ¢ ELARER:
A ) wFaSEmASBEsin
Rt EsHEE, ERESR
ma () 5iktiEE, BRmER

Step 11

B 9-12  EIRIRRE AL el 20 3%

DREEDIL et 3 4 3 51 75 W —2

g, IREIL R NIRRT AR, AR, S EMR 75 AR R AR A
PA, BNARETRS RIS A DUERATEL, #BRIRE LI CiE.

DIE@En A, MR — 7 =6 “E R85 FE—H - W 2RINEERF. TP JEFRE
B, efER 7T =R/ ieied, ARmX=FH#E T HREMLITE,

2. ERESR

NI ZE: S TS 1k, R O(|V]) Wi; Frahiasyin 2k, H O(2|E|) Mi;
SIKEER O(|V| + |E|) B,

SR FI% res, IRTHES visited TUREUREEN |V, BIBREREAN [V], FLER O(|V])

2 [l

9.4 &G

1. ELEEH

- B TUSFAA, A AR — TS — 4RI R &

- METERIERR (BER) MniaXR ), MxXR (B) BAFE&NEHE, RimENER.

- ARERGLAEATTAYE, EEEPIERTURANE, ANERNE RIS ET R,

- AREEMEAM R IORE, 817 O KRR, EFTTRNERE, M 180 RN TR
[FIAINETCIN, ABEFERE R & SR EReR R, (B2 SR,

- AR MERORFORE, 50 DRERX NI ¢, HAEE TR IR BT, AR
R TAEIEREE AN AR, Bl THRZEREHERREDRIL, FI RRERER,

- YABEERFRVRERIT K, A] DURFH AR AL B BRI A R, TR THEIRICR,

- WRIRBBIAE T, AEEFHADLT DA AR, ARREERAEL T © DA R s E)”,

- BT RS EIISCRSE, W RMLs, HIPREREE 5,

- PR EIRT— AR, AR T U I 3 P B —FRE

- ERTERTE DR R EE NI, BERYKIERTT, @ EAEBAS S,

- ERRE G R M E SR, ol ] EN RN R, HE TR,
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2. Q&A

Q: HRERIE SRR FHIERIAFHI?

HFHER EARIBSRARNE XA —8: g “BiER—MaFy”, mhsaig ‘iR — s
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, BEPAN— DA, AR — PR XREAMANTUR 2 R REF 1 2 5RI0 5, It
{NESZ S Ul A i FE

Q: AREEE RS XH RN 2 R?

FEAREEE S, MEADTRHR, B0 - PMRICEREE, whiFEaEmFEREZ NN, PoEhzE
HIRTA & 7 &

Q: TERBRESRH, “SRIUAHERFT A TR FITURIT 2 & A 2 K?

A DURAERF . (BAESEPR M, AIRER ZAL e SUNRHE?, HAMEIR TS ARy, BB IR T
MRS, XA T RIS “HAERRE” TR,



193

FI10E EF

Abstract
HWRZ—ARANER, BAIS8FFZEEEMMZ RPN AT, XaFa] DLPOEEIE B R,
ERXAI IR, F—IREE A RER R — MR ERHENE R,
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10.1 =—H&EX

—5&EH (binary search) BT IGRISH SRR REER, EFHEBIRINA R, SeH)h—FRRT
l, EEHEIERTRSEERXE NN,

Question
HE—NMKEN n WEEH nuns , TTERIEMNNEIRIIFHEY BEAESE, 1EEHIFREITER target
EZBAHAPHIRG |, HEHEANEZTE, MHRE —1 ., REEnE 10-1 Fir,

ERERERTHA
nums

BMANBEFHA nuns , ERBEIFTE target = 6

B 10-1 o EHORGIESE

I 10-2 fiw, BAVEWIGERIES i = 0Ff1 j = n— 1, SilfsREEHE TEMETE, REHERXHE
[0,n — 1] . EER, HESFRRHXE, HOEZL5HEERS,

BRE, TERHUTUL RIS,
L WREHERG I m = (i +7)/2], HP | | KRA FBEERIE,
2. H|Wr nums[m] 1 target BIR/NRR, 2N PR =FEN,

1. Y nums[m] < target i, UiPH target XAl [m + 1, 7] #, REHITi=m + 1,
2. % nums[m] > target i, BifA target EXIAE [i,m — 1] 1, FHHFTj=m —1,
3. Y nums[m] = target I, TiBHHE| target, HHIREIRSI m .

HHANEEETR, HREARERG/NNE, WRHEE -1,
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351 351
| 31 i ; 31 mi
23 2 | 23 %8
i 15 15
: 12 12
sannll sanill
= anl =1 anl
#® o 1 2 3 4 5 6 7 8 9 #l 0o 1 2 3 4 5 6 7 8 9
A A N A A
i b] i m b
RIF=—SER:
WAt i, j HIEABEETR. BTR 1. 8RR m= (i +3j) /2
mERRAXE [1, j]
Step 1 Step 2

| o

o
B
| == 12l
A
b

8"1
1 3 . 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 A
i jom iom
BR—SER: RF 5T
1. HERA N = (4 +3) /2 1. 8RR m = (i +35) /2
2. ~ nums[m] > target
Step 3 ~ BT § o= om - 1 GNERKE Step 4
23
#l o 1 2 3 4 5 6 7 8 9 #l o0 1 2 3 4 5 6 7 8 9
Aoa A Aoa
m i j im j
BEF=SER: EF=SER:
1. H&hE m = (i +3) /2 1. itBFE m = (i +3j) /2
2. = nums[m] < target
Step 5 S HIT A o= oo+ 1 GNERKE Step 6
o Zm i H
#l o 1 2 3 4 5 6 7 8 9
A
m

EF TR
1. HHbmm = (i +3j) /2

2. v nums[m] = target

(step 7 | - EERS|

K10-2 —orEinkE
ERERRE, BT i f j &R int 288, Wt + j nIRESEIE int ZMIHUETER, O T R EGESR,
BATEHERALR m = [+ (j —1)/2] KHEFS,
AN R

// == File: binary_search.cs =

[* ZHEH (WHAKE)  */
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int BinarySearch(int[] nums, int target) {
/] EeNAXE [0, n-11 , BF i, j #iERHEETR. Exx
int i = 0, j = nums.Length - 1;
// &3, HERXEATHEE (85 i > j AT
while (i <= j) {

intm=1+ (3 -1/ 2; [/ AERIES m
if (nums[m] < target) // WIERIREA target EX|E [m+1, j] &
i=m+1;
else if (nums[m] > target) // ItiERIEEE target EX(E [1, m-1] &
jo=m-1;
else // #EIBtrmE, REIHZES|
return m;
+
// F#HxEFIBtrmE, RE -1
return -1;

IRIEAEN O(logn) : TEMEHT, XEERAEN—F, BIHEREN log, n .
BRERER O(1) : 1550 F j fEAEBOCNZ R,

10.1.1 XERTAG*

BT BATUAK SN, EUMEKARREE e ETE KR, X [0,n), BELRESEY, HiLR
REEEY, E%FFF, K [, j) i = j BNz,

AT DAE T IR LI A AR RER — 5 &AL
// == File: binary_search.cs =

/* ZHEKR (EARFXE) */
int BinarySearchLCRO(int[] nums, int target) {
[/ MwERAFXE [0, n) , Bl i, j #REMAEHEETR. Bxx +1
int 1 = 0, j = nums.Length;
/] &3, HERXEANTHEE (&5 i = j BAT)
while (1 < j) {

intm=41i+ (-1) / 2; // HEFSEES| n

if (nums[m] < target) /] IIEREEA target EXE [m+l, j)
i=m+1;

else if (nums[m] > target) // WIERiXEA target 7EX|E [i, m) =
jo=m;

else // #EIBtrmE, REIHZES|
return m;

h
/] RHxEIBfRER, &E -1

return -1;

i 10-3 Fow, ERMXEZRR Y, ZoEREERRRaM, TERSRAMgE N R &G T AR,

BT “KAXIA" FoRAR AL SO SONAX IR, RIE fEE 4 AfaEr § 25 NX R Bt X AR
Mo XFEEAA G, Bt —BEBCRH “WHAXE” 574,
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RE |

§§|“0123456789"“@123456789"10
i ERibREeEsss j i AKhReEsas riaRFE58T j
EFKE: WAXE [i, j] ERKiE: fRAFXE [1, j)
adkisst: i =0, j =n - 1 iatkigst: i =0, j = n
BEFEIESEM: i > 5 BEFERIESMF: i 2
GUKERE: i =m+ 1, § =m -1 BIRKEHRE: i =m+ 1, j=m

&10-3 FRPIX[AIE X

10.1.2 i=5RRE

o BEERAE I TR [R) 75 T A A BT B TERE

C BRI AR, TEAKEEE T, MBI RS 28 B B, B, SEdER N n = 220
I, SeMEAERAEEE 220 = 1048576 %AAIK, i /&I log, 220 = 20 418,

- ZOBERTCAEIN R, R T REMEESME RIS REDSE (FliamER), —aBEREnTEs
],

A, ZoESOHBEERTIAER, EEADITER,

- IOBEBRUER TAEREYE. AMABIETRE, N T ER B ET T, 50655 B
HF BN R EREERE N O(nlogn) , HHEMEBM —H&EREES, o TMEMATRNT R,
WA, FEETTRBATREMNE, NHEEREN O(n), WEIFE SR,

© ZOERPGER T, BT Rk ARESH) TR, MmAERERHHAITERERTT FHIRK
BRI, RIAIE G A B s T HER SRR EE

C NIRRT, AMEEIRVEREEME, ALRMEERT, FRAFE LRABHRE; ME_SERH, TE 1R
A, TIRBRIE, 1~ 3 RAIrRIE. 1 00I0E (TR, 3t 4~ 6 MEocife; B, SEIEE n BUh,
S BRI L = &R,

10.2 ZHEREAR

BRI TERERTER, A TRRIFZZRMEE, R B TR E,
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10.2.1 EEETENER

Question

HE—TEEN n ERFEAH nuns f1—JTE target, HAARFAEEILE, I target i
A nums /1, FHERFFHA R, HEEAFPCFEETE target, NEEAZIHEALT, HREFHAG
target TEEAHHIIERSG], REENE 10-4 Fr7R,

nums

BAR A target

nums

WAEFHA nuns , BARTER target = 6
N target RYEARERSIH 2

10-4 =0 ESFEARURIEE

U AR b0 Y EERARAS,  MUARTEIEE A R AN
W YRS target I, HURIIRS RS RZTRIIRT|?

A H KK target AR ICEN AL, XEWEHH AN target Bt 75K target B E, ik
U, YEAME target I, FHARPEG IR X target &S,

M MEEHPAEE target Y, AR TRIRG]?

WP EE - HERIETE: Y nums[m] < target i ¢ 23, XEWRETEE i R AKTET target HICE
i, [FHE, {88 BERAERVNTET target BITEEIR,

HIE i — A i RIS NAT target 0, jHRAE AT target UTEE, SIS
% target B, WARGI N, RESURAR:

// == File: binary_search_insertion.cs =

/* ZHEHIENR (TEETR) */
int BinarySearchInsertionSimple(int[] nums, int target) {
int i = 0, j = nums.Length - 1; // #%A&XNHAXE [0, n-1]
while (i <= j) {
intm=41i+ (3 - 1)/ 2; // AEFRKRESI
if (nums[m] < target) {
i=m+1; // target EX(E [m+1, j] &
} else if (nums[m] > target) {
j=m-1; // target &®EXiE [i, m-1] &
} else {
return m; // $#%ZE| target , REHEASZ m
¥
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}
// FEF target , REHEAS i

return i;

10.2.2 FEEETRENFER

Question
£ F—# A L, e dr S EE TR, HRFE,

BOREEHFFAEZA target , NIEE B AGEREIHAF— target MRS, MILEEIZCENA
BGibieH £/ target,

i H SRR B R AR R A1, P A% B ERE A PR E 4 target KRG, V15 EETE
10-5 F7RBI2D BRSEEL,

L T =&k, SEER—A target (RS, EN K.
2. NR3| ETIHG, aEfTatieli, SEREIREIIN target FHREL

target

X ,.A\ 7

1. EZHERIEFE—T 6
2. BEMEHRIEIRADN 6

10-5 ZMEEE TR

WITIEEIRATH, ([EHAELMEER, FIENRAEREN O(n) . YEHPFERLELRN target I, %
TIERERR AL,

P B R o BN, A 10-6 FioR, BARERFAZ, SRIUHHEFRRII m, A target
Fl nums[m] BIR/NKRZR, 20 WA ILMIE DL

- Y nums[m] < target 5 nums[m] > target i, WBHIRKETRE] target , [RIHRAHEIE &K
HIgE/NX EERVE,  MTIESREL < A 5 1) target SEIA,

© Ynums[n] = target i, BH/NTF target MICEREXE [i,m — 1]/, FHRHj=m — 1K
/X R, MmERRER § MY target ByCERIR,

MEsERUE, @ fRARAIAN) target , j4RIAIE /T target KTR, BRG] @ g2 AR,
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15}

10

6 6 6 6 6
3
=%l
#l o 1 2 3 4 5 6 7 8 9

o Br

Mt i, j HIEABAETE. BaE
RERTAXE [i, j]

Step 1 J Step 2

[
= il
n:ﬁuj ’_
#l o 1 2 3 4 5 6 7 8 9
A Aooa
i m
EFR=RER:
1. W&PEm= (3 +3) /2
2. v nums[m] = target
[Ste“ ST G = m - 1 BIMNERKE Step &
15
12 [
10
is 636 6 6
3 |
= B i
#®l o 1 2 3 4 5 6 7 8 9
AoA A
m i j

EFR=RER:
1. 8RR m = (i +3) /2

2. ~ nums[m] < target

l Step 5 2T A o= m o+ 1 GNERKE 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
B _—HER:
1. H8HRE m = (4 +3) /2
2. ~ nums[m] = target
l Step 7 2 BT G o= om - 1 BNERKE Step 8

<l

1
L.
#l o 1 2 3 4 5 6 7
A A
i m
BF &R
1. 8RR m= (i +3j) /2
10
6 635 6 6
o | 1 |
SlCR RN}
#l o 1 2 3 4 5 6 7
A A N
iom bl
BR_SER:
1. 8RR m = (i +3j) /2
10
is 636 6 6
3 | 1
& 1[0} |
=
# o 1 2 3 4 5 6 7
A oA
im j
BR_SER:

1. 8RR m = (i +3j) /2

#l o 1

- RATEREHE i < j
- BHTMER, EEF3 i

10-6 B IREEITTRAHA R BE

12

12

12

12

WEZLLA ARG, HIWr793Z nums[m] > target 1 nums[m] = target RUERVEAERE], EIHFE AT LGS,
B, FATMIIRRT AR RIS ORI, (RN LB hniE T, nl ik e 4f,

// == File: binary_search_insertion.cs =

[* ZHEREAR (FEEERR) +/

int BinarySearchInsertion(int[] nums, int target) {
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inti=0, 3 ms.Length - 1; // #JMEANEFAXE [0, n-1]

= nu
while (i <= j) {
intm=1+ (3 - 1)/ 2; // HEFREKRS m
if (nums[m] < target) {
i=m+1; // target ZXjg [m+1, j] &
} else if (nums[m] > target) {
j=m-1; // target &EKXjE [i, m-1] &
} else {
j=m-1; // 8MTF target WTEEXE [i, m-1] &
+
}
/] REFEAR 1

return i;

Tip

ARG ESE “IHAXE" Fik, AX4EAREUETER “EHET ik
BHRE, —oERIAUESRTEH « M1 j phliREERER, BiralsEE— P EMARTR (Pl target ),
WATREE —NITRIEE (BT target BT,

FEARMRIFEER — o0 rf, fEEE ¢ F1 j #RRINEL UL E R iR, R, BTS2 RIREIER, gl
FE =1k,

10.3 “H&EHDBR
10.3.1 TRELOR

Question
HENDEKEN n WEFEH nuns , HPARERSEE LR, HREIKAHFHELE—NILE target
MR, HEHAPAEZIZTER, WRE -1,

M2 o BERIEA SR T, MRERE ¢ IBRRAE—1 target , BIEERIE A SAR FREERRE L —
A target M&RS,

FRIEIESA A SRS ER DR, EEE, BHPTRERES target , XAMENATRES AR
[

- ARG B,
- Jt&E nums[i] 5 target ~MHE,

B F| DA RGN, BERERE —1 BIRl, AR TR
// = File: binary_search_edge.cs =

[* ZHRERRE— target =/

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

[/ ENTEHK target BIEAR
int i = binary_search_insertion.BinarySearchInsertion(nums, target);
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// &iXF target , XM -1

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

Iy

// % target , REZE3G| i

return i;

10.3.2 EHHLR

Mo &S R A —1 target WB? HRERZATTABBUANAM, BHAE nuns[n] = target [HIL T AIEE
Wk ttE. fRRFELL RN, A 4RI AT LB 17558,

AR TG T T,

1. EAERELR
SEfR b, BATA DA SRR TR ROk ERRAICE, BRI BEREA A target #iLH
HI A A target + 1,

e 10-7 AR, &R, 188 @ fBARAE— target + 1 (WIRTELE), 1M j #EA&A—1 target
[KIgLig Bl 5 Bl

target = 6
-« (000000080
; ;i
EREA—T
target +1
Ef
EREBE— EREA—T
target target

10-7 RERADFEN BRI

THER, BEFEARZ ¢, RIETRERHER L, MRS j -

// == File: binary_search_edge.cs =

/* ZHEHRRE— target x/

int BinarySearchRightEdge(int[] nums, int target) {
/] BUAERRE— target + 1
int i = binary_search_insertion.BinarySearchInsertion(nums, target + 1);
// i fEERE— target , i EEEMNAT target WITHE
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FI0E BR

int j =i-1;
// &#%EF target , &[E -1

if (3 = -1 || nums[j] != target) {
return -1;

¥

// %3 target , REIZES| j

return j;

2. BUATHRR

FAVHE, SBAHANLE target I, &% ¢ j 2oBHEREDNKT. /T target HITE,
Klt, 4niE 10-8 iR, FATAT DS — M A ERTTR, HTERAGLS.

- BEAE— target : AJDAEL AR target - 0.5, FHIREFEE .
- BHREA D target @ ATDAEE(LANEER target + 0.5, FHIRENEEH o

target = 6
nums
j i j i
=i =%
target - 0.5 target +0.5
Fh i
EREBE— EREA—T
target target

10-8 REHID AN EHRTTR

RS, DURRARUESER,

- BEBANE/NYL, RERERNTTIEAOO O FEAE S HI 15 Do
- PROMIZTTIESIAN T/, PR R R & target BONPEREEE (Python TEMEEN) o

10.4 PRFE{RILERER

FEREET, BAVHIEE RSSO EDOR SR IARN AR, B8 — D ERERINE
IE%Z'ZO

Question
B — DB nums MI— N HFRICE target , EEEEHFPIER “M1” N target HANICE, 7
RE'ENEE RS, RENEE—MEETR],
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10.4.1 ZM4E: UBEHRSEIE

FERARBHTARRENAS, WE 109 R, BODTE—NRIZIER, £l N2

target, fisE, WEIREIENINRS,

target = 13

nums =

BRFFEES, H&HMA
target FYZH SBR[

B 10-9 ZeMEBORMEMEC I

ARESAN PR
// == File: two_sum.cs =

[* FHiE—: BIOKE +/
int[] TwoSumBruteForce(int[] nums, int target) {
int size = nums.Length;
// WEER, RESERER 0(n'2)
for (int i = 0; 1 < size - 1; i++) {
for (int j = 1 + 1; j < size; j++) {
if (nums[i] + nums[j] = target)
return [i, j1;
b
¥

return []1;

TR RS 2% R O(n?) , ZEREAEN O(1), EABERR NEFFEN,

10.4.2 MBFEEK: UZTiE)EESE

BN

FEMB—MafmE, BEXN DRIV EEHTRNITRRS ] e, SHRIITE 10-10 FinrbE,

L. FIWrEy target - nums[i] BEERTRT, HE, WERRENZMNTRIRG,
2. FFREX nums[1] MIZR5| 1 IRIIEEIG A%,
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target = 13 target = 13

- (@AO0 - @000
A ) A
i i
[ ey 8 ]ﬁﬁ { key sg }ﬁi
map = map =
value %3 value =3l
BHELE nums BHBEE nums
+ 13 - 2 = 11 K7 map 13 - 7 = 6 FE map
~ ¥TE 2 Fmi#E map o BTE 7 Fh# map
Step 1 Step 2
target = 13

we: - (E)EIEIED
.
i

[ . gg } ﬁ§
map =
value %3l

BHELE nums

13 - 11 = 2 7 map
~ EETTRAERS| (o, 2]
Step 3

10-10 i BHMEA FOR AR L 1

SRS AN AR, AR EIEIARI AT
// == File: two_sum.cs ==

[* FEZ: HENEHER +/
int[] TwoSumHashTable(int[] nums, int target) {
int size = nums.lLength;
/] HBIRAER, TEIEHREN 0(n)
Dictionary<int, int> dic = [];
/] BEEF, NEIEREA 0(n)
for (int i = 0; i < size; i++) {
if (dic.ContainsKey(target - nums[i])) {
return [dic[target - nums[i]], il;

+

dic.Add(nums[i], i);
+
return [];

T E AT AL R E 2N O(n?) BEZE O(n) , KIBIRFHSITHCR,
B TR — DMSMIIR TR, FILRAERER O(n) o REWMIL, 07 IARRIKN 2208 5 0 P,
e R A SR RS

10.5 EiR{EFHEE

ERBE (searchingalgorithm) FIT1EEURE (BIAn%eH, R, MelE) FFER—-Tel—HilR e s
(SR NPV
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TR R SC BRI 7 N DU R,

s EBIREHRE AL HbR TR, IR, Bk, RIAEIRE S,
- FIABIRHAG SR BIR R EHIERFER, KMRPOTRER, H10=0EK BN R
EIKF,

KRB, SRR RER EAE T E A, R R T ROPRUIFARAE AT, Al
FMEIRGIMATIN, EHaFIERETE,

10.5.1 #HiEHE

2R FEE L BRE RN TR RE M B,

- BMEERT G TRAMBER S RIRS ., ENBUREMN TR, BATIRTER, EEIKE
HArTeREENA S —u e I E H ARt R ik,
© CTTREARSEERT R ERT R ERIR B PR RS RS R M T RTT IR E
R, HIELIZYIRSE N TR WEMERMET RITE, HE —SREEEERIEL, BRWH 20
fbigie, EEEh e MRS,
RIERI R R HIBAMELE, JA0N RS BRI B MO BIRE T .

AT, ERFIRRINTPISE R O(n) , Hn e, FIESdE & ERmIE N PR,

10.5.2 HiBMEEH

FIEMERA BRI AR (BlnaE R RIUERIERE, s mRotE A B ARt R,

- CTEWT MABUENA P ERER, (UEHTEE,
- IRTRERRT MR R REIEN B R EEEE O E R, TSI R,
- BT AERPERIEERY (B0 SARERR) o, B TR R EDR PR T A, ITE AL HRRITER,

KRR R, IR AN ATk O (logn) #% O(1) .
ST, XL T B SR T AU, B, — 5 B U AL (FHE S, TA T 2EHR AT
BT B BN RRAS R, S Rt At T B A NI T2 0 P44,

Tip
HiE VS REEFRCOVERED, REHFERNReBIEaahuER R BinocE,
10.5.3 #EFEGEEE

BERNN n —HEHE, BT DMERLREER, o0& WEK BAREREZMITENHERE R
TLR. B NIITAR TAERERANE 10-11 FivR,
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14EFE 0(n) BEEK 0(1) N key i value

BETSEEPE 4

CaEs L |
ZREH 0(logn) WEH 0(logn)
ES LRI
TWERTR
18880860000 h
~—

RIESIER F g ERX )

K 10-11 AR

ERTURMTTIRRBRAERBCR SRR 10-1 FR,

®10-1 EREFHCRM LT

RMHER TAER ML EEEEp
EHITR O(n) O(logn) O(logn) O(1)
fATCR O(1) O(n) O(logn) 0(1)
HERTTZR O(n) O(n) O(logn) 0(1)
Livlesls| O(1) O(1) O(n) O(n)
HE At / H7 O(nlogn) ## O(nlogn) AR O(n)
YRR G A TeFe A A TeF?

RREIRANEREIOIE, RIEREZOR, BURE 5 EiiRE,
MR

- JERMEELE, TAULEEETSE IR, RNBA N T E R —REE, B2 HA =5 AR B E A P

AR T FE S M HE AR AN TRDE 2B K
- ERTAREVNTEEE, HIEOL N AR SRR IR,

- ERTEIRERORE SRR, EONZTT AN TR B EA T TR NME

AR

- OEHTRBIERREN, BRRMEE, RENAEREN O(logn) .

- BUERAREE R, ROV R TR EE SR A A
- NERT EIE BRI R, ROV R,
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a7 AR

- EENERERRE RIS R, PENEESREN O(1) .

- NEAFEAFBIRSGURERIR, ROVRH RICE4ET B0 H P,

© X TR R RSO 7 PR AL PRI AR M A s, BRI PERE S (LR

- PESEIRRLKRIIEN, ROV RFT LTINS AR EATEEHR moR, Wit R e & ik

i
PR

- JERTEREE, OV AN R BUE BRI,

- EETREGEA PR E AR R,

 TERPSUENTT SR AR, ISR ATRE AR, NRIERESEE O(n) .

- H{EA AVL W EREL R, WA THRIERLE O(logn) FER FREIETT, (AP RF- 8 R E S8
ST

10.6 /h&E

1. ESEH

L A EEHREERI R, RS IR YR K MO T AR, CE SRR ARIE A, HAX
S TR s T S ST B 44,

R IEREE R T (AR, SRS TR, TR R AR (R
SERTEAN, HRIEMEL, TANSERIE R, ENAEZE O(n) 5.

- IRTEER. WA AR T RRUL 2, MITER SR o B B AR, RS
g5, WAEZREE O(logn) #% O(1), (L@ HEMBEIMUELS,

- i, RANEEASGRIEL MRIARER, NIRRT E R RO BRI, MRS
BRI

SRS VS E TR BB T, HF IR, 1A ARSI TN
SRR ELTE AT A ISR s S T A B W A S 25 0 KT S

- BT S E R — R R (L2 T IR IS, SIS 24 A O (n) B% O(1)
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F115E HF

Abstract
He it an —HORHRELZ AR P RO BETA AR, (HFRATTRE DATE SR 77 U R 5 A AR
o BN, RE 2T RHA, HramIRiIEr TEIRNFIEER,
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11.1 HIF®EE

HFE% (sorting algorithm) HITX —HEHRIZRKHE N EITHS . HFEREET 2N, KGR
HdfEid H RE B E SRt E R, AR,

e 11-1 Ao, HEr REETHROBERER R A DU RS, TR PR E TS, HE AT RN AT AR R 5k
B, WEEFR/AN, FAF ASCIL RBJIfT 8 E & A,

BRBRBFANEFER
20800800 (o]s]2]s]«]s]e]/]
RRTFHEHFTRES
CICDEIEDED = CHEDECIED
HRERAEXHANHFEFH S

G00A00G OoGcocDd

B 11-1 BESEERAI AL =51

11.1.1 N EE

BT BT EHER RN R EAERER, HEEAERERERD (NRIEMEFREEITE /N, X
FTREGEEMIEN, BITNREETNNEE,

P AR, Rt S T R A AR R RSB, IS BhERAN B, T NAE.
BEBNT, FRHHEREIERs @R D, BITHEE M E R,

ettt BREHFAESHTE, S CEEREHE IR A & 4K ZE,

REHF 22 H R 2B, RIRBNTE — MEEEAEERIRK, 6B 15 2 519524/
FS, EIXRMEN T, ERREHRTRES B0 ABIE A ks

# BMASIERRRY R HIFITS

# (name, age)

('A*, 19)
('B', 18)
('cr, 21)
('n*, 19)
('E', 23)

# BRISERIEREHFEZRERHFIIR,
# £58ch ('D', 19) 1 ('A', 19) HUHEMMIENRT,
# WNSIEREZHIFEREL

('B', 18)

('n', 19)
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(A", 19)
('e', 21)
("E', 23)

FUENTE: BERHERERA M A SR T AR E SR AR, RBERARRRER, BIENHF
SRR B I TR 52 2% 3 (L TP XI N TR B R

REET IR EFHRHHEIFRBTEIEER (<0 =, >) RAWTTRIMSRE, MR,
MIGRANHEAEN O(nlogn) . MIFLLIRHFE A LEIZHERT, NEERENE O(n), EHEHME
LERS R e

11.1.2 IPEHIFEEE

B, b, e, BIEN. @M. B, 25 NEMARLZ ISR E D FITERIERNHE R B, B, fE
R HIAN, FERE B AR R AR R sk R i,

Bk, BATEILEE S SRR, HET FR IR X 5N HE R BRI LR O T 50T

11.2 #&FHF

EEHF (selection sort) AYTAEFEHEHER S THE—MER, SRMARHF XEIERR/DITTR, KHK
FEH P XRARE,

EEHRI RN n, ERHPRRTERENE 11-2 or.

CWEIRESTR, FrETCERAHDE, RIARHE (R5D XEHN (0,7 — 1],

CEEXE] [0, n — 1] FERANER, HHEERE! 0 RTRRH, sEmfE, Bl 1 MRy,
CERUXE [1,n — 1] s R, FHSR5| 1 ARTTRH, selfE, S 2 MRy,
- DA, 23 n — 1 AR S YR, BT n — 1 DTREHR.

AR - NTRBERRATTR, T, BRI M,

g W N -

KHIFRE FHIFXE

. @ e (@0
. i
i k
818 818
iﬁ‘ﬁ*ﬁ”‘?ﬁlﬂx BEFER/TTR nums[k] iﬁl’ﬁﬂ%ﬂﬂ?lzlﬂ, BEER/NTTR nums[k]
ZHBTR nums[k] FRHFXENENTE nuns[i]

Step 1 Step 2
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KHIFXiE KHFXE
i N
!_2 ik ﬁ_z ®ik
SEFRHFKE, SERIEE nuns(k] oS ——

ZHB/TTR nums[k] FFRHFXENENTR nuns[i]

[ Stenks ] Step 4
KHFXE RHFXE
-~ GO0000 - @00008
i k
g_a 0% g 3 ®iE
SR, FERITE nuns k] SEFRARE, HERITTE nuns[k]
ZTTR nuns[k] FRHFRENENTR nums[i]
[ Step 5 ] Step 6
RHFXE FHFEE
- (00000 - (00080
i k
g 4 % g 4 W%
JEHRHFXE, $ER/ITE nuns[k] ﬁl%%ﬁ;ﬁg[ﬂ, $EiER/NTE nums[k]
ZTTR nuns[k] FIRHFRENENTR nums[i]
[ Step 7 ] Step 8
RHFXE KHFXE
nums nums u 4 5:]
A A -
i k
g 5 % g 5 %
BHFRAFXE, EERTR nums[k] iﬁl%%ﬂFﬁEiﬂ, HEERTER nums[k]
ZTTR nuns[k] FIRHFRENENTR nums[i]
[ SxD O ] Step 10
SKHEFEE
nums
TR (RR—TREH
F)
Step 11

B 11-2 &R P R

RS, FATH k RICFARHF XRINAR/NTR:
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// == File: selection_sort.cs =

[* EEHE */
void SelectionSort(int[] nums) {
int n = nums.LlLength;
// 9MERR: REEFEXEN [i, n-1]
for (int 1 = 0; i < n - 1; i++) {
/] AEF: REIRHFXEINNEGRINTTE
int k = 1i;
for (int j =1 + 1; j < n; j++) {
if (nums[j] < nums[k])
k = j; // iERR/NTENERS|
¥
/] BzmNTESKEFKENE N TERIR

(nums[k], nums[i]) = (nums[i], nums[k]);

11.2.1 BHiESE

- MBERIEN O(n?). ENERHY: IMBEFRE n — 15, F—IRIFRIEKEY n, BE—®
FIARHEREI IR 2, BISEAMEFR A BIEIS n, no— 1. ... 3. 2 BPUFEEF, SRy Unt2)

- MR O(1), BRHLHE: H65H§ B 5 AR RO NN,

- RREEHY: QI 11-3 B, 0% nuns [1] 4 ATREVCSHEE 5 HARSNERID, SEHNRR
WP 5 2

KHFEE

oo
MITHE—RERE

FHIFRE

TRRE—RRERE,
PR 4 BERUERETHME

11-3 EEHEAERE R B

11.3 BiaHiF

B8HF (bubble sort) JEILIESIM AL S SHAHARTCR LI F . XML EG IR T2 AR — 4%,
54 B
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i 11-4 foR, B RE AT DRI TR A BRI B B e T G AT, MRIR EEE AT R R
AN, WER ETER > AR A BERE, RRRITTR SRS EI AR B .

nuns °g°9°o nuns oaageo

RHEmRm—H e

TEANSEREFRIELL
MEEGBRHESTR:

v HRE > Gk

nums - DX TEE

| Step 1 Step 2

MEZGBHESTE: MEEGEHESTE:

© AR > AATR v EATR > BlTR

o XN TR o R NTR
Step 3 Step 4

nuns 060000 nums g°g°é°

NEZEEFHESTE: MNEELBHENTR:
v EATER < AlnER v EARR > BlnE
. BRAT - TERATTR

| Step 5 Step 6

KIE %

{1

8 n-1 AREAHE |

BHTERSE,
RARERTHKE

Step 7

11-4  FHTCER R ERAU E

11.3.1 E&EniE

REAHNKE N n, EiEPE2EINE 11-5 frr.

LB, Mo AmRMT B, REENERITRE IR IETAE,

2. TR, MR n — 1 ATRIT "B, #8 ROrRMEIETAIE,

3. DU, Z2idn — 148 “Bil0” J5, #in — 1 KROCRMPEHEIERAE.
4. PG —PReERRITR, AR, EIEHH K.
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“BikE  KHIFEE
B9rTE

nums nna [o, 5]

miTE 1 ®ER.

paonan -

MITE 2 BEER

HITE 3 ®EER

GLE0 ) I

[0, 3]

WITE « ®EA

0800

HiT# 5 ®EE

088000

FTRHFE (RR—MaRTAHF)

[o, 1]

[0, o]

K 11-5 Bifriite

AREE AN
// == File: bubble_sort.cs =

/* BiBHRE */
void BubbleSort(int[] nums) {
[/ SMER: RkHFEXER [0, il
for (int i = nums.Length - 1; i > 0; i--) {
/l WER: BRHEFEXE [0, i] PHRATRERIREZXEN&EEGH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]1) {
// 3 nums[j] 5 nums[j + 1]
(nums[j + 11, nums[j]) = (nums[j], nums[j + 1]);

11.3.2 B MK

BATRI, MRHEAE “BiR” PERA PTG EE, WHBEHE Sk, ATERRESR, Fit, [T
DA AN —RaBAL Flag RETTZXAMELL, — B HIIAZRLR[EL,

Gt A, IR 2 I 2R R T IN B 2R 05 O(n?) 5 B4 ARSI, ATkE)]
SBERTEZE O(n) .

// == File: bubble_sort.cs =

/*x BiEHE (REML) =/
void BubbleSortWithFlag(int[] nums) {
[/ SMER: RKHFEXER [0, il

for (int i = nums.Length - 1; i > 0; i--) {
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bool flag = false; // #AMATEAL
[/l WiER: FRHEFEXE [0, 1] FRRATERIREZXEN&RGIH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]) {
// 3% nums[j] 5 nums[j + 1]
(nums[j + 11, nums[j]1) = (nums[j], nums[j + 1]);
flag = true; // ERXMTE

}
b
if (!flag) break; /] R BT RMERTER, EEB

11.3.3 HiESE

- BRERIEEN O(n?). EIERHF: &5 BN BHOBEKERI I n — 1 n—2. ... 2. 1,
IR (n— 1)n/2. E5IA Flag (AL, SRS ZERTIAS O(n) .

- SSRERIEN O(1). FRsHErz: f55F ¢ R j HRIREOR MBS,

- RSEHDY: BTE CER BRI RH,

11.4 {ENHEF

HAHF (insertion sort) J2—AhfE RAUHEFRIL, BN TIERES T — A R AR E AL,

BRI, BAMERHFXHEZE P RETR, oo 5 HAMEHF XRRTTRZE —ERD, FR
ICRAAZNERAIN B,

K 11-6 R T EEAIE AT R AR ER AR, BEHETERDY base , FRATFEMERRSIE] base ZRIKFTH
TLRAEEE 0, KR base MES HIRR5I,

. e
(2[a]2]«]5 ] REE

nums[5] = nums[4]

¥R 3 fENE nums SETERNR

£
EHFRANERE s | EEEOOE

nums[&4] = nums[3]

AN
DEEEEE

nums[3] = base

sanes | 080008

B 11-6 BAUEAIRSE



F1E HF www.hello-algo.com 217

11.4.1 EERIE

AP R ME 11-7 Fror.

L WIS, BARS 1 D aRe e,

2. IEBCBEHRIES 2 N ICRIEN base , KHMAZIEMES, AN 2 ATREH.

3. JEHUE 3 NTRIFN base , KrHIBHAZIEMMES, AT 3 MeRcH.

4. DAHSEHE, fEf/a—ferh, EIRE— P ITRIEN base , KHMAZIIEMVBS, FifixscHiy.

BHFEE

[0, o]
[o, 1]
[o, 2]
[o, 3]
[0, 4]

[0, 5]

K 11-7 fHAHFE R
AREIRS AN R :

// == File: insertion_sort.cs =

/* FEANHFE *+/
void InsertionSort(int[] nums) {
// 9MER: BEHIFKEA [0, i-1]
for (int i = 1; i < nums.Length; i++) {
int bas = nums[i]l, j =1 - 1;
/] WEF: ¥ base WAZIEHFXE [0, i-1] FEMRUE
while (j >= 0 & nums[j] > bas) {
nums[j + 1] = nums[j1; // ¥ nums[j] m&G#Hs—1L
J--i
}
nums[j + 1] = bas; // % base TREZIEHMNE

11.4.2 HiEisiE

- RSN O(n2), BIERHEY: ERENIT, SUEARESNEEER n — 1, n— 2, ...
2. 1R, RAEE] (n— 1)n/2, BEHREEZRREN O(n?) . HBEFEIRN, HARESIRNL
Ik SEABEHSE RN, AR S RE O(n) .
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- BRERERN O(1), Wb 485 0 f1 j SEREEBO NSNS E
- REHEE: ERAREEES, ROSKTRBAZMHETRNEM, FEUEENRIE.

11.4.3 {HNHIFBRRLE

AP FEZE R O(n?) , TEAIERE: PO F IR R E 2% O(nlogn) » RERAHERF
AURTTRI S 26 s, (HAEBUR RIS, WAHE I E i,

XANEEE S RIEE I 0 BRGNS IE RO, PudHFIXE O(nlogn) MEZETETHIAK
IR ST, A S 2 AT R R, MiIESAREEVINS, n? Fl nlog n B HARSE, HAER
m SN, SRR TTRERE R SIPUE R

Khr b, WEHEES (Bl Java) RINEHFFRECRA THEAHF, REEEN: XTREH, RAET
SHAERMHIHF SRR, BIanpuEHy; N TEREH, BRERmAHE,

EORF I, AR A IR RS 248 O(n?) , (BAESRIGHLR, $ A HER M R 550%
Fea T HiEbrmEssiy, Z2E TR,

BT AR, TS — MR, S0 3 TR AN T LR L
B, R L NATER(E, R, I H TR B AR .

- SFER AR FEOTH RRIN RS O(n®) o RS SIS FIIEAR, R ASEFALSE b
PR

PRI RRLE, TS T .

11.5 HRiEHF

BREHRF (quick sort) JE—RUETIARISAGHEF FIL, B1TE, M 7Z.
PIEHE R OERMER “IHIERI D", HEMRE: SRS PRENITTRED R, Bra /TR
HUTCRBEHAAM, AT EMEBETRBEHAM, ARG, HIXIRREmE 11-8 For.

L JEBEE BT R E N EE MR, WG NMEEE 1 0 § BB EE AP,

2. WEMER, EERPER L ) AHSEEDHEERR O BT, REZRZMNTER,
3. TEM AT R 2., EHE 1M j HIBNELL, &EREEBESRER DT EEH 5

Step 1 Y- Step 2 =
left ht left ht
v v
w @ o
A A
i J J
right) right)
nums[left] MM # B nums[left] HEMK
d nuns[3] > nums[leftl: & WEBAEREMNFEEKOTE nums[3] > nums[leftl:  # WAREREM\FEEMNTE
d nums[i] € nums[leftl:  # MWAERAREMATRAMNTE nums[i] € nums(leftl:  # AEREREMATIREHNTE
i4=1
nums[i], nums[j] = nums[3], nums[i] # TRRFENTR nums[3] = nums[3j1, nums[i] # RXFATR
nums[il, nums[left] = nums[left], nuns[i]  # HEAHSHMERFRANHRL nuns[left], nuns[i]  # BEEHEMEBFHANSRE

rrrrrr i # EEEESHRS| # EEEREHNRS|
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FNE

Step 3 F-3574 | step 4 =35
) left right : left right
v v
ol [ [ [ ][]
A A
i b
def partition(nums, left, right): def partition(nums, left, right):
[ HERIS"
i, j = left, right # B nums[left] REEH i, j = left, right # LU nums[left] REEH
while i < j: while i < j:
while i < j and nums[3] > nums[leftl:  # MAEEAREMIFRRBHTR while i < j and nums[3] > nums[leftl:  # MEEEREMNFRERNTER
3= 1
while i < j and nums[i] < nums[leftl:  # WEBAREMATERMENTE while i < j and nums[i] < nums[leftl:  # WEBEREIATRRMITE
i+=1 i+=1
nums[i], nums[j] = nums[j], nums[i] # REXTENTR nums[i], nums[j] = nums[j], nums[i] # THXBANTTER
nums[i], nums[left] = nums[left], nums[i] # BRERTRERFRANSFE nums[i], nums[left] = nums[left], nums[i] # BREBTRERFHRANSRE
return i # EEAERNFRS| return i # EERRERS|
Step 5 E%:5d Step 6 %54
: left right : left right

v v
nums annnaa
X4

i3]

def partition(nums, left, right):
BRI
i, j = left, right
while i < j:

while i < j and nums[j] > nums[left]:

# B nums[left] JEMEH

# WEREREMINTFRERNTE

nums

B
j
i

def partition(nums, left, right):
IR
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:

# B nums[left] JEMEM

# WEBEREMINTFEERTR

j-=1 j =1
while i < j and nums[i] < nums[left]: # NEREREMATRESHTE while i < j and nums[i] < nums[left]: # WERGREMATRREENTR
i+=1 i+=1
nums[i], nums[j] = nums[j], nums[i] # P DTH nums[i], nums[j] = nums[j], nums[i] # SHBXFDTTR
nums[i], nums[left] = nums[left], nums[i] # BRERTRERFRANS FLE nums[i], nums[left] = nums[left], nums[i] # BEENMSRERFRANSIRE
return i # EEEEBAFRS| return i # EEEREERERS|
[ Step 7 ] E %504 Step 8
left right left EEH right

def partition(nums, left, right):

nums

def partition(nums, left, right):
MRS

emERA
i, j = left, right # B nuns[left] SR i, j = left, right # B nums[left] HEMMK
while i < j: while i < j:

# NEREREMINTFRERMTR

while i < j and nums[3] > nums[left]:

51

while i < j and nums[i] < nums[left]:

i+=1

# WERERE M\ FRERNTR

# NEBGHREMATRERNTE

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[j], nums[il

# WERERE AT REHETR

# ZWXFTTR

nums[il, nums[j] = nums[3j1, nums[i] # T DTE
nums[i], nums[left] = nums[left], nums[i] # BRENSRERFRANSRE nums[i], nums[left] = nums[left], nums[i] # BEEYSERERFHRANSIRE
return i # EEEEBRARS| return i # EEEESRRS|
Step 9

nums

HFHE

‘WIS TRE, WRMTRG
EFSAARTER < BEN < EFREERTE

B 11-8 MHR) o558

LRI G, RS =5 8, Bl A8, B “Er8AEETRE <&
R < HTFEAERITR". B, BN TRATBIZND A THR .

PR HER 1 7 6 R
M1 0 B SR U R — DB AR A HE 7 TR T R D B B I HE e 1]
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// == File: quick_sort.cs =

/* TTERXME */
void Swap(int[] nums, int i, int j) {
(nums[31, nums[i]) = (nums[il, nums[31);

}

/* HEXID %/
int Partition(int[] nums, int left, int right) {
// L nums[left] AEHEEK
int i = left, j = right;
while (i < j) {
while (i < j && nums[j] >= nums[left])

7==7 /l MNEEERENNTFEESRNTR
while (i < j && nums[i] <= nums[left])
Ali=Ep /l MNEBARRENAKTEESRNTR
Swap(nums, i, j); // KXW TE
+
Swap(nums, i, left); // BEEBXKMERFHANDRE
return i; /] REIEEFHNZERS

11.5.1 EERiE

PRIEHE R R AR TR AN S 11-9 PR,

L EE, MEEHPIT R WX, SEIRHER I TR T8,
2. g, MNEFEAMGFEAD NIRRT “THRID",
3. KiBuBd, HEFHAKEN 1 NKIL, MmsEsEE N EEENHET,

- 00000 “
FEE)3
aonoan

YRS
A

2

. BITTRARIT RIS
3 TR CREAETHE - EETHAKER 1 MAL

, B aa BIEISERR B A

THEERIS

B : BRI

213813 E=J 1S E=J1=clE

iﬁ
=
3

0 11]2]|3]|¢4

7

K 11-9 Pkt
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// = File: quick_sort.cs

/* REHRE */
void QuickSort(int[] nums, int left, int right) {
/] FEAKERN 1 RIS
if (left >= right)
return;
[/ HEXID
int pivot = Partition(nums, left, right);
/] EFAEFEA. GFEA
QuickSort(nums, left, pivot - 1);
QuickSort(nums, pivot + 1, right);

11.5.2 HixisE

- NEEZREN O(nlogn). AEAWERNHT: TEFIER T, WERIDHNEHEE logn , BEHH
EIEIRECH n, BUAEEH O(nlogn) R, TERZEBNT, RIS RIEHRRE n FEEHK
SHREER O n — 1WA T, EEAEEOAE n, SEPNERECYn, BEERA O(n?)
i 1],

- BMERERN O(n). FHHDY : EMABEZ2EFNEL T, RBHEERITRE n, H O(n)
Wiz Rl, HeP B E A R B TRY, RIGBIAIMEE.,

- ARREHE . ARG, BERATRES IR A TR A M,

11.5.3 REHF AT AR

MAFR ERERER H, POEHEFERCRTTH N i BA —ER LS, RE PRI N RIS R ES “HFHHE
R A CHEHERT M), EIEE POEHEERRCR e, EEA DT REL,

- HBURENE BRI BAVRHEFNRERFE2REN O(n?) , WHIDHITRE, BE4R
ZEIEBUR, PuEHEFRETE O(n logn) MK RIS Z&E NS T,

©OBRAHEMRCRE: ERITIHERI M RIEN, REATREBED FRAMBRIZRS, BITRTRIRRER
o Mg “HEHER” XRBEFREBRIFITE, MMEkZix—Rt,

- BENEREBARRUN: £ ER=REET, PuRHEERR. WE, RRERENEBERD, X5
SEAHERT e BT E AR RS

11.5.4 BEHMRK

PoidtHb e 2 A\ R RBSCR AT RERRAIS, 28— PHSmBI T, R ABEHZE2RFEN, BTHRAIERE
IRFETCRIE AR, I2TENEXI D 7e e, SRS B Rktm, SEEFEHARE N n — 1,
AFEAHARKEN O, MBI RE, FHRIHEKDERE DT EARNKEN 0, 2GR, i
B B fEeiER.

N RBERGIXAEOUZE, BT AL SR 53 v SRR ORI filan,  FefiTm] PAREHLIZEH — 1
TERIENEMER, AW, WRETME, SRANERAHEEREER, BERMATRWAE,
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TEERNE, WEESEFEERIE “OhREHLEC . GRS Do BEHLE S — R I LR,
AR 2 PRIEHE P B RCRAT R T RES 1L

NT G, AR DIERAFIER = MeikeR CEW MEANE. B, PRoTR), HRX=1 ik
TR PR BN IEHERL, IXFE—K, FRER “BEA A MEAAR” FERRERIERT . 4R, ATIEA] A
VEHUE 2 RIETCE, DU — IR EEIRIRR Y, RADXFOTIRE, WEERESEE O(n?) MR AK
R,

RERSAN T
// == File: quick_sort.cs =

/% EEN=MEETEIPUEL +/
int MedianThree(int[] nums, int left, int mid, int right) {
int 1 = nums[left], m = nums[mid], r = nums[right];
if ((L<=mé&&m<=r) || (r<=ms&&m<=1))
return mid; // m & 1L # r Zd
if (m<=18&& lL<=r) || (r<=18 1 <=m))
return left; // 1L & m M r Zig
return right;

h

[* HEXS (ZEENHE) «/
int Partition(int[] nums, int left, int right) {
/] EEN = MEIETEBIP LR
int med = MedianThree(nums, left, (left + right) / 2, right);
/] BRIHIRE AR TR
Swap(nums, left, med);
/] BL nums[left] REEE
int i = left, j = right;
while (i < j) {
while (i < j && nums[j] >= nums[left])

J==3 [/l MEBEEKRENNTEESRNTER
while (i < j 8&& nums[i] <= nums[left])
= // WEBAEHRENKTEERNTSR
Swap(nums, i, j); // HXFEDITE
}
Swap(nums, i, left); // REEHIRERFIHANDRE
return i; /] REIEAEFNZES|

11.5.5 BI)TFERL

TERLEEA T, POEHbP T RE S BRI, D22 A R AR NG, BT FEAHRE N m
FRMHSEXI IR T A KDy O BIZAE FREHMIKE N m — 1 A 8, RXEWE S —R1E AR
RIREERRAE RN CURD—A T R), AR EEREE n — 1, HINFEZESH O(n) K/ HE L,
NT PR R R, BATA] DIERRIE I P 52 UE, AN FREHRRKE, DO BRI v B
718, BTN FEENKERSEE n/2, BHXM7IEREFBITRENET logn, MMPRRZESS
RS REMAE O(logn) o RESAFFR:

// = File: quick_sort.cs =

[* REHE (BIPREML) */
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void QuickSort(int[] nums, int left, int right) {
/] FEHAKERN 1 &L
while (left < right) {
/]l HEXSDRE
int pivot = Partition(nums, left, right);
/] RN FERPRIGHIB NI TIEEF
if (pivot - left < right - pivot) {
QuickSort(nums, left, pivot - 1); // #)IHEEFEA
left = pivot + 1; // FHREKXHFEXEA [pivot + 1, right]
} else {
QuickSort(nums, pivot + 1, right); // E)IHEHAFEA
right = pivot - 1; // FRKXHFEXEHN [left, pivot - 1]
}

11.6 FAHHIF

JAFHHRF (merge sort) B —FETIERIEHIHHF R, WEE 11-10 Fosmy “Xin” M “&37 M.
L R RBe: 8RN W R M A U IT, R A A HE e 1] AU A J 2 O e 1)
2. BIFRTBE: LT BAKEN 1 INEIERy, THAGH, R Aa M MR E PRGN — T
KIAFPEA, EEEHR,

U

) mmwn
IR

SHHE

11-10  AFFHERRIR 5 B FFHT

11.6.1 BRI

NE 1111 Fow, X BEE TR R IR 2 M i ) o3 A 125

1. HEHHA T F nid,, BN EFEEH (XA [left, mid] ) FAFHH (XA [mid + 1, right]
Do
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2. BARTHER 1., EETEAXRREN 1 &L,
BB WIRETR £ FBANEG FEHASH N DA PR, FEEERNE, NKEN 17847

wma

Step 3

Step 7

s |

Daeno

#IFRIS

|
|

Ly el
bR

ir e ]
EJ12 40

el
EJ1= 40

, BB TRAER AR,

‘ Step 2 ‘

e

| step 6 |

s

[ step 1a]

MRER
LR

AR
1= 40

MRER
LR
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B 11-11 VAFHE 23R

WERAIR, VAFFHEF 5 = SR Fe i D 3 A 72—

Jarply: SeBIAAE T, FBIIE TR, RIE AR A
VIRHER: Jod A8, BEG TR, RELEEH.

VAHHEF R SZELAN DL RS R, TEER, nums IIRFEFH XN [left, right], T tmp AYX N X EIA
[0, right - left].,

// == File: merge_sort.cs =

/* BHEFHAMEGFHE «/
void Merge(int[] nums, int left, int mid, int right) {
/] EFHAXEAN [left, mid], AFEHEXENA [mid+1, right]
[/ BIE—DIGETEE tmp , ATERESHENER
int[] tmp = new int[right - left + 1];
/] VE A FEAAFA FEA IR RS
int 1 = left, j =mid + 1, k = 0;
/] BEAFHABEETERN, #THRHBRNNTRESEIGRTEAH
while (i <= mid && j <= right) {
if (nums[i] <= nums[j])
tmp[k++] = nums[i++];
else
tmp[k++] = nums[j++];
+
/] BEFHANAFHANTRITREHRIGEEAEF
white (i <= mid) {
tmp[k++] = nums[i++];
¥
while (j <= right) {
tmp[k++] = nums[j++];
¥
/] BIEBIEER tmp FEITREFIEIEELE nuns BIXTRZXE]
for (k = 0; k < tmp.Length; ++k) {
nums[left + k] = tmp[k];
}
I

/* VEAHERE +/
void MergeSort(int[] nums, int left, int right) {
/] EIEEHF

if (left >= right) return; /] HFEAEKERN 1 RIS
/] RIDMER

int mid = left + (right - left) / 2; [/ HEHR
MergeSort(nums, left, mid); /] BFEFEA

MergeSort(nums, mid + 1, right); // #F3EFEHA
/] EHMER
Merge(nums, left, mid, right);

11.6.2 HiEis4E

WIS 24050 O(nlogn). JEETERIHERE: K% 7-2ERE N log n OBIAR, IR A A MHRE R
Hn, FHAER I ZEN O(nlogn) .
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- BEERER O(n). JEFHEET: B3R ER logn, #H O(logn) K/NUARIZSF, &R
ZAEBIBIEESCI, [ O(n) K/ANRIERINEH,
- REHEE: EEIFERET, HETRNRT R,

11.6.3 §ERHIE

NTHER, VAR T R R R A B0, WBLRBERHIPES B MEREMILE O(1) .

- RBBE: ATDUER] OB B BT SRSSEIRERI > TAE, A A )6 A B AR A,
© AIEREY: fERERT, TRIEMERCERSCES I (EED) BIRTSCEL, WA RN EE P E
RAHN-DRAFHER) TTHOTEIIMER,

HAASCIANTT LR 2%, AR IRE 7] DA RS BRI T2 5

11.7 HEF

Tip
BEATTHT, IERRE TS " =,

I (heap sort) J2 i THERHRSSH SR @ BIE, FATATDAHEAFER MR
TURHHERIE" KIHEHE

L S NBCEIFRNTHE, R N TR AL T HET
2. NWrAST HIHERRSE, RUGCRHHETTER, BIRREIWNEIRHF RIS,

AETTEEEIRRIAT, (AREM— MM SRR HTTER, HEORS M, EKhrd, BABEH EH
— RS AL AR SE I T Ko

11.7.1 EZXER

BRI n, HEHEFRIRURAE 11-12 For.

L S NBEHIFREILRTIHE, 5epln, SARTTRATHET,

2. FHETIOTR (BB— R SHRILR (Ra—TmR) e, i, HIKER 1, EHFT
2HEM L,

3. MHETUTERITIR, MTRERHUTHEILERE (sift down), semdfifb/E, HERMERSEIEE,

4. TEIHATE 2. PRI 3. . 1B n — 1105, BIRTSEREE T,

Tip
SEhr b, JTRHHEREPREEE 2. BME 3. P, HEZ T PHETTRNPE,
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- |
o ©
000

R RNET

t SERBAERT

nums
TR
| Step 1

o000

ENENKE SHFXE

A

N

nums

Step 3

U -

HNERXE BHFXE

e

nums

000

MNERKE SHFXE

nums

s

6 o

0060

ERRE EHFXE

~

EETR

IEHIF

1. MNBARFEE

S

1. BABEF R

2. EFMERRIBATE
(1) ZHSEMTRSHETE
(2) MTRERBITHEN

IEHIF

1. MNSRFERE

2. EFMERRIBATR
(1) ZHEMTRSHERTR
(2) MTREREFHTHEMW

S

1. BABEF R

2. EFMERRIBATE
(1) ZHSEMTRSHETER
(2) MTRERBTHEN

IEHIF

1. MNSRFEE

2. EFMERRIBATR
(1) ZHEMTRSHRTR
(2) MTREREFTHN

o ©
000

ERENKE BEHFXIE

Is =

| step 2 ‘

o000

EMWENRE SHIFXE

I N

nums

Step 4

[}
e ©
000

HNENXE EHFXE

Is I ~

nums

| step 6 ‘

6 o
ooo

MARKE BHIFXE
—

nums

Step 8

000

NENXE EHFXE

laeYs - ~

nums

[ step 10 ‘

SEHF

1. MINBERF R
2. BFRMEFRRBATR
(1) RETRTRSHETR

EHF

1. WABERHEE
2. fEFMEPRIBATE
(1) ZWEMTRSHERTR

SEHF

1. MINBURF R
2. BIRMEFRIBATR
(1) RETRTRSHETR

EHF

1. WABURHEE
2. fEFMEPIRIBATE
(1) ZBEMTRSHERTR

EHF

1. MINBERF R
2. BIFMEFRIBATR
(1) RWETRTRSHETR



F1E HF www.hello-algo.com

(] o
<> <> eHF C) C)

1. MNBABFHEE

@ @ @ 2. EFMEERREATE @ @ @

(1) ZEEMTRSHETR

$W§&E@ Emgzm (2) MTREE#HTHL Emszm
- @000 — 00000
Step 11 \ Step 12

B 11-12 HeHE P 3

2. BIFRMEFRBATR
(1) HBETRTRSHERTR

3. FR—ADTEREARE, HFTR

FERRDSEIEAR, BAMEA TS “HE” BHRE R R sift_down () BREL, (ESTERAE, HTHER
KESHMERBURATTRTEVD, FERNTFES sift_down() WEGRIM— 1M KESE n, HATHEEHER

HRTARRE, RSN NR:

// == File: heap_sort.cs =

[* HWHKER n , MNT8R 1 iR, MNINEERHEWL +/
void SiftDown(int[] nums, int n, int i) {
while (true) {
// FIETES i, 1, r PERKHTES, 184 na

int 1 =21+ 1;
int r =2 % i+ 2;
int ma = i;
if (L < n && nums[1] > nums[mal)
ma = 1;
if (r < n & nums[r] > nums[mal)
ma = r;
// BhR 1 gAREZES 1, r @857, WEhdrsstd, B
if (ma = i)
break;

/] IR T R
(nums[mal, nums[i]) = (nums[i], nums[mal);
/] EFRETHENL

i= ma;
}

[* EHF */
void HeapSort(int[] nums) {
/] EEER(E: HARRH T RUINIEMIE TR
for (int i = nums.Length / 2 - 1; i >= 0; i--) {
SiftDown(nums, nums.lLength, i);
+
/] MEFRIREEGRATTE, B n-1 B8
for (int i = nums.Length - 1; i > 0; i--) {
/] RERTREREHTR RIEETRSETR)
(nums[i], nums[B]) = (nums[0], nums[i]);
/] URTRAER, MNINEREFTHL
SiftDown(nums, i, 0);
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11.7.2 EE$4

- WHERERN O(nlogn). IEAERNHEE: EHERIEGH O(n) NE, MHEFRHRBURKTTRINHE
2EH O(logn) , HEHR N — 145,

- BEERER O(L). by JLNMESERMSHE O(1) ZH, TTRMMEIREE R R -
HATH,

- AFEHT : TEIHETTOT R R RN, ST RN A E AR AR,

11.8 HHiF

AR URHE P SR E R T “ BT IR RR”, e NEd BT R AR RS, R SRR
NEERETLHER O(nlogn) . # K, BATRHRNUM “GELRHIFRIE", ENIRIN AT DUS
FEMERT

#@HE (bucket sort) Z7HARMGHI— DN, Eild IR E L BAR/NMEFP IR, xR — P8
TEVOH], REUEFIDECEIS IS 5, EEIRNERDBIAITHY  REHLIREINT /& FrH SR &
¥

11.8.1 EEinig
BN KEEN n R, HoTSREE [0, 1) PENZAR. AHEF R RME 11-13 R,

L. #IaE kM, 8 n DICERIECE] kM,
2. MM APTHY OXERAGEE S HINEHFEED .
3. TZHRAE A NEIRRI R S 453

piisanll (05 ] 0.55 0.2 J0.09 [0.57[ 0.43 ] 0.51 [0.75]0.15 [ 0.7 | P RE P 7E
— e ) S SR RRHER
i HEMESIR
buckets S HR
HFRE
IR
BHER
LR

11-13 WA RRE

B0 R R:
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// == File: bucket_sort.cs =

/* @HE */
void BucketSort(float[] nums) {
/] ¥ k = n/2 M@, RS MESE 2 NTHR
int k = nums.Length / 2;
List<List<float>> buckets = [];
for (dint 1 = 0; 1 < k; i++) {
buckets.Add([]);
}
/] 1. BEBATESRIZNEH
foreach (float num in nums) {
/] WANBIESEER [0, 1), A num * k BREIFIZESISEE [0, k-1]
int i = (int)(num * K);
// ¥ num FONEAE i
buckets[i].Add(num);
}.
/] 2. JIFENMERITHF
foreach (List<float> bucket in buckets) {
/] EREREHFRE, BWAIUSRREMHIERE
bucket.Sort();

}.
/] 3. BHBEEHE
int j = o;

foreach (List<float> bucket in buckets) {
foreach (float num in bucket) {
nums[j++] = num;

}

11.8.2 HiE4HE

MHERPE M TP A BRI EHE, Bilan, MABIRES 100 51ex, HTZERRG, RENFLE R
PEIEFTAEAE, M, FTRLRAEHE R 1000 M, AR METHY, BEREREIH .

- IMERER O(n + k)« RICRIES DRI, BAFEIRARTTREEN T o RHF
AR O(% log ) N, WIHFERTEREH O(nlog ) WH, i8R k BRI, W%
JEWERT O(n) » AIFSERNTFEZERAAMTE, €25 O(n + k) WA, EREGLT, Fraf
FE MRS — M, BHERFIZRGER O(n?) I,

- BRERERN O(n + k). G TFEMED EAMERES n A TREENEEL

- MR R AR BUR THEF R AT R IR R SRR

11.8.3 YNAISCINFEIY 53 L

fAHER N TR A S AT DUAE] O(n) , REHETROTRIBLEIS AN, FOySEirEdaEErz
B 0Ai, Bln, FAVEEREE ERIATE R R IZ M RTEREFEI 2 ECE] 10 M, (HE IS 21,
T 100 TEMAER 2, &7 1000 TTAYAER D FERTFSIXRFEIRI308 10 4, S MRS SR ER S
FEH R,

MR, BATA DA — KRB 0 SRR, KRRt 2 3 DA, srltse ehn, MRREmish
BRI N 3 W, HEFHRPRCRBERRBHISE,
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Qi 11-14 FoR, XA IEAR R B AR —ARIAR, BARZIE T REER TR, M, AR e
FRBARER 2N 3 M, BARKI 75 AT SE s s R TSR

BmiiE
(RS BUBRINER
S — g5y 20% 15%
MigXia  #HIELEE
HIEE — b 100-500 >500 <19 8%
10-20 13%
(@ 20-35 12%
18% 35% 12% 35-50 10%
. 50-100 12%
<10 10:50~_  50-100
T _ 100-500  20%
- . e >500 15%
13% 12% 10%
10-20 20-35 35-50

K 11-14 JRIERIAE

QUERBRATHR AT RIS AR BR324, W] DURIE BRI i B B R R 0 SRR ([EISERERR,
AR A —EFLERES, T DURIEEERER mOR AR AR B T B,

i 11-15 Ao, BAMBOZ A RIS IRMIE RS 2045, IXAEREA] DAE B E A DXTR), MRS 45 o0 i
2RSS e

HEEE

0.4

. \
10 25 80 200 +o  EmiftHE
« 0 0000

:

ke <3 3~10 10~25 25~80 80~200 >200

11-15  HRAEMER 717 Kl oA

11.9 it¥HiF

I (counting sort) B G I CREE RN, 185 B TREEEA,
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11.9.1 {EEASEI

JeRE—MERIIE T BT — MR n 0% nuns , HARTTRERE “AE08E0, DT R
FRUNE 11-16 Fms,

1. B, HRHHEPNRAET, Idhm, REEIE—NKER m + 1 WEHBIEE counter

2. 1858h counter Giit nums PEBFHIHINREL, HA counter[num] X ECF num B HEELREL, Siit
FIERE R, HFEET nums (B4 RTECFN num), 504 counter [num] 3440 1 BIAT,

3. HF counter IBANRIIERAF, HHYSFAETEaH)z4 7. 8 K, BATED counter
FRABE S E T BN N R BB 3E N nums BIA],

HHIFBE nums

A nums HFATSEFOHIURE
counter[num] 5 num AYHIREK

7

| ; #H counter , HEHF
| \ \\ FERHEIURABUEN nums BIE]

LER¥A nums

B 11-16 i+

(AT NN
// == File: counting_sort.cs =

/* HEHE */
/] BEREXI, TERTHIEER
void CountingSortNaive(int[] nums) {
/] 1. SR AKTE 0
intm = 0;
foreach (int num in nums) {
m = Math.Max(m, num);
+
/2. FIFEHFHHINRE
// counter[num] & num BYHINRZEL
int[] counter = new int[m + 1];
foreach (int num in nums) {

counter[num]++;
¥
// 3. & counter , BEITHRENFREHA 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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TP SAHER IR
MR AIES, AT DLRE R R T counter BIRDNRT N — P, Rgtitik
BRERBRB RSN ICR BRI MAREH. ABLL, TR R ARHE R R NI — DR,

11.9.2 TEIIY
MOANLEFTRERIN T, MSMABIRRMNSR, BT 3. s T, R ASEE R AN SR, Bl 1A%
TR SIS CERRR AR R) MRS THY, M R R HREA T I HE R 45 5

IR A RIS B BRI HE P 45 RIE? FRATE Je 5 counter 1Y “AIZATT, B4, RI| 1 LAYFTE
Fl prefix[1i] TR 1 MR ZM:

prefix[i] = Z counter(j]
=0

RIS EA IR, prefix[num] - 14RFHCE num SR EA res e —RHBINES, XNME
BAEECHE RN EEIRBIIS N CENIZ IS REEHWMIE, B2 Nk, BAMEFEHIFEEE nuns
FIEENITE num, FEEFIERAPHITARS,

1. % num AL res IIRS| prefix[num] - 14,
2. ZRIZA prefix[num] BN 1, MIAEE RCE num RS,

wPsERaE, A res HRUZHHFIFRIZER, &G res B nums BIA], & 11-17 foR 15281
R R,

e e ((§OE0000000 =4 o (000000000
HF num 0' 12 3 l: BF num 6 12 3 L/
BB counter nnan HIgEA prefix aannm
(counter )
W nums FHAHENERFHHIRE t# counter MAIEF, iBH prefix
counter[num] 3R num BYHIRE prefix[num] - 1 K&K num 7 res FRE—RHANES|
Step 1 Step 2
num num
v v
= - (000000000 e - (000000080
— T
#F num 0/, 1””’2’ 3 l. ' BF num 0 1 2 ’3 " ’
IS prefix annn HISEH prefix nnn
(counter) (counter)
EIFFER nums FRIESANTTR num , SRR EFFBFH nums FESDTR num , SRR

1. & num BN res WE3| prefix[num] - 1 & 1. 3§ num 3N res MIF3| prefix[num] - 1 &
— 2. LHIEM prefix(num] BR 1 , MTSEITRKE num MZ3| 2. A& prefix[num] B 1, MAEETRKE num BF5|
Step 3 Step &
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:
ra e ((§OEB000000

LR res

HF num

HIZEH prefix aann

(counter)

FIFFER nums FESANTTR num , SRHAT:

1. ¥ num N res WFK3| prefix[num] - 1 &
. 2. PHIZA prefix[num] BA 1 , MTSEITRKE num HZRE|
Step 5 l

= - 000000000
una s (OOOOE

BEwm 0 1 2 31.

WM prefix Bun

(counter)

HRHREHIRE, HENRHTREH
Y res HHREHFNER

| Step 7

& 11-17

TR B SEBLRRS AN AR

// == File: counting_sort.cs =

/% THEHERE +/
[/ TELI, AHENR, FERREHR
void CountingSort(int[] nums) {
/] 1. FiHEARAITE n
int m = 0;
foreach (int num in nums) {
m = Math.Max(m, num);
+
/] 2. FITBHFHILIREL
// counter[num] & num BYHILREL
int[] counter = new int[m + 1];
foreach (int num in nums) {
counter[num]++;

}

:
= o (OEE0000080

LR res

HF num

HIZEH prefix nnnn

(counter)

EIFFEFA nums FESNTE num , SHRHT:
1. % num N\ res MIF3| prefix[num] - 1 &

2. QHIEA prefix[num] BA 1 , MTTEEITRKE num W5

Step 6

JR¥4A nums nnunnaannn
=xna - ([OO0E000000

BFoum 0 1 2 3 &4

BISEH prefix unn
(counter)

PGSR res BERBEA nuns BIF]

Step 8

PP 3R

// 3. XK counter BIRIZRF, B “HIURE #itA “BERs|”
// BD counter[num]-1 2 num 7£ res H&EE—XEMHZES]

for (int i = 0; i < m; i++) {
counter[i + 1] += counter[i];

hy

// 4. BIFER nums , BRITHREBENGEREA res

/] ¥AEER res BTFiERE

int n = nums.LlLength;

int[] res = new int[n];

for (int i =n - 1; 1 >=0; i--) {
int num = nums[i];

res[counter[num] - 1] = num; // % num KEIIXNNZES|4
counter[num]l--; // SEIKRMER 1 , BEITXKE num BIZS|
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}
/] ERERA res BERHA nums
for (int i = 0; i < n; i++) {
nums[i] = res[i];
}
}

11.9.3 B4

- IWREZER O(n 4+ m). IEEERNHEF © ¥WIED nums FE T counter , R FHZMER AL, —#%
BT n > m, NREEREET O(n) .

- BREZERN O(n + m). EFEHHY: H81 T KES 519 n F1m K% res fl counter

- FEHbY: BT res HHEEFTEMITE WAL 19, FIEFED nuns AT DA AH ST
SRR E, WmSIRREHEE. Lhrt, IERFED nums AT AR RN ERIIHE RS R, HEEHR
AFRE R,

11.9.4 B

BIXE, (RUFSREHEHEF IR IG5, (ORGSR AT AT S HE R, AT, RS
(TR B SR A P2 H

TECHER PO AR, 50 EL A P A R B0, TR IX S n] DU R FUlssy, FFHL
TEEEA AR PR BB AN TEE 2 IR RN B, AN, W& OB, 7T DASE A T 5
I E— AN, GREBEECNES, HEF e RE R 2,

HEHEEE TR R A EIEEE R NS, e, £ BRREIFR m REERK, ENS & 2230,
il n < m i, HEHFEER O(m) IE, ATRE O(nlogn) KIHEF EIEIEEE.

11.10 E#HF

A TR, EIER TR R n RO EEEREE m B NS, BIRERATREN n = 100 M
BHTHER, M52 8 My, XEWEHBIREE m = 10° WK, AT RE R RA
frasia), TEECHEY AT DA X MR O

BEHHF (radixsort) RO EESIHEHIE —2, @RS M ORI, I, EEHFA
AP SO MENERRR, RO AETHERF, MIMTSE B RHER AR,

11.10.1 EZRIE

PRESEAR N, R FRIRIRAIESS 16, SahoEs 8, HEEHIFRRZE 11-18 Frr.

L. etk =1,
2. MEESHE kAT HHBETT. R, BIRRIRIES kA WNEIRHER
3. R kMM, RIEIREEE 2. RENER, ERIFTENEHEE SSRGS T,
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WABA nums
WAtk k = 1

B BB B 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

CALbHE, HiF

HFSE 8 fi

B 3~7 11 HHHFER

10546151

30524779

34862445

35663510

42865989
63832996

72429244
81883077

82060337

88906420

K 11-18 EEH PR iLRiE
TNHEHFHAESER, T d RN o, BREHEHE kAL x,, ATRUMEARHEAK:

x
Ty = |‘dk—1J mod d

Hep |a| FRWE R o 1A FEAE, T mod d Rt d B (BUR). X T58dE, d = 10 Hk € [1, 8]

o

AN, BATFE/NMESGE RS, 2] ARSI kA THE
// == File: radix_sort.cs =

/* 3RERGTZE num B95E k fi, HEA exp = 107 (k-1) */

int Digit(int num, int exp) {
[l ZEXN exp MHdE k AILBERELRESHITRRINAGITE
return (num / exp) % 10;

¥
[* iTEHEE (R nums 8 Kk HF)  */

void CountingSortDigit(int[] nums, int exp) {

/] THEEINMSEER 0~9 , REWEEKEN 10 B9@iE

int[] counter = new int[10];

int n = nums.Llength;

/] it 0~9 BEFHIHIREL

for (int 1 = 0; i < n; i++) {
int d = Digit(nums[i], exp); // 3RBEX nums[i] % k fi, 2~ d
counter[d]++; /] FtEE d BHIDRER

+

// REIEH, B “HIANER #®ih “HRARS

for (int i = 1; i < 10; i++) {
counter[i] += counter[i - 17];

+

/] BIFER, RIBERASITER, BETREN res

int[] res = new int[n];

for (dnt i =n - 1; i >=0; i--) {
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int d = Digit(nums[i], exp);

int j = counter[d] - 1; // 3REX d EEHAHHZRS j
res[j] = nums[il]; /] BERITEEANERS
counter[d]--; /] ¥ d BEER 1

¥
// ERERBEEFEHE nuns
for (int i = 0; i < n; i++) {
nums[i] = res[i];
}
¥

[* BEHFE */
void RadixSort(int[] nums) {
/] REVEANRATTER, BTHIMRAMUEK
int m = int.MinValue;
foreach (int num in nums) {
if (num > m) m = num;
}
/] FERMEA RIS AR &R
for (int exp = 1; exp <= m; exp *= 10) {
/] MEATENE Kk (T EGER
// k=1 ->exp =1
// k=2 ->exp =10
// BN exp = 107(k-1)
CountingSortDigit(nums, exp);

P2 ARG I 4HE R ?

FEESHIHEP R, Ja iy S ERT e HEFRIZE R 2R, RS —RHFE R a < D,
M —HRHFER a > b, WABILRIZETRICE LR, BT R A m TR
iz, I NIZSEHE ARG R M i

11.10.2 BHxi5

BT R, B PIE R T REVCERORRIIE I, HATHE IR n] DARERMEE G R, HAE
BAREIS K, BN, 12 OGS (A EEE T, ROV kK, ATRESEME 2 O(nk) > O(n?)

o

- INMERER O(nk). IEAENHDT : REIRE n. BdEh d G &RAECH k, WIRHE—AH
THEHEFAER O(n + d) B, HFEE kAER O((n + d)k) B, BEERT, df k&S
BN, BRI ZERER O(n) .

- BHERER O(n+d). EEMHET : 5HEEHIFHEE, EEHIF REEBKER n fl d 95 res
1 counter,

- REHE . Mg RER, EEHETRRE; YT ARERN, EEHEF TCIERIE S 2 ERY
Heras R,
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11.11 &K

1. EREEH

R AT BRI R, IR MRS AR SRR, Bl AT LUK B i
FY B T R B 2R (AL S O ()

AT R AR X R A TR A S EHE R X R R, MTISEHE . B AR
IR 25 O(n2) | {EET 2 Tes BRI D, I AE VR RO L 45 R 200,

R T SR RSB, ER SRR, AT RS A RS R, SR
BFEBILE O(n2) o 5\ BOEOR AR LR 5T DAVR ISR 2 (L AR, ST (R 8k T
IR, TSR NI, AR AR 2] O(log n)

BRI IR N, SR REL T 40, 1EVI R, H S T a8
4, =R RN O(n) ; ATHIFREZIZ R 2B UL E O(1)

- RS SIS BUESR. RIS AR, BRI T AR, & T RR AR A
BRI, RRHER SR TR R T P19 L,

C A R R — MR, I G AR B ARSI R, LA R T S
HURTEETIRAOIE DL, 3 H TR NURAENS O R,

R EE G R SERE Y, TR BRI N L T

- RO, RIS AT B, BARmACR, B, BUBLUR EIERES A, AT, (AT
(KR R BT —RE, AT — R B RS U R A IR B 4, ZESCRRRI T, SR TR
BRI R BB 51,

C B 1119 KT R R EIARRCR, R, O SRS,

MR CEARRE R
st me  me  me | BEE wem  msum 8Ty
BHEHF o(n?) o(n?) o(n?) o(1) JFARRE Rt € 3= i34
BRAT . mEmE om oM o) on | BE W EEm KB
mAHE  Om oM  om)  o() | #E  E#  GEm bk
PSEHF  O(nlogn) O(nlogn)  O(?)  Ofogn) | iH@E  Fl  HEEE bW
f(f"lf;rf) | 3MH#F  OMign) Omlgn) Ofnkgn) O | BE  #FE #EBE  WR
SHF  Onlogn) Ofnlogn) O(miogn)  O(f) | HHEE W FEEW WK
BHF  On+k)  On+k O  On+k | BE  HEE  FEEW
HONE MBS On+m) On+m) Onem) Omem) | BE  HAE  FEER  FER
EHHF O(nk) O(n k) o(n k) O(n +b) BE FRM  AFEEBEM AR
n ABIEEAN
B w & | B

BEMHFED, k ARAME, BB b il

11-19 HEpSIRxf

2. Q&A

Q: HIFRIEREE M 2 H 0 T BATHR?
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EISEH, BATETRER TR RN EEEITHE R, Blan, 2EEERMSG &SN e, BMmELH—
MNERHE T Jeigia 2 THER, 5% (A, 180) (B, 185) (C, 170) (D, 170) ; HX HE#HITHR.
HTHEpEEA R E, HikrTaeS3 (0, 170) (C, 170) (A, 180) (B, 185).

AIDUKIR, 25 DRI C R B A 7ci, WRRIAERIERESE T, MXERMNAREERIN,
Q: MR “MEEEER” 5 “WEELAER” B AT DA ?

AT, SENCARATTENEMERI, B0 “WEEAER” B “WEEAEKR XA ERER,
BRI — RIREH,

M X4y partition() WG —H 23 nums [Left] Ml nums[i] . 52 sc G, FEIEEA IO T EHR <= £
HERL, IXERE R )G — 2 2l nums [Left] >= nums[i] BFRL, BILTASE “MAEFEAEIR”, IBLUR
AR EEECE R TER, WSE 1 = § BBk, e EE nums[§]1 = nums[i] > nums[left],
2, G — 2 R E S — D SR R TR B A Ao, FEE e X 7 R

BABF, faEtid (e, 6, 6, 6, 11, WL “WERAER", HiXlnEH4H» (1, o, 0, 0, 0],
XTI IEWRT,

BERERNEE T, WRBATESR nums [right] NEMERL, ABAIEGFROESR, AU5E “MEFLEER,

Q: XTHEHEFRNEIAREMA, R 2R EEEHRERIEE AR EA B logn ?

TR R M BTARIR [E I8V 77 R R R, BRI X o A TR R AR 5 R T4, TEIB VIR A
feiG, mNEENFRHKERRKNESHEKEN—, REREREN, —BEN—FKE, BAR&EA
IRERELE logn o

IR Ga R P HE T, FATE FTRESIESHB I ERRIEEH, HEBR T An. n—1. ... 2. 1, &
VAR 1o IBYATREERAL AT DA G IX FhE 150 HY B

Q: UBAFFTETLREMER, POEHEFRIR FE 2R O(n?) 15? A A/ FHX fOE 1% I ?

e XTIXAENL, AT DA EEIS R R BRI =Ry AT T RT MR XA T
JVNFFIRTHRIME Do EIZTTIET, BATTREMMHEEA, X BT sE .

Q: WHbFIRERFE 2L N LR O(n?)?

BEWMT, FrETEMER— M, GRRAIRA A O(n?) SkkHrxEetE, M fi
W O(n?)
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F£128F #74

Abstract
MEHOR 2R, B — IR &S E o E R,
DMEZRT = PERNFEL: NERME, —UEAHEE 2
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12.1 #aEE
9378 (divide and conquer), 2FR3MIG2, & —MAEF EE HH WHYE LRI, /Ma@EwEETEAH, &
8“7 M98 MNP,

L g3 (RUITEED : BVTHCRE R RIS o D2 1o, B R ENE RN T FEN 2R L,
2. 16 (BIHHED : NEAIRER/DTREITR, MRETHCR 1 AT S, I B 5 A

HfiE.
niE 12-1 Fow, “VAFEHERET B TESRIS AN 2 —,

L g3 @A R (RMED K R F8d (7)), E8FHARR TR (Bh TR,
2. 16 WEETHR AP (FRERR) #ETEH, NmEEERREEE (R .

rooa (RIS
B)

BMFiERE

- A (EHEH
B)

B 12-1 JAFHP R R SRS

12.1.1 fATHIERSEIRER

—ANRBREIE S ERA DA, 8 R A% LN L HITREE,

L. FVEIRTCA R [ RI R AT DA RS /)N, RO TR0, DARZRERS DA A1 77 s A st T8 o
2. FIJSURMNIN: FREZ WA ES, DAMKE, A DRSO,
3. FRERMMTAETF: R R & 7 RS K,

BAR, VAHHE R DAL =AW,

L. MUSITCA R B R (RAED I A 78 (D,
2. FRISURMNIE): DR DU THE R (7RI A] DU HE TSR .
3. FREMMTUEH: WNEF R (FREE aJEHF N —DMERSAE (RREERR
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12.1.2 @I EIRAME
SYEAMU] DU RO RO, AT DA EIEReR, TR AT, PudiHi. VAR, e
FHB TR, B, BAHFEE, LR IR T 99450,

M2, BAIREELN: Mt2smian] DRIP RS, HORZZHR2? SaiE, KRRE A2
T, BTN R T RIS IO SR AR, X L RIRCR N 2 LU B R ORI RS R S 2
XA R A] AR EECE A AT TSP 75 TR I 18,

1. BFHEMRK

DL “EHEE i, FALE KRN n BT O(n?) MTAL BISBATHIRE 122 iR,
BEM A NP TAEL, RIS TEE O(n) M, HFESNTRATE O((n/2)?) HH, &R
FREATE O(n) W, MARFIEREN:

2

O(n + (g)2 X24n)= O(% + 2n)

FEEEEEEE FEEEEREE
by

o(n)

BiasF BigHF BiadF
o(n?) 0((n/2)2) 0((n/2)?)

DEEEEEEE

Bfx o(n2) Bk o(n2/2 +2n)

B 12-2 KBt Em B iEHT
FRR, BATHELATAERX, BB 739375 BRI 5 e 5

2
n2>n—+2n
2
2
5 N
—— =2 0
n 5 n >

nin—4) >0

XEWES n > AN, QRREREEERED, HipReRRIgER. HER, W0 ERIR R A E TR T
7k O(n?) , RREREHIEBINENT,
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A, WERBATHE AW ARSI A R, B B AE DT RN E R e ?
IXFURESLRR Bt “UFIFHERT, WREZREHR O(nlogn) .

BEE, GRERMNZSBEERINRD R, FEEHIRIDN kAT EATR? ZAEIS “fHr” JEH2E0L,
EAFREAEHFEREYE, it ENEERE ISR O(n + k) .

2. HTHERKK
BATABE, A RE) T B A2, KEt@EHE T DOHTRR. b2, 6 AT ARRE TR
IEEARE, EAHRTIRERFIIFFITRA.

HATMMAE AL AL BB IR U HA R, ROV R GER] DARIIN AL P 22 7[RI, 58 A8 70 HOR A T8
TR, AT D SRR IB TR AL,

FRANTERE 12-3 Fomfy “MiHER” w, BATR iR BRI BCE S M, WIRERE AT A AR B HE PR S5 70
B MR HEIT, EREEAHER

TTE

12-3 PRI THE

12.1.3 8ERMA

—J7H, iG] PARRIRRVE 2 2 LR A,

© FEREGE RN ZEIRE SR R RN, SRIE R PRI B RN, BRI R SR
TR XS o

- ORBEEERIL: U0 Karatsuba Ji%, BRAEEEERE 2N LB N E ISR,

- JERPSRIL: BN Strassen HIE, ERATEREIRIE M0 2D/ INERERISRIENINE,

- DOESERE: POESE TR AT DOBI S AR, X2 BV 6 SRS R .

- ORMEREX: DA, ARATH AR TR, BN DTS — MR KR
W Al AT DA v B AR, (R BhIAHHE R BT SR
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T3, SHAERIENEERAER R M SRRz,

C D ER CoEBRERERFEANTRRIIL T WERSY, REHYE HARMES RTTRE LR,
OUEHERRIR—FIX 1A, FFAERIR X AT R B =70 41

- VPR ATRKENEH, S,

- POEHER . PREHE T R NMEWE, REEBH IR FRE, — DB TTR AR E D,
55— FREAARITCR LA R, B PER AT AR 0180, EEFHANF T IR,

- WHEE . MHEE A AR R EUR D BE 2O, e IRNETTRI T, &ERS R
TERMKIXE, MMRE—ME .

- R Bl T SRR, AVL R, LR B A, B+ BESE, EMIRERL. FEARIMBREE SRR AT DA
THESRME IR o

- HE: HERRPRIRETE A R, HAAMRCE, WAL MHERAIHE(L, SRR EETRR S T 0TRR) B4R,

- A E BRBTH A AERNMAING, (BB RRRTT R BN T 3 iasks, fln, st
HEFP K BER S LR, DU A& IR,

FDAVEH, iRl “EPgies” WRIERA, REESMEERSBURSZ T,

12.2 9812 FEER

B, MREEDNHAK,

C RANER: CEOBFRIESHIIL, HEERER O(n) .,

- EIERHEER: TR BRI SRS B, R A A O(logn) % O(1)
Sebi b, WA O (log n) ISR IRTH RIETSARIGIBIN, HIin — 5 BT,

© S ERNE SR EBAHTERERTR) AN (SRR BT
), XM —ERSEEE s R B BT R ik,
- RN EAIER, TEIERRL AVL R, HESEIRG T, SRR RS2 EE N O(logn)

o

o BRI IHAREEN N TR,

- ISR PR " EPOBFHR R R (TR T EH) DT (B — T &
0, X R T RN H AT R KL,

- FRSURBNIN): £ ERH, SR DR, e SZ H AT AR,

© PRSI EI: o EREEER —MEETR, RARER FRIEEHT S, 47
SRR, BRI 2 R NS E R R

IMAREMSTRTHE R, AR ERENRILREL AR —MED, MG R0 BUHERR—Fi%
Wi,

1. BEFRakn=—a8H

FEZRIETH, Zo&EPEE TR 050 SBIK, BERMET G GBI KREHE,
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Question

BE—DREN n ERFEEAH nuns , HAFFTATRERE K, 1EEHITE target .

MIMEFIRE, TATAERXE [i, 5] M REIFREICA f(7,7) o
PAERIER f(0,n — 1) Jylddh, (@id DA NS EEAT — 2 &k,

L HRIERIXE [i, j] PR m, R EHRR— SR,
2. BRI N —F I F R, AIRED f(i,m — 1) 8 f(m + 1,j) .
3. TEINES 1. BANEE 2. &, HEHE target X AN ZIIR[E],

B 12-4 JoR THEREA A 0 EHOTR 6 B iaiE i,

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

BEREBTE 6 MW&KS|A 2

B 12-4 —ERIIEERE

CESTTURTST, Tl 17— B dfs O HRMIT £(i, ) -
// == File: binary_search_recur.cs =

[* ZHEHK: @ F(1, ) */
int DFS(int[] nums, int target, int i, int j) {
// BXEAZE, KFLBirxx, MWRE -1
if (1> 3) A4
return -1;
}

[/ TEHRSRES m
intm=(+3)/ 2;
if (nums[m] < target) {

/] BVIAFEE f(m+1, F)

return DFS(nums, target, m + 1, j);
} else if (nums[m] > target) {

/] EVIAFEE F(i, m-1)

return DFS(nums, target, i, m - 1);
} else {

/] #EIBtrm®R, REIHZERS|

return m;
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hy
[* ZDEH «/

int BinarySearch(int[] nums, int target) {
int n = nums.LlLength;
// Kfgrl@ £(0, n-1)
return DFS(nums, target, 0, n - 1);

¥

12.3 {93 a)@

Question
i — MR XWAIRTFES preorder AIH S inorder , 15 MHATEE R, IR[E] AR
o RIEXWHREEEEN A (WE 12-5 iR,

BIFFIER
/ \ B preorder
hFiER
inorder

K 12-5 Fsd = SRR BIEE

1. HERRE RS AR

[ A EiE XM preorder #1 inorder #5 —WA, 2— NS 1E A B,

- WS DA MHRRIA I, BRATTRTDURE R BT REI 0 (R M e T4, ARG T,
=58 OGRS TN TR T (R, AR I A BA LRI 751%, HHR
DNENHFR (FRED, BERRBENFRE (R Lk,

- FRSURMNIN): e RGN, ENZRRA 2%, TR, BAITRFRE
PR e P AT Pt P PR 5 2 TR B AR e A5 TR TR B

- FREEAIAETF: —BEE T ARG TR (PRI, BATHEAT DR e IBERERYT & L,
2 A B

2. ARG FiRt

ARG LA L7047, IXIE R A] DAE I 0 6 R SR AR, AHQMf3@ i i3 P preorder MIFPFiED inorder KR
TR T RE?
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HHEE X, preorder #l inorder #BA] AR A ="NEE5

- RIFEA: [ RS | EFW | BFR ], BINE 1258 [ 3 1 91217 1,
-l [ EFR | RER | AFR ], BINE 125 L 9 1 31127 1,

DA EEEAE B, BT DS E 12-6 AR BRGRIRID 4558,

1. HiFEINEICE 3 MR EE,

2. BIRIRT AL 3 7 inorder HES|, FHIZRSIFE inorder XA T 9 1 3 | 127 1,

3. MR¥E inorder MRIDEER, BEETRAG TR SEES I 13, MmAE preorder XI5
RAL31912171,

BHRURIRTER

AiFER  preorder

HEHRIRT ARG
@ @ hFEEE  inorder n 3 n aFHE

: - ‘ 3 1MEE
EFHE
o o

RiFFiER  preorder anan

12-6 1 il e ik DA P i s A I 7 g

3. ETFEEHAFHEXE
RIELA BRI 771, BNEEMEURY AL 7R, A 7HHE preorder Ml inorder HRSIIX M, T8 T
RIXEER | X A, FAIFZEB LM ZE,

- OBRY R AAR T SSAE preorder FFIIEFIE N 7,
- BRY R IRR T STE inorder YRS IIE N m o
- Y FIRAE inorder RS IX AT (1, 7] .

Wk 12-1 R, @ DL A & EIA] RRAR 1T 55 1E preorder HIYZER S|, PAK FHLE inorder YR G|IX
[E18

R 12-1 AR SR LE AT R PR e I R R 2R 5 |

R FAE preorder HHJZET| FHAE inorder FHYRFIX

L R i [, r]
T 0 i+1 [l,m —1]
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M5 S7E preorder HAYES] FHTE inorder RS X ]

AW it 14 (m =) [m+1,7]

R, AR RERIIPE (m — 1) &R RN REet”, SR 12-7 Hig,

(:) HiFFER ST.1,
preorder an...
A A A

@ @ i i+l i+1+(m-1)
E=st 17

inord(:" na

o O v

12-7 RV AL FRBIRG X ARR

4. X3
N TERAEW m IR, AU — A7 hmap SREGEEE inorder TR R R 5L

// == File: build_tree.cs =

/*x MBI 5B */
TreeNode? DFS(int[] preorder, Dictionary<int, int> inorderMap, int i, int 1, int r) {
/] FRXEANTEEIE
if (r - 1 < 0)
return null;
/]l IBEIRT =
TreeNode root = new(preorder[i]);
/l & mn, NXI9EAETFH
int m = inorderMap[preorder[i]];
/] FiRlRR: A
root.left = DFS(preorder, inorderMap, i + 1, 1, m - 1);
[/ Fil: WEAFW
root.right = DFS(preorder, inorderMap, i + 1 +m - 1, m + 1, r);
// REIRTIS
return root;

}

/* MEZXK %/
TreeNode? BuildTree(int[] preorder, int[] inorder) {
/] WA MEER, 7% inorder TTEERIZES|AIMRST
Dictionary<int, int> inorderMap = [];
for (int i = 0; i < inorder.Length; i++) {
inorderMap.TryAdd(inorder[i], 1i);
}
TreeNode? root = DFS(preorder, inorderMap, 0, 0, inorder.Length - 1);
return root;
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B 12-8 JoR TAEE —WAIE IR, ST RURIER N T AR, miESIE (GIRD 2R
B 2 Wi NP U R S EF e VA S

v DOOOA
- 0000 9

preorcer (3 @2 (17 @
snorcer (3 (1 (27

[ step 1 J

Step 2

T
e 3OO0 S/
39 n preorder
@ N : [2]7 B

Step 3 | Step &

preorder |3 9 2 7 @
inorder (95 @92 (7

=]
Step 5

=]
Step 6

/ 3 9 2 1 n preorder
@ 5[5 (12 g irorcer
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sreorcer (E)ENEDEDED
nerder (E)E)EEDED @

o o
© o

Cava J 7 | 501 ]

Step 9

B 12-8 My XRAEIIE R

BBV RE N RETF 8] preorder MH T inorder FYRITEERANE 12-9 Fir,

—
-

preorder 392 1 7
inordern3 1 2 7

preorder | 3 |9 |2 n7
inorder | 9 | 3 u2 7

39 2 lnpreorder
BEEE u inorder

I =0

B 12-9 DB BrHRII AR

BT R ECR Y 0, FIGHE— DR (BUT— MBI dfs Q) A O(1) WAl BIEAR 5 A%
R O(n) .

WGARTFE inorder TEREIZRE MBS, EREREN O(n) . EREMILT, 8RB RN,
REEAE] n, B O(n) MRz, IR 2N O(n) .

12.4 SNiEtEiR)ER

FEVAFFHE R A O AR, AT B 1] 08 T I RIS A J ) — 7 (AL, SRR TS E ]
A, AR AR 7 R
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Question

HREMMETF, WHA BFIC, EIBRET, HF A EEEn MEE, BN LRI FZBMWNEIR
HINRFHES . FRATIESS R EHIX n DMEEBERT ¢ |, HRFENNEEITFAZE (WE 12-10
Fim). TERSNEEAEREY, FEEsy LRI,

L RS SBEMN AL T AR H, 53 —HRAE T TR
2. BIRARERE— DR,
3. /NEBRINZIN T KRB Z o

ALl

Y #HEEEM A BHE C
A B C

12-10 PUOEFE RERBI

RAVERBOR @ RDGREE RN f(i) o Blan f(3) 13K 3 DRI A BENE C IDGEE R,

1. ZEEFRER

i 12-11 Ffo, A TR f(1) , B R — RSN, BRI EERM A 3= ¢ Jin),

8 O B

A B [ A B c

BR (1) WER:
EEFRESEM A BEHE C BIF

| (1)

Step 1 Step 2

B 12-11 FEA 1 () @ fig
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Qi 12-12 fiows, N TR f(2) , RREAEMAESEN, BT ENRWEDERERREEZ |, FHREE)

B R5eMFEEN,

1. e EEA/NREMN ABEB,
2. BEKEFZMNABZEC,
3. Rl NRBEMNBREC,

=1

i £(2)

~=1

BR (2) WER:
1. BIEEM A BERHE B

Step 1 ‘ Step 2
A B c A B [
R £(2) WSR: R £(2) WSR:
1. BEEM A BEHE B 1. BNERM A BEHE B
2. BRESM A BHE C 2. BRESRM A BEHE C
—— 3. WIERM B BERHIE C
Step 3 Step &

B 12-12 RN 2 ] R g
fRnE f(2) RERRREEE ) PR B MABE C, Hrh, CFOVERRML B AT,

2. FinEshE

SR f(3), BMA=AREEE, BHRRRME R T L%,
RAEED f(1) F1 f(2) B, FRDAFRMTRT MG MRS, 1% A TR BB A0k, PUTE 12-13
FURIIS IR, IXFE=ANRE RN A FEZE C T,

1. £ B NEIHE, ¢ A%ME, HHRMESMNABEB,

2. ¥ A PEIERF— DR A BEEESIZE C,

3. 2 C HEFE. A NZMHE, BRDMEZMBEEC,

a | | L&l

A B c A B [
BR £(3) WER:
A £(3) 1. BAEDESEM A BEHE B

Step 1 Step 2
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lal Lla

A B C A B C
R £(3) MER: R £(3) SR
1. BEAIEEM A BEHE B 1. BEDEEM A BEHE B
2. BER—ESMN A BEHE C 2. BRR—MESM A BEHE C
— 3. BETESRM B BHE C
Step 3 Step 4

12-13  FUN 3 BN AR
WA EE, BAEERE f(3) R APAFRE f(2) —AFRE f(1) . HIF RN =AF Rz G,
JR AR 2 f 2R, X LR T RSB ARNZHY, T ELA# AT LS It

I, FATAT LG B R 12-14 BRI RRSGEES A 43 6 50 - SRR f (n) RIS AN TR f(n—1)
FI—ANFRE f(1), FHHEIBUL R X = A,

1. BEn— 17 EEMECMNABEB,
2. BFEIs 1R ABEEBEZEC,
3. Fn— 11 REMEBANBEREC,

MNFRBDFRE f(n— 1), WROEHFERT XTIy, BERXERNFR- (1) M f(1) K
R BRI, RFE— R ERERTA],

FirlE f(n-1): & n-1 MERM A BHNE B

L D
FFE £(n): #§ n PEEM A BHE C - 4

Fiel £(1): BER 1 MEEM A BEE C

.—J—.‘—

f(n 1): % n- 1AlﬁMH§niJ§c

B 12-14  fRORDUESE R 73 16 R0

3. HE%Em

R, BATFEH—MB)IEE dfs (i, src, buf, tar), BRWERHREFRE src TRERR ¢« NEEEB%
WHE buf B3 E HARH: tar :
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// == File: hanota.cs =

/* BEh—1EE */

void Move(List<int> src, List<int> tar) {
// M src THESEH—IEE
int pan = src[”1];
src.RemoveAt(src.Count - 1);
/] BEREZBRN tar TN
tar.Add(pan);

+

/* REEGEERE f(1) +/
void DFS(int i, List<int> src, List<int> buf, List<int> tar) {
// & src RET—PEZE, WEEEHBE tar

if (i = 1) {
Move(src, tar);
return;

}

// FlE@ f(i-1) : ¥ src &P i-1 NEEMEB) tar #BE buf
DFS(i - 1, src, tar, buf);
// FiR@ (1) : ¥ src MR—IEEZEE tar
Move(src, tar);
/] FiEEE £(i-1) : ¥ buf INEP i-1 NEEMEEY src #BE tar
DFS(i - 1, buf, src, tar);

+

[* KEESGEERIRT */

void SolveHanota(List<int> A, List<int> B, List<int> C) {
int n = A.Count;

/I % A TRER n MEIRfEEN B B3 C
DFS(n, A, B, C);

aniE 12-15 Fw, POESETRETE R — RSN n BRI, ST RRE—DF R, M —NFER dfs()
R, PERRIERED O(27), TBHEREN O(n) .

12-15 DUESE TR
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Quote

POESE AR 3 — N ERE T, EHEEN—ISEE, BEME=ReRNiatr, Pk 64
MR —HEEE, BEMAEEIEE, MIMEEERE - MREBSERMBENIR—ZI, X1
SR,

SR, BIERIEN1ERMREE—k, BETEEAL 264 ~ 1.84 x 1019 ), &%) 5850 124, Iminid
o TEEN FEHERNG T, TR, WX MEVZER, AT IZAFREROH TR HEEK,

12.5 Ih&E

1. EREH

- iR M IR RS, iR () Fie (BFF) MANE, EEE TS

- HIWTR SR OIEREIANERRIERS . FRRES M. FRER SN, FRERES S,

- VAFHHEE R GRS AT SRR H OB TR R 0 N F KA A, BRI N ITRNTT
wREETF, MMEREHE.

- BIAARBSEER] DARTTEIRRCR, — 77, 2GRS TIRERE; 5—JiH, 2iREaEMTR
GIHIFHATILL,

- oMIAREA] DURORVF 2 RIARIE, B N T EBdREi S BRI, AR H SR,

- ERTRNER, BEMERICRER. NAEREN O(logn) MIERERE R Z2HET ARG I
o

© SO BEBEMGRIGH S — NN, NS T RS T SRS B, TR POEIE
THAKM =73 E K,

- RSO, AR (BRARED AT DARI O A e RIS T (R, IX AT DA R
73 3 A PR P O 2R 5 | X TR R 5K B,

- AEDOESERIEF, — DB n BRIETRT DA AU n— 1 B RIS — DN 1 H9F(R]
Al AZIF ARPRIX = mldle, SR S 2R,
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BE13E [

Abstract
BATANERE R RUIRE S, FERTEAYIERS b rT e 1B 2 KX,
EIWARY D ELEFRATREF B4R, Wik, REIRENEAEHE M,
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13.1 [EIHE*

E#E % (backtracking algorithm) 2 —Rfulid 75 28 KRR BRI V575, ERIR00LEAEZ N — DRI H
%, BNERIEATRERIMRRTTR, HBEEMRIMNNR ISR, ERIREIMSE 20T AT a] RERE AT
TEIFEARENE N 1k,

I ERE R R “REICER” KiEham, £ "R B9, BOURRNF. e RET
B TR R, TR, BTN & IS — D EARE, ZB25 7 iR SRR R TR,

il —
HE RN, EERIFFERAEERN TR, BIRE REIR,

TR, BATTRT R AR, HHWTSRT SRER SN T, B, WK RREMALRYIE res
Z o AR RSN E 13-1 A1 B M RIEFR:

// == File: preorder_traversal_i_compact.cs =
/> B fIE— x/

void PreOrder(TreeNode? root) {
if (root = null) {

return;

}

if (root.val = 7) {
/] iBFfE
res.Add(root);

}

PreOrder(root.left);
PreOrder(root.right);

BB =X,
FIEREHN 7 HTHS

AIFFEH
 @SFTR

13-1 1Rl R A

13.1.1 =iH5ELR

ZFR PR Z ML, REOVZRIR R RN 2R 27 5 “RHR” KRN, HRIAERRY
BRI N IRS TR RS T BT IR G 2 R S5 AR AR, B AOH E— PRk, R E Z AR,
ZIAH AR AT REAIE R
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AT —, iR REAR K “ZRX7, B S E0R AR A return MIFR “MNRY,
EREARE, PIRFFAUNRISHEBORM, NRX—, B — M.

e —
X PIERATEEDN 7 BT, IR IR R RN 12

TEfE— IR A |, FRATIFREAEB— DI path ICF YIRS BT REE 2. M VIRIZENEN T B9 RN,
NEH path FAIELRIIE res . WHEMIE, res HRFRIHUZITE M, A FAR:

// == File: preorder_traversal_ii_compact.cs =

/* giFEEH: Bl +/
void PreOrder(TreeNode? root) {
if (root = null) A
return;
+
[/l =i
path.Add(root);
if (root.val = 7) {
/] BRAE
res.Add(new List<TreeNode>(path));
+
PreOrder(root.left);
PreOrder(root.right);
// [EhE
path.RemoveAt(path.Count - 1);

TR “ZRA” rh, FADE R YT SR path RICHREEAZ; WfE “FHR” A, FATFHZERIZT M
path afit, PAREARZIX ZATHARE,

WERIE 13-2 Fonfid e, AT AR M ILRBE ) “HilE” 5 “WH”, WMNRET ¥,

‘0 ‘0
Sid: BIBEH, BMRS £ RITEFH, EFRS
P N [EHE: MERES, HEEE N ELB: MERS, RPORE
:0\ o path = [1] ’@) ro path = [1, 7]
// <\ // «\ H<\ // \\ BETR 7, USBERIEER
;A @ A O res = [] A O O O res = [[1, 7]]
0000 00060

Step 1 \ Step 2

Sil: BIEF, BIRE
EE: HERE, RBEE
path = [1, 7, 4]

Sk BI\EH, BRRE
EhB: RERES, RHEE
path = [1, 7]

res = [[1, 7]] res = [[1, 7]]

Step 3 Step 4
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13.1.2 B9

2R [ I D OE 1 — DB N, AR AT “BIE

£id: BIWH, BRRE
EB: ERE, RBRE
path = [1, 7, 5]

res = [[1, 7]]

£id: BIEH, BRRS
ElE: RERT, REEE
path = [1, 3]

res = [[1, 7]]

20 BIEH, BRRE
ELE: RERE, RHEE]
path = [1, 3]

res = [[1, 7]]

‘ Step 11 |

Step 10

Sid: BINBH, BRRE
ELR: RERES, REEE
path = []

res = [[1, 7], [1, 3, 7]]

K 13-2 ZiL5[ER

i BIEH, EFRRS
EB: RERS, RKHEE
path = [1]

res = [[1, 7]]

S BITEFH, BHRE
EHE: RERES, RECEE
path = [1, 3, 6]

res = [[1, 7]]

ik BITEFH, BRE

EB: RERE, RHEE

path = [1, 3, 7]

BETR 7, WEBEFRNELER
res = [[1, 7], [1, 3, 7]]

il =

FE R ERATEE D 7 BT, IR BT REIX ST SRR, FFERBRTP AR ESEN 31
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NT RN AR, BANHERMBIEARE: EERERES, FH82EN 3 WA, WHRAHEE, T
MEHLR, B NATR:

// == File: preorder_traversal_iii_compact.cs =

/> HiFF&ER: GlE= x/
void PreOrder(TreeNode? root) {
/] Btk
if (root = null || root.val = 3) {
return;
+
[/l =i
path.Add(root);
if (root.val = 7) {
/] BRfE
res.Add(new List<TreeNode>(path));
+
PreOrder(root.left);
PreOrder(root.right);
// [Eh&
path.RemoveAt(path.Count - 1);

“BIR” R MNERERIAIE, WE 13-3 R, EEZRERET, Bl 9T 7R LSRR R
X, WRIFZIERE NN, MIMHRE THEEIE,

B @RER 3 MHRNREHRE

BRI SRR A TR AR R )
MinferHERME

13-3 HRARLIRAAFBIEL

13.1.3 EZKES

TR, BNZLHEN “20, FOR, 3987 ATMAHEZRIERHSK, TR Ry P,
FEDAUTHEZRARS T, state FORMEIAILATIRA, choices IR AIIAZAS T Al DA HI AI%ERE :

/* [BIEEESR «/
void Backtrack(State state, List<Choice> choices, List<State> res) {
/] ¥R T AR
if (IsSolution(state)) {
/] iBFRfE
RecordSolution(state, res);



13 E [E www.hello-algo.com 261

/] TEBHEER
return;
+
/] BHAFEERE
foreach (Choice choice in choices) {
/] B FIENEERRT G
if (IsValid(state, choice)) {
/] =i MEEE, EIRS
MakeChoice(state, choice);
Backtrack(state, choices, res);
/] [EhR: HEEERE, MERZEIRES
UndoChoice(state, choice);

BETRoK, BANTETEZRNAERMBRFIE =, IRE state N AUEFHIKIR, 8 choices MY M AEF
TRAG TR, 5E res BIEEEYIFR:

// == File: preorder_traversal_iii_template.cs =

/* FIETHEIRESE BB «/
bool IsSolution(List<TreeNode> state) {

return state.Count != 0 8&& state[”1].val = 7;
F

/* IBREE */
void RecordSolution(List<TreeNode> state, List<List<TreeNode>> res) {
res.Add(new List<TreeNode>(state));

}

/* HIREHFIRET, ZERREEZE +/
bool IsValid(List<TreeNode> state, TreeNode choice) {
return choice != null && choice.val != 3;

s

/* BIRE +/

void MakeChoice(List<TreeNode> state, TreeNode choice) {
state.Add(choice);

}

/* MERE */

void UndoChoice(List<TreeNode> state, TreeNode choice) {
state.RemoveAt(state.Count - 1);

}

/> EIEE: GlE= «/
void Backtrack(List<TreeNode> state, List<TreeNode> choices, List<List<TreeNode>> res) {
/] WEERTNMR
if (IsSolution(state)) {
/] BRfE
RecordSolution(state, res);
+
/] BRFEIEE
foreach (TreeNode choice in choices) {
/] Bt MEEEFERST AL
if (IsValid(state, choice)) {
/] Ei: MHEE, FIRES

MakeChoice(state, choice);
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/] BT —RERE

Backtrack(state, [choice.left!, choice.right!], res);
/] [EhR: HEEERE, MERZAIRES

UndoChoice(state, choice);

IRPEEUE, BAOWERENED 7 B RUEROIZRSHER, KSR R ICR M Z G0 return iAHER, 5 13-4
XHEE T IR EEEUMER return IBAIRYIRRISHE,

*Y return #IE& return
iERMBRIRE, FTES4SIER IEDRMBEFEE, HEHER

& 13-4 {RESMIFR return AR b

M LSRR T RS S, T [ I 2R (A Se P SR AR AR IE IR, (@A LT, SR b, %
I3 990 i) 5 ] BAAE SSHEZR FAROR, BT EARYE BARMIERE X state Fl choices , FFSCIMMEZRHRIEAN /T
BRI,

13.1.4 EAARIE

N E BT EIA NS, BAVEES— NRERERE HAERS X, FExRBIE =4 1 RORE, Gk
13-1 FfiRe

& 13-1 H AR IEAE

i X =

fi# (solution)  MZIKEFERFESRIMFIER, AIREA—PEED MY RET A 7 KR LR TR

AR AR R BRI T TR, EEA BEPARESTA 3
(constraint) FEIH;
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i Y =

K& (state) REFRABERE - NZIREY, OFECLMMN YaTC R SR, B path 175513
prin e

E=25 ZIR MR T IR R B AR, A BIATRAE (G) 71, B9 path

(attempt) kR, BERURE, KREZA VR AW SHMEZ SN T

EIpES [EIRHEIBEIA M R LR A MERVIRSE, BEHATHEM  SEEM AL SRR, BEIEN 3 1

(backtracking) HiFUEERE, [EIF] E—IRES RN IR, HEORE

153 SRR ARYE IR PRI A R SR A e R YRR HIBRMEY 3 B9 RN, MR Pakauig R

(pruning) BRIZITTIR, PITRRERACR

Tip
AR, SSRGS RIEARY, E2i6, B, shS, sOEFERIETEHEY K.

13.1.5 i 5RRYE

EIIAEARR E R — R EMRICERETE, EERE fl et T REEIRAI B 00, XM IER
R ETREARBIFT A Rl REAYMRR 7 &, M HASHEEIRIRET, BEERENRE,

SR, FEACER RIS Bl & 2% )iy, [l ks s ReR n e AR SZ .

- W (IR R e P RS R A RITRE, IR IR 2% B AT DUR SR B =l 3l
- 2] ERAR R THRERA L AT (BIanEs e, A T3R8, SRR, =56
FORARERZIFRAK,

RIMEELRIE, Dl AT Y SR S e 5 R ) SR 24 G o DU B AR R TT 8. XTI R (R, Hh T Ie i ponul i
SRR A A R AR, DRI RO i AT RE ISR TIR T, TERXAMEIE T, SREUR MR ReR,
H OLHTCR I T I E WA,

- OBPRL RIS E ST A MRAIREAR, AT A I AR A

© EEAER: ERRYEP I LRIEEE G THE, AR EA AT RE A R IR,

13.1.6 [G]¥AHEY (5

[l SRR T TR ORVE 2 AR IR, £ 3R 2 RN 4 & (LA Al
R IXERER) AR RE R R E SRR RTT %o

- EfIRE: AE-NRG, REHFTERTRERHIA S

© TERMAE: BE-NRAM DN, KERSHAEN BT 15,

- DOEEERL: 450 = HUAE TR — RSN RIRY RIS, ZORE A B S R 3h 2 55 — IR T,
BRHRER S — N EE, BARERRRERAE DR B,

LT R ML X2 H AR R S A LR
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- n2iE fEn x n IRE ERE n NEE, EREMEARD,
C Bl E9 x 9 MIRHIEAR T 1~ 9, fERET. YIRS 3 x 3 TR AEE,
- EEGRE: AE—-NEmE, AROHBESERNENEES, EEHBTEEE AR,

HEMALmE: XK EPREAE— S 2 A R R R R SR A AR AT

- O-1HERE: S —Aai—NEE, MR ENNENER, ERETEEFERGIN, %
B IR S AME R R,

- RATREIAE: £DNEF, N DR, IRATE EA SR IR R N, SRR,

- ERRHIAE: BE—DEAE, KBRS TR, BFERREEN DR Z REEIHE,

HER, STirE2HG RS, FBASRRIEIRTTER,

+ 0-1 Gl i 6 BN SRR, DOSE S m BRI,
- IRATRIE D EAAR NP-Hard A, 8 A B BB RIA S,
- KUV EE R — DA, aTH SUORTESE B A NRTR R,

13.2 £Hin)E

EHES SR AR R — DRI, BRI SRS TE —MRE A — PSR BERT, X
HHATCRIIFTH ATRERTHES

R 13-2 528 T LRGSR, G AR S A HES
®13-2 EHFIRHA

PN e 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 THETENER

Question

A DREEEEH, HP A EEESETR, REFTHTRERIHE,

MIEELIN R, BATTA] DA RSN PR GUR — RINEFRINEE R RIS [1,2,3], W
RILAVeER 1, M3, BJEiEst2, MPSHS (1,3,2] . ENRFRREE — M, Z/eakekstilH
i+,

MBI R, RIEERE choices BEIABATHATATTE, KA state BEE HATCHILEERITT
Ro WHER, BTMCRRARPIER IR, KL state PINFTECRABM Z2ME I,

G 13-5 For,  FATTA] DORHE O R T R — BRI VAR, MBI RS RTIRAS state o MRTTA
T, S —RIEREEIAMT R, T R R — MRS
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BRIk

B13-5 HR3IRE IR

1. ES%EEIEK
AT RGN TCERBEFE IR, BIAFESIA—NA/REEA selected , H selected[i] For
choices[i] B&EEHIERE, HETELI L NEIRIRIE,

- EfHI%ERE choicel[i] J5, FA1miHs selected[i] MRME N True, RFEEHHERE,
- IBPIIEFRYIER choices B, BRdATE EBOEREI i, BIBTAL,

G 13-6 R, RIS —HeERE 1, 4005 3, =ikl 2, WIREAS “HIHRITR 103,
TEH=48CR 1 HIICR 3 03

:

&EnEN 1, 2, 3

Wt 2
o HEEHEENTER 1
BIRERE 3 FFEETERN 2, 3
.01 ;1 09__
HERERE 2

B EHEENTE 1, 3
FFREETER 2

13-6  EHHBTETRA

W 13-6 KB, ZIRRIERAERERA M O(n™) BAE O(nl) o
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2. KEBsEm

BB EERZ)E, BATRIAT ARSI P B Es” T N TR, ARSI

ZRARHE AN REL, TR EATRIFE backtrack () REH:
// == File: permutations_i.cs =

/* EIREIE: 285 I +/

void Backtrack(List<int> state, int[] choices, bool[] selected, List<List<int>> res) {

/] EREEKESTEHEN, iERfE
if (state.Count = choices.Length) {
res.Add(new List<int>(state));
return;
}
/] BERFREIEE
for (int i = 0; i < choices.Length; i++) {
int choice = choices[i];
/] Bt RAFEEERTR
if (!selected[i]) {
/] Ei: MEERE, FFIRE
selected[i] = true;
state.Add(choice);
/] BT —RERE
Backtrack(state, choices, selected, res);
// [ELR: HEEEE, MEEZARE
selected[i] = false;
state.RemoveAt(state.Count - 1);

¥
[* 2HF T %/

List<List<int>> PermutationsI(int[] nums) {
List<List<int>> res = [];
Backtrack([], nums, new bool[nums.Length], res);
return res;

13.2.2 EZEBESZEENER

Question

A DEREEEA, BalrblRER S EE TR, REFTANEZRH,

B AR [1,1,2] . AT HEXAF A EE TR 1, BAWEE A 1iew 1,

i 13-7 FoR, BRI IRAERREIHS A — R EE R,
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BRIk

BIERE

_—

BAEIR A EE S

K 13-7 EEHA

M2 RBREERIHAIE? RERH, FEME—MERES, ERXNHISERITRE, ARMIXAEHC
U huHE, PUONEREEHIIRHER T A BE, MSGERTRADFIAEE, Xk ] DO — IR RIARCR

1. BEFTREK

WUESIE 13-8 , (ESR 40P, JEF 1 sl TSN, (EXPIANERE S R R HE R RN, Hit
I IZIE 1 87KL,

FIBE, (EE—HRUERE 2 25, B 1R 1 AR EE S, IR e 1 87k,
MARBLEE, B HAR AR —REED, RIS M HSFRT R BHERE—IX,

E—iRE
o B
o=
BRIRE
.ﬁ%§§W1
QR#EE—R

BRERE

K 13-8 EHEHFITIR
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2. KEBsEm

£ L — B R b, A5 EBES - HIERETIFTE — MEH%ES duplicated, HITICRIZHLHES
ZERTR, HREEITRIE:

// == File: permutations_ii.cs =

/* EIEE:. 2H% 11 %/
void Backtrack(List<int> state, int[] choices, bool[] selected, List<List<int>> res) {
/] EREEKESTEHEN, iERfE
if (state.Count = choices.Length) {
res.Add(new List<int>(state));
return;
}
/] BERFREIEE
HashSet<int> duplicated = [];
for (int i = 0; i < choices.Length; i++) {
int choice = choices[i];
/] Bt ARTEEEETRE B FAFESEREESETER
if (!selected[i] && !duplicated.Contains(choice)) {
/] Ei: MHEE, EIRES
duplicated.Add(choice); // iEREZFEIHTEE
selected[i] = true;
state.Add(choice);
/] T —RIEE
Backtrack(state, choices, selected, res);
// [EIR: HEEERE, MERZEIRE
selected[i] = false;
state.RemoveAt(state.Count - 1);

i

[* 85 11 %/

List<List<int>> PermutationsII(int[] nums) {
List<List<int>> res = [];
Backtrack([], nums, new bool[nums.Length], res);
return res;

RIZTCHEMMZ R EAMER, W n NCREE n! #HEE (3 ; FEICRERN, TEEHRIKEN n 51K,
i O(n) WH, FEHNEEZRER O(nin) .

BRIBITREA n, HH O(n) #&iiz2H, selected ffH O(n) 22, F—NZI&ZIEE n 1> duplicated
, B O(n?) 23, HEaMERER O(n?),

3. TRFBIRAEL

EIER, B selected Al duplicated #SFH T BIK:, (HFEK HIRAIRE,

HEERIR: BMEREEF A~ selected . BICRIZYFPRSHEEMLETCE, HEHRE
WA TRTE state HEE HIL,

- M BN SRR (BN VEHM backtrack FED #EE—1 duplicated . BiCRAEEAR
#®wM (for f83F) HRLL L REWNERY, HIEMARFIAHSE TR R EER—IX,
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13-9 R T AN BIRR ARV AE RGO, TER, Wi RRER—NERE, MRTT SR RS2
IR A R — NS

o 5
nEHE— J<
StHISIR [1, 1, 2] [1, 2, 1] (2, 1, 1] HE&HFZ §

13-9  MRPIBIEZR ARV FITE R

13.3 FEM|n)E

13.3.1 TEERFENFR

Question

LHTE — D IEEBEEEEH nums F1— /N EHARIEREEL target , IBHRHFTEATREMIA S, FEHETRITE
T target . AEBHILEE LR, BNILRADPOERZ R, 15UYRIEXIREIXLEH S
RPNV EESEEHSE,

flan, MARE {3,4,5} FEREE9, @0 {3,3,3},{4,5} . FEIEELUFMIA.

SR TR TE R IR R,
O TERRATEENY, A {4,5) F1 {5, 4) BR—A T,

1. 8E2HYIEZ
KT 2H5RB, BT TR RIS BER N —RYNERNG R, HEERSEPRNEN TR
M7, YILEMET target I, B FRICEREGERIIER,

iS5 AR FE R, ARSIl DIBCRER, KT selected fH/RIIFRIDF
TLRE N CPOER, AT PO 2HI I T/ MEE K, 91215 2 iR 0D -
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// == File: subset_sum_i_naive.cs =

/x> EEE: FEM I +/
void Backtrack(List<int> state, int target, int total, int[] choices, List<List<int>> res) {
/| FENET target B, IEFRAE
if (total = target) {
res.Add(new List<int>(state));
return;
¥
/] BEFREIEEF
for (int i = 0; i < choices.Length; i++) {
/] BER: BEFEMBE target , MBI ZER
if (total + choices[i] > target) {
continue;

}

/]l =i R, EFTERM total

state.Add(choices[i]);

/] T —RIEE

Backtrack(state, target, total + choices[i], choices, res);
[/ [EIR: #EEE, MEIZAIRE

state.RemoveAt(state.Count - 1);

}
/[* RBFEN I (BEEEFE) «/

List<List<int>> SubsetSumINaive(int[] nums, int target) {
List<int> state = [1; // K& (FH)
int total = 0; // F&M
List<List<int>> res = []; // &R7IR (FEIR)
Backtrack(state, target, total, nums, res);
return res;

mLL AR AR (3,4, 5] MEFRTR 9, WHLEE0N (3,3, 3], [4,5], [5,4] o BRI ¥ AR
9 ¥, HHPfAERENFE (4,5 M1 [5,4] .

IXRRHEEE R OMERIFRY, 8T FRAXESNE, & 13-10 for, Joik 4 J5i% 5 576k 5
JEidE 4 AT, AHXRIF 5,

choices =

target =

B
JTRM >9

BRI
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K 13-10 FHRIERGEFETE,

NTERREETE, —MERAEBRNEIRIIFGET RE, XD TTIRBCRIRAK, AW R A,

- ABATTERRE, THRES target AN, BREBESEREBNEE FH.
- BT E (BED) MRFEHERAEN, TEEHERAE, BB ATENITTRIRE,

2. EEFEIRK

BRI AE BT R I S RET JR, AUZEIE 13-11, AT T4 A DR IO Y B T2 7 ),
0 B R
1SRRI R RINERE 3 F1 A I, SAERESXMAERIOITE T, IEh (3,4, ..].
2. 2, MEEERE AR, WE ARRIMPOL 3, MR T (4,3, . R 1.
BT e,
TEIRITRT, 5RO R WA IIE IR, LRSI R L,
1. WIPRHEIERE 315, AT [3,5,...] .

2. WIPHCHERE AT 5, AR [4,5,...]
3. EHHEE D W AL 3R A, BN T (5,3, ] F1[5,4,..] 5H 1. BRI 2. b

RN THEEREE,

choices = a

BB Bhid 3,4
BRBEETFE

F#& [3,3,.] [3,4,.] [3,5,.] [4,4,.] [4,5,.]

EEFHR EEF&H EETE

B 13-11 AEERF SHWELS 7F&

MEERT, BN (1), s, ., 3, , IBRRPIER AN [z, 2, , .2, ], WEERES]

TEIE 1) < ig < oov < iy, PREFRIFRNERFHIRRZEREE, PTIEL,

3. EgsEH

WP, NI R start , I THRBHRAA, SRS o, )5, B8 F—4ME3 i IF
SN, IXRERORTT ORI 4y < iy < - <., ATHRIE 75—,
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PRIEEZ A, BADEXREHEAT T BA R L.,

EFF R, JeBEE nums HEFF, fEIRDIFTEIREN, Y ENE target I E S RIGIE,
HEHTEELR, EFEN—E#Id target
BEILEMAR total , WIALE target EHITIREZCRGEH CEM, Y target T 0 BHIER R,

// == File: subset_sum_i.cs =

/* EEE: FEM I +/
void Backtrack(List<int> state, int target, int[] choices, int start, List<List<int>> res) {

/] FENET target B, IERAE

if (target = 0) {
res.Add(new List<int>(state));
return;

+

/] BHAFEEE

// BEfZ:. M start FURIER, BREREEFSE

for (int i = start; i < choices.Length; i++) {
/] EFy—: BFEMBE target , NEELEREIR
/] XRRERAFECHRF, EUTREKR, FEMN—EEE target
if (target - choices[i] < 0) {

break;

+
/] Eik: %R, 3 target, start
state.Add(choices[i]);
[/ BT RIEE
Backtrack(state, target - choices[i], choices, i, res);
/] [EhR: HEEERE, MEZFNNRE
state.RemoveAt(state.Count - 1);

}

[* REBFEM I %/

List<List<int>> SubsetSumI(int[] nums, int target) {
List<int> state = []; // K& (F&)
Array.Sort(nums); // 3 nums #H1THEF
int start = 0; // EHEHES
List<List<int>> res = []; // £R5IFR (FEIIR)
Backtrack(state, target, nums, start, res);
return res;

FEl 13-12 AR S0k [3, 4, 5] FTEBRIER O A DAL ARAS 5 IR I 2,
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M target

choices = FreatoRE
target =

[ i

E=REE

TTEMAREE
iBit target BERFE

B 13-12 F5A0 T [Ed R

13.3.2 ZEREETENER

Question

HE — N IEEECEUH nums F1— DB FRIEREE target , IHHHFTATREMA S, HRHAEHITE
5T target . SEBEITRERSHE CE, SR TPHER IR, HFIRP IR EIZLEH
a, RPN ESEEHE,

FEE T L, ARSI RE L S TR ALER, 35| TR, i, sl [4, 4, 5] I E s
0, MBERMKHLLEEY [4,5),[4,5), HHTEETE,

EROX M EE R RS CR AR B RIERE . £ 13-13 b, BRI = DERE, HAhm A Ey
, EMANEENERDE, MmtES7E; [, FRIOMDS 4 S EEE TR,

choices =
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K 13-13 HETRSBWEET4E

1. BFTRY

NI, BATHR LRGBS R HREOERE IR, LISy TR EHT
[, RIHMSETTREVEAHRE, XERE RS, HAARGHAEDITRMASE, MR e CauiE

FId, FItEERE SR,

SRR, ABRE A B TR N RESOERE—IK, SEisfE, BATEA] DA R start Kil 2 IZ40H:
SffHNERE ¢, 5, BE T HNRI G+ 1IHRmERED . XHEMRRERPRER 75, bt EgiEsoT

/%\O

2. UM

// == File: subset_sum_ii.cs =

/* [BIEE: F&EM II %/

void Backtrack(List<int> state, int target, int[] choices, int start, List<List<int>> res) {

/] FENETF target B, iERME

if (target = 0) {
res.Add(new List<int>(state));
return;

+

/] BHEEERE

// BT M start FURIER, BREREETFE

// BEif=: M start FiRiER, BREEXEFER—TTE

for (int i = start; i < choices.Length; i++) {
/] BF—: EFEMBE target , NEZELREIF
/] XRENBACHRF, EUTEREAR, FEM—EEE target
if (target - choices[i] < 8) {

break;
+
/] BN MNRZTRSEATRESE, REZERIYEE, BiEdhd
if (i > start 8& choices[i] = choices[i - 1]) {
continue;
+

[/ Zit: %R, B target, start
state.Add(choices[i]);
/] BT —RERE

Backtrack(state, target - choices[i], choices, i + 1, res);

// ELR: HEHIEE, MEIZEHNRKES
state.RemoveAt(state.Count - 1);

}

/* REBFEM II +/

List<List<int>> SubsetSumII(int[] nums, int target) {
List<int> state = []; // K& (FH)
Array.Sort(nums); // 3 nums #H{THEF
int start = 0; // EHiEHES
List<List<int>> res = []; // #RIK (FEFIR)
Backtrack(state, target, nums, start, res);
return res;
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% 13-14 &R T8¢ [4, 4, 5] FIEFATCR 9 WEIERE, S STOMETEERE, IR RS GRS
&, HFRNMYRERE, DIRARBISERER A TR,

choices = na
target - s

HEn
ER— S
F R LA S

k=
| pliazlednd

&'%A?o [4,5] EETH

HE=
FRAWEER

He— SRR

TLERMARE
it target

B 13-14 5 11 [hd R

13.4 n E/5ir

Question
MRAEE RSN, 2ER ARG S RL—1T. —FIs—&R% EREF, 87%E n MERH—1
n x n KN, SFHERITE 25 Z AT RS R RT 5.

& 13-15 FfR, M n = 45, HEaTDERBIM MR, MEHEERSAES, n x n AKDEEEE n? M
T, B TATEIIERE choices , ERNMRE 2GRS, HEDRSEAR L, NN ZIMHETZ
IRAS state,

) | ) |

3
[ 3

L3
L3

| |

13-15 4 2JFRIEHI#
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B 13-16 R T AR = DAHEM: BARIGARRER 1T, [, F—FMML L, EEERNE, Xt
ML N TR AL\ MR 2k / R,

FAEER—AHAE b RRERRANRAR
-
Faezem—17 x| W foxefox N

<
N
A
<
3 N ‘
Sl s
- ™ L
X K X. -t 3
~ | A v
s & | |
| Noi 7
N
: i 2
X X. SO
AN | —
I N T

FRER—F FEEA—THREE

K 13-16 n 2JERERILIHRFEAF

1. FITHERE

SEHBEMEERNTEEY n, BRBEMNESEE—MES: BT ar AR ariE -4 55,
WYL, AT DERBORITIE RN : WNB—1TITE, ATHE -T2, EERE T4,

B 13-17 Fionoh 4 BIERERZITREL R, ZEgERE], & 13-17 U THATHEF - MER D X,
F EHAGEA R ATRADN LR R A 77 FER AT T BIAL

L]
L3

W [ TN X

WE¥ 117

(&ER) (& 88) (HER)

W W N R
WES 2 & % F . ]

WE® 3 17 i T ﬂ

L3
e
L3
L3

3

WEE 4 17

[
3
=
[l
[
e
€

13-17 ZATHCE R

MAR LR, BITBCERIGES] ¢ IR, et 7R —THIZ N RIRNATE R
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2. FISHALERE

NTRANLIH, BATAT A —NREN n (H/REEE cols idkB SR EA Bh, EFRIVENRE
i1, BANEE cols KEHA L/RIFTEIE:, FHAERMBIHINEEH cols FIIRE,

Tip
THER, MERERATE LM, HATRIIMN LRI, SR MNESHEN,

A2, WAL LRI RE? BRI MR T IITHIR TN (row, col) , IEEFEREH IS TR AL,
BATVEIZN LR LA RATRIIRAIR S AT, BN M& EFA R row — col MaRE(E,
WEREW, WRAMETIRE row, — coly = rowy — coly , MEMT—EMTER—ZFX AL E, FIAX
PR, FRATATCAREBYIE 13-18 FnAUEH diagsl IDREHFR TN ALk LEGHER,

[FIEE, YO LRI row + col RMEEMH, BATFEREH AT CAEBIEE diags2 SRAEFEION fALE)
*o

ERAMAL
BEHEER

Goan

cols

BRIIBERER

13-18 AEERHNLHAMI FALRLTHR

3. %M

HER, n 4E5BEF row — col MEREE [—n+ 1,n — 1], row + col WuREIZ [0,2n — 2], ArPAFEX
FERAON A ZRI R 2n — 1, BIEGH diagsl #l diags2 MIKEHTHN 2n — 1,

// == File: n_queens.cs =

/* EIREE: n 2iF %/
void Backtrack(int row, int n, List<List<string>> state, List<List<List<string>>> res,
bool[] cols, bool[] diagsl, bool[] diags2) {
// HHRETFRETTR, iERf#
if (row = n) {
List<List<string>> copyState = [];
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foreach (List<string> sRow in state) {
copyState.Add(new List<string>(sRow));
¥
res.Add(copyState) ;
return;
}
// BHFAES
for (int col = 0; col < n; col++) {
/] ITBEIZAEF RN E X A LERR T A ck
int diagl = row - col + n - 1;
int diag2 = row + col;
/] Bt RRFZEFAES. EXNRL. AR LEREER
if ('cols[col] && !diagsi[diagl] && !diags2[diag2]) {
/] Ei: BEEREEZIEF
state[row][col] = "Q";
cols[col] = diagsl[diagl] = diags2[diag2] = true;
// BET—1T
Backtrack(row + 1, n, state, res, cols, diagsl, diags2);
/] ELR: FizgFIRE Nz iL
state[row][col] = "#";
cols[col] = diagsl[diagl] = diags2[diag2] = false;

h
/*x RfE n 2 +/

List<List<List<string>>> NQueens(int n) {
/] ¥iEE nxn K/NERERR, Hep 'Q RRER, '#' ARTML
List<List<string>> state = [];
for (dnt 1 = 0; 1 < n; i++) {
List<string> row = [];
for (int j = 0; j < n; j++) {
row.Add("#");
b
state.Add(row) ;

}

bool[] cols = new bool[n]; // IERFIEREEERE

bool[] diagsl = new bool[2 * n - 1]; // BEENAKLETEER
bool[] diags2 = new bool[2 * n - 1]; // EBEANALXLERETEER
List<List<List<string>>> res = [];

Backtrack(0, n, state, res, cols, diagsl, diags2);

return res;

BATIE n IR, FBESNAR, WNETRRE T2 n. n—1. ... 20 1DER, 4 O(n!) W
Al IO, HEEHIRR state FIRIME res , EHIIRIEFER O(n?) KAl Kk, P Z)E
FO(n!-n?), ShRE, HIEXNALLRNEAENS RIBS NMERSH, SRR T LN

EHE,

¥ state i O(n?) 20A, 4 cols. diagsl fl diags2 ¥ O(n) XM, MABIAEEN n, #
i O(n) Heiz=il, Hit, SHEZRER O(n?) .
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13.5 Ih&E

1. EREEH

- IEEARBUR S 28R, B RS R T IR Ui 7ok ST & SRR, fEIERIERE A, 1B
RIS, B EREIRTA REOE P 72 R4 3

- FERAE RS RIS FNREM AN, el R R R A MR, BRI
LREFEIFRITE O, IR E—Pr0ikss, IBEZEZATHIRE, FHakstilHhgss, 25 EREM

NI TR R AR,
- [ REE S 2 N R, TR TSR R, SR AT DARATAT RN B AR RS, K
TR THE R,

- (IR 3 S A] T AR R R (R R AR 2 (AL, A S AR IR R SR AT DA [l SR R, EAEE
TSR T i R A IR TR

- 2R S EERAEESITTRIATE FTRERHES, BAME — M RIER DT R R S PR,
S R R — T RAE R 0 3, RSN ITRRAPOEE X,

- AEEHRSRET, EREAPFEREES TR, WRASERSHIESHY, RNTELRMHETRES
erp HREBOERE—IR, XIEFEB— D Iam &SR LI,

- TEMPEIER HbRRESE RSP RENN EMERN TS T8, £ AXOTRNF, MEREES
WA IEEER, A EE TR, BAERWRTRESRETHE, HiRE PN EERIERE K
IR, MITRE S TSR AR R 0 SO TIIRL

C X TFEMEE, BTSSRI ERERES, BNFHEAHCHPRRTESE, BT AIBELR
TLRE ISR, MIMHCRAHSE TR AL i L BEBOE T —IX,

- n REMAEEEIHE n NEERES n x n RSEE ERTTR, ZRATE 25 MM RIJCERBEE
Tio ZBIILIREFAITLAR, FIZHR, EXAEIIOT LR, Nl RITLIR, BATRAATR
BHREE, RIES—THE 25,

- HILIFRIS FALRLTRAIAL BT SR, X FHILR, AR —MERIERE SR G ARG, M
TRETRIRE T RE G R XN TRAERLR, BOMEBM MR ANIERIZE, Kk EREOFE
S5, MRETHRELER - B NA% BRI ErIToIRS A,

2. Q&A

Q: EBUREIIHAIEITR K FR?
BHRE, B “RIAREET, mEAEGRE - TR

- [EEREEE TS, A, FEIRIEHMN AR —, RIEEEERAE RN AL,
- OBAREEEILT TR RIRETE, FHATRRRE. B, shESHR GEfZeEa) S
i,
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Abstract
NS NCI N ARG V(5
SRR /N B AR SRR BN A 2R, — 2020 5 | SBAT T8 (Al o [l R A8
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14.1 ¥iREhEIEY

shSME (dynamic programming) 2 —PMEZEREIAERX, ER— N RN —RIVE N T FE, 7
AT PSR R R B TR, TTRIEER T RRCR

AT, BN DRMFIBAT, eantierg s, WEHPUSNESTRE, 525 T
B BN S S

JerEEh
BE—DIE n RO, (REEPRTDLE 1 e 2 B, iERA 2/ 0875 58] ARSI RETH?

i 14-1 FoR, X1 3 Birkksd, HHF 3wy 5a] DUEEIRET,

.

TetsE 3 pisdts 3 MpE:
0515253 , 0523 , 05133

14-1 TeZIZ 3 Firid 7y s

AT B AR K77 RECR, BATInT DA R Ik 75 2 A al REME. BRI, KIEMEE SO — 12
FIERRHI R MM A, R b 1 e 2 [, S BNARERR RN R T R AR 1, i e
THURR I R H BT AL, AN R AR :

// == File: climbing_stairs_backtrack.cs =

/* [EI8 =/
void Backtrack(List<int> choices, int state, int n, List<int> res) {
/] HIEEIZE n MBY, HEHK=EM 1
if (state = n)
res[0]++;
/] BEFREIEE
foreach (int choice in choices) {
/] B8 AEFEEE n B
if (state + choice > n)
continue;
[/ Bt MEEE, FRRES
Backtrack(choices, state + choice, n, res);
// [EhE
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}

[* TetEis: [EH x/

int ClimbingStairsBacktrack(int n) {
List<int> choices = [1, 2]; // =N&E@ELENE 1 gk 2 B
int state = 0; // M%E 0 PHFFANE
List<int> res = [0]; // {EA res[0] ERAHEHE
Backtrack(choices, state, n, res);
return res[0];

14.1.1 FiE—: |HiEE

[l BRI B A O RV TR, TR SRR RE 1 — RISV IR, @R eI, R
A AT RERTME.

FRATTRT DAZE 1M R 23 A £ FE S AT X B L, IRTEESE o B4k dpli] M5 %, B4 dpli] 2RI, H
Tl A -

dpli — 1],dpli — 2], ..., dp|2], dp[1]

BT HEEE 1 e 2 B, RIS @ Bkl b, b8 aTRESGESE ¢ — 1 BekEs ¢ — 2 Fr
b BANEDL, BRATHAEMEE @ — 1 BTEEE ¢ — 2 NIERIE ¢ B

HHIL RS H— N EEES: TR ¢ — 1 By ZE0m_LIRENE ¢ — 2 BT ZECRS TSI ¢ Bty
8, AR

dpli] = dpli — 1] + dpli — 2]
XEWRE TR, STz BFEEEECR, W] PAd 7 MR ok, 1 14-2
R T IIBHER R,

dp[5] =dp[3] +dp[4] =8

dp[4] =5

dp[3]=3

|

HEM#E n = 1 2 3 &4 5 6
AEE dpln] = 1 2 3 5 8 13
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B 14-2 75 REEBHECR

TRATAT AR IR A RS BRI, DL dp[n] WS, IS — A ISR A B2 il
BRI, B SAEN TR dp[1] F1 dp[2] BHEIE, Heh, SN TSR T, B dp[l] = 1.
dp[2] = 2, FRMEHIE 1. 2HAHE 1. 2 My,

WL TS, EFARE RIS EE TR R, (ERE RS
// == File: climbing_stairs_dfs.cs =

/x BE «/
int DFS(int i) {
// B dpl1] # dpl[2] , REZ
if A=1111i=2)
return i;
// dp[il] = dp[i-1] + dp[i-2]
int count = DFS(i - 1) + DFS(i - 2);
return count;

}

/% ets: #R «/

int ClimbingStairsDFS(int n) {
return DFS(n);

F

& 14-3 [ T R RIEBRNE)AR . N TR dp[n] , HEBAREREN n, NREREHREN O2"). 1§
e TR K, RENMA DR n, MSEABRIFERZH,

dp[9]

dp[8] dpl7]

dp[7] dp[6] dp[6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[4] dp[4] dp[3]

BREMRNEINEFEREEE FRA
SR ERERERH 0(2")

143 TEAEBERTREIEITR
W 14-3, SRR 2R “HA TR 80, B4 dp[9] $HM#N dp[8] A1 dp[7], dp[8]
WM dp[7) A1 dpl6], FIE LS TRE dp[7] .

DAMEEHE, FREH R EE N ESE TR, s R, AR R REARR X E BN T
Al L
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14.1.2 &= idlziigs

NTHTRIERCR, BHEAENES SRR R, Ovitt, FOTEH— A mem KidRE D
TSR, FFAERRIERE R EE T RS,

1 MR dpli] I, FAHEEITRE nem[1], A2 JE (.
0. MEREEIE dpli] I, BT EEEM men[i] FHRHGET, MR S 1% T,

AR AR

// == File: climbing_stairs_dfs_mem.cs =

/* IBIZHIER */

int DFS(int i, int[] mem) {
// BH dpl1] # dp[2] , REZ
ifF@=111 1= 2)

return i;
// BEEIER dpli]l , WEEREZ
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);
// 2% dplil
mem[i] = count;
return count;

}

[* etEts: iBIZigER «/
int ClimbingStairsDFSMem(int n) {
// mem[i] BRMEHIE i MHPAFREE, -1 KRELIER
int[] mem = new int[n + 1];
Array.Fill(mem, -1);
return DFS(n, mem);

WIERIE 14-4 , S fCbslG, it B 7 EBRERIE R, NRERERLE O(n), X2—1E
KHTKER,

f.0F:
#EER, g
EiSiEE

IR T AR R RER 0(n)
ERFFEESFRARIFTRITE—R
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B 14-4 ICICACIEN BI% I4

14.1.3 FE=: &R

IR ERR R “TRIR” B97515: BATERE RV R JHs, B ITHRHE T R o+
i, BEREMRNFRE (MR, 25, EdEHEE 7 B, FE R s i

2R, shBMRRE R/ “IVEZET” 19755 N TIRERIEITE, SRR E T FENE, B
S5 2 i w] R

BT SRS, R R FRERERNERICM, A REA, £ H, FAI9ak—
N dp SRAFIE T IRIEERTRE, el E] T 5IEIC R EEE mem AHRIHYIC SR -

// == File: climbing_stairs_dp.cs =

/% JetEts: shSHRl +/
int ClimbingStairsDP(int n) {
if(n=11] n=2)
return n;
/] Bk dp =/, BFEHEFIRIBAVAE
int[] dp = new int[n + 1];
/] AR Fugs/NFirlRAYfiE
dp[1] = 1;
dpl2] = 2;
[l REEE: MNBR/NFERZ D KRR A F a3
for (int i = 3; 1 <= n; i++) {
dp[i] = dp[i - 1] + dp[i - 2];
}.

return dp[n];
] 14-5 BT DA ARSI TId #R

S N, N < . N\
7 7

Miatk:
dp[1] = 1, dp[2] = 2

REFBHE:
dpln] = dpln-1] + dp[n-2]

MAERZEFF I, #HITIRERE, BLABIRRSRELE

K 14-5 erstprIzhSMXIERE

SEMEZE R, ShASRMAER “IRE” SESREBRMER AR E B, B IRESHON B8 A
KA RLE Ryt B LA, 4N, TEREAE R R A IR AR SN L R AT ERERRRIT 2K 4 o

FRAEDL P, FATAT DA e ah A B 3 F AR
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- PR dp BN dp &, dp[i] FRIRAS § R R B,
- RN RIRA (5 1 BORIS 2 BRshE) Fomaliamas,
- AR dpli] = dpli — 1] + dpli — 2] FRRSEB AR,

14.1.4 =iEfik

MORBEEFTRER I T, MY dpli] RS dpli — 1] M dpli — 2] fR, BEIRAITCHER — A dp K17
BEFRE ¥ BRI, TR E R REETHERIRT, AR RATR:

// == File: climbing_stairs_dp.cs =
[* Tets: =R IEIEISIE «/

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;

MDA BT, HTEE TR dp SRIEE, Rtz 2 M O(n) B2 O(1) .

SIS, HATRSEE G RTE AR MG XK, XNBATA] AR DZERPRE, wd “FE4e”
KATENEEE, XA RREII BN R R” o “RahEE”,

14.2 mhEFIR )51

fE BT, A T AR A ANE I A R SR MR AR, SRR b, 1Rl o) e —FnE A
MUSRNRIEES, TEMG. AL [ A E A

- MAEIRIEAHRE JF R o O 2 MR BN R, E RN TR, AR RS I R
fie, BRATENR PBHIf

- BIIESHKIHEA R TIE 2R, BS5MARIENEZXANE, SRR REURAH B AR, 1E
MR R I 2 S T AR

- [EEIRAE 2 DR o5 25 AT A RTRERTRE, FFIE BIEGR N AR 03 R MR — &
FIRF IR K, AT AR RGP B AT T R A — D T [l

Khr kb, SR AR BRI, e MUESESEFRE, EEE RN RILTFEH, T
JERIIES

14.2.1 ERFEN

FATA TERERS PR E ks, (2 EANE & Rt F e,
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Nerks i MG

B HERE, REPRTDAE 1 e 2 B, B e EEM A — DRI, RRIREIZE N
PR BT AT, A — D IFTUREEEE cost, H cost[i]| RoR(ESE ¢ NMEMTER LR,
cost[0] it GEIAR) . HHEERDFEN HZ DN A RERIETHE?

i 14-6 FoR, #HH 1L 20 3B E08 10 100 1, WIMHLETEZIE 3 Bregs MU N 2 6

FEIEME n = 0 1 2 3
KM cost[n] = 0 1 10 1

et 3 MigiEds 3 A=
0515253 , 05253 , 03153
HA 0> 13 HRXMN&D, /A 2

14-6 EFNE 3 Hrim M

W dp[i] WIEEIE § BRI, BFS  BRATREM i — 1 Beki — 2 Bk, Rt dpli] RAThE
F dpli — 1] + cost[i] 5t dpli — 2] + cost[i] o BT RATRERD AT, Tl IRIZERETE R MITR—

dpli] = min(dp[i — 1], dp[i — 2]) 4 cost][i]

IXFEAT DAS | AR U T2 i S it Pl ) B DA DA~ D) e LR R 1SR )

AR BARBARMTFEN: FAINNADFRIEEAAE dpli — 1) F1 dp[i — 2] kBRI —, I
EAE R IR dp|i] RIS,

M2, E—THICHERRE E A IRA R FE5Ha0E? BRI BRI =R, BEU2 MR, (HaR
MR RBERATTEEE, TATEIMILEL, RS BBREIEREFENT, BRI FaEmRtsk
T BEnERARTEREEFETE n — LINE n — 2 MEARTTREEZM, ik, RILFEENmRETT X
PR TS, FEARRFEH A RRE X,

FRIRIRAEERS 7782, DULAIMAIRA dp[1] = cost[1] Rl dp[2] = cost[2], BT DUEEIZNARIRIRD:
// == File: min_cost_climbing_stairs_dp.cs =

[* [N BhSHRI */
int MinCostClimbingStairsDP(int[] cost) {
int n = cost.Length - 1;
if(n=11] n=2)
return cost[n];



B14E SN www.hello-algo.com

288

[l Bk dp =/, BFEMHEFIRIBAVAE

int[] dp = new int[n + 1];

/] EIRES: TR/ )\ FiRERIRR

dp[1] = cost[1];

dp[2] = cost[2];

/] RS NBRNFIREE DS KRR A TRl

for (int i = 3; i <= n; i++) {

dp[i] = Math.Min(dp[i - 11, dp[i - 2]) + cost[i];

h

return dp[nl;

B’ 14-7 R 1 DA LRI RIEh SR R,

cost[1] cost[3] cost[5] cost[7] cost[9]
mif,_—————-——‘\;t m%:L,——-———-s\<i miﬂ,’—*———-\\;:
[ | [ | [ | [
J | J [\
MM mjm\——/'i-
cost[2] cost[4] cost[6] cost[8]
MRS

dp[1] = cost[1] , dp[2] = cost[2]

wEWBHE:

dp[i] = min(dp[i-1], dp[i-2]) + cost[i]

B 14-7  EHERR R/ MRS MRS A2

AR TR, KRR, S SEEREM O(n) B2 O(1)

// == File: min_cost_climbing_stairs_dp.cs =

/* s SEMLICEIEESIK «/
int MinCostClimbingStairsDPComp(int[] cost) {
int n = cost.Length - 1;
if(h=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 TR
TG BB AR RS G SR B SR > —, HE R A — AR, SRR
HuiRASE Y, M5 ELNEIRELX,

DATCREER RN B, ki e, ERERHINE ¢ + TRURES 1 + 2, 25 Rigk 1 Brpk 2 5, it
IXPFNERERS, BATTEHE BIRES « ZATHPIRE, BRS¢ FIARREA R,

SR, ANERBATIZA TEREAS RN — DT, ROUA—FE T
i SR TE RS

BE DA n NHORERS, IR ATDLE 1 e 2 B, (HAREESMEERE 1 B, EiRA 2 DRy
AJATESIRLTH?

GniE 14-8 i, ME_L58 3 B 2 MmT {77558, HAES: =k 1 iY77 BAME LR &N, RIBEF,

BT REEESEMEE 1 B,
FAAE 051293 WEE N

BEM#% n= o 1 2 3 4 5 6

LS 3 ﬁﬁféﬁ?‘(—ﬁ 2 75

92233, 05123

K 14-8 HLIRIERES 3 By )T =R

TEIEIR, G LR 1 B Lokh, ARA TRk 2 B, XK, TR A AR
& CHRPHERBED Burdoe, ERET A RE (ESeiiEbmE 4%,

RRE LB, SRR T R, RS ITR dpli] = dpli — 1] + dpli — 2] 05T, EH
dpli — 1] REAREHE 1 b, (HEPES TES “ 3Rk 1M BRI 7K, T8 THELR, R
HE3% dpli — 1) EHEA dpli] 1,

Wi, Bl VEEY RRASE X WA [i, /] TR EW | IR E 8Bk T j B, B e {1,2). iR
T SUEROX Sy T LBk T 1 BER 2 By, Bl TaT AR 007 4 A A S M TR

MK T 1, bR AR 2 B, B dpli, 1) RAEM dpli — 1, 2] #EER,
C MRk T 2R, b b —SE TR 1 Bk 2 B, B dpli, 2] "I dpli — 2, 1) 8 dpli — 2, 2]
RS R,
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W 14-9 R, fEE R, dpli, j] Fmihas [i, ] MBI SE BN ASEERS /AN

dpli, 1] = dpli — 1, 2]
dpli, 2] = dpli — 2,1] + dp[i — 2, 2]

THREGESRIALRE 1 B
E S

dpli-1,1] —

dp[i,1] dp[i,2]

dp[i-1,2]
dp[i-2,1]

dp[i-2,2]

149 % BLH RIS R
52, R0 dpln, 1] + dpln, 2] BIFT, Fi% 2 RUREIEEIE n 077588

// == File: climbing_stairs_constraint_dp.cs =

[* HERCHES: oS */
int ClimbingStairsConstraintDP(int n) {
if(h=11 n=2){
return 1;
Iy
[/ Wk dp R, BFEETIRIBAVE
int[,] dp = new int[n + 1, 3];
/] ERE: Fugs/ N FlalBavig

dp[1, 1] = 1;
dpl[1, 2] = 0;
dpl[2, 1] = 0;
dp[2, 2] = 1;

/] REEE . NB/NFRIEERSD KRR K F AL
for (int i = 3; i <= n; i++) {
dpli, 1] dpli - 1, 2];
dpli, 2] dpli - 2, 1] + dpl[i - 2, 2];

I
return dp[n, 1] + dpln, 2];

£ EERIZBIF, TR ZE BT — MRS, BIEBARRT DOEE Y KA E X, 1 n) 7 S i e
TRt AR, FEERBAAIEREERN AR,

JeRERR 5 Bhs /L R

BE—NHA n IR, (REPRILLE 1 EE 2 B MU SRR B, REANIER 2
Fir L ERERY, 2 e SRR R VrRkEISE 24 B o BN, wTREeAIBkEl 7 20 3k, W
JERANREBREIES 4. 6 B ko E A 2/ DRh75 S n] DUTREIRETH?
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FEIRXA A, TIRBRERRIUS RATE RIRE, BN E— IRBRERE = A S s RS R E RS, FFRZMAR
AIBkER, X TIXZEIRI,  BASHUIEEAE DA,

Khr b, FZERNHSMARE (BIEIRITRERED AMeERtt. M FXRm, HANEE ke
MHEAMTTIE, BlanEAF AR, BERE, A, IWTFEE BRI R S 2] AT A& S U

14.3 mhEFYIES B

P T B AR A T BRHE, 5T ORFRATT— IR ST AN SE A A

L. Gl — Al A 2 3 AR ) ?
2. RFEMRNPIEIZMTIE AT, DR 472

14.3.1 [A)REFIET

BRI, RIS SES T WE, RIUTEH, FRETRRE, el iEs HalSmRsRig,
SR, BATRME R E A A B SR X S, R FRATTIE H STESR A, SO SR &3 & (AT )
WA Mok,

TS AR T B e “ORSRRERARL” X (AR AT DARE R TS5 SR IR,  Hh & — T AR
—MRK, BFRRERER - DREF,

HAgTE L, NSRS IR A SRS, B EE — RIS AR, AR BRI e R, 8
AT DAGE A [T R AR R
FEIEHERL b, BhASHIKIRRENE A — LR “An oI,

- AEEERK O iR (O) FRitt,
- AFEIRESBERE R — NAIRR. Z4EREFREORTOR, I H—MIRAESE A BRIRSTA R R R

FHR, HAFFE—L “WRorI,

- (AR EARR R T FTRERIMRIRTT R, TRk R IR,
- IERA AR AIHPH G RIRHE, F&EREIRARRIZ TS,

QIR R R R, FEEAABONIERT i, BAIHtA] PMRIR e — P alS MR R,
R EHRIEE,

14.3.2 [AERELS B

AU AR 2 (R R A PE SRR RE A AT AN, (D@ HEE DA NP IR: iR, & SCIRAS, #57
dp &, HESFIREHBIIRE, WELREAFS

NT BRGNS, TAVER — DRI R/ NRE™ k26,
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Question

HE—Dn x m WM grid , MRS N R E S — DN EREE, FRIZBETEIRNT.
MLEs N LAE B ITAs NEEta s, BIRHRER REE A5 —2, BERINIAG NAHRITE, 1HIR[E
M EFEIA N AR R/ MBI,

B 14-10 R 7 —BI, A MASHI R/ NIRRT 13 6

g

RNKRAN 13
FRRERER 1923293329132

B 14-10 B/ N AR AR B R

B BERRNIUE, &30RE, MWmifRsl dp %

ARG — SRR = M BRI Rl —0 . BRI FRITAIRS DY [4, 5], WIm Rekim &
—%fE, KRN [i+1,7] 8,5+ 1] . Fit, REMEAETRIIMIIRTIHER, 129 [i, 5] .

RES (4, J] MR F RN LG [0, 0] BRI [4, 5] FIBINERR, fch dpli, 7]
2, FATER T E 14-11 Fosiy —4E dp %66, ERSFS5H AR grid M,

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]
£ S

i+l 5 3l 2 1 dpl2,0] dp[2,1] dp[2,2] dpl2,3]

4 3 5 2 dp[3,0] dp[3,1] dp[3,2] dpl3,3]

grid dp &
SRAE: nEERTER Finldl: MAELEMAEE [1, 5] M5/ B&EN

REEN: 7R3 [4, j] dp +&: R<5 grid #HREER
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K 14-11 KESENS dp &

Note

BNASHXIAN B AT DARSIA D — DR FA, TR H T R B, TN Y 6 & i gt
ERRAELRE, HESTEBNEE, BEARESE F—MRE,

BRSNS R —DFRE, BATSE N dp ZREZMENE T ENRE, RSN A& #
& dp RIN—DNEE, NARF LS, dp BRSBTS,

B R AT, S IR R

FFARE [i, 5], CHEEN BT [i — 1, j] BT (i, — 1] #ETR, FERIETE4E%: Sk
(i, 7] OB NRRIE [3, § — 1] OISR [i — 1, ] MR MR MR — AP

MRPELL LA, AT 14-12 FoRRUIRSHAS TR :

1 3 1 3 dple,e] dpl[e,1] dp[0,2] dple,3]
2 2 AI 2 dp[1,0] dpl[1,1] dp[2,2] dp[1,3]
5 3 2 1 dpl2,0] dpl[2,1] dp[2,2] dpl2,3]
*~— —
4 3 5 2 dp[3,0] dp[3,1] dpl[3,2] dpl3,3]
grid dp &
REEBLE:

dp[i, j] =min(dp[i-1, j1, dpli, j-11) + grid[i, j]

K 14-12 IR FEE SIS T2

Note

FRYEE IFH dp 22, B RSB SCR, I )RR B 0 RAS 18 i (7] @ ) B (LA
7%, BRI FEi.

— BB TR T451, BLaT DA B R B RS

B WA ARIFRIRE RN

AR, AAEETRARES RREMNEAIEPIRESER, AEE VRIS HBEME_ BIBHIRSRR, WILETT
i = 0 FIES j = 0 ZiL5EM

A 14-13 FoR, H TR MR HHZETS FRETTHE TSR, BRI BA 6 R EAkim 7 5, SME
ST, WIERE S
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dp[e,e] dple,1] dp[0,2] dplo,3]

dp[1,0] dp[1,1] dp[1,2] dpl1,3]

dp[2,0] dpl2,1] dpl2,2] dp[2,3]

dpl[3,0] dp[3,1] dp[3,2]1 dpl3,3]

LREMEF: TBkETET

dpfe,0] dp[0,1] dple,2] dp[0,3]

ot o—t o—2»
dp[l,{ﬂ] dp[l.lll dp[li] dp[l,}]
ot et et
dp[Z,{;] dp[Z,ll] dp[Zi] dp[z,}]
AT T
dpl[3,0] dp[3,1] dp[3,2] dpl3,3]
ot o=t o=t

REHBIRRF: EFERHER

14-13 JH5RE SIS

Note
R SFHAESNSHIXIF T RItaMe dp %, TERZREFH TR,
RSB B2 08 BARUEAE T3 Y 5 R B ARRS,  FITE B ARER I B /)N [ N B 2 7 it
HEHIK,

RIE LB, BATCLA DIERES Hah SRS, 28T 5 (A1 0 2 — R T SR Y

“BIER — IR — ST BN SRR AT & B ARSI

1. 5

WIRZS [1, 7] TR, RSN ENGRA [ — 1, 7] A1 [3, 5 — 1], BIRAUEL R,

E— BOER

CRABEC RE D]

- OB M [0, 0] B [i, §] BN ERT dpli, 5] o

- BIE&ME: M0 =0 H j = 0/, RERA grid]0,0] .
©OBIE: M < OWER j < O RGBSR, HIHREAT +oo, KREARTIIT,

KA R :

// == File: min_path_sum.cs =

[* RNEBEN: BHEER «/

int MinPathSumDFS(int[][] grid, int i, int j) {

/] BERELBBTHE, WAIEER

if A =068&%3j =0) {

hy

//

return grid[0][0];

if <o |l 3<0)A

¥

return int.MaxValue;

FHITPIREIESR, WRE] +o 5

/I HEMEERE (i-1, §) M (1, -1) BsNBEAHN

int up = MinPathSumDFS(grid, i - 1, j);
int left = MinPathSumDFS(grid, i, j - 1);
/] REIMNEEAE (1, j) BHm/NEBEAHN
return Math.Min(left, up) + grid[il[j];

A A% A



B4 = FSHN www.hello-algo.com 295

B 14-14 Z5H 7 PA dp[2, 1) ARTT RN, Hbh @S @S mi, HER IS MK grid FRST
R EREE 2 o

MR LR, ERESTREREED: SRR PN LA BRI — Mo,

Bk R5IEA

dplo,1] dpl1,0]

0/ 9 9
o %7 Y

dp[0,1] dplo,2

: : : EEFIEIA:
do = dp[1,0] dp[1,1] dp[1,2] dpl1,3] dpl[i+1, j1 A dpli, j+11 & 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 RIEREBIR

FAMIRSEA A FRIEGWNAER, WEEAERGE MAERTEm +n — 28, FIURENREREN
O2m*™), Hrfrn M m A0S EIATERIFIE, EER, XM SORE RIRE AL SRR, 4
FIAPIASID SN RN —Rdse, RIESKRRAs R E R DL,

2. FiEZ: iIiER

BATSIA—FIRIAE grid MHERSTHIIEIZEER mem , A FIERE N TIRBMNE, FHEESTFREETE
i

// == File: min_path_sum.cs =

/* BRNEBEM: IBIZHIEER «/
int MinPathSumDFSMem(int[][] grid, int[][] mem, int i, int j) {
[/l BRELARTE, NWELEER
if (A =068& ] =0) {
return grid[0][0];
+
/] BITHIZREEEFR, MHRE] +o )
if <0 [l §<0){
return int.MaxValue;
+
// BEEBIER, NEHERG
if (mem[i][j] '= -1) {
return mem[il[j];
+
/] A AR TR SRR FRALMN
int up = MinPathSumDFSMem(grid, mem, i - 1, j);
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int left = MinPathSumDFSMem(grid, mem, i, j - 1);
// BRHEREEEAT (1, j) NsRDEBEAN

mem[i][j] = Math.Min(left, up) + grid[i][j];
return mem[il[j];

i 14-15 fow, fESIAICIZMEIG, FTA FRBARER TR, RN RS 2B TSR, BIM
RS O(nm) o

Bk R/5ER

dp[zg'l]

K 14-15 iefZ e RiE IR

3. HiE=: ohEMR

IR B SRR, AR SRR
// = File: min_path_sum.cs =

[* B/NBRIEFN: THESHIR */
int MinPathSumDP(int[][] grid) {
int n = grid.Length, m = grid[0].Length;
/] ¥iak dp R
int[,] dp = new int[n, m];
dp[0, 0] = grid[0][0];
[ REE%: 817
for (int j = 1; § < m; j++) {
dp[0, j1 = dp[B, j - 1] + grid[0]1[j];

}
/] RE®E%: 85
for (dnt 1 = 1; i < n; i++) {

dp[i, 0] = dp[i - 1, 0] + grid[i][0];
¥
[l REEE: HRTH5
for (int i = 1; i < n; i++) {

for (int j = 1; j < m; j++) {

dpli, j1 = Math.Min(dp[i, j - 1], dp[i - 1, j1) + grid[i]l[]];

+
return dpln - 1, m - 1];
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& 14-16 J&/R T B/ NSRBI HAA R, Himli 7RAME, BENEERER O(nm) .
Bl dp KA noxom, HEBRIERER O(nm) .

Step 1

Step 3

Step 5

Step 7

Step 9

8 1 5 o o 0 o
2 4 2 [) o 0 )
3 2 1 o o 0 o
3 5 2 o o 0 o
grid dp ®
etk dp &
3 1 5 1 4 5 10
2 4 2 3 »i 0 o
3 2 1 8 o 0 o
8 5 2 12 o 0 o
grid dp &

RERE
dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j]

3 1 5 1 4 5 10
2 4 2 3 ] 9 &>11
3 2 1 8 o 0 o
3 5 2 12 o 0 o
grid dp ®
REEE

dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j1

3 1 5 1 4 5 10
2 4 2 3 5 9 11
3 2 1 8 8 =—>10 o
= 5 2 12 ] 0 o
grid dp ®
KBS

dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j]

3 1 5 1 4 5 10
2 4 2 3 5 9 ag
B 2 i 8 8 10 i
Bl 5 2 120—)}1 0 o
grid dp ®
RERH

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]

Step 2

Step 4

Step 6

Step 8

Step 10

5] 1 5 il 4 5 10
2 4 2 3 o o 0
] 2 1 8 o ] 0
3 5 2 12 o ] 0
grid dp ®
MeaiETT dplo, j1=dplo, j-11 + gridli, j]
MakEs| dpli, 0] =dpli-1, 0] + grid[i, j]
) 1 5] 1 4 5} 10
2 4 2 3 5e>9 0
3 2 1 8 o o 0
3 5 2 12 o o 0
grid dp &
K&
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1
3 1 5 1 4 5 10
2 4 2 = | 5 9 11
3} 2 1 8e>38 o 0
3 5 2 12 o o 0
grid dp &
bt
dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j1
3 1 5 1 4 5 10
2 4 2 3 5 9 11
3 2 1 8 8 100—>11
3 5 2 12 o o 0
grid dp ®
RERH
dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j1
] 1 5] 1 4 5 10
2 4 2 i 5 9 11
3 2 1 8 8 10 11
3 5 2 12 11e>15 0
grid dp ®
REFH

dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
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5 3 2 1 8 8 10 11 5 3 2 il 8 8 10 il

4 B] 5 2 12 11 15¢->13 &4 3 5 2 12 11 15 13

RERA
dpli, j1=min(dp[i-1, j1, dp[i, j-11) + grid[i, j] EEIR/\BEMNA 13
Step 11 Step 12

14-16 /NSRBI R

4. Fjalkt

MR METREEEILDM EIDHRE AR, RIEHEATAT AR — P B TBER S dp .
THER, BFIVEE dp REERR—1THIRE, Fr AR TCIRIRRTIAA L E PR, TR e B T e :

// == File: min_path_sum.cs =

/* RNEBEMN: =EMLAEIEIERE «/
int MinPathSumDPComp(int[1[] grid) {
int n = grid.Length, m = grid[0].Length;
/] #EE dp &
int[] dp = new int[m];
dp[6] = grid[0][0];
[l KEEH%: 817
for (int j = 1; j < m; j++) {
dplj]l = dp[j - 11 + grid[0][]];
}
[l RKEE%: HRT
for (int i = 1; 1 < n; i++) {
/] KEE%: 85
dp[0] = dp[B] + grid[i][0];
/] WREE%: HFRY
for (int j = 1; j < m; j++) {
dp[j]1 = Math.Min(dp[j - 11, dp[j]) + grid[il[j];
+
}
return dp[m - 11;

14.4 0-1 H8jn)A

HREAERE - MERFRISESMIATTEE, 2SRt s WEmEE . HAFRZZR, BN o-1
HEAE, 2eRErE, 25T EREE,

FEARTIH, BATYeRR AR T WA 0-1 B R ME,
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Question
BE n AN, B AENERR wgt[i — 1], MER valli — 1], M—DEEN cap W&, &
MR EREERE—R, FIfEREE A E R A H &K E,

MEE 14-17 , TGRS ¢ N 1 FFETHEL, BEARSIM 0 FFETHEL, RIS ¢ XM E R wgt[i — 1] Al
B valli — 1] .

w"s BE fi{E
i wgt[i-1] valli-1] TasE
1 10 50 ¢ cap = >0
2 20 120 ) |~
3 30 150 s “
4 40 210 ¥
5 50 240 »

=mAME: 270

BRAR: B @& BT
HEE 50 HEEE

& 14-17 0-1 HRAREIESE

BATATLAKE 0-1 B ELMAEE— D n SRUSRARIIERE, X T MESE RBARBNRRRE, it
T[] R R SRS
IR B2k ig “TERE T WA R NRERAY IR ANE”, FEIHEARMRZ — A 2SR A,
B BERRNIUER, @&30RE, MmifRsl dp %
MNTEMRRY, FRAEE, SEARAE; BAEHE, TEAERRBD, HEAEREE: LT
s M ERE e, 129 [i, ],
R[4, ] NRFREA: § i AMEES RN ¢ RS EPrERHTE, i dpli, c] .
fERMRNI2 dp[n, cap], REFE—DMRSHA (n+1) X (cap + 1) =4k dp &,
B RINERIET &, WmiESHIRERE TR
YBA MBI @ WPRIG, FIRIZRT 0 — 1 NSRRI 7R, A58 DA R RS,
© BIBANIG BEARAE, RSB [i—1,c].
C AT HEERRED wet[i — 1], PMEEIN valli — 1], REEBMR [i — 1, c —wgt[i —1]] .

EIRATEBA TR T AR R T BRPHE dp(i, ¢] TN « HURAPIE @ Pifhys Eii
{E SRR —A,  HI AT S SRR T

—_—

dpli, c] = max(dp[i — 1,¢|,dpli — 1, ¢ — wgt|i — 1]] + val[i — 1))
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FEEENE, EYimER wet[i — 1] BERREOAR ¢, WHBBERBAL .
W= WA ARFRRE LRI
LIRS AR 0 WERARNMEN 0, BIES dpli, 0] fIE1T dpl0, c] #ET 0,

SRS [1, ] M EFTHIIRAS [i — 1, ¢] R EATHIES [i — 1, ¢ — wgt[i — 1]] 65Tk, BN F 208
RIERAB A dp EA],

WRIELA_ BT, BATHE DARIZN LB R, ICIER, alSMRIRTE,

1.

BiE—: 2BhEER

ERAHEUSUTER,

/!

/*

L RABE KA [,

-l TR dpli, o] .

SRR YRGS = 0 I ERAREN 0 W, KILBIBHEEAEO .
BB FRMATRE R SRR, AR R .

== File: knapsack.cs =

0-1 58 |FHER «/

int KnapsackDFS(int[] weight, int[] val, int i, int c¢) {

/] EEREEYRIASELHREE, NRENE 0
if (i =0 || ¢c = 0) {
return 0;
}
/] ERIEERE, WIEEEFEFHANYE
if (weight[i - 1] > c¢) {
return KnapsackDFS(weight, val, i - 1, c);
}
/] HTEFRBNFBANYGE 1 RANE
int no = KnapsackDFS(weight, val, i - 1, c);
int yes = KnapsackDFS(weight, val, i - 1, ¢ - weight[i - 1]) + valli - 1];
/] REIFwEMHEREPNEERB—
return Math.Max(no, yes);

anE 14-18 i, T B E ST A RIERNEMRIER S, RIRNREEREN O2") .

BB, BZKNEAFEES FA-, FlUdp[l, 10] &, m47ake. SRERKRK, THEM

HENYINRZN, EETRENEERSREEZ,

|
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MRS YaEE
dp[3,30]

REBRNIG 3

dp[2,10] ik YaERE > Se5E
&fi REHANE 2

dpl[1,-10]

REBANDGR 1

YImRS i 1 2 3 HEEE cap = 30
YmER wgt[i] 10 20 20
YEfE  vallil 60 110 120

& 14-18 0-1 H RS HERIEIIR

2. BFEZ: itiziigxk

N TRIEES FRE R g —k, BAMEBICIZY5R mem SRICSE TR R, Hb mem[il[c] XM
dpli,c] .

SINEIZ Lz G, WREZERRT FEEE, HHEtE O(n X cap) o SSEUREGUITR:
// = File: knapsack.cs =

/* 0-1 T iBIZHEER «/
int KnapsackDFSMem(int[] weight, int[] val, int[I[] mem, int i, int c¢) {
/| EEREMEYRASELHREE, NRENE 0
if i =01l ¢c =0) {
return 0;
+
// BEEBIER, NEHEKR[G
if (mem[i][c] != -1) {
return mem[i][c];
+
/] ERIEERE, WREREFHANE
if (weight[i - 1] > ¢) {
return KnapsackDFSMem(weight, val, mem, i - 1, c);
+
[/ TBERBANBANY@E 1 BRANE
int no = KnapsackDFSMem(weight, val, mem, i - 1, c);
int yes = KnapsackDFSMem(weight, val, mem, i - 1, ¢ - weight[i - 1]) + valli - 1];
// BRFREFEHSGRFNEEANB—
mem[il[c] = Math.Max(no, yes);
return mem[il[c];

] 14-19 R T IR R PRI EAE R 7 3
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MRES YaEE
dp[3,30]

EEBRNIG 3

Bk #REIER dp[2,10] Bk WRER > HE%EE

% o &ji REHAME 2

dpl[1,10]

& BERANYSR 1
o = %
YIRS i 1 2 3 HEESE cap = 30

MRERE wgt[i]l 10 20 20
YEfE  vallil 60 110 120

K 14-19 0-1 B RMEAICIZAE R I

3. HE=: oMK

BNASHURISE B BRI RIS dp RAERE, A~ R:

// == File: knapsack.cs =

/* 0-1 B8 ohSME «/
int KnapsackDP(int[] weight, int[] val, int cap) {
int n = weight.Length;
[l Mk dp *
int[,] dp = new int[n + 1, cap + 1];
/] REHE
for (int i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (weight[i - 1] > c) {
/| EBIEERE, WHEYm 1
dp[i, ¢] = dpl[i - 1, c];
} else {
/] FEFEYS 1 XSG ENRKE
dp[i, c] = Math.Max(dp[i - 1, ¢ - weight[i - 1]] + vall[i - 1], dp[i - 1, cl);

F
I

return dpln, cap]l;

Qe 14-20 AR, WRIE AR RIS AREA A dp RAAJUE, BT O(n X cap) o
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- [ ] U “ - a B “
EE wgt i val 0 1 2 3 4 EE wgt ffE val el oo 1 2 3 4
wgt[i-11 val[i-1] [} [} ] 0 [} wgt[i-1] val[i-1] [} 0 [} [} [} ]
e 55T
1 5 (] ) 1 5 ("] 1
2 11 * [} 2 11 * 2 ]
3 15 - 0 3 15 o 3 )
RS
VEBE n = EEEE cap = 4

Step 1

MEWRTH (n+1) x (cap+1) B dp %EFE

d‘p[i, c] = max( dp[i - 1, ¢] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

Step 2
a & B @& a & & &
EE wgt HfE val 0 1 2 3 4 EE wgt i val e e 1 2 3 4
wgt[i-1] val[i-1] 0 [ L] ) 0 wgt[i-1] val[i-1] 0 ) 0 [] [] ]
+5°0 | _ +55
1 5 () 0 5 05 1 5 o 0 5 5
2 11 ¥ 0 2 11 ¥ 2 ]
3 15 (% 0 3 15 (3 3 )
®: #:
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]1] + val[i-1] )
| Step 3 Step &
o - [} [ ] ﬂ - [} ] ﬂ
EE wgt i{E val 0 1 2 3 4 BE wgt i val el oo i 2 3 4
wgt[i-11 vall[i-1] 0 0 [) L] 0 wgt[i-1] val[i-1] 0 0 0 0 [) 0
5N —
1 5 ('] 0 5 5 5 1 5 ] 1 [} ? 5 5 5
2 11 * ) 2 11 * 2 0 5
3 15 (% [] 3 15 (3 3 )
K& RER
#: #:
dp[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, c - wgt[i-1]] + val[i-1] )
[ Step 5 J Step 6
- ] Il U - [} ] ﬂ
EE wgt i val 0 1 2 3 4 EE wgt ffE val el oo 1 2 3 4
wgt[i-1] val[i-1] ) ) [} 0 0 wgt[i-1] valli-1] 0 [} ) ) 0 [}
1 5 (] 0 5 5 5 5 1 5 ] 1 [} 5 5 5 5
N R M T
2 11 ) 5 11 2 11 2 [} 5 1 16
3 15 - 0 3 15 o 3 )
gﬁﬁ RER
A{p[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] ) d‘p[i, c] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
[ Step 7 ‘ Step 8
- a @& n - a = "]
BEBE wgt fifE val 0 1 2 3 4 EE wgt fifH val el oo 1 2 3 4
wgt[i-1] valli-1] ) 0 0 0 0 wgt[i-1] valli-1] 0 0 0 ) 0 o
1 5 () 0 5 5.5 5 1 5 o 0 5 5 5 5
x T .
2 1 0 5 1 16 16 2 1 2 0 g 1 16 16
3 15 - 0 3 15 (% 3 0 5
. -

dpli, c] = max( dpli - 1, c] , dpli - 1, c - 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
EE wgt ME val el oo 1 2 3 A
wgt[i-1] val[i-1] 0 ) ) [} [} )
1 5 (] 1 ) 5 5 5 5
2 1 * 2 ) 5 ill 16 16
3 15 - 3 0 5 11
REF
B
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, c - wgt[i-1]] + val[i-1] )
Step 11
«a & & @
EE wgt fifH val e e 1 2 3 “
wgt[i-1] val[i-1] 0 0 0 0 [ 0
1 5 1 0 5 5 5 5
2 1 * 2 [) 5 -\\Q 16
+15 !
3 15 @ 3 ) 5 1 16 20
Xk*ﬁ
dp[1 cl = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 13

K 14-20 0-1%

4, =SiEfkitk

BT MNRSE R S H E—1TRORAE 3, [RULFRATT AT DUE AN SRR, =R REM O(n?

= O(n) .

BB, BATRES (UH — M LIS RILLlE? IS RIHI,
M, STHREE o T, IZEE AR ¢ — 1 TR,

HURSREGE AR, I spiE dpli, 5] B, %177 dpli — 1,1]

IR, R

o, MRS S EMAIRSHR SR,
QSRR P, WARE RS

) - - (] ﬂ
EE wgt iE val e oo 1 2 3 4
wgt[i-1] valli-1] 0 0 [} [ 0 0
D e
2 11 * 2 [}
3 15 - 3 0

sen—rsrna o - ((DEDEDEDED

WA 1= 2 #f, 5K dp RERENR 1 = 1 WFTEMRE

Step 1

- = ] U
EE wgt i val N 0 1 2 3 4
wgt[i-1] valli-1] ] [} [) [} [} ]
1 5 (] 1 [} 5 5 5 5
2 11 * 2 05 11 16 16
s
3 15 o 3 ) 5 11 16
i
#:
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 12
a a & &
EE wgt fifH val el o ; 2 3 4
wgt[i-1] val[i-1] ) [) 0 0 [} [
1 5 o ] 5 5 5 5
2 11 * 2 ] 5 1 16 16
3 15 @ 3 [ 5 1 16 20

EENFIEMRBAE SRRANE 20

Step 14

SREARIER IS R Ub R S

~dpli — 1, — 1] ETREE.

[, IR AT DUEREE T,
K 14-21 AR TERADEEH TN ¢ = LATHIRER ¢ = 217, 1

- = ] n
EE wgt fifH val e 0 1 2 3 4
wgt[i-1] valli-1] ] ] ] [} [} ]
1 5 ("] 1 5
2 1 * 2 ] A
3 15 - 3 [)

sen—ruina o - ((DEDEDEDED

BFERE 1 = 2 17, MTRERB

Step 2

)

FARSERZHIE LT7ak BT IR 5%

s

R 1E e it P AE] e g P A DXl
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EE wgt A val

wgt[i-1] val[i-1]

« BN
+
/- KL

o
o
o
]
o

sen—rsrma o - ((DEDEDEDED

) BFBHE i = 2 17, HTRERE BIFERE i = 2 17, #TREEB
Step 3 Step 4
€ - a B ] - a B [ ]
BEE wgt fifH val el oo 1 2 3 4 EE wgt M val el oo 1 2 3 4
wgt[i-1] valli-1] 0 0 ) 0 0 0 wgt[i-1] val[i-1] ) 0 0 0 [) 0
1 5 o [ 5 5 5 5 1 5 o 0 5 5 5 5
2 11 * 2 [} 5 1 16 16 2 11 ¥ 2 [) 5 1 16 16
3 15 (% 3 0 3 15 - 3 )
san—rurma o - ((DEDEDEDED sen—rurma o - (D EDEDED
) BIFERHE 1 = 2 17, #TRERE STRERE, #A dp RENHE 1 = 2 WAER
| Step 5 Step 6

EE wgt ffE val

i

c

wgt[i-1] valli-1]

@ +ts

0
1
2
3

N s |~ | B
v
o o|n|B

o
)
o
o

sen—raina o - ((DEDEIEDED

K 14-21 0-1 HRAZFELERSIESMRNE R

TERRSSIA, FAMCTEEAE dp FUSE—4E ¢ EREMBR, B ARG ERSE O8] 53 7 BT AT -
// = File: knapsack.cs =

/* 0-1 B8 TELMEHNEEMR +/
int KnapsackDPComp(int[] weight, int[] val, int cap) {
int n = weight.Length;
[l etk dp *=
int[] dp = new int[cap + 1];
/] REE®
for (int i = 1; i <= n; i++) {
!/l BFEH
for (int ¢ = cap; ¢ > 0; c--) {
if (weight[i - 1] > c) {
// EBIEERE, WEYm 1
dplc] = dplcl;
} else {
/] FEFEYS 1 XSG ENRKE
dplc] = Math.Max(dp[c], dplc - weight[i - 1]] + vall[i - 11);

I
F

return dplcap];

14.5 eE a0

TEATH, BAVeRBA—NE NSRRI 228, B T7ReEr—MRG: TRk,
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14.5.1 258

Question
BE n M, B AENERR wet[i — 1] WMER valli — 1], M—DEEN cap WEH, &
APrihn] URAGERIR, [F{ERRE S BE R TRERAY MR RIME, ~EANE 14-22 FiR,

we EE -
i wgtli-1] valli-1] cap = 50
1 10 50 o 1 —

2 20 120 : x2 /“
3 30 150 B

4 40 210 *

5 50 240 (>

=AMNE: 290

BRAR: B—1 O AFET . KSR
HEA 50 HEEE

14-22 seeB W REE R EEHE

1. Zh&MRBER

Se T WA 0-1 F R MIEAEFARRL, DXL T A~ BRAIP S EER AL

- AEO-1 HEMES, SRR A, RIS AEEE, HEEMAETQ — 1 MsHEes
- fEEEHERET, SMYRREERE TR, BRI AT EIE, Tnl PG @ A PdhrbiEe.

d

TESERH WIRERE T, K3 (i, ¢] B IHFEDL,

RO G 5 0-1 SR, B [ — 1,
BN 5 01 WRAERR, #EE [i,c — wgtli — 1]

MR RS TR :
dpli, c] = max(dp[i — 1, c|,dp[i, ¢ — wgt[i — 1]] + val]i — 1])

2. RS

X EEIERE H AR, RAESERTHE N G — 130 1, HREE 80
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// == File: unbounded_knapsack.cs =

/* T2HEE: ISR +/
int UnboundedKnapsackDP(int[] wgt, int[] val, int cap) {
int n = wgt.Length;
// #%ak dp &
int[,] dp = new int[n + 1, cap + 1];
/] RKEFEB
for (dint i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
// BBIEERE, WNEYH 1
dpl[i, c] = dp[i - 1, cl;
} else {
/] FEFEYR 1 XFMARNRAE

dpl[i, c] = Math.Max(dp[i - 1, c], dpl[i, ¢ - wgt[i - 1]] + valli - 11);

}
}
+
return dp[n, capl;
}
3. FiaElfi

A S AT N AIOA BB RSEAS TR, Bt MRIL IS ROZN dp Frh 1737 IE DI,

XA ENES 0-1 B IEFAER, THEBE 14-23 RIEREMNE X5,

o - [} ] n
EE wgt  fifE val e e 1 5 3 R
wgt[i-1] val[i-1] 0 0 0 ] [ 0
BRI
2 11 * 2 [)
3 15 - 3 ]

weer—rarza o - (N EEHEDDED €D

WA 1= 2§, FIR dp PEENR 1 = 1 MFFERORR

[ Step 1 |

Step 2
o - ] [ ] “
EE wgt HE val el e 1 2 3 4
wgt[i-1] valli-1] ] ) [} 0 3 0
1 5 [} 1 0 5 10 [EEEIEPY)
2 1 * 2 ° 5 11
3 15 ®» 3 o *11
sen—rwrns o - D EDEIEDED
EFBRE 1 = 2 17, #ITREES
[ Step 3

Step 4

EE wgt HE val c

wgt[i-11 val[i-1]

e (o [ (5 [0 ][]

EFBARE 1 = 2 17, #TRSHS

EE wgt ffE val c

wgt[i-1] valli-1]

wen—rerna o - (D EDEDEDED

EFBHSE i = 2 17, BTREHEE
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) [] [ ] ] “ - [} [ ] n
ER wgt i val \i cl o 1 2 3 4 EE wgt i val e e ; 2 3 4
wgt[i-11 valli-1] ] ) [} ] ] ) wgt[i-11 valli-1] ] ] ) ) o ]
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
sen—rwins o - D EDEIEIED sen—rarns o - R EDEDEDED
EFBHE i = 2 17, #ITREES SERBAE, B dp RENHME i = 2 WFENR
Step 5 Step 6

Kl 14-23 seedREE S RIULE ISR

PASSEER AR T 5, ANFR R dp Y8 —4EAHBR :
// == File: unbounded_knapsack.cs =

/* T2HE: TEMMEHEME «/
int UnboundedKnapsackDPComp(int[] wgt, int[] val, int cap) {
int n = wgt.Length;
/] #EKE dp &
int[] dp = new int[cap + 1];
/]l REEH
for (int 1 = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > c) {
// BBIEeRE, WRNEYHE 1
dplc] = dplcl;
} else {
/] FEMEYSR 1 XFMHAENRAE
dplc] = Math.Max(dp[c], dplc - wgt[i - 1]] + vall[i - 11);

¥
+
return dplcapl;

14.5.2 TR0

HHRFEUE RSB, HAEREZAR, Hlan kit m &,

Question
Y558 n FREET, 58 MEEMNEER coins[i — 1], BARSEN amt , hagh e AEEER, [
RES B HAR SRR/ VMR, RTTIREL Ened, MHRE —1 , REGNE 14-24 FiR,
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RS EfE
i coins[i-1] BirsE
1 1 1 amt = 11
~. =
2 2 $
3 5 @ x2 /

BUOETRE: 3
stiEmas: @+ @+ ©

14-24  FESLH AR GIEHE

1. EHASHRIBER

TR AR RS 21 WS — ARG 00, B DU NRR S A o

. PR DAL, P RIR CRER. CPr R R CREMEE, AR WR “HERE
~ﬁéﬁﬁﬁ&,%%ﬁ@ﬁ@%ﬁ%kk%%mﬁ,Eﬁ%@ﬁ@%£%¢k@mﬁ%o
C RABEREER FEL SEAR FIOR, TEREIER B R0 BRI,

- BERRIUGE, EURE, WEE dp %

ARAS [i, o] MBHO TS : 1 i R AERS M 20 o MR DRETER, 120 dpli, a] .

—4 dp RIS (n+ 1) x (amt + 1) .

Fo: PR T, MRS R AR R

R 5 AT IR AR TR e DL R A2 5,

- AR ME, EIEEHEHT max() EéCH min() .
- R R RE SR TR A, e R T RT 41 BT,

dpli,al = min(dp[i — 1, al, dp[i,a — coins[i — 1]] + 1)

B WA REIIR SRR
Y ERESHON 0 I, B ErROEmEEN 0, BEFIFTE dpli, 0] #%T 0.

YICHEMN, FIRBER > 0 FERER, RETRR. NERESEE IR min() HEEEWBIRHIH
WIRTCRR, TATEEMER oo KETREN], BILETANE dpl0, a] #EHFT 400,
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2. KE5sEH

REEGIRIE S IFARIR ML +oo i, HABEAER int MRAKERME, MXXSSFBOREES: REH
MITRERR) +1 RIERTRER A R H

M, BATRAET amt + 1 RFRTCRR, FREL amt WEHBEEZ N amt . &EIREIE, HkT
dp[n,amt] BEFTF amt + 1, FHRURE —1, RRIEZEH EARESH, RIS FHR:

// == File: coin_change.cs =

[* FEE: ohEHR +/
int CoinChangeDP(int[] coins, int amt) {
int n = coins.length;
int MAX = amt + 1;
/] #EE dp &
int[,] dp = new int[n + 1, amt + 1];
/] KEE%:. 817875
for (int a = 1; a <= amt; a++) {
dpl[0, al = MAX;
+
/] REE%. ER1TH5
for (int i = 1; 1 <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EBIBrEE, WAEER 1
dp[i, a] = dpl[i - 1, al;
} else {
/] FEFERETR 1 XFMARNRIME
dpl[i, a] = Math.Min(dp[i - 1, al, dp[i, a - coins[i - 1]] + 1);

+
+
return dp[n, amt] != MAX ? dp[n, amt] : -1;

B 14-25 Jeon 1 FESURAIEI SIS, Msees tnmaE AL,

8 & & & s & & 8
®E i e e 1 2 3 4 W®s [ T2 o 1 2 3 4
coins[i-1] [ coins[i-1] 0 [ MAX MAX MAX MAX
1 1 ® : 1 1 @ ! 0
2 2 @ - 2 2 @ - 0
3 5 @ 3 3 5 @ 3 0
Wh#E n =3 BiFEE amt = 4 WH#HE n =3 EfFES  amt = 4
MEERTA (n+1) x (amt+1) 80 dp %6 MR nax = amt + 1. BFIH o0

Step 1 Step 2
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s 5 & 8
wS EfE el e 1 2 3 4
o MAX MAX MAX MAX

i coins[i-1] 0
1 1 @
2 2 @ -
3

RER

#:
dp[i, al] = min( dp[i - 1, a] ,

dpl[i, a - coins[i-1]] + 1 )

[ Step 3
&8 & & 8
E il el oe 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® 1|0 1 2 3
2 2 @ [) 1
3 5 @D 3 0
RS
db[i, a] = min( dp[i - 1, al , dpli, a - coins[i-1]] + 1 )
| step 5 ]
i & & 8
wS EfE el 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
RER
#:
dp[i, a] = min( dp[i - 1, al] , dp[i, a - coins[i-1]] + 1 )
[ step 7
s & & ¢
HS EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 1 2 ? 4
2 2 @ - 0 1 1 2
3 5 GD 3 0 "
RS
#:
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]1] + 1)
| step 9
s & & 6 €
wS EfE e e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 0 12 3 4
2 2 @ 2| o | e
3 5 @ 3|0 1
RER
#:
dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
| step 11

Step 4

( Step 6

Step 8

Step 10

Step 12

s & & &
wS EfE el 1 2 3 4
i coins[i-1] 0 0 MAX MAX  MAX  MAX
1 1 @ ! 0 1___)5
2 2 e - 0 *1
3 5 @ | o
dpli, al = min( dp[i - 1, al , dpli, a - coins[i-11]1 + 1 )
s & & &
WS HiE N e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ : 0 1 2 344?;
2 2 @ > ] 1
3 5 Gi 3 [
4ﬁf§¥§
db[i, al = min( dp[i - 1, al , dpli, a - coins[i-1]] + 1 )
s & & &
ws EfE Nal e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! 3 1 2 3 4
2 2 ® 2|0 1|1
3 5 ® | o™
RER
#:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
s & & 6
®s EfE Nale 1 2 3 4
i coins[i-1] o 0 MAX  MAX  MAX  MAX
1 1 GD 1 [} 1 2 3 4
2 2 Q@ ] 1 1 2 2
3 5 G’ 3 [ 1
RS
#:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
: & & & 6
WS EE SNl 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 1 2 2
3 5 @ : ] 1 i
RER
#:
dpli, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )
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EfE

coins[i-1]

1
2
5

5 & & ¢

N ) 1 2 3 4
[) 1) MAX MAX MAX MAX

1 ) 1 2 3 4

2 1) 1 1 2 2

i

3 ) 1 1 2 2

5 & 6 6
wS mfE el e 1 2 3 4 wS

i coins[i-1] 0 0 MAX  MAX  MAX  MAX i

1 1 @ ! 0 1 2 3 4 1

2 2 @ 2|0 1 1 o 2

3 5 @ - 0 1 1 2 3
REF R
: b

dpli, al = min( dpli - 1, al , dp[i, a - coins[i-11] + 1 )

Step 13

3. TaElfkt

Step 14

i & &

EfE \i\a ) 1 2 3
coins[i-1] 0 0 MAX  MAX  MAX

1 @ : 0 1 2 3

2 @ 0 1 1 2

5 @ 3 0 1 1 2

Step 15

14-25 FER LR ARSI AR

EEIRHERSTNROEDSE 2

TR SR A B AL T S 52 21 B A — 2K

// == File: coin_change.cs =

/*x SR FECENIESIK */

int CoinChangeDPComp(int[] coins, int amt) {
int n = coins.length;
int MAX = amt + 1;

// #atE dp &

int[] dp = new int[amt + 1];

Array.Fill(dp,
dp[0] = 0;
/] REE

MAX) ;

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

if (coins[i - 1] > a) {

/] ERBIBirER, WAEER 1

dplal = dplal;

} else

{

[/ REFEET 1 XS RBIME

dp[al = Math.Min(dp[al, dpl[a - coins[i - 1]] + 1);

}
¥
return dp[amt]

I= MAX ? dplamt]

: -1;

dpli, al = min( dpli - 1, al ,

dpl[i, a - coins[i-1]] + 1 )
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14.5.3 FERIRE)EE 1

Question
Y57 n FPEETR, 58 ¢ RREEMIEEN coins[i — 1], BEARESEN amt , SMEET A AESIER, W
ZERSHREm A S5, REIAE 14-26 Fir.

RS HfE
i coins[i-1] BirEE
amt = 5
1 1
2 2 $
3 5 (5)

EHHAGHE: 4
EhAEHER: + + + +

14-26  FER i m 1T FplEdE

1. EAMPIEH
IR b, AR E AR AR, P T i A AERS T th & o LA ROR. T dp
FORRBRN (n 4+ 1) x (amt + 1) 4%,

SRS & BT TR 4 AT s 5 0624 R PR X PR SR S R 2 ., RS RS IR

dpli,a] = dpli — 1, a] + dpli, a — coins[i — 1]]

L EAREACY 0 I, TCAUEREATRE T Rl 2 HAREA, HUR E5IFA dpli, O] #¥laafen 1. 47
REMRR, JokgRMER > 0 MERESH, HEETHE dpl0,a] #5%T 0,

2. fUEEsEHM

// == File: coin_change_ii.cs =

[* TERGIMR I1: EHASHR +/

int CoinChangeIIDP(int[] coins, int amt) {
int n = coins.Length;
/] ¥iaf dp R

int[,] dp = new int[n + 1, amt + 1];
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!l B ES
for (int i = 0; 1 <= n; i++) {
dp[i, 0] = 1;
+
/] REEH
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] BBIBErEE, WAEER 1
dpl[i, al] = dp[i - 1, al;
} else {
/] REMEEH 1 X GERZH
dpl[i, a] = dp[i - 1, al] + dpl[i, a - coins[i - 1]];

}
+
+
return dp[n, amt];
}
3. Fafik

R ERTT AAH ], AHIBRAE i 4k RIA] -
// == File: coin_change_ii.cs =

[* TR I1: TEMLWEIEIESIR] +/
int CoinChangeIIDPComp(int[] coins, int amt) {
int n = coins.Llength;
[l %k dp *=
int[] dp = new int[amt + 1];
dplo] = 1;
/] REHE%
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
// EBIBEIrEE, WAEES 1
dpla] = dplal;
} else {
/] FEFERETR 1 XFMHAEERZM
dpl[al = dp[a] + dp[a - coins[i - 1]];

F
I

return dpl[amt];

14.6 YmiBREE 00

gmiREn R, AR Levenshtein FER, fEMDNFT 2 A EAHBHE R/ MESREL, EH A THEFRERRNE
SRVE S A B B D e SR AROUE
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Question

WA DNTIFER s M ¢, RIEPK s ##08 t Fifs iR/ DImE 5

VRA] DATE— DR R AT =R R E . A — DR MBR— 15/, B AIMEE— 1T
?qo

i 14-27 FoR, R kitten $#HON sitting FREGE 3 0, GG 2 WEHURIES 1 IRUSINIR(E; # hello
MM algo FHE 340, B4R 2 DO HURIEAT 1 IRIMBRIR(E,

- 80800 - (38000
lgm lgm lmm mm] lsm lgm
(s[ifefefifn]e] 80000

- 3800800 - (3E00

14-27 Gk EE B AR B EHE

S S} 180 1) S M AT A SR P DR SR BRI AR, A A BB T, —BRIRIR (—IRGmETRAE) XTI 1Y
—4i4,

aniE 14-28 FoR, EABRFHRIEAIEICTS, 80T (8 DURAE HIF 2500, BRI —RRIE, Xk
% M hello ##5] algo HIFLAATRERIIETR,

MRS A IER, ABHEARERBET R hello M A algo Z AIMYRIEEETE,

14-28 B DRI IR g o 12 )
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1. zh&MEBER

B BERRNIUE, &30RE, Mmifesl dp %
B RHRFREXN TR s AT IR R,

T A EAE SRR AR, IRUBOER G/, SXREA BRI T, 508 s A £ IOKEES N
n A m, RIVEEERTRREBOFT s[n — 1] f t{m — 1],

% s[n — 1) Fltlm — 1] IR, RATATCEEEEN], EE%E sn— 2] 7 t{m — 2],
- % s[n — 1) Ftfm — 1] R, AT s TR GEA. R, B0, SRR RRS
BOSEREREIR, ATAT AR AT, % MR NI,

WAtR, BAVEFITE s PHITHE RER (EHRE), MIES s ¢ PRERIFFITAC 7R 428
fto R, RENYFITE s Fl ¢ HBERIE  FI5E § DR, 120 [4, 7]

IRA [4, g] XREF IR ¥ s BT @ AFREBON ¢ IR § ARSI b s 8
i, {BE-PMRIHB(+1) x (j+1) -4 dp &,
B R AT, WS IR R

FRT R dpli, j], HNRMAIWADNFRFRRRBETN sl — 1] M t[j — 1], AIRERFgRERES NE
14-29 B =R 5 o

1. 18 s[i — 1) 2Bt — 1], WEATFAE dpli, j — 1]
2. MK s[i — 1], WS THE dpli — 1, 7] .
3. ¥ s[i — 1) Bm 5 — 1), WA TR dpli — 1,5 — 1],

HERSFM e
00000
(c[o]d]e] (c[o]d
dpli, j-1]
BE% k
s - BB08C 080
‘- (o]
dpl[i, j] dp[i-1, j]
# k BiRH e
(b]oJo]e]
(cJold]e] (c]o]d
dpli-1, j-1]

K 14-29 ZmiHEE RS IR EAS

FRR DA L5347, AT T454: dpli, ] 0 DB 8T dpli, j— 1), dpli— 1, 5], dp[i— 1,5 —1]
SHTIROGRESR, F ARSI R 1 . KBRS T
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dp[lhj] = mln(dp[l,j - 1]7dp[2 - 17]]7dp[2 - 17] - 1]) +1

EER, sl — 1] M t[j — 1] HFER, JEAgE a7, XAE SRS 7R

B AR ARIFRIRE RN

RN, RESECY 0, B dpl0,0] = 0, 4 s HEME ¢ FR2sh, BORESHET ¢ K
FE, BIEAT dpl0, j] = jo M s FREHE t A, BOGHREECET s K, B dpli, 0] = i

WMEGRSHRE TR, M8 dpld, j] WBU/E 7. b77. 76 D7 I, DRIHOE I 206 3R IE 7 e P54 dp RENAT,

2. fUEEEH

// == File: edit_distance.cs =

/> YREEREES: mHASHIRI */

int EditDistanceDP(string s, string t) {
int n = s.Length, m = t.Length;
int[,] dp = new int[n + 1, m + 1];
[/l REEHE: B17EY

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

dpl[i, 0] = i;

¥

for (int j = 1; j <= m; j++) {
dpl0, 3l = 3j;

}

/] REE%. HR1TM75)
for (int i = 1; i <= n; i++) {
for (int j = 1; j <= m; j++) {
if (s[i - 1] = t[j - 1) {
/] ERFFEE, WEZBIILHRFR
dpli, j] = dpli - 2, j - 1];
} else {
/] BRVRESE = A BBk, BIRX=MIRENRDEESE + 1
dpl[i, j1 = Math.Min(Math.Min(dp[i, j - 11, dpl[i - 1, j1), dpli - 1, 7 - 11) + 1;
}
+
}

return dp[n, ml;

GnIE 14-30 A, gwiEEE RS M RIR S AT R 50 WREAE R 20, &I DAE RS — D 4ERRg A
o
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s |

Step 7

[ Step 9 l

h J
0
0 :
8 :
[
s = “bag"”
n=3

t = “pack”
m=4

MEWRTA (n+1) x (m+1) B dp R

(p Q0]

RER

4pli, 31 = min( dpl3,

wase
4pli, 31 = min( dpli,

dpli, 31 = min( dpli,

4pli, 31 = min( dpl3,

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, j1 , 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 |
~J
0
0 -
B :
[ < S
wase
pli, 31 = min( dpli,
[ Step & ]

Rt
dpli, 31 = min( dpli,

e oslic1]=tli-1] = ‘a’

[ step s |
jj
o
0 -
B :
[ < NS
it
dpli, 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, 31 = dpli-1, j-11

j-11 , dpli-1, jl , dpli-1, j-1] ) + 1
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; -

SNle 12 3 4 SNle 12 3 4
o |0 1 2 3 4 e o 1 2 3 4
u 1|1 1 2 3 4 n 11 01 2 3 4
a 2 2 2 1 2 3 a 2 2 2 1 2 3

+1 +1

B 3 |3 3 B 3 |3 3 2

#: #:
dp[i, j] = min( dpli, j-11 , dpli-1, j] , dpli-1, j-1] ) + 1 dp[i, j] = min( dpli, j-11 , dp[i-1, j] , dp[i-1, j-1] ) + 1
|Step 11 Step 12
ooan ooan
i:\j e 1 2 3 4 i:\{ e 1 2 3 4
[) ) 1 2 3 4 o o 1 2 3 4
n 1 1 1 2 3 4 u 1 1 1 2 3 4
a 2 |2 2 1 2 3 u 2 |2 2 1 2 3
+1 +
B 3 |3 3 2 2 B 3|3 3 2 2 3
REH g&ﬁ
dpli, j] = min( dpli, j-11 , dpli-1, j] , dpli-1, j-11 ) + 1 dp[i, j] = min( dp[i, j-1] , dpli-1, j1 , dpli-1, j-1] ) + 1
Step 13 Step 14

ooan

i{“ 12 3 4

o e 1 2 3 4

[ 5 I IE U G T
a 2 2 2 1 2 3
B s 3 2 2 3

BEIRDREIES K 3

Step 15

K 14-30 ZmHEEES SIS RE

3. FaEfiik

BT dpli, 7] B A7 dpli — 1, 7). 77 dpli,j — 1], % E77 dpli — 1,5 — 1] SRR, TERRH
SESTE b dpli — 1,5 — 1], BIRFBFHTEENTIEE dpli, j — 1], PRSI T,

ik, FATTAT DA — ANV & Leftup SREFA LTI dpli — 1,5 — 1], MR FTE R LT H#
R RTR LS e e E WEAEE, AIER RS, A NTR:

// == File: edit_distance.cs =

/* YRIEBIEE. TEIMMEHEIEME «/
int EditDistanceDPComp(string s, string t) {
int n = s.Length, m = t.Length;
int[] dp = new int[m + 1];
[/l REE%: 817
for (int j = 1; j <= m; j++) {
dpl[jl = 3;
+
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}

/] RER®E. ERT
for (int i = 1; 1 <= n; i++) {
/] RE#E%: g5
int leftup = dpl[0]; // &7 dp[i-1, j-1]
dp[0] = i;
/] REE%. ERY)
for (int j = 1; j <=m; j++) {
int temp = dp[jl;
if (s[i - 1] = t[j - 1D {
/] ERFFHEE, WEZBIILHRFR
dp[j] = leftup;
} else {
/] =VRESE = A BBk, BIRX=MIRENRDRESH + 1
dp[j] = Math.Min(Math.Min(dp[j - 11, dp[jl), leftup) + 1;
}
leftup = temp; // EMAT—®H dpli-1, j-1]
+
}

return dp[m];

14.7 &

1. EREH

- BN B TR, REE T R R E R TR, RS RRER,
- AHBENRIIRTEE §, FrAshSOURIREEL T AR (B4R MR, B ERER

HE TP, YRR @SSR, AT DAEHERTA TR R 7RISR R, M PRIE )
AP — R,

- IR R RN TR JRAB AR, TS 2 N Eh SR — i R B TR Ui, A

auiE “HERK —F BT HATRESOURBEELE RERE, EIRATA] DAERR dp RE9—DUEE, M
TR TR 52 2%

- FIRE R AE A ARE RS, G, S B BA AR,

- BIESMKIREA = RFHE: EE TR, RIUFE. TTER.

© WERRE AR B A AT DA T R B LA AR oK, e B I 454

- JEREREN TR, HARRERRGZIEE X, MEERLmiEIRESTER, w2 et

AN BA TR, iR SR PRI R #,

H e

BRSNS —, B 0-1 BH., EeE i, ZEEFEFELM,

- 0-1 BRAIREE SOVRT i MIRIEREN c NEETIRANME. BIENBIAE BB T ERfhR

R, AREIRLTEN, FFREBGSER TR, EEed, BTN IRESRIUE e IR
A, HILFRZEE IR, w5 LTI 5.

- T EREE AR SRR TORE, FHIERRAD RS RS S 0-1 BEFEAR, BT

IRASHAUE BT FIIEZETT BOIRAS,  RIAEZS R AL b 5 TR i i

- BERSURNEUR E 2T BAER — DR, BMKR RRT MEZONK RN MR, IR

Bo7ifEr i max() B8 min() o MIBSR “REid” HEARINER “IBiF” Bl ERSE, KIS
A amt + 1 RKFoR “TiRBEH BRI KT,



B14E SN www.hello-algo.com 321

© BERGUHAE 1T SR “EBDREMEGR” BOyR “BEMASER", IREHEB TR min() 2Oy
RINEEAT,

S R 2 12 )

- A (Levenshtein BEEY) HTHIRMNFAFHZRIAAHPELE, HiE O MN—DFRFERE] 5 —4
TR DDA, mEIRIERARTI, MER, e,

- O R AR AR SO s BURT ¢ DR E SO t BIRT § DTSR B R G B, Y
s[i] # t[j] i, BA=MUEE: A0, MR, B, E0TEAAHR TR, R a] DA L
FER GRS T IR, T s[i] = t[j] ¥, THRELHTF,

- EGREIEE D, WESMEIEILE By, IEATT. A ETTRVIRE, R G B 8 il i #f T ik L
Wb TR AS, i, AR — PN EREF L LIRS, MR 5 522 H f RS 115
O, A DAE RS LSS AT IE i o
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F158F AN

el

Abstract
) H 2%6A%E KPHEE 8, BZIESR B 8 KR KT EE,
FUL RIS — R R BERE D, BP FRREER.
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15.1 JOEZX

ROEZE (greedy algorithm) 22— WLAIARRACIL MR RTR, HEA AR AL WA N RRITEL,  #
R ATE R R LAIESE, HSUOt it BB ILATRR, DIIERG 2R, OO IRREE HEiK,
FEVF KRB E & 2RI
FOLRIEISASMKIER A TR e, ez B E— SR A, HanEs iR a5 e, =
TAEREEA AL,
- BN SRYE Z BT ERIR A IRAOR B & S RIR, I IS 27 1A RS 2 24 A1 [ LA e
- ROLREARFBELRRE, T —BAnithiET ou0Ess, AW NRETEE, B2 R,
BAVREL G TR THERORIEN TIERM, XEMOSE “BeEme” =Y hagd, H
B EFH AR,

Question
57 n MR, 58 0 RPEEMITEIEN coins[i — 1], BN amt , ST AESIER, [
REMS I H BRI MEE, MRITEEH EFRER, NWIRE —1,

AR ZOL RSN 15-1 FioR. 28 HFREA, BSUOMNESE AT HERRE eriEm, THigaaix
S, BEREL BRSOV,

Bfs@ AL RRERTATEREENRESHNET
131
’
31 IS -
¥
e
¥
’
1 J— =
-
A (1)
0
B 15-1 FERSHAI OO REE
SEEHES AT R R
// == File: coin_change_greedy.cs =

[* BRI D */
int CoinChangeGreedy(int[] coins, int amt) {
// 1&i& coins FIRERE

int i = coins.Length - 1;
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int count = 0;

/] EFRHTROEE, BEITHREE
while (amt > 0) {
/] BEINFBRIEARRESEAVET
while (i > 0 && coins[i] > amt) {
i--;
+
// % coins[i]
amt -= coins[i];
count++;
¥
/] BEXRFEIATAESR, WRE -1
return amt = 0 ? count : -1;

IRATRER A& &I : So clean | SULBIEMUHA TR RURR T 2 ER 5L e AL,

15.1.1 BALEZENMASERYE

TODFIEA DR B, SRR, i @R PR ARG, £ AR, ICRE M R/NE{E min(coins)
W ZLOERE R Z IR amt/ min(coins) R, NEEZEN O(amt/ min(coins)) . XHLANESMKIEZER
IR ZE O(n x amt) /N7 —DMER,

SR, MFREMMEEMN S, SWORIIFTREIRSIRMM. & 15-2 4H TIRAL,

- 1B coins = [1,5,10,20,50,100]: EZEHHAE TR, HEMLE amt , POOEIEERA DEREIR AR
it

- &Pl coins = [1,20,50]: % amt = 60, ZUOEIEHEAERE50 + 1 x 10 WSS, it 11
BT, (HBhASHURIPT DAREIRAAR 20 + 20 + 20, X7 3 HEm,

- Bl coins = [1,49,50]: & amt = 98, TWLEBEHEEE 50 + 1 x 48 st s, it 49
MET, (SR DARBIR AR 49 + 49, N5 2 M,

Whas Bin&H TOHERMRS R REHRIBIR 5
(REpmIARE) (2RRIARE)

(1) 60 +@x1@ x3
@ 98 +©x48 xz

B 15-2 SULBERICIEIRH RAOLARATR B

WALE, NTEECAE, SORETERIERE 2 R&IUE, HEATREEHEFE 20, EEEs
EEES/ Rl 27

—REEOL S, SULBIRAE AL PR PR,
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L. Al PAGRUERRBNR UM : SO0 RIAERXA A MEE R RIUERE, FOVEEELLEH, ahSMRIE &R,
2. AIDMRENERUR M : SOORIETEIRAEN TR AT, M TREERMERY, IR REE
HRME, BE AR ERCRER

R AR AR Y,

15.1.2 sTOEHRISH
MARERT, AR REHE S 2O EIERMEIE? k30, OB EET SN T ol DURIE R ER R
fig?
MESTHNAMK, SOLEIERE R & E SR, H R m A ™R

C UDIEBER: LA YRS R G R ISR R RN, 2U0E A GRS I R

- BIRTEN: RN SRS T R B R
B TFEMTEE “GIAMN SEWhagd, XEREER, EETENE, —SBlRmraEmitr
AR, (EASRRTE 20O B R AR,

BN FEZRFTSVOE R BRI HINTT TR, BARAERIRE ER R, HIh BN T2 i, WS
EREEBIFES H

BIanF e S F A, BATRARREG A B B, W OGO TIEDy, (HUESSATMERERR, WERA:
WA 22 PR RE T 2 & il A SOORTEAR MY A1 R REFEAE AL B B8 1ok 45 H — MR N AT Y 2
X, TAEDASS =R EAUE,

Quote

H—RIEXAH T —D O(n®) WEE 2 EEE, FAT R0 —NE A A e S 6 S0 IR IR HME
BRI R

Pearson, D. A polynomial-time algorithm for the change-making problem[]J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 RLEZEBOTE

SOL BRI R AR R] 73 AR =2,

L. MSsHT: WER S PR AR, RARIRASTE X I BARA R AESE X — P AERIIAIEh AR
SRS

2. e FULRIG: FEANAIE S — D th SU0IERE, XD IRISRES £ — DU NI, &R
RIS A

3. IEFPEIER: S8R R EIEREEA ORI BN R LT 458, XN ERA] REFR I ZIECAIERT, I
ARYAANIR B SUETR S

A 2O DSR2 SRR R O IR, (BSCE R REFF A S, TEAUREE,

- RN FTORMSIE R, A TS RER, FORMILRRE, RIDEN K0S
SARERE . TN TSP, FOORHTREERERIG, SRR B0 PRS0
SR T
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SE SO RIS A BRI R, SBATHIME 0RIHE 200 RE, TR 081T, RATEE

PEER o MAREGITEIRE . KR E NSO R UZ "B 1Y, ESO AR R R
— MR B,

NTRIEERTE, FRAIROZN SUL RIS T EREEAUER, 0 T B SOEE s AL,

s, IEMMIERARATREN R — B, aa iR ke, BANER esmaiiAHenE T A iEs, —
PBEKR S RUE LRI,

- K
&

15.1.4 TROEEHRBEGIE

SOLBIRE N R E SUDIE IR AR UL imdEib,  DURAI2E T — L2 ARG 5O B TR A

- MEMIRFRE: EREETAS T, WORIREEA] ISR TR,

- XML IR — 2555, S MESSTE—BINRINEELT, REERRERRATREZRIESS.
REREOE RN R R AESS, A2 T00E IR AT SRR,

© BRI A YR DN EER, RIERRIERE AT, EREERNEYHER,
SMERR, WREBRANEFEEN tbim (ME / ER) 19Pa, IADRIRE LI~ DUSE|
AL,

- RSN faE A RERIT R, VKA DAOET 2 IRESE, HIRIRE SR AR, IBAAESEH
ZHIARERSE, HANEAREUR AR,

- BRI EREmGE A TR RSN LA, EEREREN, BIRIEREHIRR
RIKKHRADTRETF, REFINERSMITHPERERE GREKE) &/,

- Dijkstra 5i%: B2 RO E IR TS 2 H AR A R Y SRR A R R S0 O 3R

15.2 H#E|inE

Question

BE n DI, B AYISNERSN wgti — 1], HER valli — 1], M—DEEHN cap HE L,
MR REIERE IR, (HR] DUEREMA I —8R sy, BrEmsiesmE R e, REREE aE
TEOHYRRRNE, REIWE 15-3 Fir.
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#S EE tifE

i wgt[i-1] val[i-1]

1 10 50 ¥ BANER HazEE
2 20 120 20 cap = 50
3 30 150 7Y ~ m
4 40 210 bd 8 —

5 50 240 ()

BAME: 120 + (30/40)x210 = 277.5

BRAZE: BB A 30 B ¥ pAES
HEE S0 HESE

B 15-3 3 80H B B R

SHECE AR 0-1 B EAEEAR EAEFMAC, IRSEZ LY« AR o, BME2RRETEER MY
BRARNME,

RNAFIET, AT IR —E7, WA 15-4 s, BT EET Y5, FHigER
EEBR T A B

1 KT, CERAER FIOMEN valli — 1)/wgt]i — 1], BFRARHME
2. B3R5 i, RN w , WEERMIOER w x valli — 1)/wgt[i — 1] ,

Hs EE il  AfifiE

val[i-1]
i wgt[i-1] val[i-1]
wgt[i-1]
1 10 50 5 ] E gy L E kv HERn
EINER BT E Whne &
2 20 120 6 _ T
va -
3o 130 > & YT gl (|
4 40 210 5.5 ¥
5 50 240 4.8 -

15-4 PyinfE s & NHYIME

1. SFDRERIAE
BAAEUAYENE, AR R ER AN E R TP, Bt AR A 15-5 FRaY 00K
[

L. Ryt B BN E M S BRI THE R
2. WA, SR TLOHER AN E RS P
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3. HHIREHARAL, WIEEH LAY A — 8 B B,

RS EE fifd  SAfifiE
val[i-1] RBR{IMNE

i wgt[i-1] val[i-1] wgtli-1] MESEEHEE

2 20 120 6

4 40 210 5.25 % P —

1 10 50 5 ™) RAERRUMEERNY R
3 30 150 5 ™Y

5 50 240 4.8 -

15-5 8Os SRS 50 LR

2. fUEEEH

BATVESL T — A2 Ttem, DUEEY) IR ANNETHEE, WEIRETO00%EE, YT ik Pk
HIR Ol i

// == File: fractional_knapsack.cs =

/* ¥ */

class Item(int w, int v) {
public int w = w; // ¥mESE
public int v = v; // ¥mih{E

}

/% DEEE: A */
double FractionalKnapsack(int[] wgt, int[] val, int cap) {
/] RIEMmYIR, BEWmITENE: EE. NE
Item[] items = new Item[wgt.Length];
for (int i = 0; i < wgt.Length; i++) {
items[i] = new Item(wgt[i], vallil);
¥
/] REREMMNE item.v / item.w MEEUEHITHIRE
Array.Sort(items, (x, y) = (y.v / y.w).CompareTo(x.v / x.w));
/] ERBCEE
double res = 0;
foreach (Item item in items) {
if (item.w <= cap) {
/| BERRBERTE, WRKHIMRENEHES
res += item.v;
cap -= item.w;
} else {
/] BRRBEFRE, WEHIRN—FrEHEER
res += (double)item.v / item.w * cap;
/| BERREBE, FIBHER
break;
¥
¥

return res;
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NEHF AN B E R EEE A O(logn) , ZREREER N O(logn) 8t O(n) , BURTHRHEIESH
B,

BRHbr28h, TERERT, FEEHEMMIR, BRRBERER O(n), Hibhn Yd.
HITRIGEM T —1 Ttem MRFIZE, KEHEREN O(n) .

3. IEFRMEIERA

RHRIEZ, B « 2 R ER SR, EREREDORIGRARNEN res , EIZBH IS @
WEMNE B H A EEREEY M, SOV ERNYIN v . BTY5 v MR IMESS, KIS
BEEME—TEKRT res, X9 res RERMEFIE, BHREREPLHEEN © .

XTI A, BB DA EIAF G, SIS, AR EE R SR IR, X
APPSR G S

G 15-6 Fiow, A SeReP e BRI i B AN (B0 I 1 — 9K R R AR AN Il )70 2508 (e im) st ]
e “SRAEA FRAERRIX TR T BB A I RTHI AR o JX 2 En] DAES B ERATI AN LA fig EE B A 570 o SRS (4 R

YmBGE
5.25 5 5
* ¢ & -
YoES
40 10 30
50
| “uzE

B 15-6 3 EH BRI LERR

Question

BMA—T A ht , RPN TERR N BERERNEE, SEPNEERNER, DREllz
B =3 (8] A A R — D A28

DA RS TEEMEENFRA (), HivEEiEERERouE, %6 EZMNEREEHRS |
Z%O

BERAHPIEEM DN ER, ERHRNARNEERAR, RERAER, ~HAE 15-7 Fimr,
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atx

e B N W B U O N

L

0 1

N
w
&~
(5]
[}
~

BABEAN (5-1)x7=28

15-7 KRB ERERR R

AHEEEM N FERE R, FABRRE WA BRI, iKh (4, 7] .
MR, AR TRERMGEE, HrhaEEiove, 5ERMBIRINEEHERS 2%, RARN capli, j]

, MIATE R
cap(i, j] = min(ht[i], ht[j]) x (j — i)

WHELKREN n, PIATIRIALS R0, (RARE0 1 C2 = 2L A s, Slllal DAsremifidk

&, MTTRIEFRAZR, NEEZEN O(n?).

1. RO

X B RS S RCRIIRE, & 15-8 FvR, BUEE—MRE [4, 5], HERE @ < j & ht[i] < ht[j]
, BVE ONEERR. 5 N RARG

e Bk N W B N ®
[ < |+
—— <\

i MR, § AR
YUEIAE cap = min(3, 4) x (7-0) = 21
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K 15-8 WIS

aniE 15-9 AIoR, FHBERRE MR j kiR @ S8, WA= —E .

IRRNERSENRR j )5, SR j — @ HERN; MEmERERIE, FitmERRENE (O NRER) 5L
N (BENEH 5 BONRERD .

—— < e

e B N W s 00N ®

BRBER, BE—ER
LUHIAE cap = min(3, 3) x (6-0) = 18
K 15-9 RNBIIEAREEIRE

i, BAIRAMANBERR  , AAREEFRER, FNEREE —EZ/, HEETRIER BB
BNIERIREN ¢ FTRESAE K. BIANTEE 15-10 1, BalEia Hf R,

8
7
6
5 | J
4
3
2
1 y
0
(] 1 2 3 4 5 6 7

B ENER, BRAEEA
LBEIAE cap = min(8, 4) x (7-1) = 24

15-10 N sl IRAS
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332

P L AT AU SO SRS . RIGA LIRS, BEH IR A M, ARAI P RO I AT

TEEHAHIA,
B 15-11 R 1 s D SRIS IR TId AR

L WGEIRAST, f&EH 0 F0 j 0 5IEEH M.

2. WHMAPRESNER capli, j], HEHBRAER,

3. HEEH @ FOMR j IR, FERIEMRA NS %,

4. TEFRPATE 2. P 3. B, HE ¢ M j HIBINETR,

8 8
7 7
6 6
5 2 5
4 1 4
3 iR 3
2 2
1 } 1
o 0
[} 1 2 3 4 5 6 7
MAMIEE 1, § , EHITIKARE, FERAE res = 0
Step 1 Step 2
i
8 8
7 7
6 6
5 2 5
2 Y | 4
3 R 3
2 2
1 1
o 0
] 1 2 3 4 5 6 7
WHIAE cap = min(ht[il, ht[j]1) x (j-i) = 24
m BABE res = max(cap, res) = 24 Step &
i
v .
8 J 8
|k 7 aR 7
6 6
5 5
4 4
3 3
2 2
1 1
o o
o 1 2 3 4 5 6 7
WHIAE cap = min(ht[i], ht[j]1) x (j-i) = 28
m BABE res = max(cap, res) = 28 Step 6

YUFiAR cap = min(ht[il, ht[j1) x (j-i) = 21

B|ABE res = max(cap, res) = 21

< He

j
v

o 1 2 3 4 5 6 7

YpiAE cap = min(ht[il, ht[j1) x (j-i) = 15
BAZBE res = max(cap, res) = 24

< He
=y

0 1 2 3 4 5 6 7

LFiAE cap = min(ht[il, ht[j]1) x (j-i) = 21
BABE res = max(cap, res) = 28

]
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i i
v
8 8
7 7 .
5 } 5 g
5 MR s
4 . | 4
3 J 3
a2 2
1 | 1
o 0
] 1 2 3 4 5 6 7 [} 1 2 3 4 5 6 7
YEIAE cap = min(ht[i], ht[j1) x (j-i) = 4 YFIBE 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
[
o 1 2 3 4 5 6 7
v s i 5§ AEA,

[step 9 - BRHBLER, EERASE 28

15-11 HAAERFER ST

2. K85

REERERZ n e, HENBEREN O(n) .
L i, j. res ERATEENOEIMEN, FtEREREN O(1) .

// == File: max_capacity.cs =

/* BRRBE: AL */
int MaxCapacity(int[] ht) {
[/ ¥iatk i, j, EESIIEARL
int i = 0, j = ht.Length - 1;
/] I RARBERN 0
int res = 0;
[/ BIRZERE, EEMREE
while (i < j) {
/] EMRABE
int cap = Math.Min(ht[i]l, ht[j]) %= (3 - 1);
res = Math.Max(res, cap);
/] BERBohIER
if (ht[i] < ht[j]) {

i++;
} else {
Ji==
IF
¥
return res;
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3. IEWRMIER

ZF LT R, REDVERRTODIEER S “Bd” — 2R,

FEAAEIRTS capli, j] R, @ BN, § KR, A B0DHIGRNR ¢ B —i8, £S8E 15-12 FroriRes
e “BE”, XA S ETERIEX R A R,

cap[i,i—l— 1],cap[i,i+ 2]7 ,cap[i,j - 2],cap[i,j - 1]

|
| A | | |
il it | | [ | |
EERERE L ANERNREN
caple, 7] capl1, 7]
Bhid a4k
| | |
| | |
] || '
| i | ‘ | | | | | |
| | | | 0 | | | | | | 1 | |
| | | | | | | | | | | | | | | | | |
cap[o, 6] cap[o, 5] caple, 4]
| | | | | |
| | | | | | |
e | ] ] e
oy ||| HEE | | ] ]
caple, 3] caplo, 2] caplo, 1]

15-12 skt SERBEL RTINS

MR, IR IR b B R K § mPBSNFE IS, AiERMNESIERNERIR—E S
SEAEEL/N, W, SERERIRSEITRERRIUE, B ENr2SBGRIR,

AL A BB, BaiEmpiRiee “2ae” 1y, SOREZEAR,

15.4 &A)59 FEinER

Question
H[E—NIEEE n, KEUINEDWA IR, KUI7EMREERTRN R 22D, E
15-13 ffi7Ro
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WAEE n , R max(ngxny xngx..xny %N, qxn,)

15-13 e RYI2 AR AU L

EREBAE n 1o m DR T, Hps AMRFidhn, , B

m

=1

AR HARESRIG A BN TR ATEH,

BNFEEBENZ: VIDBE m MiZZKR, 80 n,; NMiZEZ/h?

1. BLDKRBRIAE

RIEZE, R E LB E R, BI-M n o —NEF 2, METRE 2(n —2)
o BMTRZRING n (ELLE:

2(n—2)>n
2n—nm—42>0
n>4

nE 15-14 R, Hn > 40, P —1 2 ERMEEZR, KRR THFT 4 BFPEBERRIZE17 .

SOLERME—: WIRVIDTTRPES > 4 WE T, BAENIZEREY) 0, &RV TR AN 1, 2,
3 X=RAF
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N
=
=
1
N

Y nz24 B, 188 2(n-2) 2 n
HtRENDARRANEFE 1, 2, 3 BF

K 15-14 Yo SEERAZ K
B OREFMAHFREMEN. £ 1. 2. 3X=ARTH, BAR1LEEZEN, WAL X (n—1) < nfEK
37, B 1 ks SEBERAEN,
WE15-15 R, Yn=6N, B3 x3>2x2x2, XEWEYIN 3 Y 2 Hik,

DRI —: FEVITT RS, REENAAERD 2, BOA=A 2 BRIV OV 3, MRS BRI
o

HEFEESA 2 B, ROZBOMECRRED 3

15-15 &AL+

£R PR, RIHEBL DU SO0,

L AN n , WHAKYI > HE T 3, BEEREN 0, 1. 2,

2. AREON O, AR n 2 3 IREE, BRI,

3. HREON 2 |, ARSIy, RE

4, MRECH IR, HT2x2>1x3, FVERE—3EHN2,
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2. KE5sEH

i 15-16 AR, BACAEIER Y] 88, ] AR A RMEPRIa T2 3 M o, HEEIZES
FIRECD, ENA:

n=3a+b

W, NMTn < 3MaSENR, iRt —r1, N1 x (n—1),

// == File: max_product_cutting.cs =

[* mAYIDTER: Al +/
int MaxProductCutting(int n) {
// & n <=3 B, B0 5H— 1
if (n <= 3) {
return 1 * (n - 1);
}
[/l BAOHTISH 3, a A 3 BN, b AREK
int a =n/ 3;
int b n%3;
if (b = 1) {
/] ERER 1B, F—3x 1 x 3 #HH 2 x 2
return (int)Math.Pow(3, a - 1) * 2 * 2;

+
if (b = 2) {

/] EFREHN 2 B, Mg

return (int)Math.Pow(3, a) * 2;
+

/] EEREHA 0 B, TR
return (int)Math.Pow(3, a);

. . ] G
R Db aft3
n=3xa+bh

15-16 AV RN HETT &

o] TR A2 A BE R T S IR RSB TL. DA Python Jufll, & AR R EECE =#,

- S xR pow() IR Z4ETH O(log a) .
Hi% math. pow () PIEETAAT C TGN pow() BRAL, EBTITAUINE, WHAEZEY O(1).

A& a F b ERFEBONIESNEE, FERERERER O(1) .
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3. IEWRMIER

EARIEE, Rt n > 4 RSN

L AR < 3 RIERMRVIFTTRPEE > A WETF «, Ba—En DUEHSASRIS 0 2(x — 2) ,
MRS R (BRHRF) HISRIA. X SR E.

2. VInTiFAuE 1 BREMUIDTTRFEE-INETF 1, WAE—ERILLEFHABI—PEFH, D
PIFERIFRM, XS5BT E,

3. VI RBBWEWNA 2 . RERIEVIDTTRPEE=A 2, Ba—Erl AN 3, RRIE KR,
XEREF JEo

15.5 &

1. EREH

- PO SIME R TR L, BUEE R AE N RN BRI R B R RO, DA 2R
Bt

C PULEESERH N — N X — AN DR, A I T (R — U N T,
BRI,

- LSRRI, E VR IORERCR, T EAHIR, 2ol SR I 2R E A (.

RS, TS, 2O DMRER SR X T 5 A A A A R
R, BOLEEATRER SR,

AL R B PR SOOI TR F24540, 200 P R A2 50
TR,

R R A, SRR R, R, E AR, FI B,

C ORBALFE LTS NS SN, FE LR, EREER, i B DRI RS IR,
ERMEER R A,

- YRS LREAE 0-1 T AT L, AP, R AT DSR2 E
i T DA B RS .

AR VAT S AR, RN O(n2) . JEIEH S0 NS, RN,
HIEERERLE O(n) .

ERKINTRAE T, BAVEE R R ORI > 4 RSEERIRE)S, BIRIE T
N3, RBTFEATEE, NAERERATREESIE B35 0(1) % O(logn) .
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16.1 (RIZIFIRRE

16.1.1 ®E IDE

HeF IR, B8 VS Code 1ENAHIERIT R (IDE), Vil VS Code F M, HIEERIERGHEAH
MIRAHR VS Code 3T REFIZSE,

a % O 0% i

Visual Studio Code  Docs  Updates + Download

Code editing.
Redefined.

Download Mac Universal | .,
Stable Build

mac0s Universal
Windows x64 User Installer

Linux x64

. & C *
master G014 » ) B CA2 Sonces? UTFE UF
Other downloads or cpen on web
0
T#i VS Code 85
IntelliSense Run and Deblg BONCN Git Extensions

16-1 MWER T~# VS Code

VS Code IR REASRS, KR ZEHREESHIZTHIEIK, LA Python M, 2% “Python
Extension Pack” #" B2 J5, BIA[H#EAT Python fXESVEIR, 230 3UIE 16-2 FliR.


https://code.visualstudio.com/
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Python Extension Pack vi.7.0
Don Jayamanne 7,005,466 % % % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable v Uninstall |~

This extension is enabled globa

DETAILS

Extension Pack (7)

REHRNT

A B P O AT autoDocstring - Python Docstring Ger

doc

! Install

|
j—ﬁf*?ﬁ% ython Docstring Gen...
@ Python
P

3

Jinja

Python Extension Pack

Install

= ] Python Extended 12M k4

16-2 %% VS Code ¥ B f

16.1.2 REESIFIR
1. Python ifi§
1. F#EFF%% Miniconda3, % Python 3.10 BEEHHRA,

2. £ VS Code idifERi 7182 python, %24 Python Extension Pack
3. (A1) fE@S T8I pip install black, ZEMmHEERTH,

2. C/C++IfiB

1. Windows R&FEELE MinGW (HLEZGE); MacOS B Clang, Toii#dk,

2. £ VS Code @RI R c+ , %% C/C++ Extension Pack

3. ([ &) FTJF Settings T i, 1% % Clang_format_fallback Style fRFSA% Lk, RE N
{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach }.

3. Java ifig

1. R#EF%% Open] DK (FRATEHE > JDK 9),
2. 1£ VS Code WHHFTI IR java, &2 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#iIfiE
1. FEFFZEE Net 8.0,

2. £ VS Code iR 71822 C# Dev Kit, %% C# DevKit (FlEZY,
3. WAl A Visual Studio (ZZAE#FE),

5. GoIfig

1. F#EHHLEE g0,
2. £ VS Code idfFfi 718K go, %2 Go,

3. ZFERE ctrl + Shift + PPRHHASEE, A go, 1%#E Go: Install/Update Tools, &HBAIE

FH22 2 R/IAT,

6. Swift Ifi%

1. FHEHFZEE Swift,
2. £ VS Code @RI R swift , 223 Swift for Visual Studio Code .

7. JavaScript g

1. F#EIFFZE Node js o
2. (A[i%) 1 VS Code WA 4R Prettier , MRS IULTH,

8. TypeScript IFix
1. [A] JavaScript SRR 2251,

2. &% TypeScript Execute (tsx) o
3. £ VS Code WyidifFHiA R typescript , &3 Pretty TypeScript Errors o

9. Dartifis

].. —Fﬁﬁﬁg Dart o
2. 1£ VS Code Wt HiipH ¥R dart , %2 Dart,

10. Rust Ifi8

L. FEFFLEE Rust,
2. 1£ VS Code R EE rust , 4 rust-analyzer o


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 —iES 58k

HTEERIAR, HHXERFAE—BERMER, W, RELITER, BERRM. WEHK, X
FEL, A TEWEA TS AN GBS R, BB TBIE, DA IR E LB > B,

Fi 5260 A1 GitHub ID $$EAR B, MU PDF M 30T 3 TRR,  DUBSHIBA T IR X A TE
FAZE TR

JFIREE Sy
205 T AP R ENRI A TR BRI TR AR, PR ST IR 3 A 7T
MEATHRA A, WREIERIR RIS =8 H EE LN,

1. AEMA

e 16-3 iR, SATUERA EAEH “gmERERT. R DEZIE DU N P BRIESCOR B,

1. i “wBERR, WSBE “FE Fork e WIPR, ERRIZEE,

2. 1B Markdown JEXXFNZ, HENARMNIERYE, HRERRHRIE N5 —,

3. TETHIFEE BBORH, RERT “Propose file change” %%, TUHIBkE: /G, it “Create pull
request” %R RIA] &R HIEUE K,

o, o oe
Fudfi wello Bz % o Qoam L Ristiiiotts
Hollo W3k 31 HURLEM ‘ ‘ s
®Hom wE > ' o OEES ) a1 mmem: sesm
EERE R e > 312 MR S5O
8 Wom mRESE > ERMESIOERA. EE K. Wl SRR, B . B, TIIELUAZRGH R
e T
31 HUBESI S
2 WANERE 311 iBIEAN KSR
33 WEHE - Si
a - 7 B . RIET, BT IR TIEmiEHEE
. BHIERR; THERHD, SRS FRRANT), RNEAESERZPNTRERR; ENGTR
36 TR, RIRT BROAGRR.
B H4n mEsER >
& msw ML N 0B 31 B, SEMEEMATR AR A AN TR, SMAMILIEN, EEEENAR L2
= o E il; AEEIEEHNER, 244 i,
@ men nam ) GIET); AEAEEIIIAR, BRI
Aw7E B > - WIS B, R 5 DIL BEE.
A omem > - MG 1 . B, R
G Hom & >
= H08 B% > Erre T AR
] ENW >
- W2E 3% > L] ]
1 HIBE @H > . - JUN N
B E1am pEm s - P
@ His®W AL s .
@ ®ieE MR > = /|
B a H—

& 16-3 DU gm AL T

R TEEERE BN, FEEIHE [ssue BUFICH SREARIE, BAI2REREHIFEIRE R


https://github.com/krahets/hello-algo/graphs/contributors
https://github.com/krahets/hello-algo/issues
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2. RELIE

MREE GBS S5 HITRETE, fEAEBIEREMREE S, T RCENESE, IAFELAT Pull
Request TIEfifE,

. SR GitHub , KRB G F Fork 2D AKS T,

. AR Fork FEMTT, M git clone AR vafE £ A M,

- AEARHGEITNACIE, FHE TR, RuE RS E R,

. B AR CE R Commit, A5 Push FifE G,

. RIFTCEMTL, i “Create pull request” FZH1EIAT & EHBUE XK,

g W N -

3. Docker ZE
1£ hello-algo MRH®F, $UTLAT Docker A, BIRI{E http://localhost:8000 jRIATIH :

docker-compose up -d

{5 FH AR i < R RT R AR -

docker-compose down

16.3 ARiFFE
22 16-1 HIH T Brh I R EAIE, (HEE R L,
- EBOTAZIAR I, DAE SOk,

- B ATAAE AR SOEEAR AR SR BIIMTE AN

% 16-1 BURSHS5RIANEZE AR

English faT RS L {ENSED
algorithm =RFS CCRES
data structure HEaig BRLEig
code (E RS
file XA RES
function PR PR
method VERES T3tk
variable Iy SR

asymptotic complexity analysis ~ #NEE AT BOLEREE T
time complexity N 1) 52 2% P IRF M P


https://github.com/krahets/hello-algo
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English

space complexity
loop

iteration

recursion

tail recursion
recursion tree

big-O notation
asymptotic upper bound
sign-magnitude

1’ s complement

2’ s complement
array

index

linked list

linked list node, list node
head node

tail node

list

dynamic array

hard disk
random-access memory (RAM)
cache memory
cache miss

cache hit rate

stack

top of the stack
bottom of the stack
queue
double-ended queue
front of the queue
rear of the queue
hash table

hash set

bucket

hash function

fa R rsg

23[R AR
TEER

AR

19

J2 i)

e RUSE
KOs
i SR
JiihG

ST

EART

el

EGl|

R
R
SR

JE T AN
HllZ
ASEA
%

el

17
ZAFARA
RAranhR
(53

AL

3]

BAZ|
WEIRAF

E U

R
ol

ES M

U]

JEIEE

KO iR
Pl st
J5HES

—HiE
L

feiz7]

K5l
SRS
ST RS ET R
SR
JEER

2l
BREES
T

LR

PREX

PRECAR A
PREX AR R
HE
HEAR TH
HEB
741
Eafrs
THE
151
MR
MRRS
i
E5i3C BN

I
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English

hash collision

load factor

separate chaining
open addressing
linear probing

lazy deletion

binary tree

tree node

left-child node
right-child node
parent node

left subtree

right subtree

root node

leaf node

edge

level

degree

height

depth

perfect binary tree
complete binary tree
full binary tree
balanced binary tree
binary search tree
AVL tree

red-black tree
level-order traversal
breadth-first traversal
depth-first traversal
binary search tree
balanced binary search tree
balance factor

heap

max heap

fa R rsg

IS
AT
Bl CHiE
FSHE
LRI
LGS
XM
TR R
FEF R
LA
AR
e
LSRR
R R
9 AR

i

=

i

i

IR

SEFE X
RN
SEI X
-1 — X
X AR
AVL f#f
A2y i)
=30
IR S T
IR ARS8 3
XIS R
A A ER
A T
He

PNt

E U

MR E R
A#EA T
A AL
FHCE L
BRIERE
HEIER

— ek

HRETR
TR
s

JE

B

R

SE3E Tk
SE4 Tk
SEi ek
S s
IS
AVL #f
AL

& e s

JEE i B S AE ¥
IREE B SeE
it
S e
FE T
HERH

K TEHERA
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English

min heap

priority queue
heapify

top-k problem
graph

vertex

undirected graph
directed graph
connected graph
disconnected graph
weighted graph
adjacency

path

in-degree
out-degree
adjacency matrix
adjacency list
breadth-first search
depth-first search
binary search
searching algorithm
sorting algorithm
selection sort
bubble sort
insertion sort
quick sort

merge sort

heap sort

bucket sort
counting sort

radix sort

divide and conquer

hanota problem

fa R rsg

/INTHE
HRSERAF
HEfE
Top-k [Al&
]

Telal
Alal
s
R
AIE
Bz

12

NE

HiFE
RRHRIERE
RWHER
AR
R EER
TR
BREX
sk
R
SRk (352
AT
PRiEHE R
3 HER
HEHR?

LiTiEé 35
T
E e
PaRl=
DU P P

backtracking algorithm IR RES

constraint

AN

E U

/INTEHERE
sl
HEREIL
Top-k [i&
THRS

3 1 ]

A 1 ]
JeEL A [

A i [
AHERE
skE

B

NE

HiE
AR
HhER
gl T
“ns

L SRS
HEP AL
BEHE
HERZRE FB
AT
StSEEag
At
HEREHE?
WY
g /€ 352
23 GE g
PaR(E]
RIS R
[ e 5 1%
R
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English

solution

state

pruning

permutations problem
subset-sum problem
n-queens problem
dynamic programming
initial state
state-transition equation
knapsack problem

edit distance problem

greedy algorithm

fa R rsg

fiRt

TN

L1157

2 HE 7]
FHEAN A

n BJEFM
BHZSHK
IR
RSB
A
YL S )
TLE

E U

figt
N
L1153
EHIRE
THRAEME

n 2JEHE
BRERH
HIhARAE

AR REHER 7R
TS

H9rt 8 I A T R
B

55y
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