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

& 0-3 BT RE
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W/ ARG, ES NSRRI ZGE TZeEE, e, Werkd o %,
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git clone https://github.com/krahets/hello-algo.git
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Python C++ JV# Go Swift Js >
binary_tree_bfs.py

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

o hello-algo

Code Issues 11

Pull requests 10

chapter_tree

WH, MNRTR 3 krahets
queue: deque[TreeNode] = deque()
queue.append(root)
# Mak—1 IR, BTHREEAFT
res = []
while queue:

node: TreeNode = queue.popleft() # PAFILEL

res.append(node.val) # R{FHAM array_binary_tree.py

if node.left is not None:
queue.append(node.left) # EFFHEAR
if node.right is not None:
queue.append(node.right) # HFTHN
return res

A
avl_tree.py ﬁmﬁﬂxﬁ

binary_search_tree.py

binary_tree.py

[ binary_tree_bfs.py

binary_tree_dfs.py
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45 I * MARE extend Sl 2|B5]© 413 BHEREA
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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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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



H1E FIRRETE www.hello-algo.com 13

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,

DURERECET For EIASEIL T SRAT 1 + 2 + -+ n, RAGEREHZE res Id5k, FETFEMNZ, Python
Hirange(a, b) MMMXER “LHAGAF B, NMELEEN a,a+1,...,b—1:

// = File: iteration.ts =

/* for &I x/

function forLoop(n: number): number {
let res = 0;

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

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

}

return res;

B 2-1 212K R AE A



H2w| GREDM www.hello-algo.com 20

LI Wit
&

X

@

"=

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 1BIF

5 for 1EIAEMLL, while fERHLZE—FISCEUE 715, 1€ while fEIRH, R EHRESARESRSE, R
FERNE, MAREET, SNSRI

THEFATH while TEIARILIRFM 1 + 2+ -+ n:

// == File: iteration.ts =

/* while f&¥F =/
function whileLoop(n: number): number {

let res = 0;
let i = 1; // ¥aEHEE
// TR 1, 2, ..., n-1, n
while (i <= n) {

res += 1i;

iv+; /) EREHZE
¥

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.ts =

/* while &} (FREH) =/
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function whileLoopII(n: number): number {
let res = 0;
let 1 = 1; // VB EHTE
// TEIRRM 1, 4, 10, ...
while (i <= n) {

res += 1i;
/] BMEHTE
Teipp 2
i*x=2;
¥
return res;

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

3. BRERIF

AT DE — MERGE AR E S — MERGE, RHEHPA for fER A
// == File: iteration.ts =

/* WZE for fEIF */
function nestedForLoop(n: number): string {

let res = '';

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

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

res += " (${i}, ${ib, *;

}

+

return res;

K 2-2 B EMIRAER,

?
Sl

PRfEER

H i+
]
H

MR

- EE
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2-2 RENEIRIIREEAER]

EXFEILR, REBIIRIERR S n? BB, BCERBIRIS TR R ALIE RN n B PR,

BATAT ARSI EIER, B KIREEZE R “THE", RN EERERSE 7 RR" “TWRTT
KR”, DU,

2.2.2 #3

Y3 (recursion) Z—MEIRRNS, I RECHH B SRR, ©EEZEEWHE,

L &: B AMIRAMEHE S, @EFENENERIRSE, BRAT] “&EHRFE,
2. 1 g “RIEERMET 5, BRMREREAREBOHEZRRIRR, CRE R,

MM ER, B EEUS =1ER,

L. 2ab5fF: AITREM 2RRE %" % “177,
2. BETRM: XN R, REGRMES, EEEAEDNECERSE
3. IBMIEER: X U7, KHRNENRRAERIREE E—R,

MDA, FATAFTVEHEE recur(n) , BEATRASERR 1 4+ 2 + - + n B
// == File: recursion.ts =

/* B3 %/
function recur(n: number): number {
/] AIEEMH
if (n = 1) return 1;
// & &YAER
const res = recur(n - 1);
/] V3: R[EZER
return n + res;

2-3 JEoR TR RIS IS AR

AT “&” Bt “93°
recur(n) return n + ((n-1) +..+2+1)
} -/ ‘
recur(n-1) return (n=1) + ((n=2)+..+2+1)
| ,/‘
recur(4) return & + (3+2+1)‘
} -
recur(3) return 3 + (2+1)
| A
recur(2) MR return 2 + (1)
l ZIEFF r—”/j

recur(1) return 1
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K’ 2-3 SRF1EREYIE ISR

ERMNHEAKE, ERGEAR DISEHRFEMNAR, HEMMRER ¢ mRhse 2 A R 25 g o ) S i
E2v8

- 3B “ETRWLE” HhRRIAE, WREMEIP BT, KR MRS SRIMNXESE, HRIES .
- THEWRT MR AR, R R AN BENE TR, X (AN R R R A AR R A T K
PR T MIREAR SR 7O SN R, B EIEAE U 1L (AR RIAEE CATED.

DL ESRSRAFRONH], WA f(n) = 1+ 2+ +n.

C IR EIERTRRIRANE AR, M LIEPIE n, SERHITREIERE, BIRSRE f(n) .
- I KRS RN TR f(n) = n+ f(n—1), Rl GBI 2 TR, EEEARER f(1) =1
AT

1. AR

BB A B S, REESRNHOITER RN, DIEER R, AR A E RS,
XK SN 75 RIS R

- PREE BT SCEAREREREAERR . R R BIPAE XErR, B EOR A A SRR, B, @
W LB ACE IFE SN A 22 Ml
- )R B S A RSN DRI B LRGP TR R AR

N 2-4 FIOR, FEMREZLRIEZRAERT, RRAEE n DARIREEDEITEE, BITREM n .

AT & Bt 93

recur(n)

}

recur(n-1)

!
l

BIARE recur(4)
! }
recur(3)

!

recur(2) R

} ™
recur(1)

B 2-4 JEIEFHIRE

FESEPRA, GRiEIE S RVFRRINREE R R A IR, IERAIE T AT RE S B H A IR
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2. Ei#)3

HiEHE, UREEALEIRDE RGP A I TEHEE, WZRET DA dm e as sl R as ik, AR
BIRCR ES5IEARAHY, B SFRNERYT (tail recursion),

© BB HEREOREIE - BRREUE, FERSHUTRE, RERFFERE L—-BRAN LT
o

- R 3BIHVE R R BOR EIRTA R G — R, IXEWE REOR MR E—En, TS T HAth
B, HIHARGTIART E—ZREEI LTS

POHE 14+ 24+ -+ n Bl BATATLOKSEREE res BNKESE, MmSEEEIEN:
// == File: recursion.ts =

/* Bi&E */
function tailRecur(n: number, res: number): number {
/] BIEEH
if (n 0) return res;
// E&EVFEE
return tailRecur(n - 1, res + n);

}

FIEARIPITIS AN 2-5 AR, A EEE @@ AR, PRI R T U2 FR,

- HIEIB: SRRHRIERE 77 R RITH, SRIREEEE T UORNHRE,
- R SRFHRERAE “ET RIRETHITH, Y77 ERREREERE,

BT @ ML 93
recur(n, @) return n+.+5+4+3+2+1
recur(n-1, n) return Nn+.+5+4+3+2+1

} f

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

l f

recur(3, n+..+5+4) return n+ .. +5+4+3+2+1
recur(2, n+..+5+4+3) return n+..+5+4+3+2+1
recur(l, n+.+5+4+3+2 return n+ .. +5+4+3+2+1
S ) i
| wing |

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

2-5 REsB)dE

Tip
TEER, WeSmidaslReds SR i 0uik, Bilan, Python BUAASSCHF @I L, KRN
ERBUR IR, IR AT RE 2B 2 A Hi ],
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3. &3

SRS “IE7 MXRBEEREN, BEEEHIEARR B EMEN., AEENS 5, P LS
Hyflo

Question

g — PR3 0,1,1,2,3,5,8,13, ..., KIZEFINE n MF

RLPIACREINE n MEFN f(n), BIEWILEIL.

- BB N (1) = 01 £(2) = 1,
- BB AR IR, B f(n) = f(n— 1) + f(n —2).

FEROBHEOC R TIINVA R, KRl MR NR IR, a5 RIS, M fib(n) RIRI1SEIER
HRSEHNHIE n DT

// == File: recursion.ts =

/* ARG BT +/

function fib(n: number): number {
/] EIEEH (1) =0, f(2) =1
if (n 1 || n= 2) return n - 1;
// #VFAE f(n) = f(n-1) + f(n-2)
const res = fib(n - 1) + fib(n - 2);
// REZER £(n)

return res;

WS LA EARD,  BATHEREPRITVE A 7D, IR ERE AT T AT 5. Wi 2-6 T
R, RXFERWNBITEATE, RELRTE—BRZECO n fEY3N (recursion tree),

f(n-5)

f(n-6)

B 2-6  LRRSESN I

MWARBEE, BIAERELT KR ENF R FER4EERN, XM IaRIEE R EE,
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- WNEIEMEE, @R fp, B 6. SSIRIRE VR 2 SR RR RIS B el AR N ] T XA R A
737K

- WBURGHIAEE, BARREGAIERER, WMAIERMHEXEE, FyEMHERIES Ao e 88T
o

2.2.3 FENL
MEED ENZE, Q13 2-1 FoR, ECHDSEIAESI. PREALEFM: EE TR,

*® 2-1 ERGEIAR R

IER peel|
KT TEERGERY RO B &
X
RISTEY QR & S £ S ek O DA R RO BOE AR 27 AT
WEfE JE R EE RN R A SRR A AT RE R R R AR I ]
A
EHE EMATREEAMESS, BN, ATt G TR, Wi B E, BINE, g,
i 4 GL

Tip
GRIRIEGE DA AP, FIDITERSE B ENEERE S,

Wz, BB EAG T 2WNIERRRIE? DLEREBIAREOR, SKREBRCEEEIAR 77 BT, XEK
A IR FH B PR ERSR PR 2 5 e SE AREORANIRAERY, IR TAEHLRI S %A “Te AJa ™ D) St 7] 1,

L, AT A SR XIBARTECERTR TE SR AN ETIR R,

L & HERBROARN, REXE AR EOVZEBOIECRRTARN, W TSR R R, S5
IR [l S E R
2. V3: HRBGERPUTHIREIRE, XA VAR ERRR, TR Al BRI TR,

[Rltt, FRATTAT PARE FH — A B RO BLHA FARIIAT N, MR 3 4%t ok B K
// == File: recursion.ts =

[* EREAREDLET */
function forLoopRecur(n number): number {
/] ER—EXRIERIEINAR S AR
const stack number[] = [];
let res: number = 0;
// & &)3EA
for (et 1 = n; 1> 0; i--) {
/] BE NIRIRE R %7
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stack.push(i);

+

// V3 REIER

while (stack.length) {
/] BT “HIRIRE I 37
res += stack.pop();

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

MEE A BRI, B AONENE, RIGZEREMER T, REEAMEIERZHE T DA,
HA—EERIXA, A LA NP A

- AR RUARRS RTRE SEAIME DARRAR, RIEPEE
© ONTRER IR, BHURSTE RARRIT N A] REER R,

Bz, EEERGERIBITIROE TR MR, EgIESKE, DU E RIS HRIE R BNE R GG 7y
REREE,

2.3 HaE&E

BT Al A] DAELUL EL it S R TR RORCR . an SRBA VAR MR 1 — B IS RIa T R, ROZ AN I le?

1. s th, EEEEE, WEES. RIUNESE, XERZESEMBINSTICER,
2. PSSR B IR RIS T I W), BIAIERE + TR I ns, FIRIRIE « FFE 10 ns, FTEHR(E
print() 7% 5 ns %,

3. MRS IR, FERFTA BRERIPATINESRA, TS 2217
BIantE LA RS, F ARHER NN n

!/l EEETEET

function algorithm(n: number): void {
var a: number = 2; // 1 ns
a=a+1; // 1ns
a=ax2; // 10 ns
/] &% n R
for(let i = 0; i < n; i++) { // 1 ns

console.log(®); // 5 ns

¥

].

MR LT3, AT DUSRIEIERIZ TN Y (6n + 12) ns

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

H52PR b, SHHRERIBTINBIBEA GBI ABSE, B, B PmERHENFTIZTFadE, HE
ERBEESIARKT6 EisfT,. Hik, BAMRMEREMERERNSI TR, XA w5 RH R 17RO
1:38
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2.3.1 #itadiaE e

IR A T SETT AR RIRIS TR, MR RIAIST T Il R 2 2 R K 5

“BF AR XS RS, BB — MR DA, B ABAE K N n, BE=ANETE
A, BFIC:

/] B A HNEREIEZRE: BHM
function algorithm_A(n: number): void {
console.log(0);
I3
// 8% B MREEZRE: Z&M4M
function algorithm_B(n: number): void {
for (let 1 = 0; 1 < n; i++) {
console.log(0);
}
I3
/] 8% C WENEIERE: EHM
function algorithm_C(n: number): void {
for (let 1 = 0; i < 1000000; i++) {
console.log(0);
}

2-7 JoR T DA B =N RIRR N R 2 2

- BIRARA 1TNMTENRE, BIRSITIEAREE n 8RS K, BAIREIRN RSN “H

- BIK B FFRYSTENMBRAER B8R n (R, BIRSITINERES n 8RB, BIRAII RIS 2R
N MR

- BIR C RAFTEIRIER ZIE58 1000000 (%, BRI ERK, HEeSMABERN n Tk, Bt
RIS 2% A A ARE], T “HEN™,

Bk C - HEm

1000000

Bk B — &Mk

BIKIETTRYE] 10
5 /Mm
[}

@ 1 2 3 4 5 6 7 8 9

FNEHEA

2-7 HE A, B C RN R KES

T BERGHRIRNSTTI ], I RS 2% TR IRLE R e ?
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- IR AERES A BTN RIERCE, Blan, FIL B ST BAMHE K, £ n > 1 INEHERE A 118,
£ n > 1000000 W EE5FTE € 18, FL b, HEMABIEA/D n BBKR, EREN “HEH” NEE
—EMT AR RE, KRN FEE KBS X

- INFE SRR IR ERE, B, BT e AR S Fa TN R KT, A
WA RS 2% AT, FRATT AT DA SR A T HRAR BRI TIN RO ARIRIG . “ BARLIRF1R] 7, ANTTRE
“HRBEBTNRESH” fiy “HERIERES, AR ARPERT

- IS A AR e — R RRBRYE, B0, RUERITE A C RN RS 2R EAEIR, ESERRET TN A 2= IR
Ko ke, REFRBRNEEAEL C &, EEMABIERD n BN, FiXBHEMTRIEC, X
THEIEOL, TIN5 XECAOUER 2 2 A B R R R . 428, REGFE LRRE, ShED
W SRR A EIR AR e 3 HL YT TG

2.3.2 RPEHEESR

TR n HIREEL:

function algorithm(n: number): void{
var a: number = 1; // +1
a+=1; // +1
a*x=2; /[ +1
// &% n Rk
for(let 1 = 0; i < n; i++){ // +1 (BREHIT 1 ++)
console.log(@); // +1
}
I3

RAERR R R — DR TRABIE RN n B, 128 T(n) , WAL REEERIEEE Y

T(n)=3+2n

T(n) 2—REE, BRAHIZITI ARG KB RSN, HI e R R,

BATREIEN I RIEZREILH O(n) , IPMEFEFRNKR OES (big-O notation), FREE T (n) 1Y
HE L5 (asymptotic upper bound),

RS 2% T AR R R “IREE T'(n)” NG L5, T EEHENECEE Lo

PSR |3
EAEESHL ¢ IS8 ng , BEHTFHEK > ng, 6 T(n) < c- f(n), WaAH f(n) %4
HT T(n) —MEBE LR, 28 T(n) = O(f(n)) .

i 2-8 i, HHEENE ERURE SR f(n) , 554 n B8R TEHERN, T(n) # f(n) & THE
ARG, HHE—DEERE c.
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c-f(n)
T(n)

ER{E ne

A.f——"‘-””ﬁ-'

@ 1 2 3 4 5 6 7 8 9 10 11 12 13 14
RANBEEAR/N n

é’ n > ng E‘j: yﬁ%ﬁ C'f(ﬂ) = T(I'I),
LEBIRIIAA f(n) B T(n) B—DELELSR,
8% T(n) = o(f(n))

& 2-8  PREYHL L5

2.3.3 #HEGE

Hk SRR LA N, WERIREIE IR A S 2B, D, BT DUEEBHER T, RN
SRR,  EAT DUR U HAE R

RIEES, WE f(n) 25, BAMETERINEERE O(f(n)) . BAWTHEERIT LS f(n) We? Bk
NP BRGUHREE, REHINTENL B

1. B—%:. HiHRFHE

MRS, BATM BRI IHERIAT, i, BT R - f(n) PEOEEBGERE ¢ FTMBUEER/D, BRI
2T (n) WIS FREL FEOH T PL2NE, ARYEIRIN, A] DUS\Es DU TR

L. 20 T (n) WREE. FOVBRNTERS n Tk, F DO I ] 5 2% BE A AR 52,

2. BWPAERE BN, 1835 2n k. Sn + 1R, #RA]DARIIC N n ik, B4 n AR R EOS I R 2
TR R,

3. TRFRIRERMERRIE, SRIEEESFTINEREANAZREIMNRERE W, &2 EIMRIAR] 25
B 1. (N5 2. RV,

B — R, BATTAT DU B3R B R Gt TR E R

function algorithm(n: number): void {
let a = 1; // +0 (15 1)
a=a+n; // +0 (K15 1)
// +n (315 2)
for (let 1 =0; 1 <5 % n + 1; i++) {
console.log(0);
+
// +n*n (XI5 3)



H2w EREDN www.hello-algo.com 31

for (let 1 = 0; 1 < 2 % n; i++) {
for (let j =0; j <n + 1; j++) {
console.log(0);
}
+
}

PUFARURR T A IR BRGS0 ER, Mt N RS REE ) O(n?)

T(n)=2nn+1)+ (OBn+1)+2 ZEESI (-]
=2n%+Tn+3
T(n)=n?>+n firhiigiit (0.0)

2. B-W. JEEIHEESR

IR AR T (n) HEREHIBSRIGE, X 2ENTE n BTES AN, RESMITRLELSIEH, Hitr
AN HR AT DA

® 2-2 R T LGy, Hrp S akER N TR “REBOTEESIN T X458, 4 n BT RN,
L A E Y/ L =

R 2-2 AN[ERA RN B I R 52 % R

HRERCR T (n) iR 2 O(f(n))

100000 o(1)
3n+2 O(n)
2n* +3n+2 O(n?)
n® +10000n> O(n?)

27 4 1000001000 O(2")

2.3.4 FEhR¥EH

R ABIER N 0, BRI RIS 2 RANE 2-9 For GEIRMRE &SRR HESD o

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
TR < XE < LM < ERMENEBT < FIIR < 185 < Bk
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1. B O(1)

fa%ET o(2n)

E75B 0(n?)

HERERE Z45M o(n)
T(n)
BB 0(logn)

BB o(1)

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

BINEHRAN

B 2-9 B DRI ) 52 2% 2 7Y

TR R BRERE SRABIE R n Jek, RIREEE n (2L,
TEDUR e D, RUEBREECR size ATREIRK, HEITHSMALIEI N n JEx, FINRSZRETHN O(1)

// = File: t

[* B */
function const

let count
const size
for (let 1
return cou
+
2. %M O(n)

ime_complexity.ts =

ant(n: number): number {

:O;

100000;

0; 1 < size; i++) count++;

nt;

MEEZE

MEER.

LM BB ERCE AN TR AR R n UAMESAINI R, SPER@E s HBLE B RIER

// = File: t

[* RMERY */

function linea
let count
for (let i
return cou

ime_complexity.ts =

r(n: number): number {
:0;

= 0; i< n; i++) count++;
nt;

T P B s P B R E N 2R E9 0 O(n) , Horb n B BER I :
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// == File: time_complexity.ts =

[* MM (BEEE) */
function arrayTraversal(nums: number[]): number {
let count = 0;
/] ERRBEHAKERIEL
for (let i = 0; i < nums.length; i++) {
count++;

I

return count;

EFERAZE, WABIERD n TR A BRI RADR ATE, Lness — AR, 228 n i A
TR B ARG, BEHKE n AR,

3. F5H O(n?)

ST MR ERRAA TH SR AN 0 AE AR, 7 E S B E T, SMNEIERAINE
TEPRI IS 28R O(n) , B ARIIN 24N O(n?) -

// == File: time_complexity.ts =

/* FERM */
function quadratic(n: number): number {
let count = 0;
[/ BIFRRBEEEAN n HEFXR
for (let 1 = 0; 1 < n; i++) {
for (let j = 0; j < n; j++) {
count++;
+
}

return count;

B 2-10 XM EE T HE. SMERFIE 77 B =i (A2 2%

&% n R

B n R B n &
1R

0 @ @

BRI BB S A BB S A
HEH o(1) 1M o(n) F5H 0(n?)

(] RE—itmmE
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B 2-10 HEE, SR 7R A R S 2K

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

// = File: time_complexity.ts =

/* FEM (BEHRE) */
function bubbleSort(nums: number[]): number {
let count = 0; // s
[/ SMER: RkHFXER [0, il
for (let i = nums.length - 1; i > 0; i--) {
/] WNEW: BERHFEXE [0, 1] FHRATEREEZXEN&GIG
for (let j = 0; j < i; j++) {
if (nums[j] > nums[j + 11) {
// Xi& nums[j] 5 nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
count += 3; // mEXRMEE 3 PNEITRE

b
F

return count;

4. 1558 O(2")

VAR AR R IREI R R AR T IR 1NN, RAEE N 2D, RMRE
AR A, DASEHE, 2R n REH 2" DR,

2-11 DA AAS R T A IR, WEERES O(27) o TR, A n FRoR e, REE
count TR FIREL

// = File: time_complexity.ts =

/* 3EERBY (EIFSEIN)  */
function exponential(n: number): number {
let count = 0O,
base = 1;
// BRsR—ah=, RS 1, 2, 4, 8, ..., 2°(n-1)
for (let 1 = 0; 1 < n; i++) {
for (let j = 0; j < base; j++) {
count++;
¥
base *= 2;
b
// count =1+ 2+ 4+ 8+ .. + 2"(n-1) = 2*n - 1
return count;
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beELS| EEMN
BE—9HZ TR¥E
zﬂ
21
22 - Hn B
2n-1
TR ERS gﬂﬁ'ﬁlmﬂ’ﬂ%,@a Bl
20 + 21 4+ 22 + | 4+ 201 = 2n-g $eB o(2n)

2-11 45E RIS 1) 2 2

TESCPRBE LS, a8 LT IR R EH, BIanTE DA RIS H, HEB At —a 8=, &t n RO EE
1k:

// == File: time_complexity.ts =

/* 8¥PY (BYISCEL)  «/
function expRecur(n: number): number {
if (n = 1) return 1;
return expRecur(n - 1) + expRecur(n - 1) + 1;

TR AR R IR, fE57280% (BAOMER. B PHEE L, N TEIEMEECRR R, fe8ih2 A
FIFEAZIY, JEH TR S SR S D SRR R R,

5. 3% O(logn)

S8R, SEE R “EBRARE " [EN. BEMABIER N n, BT EBRAERE
BAERREUE log, o, BT 2™ BRI

& 2-12 FODA MRS T “BHeaa s —F mdFE, WNRERER O(log2 n), ficH O(logn) :
// == File: time_complexity.ts =

[* JFEPY (FEIFSCEL)  */
function logarithmic(n: number): number {
let count = 0;
while (n > 1) {
n=n/2;
count++;
¥

return count;
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BNBAKEA n sEEE 1 1

s

TR ERE Bia] i
log,n +1 B 0(logn)

=

[N]

[y

B 2-12 GBI B) 52 2%

SRR, X BT IR R B, PUNRSEAL T — RN log, n WIS :
// == File: time_complexity.ts =

[* JFEPY (BYISCEL)  +/

function logRecur(n: number): number {
if (n <= 1) return 0;
return logRecur(n / 2) + 1;

F

X BT R TOARIBHE RS, KT “—oh2” 1 REOVE” MNEREM, EKEE, 2
PURT W A BEAR I ) 52 2%

O(logn) MIRBUZEZ/V?
R, “— 9 m” MMM AERER O(log, n) . THEENEHURAR, HiIATIGHAE
RFEREL MR A 2

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

R, JERE m AT DAEAE I E 2 M RGHE ki, RILFRATEE SEHISRE m , BN B
28 O(logn) o

6. &3 O(nlogn)

LM B LT EREEAR T, NEIERIIIN RIE 2% 35009 O(logn) #1 O(n) o FHESAEHINT:

// == File: time_complexity.ts =
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[* LRMEFTEPN */
function linearLogRecur(n: number): number {
if (n <= 1) return 1;
let count = linearlLogRecur(n / 2) + linearLogRecur(n / 2);
for (let 1 = 0; 1 < n; i++) {
count++;

F

return count;

& 2-13 JEoR TR BN A RTT e SIS — ZHHRIEREE N n, #E log, n + 18, HItH
FEZEH O(nlogn) .

BEERREEH

n R
@ nx1=n

[SE]
by
NS
>

H tog,n+1 B

n

zu 4 = n
qu HEIRERN
n x (log,n + 1)

o

& &

BBl A

0(n logn)
@ 1xn=n

2-13 MR B TR A

1R

&

1,

&

&

T EENN A E R EE R O(nlogn), GlapEHry, AR, HEHFE,

7. Bk O(n!)

B afeliont BB B AT R, 280 n DNEAEERITR, RETATTRENHIITTSR, 77588EN:

nl=nxn—1)x(n—2)x-x2x1
Frafeid H ISV, & 2-14 FIPA RS R, F—BaRtin 4, EESRE n — 14, DA
#, HEZEHE n ZNEESH:
// == File: time_complexity.ts =
/* BTN (GBYILI)  */

function factorialRecur(n: number): number {
if (n = 0) return 1;
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let count = 0;

// M1 ARERE n D

for (let 1 = 0; 1 < n; i++) {
count += factorialRecur(n

}
return count;
}
EEH
DRKE
n
n-1
n-2

- 1);

2HFNARY (BIRKENTRKE)
n x (n-1) x (p-2) x .. x 2 x 1 = n!

n(n-1)

n(n-1)(n-2) - Ha B

n
!

BtiE
BBt o(n!)

B 2-14 i3 AR A2 2

HER, ENGn > 4RMEH n! > 27, FTANSRI BRI RIS E R, 1 n BRI AE 52/,

2.3.5 RE. Rff. FHYNNEERE

FORRIN RIBCR AR BEER, M SMABIRN A BIRmA—MREN n f98H nuns , Hrf
nums M 1 2 n TR, M HEI—X; ETRF2RELITELR), (£55 HFR2IRETR 11

R5lo FATATLAGH LIRSS IR,

- Hnums = [2, ?, ..., 1], B RETER 1 W,

o

R 2
T

BRI, SEBHR R A% O(n)

(1, 2, 2, ...1, BISEDTREN LN, LA RKEATERSIE, KSR

- Y nums =
FIsEAE Q(1)
“EZENRIE A" NN REGETIE R, AKX O 1L SF R, M, “EAER AE A" X R RE L R,
H Qid5RR:
// == File: worst_best_time_complexity.ts =

[* ER—MEE, xFER {1, 2, ...,

n }, IREHATEL «/

function randomNumbers(n: number): number[] {

const nums = Array(n);
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/] HER#RH nums = {1, 2, 3, ..., n}
for (let i = 0; i < n; i++) {
nums[i] = 1 + 1;

}
/] BENITELER AT
for (let 1 = 0; 1 < n; i++) {
const r = Math.floor(Math.random() * (i + 1));
const temp = nums[i];
nums[i] = nums[r];
nums[r] = temp;
¥
return nums;

h
[* BHEA nums FEF 1 FREEZRS] */

function findOne(nums: number[]1): number {
for (let 1 = 0; i < nums.length; i++) {

/] HitE 1 EHRALEN, RIRENEEZE 0(1)

// HmE 1 TR, AERENEEZE 0(n)

if (nums[i] = 1) {
return i;
¥
}
return -1;

}

ESFUARE, BAOVEKRPRPIRDEA RN R A, FOvEHE A ERMER TA S, AlgEsmk
—ERRS, mRZNEEREE NI, BRI T AL, RN IS O R,

M LSRRG DA, 220N 5 R R TS 2 BT RSPk, X B R
AR/, AR ELSHUR MBI, AHEL2 T, SIS I 4 ] BAPSBREL I 2E R A B I
BT, O B RET,

TS, FTTT AR 26 e B L B LS S RO THIEIL, Ean SRR, ph T A S B TAL
9, PRIMETEEE 1 HBIFE LR RS ORISR, TR SDAN AR SO R AL K R n /2, F
IR A2 O (n/2) = O(n) .

EXTHRNEIRIRIE, THRPEII RIS 2 ST LA IR, RUOMARAME AT B AE R 0 R O BEA R,
FEIRXAMEOUT, TATDE R R ZN W 2 2V E N EIRRER I PPHIFRIE,

W LRDES O 1552
TR O 7St TR LT, DR 3 6 R Fm TR 05 20, (ELAF=RG R B, 3
RIS RRIG, TEA BRIV, FBERE0L “THINAERE O(n)” WFRB, Wi i
BN O (n) .

2.4 TEERE

TEEHRE (space complexity) FTHIERE TR S N2 RIREE LU B 2R AT K SS, IX S S5 E
HIREARR L, RFTR BT By S HREERE,
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2.4.1 HEHEXZIE

BRI TR R R R RS DU LR,

- AN TR AR A E.

- BN AT EERR ST ERETIER, MR, HEE T SERERE,

- FHEEE TR EIR A A
—REOLS, SRISRENGIHEER “GFEER” ik “RHasE,
BFEAA] PO — SR =00,

© EERYE: ATRERRSTEEPRSE R, TR, NR%

- AR TR A A R B SR, RGTESHRUA F BN AR S AEAR TR QI — MR, BREL

IRIENE, A Al SRR,
- RN AT RERFENRFES, EXRRAEE R,

T — BRI AR ER, BANEW S8R, B A 88 =y, WK 2-15 for,

BEERR TEEERENSTER

AL

e A
B8 HEEE Wi =2iE
MR B R
il
ESEiE

2-15 FIEFERRIAHER R

UEES AV

/* £ %/

class Node {
val: number;
next: Node | null;
constructor(val?: number) {

this.val = val == undefined ? 0 : val; // T&{&E
this.next = null; // ERT—T=M5H
b
}
/% HRE */

function constFunc(): number {
/] BITRLEIR(E
return 0;

}

function algorithm(n: number): number { // WWAZGE
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const a = 0; /] BEHE (B=2)
let b = 0; /] BEHRE (=)
const node = new Node(0); /] BEHE (WR)
const ¢ = constFunc(); /] t&mi=siE) GERERER)
return a + b + c; /] lEHEEE

2.4.2 HHEGE

AR AERHER T RS N RS REREBMAE, JFEESI RN “BREEE" 5o SRR,

M5 REXRENRERE, BANaERE N RERZESRENE, XRE NN RZ TR ER, FAT2M
A PRIEFT A fi A B N ACE R BRI N7 2 AT

ML, RESRERETN “RE ANZEE X

1. DRSO %4 n < 100, 2R O(1); HY n > 10 1, AL nuns 5
A O(n) %, FLEZEZREEAEN O(n) .

2. DASEEIBTT PRIV Ml : B, R ERITIIG —1T 200, S O(1) Z30; 2¥I4A (L4l nums
i, R O(n) 25, WILEEANEZREN O(n) ,

function algorithm(n: number): void {
const a = 0; // 0(1)
const b = new Array(16000); // 0(1)
if (n > 10) {
const nums = new Array(n); // 0(n)

h

TEIBIARRELD, WS THRRmiE M, W5 DU ARG :

function constFunc(): number {
/] PUTHELAR(E
return 0;
}
/* BHHNZEEZRER 0(1) %/
function loop(n: number): void {
for (let 1 = 0; 1 < n; i++) {
constFunc();
+
}
/* BPANTEEZREN 0(n) */
function recur(n: number): void {
if (n = 1) return;
return recur(n - 1);

BRI%Z Loop ) 1 recur () NG ZXEH N O(n) , (HEHEAEARF,

- HE Loop () TEIEFAHIEA T n X function() , HHHHY function () #R EIFFREH T M= A,
Bz REZRET N O(1) o
© JBVAKEL recur O EIZTTHIRRFHRFENEE n DARIRER recur (), MIfidH O(n) FIARNIZS AL,
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2.4.3 FERER

B ABE R

1. B O(1)

R WL

HNn, B 2-16 R T H RRZEREZ R (MREEHSD.

O(1) < O(logn) < O(n) < O(n?) < O(2™)
HEE < W < Ll < SFIR < 358G

EHM o(2n)

5B 0(n?)
RIFEZEIAAN 4 o(n)

FHHEPFT 0(1log n)

MEZER. MEEE

BB 0(1)

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

BINBEA)

B 2-16 LAY R B2 2 R 2R

BEEMALIERN n TXRIOFE, TR, X5,

TEERAVE, (EMEFR ARG AL B eR A B S EIAAE, EEAT ISR, B ER

S HZsE, =
// = File: s

[* R %/
function const

A O(1) -

pace_complexity.ts =

Func(Q): number {

/] BITHLERIE

return O;

b

/*x BE */
function const

ant(n: number): void {

/] BE. TEB. WREA 0(1) =&

const a =
const b =
const nums
const node

0;

0;
= new Array(10000);
= new ListNode(0);

// EFPRNZESA 0(1) =6

for (let i
const

F

=0; 1 <n; i++) {
c =0;

/] ERFRRESEAE 001) =8

for (let i
constF

=0; i<n; i) {
unc();
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2. %M O(n)

LLERTE W T L REE S n BUEELIEE, BEER. R BB

// == File: space_complexity.ts =

[* MM */

function linear(n: number): void {
/l KEA n BERALA 0(n) =E
const nums = new Array(n);
[/l KER n BW5IFREE 0(n) =E
const nodes: ListNode[] = [];
for (let i = 0; i < n; i++) {

nodes.push(new ListNode(i));

¥

// KEA n HBHERLE 0(n) =8

const map = new Map(Q);

for (let 1 = 0; 1 < n; i++) {
map.set(i, i.toString());

}

N 2-17 R, BEEREEDEINRER n, RIFINTEE n DNARIREIR 1inear_recur () B2, i/ O(n) K
/N S ] -

// == File: space_complexity.ts =

[* SRMERY (BYISCIL)  +/

function linearRecur(n: number): void {
console.log("3#)3 n = ${n}’);
if (n = 1) return;
linearRecur(n - 1);

}

CErak Y [E'-]t

AT “& “
linear_recur(n) return @
linear_recur(n-1) return @

" | 1
linear_recur(2) return @

l i Y2 I

Ez 314 s T
linear_recur(1) return @
REEBEBRRER n FiElERE

HEEM o(n) AVERMIZS(E] 28 o(n)
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2-17 BIARREC A SN2 F 2 2

3. FH5H O(n?)

IR E DL AR, STREES n BOFTRR:

// == File: space_complexity.ts =

/*x FHM */
function quadratic(n: number): void {
/] FEFESHE 0(n”2) =[E)
const numMatrix = Array(n)
.Fill(null)
.map(() = Array(n).fill(nulD));
[/l Z#5REE 0(n*2) =&
const numList = [];
for (let 1 = 0; 1 < n; i++) {
const tmp = [];
for (let j = 0; j < n; j++) {
tmp.push(0);
¥

numList.push(tmp);

N 2-18 Fir, RESUEITRE N n, (G NI FRECTEIEL T — N, KESBIN ny n— 1.
Lo 1, TKEEN /2, EHEALEE O(n?) 23

// == File: space_complexity.ts =

/* FFHM (BJFEIM)  */
function quadraticRecur(n: number): number {
if (n <= 0) return 0;
const nums = new Array(n);
console.log( &Y n = ${n} #H nums KE = ${nums.length} );
return quadraticRecur(n - 1);

Iy
B4 nums 5 HF @ e
n ~——+ quadratic_recur(n) return 0
n-1 ~———+ quadratic_recur(n-1) return 0
BARE l’ 1
" | 1
2 ——— quadratic_recur(2) MR return @
l K& 1
1 ~———+ quadratic_recur(1) return 0
TEE MR PHIAL T —ME, BRER SlRIERE

1+2+ .+ (n-1) + n = n(n+1)/2 EAM o(n2)
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B 2-18 328U R & AR - 75 s TR A2 2%

4. 1588 O(2")

TR H LT A, SR 2-19, BECh n 9 WX BT RBEN 2" — 1, A O(2") =M
// == File: space_complexity.ts =

/* BEM GRILHEZXN) */
function buildTree(n: number): TreeNode | null {
if (n = 0) return null;
const root = new TreeNode(0);
root.left = buildTree(n - 1);
root.right = buildTree(n - 1);
return root;

ERNT SRR
23
/ \
21
N N\
22 - Hn B
SN N TN N
2n—1
Rttt BEERE
20 4 21 4 22 4 ... 4 20n-1 - 2n_q *Eﬁm 0(2“)

B 2-19 il — R AR RFE S 23 R B A

5. B O(logn)

B T MR E Bl EHE, BIAKEN n A, SRIBITEEEMA b5 Y, K
=R log n IBIERE, i O(logn) Femizs A,

AOIR BT N TR, MA—DIERE n, BOACECY [log, n] + 1, BIMEFHFEHKEN
llog,,n| +1, BEHBHEREN O(log,,n+ 1) = O(logn) .
2.4.4 Wt 5 =EiE]

BARTROLT, BN BEIRAIN R 2 2% A 22 A 2 2 AR REIA B et SRMIESKPRTB O, (RIS ALIEm A&
PR RN [R) 52 2% R B AR RV



H2w EREDN www.hello-algo.com 46

R AR ] 52 3% L 3 3 T R DARR T R U 2RO, R ZAPER.  FRATTRATE P17 23 RDREETH BRI TIR L A
SRR “ PSRN R ez, WIFR DA Rl R

RN A SR A T RATEB BN 770, ERZEIEHT, NRSRESER, Fit “DesF R E”
HRER AR, SR, EEREERRIELT, s RS R EE,

2.5 Ihg

1. EREH

LRI

- I TRISSCR AN S (R AR R T B IR 25 I 32 ZEA EHR,

- BATTAT DOES KRR PG RIERCR,  (EXEDITHBRIAIAE RN, HSFERRR IR,

- BRI AT ATERRSLPRIMIA R B, e RIEH TR BT A, I HREB ISR EIRE A REEE
MU TR RIRCR,

of ) S S

- IR A T R SRR IS TIN IR EE R KA S, AT DAA RO BIAROR, (EAERLE N AT
REZSRYL, AAER AFIEUE R0 NN B 2 A A RN, TCRAS I LU R 5

- BREMNEEREMHK O SRR, NMEHHENL B, RMY n #ERETHN, $E8E T (n) 1
W,

- WEENEERE ALY, ERGIHREEE, AEHIWENE LR,

- LRI 2 M= HES IS O(1). O(logn). O(n). O(nlogn). O(n?). O(2™) f1 O(n!) %,

- FULE RN R EAREE, TR SMARIRNANE S, NAERES NRE, R&iE FHNEE
R, BAENRE AT, B A BHE — R0 S RS A REs BRI

- YN AR A S M RTATE R LR BN R RIS TRICR, AT LR A O BA R, TN
A2 7 RS N BUE 2 10 AR SR E 5 IV ECA IR,

M

- BEERERERRCIT N E AR, F TR S N R R R KR,

- EIRBITIRRE TR NE SRR VAR, BESRE MR EEELT, MAZERAHA
BRI, BRI B EEE. RS RIS 22, HAkmi 7 (a8 5 (A A R 8k
SN 7S B S A

- BATEEARERETAERE, NS RIEERZR AN BIEMRZIBTINZ T2 R 2%,

- H A RS 2 MERIEHESIE O(1). O(logn). O(n). O(n?) 1 0(2") %,

2. Q&A

Q: A= L AR O(1) 13?

Hig b, B@HEERSRERE DA E O(1) . AR RZERZIES (4 Java, Python, Ct++,
Go, C#%) AHrENMULEBH, FtEEINNZRERER O(n) .

Q: HEFTTIRIXM M ARIEHIXBIZA 242
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K% (function) AJDABZMNZIAT, FTASEEIARAILE, 5% (method) 55— PXGERER, #HEAILES
VARERIXSR,  REWE X SE A SLB 0 & RO BRI TR E,
N PA LR WA SR AR TE = BRI
- CIHEREEAMEES, RAEMS RIS, FTDH R, [E3ATR] DOEE ALK (struct)
RIS RS, 5L SRR bR it = T HAG AR A = 75Tk,
- Java fl C# BHEHAIN RAwEES, IR 05k @EENE DRI —ERD #RSTTTERITNEMUT
gL, BOAEHIb ek b, NREVIRRE LA R,
- C++ M1 Python BESZHRpE SR (HED, WMEFFmANRgEmE 7k,
Q: g “H WA R A" MR 72 o5 2 R A 4R R /N2
NE, ZERRRZZAERE, HRMEERES, AR &2 R4 R,

B n = 8, IRATRER KIS INERAIE S MBS N A b, IXZRESRIIEAE S — MBI, HTR
HUEVE 48 2] — DML IE AT

FESLBRrR, BB NEF NATER N TTER “HEHIT SRERZ /D, A BRICE(UTE R RIERE n = 8
Z RIS, BT n = 8° ML T, XNHMKBaRERLEST,

Q RETERUESRRE S, R ) (R0 SRI AN
TESTRRRLFA, CHR A Ve 2 SN I, IR RR SRS, B RS, B+ ekIa 7223,
AR ATEZSE, D O(log n) B2 O(1) IR,

(RS R R, WA B, IIERARIT &, N RE s, TRMTES
W, VR ERREIUFER, DENTE G, R,



FB3IFE WESH
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48

Abstract
BRI an[R — RIS E 2 AR HEZR,
TR A AR TR, BIAE AR EA SRR,




H3E BUES www.hello-algo.com 49

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

THIER, 3% 3-1 X902 Java FEABIRRBEDL, SAmEIESHAESBNEIEREDE X, s
2X0H, BUETEEFEOMERTRES A TR,

- {£ Python H, BEHCERM int A PAZRERA/D, RZIRTRIHANTE; 7R3 float BXUGE 64 fi7; &
A char 281 AANFRFSCPR B EKEN 1 FFERTE str
-+ CHI CH RIBILE B ABIRIR A A/, MRELMAEE &R, R 3-1 875 LPo4 L, HAT
AFE Linux #1 macOS 7ENAY Unix 64 AR S,
© FHF char FNA/ME C I CH+ HO8 1 279, fERZBEURIEIES PEBURTREEN TR RIS /7%, 0 “F
Rt B,
- BMERRA/RENT 162 (088 D), BEAFHIEENAAEN 170, XZ2RANEATEN CPU EF
¥ 1 1 R/ NS HENAF R IT,
W2, BEABIERBSEIRSEH Z AT LBRIE? BA1FE, BURSE2ET B hHA SEEEEEN T
Ho XAEMEIBR “57 mdE “FdE”,
MREFRTR “—HET”, BATEARSHEEIFE A, X2 F B NEMEEE AT DAFRRE IR SR R
PRz, HETHEEHINSRES int, /M float 2T char, N5 “BUR&EN” Tk,
BT, SEABIRITHEAML Y EHER “NARRYY, MRS R T EIRN “Algly N, Bl DA S,
KATHMERBERESN ) RIFES RRAFEE AR, 45 int, float. char. bool %,

/] (ERZHERIELR RGN ERA
const numbers: number[] = [];
const characters: string[] = [];
const bools: boolean[] = [1;

3.3 HFLmI *

Tip
TEAFH, WA * FFSIRIERET, RIRNRARSURSBRERME, TRV, FE5e0
R P RO,

3.3.1 [Ft3. RIS

£ E—TTHRAS R ERATLBL, AT BB SRR i ST EEIE 802 — 4N, BN byte RYHEVEREZ
[—128,127] o XANHRIBRREN, ERINIERED REH, RS, *MERAESEEIR,


https://en.cppreference.com/w/cpp/language/types#Properties
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HETEAR, MR bL W B ETE T RPN, R AT R A B, B =F RE
o
- RS BRI —HRIRORR RS AN S AL, H 0 FoRIES, 1 Romidl, HARAR R
I

o B IR RS H R AR, SO S R FR RS BRAT S AL IN TR AU
o AN EEAANE S HEREAR R, SRR R e S A B0 1 .

3-4 JRoR T IR, SN TR 7T 1%

+0 +5 o -0 -28
0000 0000 0000 0101 [R58 1000 0000 1001 1100
RS,
HHEREABE LR
0000 0000 0000 0101 BB 1111 1111 1110 0011
fERMEEG En 1
0000 0000 0000 0101 5 0000 0000 1110 0100
EHRERE,. RB. EHEF HMKEE,. RB. TSR

B 3-4 R, A5 R R AR B

B (sign-magnitude) MARREIW, E7F7E—LERMbE, — 75, SUSIERAFEEBIN FIas, FlafesE
BRI L+ (—2), ERIEEE 3, XBRERHM,

1+ (—2)

— 0000 0001 + 1000 0010
= 1000 0011

— —3

NT R, HENGIANT RS (1 scomplement), WNSRFATSeR AL EAR D S, FHAERIS RHE
14 (—2), BREKERMNFSHGREEE, WaESSIERER -1,

1+ (—2)

— 0000 0001 (J5r4) 4+ 1000 0010 (Jh5)
= 0000 0001 (sf4) + 1111 1101 (JhH)
= 1111 1110 (JxH3)

= 1000 0001 (J5r3)

——1
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75, B FREMA +0 A —0 MMRoRTTR IXERE BT DN R 3 fl g, JXATRE
RHRESL HANESR AT, GERIEHE X IEFMNE, NWATRES SFEHIWE RS, manREuqTELL
BUERMATE X, WFHRZESIABIMIHIWTERCE, XTI RN RER,

-+0 — 0000 0000
—0 — 1000 0000

SEM—F, REUFEERAFTE X AE, RSP 5IAN T8 (20 scomplement), {17k
K MAERRY, i, (MR

—0 — 1000 0000 (J5if5)
= 1111 1111 (/zHH)
=1 0000 0000 (*~H)

TESVRIRASIER_E AT 1 27748000, 16 byte JURMATK AV 8 i, ULBSHEIE 0 (1) | Sz, t
BB, SUBIHED 0000 0000, SRR, XEKEENBRTANGFEE—AE, EREEYL
TR BIRR,

MBI — VR byte FAMEETE IR [—128,127], ZHURI— R —128 RUTESINE? &
MRS, I [—127, +127) PIRIFTE R X B EAS, SORRTAND, 3 ELIERIATIMD 2 ) o] LA T
e

SATT, A3 1000 0000 J2—HISh, ©IFTEE MBI, HURESTE, RO SN 5 0 R N
0000 0000 . JXBARFIER, FHNZERBETET 0, THBIIZREE S, HEHEX MEFKING
1000 0000 7 —128 . ik, (—1) + (—127) fEAMG FIGHEAERRE —128 .

(—127) + (—1)

— 1111 1111 (JEA9) + 1000 0001 (J5h5)
= 1000 0000 (5#3) + 1111 1110 (i)
= 1000 0001 (%MH) + 1111 1111 (%MH)
= 1000 0000 (*~H)

— —128

IRATRECALIN T, LRFrAHEEZIEIZE, XRRE N EEES: THRYIPERR R g 3 2 5
TIEBREHN, IXZROITREEMN T HAR (Fanskik, BRIEFIERIE) K, B8 STk E fa
B, HERGHATHTCE, BRIEEER,

HER, ZHAERE T RENUREMINE, RS — AR RIaRa S, HRYIRES LI & Fh L
RBEAa%. Blan, HRRTE a — b AT DA TSN o + (—b) 5 HHRSRIERIBRIE AT DI TR 2
IR

PRESRATR] PUSES T AL EE A ANME AR R SR TAMEEOR,  THEALAT DUR R Y B AR (R AL B IE R
TEEIINE, AT ER I RFPRATRE(F LR ERIGE, I BRI B S T B R, JXRR e
REPFIRELE, 1R TIBER,

MEEIRHER Y, RREXRBADMCNHENXE, BEIAGBRRE PR T il
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3.3.2 FRHRED

HOMIIRAIRES R EL: int Al float KEMFE, &2 4 71, EHAT4 float WEMETERIZ KT int ? X

W R EN, FENIEFN float BEER R/, BUETEENIZZ /N,

Kb b, IXRRBDNIEREL float R Y ARIKFORTTN, 10— 32 HURHR R 3RO :

b31b30bag - baby by

HR4E IEEE 754 pniff, 32-bit KERY Float HIPA R ="ERME L

: ﬁ%'fi S: 5 1 'fj, Xﬂk}ﬁ b31 o
CHRMERIE : 5 8 6L, AIRE bagbyg .. bys -
. ﬁi&ﬁi N . IJj 23 ﬁZ, Xﬂ‘m 622b21 e bO o

ZIHHIEL Float X NMAEMITHE RN

val = (—1)bs1 x 2(bsob20-b20)a =127 5 (1 boobyy . by),
AL BT R A N
val = (—1)5 x 287127 x (1 + N)
Hrp & R BETERE Dy :
Se€{0,1}, E€{1,2,..,254}
(1+N) = 1+Zb232 (1,2 — 2723
float KEHN 4 bytes = 32 bit
ﬁ’?h S ¥a§ﬂi E SN
..B.ﬂﬂ :
b31b3@ b23b22 by
WNFULTR, 7% 1RIE IEEE 754 fnfE, & BIXRIAIEF R
5=0 val = (-1)Sx 26127 x (1 +N)

E = 124 = 1x0.125x 1.375
N =22+23= 0.375 = 0.171875

3-5 IEEE 754 tnifE R float BB RH
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WK 35, BE—RBEIES =0, E=124, N=2"2+2"3=0.375, MA:

val = (—1)0 x 2124127 5 (1 4 0.375) = 0.171875
IAEFRATAT AR E BRI AIE : Float MR 7 sV ERE, SBOUBUATERIZ KT int . RYELL LA,
float ATFTRITEARIERCH 22547127 % (2 — 2723) & 3.4 x 1038, VI SAERTISSIE/ ML,

RABTF R float ¥ v HUEIGH, (HILEIPERDRITE 7RI, BB int #2832 R TRREE,
BRI T THEBIFAE, A% float AYBIERBCR, MBI M2 M ZER Sk
Ko

Gk 3-2 fR, 468 E = O M1 E = 255 BARHKE X, MTFR%E, J%5 K. NaN 3,

*3-2 fEHE X

8L E AN =0 TEALN # 0 HEAK

0 40 UIEREL (—1)% x 27126 x (0.N)
1,2,...,254  IE#I%K ERLE (—1)% x 2127 » (1.N)
255 +00 NaN

R IANE, RIE BT T IR AR B, B/ NEIEMEC 27120 | B/ NEWIERMECH 27126 x 223

o

BUEEE double HRAIZEELT float MUFRIRTITE, 1EMAEENR,

3.4 FFRES *

RN, FrA iR LRSI E R, 747 char WABISN, O THRRFR, BAITREET
—E "R, WESNFERM RS RN ——X MK R, AT FRARZE, RN Ui &R
JR IR 5 A e

3.4.1 ASCIl &

ASCII BB 2 i R B 7748, H42#H American Standard Code for Information Interchange (3£
PRE(S B A . BEH 7 AL 3RS (— WA 7 A0 FRR— 1T, RZEEBIR 128 MAFEM
T, WIE 3-6 FR, ASCII R ISCFRITAR/NG | B 0 ~ 9. —ERRRFS, DU —LEHIF/ (4
WATTFRIHIRET)
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itk it FH aX it st FH +iit it FH +it#l it FH
0000 0008  NUL k2 33 0010 0001 ! 65 0100 0001 A 97 0110 0001 a
1 0000 0001  SOH IREATTA 34 0010 0010 " 66 0100 0010 B 98 0110 0010 b
2 0000 0010  STX EXFA 35 0010 0011 # 67 0100 0011 c 99 0110 0011 c
3 2000 0011 ETX EXLER 36 0010 0100 $ 68 0100 0100 D 100  o11e 0100 d
[ 2000 0100 EOT [ 37 0010 0101 % 69 0100 0101 E 101 e1le 0101 e
5 0000 0101 ENQ R 38 0010 0110 & 70 0100 0110 F 102 o11e 0110 f
6 0000 0118  ACK |5 39 0010 0111 ' 71 0100 0111 G 103 o11e 0111 g
7 0000 0111  BEL e 40 0010 1000 ( 72 0100 1000 H 104  o11e 1000 h
8 0000 1000 BS Bt 41 0010 1001 ) 73 0100 1001 I 105 o110 1001 i
9 2000 1001 HT TKFBIRT 42 0010 1010 * 74 0100 1010 3 106 0110 1010 j
10 0000 1010 LF TR 43 0010 1011 + 75 0100 1011 K 107 o11@ 1011 k
11 0600 1011 VT ES T b 0010 1100 ) 76 0100 1100 L 108 0110 1100 1
12 2000 1100 FF Fvit3 45 0010 1101 - 77 0100 1101 " 109 o11e 1101 n
13 0000 1101 CR g 46 0010 1110 5 78 0100 1110 N 110 e1le 1110 n
14 0000 1110 50 BT ur 0010 1111 / 79 0100 1111 0 111 o11e 1111 o
15 0000 1111 SI BRI 48 0011 0000 ° 80 0101 0000 P 112 0111 0000 p
16 0001 0000  DLE  MiEEEiEN 49 0011 0001 1 81 0101 0001 Q 113 0111 0001 q
17 0001 0001  DC1 REEHIL 50 0011 0010 2 82 0101 0010 R 114 0111 0010 r
18 0001 0010  DC2 B2 51 0011 0011 3 83 0101 0011 s 115 9111 0011 s
19 0001 0011  DC3 BEEH3 52 0011 0100 4 84 0101 0100 T 116 0111 0100 t
20 0001 0100  DC4 R 53 0011 0101 5 85 0101 0101 u 117 0111 6101 u
21 000l 0101  NAK 4 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 WRICHR 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 y
25 0001 1001 EM R 58 0011 1010 E 90 0101 1010 z 122 0111 1010 z
26 000l 1010  SUB 1 59 0011 1011 3 91 0101 1011 [ 123 111 1011 {
27 0001 1011 ESC () 60 0011 1100 < 92 0101 1100 \ 124 0111 1100 |
28 0001 1100 FS XHSIRE 61 0011 1101 = 93 0101 1101 1 125 0111 1101 H
29 o001 1101 GS SA% 62 0011 1110 > 94 0101 1110 - 126 0111 1110 -
30 oee1 1110 RS BRI 63 0011 1111 ? 95 0101 1111 - 127 0111 1111 DEL
31 eeel 1111 us BTHRR 64 0100 0000 a 96 0110 0000 N
32 2010 0000 sp o

3-6 ASCII 14

SR, ASCII W{NREMF R, BB AN BRI, AT —MEEBRRE ZIEF I EASCI F/E, &
1 ASCIL B 7 {7 £:mli B4 FRE 8 2, BEMSRIR 256 DAFAIFLF,

EMFTEEN, RS T —H#&EH T AFMIX A EASCIT FRF &, XEFREMNFT 128 MFRFR—N
ASCIT#4, J& 128 NFAPEXAE, UGN AFIEF IR,

3.4.2 GBK F{&

JERANTEEL, EASCI #5220k 21 S VAT BER 2R, X Gia a1, JeH ¥ [
AILTA. MEERREER T 1980 R T GB2312 F4¥45E, HILGT 6763 MY, HAME TIXFH
TR TR Z,

SRTM, GB2312 TLiRCHEH W F R BT, GBK FAFHEZIE GB2312 HYHA RSN, eHRT
21886 MY F, 1t GBK My4t477 %, ASCII FRHEH —PMFTRR, NFHEHM DM RR,

3.4.3 Unicode &

W& RABORIEZ N A ., FIHRE MBI LTI, NXHOR T2, — 77, XETRRE—#K
HENTREESNFR, TREZLIESIE NERTME, H—77H, F—MESFESMFrFERE, W
R EHENERRR AR ERME, WSS AN S L,

ARAIHARIRFFN LA QRHEE — A R e BRI 7T, R RE NI 76 S T SRR 3L
b, AERT CAROUES TR S A MIELAS M8 7 17 fEXAAERIERE R, — R Unicode Miz
ﬁﬁéEO

Unicode U SC #4750 “Gi—i47, B LEEARN 100 2 1T, BB TR ERTEENNFIFANG—
AP rFsR 2, SRAE—E B P AT SR B B R S MIE 5507, D IR D g AR AN [a] 7 2B AL 5 )

il
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H 1991 £ &4 LK, Unicode Ty ZEHINIE S 5711 F. #= 2022 49 H, Unicode A7 149186 1™
FH, UESMIESHNTER. FEEERIBHET, fEEKM Unicode FFEH, HHNFAFSH 2 71,
BLEAMNTFREH 3 FHHEE 4 577,

Unicode 2 FBMITRHE, AR LRAH TGS BN B, MEHReEmE e
T DR BT R, Bl TR RN M SRR Unicode R I HIBIE — N SOAHAI, RS0
RIS B — M 2 SR, RAMMRIAE R 2 FHFERRA 1 FHi05
7

X DAL, R BRI SR T DS KRS, W1 37 Fom, “Hello” g
PR L, CBE HREOEANET 2 555, Bl AT OB RGO 9 “Hello B0" T AR 4
YRR 2 KL, BORERGURTT DM 2 SR — AN, RN T,

5 Unicode
H 00000000 91001000
e 00000000 01100101

KEN 1 FHNERXFR
1 00000000 01101100 > e

(FH{ilE o)

1 00000000 01101100
o 00000000 01101111
-} 01111011 10010111

KEN 2 FHWRXFR
it 01101100 11010101

3-7 Unicode Zwg:4]

SR ASCIT fHELMBATIEY, SO 171, HRAERTR, ORISR S 2
ASCII wfd PHIME, AFFIRSBEAGFZER, R, FAFE—FEIMNERE Unicode Fif 751k,

3.4.4 UTF-8 ‘mt3

HAG, UTF-8 ERCNERR E#H & 1ZH Unicode gt /7%, Er—Rm B KEN GG, #1354 %
KFTR—NFR, RIEFRNE &M, ASCH R RE 17T, N FRMEETRFERE 2 71, &
ISR 3 7, HAthA) — A e s 4 7,

UTF-8 BY4mt NIRRT, 7020 BU R PRSI,

© RTFREN 1 FHRTR, KRESMIZREN 0, HR 7 MEN Unicode i, ERERIZE, ASCII
FRHE Unicode FAFEH 4R T 128 MYl tht2 Y, UTF-8 gafihnl LA FIRA ASCII %, X
BRE AT DARE A UTE-8 KT R UAIZRY ASCII B STA,

C NTRENn FHHTE (Hfhn > 1D, BRENMFETH&Sn CEHREN L, En+ 1ARENO;
MEZAFTIGE, BENFIIS 2 (IR EN 10 ; HRFTAMA THEFEFFFH Unicode i,

K 3-8 J&/R T “Hello HiE” XA UTF-8 %k, WIELEL, HT e n HREN 1, FILRSA U@
PR AL 1 RN ECRAENT RN n o

Bl
H
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EON 2 B AR A 1R 2 (AR IR BN 10 We? SChn b, XA 10 REREIRRATHIER. HRIZRGM
MR T IHARTOR, 77 SkERE 10 RERSHE B R GrDd I w5

ZFRE 10 SPERSRTY, REONTE UTF-8 4T, ArREAFIFRRMMAIE 10 o XPE5ien] DA
FAEZERIER: R — DR ESMAE 10, IR FRRREN 1, MR ASCIL#, 1M ASCII ABAHTE
AR 0, ST E,

FH Unicode UTF-8

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

ik 01101100 11010101 11100110 10110011 10010101

BES 3 MREY 1 BEHATHNE 2 4
REFHKEN 3 79 BEN 10

3-8 UTF-8 4wtgrl

BRT UTF-8 Z4b, H WAISaG 75 SIS LS DU M,

- UTF-16 %if%: {5/ 2 5 4 F5RBR—ANET. FiE N ASCIL SR RIAESSc0s, H0 2 5
WEoR; DHEITEENS 4 7R, T 2 TR, UTF-16 435 Unicode B,

. UTF-32 %ili%: 15 DAFEBHE 4 5%, XAk UTE-32 t UTE-8 F1 UTE-16 W & fI5si, H5IR
T ASCIT 544 i HLA RS0 AR,

MIEREZERN S R AR, [/ UTF-8 R fFARR &, BB 1579; i UTF-16 mpbAeLs
ST (BRSO 2EIERL, FOVEMNEE 2 57, 1M UTF-8 AIRERRE 3 717,

NoREMERIfAEE, UTF-8 REMMERE, Y2 TARMEESF UTF-8,

3.4.5 RIBIESHFRIG

T UERRZEmEES, BFRBTHI TR UTF-16 8 UTF-32 IXKERG, R T,
BATR] DLRE AT H B AR A B, XA A RA DA LR

- KLYl : UTF-16 gt 8 n] DURA Z i TRENLYT W], UTF-8 2 — M Kagmhd, ZARIKEIS ¢
NFRE, BATREMNFIFRIFFGIE R « MR, XHFEE O(n) KINFL,

COFRRHE: SRENLTFIZEML, T UTF-16 g AR Edz O(1) #fE. H2, 15 UTF-8
G ) AT ER Y T 2 T B D AT R

- PRTERE: 1E UTF-16 gatgR 7458 L, R FIFHRERE WoHl &R A MRS EA 51T,
£ UTF-8 gt w178 b, BHTIXEAREE R EIOMITE, DRSS ATCH UTE-8 4ifd,
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Kk b, FEEE S FA w7 R MREBIE-, B RITFZHEER,

- Java [ String RBUMEH UTF-16 4wtd, B NFRFEH 2 77, XZEN Java B85 &Iz, AMTA
916 A jd ARRFT A ATRERY Z4F. 2RTM, X2 — D IEMIIHAINT, /52K Unicode HIVEY 2| Tk
16 fiz, FRPA Java HHIZRFERAERTREFH —XF 16 AZAE (PR “REEXT) FoRo

- JavaScript fil TypeScript FIFRF R UTF-16 ZRfBHIJR A S Java 250, 4 1995 4E Netscape A H]
B XA JavaScript IEE W, Unicode b TR BRI, ARHMEMH 16 A H4RA5HEE ARRATE Y
Unicode F#F T

- C# fEH UTF-16 4wfd, FEZREN.NET FHZEH Microsoft &I+, T Microsoft FIRZHAR (U
i Windows #1ER%0) &8 12 H UTF-16 4whd,

BT DA EGRARTE S W P AR RIS, NSRRI B 1975 5 0RFREE 16 ALK ER) Unicode
Fr. BRI IRENZMTERZE, —77H, UERBEMEFRES, —DNERAlREh i 2 7 4 7
T, MMHER 7RIS, 55 —J5H, ACEAEN TR ERINE A, 1X3E& 7R S A ERIEIR
HERE

HTPALEERR, #gwE SR T — SRR 7T %,

- Python H# str ffif] Unicode %itd, IFRA—MRIENFIFERR, FHENFHKERRTFEFH
KK Unicode f35, #HFAFEEPREE ASCIL Z4F, MENFERFEH 157, WREFFEE T
ASCII Yil, (HeMEEARZIESFE (BMP) W, M&NMFRFEH 2 F7; RA8H BMP U+
B, MHEEADFRF S 4 579,

- Go IBEF M string RALENFMEH UTF-8 4t Go IBEF LML T rune K8, THFRREAN
Unicode 55,

- Rust EBES MY str f String KAAENEHFH UTF-8 4ifd. Rust t42AL T char 28! HTHRREN
Unicode 55,

RETREE, PLETCHERRFATERAERMIRIE S TPRIFIET 3, XA P R M F P A2 i sRAE g
BRI, £ fEsM st fett, BATEE K FRFERGY UTF-8 83K, DUSEIRLAIFRE
PERZE AR,

3.5 I

1. EmEH

- BURGHA] AR B LS YIEEE AP A AT 0 28, IR REEIIR THUR TR Z RIRNZECR, 1M
VI PREERREIR T HARAE T BALNZ P B 77 2K

- WA EAELNE, RRRFIRERE, @E RN IRIEZ RS EIRE 7 kit (B, TR,
K. BAFI) FOAELer: (. B HE) Wkh, MEARISSIIATRER N (1 & Sl SRR IR MR LS,

- YREFIBITH, BURSHFEEITENINGES, BNNEZ RIEHE XN R A E L, R s X e 1
HiLtIE 375 A 2504

- YIRS R B NES S AR (B FaBesEfEE (BER) . ITEEUESSEN 2 B, RERE
PR L & LB,

© I EN AR A SRR EEE byte. short. int. long, #mi#( float. double, “F#F char
/R bool o BT IAYEETE Bl BURT & = AR/ MR R 77 7
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- JRRS, RASAIRMES R BRI = MTE, BNz AR DA B, BRI R R 2
e, HRMRETIE,

- BOHETTENLHE DAME R R IEER . EAMBERR T, W EALR] DO IEER A B InE — I E =, A
TN RIEIRAE MR R R RS, B AR IR U (Al

© FRBINRES 1RSI, 8 MLFEENIAN 23 MBI, F T EESRENL, TR s B BB T
Bl KRy, RN 2T TR

- ASCII F 2 i R BN AT, KERN 1510, HIREE 127 N8 GBK FRE2E At F
TR, HUWGRM T2 MNNF, Unicode B THRME— 52BN F AP AR E, IR B & FIES 1
¥, MR TR gt 75 128 —3K0m0 S B0 ELAS fA) @,

-+ UTF-8 ZRZXIMH Unicode a3 771k, BHAMAER L. ©R—/MEKNRmL L, BERGNYT R
M, BRERF TR EAE R, UTF-16 f1 UTF-32 25K MN9IE 75 %, (Egmigrhzit, UTF-16
b A3 A L UTF-8 570N, Java fil C# H4mfsis S BhNE A UTF-16 whd,

2. Q&A

Q: Mt 2T RFIN O S LM R e A M B s 12

BT R, MONTIRRIBT I, TATATRESMEA “Bexliit” 5% “IBmrhR” BN
AP MR — DR, HRERKDEE —EBIER, XATREBFMONR GEE VLZLBRRD,

MR ERE, BHRIVERZE8A, KPS MalAr e & —ME, s s — PR R
o i, MEfRATRERIN TS BRa (A, 550 TR Bdaasity ().

Q: char KRIKKEZ 1 FHNE?

char KR KEHRIZE S R ARG TTIERE, BildN, Java, JavaScript, TypeScript, C# #%H UTF-16
Sl (fR1F Unicode 1450), Ktk char RBUMIKEDy 2 577,

Q: ETHAHSIN AR MIR “FSBUREN" BEABX? HRthn] DT AR AARSIR0E, XEH
TEElR “Bhs” 1,

e s a] DSBS BRIR(E, ERIREAIIRE B (KREARE) 1, REETHANESRE A
ABhZSHRINEERCR, HENERZETH, WREIEREH 7HAIA/D, R EeE —
BERHVEA, F I A S HIZHEE S,

Q: 7EfgiEAR (BB HIMfR, RIEEERIRD, ME2ENR “HSBEaE” Te?

FERPGEES T, BAEMATIEEH B FRiaEe, XD TIERENEEEIE. Fla, Java £
ArraylList FUFHAAEIER N 10, 556, §AREt2 s, HUESH) “FIR" &,

Q: FIHANMIHITTER SRR 17, ARAKMEEE R MR e R el 1 EHR”, MM Rt
—FER] OB “JelUEin 17 158, XN 20E?

X2 KA RS ARG A B RS2 fr Rt W B9IdRR. BT A B EEN: &k a+b=c,
HBAFRATFR a /& b B ¢ IR, R WFR b 2 a 2 ¢ BN

BE—Nn = 4 RER Z#HHE 0010, MRFXNMFEEREE CREE/FSA), BAERMIFRE
o SelUEm 17 19E):

0010 — 1101 — 1110
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BANRKM, JEEFAMEEIFZ 0010 + 1110 = 10000, Ht2id, *M3 1110 254 0010 £/ 10000 1
U, IXERRAE R REUREM 17 bR R THRE] 10000 RIS R,

2, #ha% 1110 ) 10000 (Y “#hET R 2/ DIe? FAMRIAFT DA “SelUzain 1” [2e:

1110 — 0001 — 0010
BADIEL, JRIGAIAND BT E] 10000 B9 kT, A “BRRSEANG” A0 “IMGEREAD” AT DARTARTE
B GelJEm 1) KB,
S, BATHAT DU RRRAMD 1110 A9, B “Sem 1 EBU”:

1110 — 1101 — 0010

BESRE, SEBRJE 1 M “Je 1 EBURT XMAEREZIEHEE] 10000 RN, BENTRENH.

AR LR, “BU” BELRER LRSI 1111 g (ROVER RIS + RS = 1111); IMTERIGEEAL BN
LASZIRIAMD, #2E] 10000 FIANL,

ERLAn = 4 MBI, HATHEET SRR AR —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. e

FeArTA] DARRIE TR SR i FHECH Ao aae 773X TRIBME. SBEvIthE. ERIEEVIHERNTEIT, K2
TIEIE S 2B EVIGAE N 0 -

// == File: array.ts =

[* WIALEREE +/

let arr: number[] = new Array(5).fill(0);
let nums: number[] = [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 - &

REAEEE - WANENL + TEKE « TEwRE|
(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.ts =

/* BENLIARITTER */
function randomAccess(nums: number[]): number {
// 7EX[d [0, nums.length) HRBENIHER—Ek=F
const random_index = Math.floor(Math.random() * nums.length);
/] FREVFREIFENITTE
const random_num = nums[random_index];
return random_num;

3. ATTE

BAHTTRENFTR “BREN”, BN AEA 2R EFREESE, W& 4-3 For, 05RAETE R R
AR, WHRERZTRZGHATAE LRGS0, ZJFRHTRMESIZR
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BUAhERTENE -
8000 - Epsi:zr—c;; FEX '
'
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]

(3 W1 ]s]2]s]0 gg;igﬁﬁ 0 Bk

nums[1] = 3

:

4-3 BEHFENTTERHA

ERERRNE, BTEHNKEREEN, FEMA-MTROERSFERARTITR “BK7 BN
IR ARRTT SR BETE “FIER" BT,

// == File: array.ts =

/* EEAMIZES| index EANTTE num %/
function insert(nums: number[], num: number, index: number): void {
// IBZE3| index UNZEWFIETERGERZI—IL
for (let 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.ts =

/* MIFRZR5| index QMITE */
function remove(nums: number[], index: number): void {
// IBZE3| index ZEBIFAETREMEFIBI—IL
for (let i = index; i < nums.length - 1; i++) {
nums[i] = nums[i + 1];

F

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.ts =

/* WHEA */
function traverse(nums: number[]): void {
let count = 0;
/] BER5EHEE
for (let i = 0; i < nums.length; i++) {
count += nums[i];
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+

/] BiEBHEATE

for (const num of nums) {
count += num;

}

6. &BEHE

HEHAHAPESIEETTRF LRI, SRAMTTRER SIS, IR M RG],
KOV BEH RS BRSNS, Fr DA EIRE AR &K,

// = File: array.ts =

[* TEEEPEHIEETER +/

function find(nums: number[], target: number): number {
for (let 1 = 0; i < nums.length; i++) {

if (nums[i] == target) {
return i;
¥
}
return -1;
I
7. IE%4A

FEERRGIMSEET, BRI EIANES RN, WMEZety REHA R, FItE
REBIEES T, BARRKERAZER,

HRTRAIA By AR, WFEFEY —DNERIEH, RS EBE TR RE R B, X2 —1
O(n) H#lE, EBLRARRIEIN FIEREFEN . AR NER:

// == File: array.ts =

/* ¥ REAKE x/
// EEE, TypeScript M) Array ZEHESECHE, ATUEET B
/] AT HEES]), mREHE Array BEKEARTTREA
function extend(nums: number[], enlarge: number): number[] {
/] EE— N BRKEGNEA
const res = new Array(nums.length + enlarge).fill(0);
/] BE#HARNFRE TR ERZIF A
for (let i = 0; i < nums.length; i++) {
res[i] nums[i];

F
[/ REY REHVHTERA

return res;
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4.1.2 BANRRERRMYE

BAAFBEIESM N RN, B, ZAMMMEUEFEERRRER, RIa] DRI EE R
A BIREEFI R ERCR,

- SR B BAR A TSRS, TN TR,

- SHEREHLYIN: ELAVETE O(1) RN AT,

- BPRERYE: UVIRALTER, NIRRT, SRR L E AR, T s
AT SRR T

BTSSR iE R B8, HAFELAU T RRM,

- ARASMERBERIR: SEBAHAPITRR LN, A SMBRRERERRERTTER,
- REAAE: BB RERETE T, VT ARATRERITE B HEEE, TFHRR,
- MR WRBAH DR INES KR, AAZ RS RMARIR S T,

4.1.3 ¥HAHMBIRN B

BEH TR — LA HH WSS, RO e R ER s, Al TSl S & 2 iR s

- BEOLVER): G0 SR FATTAEREH LA — Lo REA, AR AT DU BCERTENE, AR — A EYUFS, RIER5|5H
BEMLIHAE,

- HEF AR BeHRHF A RE R AEBIESEN, Podfiz. HEHER. 0BRSS B
H 3T,

- ERE: YFEPIERER A ICRBEX VR RR, AT DA AR ERE, RO R
ASCIT R3fmers, TIAT DR 4 ASCIT B EE ARG, XM PTEFRAEREA IR AL E,

- WIERFS): MM KB T, B, KB Z RIS RENZE, IXEEHEESZ DI
MR, B B AR NS G Fs i 1 BB 4544

- BURGESIIE: B RT DU TR, A, PR ER. HE. RIEEIESN, BN, BRI R R
s b2 — e deH,

4.2 §ER

N EEMERFPIALER, £ PMERNRGUSITINET, SREINEZRA]ERTEENT L K
THINE, TEEEEHRI NS AU S, TS EEH AR K, NTERTRETCIE R LA s R AE L=, It
I BERARIG R AB R T o

R (linked list) B—MEMEEUEL Y, HPRSNTREZ —MRNR, #0108 “5IH7 g,
SIFICR T =D R AL, @I R AN AT 7 A 2R — D

HERAVRIH RIS 2D (A A BB E N AL, BRI P it AU S,
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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 {
val: number;
next: ListNode | null;
constructor(val?: number, next?: ListNode | null) {
this.val = val == undefined ? 0 : val; // TmR{E
this.next = next == undefined ? null : next; // EAT—T=M5IH

4.2.1 $EREREE

1. {YatbEER

BNIRER D NN, B RVIBEENTENE, FPRWETRZENG I HXR. wlatEsE, &
T T DANEERAYSLTT Sl &, @I 5 | FFEM next ARIXT A ARE 1 o

// == File: linked_list.ts =

[* ¥IALEER 1 -> 3 -> 2 -> 5 -> 4 %/

/]l MBREEITTR
const n@ = new ListNode(1);
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new ListNode(3);
new ListNode(2);
const n3 = new ListNode(5);
const n4 = new ListNode(4);
/] T RZEIRE| B

n@.next nl;

nl.next n2;

n2.next n3;

n3.next ng;

const nl
const n2

BURAEIK R — MR, % nums 570 nums[0] F1 nums [1] %5, MiaERE B2 MR S5
AR, FBATNE RSN RO ERERACRR, tean DA ARSI BERPTICERER no

2. AT

FEHEPBATRAFE RS, WHE 4-6 R, RIZENTEEMHBEIN DT n0 F nl ZEFA—MFTHAP,
WHTSCEWA T RGIE @R Wl, WNEE2EN O(1) .

M2 T, ERHPEATRINTEREN O(n) , EREER FRIRERRR,

°

P.next = ni
< P 8@ n1

°
RS 00 M n1 ZEBEASS P o "
A
P

nd.next = P
Bl no ME P

o ?

A

B 4-6 BERAEAT KRB

// == File: linked_list.ts =

/* TERERITR n0 ZEBATR P x/

function insert(n®: ListNode, P: ListNode): void {
const nl = n@.next;
P.next = nl;
n0.next = P;
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3. MRS

Qs 4-7 For, ERERPERT A ARRE T E, R@RSE A NRR5IE (EED Bl

THER, RETEMBRRERE T A P ARALER nl, ([HE0R L@t R CETTRVIFE P, IXEKRE P
EETHETIZHER T,

n@.next = nl

T B4 no @A n1
ERERTHET S P C)
noe nl

A

MbsTER/a, 22 P H#AEH
nl,

BiEA#ERCELELRE P,
AEEMTARTR P EWRIBIER

B 4-7 BERMIERT A

// == File: linked_list.ts =

/> BIFRERMT S n0 ZEMNENTR +/
function remove(nO: ListNode): void {
if (!'n@.next) {
return;

b

// n@ -> P ->nl
const P = n@.next;
const nl = P.next;
n@.next = nl;

4. FiRBR

FEREL P Ui I RURECREAR. 0 E—FmR, FATATBAE O(1) B a R RSP TR TR, BERUAR
R, BEFEEMNLT AL, BNAERED, BEEREIERT R, WD, VRsERNEE ¢ a2
i — 145, WEEREN O(n) .
// == File: linked_list.ts =
/* WRERPZES|N index BTE %/

function access(head: ListNode | null, index: number): ListNode | null {
for (let 1 = 0; i < index; i++) {
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if ('head) {
return null;

hy

head = head.next;

}

return head;

5. BERTR

WER, BHREAEDR target TR, WHIZTT REERPNERS, HdREMETF&EER, BN
Fl7R:

// == File: linked_list.ts =
/* EHRTEREN target WEIMTR */

function find(head: ListNode | null, target: number): number {
let index = 0;

while (head != null) {
if (head.val == target) {
return index;
¥
head = head.next;
index += 1;
¥
return -1;

4.2.2 #4B vs. BER

R 41 B4 7R BERN S IR AR L T HBRAERCR . T e R AR S A7 B REE, (RS Rk R
ke €SS /D RVAIDES T

®4-1 BEAHSRERRERIT T

el B
TR TR ST
BRYE KA AT RIS R
W ERSANGED, EAMREER TREENGES
s O(1) O(n)
HEE  O(n) o(1)

MWiEE  O(n) 0(1)
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4.2.3 HRiERER

i 4-8 FoR, H LAY RERR AL E = Hf,

- PAREERE: RIRTI MR EE R, SABERATT R SEMTER N — SRS MR, BT E
RN A, FRE DT RRNET A, BT ATERZ None .

- IBEER: RIS HERERE T RIEEKT AR (BEMAR), WSS —PIPHER, EMPHER
R, R R AT DA ST R

- ONEESR: SRR L, IEEERICS TN TTRRT . A RER AT RO SR B S R Ak
Tl (R =D MR (E— DD W5 (et ARRT AR, WEiERERRE
P, ATCAEAMASTTIaE e, (EAH Rt th R & S 2 R P A

/* WEERTRE */
class ListNode {
val: number;
next: ListNode | null;
prev: ListNode | null;
constructor(val?: number, next?: ListNode | null, prev?: ListNode | null) {
this.val = val == undefined ? 0 : val; // TRE
undefined ? null : next; // {EEE#TRHSIHE
undefined ? null : prev; // iEEREEIERTDR5/H

next
prev

this.next
this.prev

F
}

BrER

singly linked list

— — — — > None

R

circular linked list

[V ¥ V]

MrER

doubly linked list

— —_— ' —_— —> None
None <— f— —, f— -~

K 4-8 H WBERRNRE

4.2.4 FERHEBEINA

FAABEREH T, BAAIL M R S R 4hi.

- B BNII: SR AFIERIRFAR A BER A — It ATIN, ERBIAIRHEONSERE G, XSRS AR(E
TERERI —ImitAT, MIBRIRIEIERERAY S —ImitAT, ERIRRHIo et dett, X RS,
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- TR RESILR RIS PRI ER AR —, %R, A RIURASEIRE— MR
o

- B AMEREIOREN AR TR, EAP RN TURERS — MERMSCE, $ERT A TR
TG ZIURAE R HABTH

MAHERH T HR ZPOEE AT — MG — TNT R R,

- EPEIREH: FLINFELLIRR, B R, BANTEIRT R A, XA PO AR S R — e
1A R 5 | SR SEEH, 2R XAl BER,

- PISERRDI R AEM TN SRS, S R AT S IR AR N, AR R EAE A P RN ARG —
JE— WL, AT HER AR M (S MR E 215 fa] B

- LRU Rk %K (LRU) Bk, ANFERERE R R/ D EREE, DUSRPasEsm
FIRMIBRTY o IXMHBE AR A BERAAR R 51&,

INERER TR IR 5, R ER GBI

- R REMERIL: ERERST, WA A REEERRE M IR CPU HERE, BEREX—
HRRHATIEIN, BRSO — DR, S E AR, CPU RIS~ — M, XAhE
AR AT DRI PR SR ST,

- BRRMNIX . EREEERZ XS, MATRERMEAINEER, INEER, MR AR, B
TATRES B MZ N RIMPFFTRN—DIEHER,  DAESLPITCEERE K.

4.3 FT

FIF (list) B PMHRIBIRSEIMS, EFRRTRARFRS, FTREN, B @, MERmEmn
FHRE, TTOUERE S ERERBIRIRIE, 53A] DT RER s S,

- EERRAFTDVEE IR, HeRrR &SR, I H AT AREEEST A
- BEHSRTTRE M AN, HRTHRRERAAE, FHERREEE D RAKRERHYIR,

SEHBALBIIREN, REAIERNMRE SEFIRILATERS, X2 FENETEE IR e R =
fefitZ D8R, AT POERE @RISR KR, A RER/D, WIRARETCAMEEMTRR, HRETK, W
RIERRANAFZE HTR B

MR, FATAT DA NZSER (dynamic array) SRSEHIFIZR, B TEHEHMSTULR, FHHATLA
FERFIBITERTHEITIIEY A,

KPR b, VP gPRE S TP RAR AR SIS RR I T A S A I, BI4n Python H1fJ list . Java H1HY
ArrayList . C++ H1fJ vector I C# HfY List 5, 7E8E PRIVIIEH, FRATRAHE “FIR" 0 “shassed”
MAAE [ A

4.3.1 FIREREE

1. MR

PATEFEH “TOaE” 1 “GEGE" XMRARGTTIEA:
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// = File: list.ts =
[* FIAHHIR */

// THEE

const numsl: number[] = [];

/] BEE

const nums: number[] = [1, 3, 2, 5, 4];

2. ifFiRlTE
FIRAF _EREA, WA e O(1) RN RAERTER, WRRE,

// = File: list.ts =

/* IhRlTTE */
const num: number = nums[1]; // iFEIZES| 1 WWTE

[* BHETTER */
nums[1] = 0; // BER5l 1 LBTHEREHN 0

3. EASHRTER

MR T, F1F%AT LA BRI S MERT R, EFIRBERMTRENNEEREN O(1) , B AFRIMER
TERIERN S AN, NAEREN O(n) .

// = File: list.ts =

/*x BEIR %/
nums.length = 0;

/* EEIRIITER */
nums.push(1);
nums.push(3);
nums.push(2);
nums.push(5);
nums.push(4);

/* TEREHEANTE */
nums.splice(3, 0, 6); // TEZRS| 3 WENEF 6

/* BIRTE */
nums.splice(3, 1); // MipRER5] 3 M=

4. BHYIE

5¥A—rE, FIRADRIERS &), WrlLEEES TR,
// == File: list.ts =

/*x BIRSIBAHIIFR */
let count = 0;
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for (let 1 = 0; i < nums.length; i++) {
count += nums[i];

}

/* BEBHYIRTE +/

count = 0;

for (const num of nums) {
count += num;

}

5. HHEYIR

ATE— TP nums, FRATTAT DAY ELBHES IR AT,
// = File: list.ts =
/*x BHERNIIR +/

const numsl: number[] = [6, 8, 7, 10, 9];
nums.push(...nums1); // ¥%IR numsl HHEZE nums Zf5

6. HIFFIR

SERFRHEF G, BAMERT AR ESEHRELESHEEEEN ““oaEH” 1 V" Bk
// == File: list.ts =

/* HFHIR */
nums.sort((a, b) = a - b); // #HFE, SIRTEMNNEIKREES

4.3.2 5K

2B SNE THIR, Bl Java, C++, Python %%, EIMLHIKE %, #NSHHREHIRES
5, BIUNPIEA R, §AEEEE, BOGERBEE rl A& P IRIE T3,

N T IR PR AR ERRE R, BATZAL MR ZRYIR, GRS =1 E AR,

COPRAR: R D EEREBEOG A R, EAORGI, TATERE 10 AR A R,

- BEIS: AR size, HTICRIIRYATTREE, HEEETTRBAMMERIN EHr, RIE
AR R, AT LUEMIRER, PAHAWRE ST ET &,

- PTENL: EEATENYIRERCH, WHRZEHTY A, iR A EReE - NERNSAE, Hik
ARTEBAHRI T TR IR S B, ARG, BAITME SRR A A0 2 14,

// = File: my_list.ts =

/* HIRE «/

class MyList {
private arr: Array<number>; // #U¢H (Z(E%IRTE)
private _capacity: number = 10; // FIRAB=E
private _size: number = 0; // FIRKE (HFixR#HE)
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private extendRatio: number = 2; // 8XHIRY BEIEEHK

[* ¥EFHE +/
constructor() {
this.arr = new Array(this._capacity);

I
[* REFIRKE (HFITREE) «/

public size(): number {
return this._size;

F

/* REVGIRBE */
public capacity(): number {
return this._capacity;

¥
/* nETTE */

public get(index: number): number {
// BES|IWMRER, WEEE, TE
if (index < O || index >= this._size) throw new Error(' ZE5IHR');
return this.arr[index];

}
/* BIETE */

public set(index: number, num: number): void {
if (index < 0 || index >= this._size) throw new Error(' ZE3IHR');
this.arr[index] = num;

F

/* EEZRIMITER */
public add(num: number): void {
/] MRKEETRE, WEEYT B
if (this._size == this._capacity) this.extendCapacity();
/] BEFTERNRIGIRES
this.arr[this._size] = num;
this._size++;

I
[* TEREREANTTE */

public insert(index: number, num: number): void {
if (index < 0 || index >= this._size) throw new Error(' ZE3|#HE"');
/] TEHEBHEEM, AT BHIH
if (this._size == this._capacity) {
this.extendCapacity(Q);

¥

// BZE5| index UKZEMTEEMAGEEI—L

for (let j = this._size - 1; j >= index; j--) {
this.arr[j + 1] = this.arr[j];

}

/] BFTEHE
this.arr[index] = num;
this._size++;

}
/* MERITTE */

public remove(index: number): number {
if (index < 0 || index >= this._size) throw new Error(' ZE5|#HE"');
let num = this.arr[index];

[l BEER5| index ZEMITREMFIHEI—I



Ba4wE BHSHER www.hello-algo.com 79

for (let j = index; j < this._size - 1; j++) {
this.arr[j] = this.arr[j + 1];

}

/| EFTERE

this._size--;

// REIEMERE TR

return num;

}

/* BIRYBE */
public extendCapacity(): void {
[l FHE—NKER size WEEH, HREEHAEFIZIFHEA
this.arr = this.arr.concat(
new Array(this.capacity() * (this.extendRatio - 1))
DF

/] BHIREE
this._capacity = this.arr.length;

}

/* BHIRZREAOEA «/
public toArray(): number[] {
let size = this.size();
/] (EFEAREREKESCEANGIRTER

const arr = new Array(size);

for (let 1 = 0; 1 < size; i++) {
arr[i] = this.get(i);

+

return arr;

4.4 AESEE"

FEAZERRTN T, BRI T EAAM BRI MR BB E R, eMNosfRT “E8FME"
“OYRRAENE” AR BEEER

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

4.4.1 HENF#HES

HEN IS = AMRAIN 5% B8 (hard disk). R7F (random-access memory, RAM), 487% (cache
memory), 3 4-2 J&/R T EATEH BRGNS F A EFPERER Ao

K42 HEHBIF LS

(5 [FE A7

Hlig K iEEEE, WIEHRIERS, RS ANSTRRFIIE AR U MEdEITE S, B>
R, XMFSE TEALPE A A CPU iR
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(5 [FE &A7
EN LGN T RIAEE S LIEENE S CTPRES S LIBENERETEEST S
A BK, TBZHI B, GB FEHN, MB 953
T g, JLEFJLT MB/s etk JLt GB/s FEF R, JL+2IJLE GB/s
kg (N BfEH, LT/ GB 25, JLTEILHET/ GB JEH 5, BE CPU TR

R

FATAT UK H BN AR B RS R YK 4-9 FRR B BE G, AR T 5 5 85 TV0m ) 7 1R A8 AR R, &
B, AR, IR R B AHME, TR EARE S TR RSB AR

- WEEEDAINAF IR, B, PEPRIEEREN SR EE, FIENES KIEERDE, HX, W
HIRA SRR L5, IX (A e ATETH B8 T R

- RAFRIRA RMEEEAE DGR, BEE L1, L2, L3 BENARBSMA, HYBERN2TK, 5 CPU
D2 AR EREE B R, AT SEEARE RN RN, JTTRVIERE R, £4AERT, ZEHK
RIRAFEEA R A R, TR A Z R (P

CPU

&7 L2 Cache
L3 Cache

' EE =8
s AN

g |

K 4-9 HHEHIFERS

Tip
HENAFE R RGN T, FEMEA=E 2 FIRR T, SR b, XA w7 T
Fir TP, B BRI R A RR il A A A8 o

R, BEEA T R R, WA T IR AR 121 T AR PRI, 2247 W T 12 6if
SEVIMNBIRHTES, DIESEFIBITRHeR, =& HAMNE, WRHHEIRASI0E1T,

i 4-10 Fiow, ERFIBITH, SRS AR HORIEINEF, 4t CPU MR, &fFAILAETE CPU K
—Hkoy, ‘ElNEREHM N INEREE, 4 CPU 1R kERATEHR I, M EE TR PRIPITRER, b
XIS I A7 B
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.'*. L "
o= — pundl €V
LI J

SIPEE & RE 7354

CPU

B 4-10 REEL, PP RIZRAT 2 TR ROEE

4.4.2 HIRESHNREE

TENFE A TTH, BEHMERS A G IMEMRERE,

—J5iH, PFRARRK, HFE—RNERGERZ RIS, BRI 2RSS aE T R AT R macth A
2, BARTTREEHS, NFREAMINIS AR TER T AR (88, BRIz R E &, 2R,
BT E R RBHNES SR, XATRESBNFIRSE, By A thl BN AR 23 A SAR
MEZ T, SR TR NRALEATAS N ECA R, SRt T S RH R TEE,

S, RIS, BEEREPIESRIRNE, RNAFIRER R Rk, I S BN A7 Y
FARCER R, BB THESNFET K, HANAR S SBNFERR L. Mk, BERIITTRR DT,
MRS MERIEES, ERSSFBINFRA L,

4.4.3 BIRGEVINERTFENE

R BRESAANE RIWNTAE, BERRNFREZ, ERFITHRE BEE ZCEZENER, BTEF
EEARR, HEEFME—NEME TR EDE, Kt CPU ViR EHE N ERF TN, ML ERE
KaH (cache miss), It CPU ARG MIEEEGHI N7 INE AT T2 EdE.

B, “EAF AP W, CPU S EBIRMBCRMES, Brrtsbthaliier, AR CPU MRk
BRI LLBIFR B TEa = (cache hitrate), IXMEFRIEH F KM REFIE,

NTRATREIREIE mAIRCR, 5eff 2 RIA N EURIEALH

©OBRAHT: RAFCZRAN T S INEEEE, TERE T NN, TR TR, RF1T
&t A

 TRELE: ACFRER = A PN EARE T A (BN iial, [P KBRERTTR ), FAARIER 2 R
R BRI E R A <, MR,

- MR AR DRI, B2 ERNEREE TR I ST, Eit, SRAFEANESE
faly, WRMBHEMNTAEEE, DaEmmahR,

- I RERYE:: AR EARYIR], AN EENARIRERIR AT REFHR Al oA A — B, i
PR B (A s R R R R

Khr b, BEARMBERMN R ABCR R AR, EZARBELCT L5,
- RN BERTRMEHITTR A ERE S, SBERETRANAREERE D,
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© BT BEREBUR D BUENGFRAL, TRFR TR B, EIANEE TR LB .
- PHHLR: BEH BRI BRI R “RTIIIE”,  BIRSTE A S E BRI 2 £,
- BRJRERTE: BEHB A MEE R RINE SR, R AR R B ) R B AT RE BI85 7]

BATE, BEHBAERNEAG PR, FCEEReEdes LaE M Tk, XESERREIAREN, &
T SR B A A A B A2 UG,

TEREBAE, MR EWERAENTA N O MMETBER, SRR Ak B BuRS A, AR
PEERTRSRORIRE, Bilan, BEHMBERARATDASCEL “A” BdRgsity (F—EXW4Nn4), HellEm TR
Yisto

- EMERTRER, AT TR TSI, FOVERME 7 AR ERCR A BEA LI R A 5E
71, AR CUR TR E RN i —E RIS AL

CARBHRRARRE R, ARG, MBI NERE T, IR TR E AN GIE, HERAET
ReRBEUR B E T NSRRIy, I Bk 78 & R BINTH.

4.5 NG

1. EREH

- BEHMBER R AR A RIBAREERS, oI AREBERAE T BN PR A7 iE 753K 382 A7 BT
IR, PRI R S AR,

- BEHSRRENLTIRL., S HNERD, EREARMERITRSERR, BAGHEKEARRZ,

- ERRIEE ENG I (B SIS AR A SR, HAT ARSI, SRR, &
MW, HILRRERR IR ER, PR, AR,

© AR MSRHEMEKA TR A PR S, EEETISBAHLI, CRE TN, FERETDAR
AR,

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

- BRFIBIT, BdE R EAMEENET, B ECE SRS RRCR, RN _ B R
o

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

- BITHEABAERNEFmPR, FILEEE R E & EREEEIRGSN, NARYE BT R
A SR,

2. Q&A

Q: HHMETERR EANTEIETEE b, X I RSN 23 [AIRCR 2 A A S ?
FERETEAR LA B A BEH AR A IR RN SR, BHREIRERCREAR —B AR, ARAIHER A B IR
R, MBI AR A

L. DECFRRCR . M — BBV NN, RS IEds B alsem; MR ER, vl HERIEHE)

Bol, BRI, Kk, H ERECARRR Rtk BRI,
2. K/NBRA: ARPFARR D, HERIRVN—RSZBR T AT, [l IHHE SEANE & 17 (R ALK,
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3. RiEME: #& EREEHN RN EE IR IENTAE, M K/ NA] AEIB TN BhAS 2
Q: N LBEHESREFZRAURITE, MERERP AL AR FRSAE?
PERBTRANR, TRZENEESIH (8 ERE, &N AR AEE ARSI ESE, A0 int, double.
string. object &,

MR, BEHTTRNAATRAERIZRR, JXREA REIE T R WA BORIRBOS NOT R A E, BiaH, RN
& int M1 long MIRISEAY BAASTERIHNGE M 4 700 8 1, MINEIARER A N AR RS R T, W
BAHTEE T TRRKE,

# TTEAFMNE - HERFHL (BTERE) + TEKE * TERRSI

Q: MR PG, BEFRZEM P.next %9 None IE?

AMEL P.next tha]PL, MIZBERRIAEE, MATNRIBBHEIETREENZBEIP T, XERETHRPE
ZEMBERFPINER T, I L P ARIAIIR AR AN S BE R AL R

MRS SR (8D KIAESE, TEOTRAXER, RERIERFIZEZ EMAIMT, MFRHERER
JBF, WoTsEZe, ZEEMEW. WRAMT, FOREMERT SORBUERE R, B4 EXIMEHT N
TP UL

Q: TEBERPIEARIMIRIRAIOR I EZE R O(1) . RN FIEHHE O(n) W EHTTE, BhH
LIEE R R O(n) g?
MEE B TR, FINGRITE, FEERERSUE O(n) . AT, R O(1) SIMAESA R DAEE AR
F ARSI KB, Bl WUFBAGIIE & (e RSB, Bl Al — M RIS S, R, SR
A SHIRERER R O(1) .
Q: B “RERF NSRRI QTR SRR R T — P HAEID? SRR A
2
WoREE R RN, TRE TR AT,

- RS AR RS R KA, B int. long. double RIS 555,

A it ot PR PRI 2 R/ IR (T R SR G S R, K%l 8 1ok 4 327,

Q: TEFIRARIRNIEREGNHAIZIA S O(1) ?
N ERIITE RN B AURR K, Bl A5 R, RO —IHiTE, FHESIRITE T
ZEEE, XNRNAEERSE O(n) .
Q: “FIRMHBUBA MR TSN, (HATAE SRR I IR T, X B A2 AR P R
PSRN R, KR, AT S AT
AR R B AR E S /7, SIRMESE MK, BIE—ERERXAL; B
JiTH, ATHITES 5, §A—RaRU—RE, Ul x 1.5, Sh—k, WamBiRzss, RIS
BRI,
Q: 1€ Python H¥lfafk n = [1, 2, 31JF, JX 3 NEEMMILEMER, BEMGkn = [2, 1, 312

RIENFDITCRN id FHAZES), 2Bl n RIOHERE, XETTRIHIEES:, T2 nid2 e
?
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BanEA LT EBABER T n = [n1, n2, n3, n4, n5], EHEER FIX 5 NN RS BAEEEN
&AL, 8T, B — NIRRT, FAWHARLATE O(1) I T PAERECT sl AR IIEAE, AT 7 ) 100 Rz PR
o XRRNBAHPAERRT ARSI, AR EA S,

H5WZIEF M, Python FREIF M EINNR, FIRPEEIAZRETAS, MENEFR5IH. K
i, ML DM FRER - id, HHRXER RN TCAUESE,

Q: C++STL HffY std:: list CAIH TAHER, HLFE - LRRH EVE2BERZMERE, B2 NERN
At 2 RRMENE?

—JiH, BAVEFEEFRE B EBRE, mAELENAEHER, EEAWDER,

- ZBEFFHE: HTENCEFERINEINIIESE (M ETFRT—NTE, M TE— R, A
std:: list j@H Ll std:: vector B 5 HZMHE,
S BEAKRG: HTRIBEARZRESFEHRE, Rt std::list M EFEWF HREMK —KENT,
std::vector IMERES T,
BT, BRI XWHIE, ARSI EF S RIS S 1R ALY stack Al queue ,
midEsESR,
Q: #HfEres = [[0]] * nERT D4R, HbEg— [0] #Z2MHAIIE?
BMLH, 4R F, A [0] SLhr E2R—MN205H, tRBAMEREF—1NeE, Sk
Fi i IR N e R B2 bl 2 EZE
ERAME LSRR [0] ARRINZKY, AJDAEM res = [[0] for _ in range(n)] RSCEL, XA
TR FEBREAIGAL T n MEZAY [0] FIERMN R,
Q: #fEres = [0] * nAERT 1R, HbE—EE 0 &2 HINE?
EIZFRY, PR 0 #ORFR— NN RINEIH, XZEA Python A/NEEEL GEHZ -5 5 256) KA 7%
TEMNLE], PAMER KRS EH, Mg ae,
BREANHERAE— DR, (BRANMIARR] DSBS A R ENICE, XEREN Python EEECE “AAf
AR, BRI TCER, EfR BBV S —MNEA5IH, TARRERENEAY,

SR, HHIFRTTRE “ANRT I (BINFIR, FHEZEKRAIE), BECEN TR I ERNE RN EAR Y,
AT 512N R A TR 7 EM R,
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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.ts =

/* fiEkIE +/
// TypeScript ZEWEMNEE, ATLUE Array H{EIERER
const stack: number[] = [];

/* JTTENE */

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

/* IhREINTTE */
const peek = stack[stack.length - 1];

/* JTTEHE */
const pop = stack.pop();

[* FRERIREOKE «/

const size = stack.length;

/% HMFRERZE */
const is_empty = stack.length = 0;

5.1.2 #%RBySm

NTHRNT ARSI, BAPRZAE LB

FRIEIESE NG AR, BT S REFEARTAAS ISR, JAT, BN BERET AT AR A B AN
MERTCER, DRER Al AR —Rh3Z BRI B s ., Huf0idi, FRATATLL “Brill” B sieaRait o Jok
BfE, BEHXINRBIAEEAT SHARE,

1. BFERNEN

(P BERSCIARIY,  FRATAT DLRF R A S A ARTH, B A AR,

G 5-2 Fow, W AERAE, BATRTROTRMABERSLE, XM S ATTEBRR Y Sk, maT
HRR R, TR N EER AR IBR BT AT

BH= 4
ARINERERLED
P e 7 )
push(4) xR ?
B’
AR
A [ s
1 ! @ |
EELMERR ! EELMEER g
HMETIE MR
! |
EHA [T
HE

Step 1 Step 2
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BT
P @
Jl
(-]

EERRESSR ;f
HIMRIAIE (5 )

\l/’

BHA GD

pop()

[-[-]-]-]

‘ Step 3 |

Bl 5-2 B THERITIMERAI AR HARERE

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

/* BEFFERTINE +/

class LinkedListStack {
private stackPeek: ListNode | null; // kT ={ERIRIN
private stkSize: number = 0; // BMKE

constructor() {
this.stackPeek = null;
b

/* RERMKE */
get size(): number {
return this.stkSize;

}

/* FETREE AT */
isEmpty(): boolean {
return this.size = 0;

}
/% Nt/

push(num: number): void {
const node = new ListNode(num);
node.next = this.stackPeek;
this.stackPeek = node;
this.stkSize++;

}

[* Witk =/

pop(): number {
const num = this.peek();
if (!this.stackPeek) throw new Error(' #¥%AZT');
this.stackPeek = this.stackPeek.next;
this.stkSize--;
return num;

F

/* IhRRINTTERE */

peek(): number {
if (!this.stackPeek) throw new Error(' #¥%AZT');
return this.stackPeek.val;
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I

/* BEEREMA Array FHR[E] %/
toArray(): number[] {
let node = this.stackPeek;
const res = new Array<number>(this.size);
for (let i = res.length - 1; i >= 0; i--) {
res[i] = node!.val;
node = node!.next;

h

return res;

2. BTHHENIH

(B SEBARIN,  FRATTA] DURBCEHRI RN ARTI, QI 5-3 R, A kk'S tipSaR A e o 710 A5 252 e 0
AcRSMRTR, NRERERHN O(1) .

push(4) : )
#IR | s =
A& l ]H’ﬁ | RRE g;:w?&jzga
a ERELRENEA o a ERERENAE a
s FIRMAE g g FHIMRI AR g
3
HR a8 urz (1)
Step 1 ‘ E Step 2
i
pop()
BT 2 3
g EEERRNA RE a
FHIhRM AR
- |
l' R
Step 3

B 5-3 B THEH TR AR HAR R E

PP I 3 ATRE SRR AT, DRLECTRATTPT AR A L, IR IEAT 1 FAL B ALY 25 L,
DR RBIH:

// == File: array_stack.ts =

[* BETFHATIMAE +/
class ArrayStack {
private stack: number[];
constructor() {
this.stack = [];
+
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/* REURMKE */
get size(): number {
return this.stack.length;

}

/*x FIMIREB AT */
isEmpty(): boolean {

return this.stack.length = 0;
}

/* Ntk */
push(num: number): void {
this.stack.push(num);

h

/* % */

pop(): number | undefined {
if (this.isEmpty()) throw new Error(' #AZE');
return this.stack.pop();

+

/* IhRRINTTE */

top(): number | undefined {
if (this.isEmpty()) throw new Error(' ¥AZE');
return this.stack[this.stack.length - 1];

}

/* iR[E] Array x/
toArray() {
return this.stack;

}

5.1.3 FRFhSCINFTEL

SCRHRAE

PARPSILER SR MOE SRS IR R, BEHSEBIRSNSTRRENLI M, (HIXTREH TARE Gk, Rt —&
AEHE,

I )35

FERT RN, ABHMIHARBRERERUC D BCAF RESE AT R T, BAATRGFIRFARIN, HRIH%
R R, WRAENEHBHA R, 2T AIH, SBORRARENNRERELH O(n) .

TEAETHERMISCII, BERMP AR RIE, AEE LAY ANBCRE R A, B2, AMHREFRE
PG RO GO HE K TEEE, NILRCRAX AR, A, WRABTTRAG IR T RS, A2 LA X4
GEICP IR, TR MR,

LR LA, HUAES HEARIERTR R EARIRIIURS, FlU0 int 8¢ double , FATATDATSH LA REEIE,

- BT RSB AR RCR SR, Bl T AR 0RE, RIFI8eRER,
- BT RERSCEIRIR AT DR AL S RS E RURCR R I

Gl iy &
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TEWIRISIRIN, RAXNFIRDI WA R", ZARATRBEHEIRT R, I H, ¥ ALHNEE 2R
EREE (BN 2 %) HATY AN, P AENARMATREBE L SERTE R, B, ST IR R R —
e BITR

SRIM, HTRERTT AT EAME e e, IBERERAT LS T2 M BER.
gi b, FATTARERT S thifE WER SCBLSE AN & NAE, T e B TR OOEAT 04T

5.1.4 RBYBEEINFA

- PINESP RSB S EE. PRI S R, SEBANFTITHRIM DT, M8 E— R
IR, XAEHA AT POEIE R IR R AR 2] E— DT EiRBRESEPr R AT ik, ARZE RN
RGBT, AR TR Z M MSREL &5,

- FREPEERL, ORI, RGUARREARTRAI— M, T ICRE S LR E8. i

PR, 1A NIEHERT BER AW T AR, T L B B AW T AR R,

5.2 BA%I

PAZ! (queue) J2—HEIEIC AJCE MM SN ERARES T, B8, BRAIRUL T HEAES,  BIGHRE A AT
IMAAFIRERR, AT BASISLHERH AIBR A BT

i 5-4 Fow, BATRIAFISKEFR Dy “PAE”, RERN “TARE”, RHETFIMANRBRHRIER Y “ABL”, il
PREAE TCRAVERIERR N “HIBL”

BAZ HiBA HBA
queue pop() pop()
BAE /. /
i |
ABA T /
BAR f
NBA ABA
push(5) push(4)

K 5-4 BASIRISE ATCH AN
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5.2.1 PASUERRIZ(E

PABIAH WEREANRR 5-2 FivR, REERNZE, FRGEESHTIRARAIEES A AR, JRIELRAS

HARRIRT /T %4
* 5-2 PAFIFRAERCR

TiiEg ik

RS2 2%

push() JTCEAR, BUETEETINENE
pop()  BAEITERLBA
peek() IHMIBAEITE

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

FATAT AE RS FHZRIRIE S LRI RIS :
// = File: queue.ts =

/* F9aBATI */
// TypeScript ZEWERIPAG, FAILIE Array H{EBATIRER
const queue: number[] = [];

/* TTENBA */
queue.push(1);
queue.push(3);
queue.push(2);
queue.push(5);
queue.push(4);

/* nEAETER */

const peek = queuel[0];

/* TeEEBA %/
/] EERHA, At shift() FHEMBEEZEN 0(n)
const pop = queue.shift();

/* FREXBATIRNKE */
const size = queue.length;

/*x FIMBAGIRERNT */
const empty = queue.length = 0;

5.2.2 PAFISEIR

NT RIS, BT E—FEARLiA, A DIE—SARIoTR, HaES —mMERTR, MRS a=

1. BTFHRNEN

i 5-5 Fow, FATATDARBERAT “Ske” A BT 28 “IAE” #1 “PAR”, AUERNEARTEIN

T, PAEDCRTIBRT
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BHR 4
RINERERE

ARk
- KA @ push(4) S~ 9}
i | a o (5 )
a8
ERRRERR ° n EEXHEER Q
a HSRIHAT] a HSRISIATY f
ABA 1 RBHm € \,
we RER 6
‘: Step 1 | [ step 2
Y
pop() BIBRETIR
wwa (@)
,
ERTREER (- )
a FHIMRIMABATI
e
R
‘ Step 3 |

B 5-5 FETHERIIMBASIAI AR AR E

DA 2 FABER SR PA S A :

// == File: linkedlist_queue.ts =

/% EFEERTINAIPAG +/

class LinkedListQueue {
private front: ListNode | null; // k%= front
private rear: ListNode | null; // BTs rear
private queSize: number = 0;

constructor() {
this.front = null;
this.rear = null;

}
/* IREVATIBIKE */

get size(): number {
return this.queSize;

F

/* FIHBATIRE AT */
isEmpty(): boolean {
return this.size = 0;

I
/% NBA %/

push(num: number): void {
// ERTSEAM num
const node = new ListNode(num);
/] MRFIAZE, WSk, BETHREIEEZTR
if (!this.front) {
this.front = node;
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this.rear = node;

/] WMRIIFRE, WRKZTANEETRE
} else {

this.rear!.next = node;

this.rear = node;

¥
this.queSize++;
}
/* HBA */

pop(): number {
const num = this.peek();
if (!'this.front) throw new Error(' BAFIRZT"');
/] HBRET =
this.front = this.front.next;
this.queSize--;
return num;

}

/* hRIAETTE */

peek(): number {
if (this.size = 0) throw new Error(' PAFIAZ');
return this.front!.val;

}

/* BEEREZKA Array FHR[E] %/
toArray(): number[] {
let node = this.front;
const res = new Array<number>(this.size);
for (let 1 = 0; i < res.length; i++) {
res[i] = node!.val;
node = node!.next;

h

return res;

2. BETHARSER
TERAH PR E CRIN A EREN O(n) , XXSFBUHMRIERCREUR, R, BATA DR AR5 9675
R SIX A AT

BRI DA — D& front fEMINE TE MRS, HEH 1ML & size H TFIERAINEKE, & X
rear = front + size, XPMARIEHN rear f8ANEICEZ G F—MIHE,

HEPHIEH, BEPhaSKENERIXEN [front, rear - 1], SAHRIERSZINTEWE 5-6 Fir.

NBAERE: B AT EMRIELS rear R5IAL, FH¥ size BN 1,
HIBAERE: HFK front 8801, FH¥4 size /D 1,

FIDAER],  ABAFIHBARAEES LR T — X480, IWREZRERSN O(1) .
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front IERMASIETR 1. itWRIES rear

rear IEEMFIRTR + 1 2. BTERME rear &
rear = front + size 8ot 2En B 4
AR i
BB push(4)
front > front »
R I n BAFIHEE n BATIHKE
a size = 4 size = 5
u REXIZME a REEMEKA
a FHIMRIAPATY B TSP RIMAPATI
AR I rear > rear >
ME

| Step 1 Step 2

1.4 front B 1
2. 98 size B 1

front > BATIH<REE
a size = 4
RESCH2%E
FIMRA AT

Step 3

B 5-6 FET IS HI AR HI AR

IRATRER B — DA FEAWTHE T AR AR REH, front #1 rear HRFEAIGISE), HENSIAEA
FEERI R TICTRAR SRS AN 1o O T RO, BRATTAT DRR RN B AR PR

MNFIPEEA, BAITEIL front B rear ERUSBEH RN, ERAEEE SRS T, XM TN
FRATLOEN “BORERE R, A TAR:

// == File: array_queue.ts =

/* BEFIRFEEETIAIAG */

class ArrayQueue {
private nums: number[]; // BFFMETITREEA
private front: number; // PAE#EH, fEMPAETE
private queSize: number; // PBAFIKE

constructor(capacity: number) {
this.nums = new Array(capacity);
this.front = this.queSize = 0;

F

/* FREXBATINEE */
get capacity(): number {
return this.nums.length;

I
/* REVATIRIKE */

get size(): number {
return this.queSize;

¥
/* FIERATIRENT */
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isEmpty(): boolean {
return this.queSize = 0;

I
/% NBA %/

push(num: number): void {

if (this.size == this.capacity) {
console.log(' BAFIE®');
return;

}

// IHENEIEE, ERMERS] + 1

/] BEEVRIEELI rear HEEAERIBEETLE

const rear = (this.front + this.queSize) % this.capacity;

// B num FINZEFAE

this.nums[rear] = num;

this.queSize++;

h

/* HEA %/

pop(): number {
const num = this.peek();
// BAEIEHEGEB—, SHTEE, NREIZIEALE
this.front = (this.front + 1) % this.capacity;
this.queSize--;
return num;

}

/* FEPAETTER */

peek(): number {
if (this.isEmpty()) throw new Error(' PABIRZ=');
return this.nums[this.front];

}

/* iR[E] Array %/
toArray(): number[] {
/] A REKESEENMYIRTE
const arr = new Array(this.size);
for (let 1 = 0, j = this.front; i < this.size; i++, j++) {
arr[i] = this.nums[j % this.capacity];
¥

return arr;

DAL SEBLEIBASI R B A RIBR Y . AR A, SRT, XA AERRR,  BATTAT DORE B B o 3l 55
H, MMgIAY AL, AR a] A2 BT S58,

PIRSCIREIN bt St —2, 1EAEEIR,

5.2.3 PAFISEEIRZ A

C WEITHR, YA IR, TR, ARG S SRR BRI B, AEX
[, FERFRIA S EERITR, SR SO) TR 2 R B A A,

© BRI, EMFREI SREE” IRERIR, BIUHTEINLRIESS RS, TR SIS,
PASITEIX £z 5t i DA Rt e AL BRI
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5.3 WREPBAFI

TERNFIH, BRATUNBEMIER S T REAE BRIt R, WE 5-7 Fir, WEPBAG (double-ended queue) 12
BT EENRIENE, VLR AT TR ISR 1,

FFEBATI BAEABA PAETHIBA
deque push_first(1) pop_first()
=]

A& \ /
mm“BlMA 8 B 5 5

AEEEN
PUN ™ ]

BAR I Iél

PARABA PAREHBA

push_last(%4) pop_last()

5-7 WUAIBAFIH 1R

5.3.1 WrRBATIEARE

KLEIAS ) PR EAN SR 5-3 FoR, BRI T3 TR R ZEARTE Al 8 FH R R 1 5 R

%53 WABATHRIERCR

Tk filiigk P 1A A2 2

push_first() BCRFMENE O(1)
push_last()  BcRFMEE O(1)
pop_first()  MHFRBAETTER O(1)
)
)
)

pop_last() il F5INC=VIve S O(1
peek_first() WiRIPAEITE o1
peek_last()  VilFIBAEITHR o1

[FIREdD, BRI DAE MR gIEIE 5 OSBRI ARSI :
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// = File: deque.ts =

/* Fsa R mBAT */
// TypeScript ZERERWIHPATI, REEE Array HIEXNmPAFTIRER
const deque: number[] = [];

/* TTENBA */

deque.push(2);

deque.push(5);

deque.push(4);

/] EEE, BT EHA, unshift() FHZEMBEIEZRER 0(n)
deque.unshift(3);

deque.unshift(1);

/* IhRTTE */
const peekFirst: number = dequel[0];
const peekLast: number = deque[deque.length - 1];

/* TTEHBA */

[/ EEE, BTRHE, shift() HENREERER 0(n)
const popFront: number = deque.shift() as number;
const popBack: number = deque.pop() as number;

/* FREUNEBAFIRKE */
const size: number = deque.length;

/* FIMINEPAFIRERNT */
const isEmpty: boolean = size = 0;

5.3.2 WmEPAFISEHR *

KEASEI LB S PASIZEAL,  w] DO S RER SR (N IR B ERES .

1. BTFWAHERTHR

(BB L —5 P, BT P B PR BEROR SEBLRAS, - R & AT DAY (B Sk 17 s O B EHBAFRAE) e

R RUGHIET 1T 5 O A BAERIE)

XFXEASITT S, SkESFIE AR AT AT APAFIHI AR, #0mgimid, ARSI TR Z S SS — A FRTT 18]

AR, Dhit, FRATRA “WABER" (EME SR R ESHREEH,

aniE 5-8 AR, AR A BERAY LT R BT SN XEI A IR E FIRA RS, () SEELAE PR R AT AR

TR RE.
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RRAM BEE 4
s push_last(4) FMEHERED
Wy | sen (@ e
HEA a ABA a
EERRENAEE @ a ERERENAEE ©
a T RIMATFEATI a TP RIMATUFBATI
Sl 9 o
- REA
| step 1 | Step 2 |
BEA 1
TR e S BIsRTA
BAEARA TR
push_first(1) eSS @ pop_last() P
|
g o o
n ERERRWFEER @ a REEXRRENEER G
o S EI I INEIAF o FHIEIIITREAT E<
% BHR e
REHR
[ Step 3 J Step 4
AR HIRA
pop_first() BRI R
swua (@)
a ERERENASE ()
o S RIIITRAIAF
rss (O
Step 5 |
5-8 EETHERSCI ARSI AN BN AR
SEERAHRSUT R PR
// == File: linkedlist_deque.ts =

/* WEFERT= */

class ListNode {
prev: ListNode; // BIRTI=5IA (38%H)
next: ListNode; // B#T=5IA (35F)
val: number; // THaE

constructor(val: number) {
this.val = val;
this.next null;
this.prev = null;

F

/* BETFW AR AT */
class LinkedListDeque {
private front: ListNode; // k¥& front
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private rear: ListNode; // BT = rear
private queSize: number; // WEFFIRKE

constructor() {
this.front = null;
this.rear = null;
this.queSize = 0;

F

/* BAENBAMRIE =/
pushLast(val: number): void {
const node: ListNode = new ListNode(val);
/] BRERNZT, ML front F rear #BIEME node
if (this.queSize = 0) {
this.front = node;
this.rear = node;
} else {
// ¥ node HINEFEFREIS
this.rear.next = node;
node.prev = this.rear;
this.rear = node; // EHRETS

¥
this.queSize++;

}
/* PABNFAIRIE «/

pushFirst(val: number): void {
const node: ListNode = new ListNode(val);
/] BRERNFZT, ML front F rear #BIEMA node
if (this.queSize = 0) {
this.front = node;
this.rear = node;
} else {
// ¥ node HINEpEFRLE
this.front.prev = node;
node.next = this.front;
this.front = node; // BEHkTa
+
this.queSize++;

F

/* BAEBHBAIRIE =/
popLast(): number {
if (this.queSize = 0) {
return null;
¥
const value: number = this.rear.val; // FEET=E
// BBFET R
let temp: ListNode = this.rear.prev;
if (temp !'= null) {
temp.next = null;
this.rear.prev = null;
¥
this.rear = temp; // EHETS
this.queSize--;
return value;

I

/* BAEHBAIRIE +/
popFirst(): number {
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if (this.queSize = 0) {
return null;
¥
const value: number = this.front.val; // ZFEET=E
/] BBRKRTT R
let temp: ListNode = this.front.next;
if (temp !'= null) {
temp.prev = null;
this.front.next = null;
¥
this.front = temp; // BEHFELTR
this.queSize--;
return value;

I

/* RIERAETTER +/
peekLast(): number {
return this.queSize == 0 ? null : this.rear.val;

I

/* ARIAETTE */
peekFirst(): number {
return this.queSize == 0 ? null : this.front.val;

}
[* REREPAFIEIKE «/

size(): number {
return this.queSize;

F

/* HETREPATIRE AT */
isEmpty(): boolean {

return this.queSize = 0;
b

/* FTEDRAPAGI */
print(): void {
const arr: number[] = [];
let temp: ListNode = this.front;
while (temp != null) A{
arr.push(temp.val);
temp = temp.next;

h

console.log('[' + arr.join(', ") + '1");

2. BTFHHENEH

i 5-9 FIUR, SEFTEBEHSEIAFIZEML,  Ffi Tt a] DA MR R LB A
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UN-)

front IERPMASIETR
rear fEEMFIBTR + 1

rear = front + size

BARNBA
push_last(4)

1. HHRIESH rear
2. BTERME rear &
3. % size B 1

&a l &a front > BAFHEEE a front > BAFIHREE
size = 3 size = 4
EREREEFSRA n EREHRERSRA
a P RMATFATI a FHIMREAMEAT]
&ﬁ 1 l m rear > rear >
BAR
Step 1 Step 2
1. % front B 1
2. BRRFME front & )
3. % size B 1 1. % size BH 1
UN=PAUN BARZHBA
push_first(1) pop_last()
front >
a BAFIHEEE n BAFIHSEE
size = 5 size = 4
a ERERREASRA n ERER2EANRE
B FIMRIATUEPAT] a HIPRIATFEPAT]
[ step 3 ] Step &
1. 3§ front B 1
2. 4§ size B 1
BAESHRA
pop_first()
front > IR
size = 3
ERERSERRA
a FIMRBATEAT]

Step 5

B 5-9 T EEHSBUOR A EASI I ABA tH AR

TERNFIESCIRELR b, (XTI “BAE ABR” 0 “BAEEHIBR™ BY757:

// == File: array_deque.ts

/* BETIFREAETZIRN AT +/

class ArrayDeque {
private nums: number[]; // BAFEEXNEIATITTERNEA
private front: number; // PAE#E:r, fEMPAETE
private queSize: number; // WEFFTIHKE

/*x ¥EFE */

constructor(capacity: number) {
this.nums = new Array(capacity);
this.front = 0;
this.queSize = 0;

I

/* IREXETINBE */
capacity(): number {
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return this.nums.length;

F
/* FREUREPAFIRIKE «/

size(): number {
return this.queSize;

F

[* BTN EATIBERNT */
isEmpty(): boolean {
return this.queSize = 0;

F

/* IHEIRFEARS| */
index(i: number): number {

/] ESERIEERICEERARE

/] H i EIERAESE, EEISKE

/] H i AT E, ERIES

return (i + this.capacity()) % this.capacity();
+

/* BRENBA %/

pushFirst(num: number): void {

if (this.queSize == this.capacity()) {
console.log(' WEAPMFIEF');
return;

¥

// BAEEStAAEBTI—{L

[/ BIEURRESZI front M LA SLEBEEEE SR
this.front = this.index(this.front - 1);
/] ¥ num HIDEE

this.nums[this.front] = num;
this.queSize++;

I
/* PARNEA */

pushLast(num: number): void {

if (this.queSize == this.capacity()) {
console.log(' INAPFIEH");
return;

+

/] tEBAEIEE, IEEAERS| + 1

const rear: number = this.index(this.front + this.queSize);
// ¥ num FINZEFE

this.nums[rear] = num;

this.queSize++;

F

/* BAEHBA %/
popFirst(): number {
const num: number = this.peekFirst();
// BAE1EsAEHEE—1L
this.front = this.index(this.front + 1);
this.queSize--;
return num;

}

/* BAEHBA +/
popLast(): number {
const num: number = this.peekLast();
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this.queSize--;
return num;

}

/* ARIPAETTE */

peekFirst(): number {
if (this.isEmpty()) throw new Error('The Deque Is Empty.');
return this.nums[this.front];

}

/* FRAETTE %/

peekLast(): number {
if (this.isEmpty()) throw new Error('The Deque Is Empty.');
[/ HEETERSI
const last = this.index(this.front + this.queSize - 1);
return this.nums[last];

h

/* REIERABFITED +/
toArray(): number[] {
/] (FEAREREKESCEANGIRTER
const res: number[] = [];
for (let i = 0, j = this.front; i < this.queSize; i++, j++) {
res[i] this.nums[this.index(3)1;

h

return res;

5.3.3 WmFIRZA

XEIAS AR BAR S BASRIZ AR, RIb e n] ASCBLX M BT B3R, R EESE wi E

BAVHINE, AR “Hes” DhReE R ARSI : R BRENERIE push IRk, RJEIEIT pop SLBL
o AN, HEEIRFIRIRAIRGI, RIS SIRHEEERPE (BN ARFRIE 50 27), SRR KT
50 I, BXAFFREEARIE (BNE) TAITHIBRIRCE, HEICTASEBLZIIRE, B s ZAERDN M AFIRAE A, 1%
ER, W AR DIEEI RGN G RN, FUZ XX ARSI RERS S0 R S LB — LRI NS .

5.4 N

1. EREH

- HGE MRS NS M A BRSS A, Al B el R S

- AENTRCERTTH, ARSI AR RSEFIReR, R ALEF, BIRAMIRENN W22 E R
HUEO(n) . MHHZT, HRIBERLIMAA ENFRENBREM,

(B2 ARCRTTH, FRAVEEH KB RE B E RIS AR B, (HFRZEEENR, $ERT RS A

frad A LB TR R,

- BAAIE — ARG e A JE R M B B EE e, R AT DOE IS B s BE R ST, FE I RIBCR R 23 [RICR
RIXTEE B, BAFIRYSESIE 5 AR RIS E M Bl

- ARSI — MR S E RIS, B AR VFE SR TIT R A TSINFI R R
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2. Q&A

Q: MIVEERHIRTIE R IR A2 XA HE RS

YR AR R IR IIREA T L2 “R” BORBL. AP Ui — g, %ol A ERRI; P
Rt EIRIGHIN, % 0T = MARTAGH o (5 XA BB AT DATS (A S — 23R 1, IXNE XA A"
E AR,

Q: fEHME, RBEHRERMHHT SKNE?

RSN TREME TR, WATRERRAG, G2a I REME], Java fl Python &S HIA B
AL, AR ZEFAREMAT; 1E C M C+ hTREFIREEIAT,

Q: WEBAFUR R M MEPHERE T —it2, ERHREMHA?

ME SR AT B & BN MRPHE T —itd, ERIMATZE + BIIRNEHE, R a] PISCIiik 5 S
WFTE R, FHERE,

Q: % (undo) FISHEH (redo) EARZAN{AISEIRM?
FERMAME, A FTEE, B MR,

L BEMAFAPRITDERME, RIXMREEALA, FHEZHKB,
2. HHAPPIT “RET W, R A R IR AERIE, FREHEARB
3. YHPHIT “IBEH” N, MR B HBEH BRI, HRHEARRA
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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.ts =

/* HIRLIETRR */

const map = new Map<number, string>();
[* FOMRIE %/

/] EMRBERPHFMEEN (key, value)
map.set (12836, ' /\E');

map.set (15937, ' /\B');

map.set (16750, ' /INE');

map.set (13276, ' /INE');

map.set (10583, ' /\E8');
console.info('\nAN5ERE, M&HEXRA \nKey -> Value');
console.info(map);

[* TIIRE +/

// AMRERPEAE key , FEE value

let name = map.get(15937);

console.info('\n#IANFES 15937 , mFFMR ' + name);

/% MRIBRIEIE =/

/] ERHBRPHEFEREXN (key, value)

map.delete(10583);

console.info('\nfllkR 10583 f5, MaFEXRN\nKey -> Value');
console.info(map);

WA RA =ME AN BHREXN. EHEMNEE, RSN T:
// == File: hash_map.ts =

/* BHRER */

console.info('\NIEBHEEX Key->Value');

for (const [k, v] of map.entries()) {
console.info(k + ' -> ' + v);

I3

console.info('\nBJNEHE Key');

for (const k of map.keys()) {
console.info(k);

I3

console.info('\nBEJWEHE Value');

for (const v of map.values()) {
console.info(v);

}

6.1.2 MFERERAILM
BATVEZ ERFE LB, - AR LISTE R, ERTED, BRIOTERADEEN SO AR
(bucket), MEFIEME—DMEEX, Bk, BIRERERE key M HIME, FAEMTPIRE value .

2., AIEET key TEAN BHIAENE? JXRIELPEFHERER (hash function) SKERRY, MaA BREHIMERIZRE—1
BRATH N2 R 2] — DM MR 22 [l ARG RT, MAZERITH key , W2 RZATER (BH
K50 HANEH, WA key, AT OB IGA RIS key RSN 7E A -H LA AL B

BAN— key, MAEREBEIHEIRED AT,
L. JEEHEAIE A ETE hash O HHEASEIGRE,
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2. KT ENREE (BEKE) capacity BUE, MMZREGZ key Xt RAIM (BZHEKRS)) index,

index = hash(key) % capacity

WaJE, BATRLATDARIA index fEMG A R AT A R AUA], ATIZKER value o

WHUHKE capacity = 100, MFHEL hash(key) = key, ZEEHERECH key % 100, & 6-2 DA key
FEM value AN, FEIR T AT REHY TAE R,

BN key =35l s | Wil value

key value

o B (DS

37 15937 | “/hiz”

Y '
- [ | 16750 | /" I e

~ | DGR &3
o e s | (O

| I. "- I. '" I. E. ".
J

“|\g"

wen .

J

(BMEARE—MEE
)

6-2 e KR TR

DA SEIL T —METERIG R, Hrr, MK key F1 value £EER—1K Pair , DAFRIREHER,

// == File: array_hash_map.ts =

/* (&% Number -> String %/
class Pair {
public key: number;
public val: string;

constructor(key: number, val: string) {
this.key = key;
this.val = val;

b

[* BETFHALIMMEER +/
class ArrayHashMap {
private readonly buckets: (Pair | null)[];

constructor() {
/] a1 EE, 88 100 ME
this.buckets = new Array(100).fill(null);
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[* PEFSEEL %/

private hashFunc(key: number): number {
return key % 100;

Iy

/*x EIRIE %/

public get(key: number): string | null {
let index = this.hashFunc(key);
let pair = this.buckets[index];
if (pair == null) return null;
return pair.val;

}
[* FINRIE */

public set(key: number, val: string) {
let index = this.hashFunc(key);
this.buckets[index] = new Pair(key, val);

F

/% BBRIRIE */

public delete(key: number) {
let index = this.hashFunc(key);
// BEA null , RKEMBIEE
this.buckets[index] = null;

}

/* RERFREREX */
public entries(): (Pair | nulU)[] {
let arr: (Pair | nulU)I[] = [1;
for (let i = 0; i < this.buckets.length; i++) {
if (this.buckets[i]) {
arr.push(this.buckets[i]);
¥
¥
return arr;

I

/* IRENFREHE */
public keys(): (number | undefined)[] {
let arr: (number | undefined)[] = [];
for (let i = 0; i < this.buckets.length; i++) {
if (this.buckets[i]) {
arr.push(this.buckets[i].key);
}
+
return arr;

F

/* IREXFREME */
public values(): (string | undefined)[] {
let arr: (string | undefined)[] = [];
for (let i = 0; i < this.buckets.length; i++) {
if (this.buckets[i]) {
arr.push(this.buckets[i].val);
}

}

return arr;

F
[* FTENRGHRR */
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public print() {
let pairSet = this.entries();
for (const pair of pairSet) {
console.info( ${pair.key} -> ${pair.vall’);
}
b
+

6.1.3 RFHRSHTE
MR EE, WaRmEEHIERZEIE key M HA LS MU ZIEHFT A R IH R E S, Az
AT A TR E, i, P E—EfE “B A EAM AR .

T ERRGIFFRIIG R ERE, SRR key JE AR, B7 R B f A SR BARTRL, N, ERFESH
12836 #1 20336 HIPPMEARF, FRAGH]:

12836 % 100
20336 % 100

36
36

WE 6-3 Firr, MNFESSER THR—NMESR, XERZBANM, BATEIXFRZ N AT R [F—) RS R
HNEZEHR (hash collision),

BN key #=35| o b | iatH value
key value
MR# R

@—// 37 15937 | “iiB” \\_’m
/ Gt 5@ 16750 : “pE" \
= : —

key % 100

". I. |

76 13276 | “/NiE”

83 10583 | “/\Fg”

K 6-3 WA IHIERHAl

AT, BARER nBK, 21 key WECEIFE— M AIBERMBIE, MR, Fit, T
YA A R D I A R

il 6-4 FoR, §aATi(EX (136, A) 1 (236, D) RZAEMZE, ¥ AEMRHK,
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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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=il e R (WanEE)
- | n-0n -0
itk E E
= | G0 -00-00-00
H@&smMEhREns o n
PRI key % 100 7'6 276 :n
Eﬁifﬁmﬁﬁﬂ key :
REERTHR o m

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,

A RERIR: REREE T R, A B SR 2R 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.ts =

/* PERHAIEFHR */

class HashMapChaining {
#size: number; // BEXEHE
#capacity: number; // MBHERAE
#loadThres: number; // fb&RT BHNAHEFHE
#extendRatio: number; // ¥ &AEE
#buckets: Pair[1[]; // #@%UA

/*x ¥EFE */

constructor() {
this.#size = 0;
this.#capacity = 4;
this.#loadThres = 2.0 / 3.0;
this.#extendRatio = 2;
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this.#buckets = new Array(this.#capacity).fill(null).map((x) = [1);
+

[* EFEEEL */

#hashFunc(key: number): number {
return key % this.#capacity;

b

[* AHAF x/
#loadFactor(): number {
return this.#size / this.#capacity;

F

[*x ERIE %/
get(key: number): string | null {
const index = this.#hashFunc(key);
const bucket = this.#buckets[index];
/] BHAE, &E key , NMLER[EIFFE val
for (const pair of bucket) {
if (pair.key == key) A{
return pair.val;
¥
¥
/] BEXRF key , MERE null
return null;

F

[* FIMEE +/
put(key: number, val: string): void {
/] HHHRFEBIHREN, BT S
if (this.#loadFactor() > this.#loadThres) {
this.#extend();
}
const index = this.#hashFunc(key);
const bucket = this.#buckets[index];
/] BHHE, FBEIEE key , WEHMLN val FHiR[E
for (const pair of bucket) {

if (pair.key = key) {
pair.val = val;
return;

¥

}

/] BXiZ key , NEEEXRRDIEEED
const pair = new Pair(key, val);
bucket.push(pair);

this.#size++;

F
[* MIBRIRIE «/

remove(key: number): void {
const index = this.#hashFunc(key);
let bucket = this.#buckets[index];
/] &HE, MPRIBREE
for (let i = 0; i < bucket.length; i++) {

if (bucket[i].key == key) {
bucket.splice(i, 1);
this.#size--;
break;

¥
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[* I BRRER */
#extend(): void {
/| BEREWRER
const bucketsTmp = this.#buckets;
/] Ry BENMmIEHER
this.#capacity *= this.#extendRatio;
this.#buckets = new Array(this.#capacity).fill(null).map((x) = [1);
this.#size = 0;
/] BREMMNERERBEZEMEHR
for (const bucket of bucketsTmp) {
for (const pair of bucket) {
this.put(pair.key, pair.val);
IF

h

/* FTENRRHR */
print(): void {
for (const bucket of this.#buckets) {
let res = [];
for (const pair of bucket) {
res.push(pair.key + ' -> ' + pair.val);
¥

console.log(res);

}

EERIR, MEERREN, SR O(n) R, HINTTLUSHREEEN “AVL W 5% “CCHBR”, i
S IR RO I 25 (L3 O(log ) -

6.2.2 FrSFut

Rk (open addressing) AR5 ABIMNISHELEN, TiiREIE “LRIEN” RALBRIAT M2, FM77 X3
SAFELR MR, ST R RN 2 A 75,

TR DAZRPERRI R B, BT HE T R0 TR,

1. &R

ERMEIRINR ] 0 KRR R RMEATIRN,  HARE77 1R 5 IS /i R A A Al

- AR EEEAEEITRERRS], HRIMNEETTR, MAWRCERELMEN GORIEE N
1), EELRFIZM, RKooREAHA,

- EPOLER: ARIRAR, WERHES KT, BFEHREXMITR, &E value HI
Al WEIBEIEA, R ERTRAERA RS, JRE None o

6-6 JEoR TITIS 4k (ERIERIN) Wafi RAVEE(EDN 04, ARIEIEIGT L, SBIEMMHER key #R B
S SRR A, TS ZRMEIRI, BT A B TE M DA S 2 T B
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3l

Hg
ah'-'?

00 <
FFht 01
MR, FKA 1 02

W ul

S S

= S
oo

a a

76 <

MAFEE key % 100 77

[ERERE key
IRERTFPR

3 w =
~ ~ ~
o o o

78

~
~
L=

o«
~
L=
aee
a H

B 6-6 JFiSak (IR W RASE(E X 0 A
SR, ERPERINA 574 “RIBMR”, BAORU, B MESHLE FIAI BRI, IXEE S B L G A
REJATREMERIR, MMIHE— R IR B RHEA K, ERCEIEIEI, RASBUEMESIRIERER S,

ERERNE, RO SHR AR FPEEMER TR, X2EIMERTTR X EREHNE — DM
None, TMiH#&EHITRM, SMERMENZSHRIZIRME, FIEZTM 2 FRTTRETTIEERI RS, Bpa]
REDRHANXELTTRAMALE, WA 6-7 AR,

=3l Bl

00 <

w (3
S (=]
S S

01

02 30

S
a

76 <
wirzE (DN =25,

REEEWIEZ THTERT

77

=
~
o

78

K 6-7 FEIFRSHEAHHPRCR SR E W RS

NT BRI, AT DCR FEER (lazy deletion) #lil: EAAE#MNBRRPEHRTE, m2AH—1
# t TOMBSTONE SRARICIX AN, 7E%HUHI R, None F1 TOMBSTONE #FFRFRZ3H, #FFT DUKCE AR, (AR
M2, LRMEIRIE] TOMBSTONE I RIiZAkSE T, [KoNH 2 AT REE A7 FE HEERS o
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SR, BT ] R 2 MRS R TEREIB 1L, 12 RN BHR BRI E T =74 — DIBRFRIC, BE%E TOMBSTONE
AUsgin, TEERA R, RSN AT RER ZBkid 21~ TOMBSTONE A REFRE| HARITR,

A, FEELSIRMAIC FIERE S TOMBSTONE &S|, HRFHE RN HARTE S5 1% TOMBSTONE 23 #t
8 IXFEMIIGFAL R S FRERSIRINTTER, RS E 2 SR E (FRIRG ) FIERH, M
A AL E T RCR,

AR SEEL T — ML S W EREIT RS E (MR SR, 7 BEnse o th i ARG R pas ), 34l
R BB P, SRS BE RN, [F2 Sk RAksmE 7,

// == File: hash_map_open_addressing.ts =

/* FRFURER */

class HashMapOpenAddressing {
private size: number; // BEXHE
private capacity: number; // BRERB=
private loadThres: number; // f@&k¥ BRNGAFHEFEHE
private extendRatio: number; // ¥ &BfZ#K
private buckets: Array<Pair | null>; // i@%k4A
private TOMBSTONE: Pair; // MBRIFIC

[* ¥HEFHE */

constructor() {
this.size = 0; // RBEWNHE
this.capacity = 4; // WBERB=E
this.loadThres = 2.0 / 3.0; // & BWHAHEEFEE
this.extendRatio = 2; // ¥ &E%
this.buckets = Array(this.capacity).fill(null); // &%k
this.TOMBSTONE = new Pair(-1, '-1"); // MIB&+FRIE

+

/* MEEEEL «/
private hashFunc(key: number): number {
return key % this.capacity;

}
[* AHRAF «/

private loadFactor(): number {
return this.size / this.capacity;

I
[* R key WMHEIREERS] =/

private findBucket(key: number): number {
let index = this.hashFunc(key);
let firstTombstone = -1;
/] RN, HEFI=EEB

while (this.buckets[index] !'= null) {
// &IBE key , REIFMZAIEZSI
if (this.buckets[index]!.key == key) {
/] Ezaid® 7T HkRtnie, NWERENZshEZZRS A
if (firstTombstone !'= -1) {

this.buckets[firstTombstone] = this.buckets[index];
this.buckets[index] = this.TOMBSTONE;
return firstTombstone; // REIZoIEHIEZES]
}
return index; // REIFHZES]
¥
// iEREINNEMBRFIC
if (
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firstTombstone = -1 &&
this.buckets[index] == this.TOMBSTONE
) {
firstTombstone = index;
¥
/] ITBERRS|, #HdEIBNREILE
index = (index + 1) % this.capacity;
¥
/] & key AEFE, MRERMANZES]
return firstTombstone == -1 ? index : firstTombstone;
b

[* EEIRE */
get(key: number): string | null {

F

/] EER key WS
const index = this.findBucket(key);
/] BHREFREX, WRERXE val
if (
this.buckets[index] !'= null &&
this.buckets[index] !'= this.TOMBSTONE
) {

return this.buckets[index]!.val;
¥

/] BEREMNAEFE, WRE null
return null;

[* BIRE */
put(key: number, val: string): void {

F

/] HHHRFEBIHREN, BT S
if (this.loadFactor() > this.loadThres) {
this.extend();

}

/] R key FRAIEZESI

const index = this.findBucket(key);
/] EIRFIREN, WEBZE val HiR[E

if (
this.buckets[index] != null &&
this.buckets[index] !'= this.TOMBSTONE
) {
this.buckets[index]!.val = val;
return;
¥

/] ERERNAEE, WARNZEEXS
this.buckets[index] = new Pair(key, val);
this.size++;

/% MIFRRIE */

remove(key: number): void {

/] #ER key MMHIFEESI
const index = this.findBucket(key);
/] EXRFIREX, WERFINCEEE
if (
this.buckets[index] !'= null &&
this.buckets[index] != this.TOMBSTONE
) {
this.buckets[index] = this.TOMBSTONE;
this.size--;
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[* I BRRER */
private extend(): void {
/| BEREWRER
const bucketsTmp = this.buckets;
/] Ry BENMmIEHER
this.capacity *= this.extendRatio;
this.buckets = Array(this.capacity).fill(null);
this.size = 0;
/] BREMMNERERBEZEMEHR
for (const pair of bucketsTmp) {
if (pair != null && pair != this.TOMBSTONE) {
this.put(pair.key, pair.val);
IF

h

/* FTENRRHR */
print(): void {
for (const pair of this.buckets) {
if (pair = null) {
console.log('null');
} else if (pair == this.TOMBSTONE) {
console.log('TOMBSTONE");
} else {
console.log(pair.key + ' -> ' + pair.val);

}

2. FHEHEN

IR S LRI, FRITIMTHERIH WRIE 2 — FBRAEMRN, F75 RN A s bpd —
SERPE, MRS “RIRER T P8, B1,4,9, ... %,

IR EEA MR,

- P RGEE B R BT 7T R, I R AR R B B B R
- PRI R BOL ORI EE BRI AL E, AB T EEE RS E NS,

IR, SETRMIFF AR TEER,
- ANARGAERENS, RIRLA B e H AN B E A 5805
HT RS, Famnl e RS RINEBNG/R R, XEWRE BMERRRPE M, FaRNtnTgE
TCIEVIREIE,
3. ZRBE

FAEY, ZRRFITEEH SN BRER S, (). fo(z). fo(@)e ... BRI,
CHBATEE: BIATEE L, () HEUNTE, MR £y (x), DU, ARSI R,
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- EPOTR: EMHRARR R NHTER, EEIKEETRNIRE; FHERISA s E XA
PR, AR R R AFAEIZILR, NERE None o

SEMRNMLL, Z2XBFRTENDTERE, B2 DR ERSW RIS E R,

Tip
THER, TPl GRIERI, F7 RN 2 RIGT) I6fm&AEE “TREEEMFRTR" AR,

6.2.3 RIFIESHHEREF

FAPGRETE 5 R T ARG A RECBURES, 2 LT,

- Python RAIJFK L, it dict (EHARENIEGETIRI,

- Java RAHEAMAIE, B JDK 1.8 PAK, 4 HashMap WEUZHKEIRF] 64 HRER KRS 8 IV, HERS
FRAONLL R DA T B R RE

- Go RAHEAMIE, Go MUE R MR 7 8 MNHEX, BHARNER —NMRH, Ak
N, ST IRRRIE R A 5AE, DIRCRIERE,

6.3 MHEE

R TI A28 T MG A R A LA R EAIIG A rhR RAC BT . SRMITCIR B TS b 2 etk M REAR Ik
WA 2 n] DATE A ZE RIS IEH AR, miJCiiisl P Iaa th R &L,

ERIGA MO T, BRROMEENS2R AL WE 6-8 iR, N THERMILETR, BRI 7
ERE S P RAER D, KBIRAEEWRER; REBI NG RENEEGERIE — M, NRE 2R
= O(n)

Ehra SR

oo

ggﬁ%&ﬁﬁ&%’hﬁqﬂ

EfElEAE 0(1)

000800
mER:

K 6-8 Wb RAVEREN IS RERD
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BRI AR TS OIS B, RIS B TP ER, e R E, AR KR

index = hash(key) % capacity

ML EAK, HRAERAR capacity FEER, MAHRIL hash O YU& 7 HihE, HMOE THREXNFER
BRI IE L

XERE, N T RIS A PRI ERER, BN S RERIEPERFEX hash ) /YK L,

6.3.1 BEFZMNEMR

NT I “BERXAS” IR R EEREER, WGRIEN B g DA R .

- WhEtE: X TMERA, IERERMGE AR, XA BE R R A 5T,
COReRE: HERAEEENZ RS, HEITRRD, 16 RAS AR,
- B IEREIANAE S HMER I S DR R, TS, IR AR B,

Kk b, MAEERR T A DU TSRBIRAR, 7 2 A T HAb g,

- ENERE: N TR P EENZ e, RGUEE AIERFER P RISCER, M7 E RS
fH. HHFMANEEN, RGN ANEWIIRERE, K55 EEIGHEEITHE, WMRMH L
Fi, AR RN E .

- BIRSERER A BE R TT ] DA BRI AR (B R L — RO $R IS AT AR R T SRR IR Y
BARRISTE, HSREEIRIGREI T, WRMHITAS, ARAEHRMEA e,

AN TEEFAMRNA, AT BN EES B R EEFYE TR, BREEREASESSRNLE
Ritto

- Bt JorRiEId M AR (A S O T R A BRI RS R
- PibEENE: SCSBEREIN D RFEIRTER, E SRR EM L,
=115 A VAR VNG G VA B '€ el D = R T 71 S

BIER, “W50A” 5 “DiREHETE” WAL, RS A e R iR, flan, FERERL
BN key T, IRmEE key % 100 A] DUZELS MR, AmiziamEEL TEE, FrEEmAHEY
i) key BOKEHARREIR], RIUEFRATTA] DARA 2 M IS A (B S RTFTRY key , AR AR T

6.3.2 MFHEBEINILIT

IERERAIRIT R MR ESEFZRRMERAE, A FREZRAERI R, BATHAER &/
BHIBAER,

o OMEEMEA AR AR TAFRY ASCIL A AR, S BIR SR E IR TR {E,

ORI FIFSRIERA RN, SRR DI, BB DT ASCIT EERBE R E,

- SRl R ABURER S T RE R a8 E R Me AR ET,

- B RN TATR) ASCIT AR —NMeRES, SRER AT WA [EET e 51,
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// == File: simple_hash.ts =

/* AR +/
function addHash(key: string): number {
let hash = 0;
const MODULUS = 1000000007;
for (const c of key) {
hash = (hash + c.charCodeAt(8)) % MODULUS;
}

return hash;

h
[* FTEEEEH «/

function mulHash(key: string): number {
let hash = 0;
const MODULUS = 1000000007;
for (const c of key) {
hash = (31 * hash + c.charCodeAt(0)) % MODULUS;
¥

return hash;

h
[* FEEFE «/

function xorHash(key: string): number {
let hash = 0;
const MODULUS = 1000000007;
for (const c of key) {
hash ”= c.charCodeAt(0);

}
return hash % MODULUS;

}
[* HEEeE «/

function rotHash(key: string): number {
let hash = 0;
const MODULUS = 1000000007;
for (const c of key) {
hash = ((hash << 4) ~ (hash >> 28) " c.charCodeAt(8)) % MODULUS;

h

return hash;

WS RN, SRNE TR BIAR B e — A #U2 KBi% 1000000007 B, DARRERIG i (EAE AIERTEEIN, (ETS
BERE, W2 Zs AN FEURRR, BB Y S B R B2 4.2 X2 — N EBRI R,

Jetaigsie: ERIRBURMENBEL, vl DA KB RUEIR AR 2 504t RN TR 5 HAth B 7 AL
B, AT DAIRR/D R SRR I 22 A SR PR, AT SR 7 v 5%

BT, BIZBAITERE SO MRy, B DAt 3 586R, ARAFTA AT LR 3 BERRIY key RS HMRESE] O,
3. 6 X=EFE,

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 TEUF I RIXFEEBEINEAR 10, IR2MGRmEMRS HBIREE, MMNERR PR, BE, &
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5 modulus B sk 13, HT key 1 modulus ZRIRTEEAZIEL, Rk A7 E )51 201

BT,

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,... }

EfSUAARYR, GHERAEMSIRIE key BRENUIISI DGR, ARAMERESEEE S EEMEEE T DL, el e
HEI S ARG TE, T4 key RID MM F RN, AR ERS HIRENS,

BMEZ, FANEFIEZBEIEARE, FFHIX NG e R, DRATREHPREIIMASR, $ErHamA
R,

6.3.3 BERMFEHZ

KRB, DAL RIS RIAE LR s, Imimi A IAEIG A BRI BN, f14n, B inism
SFECH R AT, R ANTRNG T A0 S BRG A7 JC TR X 0 A RME S A R =77 e, XA RES ARG A h 2R,
Fo e —Le e n,
TESERRrh, AT X H —ShRER AR, B4 MD5, SHA-1, SHA-2 fl SHA-3 5%, AT UHERK
JE Hm A\ S 2B K A E A (L
E—MULE LR, IAREIREEAWT R SRS RS, —MaaR N RS RTHe R EIRAEE, 5—
HRIAE SN RSB N BC) T S HERIG R RIAN 2 2ER, 3% 6-2 R T 7ESEPR R i WG R 5T,

- MD5 1 SHA-1 EZ R, R el k2 e MM,

- SHA-2 RHIFFE) SHA-256 B L2 HEL L —, IARHBBKIIHIBGR, KibEHESKLZE

IV EES RGN
- SHA-3 % SHA-2 RSSBUTH AR, HENERE S, (HH R HERE RN SHA-2 &5,

*®6-2 WUMIEREE

MD5 SHA-1 SHA-2 SHA-3
HEHIR 1992 1995 2002 2008
1]
il 128 bit 160 bit 256/512 bit 224/256/384/512
& bit
MmNz L EZ R/ R
%
ZeE AR, OB K, BEERIK & =
% i
7 F EWFEM, ATEEREEE CHFER IBEMRZ SR, BFE%4  WHTE SHA-2

= F
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6.3.4 HIELGHIBIAHE

PATRINE, W RAT key AT DURRERL, INEELF AT ARFEEEIA, 1A S0 SO BRR AR N E
efmED, ATIHERARPIMET. B Python R, FATAT LA hash () BRECKITESREHEE
IR A {E,

- BB /RERIG A EPURHA S

C IFRERT BRI E T EROVE R, AMNBREEETE BT,

- NG RERN HPE PR TR, RERXERmEHSER, S8R —HRAHE,
- NREETEE T HAA A R, BT ES N RIEARTTIE, KM T AL RIS E,

Tip
THIER, ARGWEE SN ER R ET R R BEIE 75 B,

// == File: built_in_hash.ts =

// TypeScript Fi{ZHEAWE hash code K%K

W ZREES T, HARIENRAMENERRE key o RINBNEIIER GIEBLD) 10 key, 45
RINBRAEZN, EREREHRE2 %3, FOMICRERRRHERRFER valve T,

HEREESOR (PR ) AR R A 2R, HER AT A, JX IR RIA X R I A (e 5 2 2
TR E R, BMES RN AR A TN, (HERRFIERLE, G ETRRTZR,

AORIIRATRER IREA R G PisfTRFN, WS HER RN, X2EN Python R SERFRE
g, WS FIT R FREMA — A BEILIER (salt) {d, XFEIER] LA R (- HashDoS Beii, f2 e
EHCRESIE i

6.4 &

1. ELEH

< I key, WBFREEBLE O(1) REANEE valve , RERIER 5.

© OIS FAR AR A, USINREN . IHERE BN R a7 R

- IRTERECK key WURNEEHRS],  MITIVI RN R AF I AREX value o

< PRI key FIRETESN IG W MU SR FIREEHRS], SEE MR, XMBIRHEIRA S
LA

- IBTmERAREK, WBAMRIERGRIC, Fir OB AHRREMIGTH IR, SEHY A%
L, WTERYT BT HEIRA,

- PEE T OB R T REGE R DNEGE, LTI PR ER R, B AR R A
I ER

- RIS K N T RO BER, KR MR R R — M ER D, R, BRI KSR KA
WRCR, AT DOE 3 — AR RER A 2T R AR SRR
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- PR SAEIEE 2 DRI BEIG A P 5%, MR EE P K, B N REMERICR, HAS ™ ER
%o ZRMAEHZNIGREEOTIRN, MHEREMERNER S AR %, B2 ERmEEEN T itE
Ho

- NAGHIZE SR TN R R, F140, Java B HashMap I #EHbE, T Python B Dict
RIS 4k,

- e RT, ROFERARRIEEARENE, SRR MR R, EENYP, BRERICNIZ
B it A = AR

- IS RTREE R AR BB EARE, DR ARACHARIEIS R S 016, OB,

- HLANE A EL RS MD5, SHA-1, SHA-2 fil SHA-3 %%, MD5 # M TRE e, SHA-2 %A
TRZEN ST

- IWRIE SR OVBERRRR N ER R RIL, AT IHRIERETIMERS. EEENT, A%
xR IERIIEFT A

2. Q&A

Q: TR E e 4 150 T2 O(n) ?

YT R EN, BARRONEEREDIRILE O(n) . YWBRFEREIZIHF LKL, FRREIR
B, MPREECFIN, NRSRER O(1) . BAIEAREESNENRRRN, WIS RER
O(l) o

Q: M ATMHIARE f(x) = 2 B2 KRR SEMIT,

£ f(r) = x MAERET, SNTRNNMME—RMRS], XSEHEEN. R, A EE T2
Al B KR, KIS R R e — P AR B KR, a8, W57 R B — MR
RS I B — UM, FFEREE O(1) WEIRR,

Q: MARIIZLIREEA., R, XM, HAF2RBERA UL ENTEmE?
B, WBmRINRRCRER, EERPRER T, WARAEHES o NERER,

Hk, HBEREE R PN ERCRAE S 1o Q1R — D IIRERENS 7EAH R A& 2% B T (58 A B i e AR sk
B, ARAGEE LR R E P, KR EO AR RBOHEREITH, INREAEREBITE A,

G, WA AR R TR R A S, I TERE S b, Bl TSRELE B A LT S rh R T BRI 1,
PRI O(n) BN R

Q: ZRGTATREEZMERITEAIEEND? bRic o E MR 2 H I RE P AE A 5?2

ZRIGABITRFHER —F, TP SHEEE A S RE M PR TR ATERE, FZmdbric bR, Fricoh EmikR
AU A AT AR EE . S REFeRmA G R R, JF HIEE ISR EEEREIbR Iy TR G BN, Z A E AT DL
PHTCRMEM IXFEMELREAR R T RAVRNF AL, XRERIEMG i RATE R =R,

Q: N AELMRNF, EHTTRINRS BB RIE?

AR I e 7 PREGEIN B ARFIBEERT, &P key RIERC, IXSUARAMAIPR, Kbk, LRIERM
REMIEREBOE P RARIRE &R, EERENEREN ST BBk oy ik,

Q: Mt AMT: Ry A REW R G hoe?
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W7 PR B JE — PR RN BEH K n B (BGR), b EE SRS FEEN; £ A5, Sk
JE n R, T key XM AIRGHBATREL LRI, FIEIER—PHIRIZ A key , 7EI AEIRER WAL
FZAHEH, I SEIE TR SR % R

Q: SN TR ER, BB AT 17

HEARN) key FESLHINEETEN, ERPEAHNA], #RASN E24 key BHMER (BIAIFFFH) I,
Wi ZAEBIIG T PR ACR key BUIVEEARS |, FHEMBEAIFHELR, XHENEEMZERRR,
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Abstract
SRR )], REMX, 2EEkb,
TRHEITER T I 6N STES.
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7.1 =X

X (binary tree) 2L R RS, & "™ 5 AT ZEBIRERR, BBLT “—oR ="
RIiaZ ., SHEREM, “XWMIERBITET N, 8P TAESE. 277 G G 779 851 H.

[* ZXWHEE «/

class TreeNode {
val: number;
left: TreeNode | null;
right: TreeNode | null;

constructor(val?: number, left?: TreeNode | null, right?: TreeNode | null) {

this.val = val == undefined ? 0 : val; // T &f@
this.left = left = undefined ? null : left; // EFT=3IH
this.right = right == undefined ? null : right; // GFTS5H

BN EEAERNEIH (85, 25HEREFT = (left-child node) FIBEFT s (right-child node), 1%
PRI TSR T = (parent node) , 4447 — A X ITT fib,  BRATIEIZY s 22 1719 s S
DU s AR % T B EFI (left subtree), FIFRAIS4EFH (right subtree),

FE X, BRMATAOh, HA A YRR S W AR R, QIR 7-1 R, AR TR 27 R
TR, MHAFWRMGFTRDAE TR 4" M NWR 57, EFmE WA 4 LHDUN RIERART,
AR TR 5 R DUR T RTE IR,

—XRi ¥R

binary tree

\
Eﬁf;/’\\<TTﬂ

KT aFH

/N N
Wivivi

B 7-1 RYTmM, FHs, 75

7.1.1 Z“XRERRIF

X E A ARIEWE 7-2 FiR.
BEE (rootnode): HiT “XHIENT A, REXT A,
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- M5 (leafnode): &A 71 AT A, HF/ MBI None .

-+ 38 (edge): JEREMDWRAIZER, BT AGIH (&ED,

- THEATEME (level): MIRZEJFEEE, R SMEEN 1,

- EMIE (degree): AT AMEGR, £XWH, ERBUETEEZO0. 1. 2,
© ZXWIIEE (height) : MR B BAZ M5 TS I B R

- TRBGRE (depth): MR sENZT A& BB EE.

- THEIBE (height): MEEESIZ s Bz M- s s AT B AR,

—Rin
=E =3

M

7-2 ZXOMEYERIRE

Tip

HIER, BATEFER “&ET N RET ESOy "EdIIEE", BHEEEHSEM A RES

SO G RIEERT, EXAMES, SR AT 1,

RE

E

7.1.2 ZXMEAIZE
1. Mk =xi

S5ERELL, EEVGHTR, REWEESIH (5.
// == File: binary_tree.ts =

[* IRE_XHY «/
/] MR

let nl = new TreeNode(1),
n2 = new TreeNode(2),
n3 = new TreeNode(3),
n4 = new TreeNode(4),

n5 = new TreeNode(5);
//ﬂL%ﬁzﬂmﬁ%($%)
nl.left = n2;
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nl.right = n3;
n2.left = n4;
n2.right = n5;

2. ENSHIFHR

SRR, £l N S IERT R DOEIESEdEE R LM, B 7-3 S 17— Rpil,

HATR BT =
nl.left = P nl.left = n2
P.left = n2

7-3 E XA A S IER T

// == File: binary_tree.ts =

/* BANSHFRT SR */

const P = new TreeNode(0);
// £ nl -> n2 HEHEATSR P
nl.left = P;

P.left = n2;

[/ HBRT= P

nl.left = n2;

Tip
REERIRE, AT RATRERNE X AR B A, T ERT ol 5 R PRI T R
ARt B, f£E=XR, BASHERERZH —EREL SR, PSIA SRR X AIHRE,

7.1.3 ER_RiH
1. BE-XH
g 7-4 iR, ST (perfect binary tree) Fif BRI f#lH o2 R, 1E5825 Xrh, 5 S

H0, HARAET SRR 2 HRIEEN b, WA SRECh 2" — 1 SIRREIESERR, R
BT B RS WA 2 2AL



BT7E K www.hello-algo.com 131

Tip
TEER, EFSGEXH, 5838 X HE RN H Z X,

SR
perfect binary tree

(AR R )

FRB BEYTS RER A7

Kl 7-4 583 XK

2. BTN

El 7-5 FR, T2 XMW (complete binary tree) X ARVFRISZEH T EATEEW, HRRZERT R0
MEBLRIGESIATE, HE, 76385 XHHE e e =X,

T2

complete binary tree

ERETRELER, EttETRSIER

B 7-5 sEe X

3. ER_XH

anE 7-6 AR, SEH=XA (full binary tree) BR 7T RZAh, HARFTH T RHEA DT 5
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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  ZXAHHE R

1. XEBSER

AL P ) “BAFIT SRSCI, PASIRENE “SeHESCHY” AR, i RS P s i Bt
AORLI, P E R AR — B, SRS R

// == File: binary_tree_bfs.ts =

/* BFBH */
function levelOrder(root: TreeNode | null): number[] {
/] #IRLBAT, MIANRT =
const queue = [root];
/] Et—5R, BFFRERERFS
const list: number[] = [];
while (queue.length) {
let node = queue.shift() as TreeNode; // PFABIHPA
list.push(node.val); // FREDRE
if (node.left) {
queue.push(node.left); // EFT=ABA
}
if (node.right) {
queue.push(node.right); // AFT=ARA
¥
¥

return list;

2. BRESH
AN O(n) © AT AR —R, (A O(n) K, b n A9,
- REEREN O(n) : EREWMILT, B SR, BERRE A, ISR AN
(n+1)/2 4%, A O(n) 450,
7.2.2 giF. PF. BFERH

MR, #iF. FRRMEREEE T RER BN (depth-first traversal), HWAGREMLIEZE (depth-first
search, DFS), BRI T —& “JeEIRL, FRII4kE:” 1w 77
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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):

" RAERE R SR
A if root is None: return
: @ BNA AT
dfs(root.left)
@ BisiREFH, MEHEEFH
dfs(root.right)
@ EETHEEHIA, FBGEE

RERGEE Ok,

HFERE (F @ YiFiEfHs)
1, 2, 4, 5, 3, 6, 7

fFER (7 @ AiFnTE)
4, 2,5, 1, 6,3, 7

BFEHE (F @ HiFaTHa)
4,5, 62,6,7,3,1

K 7-10 —XHERWMAYETF. . Rl

1. E35EI

R Z0E TS

// == File: binary_tree_dfs.ts =

/* BiFFBH */
function preOrder(root: TreeNode | null): void {
if (root = null) {
return;
b
/] BEMLESR: RS -> EFR -> AFW
list.push(root.val);
preOrder(root.left);
preOrder(root.right);
b

/* HFEBH */
function inOrder(root: TreeNode | null): void {
if (root = null) {
return;

+

/] BEMLER: EFW -> IBTR -> BFF
inOrder(root.left);
list.push(root.val);
inOrder(root.right);

F

/* BEFBH */
function postOrder(root: TreeNode | null): void {
if (root = null) {
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return;

}

/] pEREE: EFW -> BFH -> BTER
postOrder(root.left);
postOrder(root.right);
list.push(root.val);

Tip
RIS R M AT DIE TIARSEE, A4 n] LEATRFZE,

B 7-11 JeoR 7 R Fpim i — R RE, Halaoh %" F1 037 RADSEEs L.

1. %" ForRITa#TiE, B AERE BRI T — N R
2. 7037 FREEORE], ARRYATT R ELYI e,

i#: TR
3 B LEH

#: ETEH
3: A B

HIFFEFH (7F @ LiFETR)
1

HIFFBA (F @ LIAETIR)
1, 2

Step 1 Step 2

#: T
3: B LEH

& ETEh
3: A EEH

HIFER (7 @ RLiplETim)
1, 2, 4

HIFER (F @ LihiETR)
1,2, 4

Step 4

B mTEE
3: @ LE

& mTE
A: mLEEH

HIFFER (£ @ L5l Tm)
1,2, 4, 5

WIFFBRE (7F @ LIARETIR)
1,2, 4,5

Step 5 Step 6
{ J
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B TR
V3: @ e

B ETEE
13: A EE
RiFFER (7f @ WihETE)
1,2, 4,5, 3

HIFBR (£ @ 2i5iETEa)
1,2, 4,5 3,6

Step 8

#: BTEg
3: A EEH

#: MR
A: A EEH

HIFFER (7 @ Li5iAT )
1,2, 4, 5,3, 6

HIFFEE (7 @ L5RTR)
1,2,4,5,3,6,7

| Step 9 Step 10

#: M
A: A LEEH

HFER (7 @ L3RR
1, 2, 4, 5,3, 6,7

Step 11

B 7-11 wiiRei s R g R

2. BEFRESH

- WRERER O(n) © FrA TR —X, €8 O(n) Wi,

- BRERERN O(n) : FERZEBHT, BRHRACIEERN, BITREXS n, REGEH O(n) Bz,

7.3 “XHHMART

TERERFORT, “XREHERITTNT R TreeNode , R Z B fEHHIER, L—TNATHERRRT

A = MR T AR AR
2., FATRES FHEERFR X E? A58 HE,
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7.3.1 REFTEZXH
BT — ARG, BE—BREE TR, A VETE T SRR B R — AN b, N
AN R B I — A 2B

WRIEZ i@ PR, FATA DS AR RRGI5 FWRRIIZ AR “ME A" HRENRNRTIN .,
WMV RIAEFWRRIIDN 20 + 1, AFNRRIIN 204+ 2, B 7-12 R T &N RRT|Z R 5
Ro

PLUIV L s

AFTARS: 2i+2

7 8 9 10 11 12 13 14
fEREART =X

R @ 1 2 3 4 56 7 8 91011121314
EBFEHFH

B 7-12 5ERXMRIEBEHROR

WS AU A Y TRER P RSN (RED . B BEHPRMER DT, BATER AT DOEE B 230Kk
WRERE (F) 1R

7.3.2 REEEZXH

FER XBRER— MR, £ XA RRIEE FAEFZ None . HIT RPN FYIFHAEEIZXLE None , [
AR MIEIZ PR None FIEEMI A AL E, IXBRFE 1AL S/ — WS KRR %27 8
3,

il 7-13 R, g —BRAEERXN,  EIRBEHRORTTTAESL KRR
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ZFS (B4E) TEME—HRRE =R

BAFEl 0 1 2 3 4 5 6 7 8 9

i1 [2]3]4[6]7[8]o12]15]

7-13 SRR AN 2R X AT RETE

N T RRILIFE, AT A IRLE R i i 5 U s A None o 4NIEl 7-14 FoR, IXAELRE)S, 2
e 3 73 3 A ] DARFE— 3R XX 1o RGBSR :
[* ZXBIEVERERT «/

/]l fER null REREML
let tree: (number | nulU)[] = [1, 2, 3, 4, null, 6, 7, 8, 9, null, null, 12, null, null, 15];

10 11 12 13 14

EFT ($H) AR = AN

BeaFRs| © 12 3 456 7 8 91011121314

eraren (OE00 0000

=i

Bl 7-14 RSB B ROR

EREARE, 52 XSG HMBEDRIOR, FsEe —XMEE L, None {HBIERIKZHEEH
AU E, PBERTA None —i tRBRTEIR i S IR AR e

XERE BN 22 X, RTDLEISIEAERTA None , JERIME, 1B 7-15 4H T — Pl ¥
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BRERFT ($8)

EAREREH
RERCE e

BRFERFY (#4E)

88680800000

7-15 SEEXRINBATR

DA SCEL 7 —BRE TR AORH X, B DU LR (R,

HERTR, KREME, £ (B) Fiis K.
RN, HREl. B, BRI,

// == File: array_binary_tree.ts =

[* BEART T ZXHE «/
class ArrayBinaryTree {
#tree: (number | null)[];

/* M&ERE */
constructor(arr: (number | nullU)[]) {
this.#tree = arr;

}

/* BIRBE */
size(): number {

return this.#tree.length;
+

/* FRERZRS|A 1 TRME */

val(i: number): number | null {
/] BEFRSER, MiRE null , KRTQ
if (i <0 || 1 >= this.size()) return null;
return this.#tree[i];

b
[* RBFRS|A 1 TREEFHIRBRS «/

left(i: number): number {
return 2 x i + 1;

F
[* RBFR3|A 1 TREEFIRORS «/

right(i: number): number {
return 2 x i + 2;

}
[* REFRS|A 1 TRORKTROERS «/

parent(i: number): number {
return Math.floor((i - 1) / 2); // ETER
+
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/* BEEBH +/
levelOrder(): number[] {
let res = [];
/] BizRHEA
for (let i = 0; i < this.size(); i++) {
if (this.val(i) != null) res.push(this.val(i));
+
return res;

}

/* REMKLER */
#dfs(i: number, order: Order, res: (number | null)[]): void {
/] BREAL, MR[E]

if (this.val(i) == null) return;

/] BIFEH

if (order = 'pre') res.push(this.val(i));
this.#dfs(this.left(i), order, res);

/] EIER

if (order = 'in') res.push(this.val(i));

this.#dfs(this.right(i), order, res);
/] EF&EHR
if (order == ‘'post') res.push(this.val(i));

}

/* HiFBH */

preOrder(): (number | null)[] {
const res = [];
this.#dfs(0, 'pre', res);
return res;

F

/* HEEH */

inOrder(): (number | null)[] {
const res = [];
this.#dfs(0, 'in', res);
return res;

I

/* BEFRER */

postOrder(): (number | nulU)[] {
const res = [];
this.#dfs(0, 'post', res);
return res;

7.3.3 iR5SRMRH%E

XM EEAH DU,

BTGB ESRRINGFZRN, SRR, ViS5 hE R,
ARELF TR, R EEE,
FRVFREHLT R A

M, BEHFOR AR R
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- BEHF AR ZOESINF AN, RIIANE & 7 R R KRR
- I R EOE I R N S PR ARSI, R,
- Y IXMATEAER R None I, BEH AL S YT B FL BRI, 2 TR A 3R AR,

7.4 —XiEER

E 7-16 fioR, X422 (binary search tree) /€ DA R4

L AT, EFRPara T sivE < RYWSIE < G aTE T R e,
2. (EEVRRE, AR SRR, RIFERERE R 1. .

ZRigEm

binary search tree

7-16 —XHZEH

7.4.1 “XIERMAIR(E

AT R E S — 13 BinarySearchTree , FHAEH— MR EAZR root, fEHAIAVHRT 5,

1. BEEDS

LA BAR T A E num , AT DURIE — SR TR ER, & 7-17 iR, |AOTEIH—N 5 cur, MW
AR A root &, TEIRLLEET SfE cur.val fl num ZRIFT R/ RS,

- Ficur.val < num, BEAERRYSSALE cur B4 TR, BRIBRAT cur
. Fcur.val > num, BEEAERRYSASLE cur A TR, EIHGT cur
- #cur.val = num, BEHEREIEARY A, BRHEHIERELT M.

cur.right,
cur.left,
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E-EEmsRta (@ e 3L )

00000000 00000000
Step 1 Step 2
feambod L () aE-gEmrEntE ()

o e "
AAAR AR

00000000 00000000
.

Step 3 Step 4

B 7-17 ZXAERWET RURG

SRR IR S B REEN TR 5, AR HER I, TERER 2 — R
RaRE, M PR, 5 O(logn) IR, ARG

// == File: binary_search_tree.ts =

/* TR +/
search(num: number): TreeNode | null {
let cur = this.root;
/] ERER, HEHTREBE
while (cur !'= null) {
// BAFTHRTE cur BIAFHA
if (cur.val < num) cur = cur.right;
// BIrTETE cur MAFE
else if (cur.val > num) cur = cur.left;
/] ZEIBfrTR, BHERF
else break;
+
// REIERTR
return cur;

2. AT
BE—MERATTR num, N TRE XAERM AR <R <R AR, FABRERENE
7-18 fiRe

1 BRAANE: SEPGRERC, MRT R, HRIES AT AEN nun FAVNRREIAE MR, B
FE AT R GEPIZE None ) INBRHHABER,
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2. AEZAIEFRA TR WIEETT A num, ROIZTTRET None (ORI E,

E=xEFEAREATR @

2. EZABHATR @

R #1197 pre.right =

7-18 AE - XAERM AT A

FERRSEIP, TEERL M AL

XERMAARVHAERERE TR, SUREREE L B, HSREEATRERPERE, WARITH
A, HIZR[E,

© ONTEBHEAT R, BAIRZEMET A pre ARIZ E—RIEIITT . XTI S None I, FRATTATEA
PRGBS, AT SRR s fdi NIRRT

// == File: binary_search_tree.ts =

/* HATIR */
insert(num: number): void {
[l BEWAT, WPBERETSR

if (this.root = null) {
this.root = new TreeNode(num);
return;

+

let cur: TreeNode | null = this.root,
pre: TreeNode | null = null;
/] TERER, HEHTREBE
while (cur !'= null) {
/] ZREIEETR, BERE
if (cur.val num) return;
pre = cur;
// HEAQMEE cur BIAEFIE
if (cur.val < num) cur = cur.right;
[/ EANAEBE cur BAEFRH

else cur = cur.left;

I

/] FEATER

const node = new TreeNode(num);

if (pre!.val < num) pre!.right = node;
else pre!.left = node;
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SERN AR, WA RER O(logn) WA,

3. MRS =

SEE X EIRE EAR T A, PR HEMIER, SEATSSRCL BATFHEFRIEEMPREEERE, —YHER
WY e T < AR < AT BIPERART B [RIE, FRATRIE BAR T 717 idE, 00, 1f12 =
RGN, PATAS RLFABR T R,

K 7-19 Fw, YEEMMBRTT AN O I, FRoriZ T s 2m- 1 A, AT CAE MRS,

E=xEEATREs @

v B cur B 2. EHEMR cur BIE
§ oA #5 11
Lo o i L FHEME - 0 $iT pre.left = None

B 7-19 1E - XIERMAPRT R (BN 0)

Nl 7-20 AR, YAEMHBRTT SEE D 1IN, KRR RO i 5 RRI A

E=xEEREsE ©

v BE cur B 2. ¥ cur HAHFTHR
At b el
1. ERFEHETS cur FEEME - 1 #75 pre.left = cur.right

B 7-20 £ AR APMIERT A (BN 1)
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SRR R 2 I, Tl eI MR, T S — N A

ETR <R < HFRT BN,

e HT B AR AR
PRI BEIX AN ] BUR A 7R BN 1 i B T BB R R Y A

BORBANERA T B RN A (R N — D50, NWIMPRRIERZANE 7-21 For,

1. $RFIR
2. i tmp HEE =

FMBRT RAE RS RN, 188 tmp .
FEMHBRTT RRO(E, FFAERHIEITMIBRT A tmp o

E-semmEBsEE O aE=xEpeEsER O

@
\ 1. EREMEE cur \
[ 12]
*"ARA ﬂ i
000000 O o @ D
Step 1 ‘ Step 2
e T a-xaEmrHEE 0
\ 1. EREWRTE cur \@
/ \ v B cur MFHENE - 2 » /
@ \‘ 2. BRSTE cur HH=H: - p y \
0‘ 0‘ 0 © (1) B8R cur ERFRHHEESA nex A4 °
\ \ (2) FE=XBERIAMETEA nex / \
‘0\@@@ /0/9/@\ \
Step 3 ‘ Step 4

B 7-21 fE = XAERMAHPRT R (R 2)

MRS R ERAERE R O(logn) IR, HrP&ERAHMER T RFHZE O(logn) WA,

FE O(logn) ME, AEIFABITT:

/1

/* MBFTH=R +/
remove(num: number): void {
/] EWAT, BiFEanRE
if (this.root == null) return;
let cur: TreeNode | null = this.root,
pre: TreeNode | null = null;
/] TERER, HdHTREBE
while (cur !'= null) {
/] HREFRBRT R, BRHTER
if (cur.val == num) break;
pre = cur;
/] FHBETRE cur BIEFRIE
if (cur.val < num) cur = cur.right;
/] FHRFRTRIE cur BYAEFINEH

else cur = cur.left;

File: binary_search_tree.ts

F

[l EXFMEFT R, NEERD

1. EHREBRTES cur
v PR cur WFHRHKE - 2

2. BRRTE cur SH=S:
(1) & cur EHFBHNEHTR nex

1. ERFHBBTR cur
v WR cur WFHRME - 2

2. BIBRTHR cur SH=S:

(1) &R cur EHFBHNEHTS nex
(2) FEZXBFRIIWEFTR nex

(3) BTN nex EHEATR cur

BRI 3 7 e AR
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if (cur = null) return;
[/l FHR8E =0 or 1
if (cur.left = null || cur.right = null) {

/[ BFHERHE =0/ 18, child = null / ZFHR
const child: TreeNode | null =

cur.left !'= null ? cur.left : cur.right;
// BBRTH S cur
if (cur != this.root) {
if (pre!.left = cur) pre!.left = child;
else pre!.right = child;
} else {

/] BERBETREART R, WEFEERTR
this.root = child;
}
}
[/l Fha#E = 2
else {
/] REXFFEBHAF cur HF—1PTHR
let tmp: TreeNode | null = cur.right;
while (tmp!.left !'= null) {
tmp = tmp!.left;
}
[/ BARPRT = tmp
this.remove(tmp!.val);
// R tmp B= cur
cur.val = tmp!.val;

4. PEFEHERF

G 7-22 iR, XM R nENE E — R — A7 BEHIE, Mo SAERMEE AR <R
TR <AEFIR" FRPER.

REREE X ERM TR, SRk F— MR, A H—PNEZEER: X
R bR T

A b e BT, FRATIE = AR R 5 BRI O(n) IR, TEAUATHIMNIHE AR 1E,
FEH =R

ZRREMPFERFT

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

TEARF

F iR,
TRE @ L5
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K 7-22 —XIEEWT R TS

7.4.2 “XIERMHIRE

B —HEE, BB BRI RM A, TR 7-2, ISR IR ERI 7] 2 2
AR, BAREHEREIERE. HAERMAN, RESMPREIRRRN, 8 b IR AIRL

HHR,

R 7-2 BAHSERMAIRCR

TR SR
H#HTE O(n) O(logn)
AR O(1) O(logn)
EREE O(n) O(logn)

FEHAEEIT, “XHERME P 89, XA PE log n SRR EBIER Ao

AT, A0RRR M7 — A Z IR NTHBAE ARIINRR 19,5, FTAE S8 URBE (LN 7-23 FURAOBER, X4
PR RE )5 2 2B ME 0 O(n)

4
N P
/\ )\ /
4
T D8 / BRI

Kl 7-23 “XIRRMIBL

7.43 —“X¥EFMERMA

- MERGHZRRG], SHEREIER WA MEREE,
- AN R R RIRR R R BARSH,
- AT EEEER, DMRREA RS,
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7.5 AVL g *

15 “THURM SRR HEE], ESUEARIMIRRIES, — URETTHER L R, TR,
AR I 20 O (log n) 1L O(n)

QNI 7-24 FioR, i IRIHBRTT it XA = ISR E IR ONBER,

[\ / /

Bib&T= 5 Hps= 3

[\ [\ /

b1:314 12314
Figi— i TZiE i R

K& 7-24 AVL SEEMERTT 5 & 4B L

AN, fERE 7-25 FRE5Ese O lm AT DT RS, SRR BUR, EHEROERIR R AR ke
1o

[\ [\ [\

BATR 2 BATR 1

/ /

B Bt
FTEXH FH_—i EiE—Xh

K 7-25 AVL STERAT mE & 4B L

1962 4 G. M. Adelson-Velsky 1 E. M. Landis f£ it X “An algorithm for the organization of
information” HHEH T AVL I, I SXHIEARIR T — RYHRE, FRIERSAIFIMER T U5, AVL SR
2IBAE, TS S FHRERN B2 242 (R51E O(logn) Fll, HeA)IEUE, 16 T S8 A T3 2 i i e
s, AVL REREGAZLRFS S B REVERE, BAARERIN HHME,
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7.5.1 AVL W& RARIE

AVL SELR = AR, 2 T — S, R R X 2R KRB A TR, AR — i1 — AR ERA

(balanced binary search tree),

1. PREE

T AVL S AOAHSCHRE TR 2RI s, R BRATTFR 0T M85 height 228

/* AVL WTimZE x/
class TreeNode {
val: number; /l THRE
height: number; !/l TEREE
left: TreeNode | null; // EFTaisst
right: TreeNode | null; // AFT=iEH
constructor(val?: number, height?: number, left?: TreeNode | null, right?: TreeNode |

< null) {
this.val = val == undefined ? 0 : val;
this.height = height == undefined ? 0 : height;
this.left = left == undefined ? null : left;
this.right = right == undefined ? null : right;
}

MR BEEMNZT REIERRIZM Y SRR, RIFTEER 107 fEE, FERITEENR, MR
AN O, T REIEEN —1 o FOVEREM DN THERE, 7050 T RO S 3T Ui e

// == File: avl_tree.ts =

/* RETREE */
height(node: TreeNode): number {
/| ETREER -1, HhRaEA 0
return node == null ? -1 : node.height;

}

/* BHTREE */
updateHeight(node: TreeNode): void {
!/l TREEETREFHEE + 1
node.height =
Math.max(this.height(node.left), this.height(node.right)) + 1;

2. HEFEHEF

BT EEF (balance factor) & SN SUE B B ZEG FIATE R,  [RIIHEE 257 m 918 A+
90 o BATEREGIRECT s - A B RE BT 22 A bR L, 7B Sd H -

// == File: avl_tree.ts =

/* FRERFEEF «/

balanceFactor(node: TreeNode): number {
/| ENRFEEERFH 0
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if (node == null) return 0;

/| TRFERF = EFHEE - GFHEE

return this.height(node.left) - this.height(node.right);
I

Tip
BEPEAFN f, W—#R AVL REFERT RSB FERE F Ewe —1 < f < 1.

7.5.2 AVL bihEiE

AVL REURFRET “hefe” #0E, EREW I XA H i IR RIIR &, BT R E TR E
fif, HEIEDL, TEEREREBERECREF “ SRR MPER, haeiREEEh P — X,

AT R Al > 1 BT Rl “Rf sl ARIET SR B AR, BRI MR AHhE.
folig. FehlREAE. SeEleEA e, FHIFM N HIXE e LR,

1. K/l

WK 7-26 AR, 198 N7 R T WRZETE, XA N A0 e 37, BA5eE DAz

T ROVRTT BT, BT RICN node , HZEFIRICH child, $T “HIE #fE. ElbRE, ¥
PRSP, BRI R MM,

s X PaN

4 : ) RAEREOTHE
/ /mde BRFRIBA node
p @ BEFWHRIEA child

o

Step 1 Step 2

\\ “BHE RERE:

P
EHRSETH

1. B child HRR, ¥ node FHLER 1. Bl child ARA, ¥ node A

'\/ \ “BhE RIERE:
4

2. A child BRLET node BIIE

hi’
- Y
- 4 Bt \ >
h;g\ e RS, T RERRE T

Step 3 Step 4

Bl 7-26 HhER(ED R

WE 7-27 fior, 495 M child A+ 55 (8N grand_child ) B, FEEATERHRIN—: ¥ grand_child
YEH node MY /E 19 Mo
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A
/ grand_child

7-27 # grand_child A HER(E

“mfheRR” B—MERARE, S b RENEI BT R IEE SRS, R RN
// == File: avl_tree.ts =

/* BHERIE */

rightRotate(node: TreeNode): TreeNode {
const child = node.left;
const grandChild = child.right;
// L child AES, ¥ node MHGHEHE
child.right = node;
node.left = grandChild;
// BMTAEE
this.updateHeight(node);
this.updateHeight(child);
/] REFEEEFRIRETR

return child;

2. EBE

FERZHh, AR IR SR B8R, WITREAITIE 7-28 FIURIY “/chie” #R1E.

Rk @
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K 7-28 FEhetR(E

FFE, W& 7-29 R, Y478 child A&7 T4 (80 grand_child ) I, FBELELRPHRN—F: ¥
grand_child £ node B4 117 o

@ RO @ BRI

N
aleriia \

7-29 # grand_child A HERAE

R DOEE, e e e e 2 LR BHENFRI, e MR RN R B RS DR X FRI, BT X AR
T, BMIARFRATREIAEHIFTEN left By right , KATEN right Bl left, RIA1F2]
FE TR SEERACRG -

// == File: avl_tree.ts =

/% FEHER(E =/

leftRotate(node: TreeNode): TreeNode {
const child = node.right;
const grandChild = child.left;
// BA child AES, ¥ node MAhes
child.left = node;
node.right = grandChild;
/| BFTRARE
this.updateHeight(node);
this.updateHeight(child);
// R[ENEREFMEVIRT =
return child;

3. ShhEEERE

XF B 7-30 A ST 5 3, AN A2 HEE A B R Te A K B S, MR RRELSERT child $UT “AERE,
X node $UT “HlE”,
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Ft child 4T @ #t node H1T
e i

o

7-30 Sefehgatilie

4. FchHhEfakhE

GniE 7-31 Fow, M RIRH AR BHEIE DL, FEIX child AT “HHE”, Xt node $U4T “ZEHE"

5. BedsRYEsR

ERETH

K 7-31 Jetilela/ohie

K 7-32 oRBIPURI R B 1E S EIRRBNE MR, il TRERMGEE. e tle. Jonhea /ol o

HNEE
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FoAhE FAahE
s e =7 B

& 7-32  AVL SRPUR L 16 o

QITRARAIR,  BATEE I S 79 s AP R 5 DR i — M 7 sl B PR A 7 B TE SRS, R R 9
J& T & 7-32 Fr R FE L,

R 7-3 PURPHEEL S AR A

KT RN T TR T NSRRI

> 1 (CEfmith) >0 filie
> 1 (Zfmt) <0 Jefehiefa e
< —1 () <0 FElie
< —1 () >0 Jetiliefe Fele

NTETER, BAOTRIERARIEE RN A TIXAEE, BAVRREX SR KB O T ek, R
WV R R P, AR TR

// = File: avl_tree.ts =

/* PITHERRARIE, IZFNEMMETE +/
rotate(node: TreeNode): TreeNode {
// FFKEXT = node WYFHEF
const balanceFactor = this.balanceFactor(node);
/] 1w
if (balanceFactor > 1) {
if (this.balanceFactor(node.left) >= 0) {
/] %he
return this.rightRotate(node);
} else {
/] FEhefahhe
node.left = this.leftRotate(node.left);
return this.rightRotate(node);
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¥
! GfREx
if (balanceFactor < -1) {
if (this.balanceFactor(node.right) <= 0) {
/] *hE
return this.leftRotate(node);
} else {
Y/ =) =)
node.right = this.rightRotate(node.right);
return this.leftRotate(node);
¥
}
[/ FEN, Thilek, BR[O

return node;

7.5.3 AVL & FRIR(E
1. EATAE

AVL BT A B ES ZXARRME TR BRI, ME—RIXHIET, £ AVL A fAT UG, MZTHAEE]
AR B L ATRES L — RIIK M . AL, FRMTBEMNXANTROTR, AU LT heseiReE,
P R B AR P, AN AR

// == File: avl_tree.ts =

[* HATIR +/
insert(val: number): void {
this.root = this.insertHelper(this.root, val);

}
[* BIAENTIR CEBIEE)  */

insertHelper(node: TreeNode, val: number): TreeNode {
if (node == null) return new TreeNode(val);
[* 1. BFRBANUEFBEATR +/
if (val < node.val) {
node.left = this.insertHelper(node.left, val);
} else if (val > node.val) {
node.right = this.insertHelper(node.right, val);
} else {
return node; // EETRAHEAN, HiZR[[O]
+
this.updateHeight(node); // BT a=E
/* 2. WITHERRIR(E, FZFNEMRETE x/
node = this.rotate(node);
/] REIFHEIRT =

return node;

2. MRS =

KA, 1E = AERBEAIMIERTT 75 AR b, TR ENRE TR TIe R 0E, EATA R R -,
(ANELIRNS
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// = File: avl_tree.ts =

/* BBRTIR */
remove(val: number): void {
this.root = this.removeHelper(this.root, val);

¥
[* BARBETIR GEBIEE)  */

removeHelper(node: TreeNode, val: number): TreeNode {
if (node == null) return null;
/* 1. EERTRFFMER */
if (val < node.val) {
node.left = this.removeHelper(node.left, val);
} else if (val > node.val) {
node.right = this.removeHelper(node.right, val);

} else {
if (node.left = null || node.right = null) {
const child = node.left != null ? node.left : node.right;
[/l FHRAEE = 0 , BEMBR node FHiR[E
if (child = null) {
return null;
} else {
/] FRHEHE = 1, HiEMBR node
node = child;
¥
} else {

[/l FHREE = 2 , WEPRERNTNTME, HAZTH B mYFTHR
let temp = node.right;
while (temp.left != null) {
temp = temp.left;
IF

node.right = this.removeHelper(node.right, temp.val);
node.val = temp.val;
}

b

this.updateHeight(node); // BT a=E

/* 2. BUTHEREIRME, BZTFHERMETE «/

node = this.rotate(node);

/] REIFREVET S

return node;

3. EHTHR

AVL BT BRI S RN 8, AR,

7.5.4 AVL 88N F

N R, S TR, I R 5.

TR IR 5 R St

LR HLR — R R LAY — SRR, AHECT AVL B, ZBMAFEE SRR, A S MERTY A
TR ATBEEL IR /D, T MR A PR T
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7.6 NG

1. EREEH

LR ARG, (KB O (AIRIBER, A  U A &—ME DU AN
BE, MBI T SR T A

- ORF IR R, A () TR D R RIRR N % AR () T,

R ARIBEEIR R, AL B B . RIS,

- UL, RIS SRR R 5 BRI L,

- BULE TR S T, e T SO, Sl ORI SO, 523 SRR IR
5, TiHRBEMUGRERE,

L AT DR R, TR AU RS R R R B, AR S T 2 IR
23 g 3 R STRE T,

BRI R RS, ST RSN R ERE ST, B
AL,

LRI TR ERR SR TR, ST LRIk, MEMAS iR, 8
H RS,

- T RRE R T R A R, HAR, AR E 2 O(logn)
8 IR BHE LRI, SIS R ESHLE O(n) .

CAVL B, MR SR, SO e R R R DRI SR A G T

- AVL BB IR A TE, JoiE. JOANERIAETE. S ERANE, 7EMASINAT AUS, AVL RS
I T HERE e, (o S T

2. Q&A

Q: MT AT A X, B @ EEART R AR AR 2 O 19?

B, By ERIREE R E SOy “EE R R R,

Q: X AHEEAN SR — i —EIRIEAC A e, XHEA “—EBRE" fat2ale? AT DB B IRE
TR B IR ?

EXERREREH, MHERTT S ERE R =R RO E, R R R DU T EHA T 2 D D R R
Q: Mft2 DFS i —XMAEHT. . JG=RE, 2alE 2 mE?

SR e AR, Bir. TR, ErETe =M XRE 7T, BT DA e G — R

SE N B 255, BN —RIMER S, HTFWERNE EFTRE < BTAE < AF0HRE, Fit
BATRELIR “F — R — 7 Begaelift, el IRISE FR s 75,

Q: HhetlEREFSAM T 55 node. child, grand_child Z[EIFEE, B node BRI siF1 node JE MY
ERATREYE L ? et e e S 2w 77

BATTEMIB T A KRB XA, 15 hE#R(E right_rotate(root) & A2 FIAYIRT i, R
return child JR[AIGER 2 JG TR RURRTI mlo 7B BARTY sONTEL AT A B3 R 2 16 1% PR BOR A1 5 52 Y,
AR T BB ERI4ET LR,

Q: 1€ C++ 1, WX 2] private Ml public FF, XAHEAMTAZEL? AL EH height () BEEN
updateHeight () & HIAE public #1 private AFIE?
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FEEFEHFIENMEHGE, MRFERERNIEH, IBLAFIKEI N private . Flan, A s pdiE H
updateHeight() BXAR XM, BHEMA. MERREIEFN—D, M height ) ZBIATREE, RKLOT
vector.size() , KL ERK public AEFEHA,

Q: AHfAr N —2H g A BRI — PR SRR ? AR R IR R A R IR E

SR, MR 7T R EAE A RRH RS Y build_tree () 77iEH &, ETRTAMNIER, BITEES
R A NEdEH T, AR ROTRE MR A, B T IXAREORT DA R FE CRUEAR YAl
a8

Q: fEJava H, FHFHEXNILES—EZEH equals() /7i%?
£ Java 1, XFRABIERE, = AFNEANEENEZGHESE, NT5IHEE, WS IIERE
EAE,

- = HREEFNEZEEGRERR—DMNS, BEMERNEFERRAE RS,

- equals(): FZRATEER N ZAEZ G,

Rk, @SRZERXSEE, ATV IZFEH equals() » A, @I String a = ?hi?; String b = ?hi?; #J
B R BESEAEE AT R &b, BHERE—MN%, Rkt DA a = b SREERFH DNERT T
F

Q: JEMLBTGRIRIEES R, AFIHHT AR 20 14?

i, BINEE h = 2 MR, B AR =7, WKEY R4 =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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VaRe 2 g M 0 5 2
push() = IN - O(logn)
pop() HETITTER tHHE O(logn)
peek() VIHERTEE TR [ /NTHES B R [ /IME) 0(1)
size() PRI T £ R O(1)
isEmpty () H b A O(1)

FESEFRML AR, BATTRT AERE(E R m i = TR RHIHESS (BRALTERASIZE) o

RUTHEREIETH “WNEIRHESN” F1“IWKEVINES”, BATA] OSSR B —> flag BfZL Comparator
SCEL VNI 5 OCRTME” Z [RIRER R, AR TR AR

// = File: heap.ts =

// TypeScript KRIZEKNE Heap 3£

8.1.2 Ry

OCKRIRARRTIME, 5 R HAEA N/ NTE, R ATE R/ NN TR (1N, & > Fioh <),
BB HTIE A] DA TSR,

1. BPEHERT
XM BT, e XWARRIES HBURER, BT HEER e e N, BRIEERATIR R R

SRV ROR U, TERRE A, BRI R, AR IR WA

I 8-2 iR, SBERG 1, HEFTRMRIIN 2+ 1, BFIRNRIIN 2+ 2, KNRNRIIN
(0 —1)/2 (MTEBR), HRFIBEN, FRZH a8l AR EE,
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RSN _ : SRR (RETEHE)
B B mRIRW wr 8 ‘B RE TR

%3l 9 10 11
=R ﬂﬂﬂﬂlﬂl.lﬂﬂﬂ
(i-1)/2 i 2i+1 2§42
~— T~
REA HR EF E?
A D
IS FR 5 | BRI T 36T

K 8-2 HEMIFRIR G171k

FATAT CURF 2R 5 [ ipf A BT RE AR B, T7 e S A -
// = File: my_heap.ts =

/* FREVEFTHRBES| +/
left(i: number): number {
return 2 x i + 1;

+

/* FRBAFTHRNERS] +/
right(i: number): number {
return 2 *x i + 2;

}

/* REIRTHRES| */
parent(i: number): number {

return Math.floor((i - 1) / 2); // BTFER
b

2. IFEBETITE

HETT R RN R IR T R, Wt SR E M E:
// == File: my_heap.ts =

/% IFRBEITTER */
peek(): number {
return this.maxHeap[0];

F
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3. TEANMf

TR val, BATEICKHBMBMER, WiN2)E, BT val ATRERTHERHMITE, HERTRLARIFRTRE
CLHRESR, DRIBETRES S AT A EIR Y R 2 LS, XD RIERIONEN (heapify)

FEMAHET R, WKETITHER, W0 8-3 R, FATELEHEA T RS HA mAIME, aEANY
REER, WAHRENZZt, REREPITIHIRE, WERETEEHPIE DT R, BRI K082 T

I RN 2SI

B @ Nt

o . CHET
T =
v BuaRT

(olals]s]7[=lals[s[a[o[a] step 1 |

A @ M

1. WS 7 IR
2. WEETBAT#A (Sift Up)
CHA 5 < BA T

[ step 3 ]

L7 PN

1. WS 7 IR
2. WEETG#T# (Sift Up)

PR 6 TR

Step 5 |

L7 PN

1. BHR 7 FNEHER
2. WEZETH#TH#A (Sift Up)

v HR 9> PR

O EEEE =

DEarLRREEEEEE

HA @ Mg

1. ¥R 7 RNERE

| Step 2 J

WA @ Nt

1. B¥R 7 FNEHE
2. MNEETU#T#AE (Sift Up)

v HR 5 < WRT
- RETHR
Step &
A @ At

1. 7 IR
2. WEETGEFPHE (Sift Up)
v HA 6 < WA T

- TR

Step 6

w4 @ At

1. ¥HR 7 RNERE
2. MEETL#{TH#A (Sift Up)
TTHR 9> R T

~ RHITRIR

Step 8 |
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1. WEE 7 FNEER
2. WEETG#FHA (Sift Up)
/ \ / \ / \ SR, ATHENERENIEE

Step 9

8-3 JERAHENIR

R REE n, WMETEESN O(logn) o HILATA], HEABREREIREEERZ N O(logn) , JTERAHE
BAERINRIERER O(logn) . AEBUITRATR:

// = File: my_heap.ts =

/* TTENE %/
push(val: number): void {
[l AT R
this.maxHeap.push(val);
[/ MERZETEW
this.siftUp(this.size() - 1);
I

/* WTR 1 FFh, MRETUEL +/
siftUp(i: number): void {
while (true) {

/] FETE 1 IRT A
const p = this.parent(i);
/B “MERTR 3 “TREAEE” B, SREL
if (p < 0 || this.maxHeap[i] <= this.maxHeap[p]) break;
/] RIEFET R
this.swap(i, p);
/] TEMHE

i=p;

4. g RLMHE

HETIOT R X EIIRTI AL, BIFIRE TR, MRBATERMIIRARMERETTR, A XRHRTE T AR
R KAEZM, XRESEEME R TR E LR WNE, N T RERDITTRRTIHZD, FATRM L
TRV,

1. ST R SHEROTR AR S RAH T R,
2. ZHSEE, FHERMIIRAPR GER, mTeasc, Rtshn EMPREZERIHETOTR) .
3. MRTIRUTSE, MIBIEIRITTHEL.

aniEl 8-4 FvR, “MIAIRHEIL” BIFRAED IS “IRETIHER” HE, BATRARTT RAES D1 R
EHEATEERR, ReORHY 79 s SR st PR TEIA AT IR, BRI M OB 2 e B 9
&5 R
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SEMTRLE

[ Step 1

SEMTRLE

1. BEMTRSERTRZR
2. B UBIREERTTER

TR

-

. TR SHRTRZR
. B MATRBERTR
3. MIRERE#H T (Sift Down)

~

TR 5, 8, 7 %, BH 8 BK
- TR 5 5FR 8

SETTRLE

-

. BEMTRSHRTRR
. BN HRRETER
. MIREE#THW (Sift Down)

~

w

v TR 5, 6, 7 W, TR 7 ®RA
o TR 5 5T 7

‘ Step 7

ST

1. BHTTRSHETREZR

2. BHUFBBERTR

3. MIRER#TH#A (Sift Down)

c EPR S, 3, 6 F, TH 6 &A
- PR 5 5HR 6

SETRTR LS

1. BETTRSHETRZR

Step 2

SETTRLE

1. BHTMTRSERTRRZR

2. BHMFINMETE

3. MIRER#THA (Sift Down)

< fERR 5, 8, 74, ¥R 8 BA

Step 4 |

SETRTR LS

1. BETRSHETEZR
2. GEHMBIAHETR
3. MIRER# T (Sift Down)

v EHR S, 6, 7, TR 7 BK

SETTRLE

1. BHTMTRSERTRZR

2. B HRESEETTR

3. MIRER#THA (Sift Down)

= WA 5, 3, 6 B, HR 6 MA

Step 8 J

SETRTR LS

1. BETRSHETEZR
2. B UFIABEERTTR
3. MIRERE TN (Sift Down)

BTG, ATUENMRIGEIES

Step 10



FE M www.hello-algo.com 167

8-4 HETHITER HHHED PR

SRR, HETUTR MR ERN R E 240y O(logn) o ARESINRATR:

// == File: my_heap.ts =

[* JTERUHHE %/
pop(): number {
/] H=hhig
if (this.isEmpty()) throw new RangeError('Heap is empty.');
/] REBTRSHEAHTR (RIRETERSETR)
this.swap(0®, this.size() - 1);
[ BBRT =
const val = this.maxHeap.pop();
/] MIRZE[ERHENL
this.siftDown(0);
/] REBETNITER
return val;

b
[* Wi 1 FFi8, MIREREN */

siftDown(i: number): void {
while (true) {
[/l FITER 1, 1, r PERKHTR, 184 na
const 1 = this.left(i),
r = this.right(i);

let ma = i;
if (L < this.size() 8& this.maxHeap[l] > this.maxHeap[ma]) ma
if (r < this.size() 8& this.maxHeap[r] > this.maxHeap[mal) ma
// BNm 1 BAEES 1, r #857F, WEmdaEsty, Bk
if (ma = i) break;
/] RIRFET R
this.swap(i, ma);
/] TEIRE T

i=ma;

non
—~

8.1.3 HMERKA

- PRSBSOS SE A e R BRSE 1Y, BRI ARAE RN 2 24358 O(logn)
, TEHERRERN O(n) , IXEEHREEIEE &R

- HEHbE: g —dAEdE, BT DA ENTEZL— M, REAEH I TICR HHERIE, TS EIE 7
i SAIM, FADEE S —ME AR NS BT, T “HEHTT E

- BRI kAR XE NI RIAR, RN AR, BN B R 10 AT E
TENTAIEAE, G RAT 10 AR 5.

8.2 EMHRF

FERLEMROUT, TR — DRI TTE R D, XN AR



FE M www.hello-algo.com 168

8.2.1 {HEHINIEIZ(EIY

BATEOTE D, RRRHVIR, KT DTTRIT “AHHRE", BeRTRSINESE R, M
MIZTCRIT “WRET” HEfL,

Y —NITRAME, HERRERMN— BT AR NTRE AR AT =X, Fites “H km R
PR,

WOEERR N 0, BASTERMAMERIERE A O(logn) I, FILZHEE /7 I EIE 248 O(n log n)

o

8.2.2 & B3I

KPR b, FRATAT DASEEL — R N e T TR, o i,

L. RPIRITH TR B AR E A, I HER R RIS 2
2. @it (BREimER), OSSN R RHRIT AT RHEL”,

T — AT UG, DU RORY R AU — A GTAN . Tl T2 EpE, FitEE A
L M,

Z T CAERR B i, RRONIZAERENS CRIUE 2 AT R T ELR SRR THE, XML ST A2
AR,

ESFWARE, HTHNRRA TR, RIS SN, Tk, W MUEIrR, &5
—MNMEM T R RE DRI, FATWETT A7 AT HE(

// = File: my_heap.ts =

[* ¥EF %, BIUTSHNIRIERNYIRE®E «/
constructor(nums?: number[]) {
/] BHIRTERERETAhANNEHE
this.maxHeap = nums == undefined ? [] : [...nums];
/] EBRH T R UMNIEMARIE TR
for (let i = this.parent(this.size() - 1); i >= 0; i--) {
this.siftDown(i);
+
}

8.2.3 EXESH

T, Bl DR A — R N 5 A

R R AR 0, I R (n + 1)/2, B / b R, R

RN (n— 1)/2,

- AENTERHAADSER, A RS MBI, IR AR RN = XU log n o
A5 LAPIEAE, TSR RN 2 O(nlogn) o AL RIERMD, BHTRITIEA
)~ SURHIE R % T TR S PR
B TORTRN PR TR RN 52, o T RAGHE DRI, R — R n o B b 1 “5e3a—
B, R S SR E R
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FR=E PEPANE

(BMEHRAIERE)

h — 20

/ \ 1

- h-1 S 2

NN |
B | ) S —— 2

SV IVE

e =3 S 23
1 S— 2h-1

(5EE, HREER ) e 2h

0)

K 8-5 FEE_XMIHET REE

G 8-5 Fiow, T “ATHERJRHEL” BYRAIERREEE T (BT R B R, Tz EIER "R
JE”, [, BATATDON S RA " 8@ x WREET K, 19RO B S AL,

T(h) =2h + 2 (h—1) + 22(h — 2) + -+ 21 x 1
L LTSGR, o T(h) T2, 95):

T(h) =2°h+2Y(h — 1)+ 2%2(h —2) + -+ 21 x 1
AT(R) = 2'h -+ 22(h = 1) + 2 —2) + o+ 2 x 1

fEFREAEIRTE, FIRR 2T (h) W& LR T(h),
2T (h) — T(h) = T(h) = —2°h + 21 4 22 4 ... 4 2h—1 4 2h

Mg X, LI T(h) B—DEHES), ATERERRMARK, SN E 2R

1—2h
T = —
(h) ok
_ 2h+1 —h )

W, RN h SR T BRI n = 20T — 1, BEEREN O(2") = O(n) . DAEiEE
R, FANFIRFFEHERIN TS O(n) , ERERL
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8.3 Top-k a)i

Question
BE—INEKEN n BEFEH nuns , HIREIEEF RN E DNICE,

XTFIZEE, BB ER LR ERERIME, BAHIERE SRR,

8.3.1 Bi&E—: EHikHEF

TATRT DOHATIE 8-6 Pk k #3m)3, 3 BIERHCREGE 1, 2, ... kK RICE, WEEREN O(nk) .
WHIEFGERT k< n BN, WRY k5 n EEan, HRREZRE-EET O(n?), JERFER,

k =3

nums n 7 naa BAEERATE

\\
.

.
\

DODD B #=na% 1 xnx

AN
\\

n BoRREE 2 ARE

\
.

an BSWHEE 3 ATER

8-6 T AR k NMTR

Tip
4k =ni, BOTERIZBOERFFH, WNENT ST 8k

8.3.2 FiEZ: HF

auiE 8-7 Fiw, FRATATLASEX S nums BETHER, FHREIRALK kTR, NAEREHN O(nlogn) .
B, wITiE I ST, FNERMAFHERE kDR, AR BT,
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k=3

s |[2JE )

FHEERHITHEF

FEEEA
EEEG k MTE

000

8-7 HEF SRR k TR

8.3.3 FiE=: i

FATA] DAL T HETE N = gk Top-k A1, iRAR4NIEl 8-8 iR,

L. Wiafe— /N TiE, HHETTOTR R

2. SERBEHIAT k D ITRRIRANME,

3. N k + 1 AesEoTa, HERTTRRTHENUTR, NWPRHENUTR i,
4. wHsEE, HEPREFREUE R kPR,

— B0000) — @000
: :

i i

1. 880 k MTENE 1. H0 k DTENE

o ZRERT
; * WART
heap
[ Step 1 ‘ ( Step 2
1)
k=3 K o k=3
Sl [ [o]:]2] © O e (ECEE
: N

i i

1. Ra1 k DTENE 1. 0 k DTENE
i 2. M k1 DITRFEHIT

~ YEITER > BINTHR

[ step 3 ] Step 4

FHR A RTTTR AL

tﬁg@

ZRWET
WART

heap n

mmc

ZRWET
WART

v 000



www.hello-algo.com

172

k=3

w @000
:

i

1. %80 k MTRENE

2. ME k+1 NTEFEHIET
YRR > IR

-~ FETTRE

[ Step 5 ]

k=3

w @000
:

i

1. 880 k MTENE
2. ME kel DITEFRAIET
v YEITE < BITR

ARBIARESANR

// == File: top_k.ts =

[* FTTENHE */

:tm
o o

ZRWET
BART

i

k=3

w (@0080)

JBA5ER, EEl heap EIAT

Step 9

k=3

— @000
:

i

1. BH k MTENE

2. ME k+1 NTEFEHET

v HEITE > MR

- FORTRTTER
RBYEITRNE

Step 6

k=3

— @0000
:

i

. RE k DTENE

. ME k1 NTERFEHE
v HEITE < MITTR

- B

-

~

Step 8

sm (@)
o o0

ZRIERT
BART

K 8-8 ETHEFHEAM k NTR

function pushMinHeap(maxHeap: MaxHeap, val: number): void {

/] TERER

maxHeap.push(-val) ;

¥
/* TTERUME */

function popMinHeap(maxHeap: MaxHeap): number {

/] TERER

return -maxHeap.pop();

¥
[* BEBEIRTTER */

function peekMinHeap(maxHeap: MaxHeap): number {

/I TTEERR

ism
o o

ZRWET
WART

um (@)
o o

ZRWET
WART
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return -maxHeap.peek();

I
/* BXHEERITER «/

function getMinHeap(maxHeap: MaxHeap): number[] {
// TTEER

return maxHeap.getMaxHeap().map((num: number) = -num);

}

[* BEFHERBAPRAN kK NTE +/
function topKHeap(nums: number[], k: number): number[] {
/] WE T
/] EER BITEEPRAETRER, MMAARTHE RIS
const maxHeap = new MaxHeap([]);
/] BEAE] kK DNTENE
for (let i = 0; i < k; i++) {
pushMinHeap (maxHeap, nums[il]);
}
[/l M%E k+1 NEFR, FFENKER k
for (let i = k; i < nums.length; i++) {

/] BEEETEATHEITE, WRETUTRLE. HFimREANE
if (nums[i] > peekMinHeap(maxHeap)) {
popMinHeap(maxHeap) ;

pushMinHeap(maxHeap, nums[i]);

I
}
/] REBERTTER

return getMinHeap(maxHeap);

EHEHUT T n SNHERI M, HERERRKEN k., RIENTRIEZREDN O(nlogk) » ZITTANRERIRE, X
kNN, INEEREER O(n) ; 2 kRN, NRASRERZEDT O(nlogn) .

SN, GITRER T AR RIE R R, EARTIMABIERE, AT AR S4E HENRITTER, ATSEEL
BRAKH) k NTCRIIEIESE T

8.4 IhgE

1. EREE

- OMERR RS TR, MRS ETT A K TR, ke (1) TUERETEERRA () 1.

- ARSEBAFITE SR B R SERIINE, A R AT S,

R RO R L BT I 2 A TEEAME O(logn). HEWTTEHIHE O(log n) RV FIHE
7% 0(1) %,

- el T WRHERNES SRR, BB R AT B A .

CECARIE T AP HEOPERR, 7E MR R (R a2 ),

- HA 0 NTEEIFRMEIR I AT ML O(n) , JEHERL

- Top-k B MNEBEDAIE, USRS R, RS2 O(nlogk) «
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2. Q&A

Q: HdE&SHN “HE” SNEFERR “HE” 2R HEEE?

EARRR— S, FUZRTGHE “HE”, HHRYRGENFHRHER SIS A SRR — 87y, P EsiTh
A DABE A ERAF BRI, R AT DOESR — 2 BAUHENAE, M TN AN F R 2R, HiXEEdEA
HREN, BFRERIOXENTF, DB RN, HETRNE, SR EEAE A TR I,
MR RES T BIN IR B fa 55 A1,
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IR

F9HE

helle-algo.com

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.ts =

[* BETFMEEMESITHES +/

class GraphAdjMat {
vertices: number[]; // Tim5IR, mHEAER “TRE", R5IRNEX “TIRES”
adjMat: number[1[1; // 4MEXEPE, 175F5IXMN “TRRZERS”

[* TEREL +/
constructor(vertices: number[], edges: number[][]) {
this.vertices = [];
this.adjMat = [];
/] OIS
for (const val of vertices) {
this.addVertex(val);
}

/] A
/] EEE, edges TERRINAZERS|, BN vertices jTTHRZRS|
for (const e of edges) {
this.addEdge(e[0], el1]);
}
+

/* RENTN=#E */
size(): number {
return this.vertices.length;

}

[* AT +/
addVertex(val: number): void {
const n: number = this.size();
/] BETERSIRPRINFHIRAE
this.vertices.push(val);
/] TESMEREPERARII—1T
const newRow: number[] = [];
for (let j: number = 0; j < n; j++) {
newRow.push(0);
+
this.adjMat.push(newRow) ;
/] TESBZFEPEFRRII—5
for (const row of this.adjMat) {
row.push(0);
+
+

/* MBI +/
removeVertex(index: number): void {
if (index >= this.size()) {
throw new RangeError('Index Out Of Bounds Exception');
}
/] TEINRYIRAZFRZRS| index WIS

this.vertices.splice(index, 1);

/] TESBIZFEFEFMIBRZRS] index EY1T
this.adjMat.splice(index, 1);

/] TESBIZFEPERMIBRZRE] index EY%I
for (const row of this.adjMat) {
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row.splice(index, 1);
¥

[* A «/
/] &% i, j XN vertices TTEZRS|
addEdge(i: number, j: number): void {
/] REIHRSHEELIE
if (A <0 || j <0 |l i>=this.size() || j >= this.size() || i = j) {
throw new RangeError('Index Out Of Bounds Exception');

+

[/ ELEES, PEEFEXTFERNALENR, BFEE (1, j) = (G, 1)
this.adjMat[i][j] = 1;

this.adjMat[j][i] = 1;

h

/* MERA %/
// &% i, j XM vertices FTTEZRS|
removeEdge(i: number, j: number): void {
/] BE5|EREHEEVIE
if (A1 <0 || j <0 || i>= this.size(D) || j >= this.size() || i = j) {
throw new RangeError('Index Out Of Bounds Exception');

}
this.adjMat[i][j] = ©;
this.adjMat[j]1[i] = O;
+
[* FTENSRIZFERE */
print(): void {
console.log(' TA=%IR = ', this.vertices);
console.log(' %B#EXEPE =', this.adjMat);

9.2.2 EFMPIERMTEMN

RIRE TSSO n. JEEO m, NWIRTHYEE 9-8 FRiI 77 RSl MR E,

C ORI (ETUS R R AR RIRILARIAT, R O(1) W, FOEICHE, AR R R
AR,

COMRRL: TETUEON BB A MRS Y, B O(m) W, FETERER, AR
IR,

C BRI (EAER IR, RIS E N R LT, (A O(1) I,

- OMRRTA: TR, MRA AT ETURIATEL, A O(n + m) B,

- WA LEARBER QIR n NTIAGT 2m 498, W O(n + m) W,
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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.ts =

[* BEFHMERTIMNTEEZE +/
class GraphAdjList {
/] SBER, key: T, value: &INSMIFRA SBIETRS

adjList: Map<Vertex, Vertex[]>;

[* ¥HERE */
constructor(edges: Vertex[][]) {

this.adjList = new Map();
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/] FIFRETASFA

for (const edge of edges) {
this.addVertex(edge[0]);
this.addVertex(edge[1]);
this.addEdge(edge[0], edge[1]);

¥

b

/* RENNREE */
size(): number {
return this.adjlList.size;

F

[* A «/
addEdge(vetl: Vertex, vet2: Vertex): void {
if (
Ithis.adjList.has(vetl) ||
Ithis.adjList.has(vet2) ||
vetl = vet2

) {

¥

// FNiA vetl - vet2
this.adjList.get(vetl).push(vet2);
this.adjList.get(vet2).push(vetl);

throw new Error('Illegal Argument Exception');

b
/* BRIz */
removeEdge(vetl: Vertex, vet2: Vertex): void {
A7 (
Ithis.adjList.has(vetl) ||
Ithis.adjList.has(vet2) ||
vetl = vet2 ||
this.adjList.get(vetl).index0f(vet2) = -1
) {
throw new Error('Illegal Argument Exception');
}
/] WA vetl - vet2
this.adjList.get(vetl).splice(this.adjList.get(vetl).index0f(vet2), 1);
this.adjList.get(vet2).splice(this.adjList.get(vet2).index0f(vetl), 1);
}

[* ZINTR= +/

addVertex(vet: Vertex): void {
if (this.adjList.has(vet)) return;
/] TESBIEERPARIM— e
this.adjList.set(vet, [1);

+

/* MIBRTO=R +/
removeVertex(vet: Vertex): void {
if (!this.adjList.has(vet)) {
throw new Error('Illegal Argument Exception');
¥
/] TESHERPMPRINS vet IJRZAYEETR
this.adjList.delete(vet);
// BHEMMSNESR, RIRFMEEE vet BNA
for (const set of this.adjList.values()) {
const index: number = set.index0f(vet);
if (index > -1) {
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set.splice(index, 1);

}
I

[* FTENIPIER */
print(): void {
console.log(' %PEXR =');
for (const [key, valuel] of this.adjList.entries()) {
const tmp = [];
for (const vertex of value) {
tmp.push(vertex.val);
}

console.log(key.val + ': ' + tmp.join());
}

9.2.3 RERLL

REFHA n ATRM m 58, R 9-2 W T BRI REFI AR AN RAIBCR S R, IBER, WHER
(BER) XMASCSEH, MAER (GHKR) THRITEIEREHOVIETRRIGHISIL,

R 9-2 AN SRR B

WREFE  ARHER (HER)  AWRER (RHR)

HWRESE  O1)  O(n) 0(1)
R o1) 01 o(1)
ZS0) 01)  O(n) o(1)
VRIITIL o)  0(1) 0(1)

BRI O(mn?)  Om+m)  On)
WEEREGE  On2)  Om+m)  Om-+m)

MERFR 9-2, PIPAREER (IGMAR) RIRNRRCR S B RBER R, H%0R L, EREEM P RIELNERE
e, AR BT BIREBRAERIRT, ZRERE, AEIERHAIL T “DAsEe fE)” AgJs, T ekiER iR
BT “DARF IR TR,

9.3 E/viEMH

PHRRATZE “—X 2" BRR, mENEAESREHE, FJUFRRMERR “2X 2" KR, Bk, BT
BRI — MBI, AR, B3 Do PR i P ks s — FeRE Bl

FEIROIRHR 5 2 N R R AR LB 1. i 77 77 SR o s I ERBHIRER B,
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9.3.1 "EftFiEHh

VAR Dy — R R i i iR, WAV R, WREURTiMBER RN TIUN, 2R
P5Ke WNE 9-9 FivR, MW BTG R, B/uenziu- I a BRI, ek~ — MR ATE 2R
I, DAUHEHE, BERTA TS,

BEr-ERiEn
(BFS)

BATAR ek,
HiERGT. BEY KBRS

BAFESHA
@, 1,3,2,4,6,5,7,8

K 9-9 ErELICE

1. BETHM
BES J@HBBIATIRSEH, AN RATR, AFIEAR “Je NSE” MITER, X5 BFS Y “HLMiz” i8R
SFefifFE T,

L. K JifiaTisas startVet ARSI, FHIHFBIER,
2. PRI, A TUROFCSIAT, SRERIZ DU BT B T A ZIBAS R #R
3. TEMPIR 2., EEIFTA TSR TSGR,

NTPIEER TS, BAIFEED — PSR ES visited RICFRMPLT L OHTHL,

Tip
MGG A ABE— N AE M key M value BT R, BRIDME O(1) INAIEZE RHT key
WS A ki e ARYE key IUIE—1E, IemBEEEREM TERERESFT R,

// == File: graph_bfs.ts =

/* "EMRFTER */

/] ERBERRERTE, WERBYEETNRBIPIE SFEnR

function graphBFS(graph: GraphAdjList, startVet: Vertex): Vertex[] {
[/ TRIBFH Y
const res: Vertex[] = [];
// WMEES, BTFEREHBREHNINS

const visited: Set<Vertex> = new Set();
visited.add(startVet);

// BABIEFSEIL BFS

const que = [startVet];

/] UTNm vet AER, BHREEIHRTHAEINR
while (que.length) {
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const vet = que.shift(); // BAETAS=HBA

res.push(vet); // BRIHATNS

/] BFAZIN RS SPIET =

for (const adjVet of graph.adjList.get(vet) 2?2 []1) {
if (visited.has(adjVet)) {

}
que.push(adjVvet); // RAPAEKIAIE
visited.add(adjVet); // #Ri2ZIN=E#IAIE
¥
+
// BRENSERRFS
return res;

RS, RO ARIE 9-10 AHRANTREERE,

TR () R, FTU TR

1. BEMRMNBHFY res
2. RETARAFIAE BETRALT
NBA que A visited

BHFT res BHEFT res

[ o

BAFY que BASI que
o (-1
- -

TS visited

[ Step 1 ]

i () HIA, FATUTHRSE

1. BEM=MNEFEFS res

2. RETIRNFABETRMT
ABA que HIA visited

HBES visited
(000

[ Step 2

BHFFI res BHFS res
(00 (000
BAFI que PAFI que

000

-—

HEA

IFEE visited

(o0000

TR () B, FATIUTiRE

1. BERRMNERHRFS res
2. BEARBFEPETLRAT
ABA que HIIA visited

000

-—

HA

WREEE visited

(000000
[step s

BAHFFI res BHEFT res
(0000 (00000
BASY que BA3I que
000 000

TR () s, ST

1. BEMRMNERHFT res
2. BETRMFIAE BERRAIT
ABA que FHMA visited

IRRES visited

(0000000

T () K, FRATUTiRE

1. BEMRMNEFHFT res
2. BEARMFESETLRAIT
NBA que HMIA visited

WRERE visited

(00000000 |

Step 6
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B

ma () B, AT

1. BENRMNEDFS res
2. REMREFE PERRAIT
ABA que FHIA visited

e () B, FHATUTHRIE

1. BERMNEDFS res
2. BEIRREFTE SBEIRSAAT
ABA que A visited

EHFF res
(000000 J

BAFI que

o0

HHBA U

EHES visited

(00000000 |

[step 7|
BHFT res
(00000000
BAFI que

(]

BEES visited
(000000000

s

= BAF que A,
« HEEE], SEREH

T () B, AT

1. BEZMRMNERFF] res
2. REZMREFE SPEMRAIT
ABA que FHAIA visited

11

- ——6
M () s, FATUTHRE

1. BZIARMNEFFT res
2. BEMREFREBETRAAT
ABA que HBIA visited

BHFF res
(000000000
BAF que

MBES visited
(000000000 |

\ Step 11 ‘

B 9-10 BRI e i 3R

D) res
(0000000 |
M5 que

BEKS visited

(000000000

‘ Step 8 J
BHFT res
(000000000
BAFI que
. e

BEES visited
(000000000

‘ Step 10

) BT D R e 512 15 W —2

ANME—, RS EE D R R “HE NI RN, 1 2 A IR G T ok D I s e V8
FEEATHEL. DAE 9-10 MM, Tkt 1. 3 BT AN AT BAZZ ke, T 2, 4. 6 RT3 RN th Al DAE R 56t

2. BEFRESH

IR A PR TS AR —1, 65 O(|V|) I, fEmpiass s, TR,
LA AR 2 2 0, 6 O(2|E|) Il Sk O(|V| + | E|) B,

THERE: FIK res, IBTHHES visited, BAF que MINTUREERZ N V], fH O(|V|) =M,



HowE K www.hello-algo.com 189

9.3.2 FEMRFEIER
TR it 2 — R e RIS, JoRs ) Sk 5 R, QR 9-11 iR, MZE LTSk, Vily

RIS AR B TUR, ERVERR KNG E], BSHERRSLHRE, DU, HEAA TR
o

1

11 10
. 0 @ @ ERGRERSCRE
2 3 (DFS)
S wile s (@) wiess,
5
>N EHSHEE], BENKAEE,
o @) s (9/ BUEHE - EE TR
0 BRI

GZSD ©,1,2,5, 4,6, 3

9-11 EIRREL CiE

1. BETHM

XA ERRSLERRET FERERIE R TIERKE, 5 EeE R, ERE e, A
MFEMGEY— P ES visited RICKOWIIRIAIR, POBGE S ViR TR,

// == File: graph_dfs.ts =

/* REMRFTBHHBNRE */
function dfs(
graph: GraphAdjlList,
visited: Set<Vertex>,
res: Vertex[],
vet: Vertex
): void {
res.push(vet); // iERiFRITNS
visited.add(vet); // #FI2ZINSE4#KIAIR
/] BHIZIN = BIFRE SRR m
for (const adjVet of graph.adjList.get(vet)) {
if (visited.has(adjVet)) {
continue; // BKIE#IARIAYINR
+
/] BYFIH R EBIETN
dfs(graph, visited, res, adjVet);

b

/*x REMRFER +/

/] ERMIERRERTE, UWERBIEENRTE BEN R

function graphDFS(graph: GraphAdjList, startVet: Vertex): Vertex[] {
[ T=IBEH RS
const res: Vertex[] = [];
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const visited: Set<Vertex> = new Set();
dfs(graph, visited, res, startVet);
return res;

F

IR 1 SRR 9-12 Fr.

- HBSACKRM B, FoRITE T — DHTRE I 75 R R R
- HBZARER ML, FORMHEBIATTECERE, BRI TS T IERA E,

NTINEREERE, RUCRE 9-12 5RME SRR, MR (ERZE TR) B4 DFS 3, Eigh
BITIRAINIT IR, AR A,

BHFF res EHFF res

o ' 00

°>—® WBHRE visited o @ o BERE visited
I | ] fee
© 090 © 090
wmE: wEmE:
AT amms () wazms
° “ o asuammlg (1)
(o2 ] stz
BHFF res EHFF res
1 7 (000 ] ; (0000 ]
@% : MERE visited MERE visited
;L (000 } (0000 ]
© 0o
M e
amm € somEms amm € samEms
L/ iiuaiﬁiﬂg (2) ssuammg (5)
{StepB l ‘Steplo\
BHFT res BHEFT res

00000 00000

@2—@>—3\® IERME visited BEES visited
E) ~I (00000 | (00000 |
s )

[EIARER:

@i fe;

e
, sermm () somEms
o mzsiams @)

[ step 5 | Step 6 |

s (@) wrEsEmABE SR
Rikeosan, RS ©)
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| Step 7
1
y, ) v
& - L\ °
4 J 9
5
N ~ N
© 0.0
7 |\E
©
o
Step 9

BRI res
000000 | :
MEHS visited 0\—‘@—(@
2 3
(000000 | 5«1
.
© 090
wmE: nile
serm () soamzms
s () o
Step 8 |
BHFF res

000000

IEES visited

1
oo o
12 4 9

(000000 | 5
0—90
AR il
mx (O sFmamEmEERR N
RitzsaE, BpzEms ©) @

suteese - maEmEmR (O

Step 10

BAHFF res
(0000000

EEE visited

(0000000

-0
) ¢
@%g

o0

EANE:

1w ) sFESEmABE
Btezrzam, mazms )

s () ktEm, mEmEn

Step 11

B 9-12  EIRTREE (L el P 4 3R

BHFF res

(000000 |
BEES visited

loe0000 |
[E1HRBAYER :

w5 () wFrBEmAEE
R, mnEms ©)

BAHFS res

(0000000

REERE visited

0000000

R
s () msmEms
wsEns ©)

DRI Ci i e 51 o e —?
Srrgsem 2, IR CE D PSR T AR, SRR, JeEMR T AR R AR Al
PA, BRRREETHURAIN S iT DUERSTHEL, #R2 R,
DI EIE A, MR — 7 =6 “E R =6 FE=H - W 2RINEEF. BE JERE
P, efER T =fi@Pitsed, Amix=#E TREMLLET,

2. ERESR

MR AE: FPETURE S 1k, 8 O(|V]) Iia; Fra sy 2 i, M O(2|E|) ki;

SRR O(|V | +

E|) i,

SR S res , BFHES visited MAMREEN V], SITRERAN V], HiEH O(|V])

ZE Al
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9.4 &G

1. EREEH

- BB, 7] RSN —H TN — I R 5

- METERIERR (BER) MniaxkRE (), MBXR (B) BAE&NBEHE, FimENEH,

- BREEGLEATTRNE, EEEPRERTUR AR, ANERNSROE SN EL R,

- RREIEFEMIERERERE, 81T G) RE-DIUE, BFTREE, 180 FrmTiEs
AR IAETE, AR MR I & 2R L RCR IR, (HS A S FHZ .

- AMERMEM Z MNERRORE, 5 DMRERN NI ¢, HAPEE DZTURRIRTA WU, BREFRM
X T ARRIEFEE AN A 2], (HiTREENERREID, I AR,

- HATERPAVERIS KA, A DU HONL B eG R, MR E IR,

- WRIERBRIAE T, AHEEFHAILT DA AR R, SRR T DA R s A7,

- BT RS EIIC RS, WML, HIRERIE 5,

- R —RRR B, bRkt P e T B — AR 1

- ERTESE R T ML, REY KSR, @GS,

- ERRERSSE LR M ERIR, o EN ERIARHER TN, R TIEIRLIL,

2. Q&A

Q: BRRYE SRR FHIE RN FHI?

R TR LA FRIE S RARE A8 S “BiRR— s, mhschiog ‘BRI
H1”, AR RIEXRRIESC: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

AL, RPN — DAY, MAZE—DIRFE, X BRI TR 2 R AT REFF R 2 50016, it
(RES UL I A ST E

Q: AREEE RS XA ik 22

FAREEE S, MWRADTURHE, B0~ PMIRICRENE, whiREaEmHEREZ NN, PoEhzE
HIRTAEE ) &

Q: FEAMER, “SIXNRAERNATAE TR BRI 25 A ZEK?

A DURAER . (BAESEPRM A, AIRER ZHL IR MUNRHR?, HAMEIR TS AR Ay, BB IR T
RAERDRIGFE, XA T HRIEER A EARE" BT,
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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

15
Y
=] =13 nll
:
bl

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.ts =

[* ZHEH (WHAKE)  */
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function binarySearch(nums: number[], target: number): number {
/] EeNAXE [0, n-11 , BF i, j #iERHEETR. Exx
let i = 0,
j = nums.length - 1;
/] &, HERXERNTHBE (Y 1 > j BFASE)
while (i <= j) {
[/ HBEHFERES| m
const m = Math.floor(i + (3 - 1) / 2);
if (nums[m] < target) {
// WIERIAEA target EX(E [m+l, j] &
i=m+1;
} else if (nums[m] > target) {
// WIERIHEA target EX(E [i, m-1]
j=m-1;
} else {
// #&xEFIBirmE, REIHZES|
return m;
}
b
return -1; // KEKFBEWRTE, RE -1

IRIEAEN O(logn) © TEMEHF, XEERAEN—F, BIRIERREN log, n .
TRERER O(1) : F55 0 f1 5 (EREEBCR N,

10.1.1 XiERRAGZE

BT BRI, #IAKARRES A KH, 09 [0,n), B/ELREAEY, LR
RO ALY, ERFERT, KA [i,§) 15 = j /A%,

BATT AR T %R RS A A HE D RER — B E A
// == File: binary_search.ts =

/* ZHEKR (EARFXE) */
function binarySearchLCRO(nums: number[], target: number): number {
/]l B ERAEGHKE [0, n) , BD i, j KFERHEETE. BxE:E +1
let 1 = 0,
j = nums.length;
// &, HEEXENEREE (& i = j AF)
while (i < j) {
[/l TEHFSERS m
const m = Math.floor(i + (3 - 1) / 2);
if (nums[m] < target) {
// WIERIREA target EX(E [m+l, j)
i=m+1;
} else if (nums[m] > target) {
// WIERIHEE target EX(E [1i, m) =
J = mj
} else {
/] #EIBtrmER, REHZES]
return m;
¥
}
return -1; // KLFNBIrTER, RE -1
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nE 10-3 iR, EMMXEFRR N, Z0&EREERGML, BRI NXRERCE & A B FEL,

BT “KAXE" FoRAR AL SO SO AX R, RIS fEE 4 AfaEt § 25N X R AR EtUR X AR
Mo XFEEAA G, Bt —BEBCRH “WHAXE” 1574,

TF |

?%I\“@ 1 2 3 & 5 6 7 8 9"‘ ‘“m 1 2 3 4 5 6 7 8 9"‘10
i ERARGEsEs j i kLResas BORTEZASE  j
EREE: WHAKE [i, j] EREE: ffAFKE [1, j)
MiEdkisst: i =0, j = n - 1 Piatkied: i =0, j = n
BIFBLESH: i > j BIFEIESM: i 2 j
GVKEBEE: i =m+ 1, j=m-1 BOIEERRE: i =m+ 1, j =m

& 10-3 MARIXTAIE X

10.1.2 hRS5KRMRHE

Y EARAE I TRV ) 75 T AT A R4 RO PERE

BRI TR RCR . FEREURR R, A A R 24 B R, B, 48R AN n = 220
I, it kaRE 220 = 1048576 5AEHF, M/ EHRIE log, 220 = 20 #B1BHK,

© S ERIEARONE ], R TREGIIINERNEREE (BIRREDR), —o&EHeEnTE s
[Al

R, ZoEPGHEERTITAEER, EEAELITER,

C ZOBEBRUERTAEREE. AWMABIETTE, N TER B ET T, 5% B
Hp BN R EREERE N O(nlogn) , HWEMEBM —H&EREES, N TMEMATRNT R,
N A Y, FEETTRBATREMNE, NHEEREN O(n), WEIFEHHEI,

- ZERCGER T, BTN ARESH) JRoTER, mAERERHHAITERERTT FIHIRK
BRI, RIAIE S W 7E HER s T HER SR BUREE .

C NIRRT, AMEERIEREEMLE, ALRMEERT, SRATE LIRABHRCE; ME_DERH, TE IR
A, TIRERIE, 1~ 3 RAIrRIE. 1 0000% (TR, 3t 4~ 6 MEycife; B, SEEEE n BUhN,
LA M = B R,

10.2 ZREHIBAR

BRI TERERTER, EAIH TRRIF 22, AR B TR AEA G 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 YEE R target I, HEASIIERS| R A RIOLENRS|?

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]?

AP EFZNEDBIERE: S nuns[m] < target B ¢ B3], XEWETH « FEAKTHT target FTHR
i, FEE, 5 j SRRV TR T target LRSI,

HIE i — A i RIS NAT target 0, jHRAE AT target UTEE, SIS
% target B, WARGI N, RESURAR:

// == File: binary_search_insertion.ts =

/* ZHEHIENR (TEETR) */
function binarySearchInsertionSimple(
nums: Array<number>,
target: number
): number {
let i = 0,
j = nums.length - 1; // #EHXAXIE [0, n-1]
while (i <= j) {
const m = Math.floor(i + (3 - 1) / 2); // iHEHR=RES m, FH Math.floor() M FEEE
if (nums[m] < target) {
i=m+1; // target ZX|g [m+1, j] =
} else if (nums[m] > target) {
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j=m-1; // target &EKX{E [i, m-1] &
} else {
return m; // %3 target , EREHEAE m

}
}
// F#KEF target , REHEANS i

return i;

10.2.2 FHREETENER

Question
1E E—@p Al e rl S EE TR, HRAE,

RIS PFIEZ A target , NEE &R EGEREIHA— target MRS, MiEMEZCENE
WG %) target,

BHESRE b E i AR R AL, RN FEERBEIPRAE A target RG], ¥ FEETE
10-5 FioRIy RSB,

L T =&k, SEEE—A target RS, EN K,
2. WNRSI kITG, MAETEmEn, SiREIRAIDRT target IIRE],

target

e

x ,.*\ PP

1. EZHEHRIES— 6
2. BEMEHRIIREIN 6

B 10-5 ZRMERERE TTRATHA SN

WL BEATH, HEGESEER, FNHNREREN On) . YA FERZEEM target i, %
TR,
WEERRE S ERAE, WE 10-6 iR, BARERRE A, BRETESERTI m, FHN target
Ml nums[m] BIR/NRR, 30PN LAE B,
- Y nums[m] < target Z nums[m] > target B, FHAALEAHKE] target , [RIHRAEIE 7&K
HI4E/ NX EIHRCE, MmEfEEE < 1 j M) target SEiA,
- Y nums[m] = target I, BAA/NTF target MITCEIEXE [i,m — 1], HIERA j=m — 1%
/X R, MmEREEE § T target BT SRIA,

TERTERUG, © fEMER/EIEN target , JHRAENNT target 7T, BRS¢ SR AR
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15} o 15}
; 2 i | 12 i
| 10 | { 10
6 6 6 6 6 | 6 6 6 66
. wm 1
*ia > m
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A A A A A
i j i m j
BF &R
ek i, j DIEABRAETER. BTR 1. 8RR m = (4 +35) /2
WERTAXE [, j]
Step 1 J Step 2
15 15
12 [ 12 []
10 10
6 6 6 6 6 6 6 6
mE 1l mE 1 {
il = m
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A Ao A A N
i j om i om j
BR_SER: BR_SER:
1. W&PEm= (3 +3) /2 1. 8RR m = (i +3j) /2
2. v nums[m] = target
[ Step 3 ST G = m - 1 BIMNERKE Step &
15 15
12 [ 12 []
10 10
60 {6 616 6 6
& 1 O[] & 1 O[] |
= o e HE M
#l o 1 2 3 4 5 6 7 8 9 # o 1 2 3 4 5 6 7 8 9
A A A oA
m i j im j
BR_SER: BR_SER:
1. W&PEm= (i +3)/2 1. it8FE m = (3 +3j) /2
2. ~ nums[m] < target
| step 5 ST A= o+ 1 RINERKE step 6

15 15
12 [ 12 []
10 10
6 6 6 6 6 6 6 6
3
b ‘1‘ H
4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
Ao A
j im i
EFR=RER:
1. 8RR m= (i +3)/2 v FHREARM i< j

P — « B, EEEE) i

lw AT 5 = m - 1 BIMERKIE E=T

10-6 B IREEITTRAHA R BE

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.ts =

[* ZHEREAR (FEEERR) «/

function binarySearchInsertion(nums: Array<number>, target: number): number {
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let i 0,
j = nums.length - 1; // #EENEAKE [0, n-1]
while (i <= j) {
const m = Math.floor(i + (3 - 1) / 2); // iHEHR=SRS m, EH Math.floor() M FEEE
if (nums[m] < target) {
i=m+1; // target &EKX{E [m+1, j] =
} else if (nums[m] > target) {
j=m-1; // target &®EXiE [i, m-1] &
} else {
j=m-1; // BNMNF target WTEEXE [1, m-1] &

}
b
/] BREFEANR 1

return 1i;

Tip

AR X" Fik, AXGER5EE T DLETEI “ERET ik
BERE, —oESICARESTEH « M j phliE#RER, BiralaEE— P EMARITR (Bl target ),
] gER — NITREE (BT target HI7TR),

FEAWTHIIEA — 0, 48« M1 j FBENEL UL ROERI B iR, W2, EMERRIKEIER, sEiidia
FEfE L,

10.3 “H&EHDBR
10.3.1 BREHR

Question
HE-NKEN n WAFEH nuns , HPR[RERSEE LR, HREBA R —ILR target
MR5l, HHEHAPAUEZIZITE, MRE -1,

A2 =B RIEA S, MRERE (BRRAE— target , RIEIGA SA R ERIEERE A —
A target RIZ5],

FRIEEESE A SR AR AR, HEE, BHPERES target , XAENATRES AR
PRFPEE SR,

- ARG B,
- Jt&E nums[i] 5 target T,

B DA ERRE ST, BEBHRE —1 BIR], AR FAR:
// == File: binary_search_edge.ts =
[* ZHREHRRE— target x/

function binarySearchLeftEdge(nums: Array<number>, target: number): number {
/] FNMTEH target BEAR



B10E MR www.hello-algo.com 202

const i = binarySearchInsertion(nums, target);
// &#%EF target , &[E -1

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

}

// % target , REZE3| i

return i;

10.3.2 &EHRAILR

A LUMAE R — target 8?7 BEEN R BBRCH, BHE nuns[n] = target 10 R4
Wi, IRRDTEILAME, A LAIRE ] DAE 4TS,

TR IR G R 7

1. ERERELR
Sefr b, BATAI DA ERE AT ENRBCRER R G TR, BEGER: BEREA A target ¥
B —A target + 1,

i 10-7 iR, EEGERUE, f8E ¢ fRARA—A target + 1 (WIRAFETE), 1 j $EMERA—1 target,
KgE3g Il 5 BIRl,

target = 6
- 800000
ioi joi
ERRE—T
target +1
EMh
ERRE—T EHRELG—T
target target

B 10-7 RESHAGIDSEAANER DT

EER, REPFEARR ¢, FHEFRERHER 1, MmkE j:
// == File: binary_search_edge.ts =

/* ZHERRE— target x/
function binarySearchRightEdge(nums: Array<number>, target: number): number {
/] BURAERRE— target + 1

const i = binarySearchInsertion(nums, target + 1);
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// j EEREAE— target , i IEABENAT target BTE
const j =i - 1;
// ki#%F target , R[E -1

if (3 = -1 || nums[j] != target) {
return -1;

}

// #%ZF| target , EEIZE3| j

return j;

2. HUAHERTER
BAFNE, SBEAHESE target B, &K1 f j 205FEHE NKTF. /M target FITE,
[Rltk, G0E 10-8 AR, AR DMGE — MNP ARFERITER, HTERAGIHA,

- BRERE—A target : AU NEK target - 0.5, FFRMEFEE Q.
- BREA A target ¢ AJDUERMLONEER target + 0.5, FFIRENEH 5.

target = 6
nums
j i joi
=i &R
target - 0.5 target +0.5
Fh i
BEREE—T EREE—T
target target

10-8 REHIDFFEACNESITR

AR, DANMAERER.

- AEREHAE/ N, IXTERE BT O AR B R I B
- BOMIZITIESIN TN, FRDARZR MBS E target BONTEREEA (Python TEAEN)

10.4 MFEMRILER

FERIREA, BATTH BN R RIS BON G T PR R RN A, BA B — D RIRER A
BRfigE,
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Question
BT —NEBEEA nums FT— DN HARITE target , BEEKRAHPER “M” KN target KRN ITE, IF
REIETEEH RS, REERE—MERIA,

10.4.1 &MEKR: LBERSE

FERERETEATRENA S, WE 10-9 FoR, BAUFE—NMZMER, SRR DN EEEHIRZ SN
target, HE, MREIEMIERS],

target = 13

ws - OO0

'E' 9 13 17
18 22
@ =

BRFFEES, HEIMA
target F94H SBR[

B 10-9 ZeMEBORMEMECZ I

RESAN AR
// == File: two_sum.ts =

[* FiE—: BIKE +/
function twoSumBruteForce(nums: number[], target: number): number[] {
const n = nums.length;
/] WEEF, NEIEREA 0(n'2)
for (let 1 = 0; 1 < n; i++) {
for (let j =1+ 1; j <n; j++) {
if (nums[i] + nums[j] = target) {
return [i, j];
}

F
F

return [];

WHBERNEEZER O(n?), EREMER O(1), fEABIRE FIRHFEN,
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10.4.2 MRFEK: UFiEHRAYE

FRMES - NamER, BENDHINBETTRNITRRS . EREHEEH, SHRIITE 10-10 Fsii 5,

1. JIWrET target - nums[i] BEERARS, G2, WERRFEXMNITRIRI].
2. RFREEX nums[i] FIRS| 1 TRINEEIG 3%,

target = 13

nums = ‘ |

[ key ] b 3
map =

EHEA nums
“ 13 - 2 = 11 FfE map
. ~ TR 2 FhE map
Step 1

target = 13

nums = || [21]as]|

TR

-~ 88 |z

BHBEE nums

© 13 - 7 = 6 A map R
=~ §7TE 7 HH0i#E map

Step 2

target = 13

nums = || ) | ‘

TR

- 88 |z

BHEE nums

13 - 11 = 2 7£ map
~ BETRAAES| [0, 2]
Step 3

10-10 i BHME A FOR Mg L 1

SRS AN R AR, XGRS EIEIARIAT
// == File: two_sum.ts =

[* FEZ: HBIRER +/
function twoSumHashTable(nums: number[], target: number): number[] {
/] HBIRER, TEEREN 0(n)
let m: Map<number, number> = new Map();
/] BEEF, NEIEREA 0(n)
for (let 1 = 0; i < nums.length; i++) {
let index = m.get(target - nums[i]);

if (index != undefined) {
return [index, il;
} else {
m.set(nums[i], i);
}
+
return [1;

WA B AT A H I I 2B O(n2) % O(n) , KIBRTHETACR,

HI T REG —MMIIE R R, BHBEERERN O(n) . REWIL, %77 RPN 2335058 0 h 51,
Pt e R A SR RS
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10.5 SFHiREFEFEX

WERBZE (searching algorithm) FIT{ERUES (BIANELEH, HER, WEE) FFER—-Del—HileRiE s
(RRiNpIvE 8

FEREIRARIE LIRS 2 N DU,

- BIRSRRE R HbRe R, I, R RRTERETSE,
- FIHBIRAP G BIR SR REE, KRMBOTRER, =&k B A ISR
AHHF,

AHERI, XEERNHRHACAE TRV T A4, RIHIRREIN TRAPRUIF AL, AT, ]
FMEIRGIMATIN, EHraH IR,

10.5.1 |hHiEE

2R FE BRI N TR RE M BT R,

© CAMEERT EH T RAMBER SRR, EMNBUREHN TR, BATRITER, EEIEKE
HARTEREENA S —unlie A HE HAR TR M ik,

CTTEARSEERT 1 REMSER” R EFIR BRI RE, [TESE RN T AT IR 2
R, BT R DT R R RMNAET RUTEE, 18 —RIEEREL, R =AH
flbit, EEw D 7e B EHRLE

ZIERAVE R R R EEA ML, O BaBmisE B By MBS .

RN, MERBIEIN WIS N O(n) , Hrhn cREg, FIESEREERIIEI FIERER .

10.5.2 BiERMEE

HIENAE RN ABIRRR AR (GINERE) RICE R, A s ot e i B iR,

- T EWT NSRRI ERERR, COEHTEE,
- CIRTRERT MARRRRHEREIE EAREEEE O B E X R, AT SE IR R,
- R ERPERIRESH (BN SARERR) T AT RUESR PRIEHERR T L, ATE AL HARTTER,

SRR R, IR A TIAE] O (logn) #5 O(1) .
ST, (P LETERECERE B SR TR B, B, — 5 SR A AL (THEFE, TAT5 EHRIH
BT BB NIRRT, e R At B AN T 2 P44,

Tip
HIENAERERF PR ESREE, RERAT AR EBIRG P IERR Bk,
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10.5.3 EFAHEIEN

BERNN n W—HEHE, BATATDAERLMEER, &R WER BHRERFZAMTTIENHERER
TLR. B NITTER TR ERANE 10-11 Fis,

ZM4E% o(n) RHBER 0(1) W\ key & value
- e REE R 7!'9 2 8
oeCoooan e
spaoggaon |7 LI3E4IRL L]
53k 3 pak s €45

ZHEHR 0(logn) WEH 0(logn)
- XR¥EFEHG
EHEFT R

o]1]2]3]«]s]e]7]a]o] e

S~ N

RIESIER F g ERX )

B10-11 AR

ERTURTT IR B ERBCR SRR 10-1 B,

R 10-1 EREFBERX T

LRMHER THER AR AR
EHITR O(n) O(logn) O(logn) O(1)
BATR 0(1) O(n) O(logn) 0(1)
THERTCER O(n) O(n) O(logn) 0(1)
Livlesls)| O(1) O(1) O(n) O(n)
HE b / H7 O(nlogn) ## O(nlogn) R O(n)
YRR SHT T g A TeF?

RREIRANEREIOIRE, RIEREZOR, BUREW 5 iR,
&RIHER
- BTG, FTEAUEMTEIR TS EIRCE, RN MXTEE S —REBUE, T2 HAh =077 R EE A B
AR T FE e M HE AR AN TRDE 2B K
- TG TARREUINEEE, BRI A E A ROR RN,
- ERTEIRERORE &R, EOZTT AN TR B E AT TR ME
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IR

- OIEATAREIERNIEN, BRRMEE, BRENREREN O(logn) .
- BdERATRES R, BEONTE RS RS AR 2
- NEMT IR R, RON4ET R AT R,

IS A AR

- EENEREREE SRR SR, FENRERER O(1) .

- NEAHEAFBIRSGEEERI R, RO RICTR4ET B H P,

- NI RS A R A BRI AR A s, BAARORIIPERES L

- PEAEEEREERIEN, KOG RF LTINS FREA D o, Mt R iy&E 1l

[\
HEo

- ERTEREYE, RO RAERNE R B ER.

- EETREYEA PRI E AR R

- TERPSHENT SRR, AR AT RE AR, NRIEAESEE O(n) .

- B AVL TR, WA THRIERILE O(logn) HeR FREIETT, (A4 -8R /E 8 &
ST

10.6 /&

1. EREH

O ERREEE A, B IERES R R TR, TERRABIEE Y, AL
38 PR T RO S T R ST B 44,

- R RIEI B RSO (R, RPHEZOE T TRARIRER, | BRI e R
SEF AN, HREMEMAEL, A SRR, BRI ZE O(n) B,

CIRFAR, WA S RE TEIEZOE, AR R bR A H AR, R
%, INAEZRERIE Ologn) B% O(1), (EIEH BB HINGRLA,

- SRR, TR RORUEL, MR, RURE A R R ST R, MRS
SERHEZTIE,

- RMHYRER T VS EHORIE; A E RS TR, R R HOE TR A
SRR LI AT R IR RR ;2 HOE T S WU I S A MR A B A R

T A R A R R BT IR, LSS 25 O(n) 1% 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.ts =

[* EFHE */
function selectionSort(nums: number[]): void {
let n = nums.length;
// 9MERR: REEFEXEN [i, n-1]
for (let i = 0; i <n - 1; i++) {
/] AEF: REIRHFXEINNEGRINTTE
let k = i;
for (let j =1 + 1; j < n; j++) {
if (nums[j] < nums[k]) {
k = j; // iERR/NTENERS|

}
s
/I Bz aRESRAIFKENE N TRRR

[nums[i], nums[k]] = [nums[k]l, nums[il];

11.2.1 Hii$E

- IMBISAIER O(n?). JEENERHERE: SMEFRIE n — 140, F—RIAHFXAKEN n, FE—
FIARHEFF I IR 2, BIESAMEFR RIS n, no— 1. ... 3. 2 BONGERF, oRfny Unt2)

- RWAARIER O(1). JRHLHERE: $55F i A j BEAREOC MRS,

- ARRUEHE: Q18 11-3 FoR, 0% nuns[1] A ATREREAS IS 5 HARSEINTE R, SEE AR
W R

FHFRE

oo
PITE—RIER

FHIFRE
808008
TR E—REREE,
AITTTE 4 BERUERET HE

B 11-3 ey AERRE R bl

11.3 BigHiF

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.ts =

/* BHE */
function bubbleSort(nums: number[]1): void {
/] 9MEIR: REEFEXEN [0, il
for (let i = nums.length - 1; i > 0; i--) {
/] REF: BREFXE [0, i] PHRATERREZXENRGIH
for (let j = 0; j < i; j++) {
if (nums[j] > nums[j + 11) {
// Xig nums[j] 5 nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 11 = tmp;

11.3.2 MEMK

PATRI, GRFR “Bif” PRAPITIE I HiRlE, BSOS NHY, FTERRESR, K, /]
DASG IN—DFREAL Flag SRIEIIIXAPIESL, — B HIEZ Bl [E],

Zid ik, BiEHEER SR FE AR S T O(n?) ; B4 ARH R E RN, AHAE
AR FEZE O(n) o

// == File: bubble_sort.ts =

/* BiEHE (rEMmL) =/
function bubbleSortWithFlag(nums: number[]): void {
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[/ SMER: kHFXER [0, i
for (let i = nums.length - 1; i > 0; i--) {
let flag = false; // #RMITEL
[/ RER: BRHFEXE [0, 1] FRATEREE ZXENRAIR
for (let j = 0; j < i; j++) {
if (nums[j] > nums[j + 11) {
// % nums[j] 5 nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
flag = true; // IERMWTE

F
¥
if (!flag) break; // It “B” RMEMTR, HIRBH

11.3.3 B

- MEEAE N O(n?). EENHDY: &5 “EI BHSAKERII n — 1, n—2, ... 2 1,
SR (n — 1)n/2. 5N flag RALE, SERAEZRETLSS O(n) .

sl AE N O(1), FRHHERE: $55 A j EERIRROR MOAISNES L,

- REHY: BTE CHI BB A,

11.4 {HENHEF

ANHF (insertion sort) Z— R RAVHEFRIL, R LIRS Fo) M —aIr I R IEFE AL,
BRI, BAMERHFXEEZE P EETR, FizooR 5 HAMEHFR XRFTTRE —ERD, FHR
ZICRAAZEFAIN B,

B 11-6 Jeom 78I A TTRIVIRIETRE, IREMEITTR N base , FAFZRMEIRRGIZ] base ZRIFIFTH
TLRAGRE 0, RER base WES HIRRS,

) =%
280088 -

nums[5] = nums[4]

& 3 #EAE nums SN N
. N FAGTTERAR
EHF R G sesn—n | B EEEE

nums[&4] = nums[3]

£
EEEERE

nums[3] = base

zenss L 2000008

B 11-6 BAUEAIRIE
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11.4.1 EERIE

ENHERF RV RR RN E 11-7 FR,

L WIS, B 1 MR HT.

2. JEBCBERIES 2 N ICRIEN base , KHMAZIEMAES, AR 2 ATReH.

3. JEHUE 3 NTRIEN base , KrHIBHAZIEMMES, AR 3 MR cH.

4. DUHEHE, fEf/e—ferh, JEEEE — IR base , KHEHMAZEMALES, FifixicHy.

BHIFEE

[e, o]
[0, 1]
[o, 2]
[e, 3]
[0, 4]

[e, 51

K 11-7 fEAHEP TR
NIRRT

// == File: insertion_sort.ts =

/* HNHE +/
function insertionSort(nums: number[]): void {
// MERF: BHFEXER [0, 1-1]
for (let i = 1; i < nums.length; i++) {
const base = nums[i];
let j =1 - 1;
/] REF: B base HEAFIEBHFXIE [0, i-1] FWIERALE
while (j >= 0 &% nums[j] > base) {
nums[j + 1] = nums[jl; // ¥ nums[j] mBGHzI—L
J--i
}
nums[j + 1] = base; // & base WMEZFIEHNUE

11.4.2 HiESHE

- WRERER O(n?), HIERHT: fEREHNT, BUREAREIBIFER/E L — 1. n— 2, ...
2. 1R, RAEE (n— 1)n/2, WILNHEEZRES O(n?) . EBSIEFEAREN, BARERARML



B1E HF www.hello-algo.com 218

ke HEABHTEEAFN, BAHTRIIRENAERE O(n) .
- EMERERN O(1), T 1554 0 j SR FEEOV MRS L,
- R ERAREIRES, BRONSRTRBAZIEFLRAAM, SIBEENRIT,

11.4.3 {HENHIFBLE

FBAHEF IR R 2R O(n?) , TEATEREY: S PO F N R E 2% N O(nlogn) . REMAHER
AURTRIE 26 s, (HAEBURRBVMITEOL T, dAHDEEE E ik,

XAEEC S RMEE A 0 EERAE A EIERM, PudFiX O(nlogn) MWAERE TET 2AK
WEHEF L%, R & E 2 TR, MIAESAREEVINE, n? F nlog n MAUEIERNE, SAER
i ESHIN, SRR SATTREEERESIRE RN

Khr b, WEHEES (Bl Java) RINEHFFEECRA THEAHF, REERN: XTREH, RAET
IHERISHIHE R, PInDuEHT, TR, ERERRAHR.

EOREHT, EEHE T RS A HE T I R 2 O(n?) , {BAESZRRIGIH,  HNHEFF MR 5
Fe T HiH R mERy, FEAUTERE,

- BIEHEE R T TR, WEME—DNIRNE R, N 3 N EITRME; MAHFEETTRMES
B, R 1AEITERE, B, BIEHE R RO R R L .

OEFHEF LS R RN REREES O(n?) . WRGE A A NS, BAHDTIE ik
B RCRE R,

- MEREHEE AT, TTEMAT 2R,

11.5 HiEHIF

PERHEF (quick sort) JE—RiE T iaRISIHEFBIL, 1BITERK, NMA 2.

PRIEHE R ORMER “THIERI D", HEMRE: GRS PEDNTTREN BT, Bra /TR
AITCRBBHAEM, AR TEBEBETTRBEHAM, ARG, HXIRREmE 11-8 Frr.
L R R mTC R O, RGNS 1 71§ 2 HEA S AR,

2. WEMES, EERPER 1 (G) 2RISEE - DHEESR (N KR, REHEXm IR,
3. TEMAITH R 2., HE 1M jMHIBNELL, &EREEEERER AT L

Step 1 B Step 2 BER
left ght left ght
v v
ums n ums n
A A A
i j i b

rrrrrrr

# MERARE NI FRERRTER

# WERGRE AT REMNTE

nums[left] AEEH

i+=1

# TR nums[i], nums[j] = nums[j], nums[i]
# BREHRERTRANSRLE nums[i], nums[left] = nums[left], nums[i]
# EEEESHFRS|

return i

# B nums[left] HEEHR

# WNERERE NN FRERNTR

# WERERE AT REMATR

# KW TR

# BREBRERTFHRANSRE
# EERESERS|
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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.ts =

/* TTEXE */

swap(nums: number[], i: number, j: number): void {
let tmp = nums[il;
nums[i]l = nums[j];
nums[j] = tmp;

¥
[* WHEXD */

partition(nums: number[], left: number, right: number): number {

// L nums[left] JEHEER
let i = left,

j = right;
while (i < j) {

while (i < j && nums[j] >= nums[left]) {

j -=1; // NEREKRENMNTFEERNTE
¥

while (i < j && nums[i] <= nums[left]) {
i+=1; // MEBARENATEERNTE

¥

/] TTEXGE

this.swap(nums, i, j); // REXFHEN TR
b
this.swap(nums, i, left); // REEISHERTFIANS AL
return i; // REIEAEHHNERS]

11.5.1 H&ERiE

PRIEHE R R AR TR AN E 11-9 AR,

LB, MEEEHIT R WX, [EIRHEFE AT BN T 8.,
2. G, MEFEAMGTFEAEDHNRITHT “THERID7,
3. R, EEFEAEKEN 1NEIE, MIsERE N EEHNHET

- 00080 \
FEEA
L3 [o[5]:)

i34k
A

2

. BITTHART MRS
ET A RAETRA - EETHAKEN 1 HAL

, (B aa BIRTSERR AR HE T

RS

08 Be

gbgE | kg & bEIA

8i8
: 8
I

11234

/
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119 PesHERr e

// == File: quick_sort.ts =

/% R +/
quickSort(nums: number[], left: number, right: number): void {
/] FEAKER 1 &R
if (left >= right) {
return;
+
// WEEXS
const pivot = this.partition(nums, left, right);
/] BVAEFEAE. AFEA
this.quickSort(nums, left, pivot - 1);
this.quickSort(nums, pivot + 1, right);

11.5.2 Hixi$iE

- NREZREN O(nlogn). HEAWERNHET: EVIER T, WERIDHNEHEE logn, HEHH
EIEIAEC n, BUAEER O(nlogn) R, TERZEENT, FHRIERIRERRE n FEEHK
SREER O n — 1WA TEA, IEEAEEORE n, SEPIERECYn, BEER O(n?)
I TRl

- BMERERN O(n), FHHDY : TEMABAZ BTG T, RBHEERTRE n, H O(n) tk
Wi ], HEP B E R AE B BT, RABEIMIE.,

- AERREHEE . IR RG22, BEERRTRER BB T RAIA M,

11.5.3 REHF AT AR

MAFR ERERER H, POEHEFERCRTTH N 2 BA RS, REPEHEFR PN RIS R ES “HFHHE
R A CHEHERT MR, (EDEE POEHEERRCR E s, EEA DU REL,

- HBURZENE BRI BAVGRHEFNRERRE2E N O(n?) , WHIDHHIFRE, BE4R
ZEIEBUT, PudHEFRETE O(n logn) MRS Z&E NIE T,

COBRHEMRCRE: EITIHERRI M RIEN, REATREBAD TRAMBRIZSE, FITRTRIRRER
o MR “HEHER” XRBIEFREBBIFITER, MMEZix—K .

- BENEREBERBUN: £ ER=REETD, PuRHEERER. WE, RRERENERERD, X5
SEAHEET b “EiEHET E AR AL,

11.5.4 EEHMRK

PRidHE R S 2 IR RBSCR AT REREAIS, 28— PHSmBI T, B ABEH R E2RFE, BTHRAINERE
BRIETCRIEN R, 2RI e, SR SRt SEEFEHARE N n — 1,
AFEAHRKEN O, SN E, FRIEEKDERE DT EANKEN 0, 2IERIEKRR, i
B B BEeiER.
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N RERGIXAEOURZE, BT AL SR 53 v R RO ORI filan,  FefiTm] PABEHLIZER — 1
TERIENEER, A, WRETME, BIRANERAHEEREER, MRMATRWAE,

FEERNE, WEESEFEAERE “OhREHIEC . WIRIRATE X Do BEHL R I — R IR
AR 2 PRIEHE PP B RRATI PR T RE S 1o

N T PG, BRI DR AIER = MeieR CEFMANE. B, FRotR), IFRIX=1 ik
TCRAPPABA AR, IR0k, B BB AR RIREREE RIS T, SR, TABER A
EHUE 2 e, DI — SR E IR, RAIXFTIEE, NRERESLE O(n?) MHERAK
R

REESATTR
// == File: quick_sort.ts =

[* A= MREIZTEIPMILEL +/
medianThree(

nums: number[],

left: number,

mid: number,

right: number
): number {

let 1 = nums[left],
m = nums[mid],
r = nums[right];

// m7E L r 2z

if ((L<=m&&m<=7r) || (r<=mé&&m <= 1)) return mid;
// U&EmMr 2

if (m<=18&& 1L <=1r) || (r<=18&& 1 <= m)) return left;
return right;

h
[* HEXD (SHEBE) */

partition(nums: number[], left: number, right: number): number {
/] EEI = MEETEBIPIER
let med = this.medianThree(
nums,
left,
Math.floor((left + right) / 2),
right
)5
/] BRI E AR IS
this.swap(nums, left, med);
/] BL nums[left] REEH
let i = left,
j = right;
while (i < j) {
while (i < j && nums[j] >= nums[left]) {
i--; /[ MNERERENINTFEESNTERE
¥
while (i < j && nums[i] <= nums[left]) {
i++; // MERARENATEESNTER
¥
this.swap(nums, i, j); // KIXFWNITE
}
this.swap(nums, i, left); // REEHRERFHAND R
return i; // REIEEHNESI



B1E HF www.hello-algo.com 223

11.5.5 BI)TFERL

TERLEEA T, PEHbP T RE S Mg, DUE 2R R ARG NG, BB FEEHREN m
MR ICXI R AR P A KDy O B FREHNIKE Ny m — 1 A 8, RXEWRE S —R1E AR
AR RN CURD—A T R), BN EEREE n — 1, HINFEZESH O(n) KIS E L,

T BRI ER, TROTAT DAERERE S Se R, HEAR N T K, (RN T 5
I, TR TR K BRI n/2 | BIHISRIT AR BRI log n , MTiKHR2ESS
HE 2R O(logn) . (R FHIR:

// == File: quick_sort.ts =

/* REHE (BIFREML) */
quickSort(nums: number[], left: number, right: number): void {
[l FEHAKER 1 RE&LE
while (left < right) {
/] HEXIDRE
let pivot = this.partition(nums, left, right);
/] HENFEAPBRIENF M TIERAE
if (pivot - left < right - pivot) {
this.quickSort(nums, left, pivot - 1); // BFHIFEAFIHA
left = pivot + 1; // FFRFHFXEN [pivot + 1, right]
} else {
this.quickSort(nums, pivot + 1, right); // @)FHFEAFEHE
right = pivot - 1; // RHEREKRHFXER [left, pivot - 1]
}

11.6 3HHRF

JAFHHRF (merge sort) B —FETIERIEHHTE, WEE 11-10 Formy “Xin” 1 G637 M.

L Ry RiBe: IR AR B A AR TT, R B O HE e (] R A S R O HE e 1) R
2. GIFEE: LT EAHKEN 1INZIERY, THEGFF, RSN NERERNA RS H N —
KIAFEE, EEER,
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FEEEEEER

R HER

J MR
LR

SHHE

B 11-10 JAFHP R 5 G FF B

11.6.1 BHERIE

N 1111 Fos, “XI BB TR R IR 2] M i ) o3 A 15

L HEEBHD A mid, B0 A TEEE (XA [left, mid] ) A FHH (XA [mid + 1, right]
)o
2. BARTHER 1., EETFEAHXREREN 1 &L,

BB WRETR L FBANEG FEHASH N DA PEE, FEEERNE, NKEN 1 F84T
eI, AIMEHIEN TR AP,

2880 J 2880
#I3%I5 ‘ IR ’
S MRE S AR
¢ BIERE J e
EHaH - EHEH ’
| Step 1 ‘ Step 2 ‘
2080 ’ 28080
RIS ‘ RIANS ‘
‘> e { (7] e
E&EH - EEH ’

Step 3 ] [m
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7]s]2]¢]
BEANS < #BAYNS < a
aRE { &R
EJ1 40 ( LR

EaH - EMEH -

| Step 5 Step 6

#EARS < #BEAYS <
] ¥l
KIEFG f-dl+ 303
E#EH < EHEH -
[ Step 7 ] Step 8
#IARIS - #BARS -
RbREI
Edl= o0
e EnaR
[ step 9 Step 10

B 11-11 FFFHE P 38

MR, VAFFHEFP5 — SO i e i 3 3 U e 2 — B

- Rl SR TR, EEBIIA TR, RIEEEARTT A
VFEHER: Sod A8, MmEGaT8dE, SELEEH.

VAFEHE R SE B0 DA SRS AR, TETER, nums BIRFEIFIXEIN [left, right], T tmp AN RLIX[AIN
[0, right - left].

// == File: merge_sort.ts =

/% BHEFEEMGTFEHRA «/
function merge(nums: number[], left: number, mid: number, right: number): void {
[/ EFHAXER [left, mid], AFEHAXEN [mid+l, right]
/] BIE—NIGEEEEE tnp , BFEHREHEHNER
const tmp = new Array(right - left + 1);
/] M EFEAN A FEANEIRZRS]
let i = left,
j mid + 1,

k 0;
/] BEAFHABEEITERE, #THRHBRBTREREIGRT2AF
while (i <= mid && j <= right) {

if (nums[i] <= nums[j1) {



B1E HF www.hello-algo.com 226

tmp[k++] = nums[i++];
} else {
tmp[k++] = nums[j++];
}
+
/] BEFEHEMAFEENRIRTRES DGR ELES
while (i <= mid) {
tmp[k++] = nums[i++];
+
while (j <= right) {
tmp[k++] = nums[j++];
+
/] BIEBIEER tmp FEITREFIEIEEE nuns BIXTRZXE]
for (k = 0; k < tmp.length; k++) {
nums[left + k] = tmp[k];
+
}

/* PFAHHERE x/
function mergeSort(nums: number[], left: number, right: number): void {
/] EIEEMH
if (left >= right) return; // HFHAKEN 1 HELLE)T
/] R MER
let mid = Math.floor(left + (right - left) / 2); // itEHS
mergeSort(nums, left, mid); // #BFEFEHA
mergeSort(nums, mid + 1, right); // BJIHEFEHA
/] EHMEL

merge(nums, left, mid, right);

11.6.2 HEiS4E

- MESEZAEN O(nlogn). EENERHEY: WA ERBEN logn KHEITH, SEAHMRIER
M, FILSEKNTEZEN O(nlogn) .

- WA O(n). FEHHEY: BIAREEN logn , M O(logn) K/NGHIZSH, AIRIER
WIS, [ O(n) K/NBINAL

- RuEHY: AR, MR R,

11.6.3 §ERHIF

MNTHER, IR T b r IR A BE I, TRARERHDP RSN RN EREREE O(1) .

- KRB ATDUER] “IEAT B MBI SRSSEIRERI o T, A )68 AR A,
© AIFREL: fERERT, TRIEMERCE RSN (EED BIRTSREL, RIEEFHFME RN P EE
RAEFN—DRAFHER) THOIEBIMER,

HAASCIANTT LR 2%, A% AR A] DA RS BRI T2 5
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Tip
BIACTH, IEHREYE B,

e (heap sort) 2 — A THERHRSSH SR @R BIE, FOTATDAHEAFTR “HHEERIE"
“TURHHERE" KIHEHE

L BN/ NI, S B TSR T HETI,

2. AWTHRAT HHERRME, RUTCSRHHETER, RIRIR R NEIRHRF RIS,

PAETTIREIRAIAT, EFREE— MM R R HATER, AR, bR, JANER
— RSO SC BT o

11.7.1 E&ERiE

EEHRIRE N n, HEHEFRORUEANE 11-12 Fow.

1. BINBUEHF RN KTHE, S8R5, BATTEM THER,

2. BHETULE GB— MR SHKTE @E 1) K. 5EisiE, HrKER 1, efFc
EHEM 1,

3. MWHETTUTCEITIA, MIRRRPATHELERME (sift down), SEAME(L)E, HERIMERBEIBE.

4, TEMHITES 2. F15E 3. B, B n — 1 )5, BIA] 2B,

Tip
KPR b, JTREHEREPREES 2. SME 3. P, HEZ T PHETTRNPE,

() () IEHE () © S

“ 3 ) ©) 3)

/ 7 / 1. BAmEHDE / \ 1. BAREDE

© @ (2] 00 @ 2. WEAARRBATR
O (1) ZRATTESEETE

HWEREE SHFER

AT ot/ ol

(o]« Js]:]:]2] s HO0000

TR ] -

Step 1 ‘

SEHIF

1. MABEHEE

2. EFMEPRIBATER
(1) ZHEMTRSHETER
HNERXE EHFXE (2) MNTREE#THR

w: (0080

Step 3 \

Step 2

6 o
/ 1. WABERHEE

A P = —
r@/ @ @ 2. EFNERERBATE

(1) HBETRTRSHERTR

SEHF

HIEREE BHFRRE
ws (00000

Step 4
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o,

HNERXE BHFXE

w: (SO0000

[ step 5 }

o

@ I

o

°
°
e

BHNENRE SHFXE
— 00800

| Step 7 ]

®
© o
000

HIRUER BHFRR
wes | DEOE

[ step 9 }

o
e o
000

ﬁwﬁﬂzﬂ ENEEH
- 100800

{Step 11

SEHIF

1. MNBERHEE

2. EFMERRIBATR
(1) ZHEMTRSHRTR
(2) MTEREH#THN

SEHEF

1. BABEF R

2. EFMERRBATE
(1) ZHSEMTRSHETE
(2) MTRERBITHEN

SEHIF

1. MNBAHERE

2. EFMERRIBATR
(1) HEMTRSHERTR
(2) MTREREHTHN

S

1. BB R

2. EFMERRIBATE
(1) ZHSEMTRSHETE
(2) MTERBTHN

L
000

mw&yzm BHFXIE
w 00000

Step 6

.
§ o

000

BHARKE SHFXE
- 00000

Step 8

o
e o
000

HNENKE EHFXE

/‘"‘ |
- (100000

Step 10
BHIFKE
-~ O00000
Step 12

SEHF

1. MINBURF R
2. BFRMERRRBATR
(1) HBETTTRSHERTR

SEHEF

1. BWABAEHEE
2. fEFMEPIRIBATE
(1) ZBEMTRSHERTR

SEHIF

1. MINBERF R
2. BIRMEFRREBATR
(1) RWETRTRSHETR

EHF

1. WABUEHEE

2. fEFMEPIRIBATE

(1) ZWEMTESHERTR

(2) WIRER#THENW

3. FR—NTREARE, HFTM

B 11-12 HEHER D 9%

TERSSEH, BAMEA TS “HE” SAHER MR R sift_down () BRI¥, (EIFEERZ, dTHER
KESHERBEEATTRTIE/D, FHEHRNTES sift_down () HEGRMN— M KESE n, HATHERER
HHTERKE, I RATR:

// == File: heap_sort.ts =
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[* HHKER n , MNTR 1 R, MNINEERHEWL +/
function siftDown(nums: number[], n: number, i: number): void {
while (true) {
/] FIETs i, 1, r PERKHTESR, 124 na
let 1 =2 %1+ 1;
letr =2 %1+ 2;
let ma = i;
if (L < n && nums[1] > nums[mal) {
ma = 1;
}
if (r < n & nums[r] > nums[mal]) {
ma = r;
+
// BEhE 1 mAREZES 1, r 857, WEmdrsstd, B
if (ma = 1) {
break;
}
/] FIRFET R
[nums[i], nums[mal] = [nums[mal, nums[il];
/] TEFE TR

i= ma;
}.
/* EHF */

function heapSort(nums: number[]): void {
/] EEERME UMD SUIMIEMPIE T R
for (let i = Math.floor(nums.length / 2) - 1; i >= 0; i--) {
siftDown(nums, nums.length, i);
¥

/] MERIREGRATTE, BF n-1 B

for (let i = nums.length - 1; i > 0; i--) {
[/l RBBRTHTREREHTR (RIEETRSETR)
[nums[0], nums[il] = [nums[i], nums[0]];
/] URTRAER, NIREREFTHL
siftDown(nums, i, 0);

11.7.2 BiESHE

- INEERER O(nlogn). IEAENHT: BEHERIEGEH O(n) MH, MHERSREURATCR N E
ZEH O(logn), HEHR N — 145,

- BEERERN O(L). by JLNMERERMEHE O(1) 2, TTRMMEIRER R R -
TR,

- AFRSEHET : TERIRHETTOT RFHERIC RN, ST RN A E AT R AR,

11.8 1&@HiF

AR LR P SR E R T “E T R IR, EEE Tt R AR AN RS H3SHE 7 RIR A
NS RETCEER O(nlogn) o #E K, FATRHRNUM “GELERHFFRIE", BRI 2 AT DUE
FNLMER,
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#@HE (bucket sort) ZIHARMIGHI— DI, EIEdIRE L BAR/NRFIING, MR —
TEVOH], REUEFIDECEIS I, 5, RN BIAITHY . SREHLImMIINT R ATH SR &
7o

11.8.1 HEiRiE
MR n A, HoTZRTER [0, 1) PIEIZARL AHE IR 11-13 FrR.

L. WIafe kM, R n DITRIBCE] kDA
2. MM APITHT OXERAGEIE S INEHFEED .
3. AZIHA M NEIR BN & FF4E R

FHF B : N =
picaulil 043 0.5 .52 [0.03 [0.57 [ .43 0.51 [0.75]0.15  0.57 QST PR oes
~ - /) — SECEI R EEF
1% HEMES5
buckets HTHR
HFEE [0.2; 0.4) [0.4, 0.6) [0.g, 0.8)
/ / RBRIAE
L S A AHER
SERBE 1
nums
11-13 M BN
HASEN RRR:
// == File: bucket_sort.ts =

/* @HEE */
function bucketSort(nums: number[]): void {
/] #E k = n/2 NM@, RS MESE 2 NMTHR
const k = nums.length / 2;
const buckets: number[][] = [
for (let 1 = 0; i < k; i++) {
buckets.push([]);

13

+

/1. BEATESBEIZNMER

for (const num of nums) {
// BWAFIEEERN [0, 1), EA num * k BREZEIZRSSERE [0, k-1]
const i = Math.floor(num * k);
// B num FIDEE i
buckets[i].push(num);

+

[l 2. JWEDBHRITHRF

for (const bucket of buckets) {
/] ERREHF R, Wa ISR EMFEE
bucket.sort((a, b) = a - b);
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/3. BHEEHE

let i = 0;

for (const bucket of buckets) {
for (const num of bucket) {

nums[i++] = num;

+

+

}

11.8.2 HiZisiE

e IE A T PR BARRRIBAE, BN, MABUEEE 100 51K, BTERRG, RENFLE X
PEIEFTAEAE, M, FTRLREHE K 1000 M, AR METHY, SEREREI.

- INMERER O(n + k) @ RICRES DRI, BAFIRARTTREEN T o RHF
AR O(% log ) I, WIHEFERTEREH O(nlog 7) WH, %R k FLBORI, W%
JEWERT O(n) » &HFSERNTFRZRAAMTE, €25 O(n + k) WA, EREELT, Fra
FEB MRS — M, BHEFIZRGER O(n?) I,

- BRERERN O(n + k). EEMHDT : FEED kMRS n ANTTRNEVNE L,

- MR SR BUR THEF A TR RN SR

11.8.3 YNAISCINFEIY 53 L

FHEFP RN 2 2 ERTPOAE] O(n) , REHETRCRI S ACESF AN, KOyRbREdREE 2
550 AaR, BN, BRATEENR = BRI B R TS TE B IS 10 M, ER RIS A,
T 100 JTeRYAER 2, @& T 1000 TTAYAER D FERMEXEPFIRIZ N 10 4, S IMPR RS SEZEER
FEH K.

NSRBI EE, BATAT PAYEIRE — S RBUI 7 ek, KRty 2 3 MR, SrBcsetein, PHERSh
BZIMARSRN R 3 M, HEFTAMPRTRBER B,
N 11-14 o, XA TIEA B ER AT BB, BRI R ER TR, SR, AR E
AR 3, BARKI 7 75 AT AR R R R R R TG I
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BmiiE
(RS BUBRINER
S — g5y 20% 15%
MigKE HEELEE
HIEE — b 100-500 >500 <19 8%
- ~ 10-20 13%
(e . 20-35 12%
18% 35% 12% 35-50 10%
50-100 12%
<10 1o¢5o 50-100 100-500  20%
>500 15%
13%
10-20 20-35 35-50

B 11-14 BRI

QUERBRATHR AT AR AR 340, W] DURIEBARBER  BE B R R 0 SRR (B ERRR,
BARDATHA—EFHERFES, AT DURIEEERER ROR MR B A T B,

N 11-15 o, BB ST AR IR M IEAS 2047, XA ] DAS B A DX TR), AT R 125 23 e
FBMAH

HEEE

0.4

- K
0.0

+o  EmifthE

’ ﬁ@ﬁﬁ@ﬁ

frigseRE 3~10 10~25 25~80 80~200 >200

B 11-15 MRIEHER A0 K9 A

11.9 it¥HiF

IHEHEE (counting sort) JEIS ST TR EER TSI, J8H M H T 2EEE,
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11.9.1 {EEASEI

FREBE MR B8 —DREN n % nuns , HAPETTREZ “AE008EC7, THHPRORIARR
FRUNE 11-16 Fim,

1. WA, HRHHEPRRERET, I m, REEIE—NMKER m + 1 WEBIEEH counter

2. 6B counter Gtil nums AL BLIXEL, Hr counter[num] XNV ECF num FIHBLIREL. Siit
FIERE R, JFEES nums GEMSRTEEN num), E5%F counter[num] 0 1 BIA],

3. BT counter IBANRIIRZRAF, RN FABZCEH)TH 7. B K, &I counter
FRAE S EC B BN DR B nums BITA,

HHIFBAE nums

308 00 O

) < WA nuns HHATEHRFOHIURE
N8 . e counter[num] £3% num AIHIREL
#E BB e 1 2 4

[ counter , FEHF
RBHIURBIAN nums BRAE]

3
S counter

LR nums

K 11-16 i+

SN RRR:
// == File: counting_sort.ts =

/* IHEHE */
/] BEXI, TERTHIEER
function countingSortNaive(nums: number[]): void {
/1. FiHHERAITE n
let m: number = Math.max(...nums);
/] 2. FIFESHFHILIRER
// counter[num] X5k num BIEINKER
const counter: number[] = new Array<number>(m + 1).fill(0);
for (const num of nums) {
counter[num]++;
+
// 3. B counter , BFERTHEENREEAE nums
let i = 0;
for (let num = 0; num < m + 1; num++) {
for (let j = 0; j < counter[num]; 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
BF num 0123:’ BF num oi"z31.
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)

BIFER nuns FRSNTR num , SRHT:
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.ts =

[* TR */
[/ TELI, AHENR, FERREHR
function countingSort(nums: number[]): void {
/] 1. GiHEEERAITERE 0
let m: number = Math.max(...nums);
[l 2. FTFEHFHLIRER
// counter[num] & num RYHINREX

RBEA nums

LR res

HF num

HIZEH prefix
(counter)

:
N E ==

BEEEE

EIFFEFA nums FESNTE num , SHRHT:
1. % num N\ res MIF3| prefix[num] - 1 &

2. QHIEA prefix[num] BA 1 , MTTEEITRKE num W5

Step 6

¥4 nums
HERMA res
BF num
BISEA prefix
(counter)

Step 8 |

HEHE TP B

oooanoobon
LEEZrEEREE

e 1 2 3 &4
LEEEE

PGSR res BERBEA nuns BIF]

const counter: number[] = new Array<number>(m + 1).fill(0);

for (const num of nums) {
counter[num]++;

F

// 3. X counter BIRIZRF, B “HIURE #ifth “BRsI”
// BD counter[num]l-1 @ num 7 res HEE—XEMHZES]

for (let 1 = 0; 1 < m; i++) {
counter[i + 1] += counter[i];

F

// 4. BIFER nums , BRTREBENGEREAE res

/] B EA res BFIERER
const n = nums.length;
const res: number[] = new Array<number>(n
for (let 1 =n - 1; i >=0; i--) {
const num = nums[i];

g

res[counter[num] - 1] = num; // ¥ num HEZIXNZES|L

counter[numl--; // SRIBHER 1 , BEITAKE num BIZERS|

}
/] 1ERLEREAE res BEEEUE nums
for (let i = 0; i < n; i++) {
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nums[i] = res[il;
+
}

11.9.3 EEisE

- WREZER O(n 4+ m). FEEERNHEF © ¥WIED nums FE )T counter , B FHLZMER AL, —#%
BT > m, NEHEXREET On) .

- BAEZERN O(n + m). EFEHHY: E81 T KES 510 n f1m FI%E res Fl counter

- FEHIT: BT res FEFTTEMIUT 2 “MGIAAL” B, FHEFET nuns 7T DUE ST
EZ RSO E, MM HF. SR, EFET nums el IS EIERIHEFLE R, B3
RARER,

11.9.4 B
BIXE, (RFSREHEEHEFIER IG5, (ORGSR AT AT S HE R, AT, RS
TR B A% R RE A T2

BT G TR, AR T H AR R, & A S8 v] I On AR gL, JFHE
FERHOT RPN RERCE S D IT R Z I KNSR R BN, X TR & BB BRI, T DU T A BT
ME—NEE, BT AONER, Hpsepamkm X,

HEHF ISR T8 BB EIRIE B BT, tean, 76 BRRBIF m REERK, BE &S 222,
i n < m b, HEHFEH O(m) ME, ATkt O(nlogn) RIHEF HIRIE N,

11.10 E#HF

EAE T, EIER TER R n BOREBEREE m RS, BIRRAIFEEN n = 100 2%
BHTHER, M¥SE—A 8 My, XEWESBHREE m = 10° WK, AT RE M EARA
fEasia), TEECHE AT DO X MR O

HHHF (radixsort) RO EESTHEHE —2, @RS M ORI, bR, S8R
MBSO MANERRR, RO —AETHERF, MM E B RHEP AR,

11.10.1 E&iRiE

RS ARG, BB IRIORS 167, Sehoess 8 i, HEEHHFRIRAEIE 11-18 Fir,
L Wafefiti k=1,
2. MESHE kAT “HEEHNT". ElE, BIRSRIES kA WNEIRHNT .
3. K k1, AEIREIER 2. EUE, BREIFTAAAHIT RS R,
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TNHEHFHAESER, T d RN o, BREHEHE kAL x,, ATRUMEARHEAK:

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

& 11-18

Ty = |‘dk—1J mod d

CALbHE, HiF

HFSE 8 fi

B 3~7 11 HHHFER

B2 G2 38 O RERV

T

10546151

30524779

34862445

35663510

42865989

63832996
72429244
81883077

82060337

88906420

Hrb | o] FoRAHTE AR 1A R, T mod d Forat d BUSE (4. M T4S808, d = 10 B k € [1, 8]

o

HeAh, BAITEEMER SN R, (2 i DARE RIS kAL TR

// == File: radix_sort.ts =

/* 3RERGTZE num B95E k fi, HEA exp = 107 (k-1) */
function digit(num: number, exp: number): number {

/1 fZN exp MHE k AJLUBRFELESERITRIRIVRGIHTE

return Math.floor(num / exp) % 10;

b

/x itEHE GRIE nums 5 k iHE) =/
function countingSortDigit(nums: number[], exp: number): void {

[/ THENGCERR 0~9 , EFEEKER 10 89tfEd

const counter = new Array(10).fill(0);
= nums.length;

const n

/] it 0~9 KEFHIHIREL

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

const d = digit(nums[il, exp); // ¥REX nums[i] 58 k i, 1274 d

counter[d]++; // #it#F d BIHILREL

F

/] KREIZF, F LI Hign BARS

for (let 1 = 1; i < 10; i++) {
counter[i] += counter[i - 1];

F

/] BIF&ER, RIERRZEITER, BETHREN res

const res = new Array(n).fill(0);

for (let 1 =n - 1; i >=0; i--) {
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const d digit(nums[i], exp);

const j = counter[d] - 1; // FREX d EHAFHZES] j
res[j] = nums[i]; // BHBITREANRES| j
counter[d]--; // ¥ d BWHER 1

+
// ERERBEEFEHE nuns
for (let 1 = 0; 1 < n; i++) {
nums[i] = res[il;
+
}

[* BEHFE */
function radixSort(nums: number[]): void {
/] REVEANRATTER, BTHIMRAMUEK
let m: number = Math.max(... nums);
/] FERME RIS AR &R
for (let exp = 1; exp <= m; exp *= 10) {
/] WEATENE Kk [UITIHEGER
// k=1 ->exp =1
// kK =2 ->exp =10
// Bl exp = 107(k-1)
countingSortDigit(nums, exp);

P2 ARG I 4iHE 2

FEESHIHEPR R, Ja ety S AT e HEFRIZE R 2RI, RSB —HFE R a < D,
M —HHFER a > b, IBLHE ARSI R, B TRFIEAILERE TR

iz, I NIZSEHE RO FHE R i

11.10.2 Ex45t%

BT TR, B PIE T RUETCERORRIIE O, (HATHE R R n] DARGR M E bR, HAE
BAREIS K, BN, 12O NE G (A EEE T, ROVEAE kK, ATRESERE 2 O(nk) > O(n?)

o

- INMIERER O(nk). EAERHPT : REIEE n. BUERN d B RROEON E, WEEE—AR
TTHEHEFER O(n + d) W, HFE kAER O((n + d)k) W, JEHEERT, dfk #HE

BN, WRERE‘M O(n) .

- BRERER O(n +d). IEHHDY: SHHEEFHER, SE8Hr TR n fl d I res

K1 counter .

- R M BEEEREn, BEHET AT ST ARRERT, B ICA RIS SRR

HEFP4E 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
- _9 0
n 9 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



B128E iR www.hello-algo.com 245

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

\ 4

BEREBTE 6 MW&KS|A 2

B 12-4 —ERIIEERE

ESHREH, AT EITFEL dfs O FKRMIE £(i, ) -

// == File: binary_search_recur.ts =

[* ZHEHK: B F(L, j) */
function dfs(nums: number[], target: number, i: number, j: number): number {
// BXEAZE, KFLBirxx, MWRE -1
if (1> 3) {
return -1;
+
/] HEFRRERS] m
const m =1+ ((§ - 1) >> 1);
if (nums[m] < target) {
/] BFFEE F(m+1, )
return dfs(nums, target, m + 1, j);
} else if (nums[m] > target) {
/] BFFEE f(i, m-1)
return dfs(nums, target, i, m - 1);
} else {
/] #EIBtrm®R, REIHZERS|

return m;
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I
[* ZDEH «/

function binarySearch(nums: number[], target: number): number {
const n = nums.length;
// 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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M9 557E preorder RS FHAE inorder FHYZZS X ]

AW it 14 (m =) [m+1,7]

R, AR RRIITE (m — 1) &R PRI A", BiEEE 12-7 Fig

HiFFEH
o000
preorder
A A A

i i+l i+1+(m-1)

e 00088
- 00800
inorder

A A A

1 m r

B 12-7 MR R FRIEIRG X RN

4, {X33Em

NTRAER m REER, BAEB—METR hnap RAZGEEEH inorder HITREIR G AL :

// == File: build_tree.ts =

/* WEZXN: 298 */
function dfs(
preorder: number[],
inorderMap: Map<number, number>,

i: number,
1: number,
r: number

): TreeNode | null {
[/ FRX[ERTELE
if (r - 1 < 0) return null;
/] BEHRT R
const root: TreeNode = new TreeNode(preorder[il]);
/l EE n, N9 EETFH
const m = inorderMap.get(preorder[i]);
/] FiRlRR: AT
root.left = dfs(preorder, inorderMap, i + 1, 1, m - 1);
/] FiRlER: WA
root.right = dfs(preorder, inorderMap, i + 1 +m - 1, m + 1, r);
/] RERTR
return root;

I

[* MY %/

function buildTree(preorder: number[], inorder: number[]): TreeNode | null {
/] ¥ ER, FiE inorder TTEZEIZES|IAIBRET
let inorderMap = new Map<number, number>();
for (let i = 0; i < inorder.length; i++) {
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inorderMap.set(inorder[i], i);
}
const root = dfs(preorder, inorderMap, 0, 0, inorder.length - 1);
return root;

A 12-8 J&/R T AW — SRS, BT RURIER T T AR, miESL (5IRD) 2IER
B /2 NP UR S SF e VAE NS

eorce: (EENEIEDED
woreer (O OOE o

preoraer (3 @2 (1 (7 @
inorcer ({3 (12 [7

} ]
Step 1 Step 2

weorce: (EENEIEDED
norcer (OO EEE //

39 n preorder
@ 9 3 n inorder

) e
Step 3 Step 4

inorder @
s |

Step 5 J ‘ Step 6

/ / 39 n preorder

/ @ 9 3 a inorder

3 9 2 1 WA preorder
@ esaen e o
9 38 N 2 7 inorder

Cava J 7 | 701 ]

3 = EB

[ Step 8
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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



H12% 4R

www.hello-algo.com 253

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.ts =

/* BEh—1EE */
function move(src: number[], tar: number[]): void {
// M src THESEH—IEE
const pan = src.pop(Q);
// BEEBRN tar TP
tar.push(pan);
+

[* KEEEER f(1) =/
function dfs(i: number, src: number[], buf: number[], tar: number[]): void {
// & src RFT—PEE, WEEEEZE tar

if (i = 1) {
move(src, tar);
return;

}

// FiERE £(i-1) : ¥ src INEP i-1 NEFEMEEY tar #BE buf
dfs(i - 1, src, tar, buf);
// FiEE £(1) : ¥ src ME—1PEEHEE tar
move(src, tar);
// FiE@ £(i-1) : ¥ buf & i-1 NEEMEB) src #BE tar
dfs(i - 1, buf, src, tar);

+

[* REEGEER */

function solveHanota(A: number[], B: number[]l, C: number[]): void {
const n = A.length;
/l B A TAEE n NEREE) B BE C
dfs(n, A, B, C);

QN 12-15 A, DOERAREIE R — 1R A n BEIAR, D1 RRE— DR, N R — P E dfs O
B, BENRERER O(27), BREREN O(n) .

1.

@ Mo Mm@ @ @ @

B 12-15 JUESERNERYIE TR



B128E iR www.hello-algo.com 256

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,

XTI, FATH DX, AT LT S RER SN 7, R, R SREI AL KA1 res
ZH, MRS RSN 13-1 1P MRS PR :
// == File: preorder_traversal_i_compact.ts =

/> B fIE— x/
function preOrder(root: TreeNode | null, res: TreeNode[]): void {

if (root = null) {
return;

+

if (root.val = 7) {
/] iBFfE

res.push(root);

}
preOrder(root.left, res);
preOrder(root.right, res);

REMKTER

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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XNFHIE—, ViaEEADTT R EAR R 7, MO R BOR E AT AR return MIFOR “[HIR”
EREIHIE, PIEFFAUNRISEEBORN, NERx—, BTG — M 1En .

Pl —
X IERATEEDN 7 BT R, IR B R 2.

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.ts =

/* giFEEH: Bl +/
function preOrder(
root: TreeNode | nult,
path: TreeNode[],
res: TreeNode[][]
): void {
if (root = null) {
return;
+
[/l =i
path.push(root);
if (root.val = 7) {
/] IERfE
res.push([...path]);

+

preOrder(root.left, path, res);
predrder(root.right, path, res);
// [Eh&

path.pop();

TERRUL “” o, BRI path KICRESHE; Tife “EDE” §, FAIHERIZ M
parth il DAALAR 2 IR,

WIEIE 13-2 Foniid i, AT PAR 2 MELREE “Hil” 5 “HHY”, WMNRET %A,

//«
4 O‘ wrre sy . & wsae o "
/ \ Sl BITEFH, RS ik BITBFH, BMRE
ER: HERE, KEEE EHE: RERE, REEE

path = [1] path = [1, 7]

[N\ / \ / \

res = [] res = [[1, 7]]

Step 1 Step 2
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£id: BIWH, BRRE
EB: ERE, RBORE
path = [1, 7, 4]

ik BI\H, EMRRS
BB RERES, RKHEE
path = [1, 7]

res = [[1, 7]] res = [[1, 7]]

£id: BIEH, BRRS
EB: RERE, REBRE
path = [1, 7, 5]

St BITEFH, BHRS
B RERE, EERE
path = [1]

res = [[1, 7]] res = [[1, 7]]

20 BIEH, BRRE
EB: RERS, RBOEE
path = [1, 3]

£t BITER, BHRE
EB: RERE, HOEE
path = [1, 3, 6]

res = [[1, 7]] res = [[1, 7]]

£id: BITWH, BRRS
ER: RERE, KEEE
path = [1, 3]

ik BITBFH, BRE
ER: RERS, RHRE
path = [1, 3, 7]

BETR 7 , WEBRRFRNELR

res = [[1, 7]] res = [[1, 7], [1, 3, 7]]

Step 9 ‘ Step 10

S BITEFH, BHRE
BHB: fRERS, EEEE
path = []

res = [[1, 71, [1, 3, 7]]

[step 11

K 13-2 =i 5[ER
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13.1.2 B
Z) [E1 0 A D@ B L S — AN R B AR, RSB RT3k,

s =
XA ERATAEN 7R R, IBIRERRT RERXET G AR, IR AEEEN 3 1

NT R AR, BANTRERMBEARE: EERERED, FH82EN 3 IR, WHRAHRE,
MEHRR, B ATR:

// == File: preorder_traversal_iii_compact.ts =

/> HiFF&ER: GlE= +/
function preOrder(
root: TreeNode | nult,
path: TreeNode[],
res: TreeNode[][]
): void {
/l B
if (root = null || root.val = 3) {
return;
+
[/l Ei
path.push(root);
if (root.val = 7) {
/] iBFfE
res.push([...path]l);

¥
preOrder(root.left, path, res);
preOrder(root.right, path, res);

// [EIE
path.pop();

“BIRS B NARRIERAAIE, A 13-3 FrR, EERERET, Bl BT TR LR AR D
X, WRTFZITRENZER, MG TEREYER,

B @FRER 3 MR RNREHRE

BRI SRR TR AR R )
MinferHERME

.............

13-3 MRIELHRSAFBIRL
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13.1.3 EZKE

BR, BANZLCREMR “2K0 [HR, B9 B EARNESRIZR LR, RS AE A 1,
FELAMERNRSH, state FORMEIH S ATIRA, choices FURYRAITINAS T Al DAL HIERE:

/* [BIEEELSR «/
function backtrack(state: State, choices: Choice[], res: State[]): void {
/] Flr 2B R
if (isSolution(state)) {
/] BRAE
recordSolution(state, res);
/] TEBHEER
return;
+
/] BAFREIERE
for (let choice of choices) {
/] Bt FIEDERRT AL
if (isValid(state, choice)) {
/] Ei: MEERE, FFRE
makeChoice(state, choice);
backtrack(state, choices, res);
// [ELE: HEEEE, MEEZRE
undoChoice(state, choice);

Bk, FATEETREZRARDRARAGIE =, R3S state N1 RUEHIIERE, WEHE choices 9411 A AT
TRMGF TR, 4R res BIIEYIR:

// == File: preorder_traversal_iii_template.ts =

/* FIETLFIRESET R +/
function isSolution(state: TreeNode[]): boolean {
return state 8& state[state.length - 1]?.val = 7;

F

/* ICRfR */

function recordSolution(state: TreeNode[], res: TreeNode[][]): void {
res.push([...statel);

+

/* FIMTEHIRE T, HERERTEE */
function isValid(state: TreeNode[], choice: TreeNode): boolean {
return choice !'= null && choice.val != 3;

I

/* BIRE +/
function makeChoice(state: TreeNode[], choice: TreeNode): void {
state.push(choice);

I

/* MERE =/

function undoChoice(state: TreeNode[]): void {
state.pop();

+
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/> EIEE: GlE= «/
function backtrack(
state: TreeNode[],
choices: TreeNodel[],
res: TreeNode[][]
): void {
/] WERTR
if (isSolution(state)) {
/] iBFfE
recordSolution(state, res);
+
/] BHAFEEE
for (const choice of choices) {
/] BN KEREERET
if (isValid(state, choice)) {
/] B MEERE, FIRE
makeChoice(state, choice);
/] T —RIEE
backtrack(state, [choice.left, choice.right], res);
// [EhE: HEEEE, MEEZRE

undoChoice(state);

MR, BAWERENEN 7 B RG2S R, RIMETR 2R IR 2 Ja i) return IEAIMER. & 13-4
XFEE T IR B EUMER return TBAIAVIRERISHE,

wgms 2K

grew (@)
Q. Jreeeel
g
#¥ return HifE return
ICRMBERE, TEHSEIEER ICRBETERE, HEHEER

K 13-4 R S5MIFR return ARSI Eb

M T R D AR, 2T MR AR I S BAR BEWDNR, (EMEEL. Lbrl, W2
[l )T RT PAFEISHEZR PR, SRR TS BAKRIERE X state il choices , FFSRMME PRI TT
eI
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13.1.4 EAARIE

NT IS M REARNE, AT — T ER AT AR S X,

13-1 A7,

#1d]

fi2 (solution)
LR &M
(constraint)

RE (state)

2R

(attempt)

[EIBIES
(backtracking)
LY

(pruning)

Tip

A, R, IRSSEMES AR, fEoia. B, shasml,

FERRRBIE =25 XS o fl, qnak

R 13-1 H LIRS

724
PRI T 2 PSR, AR —
LIS R IR T LR AP, JERE
T

PAR BRI, EECLMmn
g

SRR AT RR AR IR R, A
RS, THRE, RERTHR

EDEHRBEI LR & PEARASH, AT
YRR, [EE] LR

SRR AR PRI AR PRI TR SRR
BRI, ATRBEER

13.1.5 i=5RRE

Bl =

AT RENTT LT BT R LI AR A2
BREPAEETR S

LRTEVIFAYY 812, Bl path 198515

BV () TR, R AN path
HIr T B ER SN T

SO L SRR EEIEN 3 /Y
TR IEER, HEORE

HBENEN 3 BTN, UAFRSHER

WLFRIEHEA Y Mo

R bAoA — RO LSRR LR, T T AT REIRUL R E BRI R EIORR, IR B0
OERELE FREBSIRBIITH AT RERIMRDIT S, T ELTE S TRIITECBRIE R, SLARBIIACE,
ST, PEUCTEA USSR S ARFVIRY, SIS Rl e DA 2.

I TSR S PRSI ATRE, RIS 44 8 T LUK RO s T

A RIS ATORA (PIAAGE, TTIEOMBIR), MIRRERKN, %

FRARELEIHRA,

EGELTEE, [ISES AR A PR 2O R P B MR T, IR, 1 T e
B PERT AR O, LTI SO AT RERI A (T, (EXCRI T, SRR (AL,
TR A AT TR,

BTG RN R SRR R, TN IR

RIS ARSI\ SRR T, T RS ARI FTAEP AT AROBS 2.
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13.1.6 [G]¥AH B {55

[ SRR AT TR ORVE 2 AR IANEL, 25U 2 AL 20 & (AL
PR M XA H AR R R SRR R 7T 5o

- IR ARG, REHATEATRERIHSIA A,
- FEMER: BE-DERAN—DERM, KEIRESTITERN AR5,
- DOREETEL: 455 = ARAE TR — RN FIR IR, BRI BE N —ARAE T2 3h 2 55 — A T,
OGRS —MNREE, HARER KBRS
LI ML X2 AR RS A LR PR
- n2iE: f£n x n RS EREn NER, EEEMEASHEG,
© OB R 9 x 9 PIRTIEART 1~ 9, #ESET. SINED 3 x 3 FMBTRBTAES,
- EEGRE: BE-DEEE, ARVIBEOAENSNRER, EEHBTEEEAR,

AR : XK R HARRTE— D G 23 A PP RS 7 2 B2 55 1 SR AL e

- O-1HERE: G —-Aai—NEE, MR E ENNENER, ERETEFERGIN, %
B AR S E R KR,

- AT EDNEAF, N DR, IRETE AR IR, SRR,

- BOKHINE: B —PTAE, RERERNTEETE, BFEPIEEN DTS A LHE,

IR, TS HE MR, EfARR RS,

- 0-1 T B AIFE0E s E BN SHUARER,  DAOKE S = A RIS,
- BRATR R N E AR NP-Hard [R5 MR A S BIERIE R IR,
- RKHEUZEIE PR — DA, AT SUORTRS B A NSRRI,

13.2 £H5lin)E

EHEA SR PR RR — DRI, BRI SRS TE MRS A — DT R) BT, X
HHARTTRIIFTA ATRERIHES .

R 13-2 528 T LSRG, LG AR N AT A HES

®13-2 EHFIRA

N R HE
[1] [1]
[1,2] [1,2],2,1]

[1,2,3] [1,2,3],[1,3,2],]2,1,3],[2,3,1],[3,1,2],[3,2, 1]
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13.2.1 THETENER

Question

MA—DEREEEEAH, HPAEESESTR, REFTHTRERIHES,

MIEELI R, AT DA RS RS AR GUR— RINEFEINEE R RIS [1,2,3], W
RIAVeer 1, M3, BJEEse2, MRSHS [1,3,2] . ENRFRREE — MR, Z/eakestiH
fibize+E,

MEAIRIERIAEE, BHESES choices BRMIABAFHIFIEILER, KA state ZHZE HATCHIEFENTT
o WHER, BMLRAAFPIERE X, Wt state PIRFTHCRAN %2 ME K,

G 13-5 For,  FATTAT DORHE R R T R — BRI VAR, S RS BTIRES state . MRTTA
T, 2 =RIEREENAMAT A, BT R R — MRS,

choices = na state =

E—ITEE

BRI

13-5 ZHE5IRIE IR

1. ES®ES
HNTEMEGNTCERPOERE —R, BITZFESIA—DH/REEAH selected, HH selected[i] TR
choices[i] B&CEHIERE, HET ELILL NEIRARIE,

- TEMH%ERR choice[i] J&, BATIwiKs selected[i] MME N True, RFEEBHER,

- JEPNERYF choices B, BRI FTE EH0ERRIT L, BIBTRL,
WA 13-6 AR, BORBAMIE—4EFR 1, B R 3, Bk 2, NFEEES Wil E 193,
EHE =100 E 1 MITE 3 9,
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(3]

,L aixmER 1, 2, 3

e 1 B @ )
B o
o “““““““““1 e

o HRBEHERENTE 1

BIREE 3 FlRaknER 2, 3
-1 530
2

BSREE 2

HCHEENTE 1, 3
FFREETER 2

K 13-6  2HABTETRA

WEEE 13-6 B, N RHRIERHERAAAR I O(n™) W O(nl) o

2. XE5sEH

BREUEEEZE, O] DRSS “5eEE” T 7 4B A, JATA R MSCiE

1
ORISR A KA, TR BB backtrack () K&
// == File: permutations_i.ts =

/* BIEE: 8% I +/
function backtrack(
state: number[],
choices: number[],
selected: boolean[],
res: number[][]
): void {
/] EBNREEKESTTEHEN, iERE
if (state.length == choices.length) {
res.push([...state]);
return;

+
/] BHAFIEERE
choices.forEach((choice, i) = A{
/] BN AATFESEFETE
if (!'selected[i]) {
/] B MEERE, FIIRE
selected[i] = true;
state.push(choice);
/] BT —RERE
backtrack(state, choices, selected, res);
// [ELR: HEEEE, MEEZARE
selected[i] = false;
state.pop(Q);
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55
+

/* 285 I +/

function permutationsI(nums: number[]): number[][] {
const res: number[][] = [];
backtrack([], nums, Array(nums.length).fill(false), res);
return res;

F

13.2.2 EEBEFTEBR

Question

BN DERERE, BAlhalRER S HE R, IRMATE A EERH,

B AREEA [1,1,2]) 0 BT HERAWAEETE 1, BAE-A 1K1,
i 13-7 Fow, BT IR RHIHIE — R EE R,

choices = ne state =

E—ITEE

R E AT

13-7 EEHS

M2a REREGAHESIE? e, FEES - DMERES, ERNHVIERETRE, AR
e, BONERREEHFINER A B, NESRATRNDFEIE:, XA DU — PR RIENER,

1. HEREER

MERE 138, e —ierh, MR 1 B0RE 1 2SN, EXMNERS TERNITEHTE R ES N, Fi
MIZAE 1 Bk,

FIBE, 7E55—4030E% 2 25, Skt 1R 1 b EEmE s, FIR S 0 1 35k,

MR EE, BIOMHRREE—RIESD, PHESMHERCEPHERE R,
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choices = state = [?

e 3
HE—iERE
T RAEEM 1 SIE
AREEE—R
BETREE
ﬁ%§§W1
RARI#HEE—R
BEoREE

& 13-8 EEHFITTEL

2. XE5sEH

£ b —MR AR AL b, BB BES —HIEETIFE — MEH %S duplicated, M TICRZLHEL
ZEHTR, HFREETTRYE:

// == File: permutations_ii.ts =

/* BIEE. 285 1T x/
function backtrack(
state: number[],
choices: number[],
selected: boolean[],
res: number[][]
): void {
/] ERERKEZFTTRHEN, IEFHE
if (state.length == choices.length) {
res.push([...statel);
return;
+
/] BRFEEE
const duplicated = new Set();
choices.forEach((choice, i) = A{
/] B ARAFEEEE TR B FATESEEBESE TR
if (!selected[i] && !duplicated.has(choice)) {
/] EE MEERE, FRE
duplicated.add(choice); // IBREFINTERE
selected[i] = true;
state.push(choice);
/] BT —RERE
backtrack(state, choices, selected, res);
/] [EhR: HEEERE, MERZEIRES
selected[i] = false;
state.pop(Q);

b
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/* 285 11 %/

function permutationsII(nums: number[]): number[][] {
const res: number[][] = [];
backtrack([], nums, Array(nums.length).fill(false), res);
return res;

}

BRIZTTRENM Z I EAMER, W n DTREA n! M (irde); fEIdRERN, TEEHIKEN n WFIR,
H O(n) WH, FEHNEELRER O(nin) .

BRIBITREA n, HH O(n) fRiiz2H, selected ffiH O(n) =2Hl. F—NZI&ZIEE n > duplicated
, EH O(n?) 2=, WREREZER O(n?) .

3. FFEIRHLL

HHE, B selected Al duplicated & TBIK:, HFEM BHRARRF,

- AR BNMEREETHE D selected . BICRAESITRAT RS TR, HIEHRE
B EANTTELE state HEE HFL,

- M BN SRR (B VEMR backtrack EED #EE 1 duplicated . BiCRAVEEAR
Wi (for fE3F) ML T REHOERY, HIEHBRIEMHSE TERBOEE—IX,

B 13-9 &R TN BIRCRAFRIAERGE R, TER, WrEE DR RE—NERE, MRTTSEIMY SRS E
AT A B — N HES

o 5o
HERE— 3<
wiHHTA (1, 1, 2] [1, 2, 1] (2, 1, 1] BE&H= 3

K 13- RTBTEC SRR VT
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13.3 FEMin)E

13.3.1 TEETENER

Question

L5 — N EREEEA nums F1— D EHFRIEEEEL target , IEHRHFTERTREMIA S, FEHEHIITE
MET target . BEHHILEE LR, BPICRA]UIPHERZ R, ELAIRERIRENXEHE, 5
TR PN ASEEHE,

flan, MARE {3,4,5} FEREE9, 80 {3,3,3},{4,5} . FEEELTMA.

AR TTE A T R R L,
- FERARKATEEIE, A {4,5) A {5, 4} BRA-ATFE,

1. SESHIIEE

KT 2HFIRR, FATT] DA SR A RO R R — RIS R, HEE PRI R I B R
7, YITEMET target I, B FRICHKBETIIE,

iS5 AR FE R, ARSIl DIBTERRER, KT selected f/RIIFRIDFR
TLREN CPOER, AT PO EHEI I T/ MEE S, 91215 2 iR s -

// == File: subset_sum_i_naive.ts =

/* EIEE: FEM I +/
function backtrack(
state: number[],
target: number,
total: number,
choices: number[],
res: number[][]
): void {
/] FEMZETF target B, iZRfR
if (total == target) {
res.push([ ...statel);
return;
+
/] BEFREIEE
for (let i = 0; i < choices.length; i++) {
/] BiR: EFEMBI target , MBI LR
if (total + choices[i] > target) {
continue;
}
/] Ei: MEEE, BT EM total
state.push(choices[i]);
/] BT R—REE
backtrack(state, target, total + choices[i], choices, res);
// [EIR: #EHEIEE, MEIZAIRE
state.pop();

/[* RBFEN I (BEEEFH) «/
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function subsetSumINaive(nums: number[], target: number): number[][] {
const state = [1; // K& (FH)
const total = 0; // F&M
const res = [1; // &ERYIFR (FEIIR)
backtrack(state, target, total, nums, res);
return res;

MDA AR B (3,4, 5] MIEFRTR 9, WHEEE0N (3,3, 3], [4,5], [5,4] o BRI T HAERN
9 MR, HPA/ERER T (4,5 M1 [5,4] .

X ROHE R LR KM, SR FRAXERT. HE 13-10 fR, Joik 4 J5i% 5 556k 5
JGiE 4 AR5, XA — D5,

choices = TR
target =

BRERE

A 13-10 FHERGBITEIE

NTRREETH, —REENERRMERIIR TR EH, EIXDTTERERIRIE, AP RE,

- ABAHTERRZ, THEY target AN, EREEZEREBNEE TH,
- BT (B MRFEHERFEN, TELHFSA, BHERATENITRIRE,

2. EEFEH
FAZ B R F i B R T 2R, KR 13-11, BE THEEE DIREIF S T E NP 1),
Bian AR IB L

L YRS R e 3 4 I, RAEREESEXM N TRITAFE, 128 [3,4,...].
2. ZJE, YE R AN, M TEMIEEND 3, FOVZERTERNTE 4,3, . ] S 1. B
Mr&ETeEg,

FEEREET, B BRNEEARRMNEREBR N2, EIHEEES R B HATRZ
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1. RiPEIERE 35, AT4 (3,5, .. ],

2. MIPIRCIERE AR5, AR 4,5, .. ],

3. HE—HIER S, W SRS 34, WA TE(5,3,.. | f[5,4,...] 5F 1. SME 2. Hrh
MR FREREE,

choices = a

BB Bkt 3,4
BRBEETE

BIk:: Bkt 3
BRESFE

FHE (3,31 [3,4,.] [3,5,.] 3 [4,4,.1 [4,5,.] 3 ; [5,5,.]

EEFR EEFH EETHE

13-11 NEEEF SHVES 75

MERE, BEMNEL (11, 2y, .., 7,)] , WIRTEAIGERIN [0, 0, . 2, |, MRS
FEMWIL 6y < iy < - < d,,, FVERSPEIREREFIIRIERES, PITE,

3. EEEm

NIPNZIIRE, Bl T start, ITHGRBHRIGA, MHHERE v, )5, BE F R3] i F
W, SRR T DR IIIE i) < iy < - <4, , MTHRIEFEME—,

BRIELZAb, BADEXRESHAT T PA R I L,

- B RAT, SO EE nuns HEFR, EIBJIFTEIEREN, YA target I E S HRIGE,
NEBRTEER, HFEM—E#id target
- BEICEMNLE total, WITTE target EHUTIHESEGETCEM, Y target FT 0 BHES#,

// == File: subset_sum_i.ts =

/* BIEE: FEM I +/

function backtrack(
state: number[],
target: number,
choices: number[],
start: number,
res: number[][]

): void {
/] FEMZETF target B, IIFRMR
if (target = 0) {

res.push([...statel]);
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return;

+
/] BRHFREIEE
/] BZ: M start FRIER, BEREREEFE
for (let i = start; i < choices.length; i++) {
/] BIf—. BEFEM@EE target , NEZELEREF
/] XREAFHEECHRF, EUTEREAR, FEMN—EEE target
if (target - choices[i] < 0) {
break;

}

/] Eid: &R, B target, start
state.push(choices[i]);

/] T —RIEE

backtrack(state, target - choices[i], choices, i, res);
// [EhR: HEEERE, MERZENRE

state.pop(Q);

b
[* KREBFEM I */

function subsetSumI(nums: number[], target: number): number[][] {
const state = [1; // K& (F&)
nums.sort((a, b) = a - b); // ¥ nums FH{THE
const start = 0; // EBHEHER
const res = [1; // &RYR (FEHIXR)
backtrack(state, target, nums, start, res);
return res;

1312 FEr 8 [3, 4, 5] FIERRIER 9 AL ARSI A,

M target
choices = a FriaMRE
target =
BIERE
Jo
E=REE
BE— k=
EEAOTE 3 B
iBid target BETHE

13-12 FERM T [HHHd R
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13.3.2 ZEEERZNER

Question

HE— D IEBEEE nums F1—EHFRIEEEL target , BHRHFTARIRERNA S, HHRASHHITER
T target . HEBATREREHEEE, BN LR BiERE R, EDIIRIERIRENX LA
A, RPN ESEEHE,

HHEET B, ARSI BALNRER S EE LR, XTI TR, B, edien (4,4, 5] FEFRTE
9, MIARBImEERN [4,5],[4,5], HBITEEFE,

EROXMEE RS TR B 2 RIERE . 8 13-13 b, SR =R, HAhm A Ey
4, FENTEENERDX, Nt EE 74, FHE, #2800 4 e EEE 7H,

(4,4,.] [4,4,.]

EETH

13-13 MHETRSBWELE 7H

1. HETREK

M, BATH R TR — P HREORRE — R, KT Sy i THAHR T
9, BIHAHSETCRECRAHMAT, XEWEERAER D, HYUATRSHANTREMES, WkC ek
B, FittEEpd Y aiTR,

SRR, ABRE A TR N REBOESE — K, SEisfE, BATRA] DRI R start Kil 2 IZ20H:
SfHOERE ¢, 5, BE N MR+ 1 IHRAERED . XERRERPRER 754, thabifEgiEsoT
%O

2. fUEEsEHM

// == File: subset_sum_ii.ts =

[* BIESE: FEM IT %/
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function backtrack(

):

F

state: number[],
target: number,
choices: number[],
start: number,
res: number[][]

void {

/| FENHETF target B, iERME

if (target = 0) {
res.push([...statel);
return;

+

/] BEFREIEE

/] BZ: M start FRER, BEREREEFE

// BEif=: M start FiRiER, BREEXEFER—TTE

for (let i = start; i < choices.length; i++) {
/] Btg—. BFEMBY target , NIEZELEREIF
/] XREAEHECHRF, EUTEREAR, FEMN—EEE target
if (target - choices[i] < 0) {

break;
}
// BN NRZTRSEATRESE, REZERIYEE, BiEdhd
if (i > start &% choices[i] == choices[i - 1]) {
continue;
}

// Eil: &R, B3 target, start
state.push(choices[i]);
/] BT

backtrack(state, target - choices[i], choices, i + 1, res);

// ELR: HEEIEE, MEIZENRKS
state.pop(Q);

[* KEBFEM IT */

function subsetSumII(nums: number[], target: number): number[][] {

const state = [1; // K& (F&)

nums.sort((a, b) = a - b); // X nums #HiTHF
const start = 0; // EFGiCHES

const res = [1; // &ERFIFR (FEIIR)
backtrack(state, target, nums, start, res);
return res;

% 13-14 &R T8 [4, 4, 5) MBEFRCR 9 WENERE, LOETIRBIEERIE, B IER S RS
A, BfRRRMERERE, DUARBIEEREZ A TR,
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choices =
target = w_spiE

Q{)

nEm

-0F ;e
| BRERR

& Jo [4,5] EETE

HE=
FRUEE

BE— . e
TR LR
B target

K 13-14 & 11 Bz

13.4 n EGin)#3

ER—%IR%T
%;E’é?&iﬁﬁ*;’;\ 09‘_ (x) 723

Question

RIEE PR RN, 250 USSR —1T, —F— &M%k LR, 8% n MEFRM—1
n x n R/NRIBE, FHERITE 25 Z RIJCEAHE SRR RTT %o

g 13-15 R, Y n = 41, HEADUREIR MR, MEEENAES, nx n KDABEIEE n? MM
¥, A TATERER choices . fERMHER/EHIERES, BEIRSEANRA, SMNZIMEERRZ

IRAS state s

| ) |

L3
€

€
I

| |

13-15 4 2JERIEERI#E

B 13-16 R T AR = DAFGEM: 2ARIEARRER 1T, [, F—RML L, EEERNE, Xt
LRI N ER LR\ RO FaLk / Fifd,
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i
1

TR AABAL BREREA RS
7

EARRES - YK

st —i7 — oo Yoo e &

/
" | , \
N N 7
& - _ f SRS S R VA B
X X X I A /
S - ’
7 o | A
f S &
N
: i 2
X X, ””*7-\*\”W*””
S| e—
| N

FRER—F  FRER—THBEL

K 13-16 n 2JSMERILIHRFEAF

1. ZF{THERER

SEHEEMEERNTEE Y n, BRBEMNESEE—MES: BT AR ariE -4 55,
WYL, BATRTDERBOZITIHE RS : WNB—1TITE, ARTHE 25, BEERE T4,

B 13-17 Aol 4 2R HREBEZITHRED R, ZEERT], & 13-17 (UIT 7B TR HP —MERD L,
H HARFA SN LI AT F IR 77 AT T 3%

w [T W] | ]
HE%E 117 N —— [ [
(&BR) (&B8) (&B8)
W | W W [ ]

REE 2 5 % . F %] W]

’:! v w | LW
el mEnl el i

W . v v !j ¥
BEE & 17 | L (= = =2 | =

W ¥ ] v :

i W W

13-17 IBATHCE RIS

WA EE, BITBCERIGES] ¥ OB e, e 7 R—ATHHZ D RISMFTE RS .
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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.ts =

/* EIREE: n 2iF %/
function backtrack(
row: number,
n: number,
state: string[][],
res: string[1[1[],
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cols: boolean[],
diagsl: boolean[],
diags2: boolean[]

): void {
// EMEEFREITH, iERE
if (row = n) {
res.push(state.map((row) = row.slice()));
return;
}

!/ BHFAEY
for (let col = 0; col < n; col++) {
/] ITBEIZAEF RN E X A LEAR T Lk
const diagl = row - col + n - 1;
const diag2 = row + col;
/] BEif: RAVFZIEFEEY. EXAL%. ANAKLEEEER
if (!cols[col] && !diagsi[diagl] && !diags2[diag2]) {

b

/] Ei: BEEREEZIEF

state[row][col] = 'Q';

cols[col] = diagsli[diagl] = diags2[diag2] = true;

/] BETF—1T

backtrack(row + 1, n, state, res, cols, diagsl, diags2);
/] [ER: Bizt&FImE R

state[row][col] = '#';

cols[col] = diagsl[diagl] = diags2[diag2] = false;

/* Rfig n BfF %/
function nQueens(n: number): string[][1[] {

/] #at nxn RNRIEE, Hep 'Q' ARER, '#' AREM

const
const
const
const
const

state = Array.from({ length: n }, (O = Array(n).fill('#'));
cols = Array(n).fill(false); // BFVIETEER

diagsl = Array(2 * n - 1).fill(false); // BREHNAZXLETEER
diags2 = Array(2 * n - 1).fill(false); // iERANALXLERETEER
res: string[1[1[] = [I;

backtrack(0, n, state, res, cols, diagsl, diags2);
return res;

BITIE n K, HIEFIZIR, MMEFERE T3 n. n— 1,

cn 20 1ANIERE, EA O(n!) N

o MicsRMEnt, FEEHIMER state HIRINE res , EHHRMEMM O(n?) W, Kk, SO A
FO(n!-n?), SR E, IR ALL RN RS RIEM NMER R, Ffi8RACEEER T DL R

B,

B4 state il O(n?) =0, 41 cols. diagsl fil diags2 Esfif] O(n) A, RABITRE R n, F
i O(n) Beizsil, A, SREZRER 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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PJARY

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 SRS SRS,

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

THERIN AR BT, AN R AR
// == File: climbing_stairs_backtrack.ts =

/* [EI8 =/

function backtrack(
choices: number[],
state: number,

n: number,
res: Map<0, any>
): void {
// HIEEIZE n BT, FREKEM 1
if (state = n) res.set(0, res.get(0) + 1);

/] BHEEERE
for (const choice of choices) {
/] Bt AARVEEEE n M
if (state + choice > n) continue;
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/] Zi: MEEE, FRES
backtrack(choices, state + choice, n, res);
// [Eh&
b
}

/% JetEts: B </

function climbingStairsBacktrack(n: number): number {
const choices = [1, 2]; // Ah&FELEME 1 Mgk 2 B
const state = 0; // MEZE 0 MFFaNe
const res = new Map();
res.set(0, 0); // B res[0] BRHEHE
backtrack(choices, state, n, res);
return res.get(0);

14.1.1 Fix—: BHiEE
[ 8 A B HOS [RIBUHAT IR R, K KRR G E— RV TR, did I sss:, R
AT REFIE

FRATTAT A1 P 7 73 A £ FE AT X B R, IRTEESE o I3k dpli] M5, B4 dpli] sU2 IR, H
5[l A -

dpli — 1],dp[i — 2], ..., dp|2], dp[1]

TR HEE R 1 ek 2 B, RIS @ Bkl i, bR aTRESGTESE ¢ — 1 BekEs ¢ — 2 F
b BANEDL, BRATHAEMEE @ — 1 BT ¢ — 2 BNIERIE ¢ B

A A A — N E TS TERIE ¢ — 1 B REUM LIS ¢ — 2 By REBORS TR ¢ B sy
28, AW

dpli] = dpli — 1] + dp[i — 2]

XERE LRSI, A0 F R FIFEAEEMER R, PSR B ¥ RS RA R, 1] 14-2
JeoR TIZIBHER R
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dp[5] =dp[3] +dp[4] =8

dpl4] =5

dp[3]=3

|

EEM# n = 1 2 3 4 5 6
HEE dpln] = 1 2 3 5 8 13

B 14-2 TG REBEBHERR

Tl 1T AR A R AFE R IR R, DA dpln] JAas, HEIAHE— Ao BB N B il
BRI, EEFAE/N TS dp(1] W dp[2) B, Hr, BN TRENRECHN, 0 dpl] = 1.
dp[2] = 2, FFRMEE 1. 2MHFE 1. 2 MTE,

WIEZDA RS, EFIFRHERIAS AT E IR R, (EE &S :
// == File: climbing_stairs_dfs.ts =

/* R %/
function dfs(i: number): number {
// B%1 dp[1] # dpl[2] , REZ
if (i =1 || i = 2) return i;
// dp[il = dp[i-1] + dp[i-2]
const count = dfs(i - 1) + dfs(i - 2);
return count;

I
[* TetktE: 18R «/

function climbingStairsDFS(n: number): number {
return dfs(n);

}

& 14-3 JBR T R RTEAHNEAN . S TR dp[n], HEBAMERER n, BRERIERERN O2"), 1§
BE TR K, MREMMA - DHERE n, WXFEABRKEFRFZH,
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dp[9]

dMé] dp[71]

dp[7] dp[6] dpl6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[&] dp[4] dp[3]

EREMBNEINEFEARER FiRl™
SHEEEREREEM 0(2")

1 14-3 TERERSX RO
WUEEE 14-3 | SESORII R At i “HA TR SEAN, Bl dp[9] ¥ dp[8) F1 dp[7], dpls]
WA dp[7) 71 dpl6], WEEEE TG dp[7] .

DA, FRIEFAEESENIES 7R, FFIMMES R, B0 HE SIS EIX B+
Al L

14.1.2 AiE=: idlziigs
N TIRFFEENCR, BN ENES T RSNk, itk BATEH— 5 nem SRICREA
FIARRRIR, A EEE RS S T AR,

1 YRS dpli] I, TATHICTEE nen[1], DA S,
0. MERFEEI dpli] B, FTHERTEHEM mem[i] PARHRGSE, MR 5 1% T,
FRABI AR
// == File: climbing_stairs_dfs_mem.ts =
/* BIZHER */

function dfs(i: number, mem: number[]): number {
// B dp[1] # dpl[2] , REZ

if (i= 11| 1i = 2) return i;
/] BEEFEIER dpli] , WEEREZ
if (mem[i] !'= -1) return mem[i];

// dp[i]l = dp[i-1] + dp[i-2]

const count = dfs(i - 1, mem) + dfs(i - 2, mem);
// iBR dpl[il

mem[i] = count;

return count;

¥
[* Tetktg: BIZWIER «/
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function climbingStairsDFSMem(n: number): number {
// mem[i] ERMEHE i MHPAFREE, -1 KRLIER
const mem = new Array(n + 1).fill(-1);
return dfs(n, mem);

WIERIE 14-4 , SidfC b BlG, i i v g RS THE R, BREMERILE O(n), XE2—1E
KHT KEK,

N
"9 nEizR,  go>
EED

,///\\\\ RIZE TS EIEERER 0(n)

ERFBES FRARBHRITE—R

B 14-4 L2 RN R A

14.1.3 F3E=: &R

IR — Rl “ATRENR” 755 FOTWRERRD (RAT D JTaR, IR BT R o B
M, EERCHMRNFRE (MR, )5, Ed Rz EE 1 R, A5 s

2R, shBMRRE R “IVEZET” 19755 Mo T IRERIEITE, SRR E T FENE, B
EXCSEAESilES) 7

BTSN SRS, FIERTBEREIMENASEI, TAEEH, £ MEH, JAT9Et—
NG dp RAFIE T RERIAR, EREE] TS ICICRR P mem FHRIATIC SRR :

// == File: climbing_stairs_dp.ts =

/% etEts: shSHR +/
function climbingStairsDP(n: number): number {
if (n = 1 || n = 2) return n;
[/ Wtk dp *x/, BFEETRIBAVEE
const dp = new Array(n + 1).fill(-1);
/] MERE: Fugs/ N FlalBavig
dpl[1] = 1;
dpl[2] = 2;
[l REEE: NB/NFIBER D KR A TR

for (let 1 = 3; i <= n; i++) {
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dp[i] = dp[i - 11 + dp[i - 2];
}
return dpl[n];

}

& 14-5 FH0L T DA AR R TIE R,

i N e N “ e N S
7 o~ 7~

MeaRA:
dp[1] = 1, dp[2] = 2

KEFBAHE:
dp[n] = dp[n-1] + dp[n-2]

MABEIREFF S, #ITIRERTE, IEEIRRESRELE

B 14-5 TeHRRRISN SIS R
SEHEE R, SIS RE” SR IIRAREORERREERT B, B IR B — > A A
NN R LR, Blan, TERERRIRIE AR E SO S R FERERERNT L 7 o
IRIELA N, BATTRT PUR S HsaSMUIB H R,

- AR dp Bk dp &, dp[i] FoTARA i M LT IR
- RN RAORA (55 1 RIS 2 Hrhs) FOviamas,
- AR dpli] = dpli — 1] + dpli — 2] BRIRSHB AR,

14.1.4 =iEfitk

OB RTRERIL T, WTF dpli]| RS dpli — 1] i dpli — 2] 5%, KA — 484 dp kA7
P ¥R, RSN R RSATHEETA], AR R RR

// == File: climbing_stairs_dp.ts =

[* Tekts: =RIMAEHITISHL «/

function climbingStairsDPComp(n: number): number {

if (n =1 || n = 2) return n;
let a = 1,
b = 2;

for (let 1 = 3; i <= n; i++) {
const tmp = b;

b =a + b;
a = tmp;

¥

return b;
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WA AR, BITEETHA dp AR, BHRSEEREM O(n) BE O(1) .

FERNASHURIFE S, HEPIRSEEN S A A R MRS A K, NN DR RELEAINE, Wil “FR”
KT ENE ], XA R BII RN R R” o R,

14.2 EhaSHELRY il

26 s Pl SR 2 3 W= > I P/ lp 3 N Cip i b R L= 227 19 72 T i S P Ul i 175y 2 i b
AUSRRRERS, 1EMG. ShASHXI [l A E SR .,

- AR AHRE R o2 O 22 MR B R 7 AN, E RN TR, AR RS Y
iR, BRZAFENR A
- BIESHIHEA RREATIE VA 2 g, B5 AR EZEXANR, ShASMRIARE - REURAH BRI, 1E
SRR S IV 2 B T A,
- [EEIRAE 2 DR 55 25 AT A RTRERTRE, FFIEIE BIEGE e N E AR 3, R MR — &
FIRFTBRRI RN, BATA] DORH - NR RSP B Z AT FR B A — D T Al
Kk b, SIS AACRERILRE, e MESEETWE, MEERINRRHE: RIETEHHE, T
JERIES

14.2.1 RIAFEN

AT TERERS I RS Rk, (2 B INE & B R P A5,
eRERE B MR
RE—ERS, IR FILE 1 e 21, S —Bsks LR E — DN IR, RRIEIZE M
A B, A — N IETUSBOE cost , Hr cost[i] FRIES « N BN TEER HERAM,
cost[0] MHIE GERIAE), EIHERDFEENHZ/ DR A BEBNATIER?

K 14-6 FoR, A% 10 20 3R 25008 10 100 1, WIAETERIZE 3 Wi MU 2,

....

M n = 0 1 2 3
K cost[n] = 0 1 10 1

TeLsE 3 Miipds 3 MAEE:
0513253 , 05233 , 0513
Her 05123 KNS, RIMNA 2
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14-6 EHIZE 3 Frivi/ MUY

W dp[i] AIEEISE § B HIRG, BFS RN i — 1 Bek i — 2 Bk, Rt dpli] RATaE:
F dpli — 1] + cost[i] 8 dpli — 2] + cost[i] « BT RATRERD LA, Tl IRIZEREFE P MIHE—

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

IXEERTPAS | R LT A& S Tt ) 5 (AR D\ B B D AR S AR

AR BARBAGRMTFEN: FAINNADF R dpli — 1) F1 dp[i — 2] kBRI —1, I
EAE R IR dp|i] FIEsALR,

Mz, E—TRITErERsE H A A RO T4a0e? Er NSRS 280, B0 — N, HinR
—RhEE: ORBRATTREE", BOTRINELI, SRS BBSRIERE0N, R raiizBitR
T B MEARGTEREEFTE n — LHAE n — 2 MR REE M, AR, &IEFEanfeeriX
FERRRTE, EARREA SRR S

RIS HE TR, DARWIEIRTS dp[l] = cost[1] f1 dp[2] = cost[2], FAIHEAT AR EIZhASHLRIRAS
// == File: min_cost_climbing_stairs_dp.ts =

/* eERpsRIMEMN: shSHEI *+/
function minCostClimbingStairsDP(cost: Array<number>): number {
const n = cost.length - 1;
if(h=11|l n=2) {
return cost[n];
+
/] el dp R, BFEMEFRERIAE
const dp = new Array(n + 1);
/] AR Fugs/ NFirlRAYfE
dp[1] = cost[1];
dp[2] = cost[2];
[l RKEEE: MNBR/NFRBZR D KRR A TR
for (let i = 3; i <= n; i++) {
dp[i] = Math.min(dp[i - 1], dp[i - 2]) + cost[i];
¥

return dp[n];

B 14-7 o 1 DA LI REh SR,
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cost[1] cost[3] cost[5] cost[7] cost[9]
min + min + min + min +
dp[8]
min + min + min +

cost[2] cost[4] cost[6] cost[8]
aR#E:
dp[1] = cost[1] , dp[2] = cost[2]
RERBHE:

dp[i] = min(dp[i-1], dp[i-2]) + cost[i]

B 14-7  eHERR R/ MU ISR R

AT DTS, #— AT, AN O(n) K2 O(1)
// == File: min_cost_climbing_stairs_dp.ts =

/* E¥BERNMN: TERCERIEIEME */
function minCostClimbingStairsDPComp(cost: Array<number>): number {
const n = cost.length - 1;
if(h=11l n=2) {
return cost[n];
b
let a = cost[1],
b = cost[2];
for (let 1 = 3; i <= n; i++) {
const tmp = b;

b = Math.min(a, tmp) + cost[il;
a = tmp;

b

return b;

14.2.2 TRME
TJER R B ASHRIRENS B R R B 2R 2 —, HE XN B —IHeEfiRE, efmRkEER
YRS A R, mSdRantimaiREsix,

DATCREER RN B, ki e, ERERHINE ¢ + TRRES 1 + 2, 25 Rigk 1 gk 2 25, 1t
IXRNERERS, AT EIRES « ZATHPIRE, BRS¢ FIARREA R,

SR, AR BATILA MEREAS AN — N TR, BOUA—FE T

LI RTCRE RS
BE—NAE n HERE, IR ATDAL 1 Fireld 2 B, [HABEESMERRE 1 B, A 2/ DRy %
A DATEZIRETI?
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GniE 14-8 fw, ME_E5 3 R 2 Mml {77558, HAES: =Bk 1 iY77 BRI REN, RIS,

HRTFFeEES R 1 M,
ELtAE 0515293 WEF —

BEHM®% n= o 1 2 3 4 5 6

eEsE 3 MiEEE 2 5
=:

95253, 05153

14-8 HLIRNEEIE 3 [y i

R, AR LR L B R, AR R R 2 B, XERE, TSR R
& CHRFTERSINED BYsE, JERN—AMRE (h—SRiteRbibs0 A%,
RAER B, e O R T e, AR 7R dpli] = dpli — 1] + dpli — 2] WAEKT, BN
dpli — 1] FRAARREE 1B, EEFESTES “ ERBE LW LR %, TN THELH, B
HEX dpli — 1) ErBEHA dpli] .
e, MVEEY AT L KA [i, 5] ForAE | OREL LBk T B, Hebj e {1,2) ., ks
FSTRHIX S T Bk T 1 R 2 B, SRl TR LI 4 DR A 2 M A,

MR T 1IN, b SRR 2 B, B dpli, 1] RAEM dpli — 1, 2] BRI K,

C M R T 2 N, b bRk 1 ERBE 2 B, B dpli, 2] WTRAM dpli — 2, 1] 8 dpli — 2, 2]

K,

WIFE 14-9 R, FEE X, dpli, j] Fmihas [i, ] MOS8 BN ASEERS /AN

dpli, 1] = dp[i — 1, 2]
dpli, 2] = dpli — 2,1] + dp[i — 2, 2]
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THEEESLMACRE 1 MY
ElZTwHEE

dp[i-1,1]

dp[i,1] dpli,2]

dp[i-1,2]
dp[i-2,1]

dp[i-2,2]

K 14-9 HELH MHNEHERR

e, JEE dpln, 1] + dpln, 2] BIAT, W2 RRRIEEIE n i R
// == File: climbing_stairs_constraint_dp.ts =

[* HERCHERS: shSME */
function climbingStairsConstraintDP(n: number): number {
if (h=11l n=2) {
return 1;

}

/] #ia dp R, AFFEFIRBRAE

const dp = Array.from({ length: n + 1 }, () = new Array(3));
/] MEIRES: g s\ FiRlEAYAR

dp[1][1] = 1;
dp[1][2] = ©;
dp[2][1] = ©;
dpl2][2] = 1;

/] REEE: MNBR/NFRRZ D KRR A F a3
for (let i = 3; 1 <= n; i++) {
dp[il[1] dpli - 11[2];
dp[i][2] dpl[i - 21[1] + dp[i - 2]1[2];

¥
return dp[n][1] + dp[nl[2];

£ RHARGT, BT NHEZHEAE NI, BB DOsE i RIRSE X, (15 B i 2
TRt R, FERBAAIREERN AR,

TERERA-5 BRERT/E R

B DIAE n TROREES, (REPATDAE 1 BE#E 2 [, A SR « Bk, REEEHNSIIER 21
Fir L LRERY, )G PiA SRR SR VrRkEISE 24 B b BN, ATPERAIBREN T 20 3k, W
JEARERREIES 4. 6 [ Lo EFE 2/ DRh75 50T DUTRZIRETH?

FERXA A, T IRBRERRIUS RATE RIRE, BN E—RBRERE = A S s IRTES R E RS, FFRNAR
AIBkER, X TIXZERIE, SASHRIAEEAE DA,

Kk b, F2ERNHSMARE (BIEIRITREFED e Et. M xR, HANEE EEE
FIEAMTTIE, BlanE AR, BEER, st I, AER BRI R 1S 2 a] AR R iR (LR
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14.3 mhEMRIAES B

EWTIAE TSNS FERY EEARFE, 5 TR RTINS A AR,

L. Gl — Al EUR A 2 8 SRR Al ?
2. RIESEMKNPEIZMATEAT, BSR4

14.3.1 [aIREFIET

BEPRS, RN MEEESES T WE, RIETEH, HRETERNE, B eidiIEs HaismRIRE,
SRIM,  FRATARE A TR REA F B SR X e, (R FRAT T SIBE 60, SR )i 7508 5 T )
W (%) Mok,

TGS PR DL D BUE F . “OGRHBRY” | SX M) ETA] DA AT S5 ARk HiA, o — 1 R
— PR, B RERAE DRI,

HAgTEL, ARSI RS, I B REE — RINRET AR, AR BRI e R, 8
AT DAGE A (1R AR R

FEMECEA B, SR RENE A — 22 NI,

- MEEERK (M) 8 () FRitbmbit,
- IERIRSEER R — IR, YRR SRR, I H— DRSS HABRINSFEISHER R,

MR, AFfE—L “RRoTI,

- IR EARZ AT E Al RERIARR TR, T E R R LR,
- ERA A EIHPH S RIRHE, &EREIEARIZ DT,

QIR — IR R SRR, FEEAARONIER “maut”, FAIHA] DURIR B R — P EhSIKIRE, FF1E
R EHRIEE,

14.3.2 [RIERBSE
SNSRI B R AR 2 DR (R R A R A FE TS PR, (EIE R EIE DA TR iR RsR, & SURE, &7
dp &, HEFIREEBTE, WEBRENE,
NT BB B RS, BAMEH— MR “ e NgER™ k2,
Question
HE—Dn x m N _4EME grid , MASTRIEDNRITTEEE— DN EREEE, FORIZEATEIRT,

Plas NDAZE Ef BoTheonidin e, BIRIARER ReRE ARSI —8, BEEENEG Mg, 1HRE
MEE EAEIE N AR N AR,

B 14-10 fon 17—, 28 MRS R IR/ NS AR RIN 13 6
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1 5

- K
o -
-
435“

220

B/NBEEAIA 13
WHREFEAN 1925253325152

B 14-10 e/ NEERURBIESE

B BHERRIYSR, @SOS, Wmifdal dp %

AR — R AR AR A Y RITAR 1 R E — 8, YR FRIITHIRS N [4, 5], WA FekmfG E
—HhE, RIIEN [P+ 1,518 [, 5+ 1] Fik, REMEEATRIIFMIIRGINDNER, 120 [7,7] .

A 1, J] MROTFIER: W [0, 0] #35 [4, 5] KNSR, W8 dpli, 7] -
e, BATHEETHE 14-11 FoRi0 4 dp 560, HR SRR grid R,

j j+1
1 3 1 5 dple,0] dp[e,1] dp[0,2] dplo,3]
i 2 2 5 2 dpl1,0] dpl[1,1] dpl[1,2] dpl1,3]
i+1 5 3I_: 1 dpl2,0] dpl[2,1] dpl[2,2] dpl2,3]
4 3 5 2 dp[3,0] dpl[3,1]1 dpl[3,2] dpl3,3]
grid dp &
SRRE. AAAATEHE Fing: MEEREI[L, j] NsEE
REEX: 175IF5] [4, ] dp ®&: RF5 grid HHREIERE

K 14-11 KESENS dp &
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Note

BNASHURIFN B AR AT DAREIR R —DNRSR A, MRS H A JURZE B, BN Y & IR MR
ERfALRE, HESTEBNGEE, BEARESH F—MRE,

BRSNS L —DF R, FATSE = dp ZREMIE TR, RSN AR
& dp B —DEE, NATTEER, dp RBRSH T RIBR R 8,

B R AT, S IR R

FTIRES [i, 5], BRI [ — 1, 5] BT [i,j — 1] Mk, EHREIE e h: 5k
[i, ] BB NES R 1, § — 1) BB NIRRT [i — 1, j] BB AN RIS MR — N,

WRHE LA E oA, RIHEHIE 14-12 FroRppRESE R 7T 1

dpli, j] = min(dpli — 1, ], dp[i, 5 — 1]) + grid]i, j]

1 3 1 5 dple,0] dpl[o,1] dp[o,2] dple,3]
2 2 4 I 2 dp[1,0] dpl[1,1] dp[1,2] dp[1,3]
5 3 2 1 dp[2,0] dp[2,1] dp[2,2] dp[2,3]
— —>
4 3 5 2 dp[3,0] dp[3,1] dp[3,2] dpl3,3]
grid dp &
RARBEE:

dp[i, j] =min(dp[i-1, j1, dp[i, j-11) + grid[i, j]

K 14-12 ®IETERSIREHZ TR

Note

FRYETE A dp 22, BE RS 78S R,  HHIE I [ B U RA 38 i (0] @ ) B (LA
7%, BRI FE4,

—HRAHRE TR TE54, sal DA e RIS R T,

B WA RIS

ARG, AAEETRARES RREMNHAIRIESER, AEEVIFIERGEMNE_ BIBRIRSRR, BILETT
i = 0 MEF j = 0 BIAFEM,

i 14-13 FoR, BTSRRI TR LTS AR, R B I R EEA R e R, SMIE
NI4T, PEINET 551
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dple,e] dpl[e,1] dp[e,2] dpl[e,3] dp[e,e] dp[e,1] dpl[e,2] dple,3]
o— *—> o—5> — —

AT T

dp[1,0] dp[1,1] dp[1,2] dpl[1,3] dp[1,0] dp[1,1] dp[1,2] dp[1,3]
L - e

R R e

dp[2,0] dpl[2,1] dp[2,2] dpl[2,3] dp[2,0] dp[2,1] dpl[2,2] dp[2,3]
— o> o=

AT T

dp[3,0] dpl[3,1] dpl3,2]1 dpl3,3] dp[3,0] dp[3,1] dpl[3,2] dpl3,3]
—d —d —
AREG: MRLEITEY RERBIAF: EFELER

14-13 35 SIS

Note

DR EAERNSHXIF T RtE dp %, EEE TR,

RESEB N B2 08 BARUEAE T8 2 B (A R ARRS, P AR ) B8 /N (R  Y) fBT E 42 ¢ (R
R,

WRIE AL, BAIC & AERS Hah SRR, FR10 A1 73 e — TR A EAR, I Z AR
“BIER — LR — SR B SEELE NG & B 4E S,

1. Fit—: BhER

MIRZS [0, j] FFORI8R, W ENGIRES [0 — 1, ] F1 [4, 5 — 1), BIIREBEE AR ER,

COBASE: A D]

- RIEME: M [0, 0] 3[4, 5] BB MR dpli, 7] .

CBIESME: 0= 0 Hj = 0K, &EH grid[0, 0],

MR W< ORERj < 0 RSB, HEHRERE +oo, RFEFAIT,

SEEES AN R :
// = File: min_path_sum.ts =

/* BR/NEREF: BIHER «/
function minPathSumDFS (
grid: Array<Array<number>>,
i: number,
j: number
): number {
/] BERELARTE, WEHEER
if (i=08&j = 0) {
return grid[0]1[0];
7
[/ BRI, WRE +o KM
if <0 Il j<o)Aq
return Infinity;

F
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[/ tEMELERAE (i-1, j) M (1, j-1) BNsDEBRERAN
const up = minPathSumDFS(grid, i - 1, j);

const left = minPathSumDFS(grid, i, j - 1);

/] REIMNEEAE (1, j) BHmR/NEBEAH

return Math.min(left, up) + grid[i]l[j];

& 14-14 25 7 P dp[2, 1] AR @Ry, Hif S —EEE M, HEE S MR grid RR
AR EEIE 2

MAJR LB, JERES T FBIEED : 152 5K DN LA BEEE — ook,

dp[2,1]

£—51

Bkt R5[ER

dpl1,1] dp[2,0]

dP[apll dp[1,0] dP[loﬂ

0/ 9. 9,
o LN LN

dpl0,1] dpl0,2] dple,3

: : : EEFIERE:
do % dp[1,0] dp[1,1] dpl[1,2] dpl1,3] dp[i+1, j1 # dpl[i, j+1]1 & dpli, j]
. dp[2,0] dp[2,1] dp[2,2] dp[2,3]
dp[3,e] dp[3,1] dp[3,2] dpl3,3]

14-14 SRR

BARESEA T PEAMAERE, WEEAESG TARKTEE m +n — 28, FrbiRENRIEREN
O(2™+™) , Hrfvn #1m 3B AR BITTEAFIEL, 1B, X7 2UORS BIME ML AT D, 4
ENARIAIL S RN —RsE, RIS E a5,

2. FiEZ: iDiZiER

BATBIA—FIWIAE grid MER STHIIEIZE03R mem , A FIERESN TR, HEES FREHTE
5

// == File: min_path_sum.ts =

/% BNERFEAN: IBIZWIER +/

function minPathSumDFSMem(
grid: Array<Array<number>>,
mem: Array<Array<number>>,
i: number,
j: number

): number {
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[/l BRELARTE, WELEER

if (i =068&3j = 0) {
return grid[0][0];

+

[/ BITHEEIER, MRE] +o i

if A <0 [l §<0){
return Infinity;

}

// BEEBIER, NEZEKR[G

if (mem[i][j] !'= -1) {
return mem[il[j];

+

/] A AR TR SRR FRAMN

const up = minPathSumDFSMem(grid, mem, i - 1, j);
const left = minPathSumDFSMem(grid, mem, i, j - 1);
/] BRFREELEAR (1, j) BSRDERAELN

mem[i][j] = Math.min(left, up) + grid[il[j];

return mem[i][j];

GnE 14-15 fow, fESIAICIZEG, FTA FREAER TR, BN RS 2R TR R, BIM
RS O(nm) o

o BFiER dpl2,0] Wi WslER

e ~. 9
X 12,

& 14-15 iCZLEERIE TR

3. BiE=. whEAR
B TR SRR, A RATR:

// == File: min_path_sum.ts =

[* ER/NERIEFN: THESHIR */
function minPathSumDP(grid: Array<Array<number>>): number {
const n = grid.length,
m = grid[0].length;
/l %tk dp iR
const dp = Array.from({ length: n}, O =
Array.from({ length: m }, () = 0)
DF
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dp[0][6] = grid[0][0];
/] REE%:. 817
for (let j = 1; j < m; j++) {
, dp[01[3]1 = dpl[O1[]j - 11 + grid[B1[]];
[l REE%: &Y
for (let 1 = 1; i < n; i++) {
dp[il[e] = dp[i - 1]1[6] + grid[il[0O];

+
/] REEE: HRTH5)
for (let 1 = 1; i < n; i++) {
for (let j: number = 1; j < m; j++) {

dp[il[j] = Math.min(dp[il[j - 21, dpl[i - 11[31) + grid[il[j];

¥
b
return dpln - 11[m - 11;

[ 14-16 &R T B NE R RIROIRSHR ISR, Hiel 78BN M, FENmERER O(nm) .

HeEH dp KNV n o x m, FIBRERER O(nm) .

1 B] il 5 [} ] 0 o 1
2 2 4 2 0 o 0 0 2
5 5] 2 1 0 o 0 ) 5}
4 3 5] 2 o o 0 o 4

grid dp &

etk dp &
Step 1 Step 2

1 5 1 5 1 4 5 10 1
2 2 4 2 3e>5 0 o 2
5 3 2 1 8 o 0 o 3
&4 B] 5 2 12 o 0 o &4

grid dp ®

RERA
dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j]
Step 3 Step 4

1 3 i 5 i 4 5 10 i
2 2 4 2 B] 5 911 2
5 B] 2 1 8 o 0 o 5
&4 3 5| 2 12 o 0 0 4

grid dp &

RERE

dpli, j1 =min(dpli-1, 51, dpli, j-11) + grid[i, j1
Step 5 Step 6

3 1 5 1 4 5
2 4 2 3 ) o
3] 2 1 8 0 o
3 5 2 12 o 0
grid dp &

PakETT dple, j1=dplo, j-11 + grid[i, jl
MIAED) dpli, 0] = dpli-1, 01 + gridli, j1

8 1 5 1 4 5

2 4 2 3 5 &> !

9 2 i 8 o o

B 5] 2 12 o o

grid dp ®
REFAS

dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1

B 1 5 1 4 5

2 4 2 3 5 9

3 2 1 8 > i o

8 5 2 12 0 o

grid dp &
K&

dpli, j1=min(dp[i-1, j1, dp[i, j-11) + grid[i, j]

10
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1 3 1 5 1 4 5 10 1 3 1 5 1 4 5 10
2 2 4 2 3 5 9 11 2 2 4 2 3 5 9 11
5 3 2 1 8 ge>10 0 5 3 2 1 8 8 0e—>11
4 3 5 2 12 0 0 0 4 3 5 2 12 0 0 0
grid dp & grid dp &
RERA RERH
dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j] dpli, j1=min(dpli-1, j1, dp[i, j-11) + grid[i, j1
Step 7 Step 8
1 3 1 5 1 4 5 10 1 3 1 5 1 4 5 10
2 2 4 2 3 5 9 11 2 2 4 2 3 5 9 11
5 3 2 1 8 8 10 11 5 3 2 1 8 8 10 11
&4 3 5 2 12e>11 0 0 4 3 5 2 12 11e>15 0
grid dp & grid dp &
RERE K&
dpli, 31 =min(dpli-1, j1, dpli, j-11) + grid[i, j1 dpli, j1=min(dp[i-1, j1, dp[i, j-11) + grid[i, j1
Step 9 Step 10
1 3 1 5 1 4 5 10 1 3 1 5 1 4 5 10
2 2 4 2 3 5 9 1 2 2 4 2 3 5 9 11
5 3 2 1 8 8 10 11 5 3 2 1 8 8 10 11
4 3 5 2 12 11 1513 4 3 5 2 12 11 15 13
grid dp ® grid dp ®
RERH
dpl, 51 = min(dpli-1, 31, dpli, j-11) + gridli, 31 BERNEENR 13
Step 11 Step 12

[ 14-16 /NS EMEEIESMXIE R

4, =Efkit

MR METREEEILDN EIDHRE AR, RIEHATAT AR — P R TBEDREE dp .
THIER, BIVEE dp RREFIR—1TRUIRAS, P ABAITCIRIRATOAA L B HIIRAS, TR B T e

// == File: min_path_sum.ts =

/* E/NEER: FERENEIESIK] */
function minPathSumDPComp(grid: Array<Array<number>>): number {
const n = grid.length,
m = grid[0].length;
// #8atE dp &
const dp = new Array(m);
[l REER%: 817
dp[0] = grid[e][0];
for (let j =1; 3 <m; j++) {
dpl[3] = dp[j - 11 + grid[0][j];
}
[l REE%: HRT

for (let 1 = 1; 1 < n; i++) {
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[l RKEE%: B
dp[0] = dp[0] + grid[i][0];
/] KEE%: HRY
for (let j = 1; j < m; j++) {
dp[j]l = Math.min(dp[j - 11, dp[3i1) + grid[il[3j];
+
+
return dplm - 1];

}

14.4 0-1 58in)A

BHRAEZE - NMEETNSHIXIAITEE, 2SN EE W R8T, EEARZZER/M, Fla0-1
HHmE, weEhm@E, ZEE RS,
e, FATSeRR g WA 0-1 15 AR,

Question

BE n NI, B ANYIRERSN wgti — 1], HER valli — 1], M—DEEHN cap M,
AN R RRIERE— IR, TERRE 1 A B N REAY SRR AN E,

MERE 14-17 , TGRS 0 N 1R, BEHRSIM 0 FFEaTHEL, RIS o X E R wgt[i — 1] Al
B valli — 1] o

RS BE e

i wgt[i-1] vall[i-1] HTagsE
1 10 50 ‘ cap = 50
2 20 120 P~

3 30 150 s u
4 40 210 ¥

5 50 240 7

wmAME: 270

BIEAR: B . B HAEE
#HER 50 HASE

K 14-17 0-1 S ERREIESE

FATATLLKE 0-1 B RFIEEE— D n RRRAMANIRE, XN TEHEMRERE TBARIRAMFRSE, Kt
T2 [ i i RS AL

R B bRk “FERRE H BA R TR MR RINME”, RIHECRMERZE — sl .
BB BERRIPUR, &SRS, Mt dp #
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NTEMKE, FTRAEE, SUARENE;, BAEE, BEERER/N, BHrSRESE S S
G i SRR c, WH i, .
R (4, ] NRRIFREA: /i ¢ AMSES RN ¢ B EP sk G, 19 dpli, c] .
KRR dp[n, cap] , BIRFE—DPRIHA (n+1) X (cap + 1) B4k dp K,
B R A, S IR R
LA ML « FOUSRIG, FIRRZRT ¢ — 1 MR, B4 AR AR,
© RN BRAEARE, RSN [i—1,c.
AN HEAERD wgt[l — 1], WEEMvalli — 1), KEEBEN [i — 1, c —wgt[i —1]] -

R ABA TSR T AR FEEHE . BRHHE dp|i, c] FT BN ¢ FURAPS, © Bif5 R i
{E SRR —A,  HI RS SRR T

dpli, c] = max(dp[i — 1,¢|,dpli — 1, ¢ — wgt[i — 1]] + val[i — 1))

FEEENE, BYimER wyt[i — 1] BERREOAR ¢, WHBERERBAL .
B WA ARIFRRE LRI
LI AR O NEKNMER 0, BIES] dpli, 0] FE1T dplo, c] #%F 0,

SRS [4, €] M EATIIIRAS [i — 1, ] Fide EARIRES [ — 1, ¢ — watli — 1)] $6R6TK, BUHIEEH R0
FRIEREB A dp ZHIAT,

IRHECAE A, TR SR LB RN ER, QIR SIS,

1. AiE—: 8HiEFHE

ERAMESUTER,

- RABE KA [ ],

I TR dpli, o] -

- BIRAIE: RS i = 0 I ERAAEN 0 B, KIEBAFEEENME O .
BB FRMNTRE RS ORAA R, AR .

// = File: knapsack.ts =

/* 0-1 8. BHER +/
function knapsackDFS(
wgt: Array<number>,
val: Array<number>,
i: number,
c: number
): number {
/| BEETEYSEEBLEHREE, MREMNE 0
if (1 =
return 0;

¥
/| EBEIEERE, WREEEFBRAE
if (wgt[i - 11 > ¢) {
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return knapsackDFS(wgt, val, i - 1, c);

+

/] FERBNBNYS 1 BN&RANE

const no = knapsackDFS(wgt, val, i - 1, ¢);

const yes = knapsackDFS(wgt, val, i - 1, ¢ - wgt[i - 1]) + val[i - 1];
// REIFEFHSGRANEEABIB—

return Math.max(no, yes);

niE 14-18 Fiw, TG S A RIERNEP RIS R, BRI REEZRER O(27) .

WGBTS, A RIMHPFERES RS, FlIdp[l, 10] 5, mNYaKe, SEARKK, THEHA
HENYRRZN, HE T NSRRI AEEZ,

MREs YaBE
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 HERIEIIN

2. BFEZ: itiziigxk

A TRIEES FRE R g5 —k, BAMEBICIZY5R mem SRICE TR AR, Hb mem[il[c] XM
dpli,c] .

SINEIZ Lz G, WREZERRT FREEE, HHtzE O(n X cap) o SEUREGUIR:
// = File: knapsack.ts =

/* 0-1 B BIZHIER «/
function knapsackDFSMem(
wgt: Array<number>,
val: Array<number>,
mem: Array<Array<number>>,
i: number,
c: number
): number {
/| EEEEFEYRREEERREE, WREMNE 0
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if (i=0 || c = 0) {
return 0;

b

// BEBIER, NEZEKR[G

if (mem[i][c] !'= -1) {

return mem[il[c];
+
/| EBRIEERE, WREEEFHAEE
if (wgt[i - 1] > ¢) {
return knapsackDFSMem(wgt, val, mem, i - 1, c);
+
/] HEFRBNFBANYG 1 WRANE
const no = knapsackDFSMem(wgt, val, mem, i - 1, c);
const yes =
knapsackDFSMem(wgt, val, mem, i - 1, ¢ - wgt[i - 1]) + val[i - 1];
/] BRFHREIFEHHERPNEERIB—
mem[il[c] = Math.max(no, yes);
return mem[i]l[c];

] 14-19 JoR T EICICAR R AP BT HRRTIER R 0 3

YREE HaEE
dp[3,30]

EEHRANIS 3

B RERRR dp[2,10] ik YRBEE > Ha5E

= of "o,\%‘ ETHANE 2

dpl[1,10]

= REBNIR 1
o = *
YRES i 1 2 3 YHEEE cap = 30
YEESE wst[i] 10 20 20
sfE valli] 60 110 120

K 14-19 0-1 B RMAEATICIZA R

3. HiE=: oMK

AN SE B ERLR RSB HER dp RS, RBUNATR:
// == File: knapsack.ts =

/x 0-1 B SR */

function knapsackDP(
wgt: Array<number>,
val: Array<number>,
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cap: number
): number {
const n = wgt.length;
/] ¥iak dp R
const dp = Array.from({ length: n + 1 }, () =
Array.from({ length: cap + 1 }, () = 0)
DF

/] WREHE%
for (let i = 1; i <= n; i++) {
for (let ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ¢) {
/] ERIEERE, WREYmE 1
dp[illc] = dp[i - 11[c];
} else {
/] REMEYm 1 XIS RENERAE
dp[illc] = Math.max(
dp[i - 11[cl,
dpl[i - 11[c - wgt[i - 1]] + val[i - 1]
)k

}

}
return dp[n]lcapl;

U] 14-20 FFoR, IV A RIas i L 2R A R dp A/NBE, BT O(n x cap) -

- - [ ] llll - - ] ll"
EE wgt i{E val el 1 2 3 A EE wgt i val e e 1 2 3 4
wgt[i-1] val[i-1] 0 [) ) [} 0 0 wgt[i-1] valli-1] [} 0 [) ) 0 [}
B —— e +55 1
1 5 [} 1 [) 1 5 () 1 0 5
2 11 ¥ 2 [) 2 11 ¥ 2 [}
3 15 (O 3 0 3 15 @ 3 )

RER
YRBE n=3 EEERE cap = 4 B:
dpli, c] = max( dp[i - 1, c] , dpli - 1, c - wgt[i-1]] + val[i-1] )
MEURTA (n+1) x (cap+1) B9 dp 4EFE

Step 1 Step 2
o - - [ ] “ - = ] n
EE wgt i val el oo 1 2 3 4 B wgt fHfE val el o 1 2 3 4
wgtli-1] valli-1] [} o o o o [} wgt[i-1] val[i-1] ] ] ) ]
e +5°50 _ #5550
1 5 (] 1 ) 5 5 1 5 (] 1 [} 5 5 5
2 11 * 2 [} 2 11 * 2 [
3 15 (3 3 0 3 15 - 3 )
RS RS
#: #:
dpli, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] ) dpli, c] = max( dp[i - 1, c¢] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] )

Step 3 Step 4
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- [} ] ||"
EE wgt fMfE val el e 1 2 3 A
wgt[i-1] valli-1] 0 0 ) [} 0 0
NG
1 5 (] 1 0 5 5
2 1 * 2 )
3 15 - 3 0
REF
B
dpli, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] )
Step 5
- a @B m
EER wgt fifF val el oo 1 B 3 A
wgt[i-1] val[i-1] 0 0 0 (] [ 0
1 5 o ] 5 5 5 5
11 v
2 11 ¥ 2 o s 11
3 15 (% 3 0
RS
®:
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
[ step 7 ]
al - [} ] Hli
EE wgt fi{E val el oo 1 5 3 4
wgt[i-1] val[i-1] 0 [) ) [} 0 [}
1 5 (] 1 0 5 5 5 5
% T
2 11 2 ) 5 1 16 16
3 15 (O 3 0
K&
#:
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
[ Step 9 J
- [} ] Hl‘
EE wgt fMfE val el e 1 2 3 A
wgt[i-1] val[i-1] 0 ) 0 [} 0 [}
1 5 (] 1 ) 5 5 5 5
2 11 * 2 ) 5 1;1 16 16
3 15 - 3 0 5 11
K&
B
dpli, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
[step 11
- a = n
EER wgt fifH val el oo 1 B 3 A
wgt[i-1] val[i-1] 0 ) 0 ] 0 [)
1 5 o 0 5 5 5 5
2 1 ¥ 2 0 5 1 16 16
T
3 15 ® 3 ) 5 1 16 20
KSR

dpli, c] = max( dpli - 1, c] , dpli

|s:ep 13 |

-1, ¢ - wgt[i-11] + val[i-1] )

- = ] “I“
EE wgt ffE val el e 1 2 3 4
wgt[i-1] valli-1] [} [} 0 ) 0 [}
1 5 ] 1 [} 5 5 5 5
v
2 11 * 2 [} 5
3 15 o 3 )
RER
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 6
a a & &
EE wgt ffE val N e 1 2 3 4
wgt[i-1] val[i-1] o 0 0 0 0 0
1 5 o 0 5 5 5 5
+11 v
2 11 ¥ 2 0 5 1 16
3 15 (3 3 )
RS
#:
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]1] + val[i-1] )
Step 8
- = ] u
EE wgt fHfE val el e 1 2 3 4
wgt[i-1] 0 0 ) [) [} []
1 1 0 5 5 5 5
2 2 0 g 1 16 16
3 3 0 5
RER
®:
dpli, c] = max( dpli - 1, ] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 10
- ] ] ‘l‘
EE wgt ffE val el e 1 2 3 4
wgt[i-1] valli-1] [} [} 0 ) [} ]
1 5 ] 1 [} 5 5 5 5
2 11 * 2 0 5 1 16 16
T
3 15 o 3 0 5 11 16
RER
d‘p[i, c] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 12
- a = “I“
EE wgt fHE val e e 1 2 3 4
wgt[i-1] valli-1] 0 [ [ [} 0 [
1 5 o 0 5 5 5 5
2 11 * 2 0 5 1 16 16
3 15 @ 3 0 5 1 16 20
EEIRFIEMRBAE SHRANE 20
Step 14

& 14-20 0-1 HHFIER SRR
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4. =iElkik
TS MRSE RS H E—TRERAE S, BIIRATA] DU P NIRRT, KRR EM O(n?)
= O(n) .

W= FRATRES (U — NS L ele? AT, B MRSEE HIE 778 BRIk 7 5%
IR, BIRHA— DM, SIFEENE « T, ZBEHEENIRRE « — LTRSS,

- WESREGERIR, AP dpli, ] B, %L dpli — 1,1] ~dpli — 1,5 — 1] [EATRED S5
. TSR A R T
W ESREEIE, AR R AR EAE, RASHH ERET.

K 14-21 AR TAERADBEH TN « = TATHIRES ¢ = 2 TR, 1583 1E 51 P AR 5 s G 1 Xl

) - [} ] “ - ] ] ﬂ
EE wgt E val el o 1 2 3 4 B wgt i val el oo i 2 3 4
wgtli-1] valli-1] [} [} [} ] [ [} wgtli-l] vallical ] 0 [} [} [} ]
T e KEEEEEEEEE T e :
2 1 * o2 | 2 1 * 5 | e +11
3 15 - 3 [] 3 15 @ 3 )

wea—rasna « - (([CIEDEDEDED wer—raaxa « - ([ IEDIED ED ED

WA 1= 2 #i, FlR dp PEENRE 1 = 1 BFRENE BIFBEHE 1 = 2 17, HTRERB
Step 1 Step 2
- ] [ ] U - = ] “
EER wgt i val el oo 1 2 3 4 ERE wgt fifH val el oo 1 2 3 4
wge[i-1] valli-1] ] [} [} ] ] ) wgt[i-1] valli-1] ] ] ] [} [} ]
1 5 (] 1 ° 55 5 5 1 5 9 1 0~ 5 5 5 5
2 1 * 2 ) * 2 11 * 2 0 !
3 15 - 3 0 3 15 o 3 [)
san—ruina o - ([N EDEDEIED san—ruima o - ([N EDEDEAED
BFBHE i = 2 17, BITREREB BFBERE i = 2 17, MTRERB
| Step 3 Step &
s - - [ ] n - - [ ] n
EE wgt fHE val el oo 1 2 3 4 EE wgt fi{H val e e 1 2 3 4
wgt[i-1] val[i-1] o o ] [) [ ) wgt[i-1] val[i-1] [) 1) o ] ] )
1 5 ‘ 1 o 5 5 5 5 1 5 ‘ 1 [ 5 5 5 5
2 11 * 2 o 5 11 16 16 2 11 ¥ 2 o - 11 16 16
3 15 @ 3 ) 3 15 @ 3 0
wen—rarma o - (D EDEDEIED san-rarna o - ([N EDEDEIED
BFERE 1 = 2 17, #WIRERB SEREME, KA dp REFNME i = 2 WAER
| Step 5 Step 6

K 14-21 0-1 HEANELERISMXNEE

TERBSSEEI, BAUNFFEECE dp BIEE—4E ¢ EEEMBR, FEICPNIEAE SO E i b RIA] :
// == File: knapsack.ts =

/*x 0-1 B8 TERMEHEERX «/
function knapsackDPComp(
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wgt: Array<number>,
val: Array<number>,
cap: number
): number {
const n = wgt.length;
/] #tEf dp &
const dp = Array(cap + 1).fill(0);
/] KEEH
for (let i = 1; i <= n; i++) {
!/ EFBH
for (let ¢ = cap; ¢ >= 1; c--) {
if (wgt[i - 1] <= ¢) {
/] FEFEYSRE 1 XFMHARNRAE
dplc] = Math.max(dp[c], dplc - wgt[i - 1]] + vall[i - 11);

F
I

return dplcap];

14.5 T2 E 8|3

TEATH, BAVeRBS —DE NSRRI 2280, B T7ReEr—RG: TRk,

14.5.1 25 8n)M

Question
5 n AN, B MIRINERN wet[i — 1) IMER valli — 1], FI—DEEN cap W, &
APin] URA R, FI7ERRE S A E TR AR A NE, ~HNE 14-22 Fiirs,

RS EE fifE Sans
i wgtli-1] valli-1] cap = 50
1 10 50 ¥ 1 —

2 20 120 2 x2 =
3 30 150 B
4 40 210 *
5 50 240 (>
RAMNE: 290

BMRAEZE: B—1 O AFET . KASE
HEA 50 HRAE

14-22 sEeB AR R EEEE
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1. EHESHKIBEE

SEE T WAEA 0-1 1 EREHEF AL,  AIMAET A BRI S AR 8

- fEO-1 HEMES, FMYsRE D, EIREwS  BAE @F, HREMAT ¢ — 1 PSR
- fEEEHERET, SMYREREEETIRE, BRI AT G, PRI BN @ A Pihrbie.

RS RRERIE T, WA [, ¢] A5 SRR,

C RIBANE G 5 0-1 FEREER, BBEEi—1,c.
BN 5 0-1 BEREAR, #EE (i, c — wgtli — 1]] .

MR RS T R :
dpli, c] = max(dp[i — 1, c|,dp[i, c — wgt[i — 1]] + val]i — 1])

2. fUEEsEH

X EEPERS E A, IRESEBRHE - — 1R, EREe—5C
// == File: unbounded_knapsack.ts =

/* TEHE: ISR +/
function unboundedKnapsackDP(
wgt: Array<number>,
val: Array<number>,
cap: number
): number {
const n = wgt.length;
/] ¥4af dp R
const dp = Array.from({ length: n +1 }, () =
Array.from({ length: cap + 1 }, O = 0)
DF
/] REERS
for (let i = 1; i <= n; i++) {
for (let ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
/| EEIEERE, WFREME 1
dp[illc] = dpli - 11[c];
} else {
[/ RENEY@E 1 XA RNRAE
dpl[illc] = Math.max(
dpli - 11lcl,
dplillc - wgt[i - 1]] + val[i - 1]

g
¥
¥
¥
return dp[n][cap];
I3
3. Fialfkf

T S AT N AEIO A BB RIS A TSR, Bt MRILIS REZN dp Frh I —1T3 T IEF DI,
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XIS 0-1 B HIEGAER, TEEBIE 14-23 R FIX 5,

a « o & B a a & @
ER wgt A val el 1 2 3 A EE wgt i val e e 1 2 3 4
wgtli-1] valli-1] [} [} [} 0 [} [} wgt[i-1] val[i-1] 0 [ [} [} 0 [
1 5 ("] 1 0 5 s () 1 [) 5 10 15 20
2 1 * 2 2 11 ¥ 2 [} 5
3 15 - 3 3 15 (o 3 )

')
o
wer—remsa o - ([)IEDEDEDED wen—reaa o - (([)IEDED

WA 1= 2 i, FIR dp PEENR i = 1 OFENR ) EFBHE i = 2 17, #ITRERS
[ Step 1 J Step 2
- - [ ] “ - ] ] u
EE wgt fE val el oo 1 2 3 4 EE wgt fifE val e o 1 2 3 4
wgt[i-11  valli-1] ] ) ) [} ] ) wgtli-11 valli-1] [} o ) ) [} 0
1 5 [} 1 0 5 10 [EEEIEPY) 1 5 ] 1 ) 5 10 15 [P0
2 1 * 2 ° 5 11 2 1 * 2 ] 5 11 16
3 15 ®» 3 o *1t 3 15 - 3 o 11
sen—rasma » - (D EDEIEIED sen-rema o - ([N EDEICIED
EFBRE 1 = 2 17, #TREES : EFBHE 1 = 2 17, #ITRERE
[ Step 3 J Step 4
) - - (] “ - - Ill n
EE wgt fifE val el oo 1 2 3 4 EE wgt ffE val el o 1 2 3 4
wgt[i-11 valli-1] [ ) ° ] ] ) wgt[i-11 valli-1] o 0 0 0 0 0
1 5 (] 1 5 10 15 20 1 5 (] 1 [} 5 10 15 20
2 1 * 2 [) 2 1 * 2 5 11 16 22
3 15 - 3 ) 11 3 15 - 3 0
sen—rwims o - R EDEIEDED sen—rarms o - (R EDEIEIED
) EFBHSE i = 2 17, #ITRERB SERBAE, B dp RENHME i - 2 WAENER
Step 5 Step 6

K 14-23 seedUREES RIS SRR

RIS SEBIELAR T R, ANFRRAEEH dp BISE—ZEMIRR
// == File: unbounded_knapsack.ts =

/* TE2HE: TEMMEHEME «/
function unboundedKnapsackDPComp (
wgt: Array<number>,
val: Array<number>,
cap: number
): number {
const n = wgt.length;
/l %tk dp *=
const dp = Array.from({ length: cap + 1 }, () = 0);
/] RKEHEB
for (let 1 = 1; i <= n; i++) {
for (let ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
// EBIEERE, WNEYm 1
dplc] = dplcl;
} else {
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/] FEFMEYR 1 XFMHAENRAE
dplc] = Math.max(dp[c], dplc - wgt[i - 1]] + vall[i - 11);
}
}
+

return dp[capl;

].

14.5.2 TR
L AR — KB SRR AR, A RZ R, Blan 28 b fn) 5l

Question

Z57E n MR, 25 ¢ FPEEREE coins[i — 1], BFEECHN amt , SFEEH o] AREIEE, [
REMS IR H H AR MR A DRE MR, QISRTCIR R HA RS, WHRME —1  7~pIanE 14-24 Fior.

w"s [} =1
i coins[i-1] BirEE
1 1 1 amt = 11
\ =
2 2 $
3 5 @ x2 /

BUETHE: 3
grEras: @+ @+ ©

14-24  FESAH AR GIEHE

1. EHESHRIBEE

BRI DU e 205 IR RIS BRISE, FiE B L FIBR 5 R A
. PUEEIAT DRI, YIRS KT CREM. CPri R AR CREMEE, AR MR “HiRE
-ﬁéﬁﬁﬁ&,%é%@@@%%%kk%%mﬁ,gﬁﬁﬁﬁ@%ﬁﬁ¢m@mﬁ%o
C RABEREER FEL SEAR TR, BROER B B8 B RSEIR.

B BEEHRIIUSE, 2R, S dp %

ARAS [i, a) KBS TIIEDA : W AR RES I A0 o I DRI EGR, 124 dpli, a] .

— 4t dp FRTH (n+ 1) x (amt + 1) 4

P SRR A, M S IR AR R

R 5 52 B RS FE RS T R AE DL R
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- AMESREVME, RIKFRRIZEAF max() HEO8 min()
- A ERREM R EMAERESME, EEEHEmERIT +1 Baf,

dpli, a] = min(dp[i — 1, al, dp[i,a — coins[i — 1]] + 1)

B AR ARIFRIRE RN
YHEHREHN 0, EHErs EmEEN 0, BESIFE dpli, 0] #%T 0,

YITCREMN, FIRRIER > 0 WHREH, RZ2TRR, NERESEE 7T min() REEEH IR
IRTCRR, FABEMER oo REREN], MLETHE dpl0, o] #EHFT 400,

2. fUEEEH

REEGIEIE T IHFARIR AL +oo B, HAREAERRY int NEKERMNE, MRXXSSBOB@S: REHK
BTIRREAHH +1 #RERTRER A Rt

Mk, BATRAET amt + 1 RFRTERR, FEL amt FIEMEBERZ N amt . &IFIRIAERT, kT
dp[n,amt] BEET amt + 1, FHZ2WIRE —1, REILEREL BRSH, AR Fis:

// == File: coin_change.ts =

[* TERGHR: shSHR +/
function coinChangeDP(coins: Array<number>, amt: number): number {
const n = coins.length;
const MAX = amt + 1;
// 9 dp R
const dp = Array.from({ length: n + 1}, () =
Array.from({ length: amt + 1 }, () = 0)
)i
[l KEEHE: 817875
for (let a = 1; a <= amt; a++) {
dp[0][a] = MAX;

/] REE%: ERTH5
for (let 1 = 1; i <= n; i++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] ERBIBirER, WAEER i
dp[illal = dp[i - 11[al;
} else {
/] REFERED 1 XFMHERNR/IME
dpl[il[a] = Math.min(dp[i - 1]1[al], dp[illa - coins[i - 111 + 1);

h

}
return dp[n][amt] !'= MAX ? dp[n][amt] : -1;

B 14-25 foR 7 FESURIIEIASIAERE, Mseeh tmEaE AT,
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5 & 6 6 i 4 & 6
wS EfE el e 1 2 3 4 ws EfE 0 1 2 3 4
i coins[i-1] 0 i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 1 1 @ 1| o0
2 2 @ - 2 2 @ 2| ¢
3 5 @ - 3 5 @ | o
WhH#HE n =3 BifEE amt = 4 WHH#E n =3 BiFEE  amt = 4
MERTH (n+1) x (amt+1) B dp %EFEF MAUETTH max = amt + 1 . BFK o
| Step 1 Step 2
s & & 6 @ i & & 8
E il el e 1 2 3 4 ws HfE [ 1 2 3 4
i coins[i-1] 0 ) MAX  MAX  MAX  MAX i coins[i-1] ) 0 MAX  MAX  MAX  NMAX
1 1 @ : ] 1 1 1 e : 0 1 2
2 2 @ 0t 2 2 @ » ] *
3 5 @ 3 0 3 5 @ 3 [
d‘p[i, a] = min( dp[i - 1, al , dpli, a - coins[i-1]] + 1 ) db[i, al = min( dp[i - 1, al , dpli, a - coins[i-1]] + 1 )
l Sip 9 J Step 4
s & & 6 @ i 4 & 6
wS EfE e e 1 2 3 4 ws EE [ 1 2 3 4
i coins[i-1] 0 ] MAX OMAXMAXmAX i coins[i-1] ] 0 MAX  MAX  MAX  MAX
1 1 ® 1|0 1 2 3 1 1 @ 1o 1 2 3 4
2 2 @® 2| o 2 2 ® 2| o "
3 5 @ :| o 3 5 @ | o
RER RER
#: B:
dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 ) dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
[ sten s | Step 6 |
. &8 & & 6 8 & & &
®S EfE el e 1 2 3 4 ws EfE [ 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i coins[i-1] o 0 MAX  MAX  MAX  MAX
1 1 @ ! ) } 2 3 4 1 1 @ ! [} 1 2 3 4
2 2 ® 2|0 1 2 2 ® 2|90 1 1
3 5 @ 3 0 3 5 @ 3 0 *t
#: #:
dpli, a] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1) dpli, al = min( dp[i - 1, al , dpli, a - coins[i-1]] +1 )
[ step 7 | Step 8 |
» & & 6 € y & & & €
wS EfE el e 1 2 3 4 WS EE [ 1 2 3 4
i coins[i-1] 0 ] MAX  MAX  MAX  MAX i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 12 3 4 1 1 © ! 3 12 3 4
2 2 @ 2|0 1 1 2 2 2 ® 2|e¢ 1 1 2 2
3 5 ® 3| o " 3 5 ® 3| o "
RER g
#: #:
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 ) dpli, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )
Step 9 Step 10
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5 &4 & 6 5 & 6 6
wS EfE el e 1 2 3 4 ws EfE el 1 2 3 4
i coins[i-1] [ 0 MAX  MAX  MAX  MAX i coins[i-1] ) 0 MAX  MAX  MAX  MAX
1 1 @ 0 1 2 3 1 1 @ ! 0 1 2 3 4
2 2 @ 2| o o I 2 2 ® 2|¢ 1 ¢ N
3 5 ® 3|0 1 3 5 @ 3|0 1 1
#: ®:
dpli, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 ) dpli, a] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )
Step 11 Step 12
5 & & 6 5 & & 6
wS HfE el e 1 2 3 4 ws HfE Nale 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i coins[i-1] ) [) MAX  MAX  MAX  MAX
1 1 @ 1 o 1 2 3 1 1 @ 1 o 1 2 3 4
2 2 @ 2 o 1 1 } 2 2 2 @ 2 [ 1 1 2 7
3 5 @ 3 0 1 1 2 3 5 @ 3 [ 1 1 2 2
RER RER
dpli, al = min( dpli - 1, al , dpli, a - coins[i-11] + 1) dpli, al = min( dpli - 1, al , dpli, a - coins[i-1]] + 1)
Step 13 Step 14
i & & 6
wS EfE el 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 (U 0 12 3 4
2 2 @ 2]e¢ 1 1 2 2
3 5 @ - 0 1 1 2 2
EEIEHERESTNRVETRE 2
Step 15

14-25 TR SRR S AR

3. ZEfntk

TR LR =S AU B A BT RN Fe 2 1 B Al R — 3K
// == File: coin_change.ts =

/* TR TELWEEIESIR] «/
function coinChangeDPComp(coins: Array<number>, amt: number): number {
const n = coins.length;
const MAX = amt + 1;
/l %k dp *=
const dp = Array.from({ length: amt + 1 }, () = MAX);
dpl6] = 0;
[l REEH
for (let 1 = 1; i <= n; i++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
// EBIBIrEE, WAEED 1
dpla] = dplal;
} else {
/] FEFERETR 1 XFFHERNBRIME
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dpl[al = Math.min(dp[al, dpl[a - coins[i - 111 + 1);
¥
}
}
return dp[amt] != MAX ? dp[amt] : -1;
I

14.5.3 TR I

Question
57 n FPEETR, 58 ¢ RPEETINEEN coins[i — 1], BARESEN amt , SMEET A LEEIER, W
i EHREHREM A S50, REIAE 14-26 FR.

RS 1)1
i coins[i-1] BirEE
amt = 5
1 1
2 2 $
3 5 ((5)

EHHSHE: 4
EhASHR: + + + +

14-26 TR AHA 1T 7B

1. EhASHRIBER

MHEET E—, ABEERAEEE, FibrREEy: b Mimaes R & o MASBE. M dp
RIMRERS A (n+ 1) x (amt + 1) B Z4ERERE,

U ATRASHIZE & B0 S5 T AN Y AR 5348 5 BT RE X AR SRV SRR 2, SRS 771N
dpli,a] = dpli — 1, a] 4+ dp[i,a — coins[i — 1]]

Y HAREHCY 0 I, ToAUEEREARE i RTA] 23 HARE, RIS EFITE dpli, O] BAGALN 1. 47
FEMRIN, JTCEERER > 0 WERSE, FEEITE dpl0,a] #%T 0,
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2. KE5sEH

// == File: coin_change_ii.ts =

/*x SEHEM I1: chSHE «/
function coinChangeIIDP(coins: Array<number>, amt: number): number {
const n = coins.length;
// Wk dp &
const dp = Array.from({ length: n + 1}, () =
Array.from({ length: amt + 1 }, () = 0)

Dk
/] ErES
for (let i

0; 1 <= n; i++) {
= 1;

. dp[i][0] 1
[l REEH
for (let 1 = 1; i <= n; i++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) A{
/] ERBIBirER, WAEEm i
dp[illa] = dpl[i - 11[al;
} else {
/] REMEER 1 X G R
dplillal = dp[i - 11[al] + dp[illa - coins[i - 1]];

}
}
}
return dp[n][amt];
+
3. TiElkRi

AL R TT ZCAHIR], R 48 2 R A] -
// = File: coin_change_ii.ts =

/* B I1: TEMLWEIEIESIR] +/
function coinChangeIIDPComp(coins: Array<number>, amt: number): number {
const n = coins.length;
// Wk dp R
const dp = Array.from({ length: amt + 1 }, () = 0);
dplo] = 1;
/] KEEH
for (let 1 = 1; i <= n; i++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
// EEIBIRER, WAEER 1
dplal = dplal;
} else {
/] FEFEER 1 XFFHARZM
dplal = dp[a] + dp[a - coins[i - 11];

h
}

return dp[amt];
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14.6 ‘miBREE n)RH

gmiEpEE, AR Levenshtein BEE, FEMDFAFERZ A EARF B R/ MBSO EL, B AT EERARNA
SRVE = MBI RN SRR

Question

AP NI s f ¢, RENE s 808 t iR/ D gntiE 0 8L

TRAI DIAE— DN FARFER R T =B e MA—DER. MBR— DR BBt E— 1+
HO

GniE 14-27 FioR, R kitten FHON sitting FRESMEE 3 0, TG 2 OEHURIES 1 IRTSINIR(E; ¥ hello
MO algo FHE 34, B4R 2 DO HURIEAT 1 RIMBRIRLE,

s - 3880800 s - (0000
lgm lsm lﬁm m%l lsm lgm
880808800 [a]1]g]o]

- 3800800 - (3E00

14-27 G B AR BIEHE

S B2 120 1) M AT SR P DR SRB BRDR AR, AT AR BB T, —HEORIR (—IRGmERTRAE) X R AY

—Zib,

N 14-28 FoR, EABRFERIEAIEOCT, ST R URAE HVF 2500, BA000 N —fiRlE, XK
& M hello #H#u5] algo HIFLAATRERIEETR,

MRS A ER, ABHEARERMET R hello M A algo Z AIFYRIEETE,

¥ e BftH a
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[ 14-28 T DRSS RYR R G 0 125 [V

1. =hEMRBER

F BERRNYUR, @ RE, Mmiftsl dp &
B RRIRIEXN FIFE s BAT U1,

T 17 BAERAHR IR, I RUBERTA S, XA R T I, RS0 s B £ RN
nflm, BAVEEERTERREOSE sin— 1) W t{m — 1],

C# sn — 1 F tlm — 1] MR, FATTABOE N, EEEE s[n — 2] F1 t{m — 2] .
C# sl — 1) W t[m — 1] R, BAOEER s 8T RGiHE GEA. IR, B0, MEFFITE RN
HOSPAEIR, T DABRIE A, R o N,

WELRW, BAMETFITE s PHEETHE R RR (GRERIE), BIES s M PRIERIORFILAC T 1T 4 422
o Btk, REJYRILE s F1 ¢ hBIBIE « FI58 J D54, 108 [4, 4] o

KA 1, 5] BRSO TIIRE: ¥ s I9RG § ANTAFESC t IR § A TAP B Do,
P, EE RS (1) x (G4 1) =% dp %,
b PRIRAR T45H, ST HE S R AR R

FERTWE dpli, j], HNERIWDNFAFRIRBEFN sli — 1| ft[j — 1], rIRERFEgREERED I E
14-29 FroRi =#1E oL,

1. 16 s[i — 1] 2Bt — 1], WEARTRE dpli, j — 1]
2. MR s[i — 1], MFATWE dpli — 1, 5] .
3. 9 s[i — 1] Bl ¢[j — 1), WRISTHE dpli — 1,5 — 1] »

—

HEREPHM e

dp[i, j-1]
HE: K
- (BBAC (6] o]o] (b]o]o
- G000
dp[i, j] dp[i-1, j]
1§ k BiA e
(b]oo]e]
(c]o]d]e] (c]o]d
dpli-1, j-1]

14-29 iR iE AR
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MR LT, FISRILTFEH: dpli, j] RRDHRESEET dpli, j — 1], dpli —1, 7). dpli—1,j—1]
=H PR DIRED R, BN EARRR G L o XN EIRASEAS TN :

dp[laj] = mll’l(dp[l,j - 1]7dp[2 - 17]]7dp[2 - 17] - 1]) +1

TEER, Msli— 1) R t[j — 1] HIEIN, Josguid Suisry, s FRRESHER 750

P WA A PERR AR

PR, RESEON 0, B dp[0,0] = 0. 24 s KA ¢ FAHZN, BORESNET ¢ K
BE, EIAT dpl0, ] = jo % s FREHE ¢ NN, BORISEEEET s K, BIES dpli, 0] = i .
SUBARASEERS /A2, 8 dpli, ] Rk Ti. F77. F2 EAimme, RGBSR EEERE R85 dp FENAT,

2. fUEEsEH

// == File: edit_distance.ts =

/* YREBEEES: EHASHIR */
function editDistanceDP(s: string, t: string): number {
const n = s.length,
m = t.length;
const dp = Array.from({ length: n +1 }, () =
Array.from({ length: m + 1 }, () = 0)

s
/] REEE: B1TEY

for (let i = 1; 1 <= n; i++) {

dplille] = i;

}

for (let j = 1; j <= m; j++) {
dpl0][3] = 3;

}
[ REE%: HRTH5
for (let 1 = 1; i <= n; i++) {
for (let j = 1; j <=m; j++) {
if (s.charAt(i - 1) = t.charAt(j - 1)) {
[/l EWFEFEE, WEERILIILRFR
dp[il[3]1 = dp[i - 11[] - 11;

} else {
/] BDREFE = A MR, BIEX=FMEENRVRESE + 1
dp[il[3] =

Math.min(dp[il[j - 11, dpl[i - 21[3j1, dpl[i - 11[F - 11) + 1;

}
}
return dp[n]lml;

GnIE 14-30 A, gwiR R RS MRS AT R 58 WREER 220, # T DAEFEE — D 4R AT
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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i
[}
0 :
8 :
a:
RS
#:
dpli, j1 = min( dpli,
[step 11
D
[
0 -
8 -
[ < K
Rk
lip[i, j1 = min( dpli,
Step 13

3. FaEfiik

oaan
o 1 2 3 4
o 1 2 3 4
1 1 2 3 4
2 2 1 2 3
+1
3 3
j-11 , dpli-1, j]

oooo0

] 1 2 3 4

) 1 2 3 4

1 1 2 3 4

2 2 1 2 3
+1

3 3 2 2

j-11 , dpli-1, 31,

Step 15

, dpli-1, j-1]1 ) + 1

dpli-1, j-1]1 ) + 1

w N ke

b

e 1 2 3 4

o 1 2 3 4

1 1 2 3 4

2 2 1 2 3
+HE

3 3 2

j-11 , dpli-1, 31,

a
1
1
1
2
3

NN
e e el
"

w N ok s |
w ow s s | s

dpli-1, j-1] ) + 1

Gpli, 31 = min( dpli, 3-11 , dpli-1, 31 , dpli-1, 5-11 ) + 1

i
)
D :
8 :
A :
RS
#:
dpli, j] = min( dpli,
Step 12
i\\i
)
(>
a
= IR
s
Step 14
oocaon
12 3 4
12 3 4
12 3 4
2 1 2 3
3 2 2 3

BEIRDREIES K 3

K 14-30 ZmHEEES SIS RE

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:

function editDistanceDPComp(s: string, t:

edit_distance.ts =

// = File:
/* YRIBEEE: TEMLIWEMIEHESIX +/
const n = s.length,
m = t.length;

const dp = new Array(m + 1).fill(0);

/] REHB: 817

for (let j =1; j <=m; j++) {

dpljl = 3;

string): number {
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}

b
/] REHE%: HRT

for (let 1 = 1; i <= n; i++) {

!l RKEE%: B
let leftup = dpl0l; // &7 dpli-1, j-1]
dp[0] = i;
/] WREE%:. HRY
for (let j =1; j <=m; j++) {
const temp = dp[jl;
if (s.charAt(i - 1) = t.charAt(j - 1)) {
/] ERFFHEE, NEZKIILRFR
dpl3]l = leftup;
} else {
/] RVRETSE = A RibR. BIRX=MEENRVREETER + 1
dp[j] = Math.min(dp[j - 11, dp[jl, leftup) + 1;
¥
leftup = temp; // BHAT—HH dpli-1, j-1]
}

}

return dp[m];

14.7 &

1. EREH

- BIASHKIS FEE T R, JREE A iE T SR R EE TR, SRS RECR,
- ABENRIATE S, FrAshSHRIREER AT AR (B2 EATRAE, (EEIM KRR

HE TR, PR @5 ISR, AT RERTA TR R 7 SRR, AT ERIEE S T
AT H—IR,

© IR MR RAE A AEE, TS 2 M AEh SRR — R AR E TR S, H

gnlA “HEHERET —F. BT SRS IURBREL REORE, FIHIRATAT DAHPR dp RET—D4EE, N
TR AR 23 1R B 2%

© TRE R AE R R RTE R, EE, SIS [h BA AR,

- ISR =R R, RILTEE. ToERUE.

- USRI R AR A B A AT DA T R B LA AT oK, e B R L7454,

© EEBIEEN T NIRE, HRRARASZIKEAX, MEEREHNHEIRESTEX, F2HA ML

A BRI, TCiRE SR PRI R

GRENDE:D

- BERERRMNESMARE —, A6 01 HH, we2ii, BEEUHFLM,
© O-1 BHEEPIREE SCNHT  MIREREN c NFEFRRAME. RESRAT UM T ERAR

R, AMREIRL TN, RIS, EEed, BTN IRESREUE L7y e ETe
A, HIETFRZEE PRI, w5 b7 IR 5.

- SR PR AR S R BECER IO RS, HIERRA T MBS S 0-1 BEMEAR, BT

IRESHUE - T FIEZE DT BARAS, e =S [RIL A P R 2 3 i o

- TERGURAEUR SE 2 WA — MR, BMR TRORT MEZNR RN MR, EIIRASE

BorifEri max() ROy min() o MIBSR “RiEid” HHARINER “WBF” B ERSE, KIS
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Fl amt + 1 KFoR “TRBEH EFREHT (R0,
- RS AR “RBETEOR” Ok BEMAIARIR”, AR TR min() 0
SRR

Zh R 2 124 )

- ZifHEEE (Levenshtein BEE) M THEMNDFATERZHAHEE, HE SO MN—DFrFE 25—
FIYRR R DD E, mEIRIERARTI, MR, i,

- G B B A IR S MK s BIRT 0 DR EBON ¢ BIRET § D FRTR R D HRES . 5
sli] # tlg] Ny, BA=RERE: A0, MR, B, e0IAHERATRER R, I En] DRt st
TFEE GRS R, Wi s[i] = t[j] I, T/ Y w1,

- AEGREIEE D, WESMEUEIE E75. IEATT. A ETTRVIRE, RIS A5 5 s i Tk
P TIRS R, itk, FRAMAA —DEEEFL LIRS, WS 5582w RS HTH
O, A AR AU R A T IR T
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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,

B 15-1 TRk 00 R

SEPRARRS AN N PR :
// == File: coin_change_greedy.ts =

[* BRI D */

function coinChangeGreedy(coins: number[], amt: number): number {
// 1Bi& coins ¥HER
let i = coins.length - 1;
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let count = 0;

/] EFRHTROEE, BEITHREE
while (amt > 0) {
/] BEINFBRIEARRESEAVET
while (i > 0 && coins[i] > amt) {
i--;
b
/] %#F 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,

HE E= il A{EHE
vall[i-1] IRIBEHHE

i wgtli-1] valli-1] wetli-1] MESBHEHEE

2 20 120 6 2

4 40 210 5.25 ¥ P

1 10 50 5 ) RECERBUMEE SRR
3 30 150 5 Y

5 50 240 4.8 7

B 15-5 380 B s 0 R

2. fREEEH

BATEL 7 — e Ttem, DUMERY)SALIAAANEATH Y . 1EMETO00ERE, SR ECHRBEH
FIR Al

// == File: fractional_knapsack.ts =

/* Y& */

class Item {
w: number; // ¥)mEEZE
v: number; // ¥I@mME

constructor(w: number, v: number) {
this.w = w;
this.v v,

F

/% DEEE: A */
function fractionalKnapsack(wgt: number[], val: number[], cap: number): number {
// CIEYMEYIR, EEFmINEY: EE. NE
const items: Item[] = wgt.map((w, i) = new Item(w, vall[il));
[/ EREBMMNE item.v / item.w MBEEUREITHIF
items.sort((a, b) = b.v / b.w - a.v / a.w);
/] ERBCNERE
let res = 0;
for (const item of items) {
if (item.w <= cap) {
/] BERRBERTE, WKHYMRENEHER
res += item.v;
cap -= item.w;
} else {
/] BRRAEARE, WEHIMRN—FoEHEE
res += (item.v / item.w) * cap;
/| EEFRRBE, FILBKHEIF
break;
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return res;

S

NEHFRIENN A E A EER N O(logn) , ZREREEE N O(logn) 2 O(n) , WRTHEESH
HAASHL,

RN, ERESNF, IR RIIE, FINEEZEN O(n) , Hb n Wi,
BTG T — Ttem X553, EMAREZEN O(n) .

3. IEt#14IERA

RARAEZ, B v ZRAMMER &P, ERHERERGRANEN res , EIZBH LS ©
ENTE B EH R EEREEY M, FHEROVRMERNYIN v . TP v FRMIMERS, KIS
BRREME—TERT res o X4 res BRRILEPE, BRILHEPLAEETMN T,

AN TFZMH MY R, AR DR S EAFE, BMEZ, AAAEE RPN B ERE, X
HH B0 R 2 A R

i 15-6 Fow, anSeRe P dh B BRI i BASLAN (B 20 16 1 — Tk —HE SR AR AN I A, o0 2508 im) st ] 42
oy “SRAEA BRI A T B R TR, 32 AT DA B AT I LA PR 20 O BRI A R0

YRR fE
5.25 5 5
% ¢ & (9
YREE
40 10 30
50
B “azE

B 15-6 0 EE "RE LARR
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Question

WMA—TDEA ht , HPRNESPNTRRR-NEERRNGEE, SHPREENNER, DREllz
] 23 B AT AZH R — A

DERNARET @A R (), HosEhEERRRRE, 52N RS R |
2%

TBIEREHPIEEREM DR, ESEHRNESRNERREAR, RERKAER, ~OIA1E 15-7 Fir,

R

e B N W N ®

S
[y
[\
w
=
(5]
[=)]
~

15-7 BRARAEFEHREESE

AHEEEPFERE R, FABRRE A RRERRS], Eh (4, ] .
MR, ARS T RERMGEE, Hrh@hEiove, %ERMBRINEEHERS 22, RARN capli, j]

| WA AR
capli, j] = min(ht[i], ht[j]) x (j — 1)

WHALKER n, AR AE0R (RS0 02 = 20l A mreisist, ST B9k

&, MTRERANR, HEEREN O(n?).

1. HOEIHRE

A B RIS, W 15-8 Fir, BUAI— AR [i, 5], JORERE1i < j B ht[i] < ht[j]
,H KRG, KA
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S B N W N
————] < e
———— <\l

i RN, § AR
YEIARE cap = min(3, 4) x (7-0) = 21

15-8 WIsIRAS

aniE 15-9 R, FBERERHRHR j R ¢ SR, WA RN,

XRRNERINM § 5, HEE j—i §E2/h; MeElERoE, FitsERErZ G IrosiER) 5L
N (BENEH 5 BONRERD o

8

7

6

5 . .
. | ;
3

2

: |

0 1 2 3 4 5 6 7

BRBEER, BE—ER
LRIAE cap = min(3, 3) x (6-0) = 18
B 15-9 [MNBESHEARGEHIRGS

i, ARG MANBERR  , AAREEAFRER, FNEREE —EZ/, HEElfEIER
BNIERIREN ¢ FIRES K)o BIUNTER 15-10 1, BalEia HfRE R,
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i
A
8
7
6
5 :
4
3
2
1
']
(7] 1 2 3 4 5 6 7

MABEHEER, BEAEEEA
WHIRE cap = min(8, 4) x(7-1) = 24

B 15-10 MR EERERIRES

UL AT A AL N WIRG LT, (EELS SIS, N I SRR LTG5, B
s,

[ 15-11 JER T A0 SR TId A

GRS, J5EF R j 4SRRI,

PR RORAH AR capli, 1], IFERRAR R,

Heet § FIBR j BORGEE, FEREETRUIA PR E—Hs.

TS 2. BRI 3. %5, AR 0 Fj HIBINLSR,

sl S

8 8
, , ‘
‘ { ; .
5 J 5 i
4 A - ’
3 ER 3
2 2
1 1
0 [
] 1 2 3 4 5 6 7 ° 1 2 3 4 5 6 7
MACHESH i, 5, EENTIKATS, FREAE res - o UREE cap = min(ht[il, ht[5]) = (j-i) = 21
l Step 1 Step 2 BABE res = max(cap, res) = 21
i i
v
8 8
7 7
5 2 5
ER 4 4 | | 3
3 ER 3
2 2
1 L |
0 0 |
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
LABR cap = min(ht[il, ht[51) « (5-1) = 24 UMER cap = min(htlil, ht[5]1) x (j-i) = 15
Step 3 RABE res = max(cap, res) = 24 Step & BABE res - max(cap, res) = 24
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i i
v . v .
8 7 8 7
w7 HR 7
6 6
5 5
4 4
3 3
2 2
1 1
o 0
[ 1 2 3 4 5 6 7 [} 1 2 3 4 5 6 7
YEIBE cap = min(ht[il, ht[j1) x (j-i) = 28 YFIBE cap = min(ht[i], ht[j1) x (j-i) = 21
l Step 5 BABE res = max(cap, res) = 28 Step 6 BABE res = max(cap, res) = 28
i i
v v
8 8
7 7 .
s } ’ g
5 R s
4 . 4
3 2 3
a2 2
1 | 1
] o
o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
UFIAE cap = min(ht[i], ht[j1) = (j-i) = & YEIBE cap = min(ht[il, ht[j1) x (j-i) = 5
listep . . |ABE res = max(cap, res) = 28 Step 8 BABE res = max(cap, res) = 28
ij
v
8
7
6
5
4
3
2
1
[}
0 1 2 3 4 5 6 7
w8 1 5 5 188,

Step 9 . BRHBLET, EEIRARE 28

B 15-11 RARAEERB LR

2. XE5sEH

RIIERRZ n e, FERHERER O(n) .
Wi, jv res ERBEERNOESMER, FtEREREN O(1) .

// == File: max_capacity.ts =

[* RRBE: A */
function maxCapacity(ht: number[]): number {
[/ M i, j, EEDFIEERR
let i = 0,
j = ht.length - 1;
/] VERABEN 0
let res = 0;
[/ ERZERE, BEEMIREE
while (i < j) {
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/| BHMRARE

const cap: number = Math.min(ht[i], ht[j]) = (§ - 1i);
res = Math.max(res, cap);

// AR EhiEiR

if (ht[i] < ht[j]) {

i+=1;
} else {
j-=1;
¥
}
return res;

3. IEfRMIER

ZFRAZL T2 R, REDVERTDIEERS “Bid” —2RE,

FEAAEIRS capli, j] R, @ WM. § KR, A B0DHIGRINR ¢ NI —18, £S8E 15-12 FroriRes
B, XA S ETERIEX RS A D,

cap[i,i—l— 1],cap[i,i—|— 2]7 ,cap[i,j - 2],cap[i,j - 1]

| [
| I BasaR | |
TN B S
| I | | | 1
EREREEN |_=:=:::|
caple, 7] capl1, 7]
Bhid a4k

cap[@, 6] cap[o, 5] caple, 4]

caple, 3] caplo, 2] caplo, 1]

B 15-12 sl T Buskid fARES

MR, IR RIR P B R KR j mNBESNFE IS, fiERMNESIERNBERIR—E S
SEAEEZ/N, W, SERAIRSEITRERRIUE, B et SBG R IR,

DAL AR, BalEmiRiee “2a” 1y, SORIEZEAR,
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15.4 mAY)5 Fefin)d

Question
HE—DNERE n , KEIIDAEDWANEREM, KU EMAEBRENRHNERZZ D, WA
15-13 Ffirro

HWAEER n , R max(ngxnyxngx..x Ny % Np_q X Ny)

15-13 R Y172 AR Al L

BORBATRE n U153 m DRI T, HAss « MRFIE A n, , HI

m

=1
AR B AR RIS A B T s, H
max(H n;)
i=1

BATFREREZNR: VIHBE m MiZZR, 80 n, MizzEz/h?

1. FOHBRIAE

MRAEEE, WAEREEEERFUEELEMNIRMAE R, B n haE— T 2, MENIRFEED 2(n —2)
o TMTRFZFRIG n FEELEL:

2(n—2)>n
2n—nm—4>0
n >4
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E 15-14 R, Hn > 40, P10 2 JERMSER, REIIRTHT 4 BFPEBHERN %S

LRI —: WRVINDTTRFEE > 4 AT, BAEHBIZRARSY) 7T, RARYIITTR AN 1, 2,
3 EX=RAF,

N
=
=
1
N

Y24 b, 1BE 2(n-2) 2 n
AESENDHRIANEE 1, 2, 3 BF

Kl 15-14 Y17 SRR
B RREHEMA R T RRMEN, £ 1. 20 3IX=ARTH, BA1ERZEN, WAL X (n—1) < nfEK
32, BArH 1 Rimie SECRFE/ .
WE15-15 R, Mn=68K, H3x3>2x2x2, XEKEYH 3 YT 2 Bk,
DRI EUI AR, BRERNFERD 2. FRN=A 2 BB IEIARA 3, MRS E KR

Mo

HEFEEZA 2 B, ROZEOMETAED 3

K 15-15 ®&ILYI2 R+

Zi ERTR, FIHERLE DUR 2O0 R,
L WARS N, NHAWHYIHET 3, EEREON0. 1. 2,
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2. AREOVO I, Ak n & 3 IREEL BT,
3. HREOY 2 1, My, RE,
4, MREH IR, HT2Xx2>1x3, HLMERE—3EHN2,

2. KE5sEH

i 15-16 AR, BACABEL IR Y] 88y, ] AR MEPRI2FASE] 3 M o, HEEIZES
FIRED, WA

n=3a+b

R, T 0 < 3 BRI, WA 1, REN L X (n—1).
// == File: max_product_cutting.ts =

[* RAYIDTEMR: Ly +/
function maxProductCutting(n: number): number {
// E n <=3 B, OS5 H— 1
if (n <= 3) {
return 1 * (n - 1);

b

/] BROHTISH 3, a A 3 BN, b AR

let a: number = Math.floor(n / 3);

let b: number n%3;

if (b 1 {
[/l BREHN 1B, B3 1 x 3 #HHH 2 x 2
return Math.pow(3, a - 1) * 2 % 2;

+
if (b = 2) {
/] EREHN 2 B, MR
return Math.pow(3, a) * 2;
+

/] SREN 0 B, FgaIE
return Math.pow(3, a);

¥ b at3

n=3xa+b

15-16 Hw AV AR RTTTA
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o} TR 52 A FE R TGt i S IR RSB TL. DA Python Jufl, & FIRYR R EECE =#,

- IBELF xx FIEEEL pow () WINEEZEEH O(log a) o
- B math.pow() MESEA CIESER pow() B%, HHUTIFREGE, NRAEREN O(1).

A o M b FERAFEEOONIESNERE, FRERERER O(1) .

3. IEt#14IERA

HEARIEE, Rt n > 4 BB

L R < 3 RIERMRTIDTTRPFE > 4 WETF o, Ba—En] DUFHASRIS 0 2(x — 2) ,
MIMIRIFER (BAHE) BRI, RS5RIETE.

2. Ui uE 1 BRRIMVIDTTRAPFE-IET 1, Bae—Erl LEFH AR PEFH, DA
PRERIFM, XS5BT E,

3. VInTiRmBUEMA 2 1 REERMVIDTRPUE=D 2, Ia—Er AN 3, FRAHER,
XGRETE,

15.5 /&

1. EREH

- LB T TSR AL, HUE R A PRI B R R, DR A
BARAR,

C RLEESERH N NI RUOEEE, SEEOEOR IR R R — BRI TR, B
BB,

RO, ARSI, M TEANR, 200N A 5 AR,

CEBESBUAE S, TR RS, 0T REREIR A K TR SR A A TR
R, LA RER SRR,

OB SO R B R AR SO R AR T4, UL R 2 5000 I
O R

TR A, SOOI R, AR, AL, B e,

RIRSLFBEEA N W, BE SO, ERMEET, e, B SO RO IR,
EREER G A,

-SRI 0-1 SEAER b, AVEEEIR AR5, BT HA SO R, SO SIS
M T LA P B S HE A,

- R REEAI ISR, WA RS O(n?) . WHEH 205N, SRENEIERE, [
S ZE RS O(n)

- ERARTATRIAE R, BTSRRI A SOOI > 4 WK RS 5, B T
N3, RIEFASTEE, NRERERRTREESIE, & O(1) % O(logn) .
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F16E KMiF
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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
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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
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solution

state

pruning

permutations problem
subset-sum problem
n-queens problem
dynamic programming
initial state
state-transition equation
knapsack problem

edit distance problem

greedy algorithm
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