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* 2 hello-algo O Qo
@ EXPLORER <o @ myheap.py X D~ O © ® m -
~ HELLO-ALGO codes > python > chapter_heap > @ my_heap.py > ...
> I it """Driver Code"""
> ¥ .github if __name__ = "__main__": =
v & codes # AIRATERIAME 3
>mc max_heap = MaxHeap([9, 8, 6, 6, 7, 5, 2, 1, 4, 3, 6, 2])
> ™ cpp print("\niEAJIRFEHEF")
> M csharp max_heap.print() &
> dart
> ™ go # IREUETATTR =
> I java peek = max_heap.peek() —]
> e javascript 118 print(f"\n#MmHHN {peek}")
v @ python
> chapter_array_and_linkedlist PORTS GITLENS PROBLEMS OUTPUT DEBUG CONSOLE TERMINAL ~ +-+ Blzsh +v M @ - ~ X
> chapter_backtracking
> B chapter_computational_complexity ~/Dow/hello-algo main > || Py base 18:18:47
> chapter_divide_and_conquer
> B chapter_dynamic_programming
> W chapter_graph
> chapter_greedy
> B8 chapter_hashing
~ chapter_heap
>
& heap.py

& my_heap.py
& top_k.py
> chapter_searching
(R > chapter_sorting
‘ o > chapler,slack,and,queue
> OUTLINE
> TIMELINE

X Pman< I LOtests ®OAO WO GitGraph Ln118,Col 20 Spaces:4 UTF-8 LF (} Python 3.10.13 (base:conda) @ () Prettier [

0-3 HUTEEEGRHA]
HUTHE IS AIRTE TIEFZE A=
F— RAMRARGEE, 2 RN RAURIZET 2%k, WREREE, NIATPhE e,
B ekl MRS B, B0 GitHub &, REARE Git, 7ATDUEME DA R v e B 8 o :

git clone https://github.com/krahets/hello-algo.git

EIR, URtA] DATERE 0-4 Iz B, BiE “Download ZIP” #%8H Bz NEUFEUIEMRAR T, RIBTEA iR
HIET

O krahets | hello-algo

> Code ), n Security

# hello-algo Unpin Unwatch 312 ~ - | ¥ stared 5ik

main - | F7b >6 Go to file Add file <> Code ~

ocal
krahets i

B clone
github

HTTPS SSH  GitHub CLI

https://github. con/krahets/hello-algo.git

@
g
2
3

[ Open with GitHub Desktop

Open with Visual Studio

[ Download ZIP

Releases ‘&
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= 72 ZXWBH G W Q Q) o
Eﬂﬁlﬁﬁﬁgm Code Issues M Pull requests 10

Python C++ JV# Go Swift JS >
binary_tree_bfs.py

def level order(root: TreeNode | None) -> list[int]:
# ARSI, MAIRTR 5 krahets
queue: deque[TreeNode] = deque()
queue.append(root)
# Miatt—1 IR, BTFREFEHFT
res = []
while queue:
node: TreeNode = queue.popleft() # PABILIBA
res.append(node.val) # RiFTiAME s
if node.left is not None: 0 A 9
queue.append(node.left) # EFTHENK OIS |
if node.right is not None: ﬂmﬁﬂm;
queue.append(node.right) # HFTEAR
return res

chapter_tree

array_binary_tree.py

binary_search_tree.py
binary_tree.py
[ binary_tree_bfs.py

binary_tree_dfs.py

0-5 FErE L Bl 3 e ) JiA U I 58
PR T AHHUTRE S, #EMUESSR Python BsUBSIIBIEMEBIT (BR pythontutor HH) . A& 0-6

R, VRATDARSERE KRS S R O7 9 “HLEL B T” APk, B BRI TiaRs; thal DURGE “4
FREIE", DUETS Ear IR B SR,

ax 0 0®:

(2 o krah hello-als
% K Q Em (;T;;i' “wsn v
Hello |3 [-:- TET "] A%
HoE W >
P s eython 8.1 Prin output (drag lower right comerto resize)
2 mom wnEoH N res = (0] * (len(nums) B nums = [1.3.2. 5. 41
# FEBEPHAETRENT
b WIE MEEH >
g E . - for i in range(len(nums %%EF?
B EaE MASHE v resti] = nuns(i] Frames Objects 7
a1 e # BN REMNA Global frame fonction
4.2 @& 1 return res extend(nums, enlarg
P extend

""*Driver Code""" nums

p
44 WESER © e matn o ORI RIERIERE SRR
45 T omerma xtend /‘ 1]3]2]5|4 413 WARDER

& WEE BSHI > nums = [1, 3, 2, 5, 4]

B OBeE MEE > print ("8 nums =", nur nums e s e

Awon n > Y ErE G 3/"‘1‘325[0‘
res

& wem ? nums = extend(nums, 3) i3

B EOR @ > print (HBAKESBE 8

T R0E B > : —

L ENE HF >

e WRE B >

RN >

B wee wmsny > [<Prev] [Next>

@ EBBE T > Step 17 of 22

@ E6E MR 5 Visualized with pythontutor.com

BEXR

)& 2EBE

0-6 Python FXEHIRRMAHIT
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L ] L ] 31 BEGROX-Hello Wi x  +
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Bl 31 smamos % %o it
Hello 3% BER
E®om wx > (LS DBk 311 EHEN: BES AL
E1E NARE B A GMEBIEENAIES S RESN, BRRNMADEE., 12 MR BRSO
R #28 SREHM > ———
& Bam R 1@ @) &2 2588
31 BRI 4
3.2 EFHiERm chenzhiweiS4czw 1 F 5 H
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5 ES ST
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@ mem muwn e krahets 1550 Hu® =L
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DOEeE @
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e ENE R
13 Bz E EH
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sEE o
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BEE—: WRIAAM, RMFTEABSEERSMARRNE, 2EAREEEER, fifE, g
FIRERSETT HII N A

BB —: WIS, ARRIEAAFTE H BRI, SR E/D 100 EEH, PGB FRAEEERE, #IUm]
RRE, “HISIES" ATRER — PR, HERD, ERRIEFK, TR PAZIE “CEmInE s 2k
HEEH, EEEET 3~5 MAVEER, StREHAREE D, HERAEEMRES 5 Rt GitHub
B,

BB —: IEEAGRMR. 2R, I DRSS EIASRCCE, RENESTE IR, DA
SR AREE AR, ERIET T, FTDAE SR AERS R RS, I, R, 2%,
BRI R 1 AT DATE A AL R

quiE 0-8 AR, AEWAETEME “FEE—", BERBIRE SRR B R B =12,


https://github.com/krahets/LeetCode-Book
https://github.com/krahets/LeetCode-Book
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H
(]
{1t
=
ol

PR — PR — RER=
SR ERENFT {RF R EENRER

WA

EEGENFIE RIRRER RRRRIESR
EEEER

ERATEEIRR EEMBEE

FREL B 2 R Rl —iBRE MERNE, FRRR
TR RS IE I AR IR ERTENNMER

# 0-8 {HERIASE AR

0.3 /&

© AENEEZFREEEOEE, WRIRCAH &, AERERHBIRRRBEEEEN, &hiEE
AT PERy “RIE THEE" EH],

- ERFNAEZEQRRERE AT, EREERAEEIA =R, R TR 1,

- BRNERIEH T, EVRREREM AN EERER, A DUEFF S E R,

- HEBYE E R E RS AR, PIRUAE R, A TSN A E B R,

- BEYEERRRG AR, MU TIRRE R B AR S,

- AREHERRA AT EE RO P, BODRERE > = R RE R R,
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Abstract
—N/ DL RIS, BRI AR AE i, AR I A AR e,
QB GEURILSE, GERERMAIP AR, BN FO T i i LSS R T A TR
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1.1 BREZEERTE

ERMEER R EEER, REAMEHEEE, RMER L, SFF2EEERLAYMERSE, m2
R A S, TG AR TR B TS R R R R

TEIEXIRRHEAIR Z 0, B —EABNEEEEDS: WEKEANARDREG TRF2HEE, WEEFE
FEMSIA AR T, TSGR BRI H 7 ARKEE EE —H.

Bil—: &, i, SEETESE-EIE, iR oS T RIETHI, R REE
sl AP E RS r Y, 8 EIIRE 1-1 Fosry )y sUEEL,

1. BRI — PR EE, MRZENE TR E, REETR m.
2. HRTEPFE FRERS r L m 1%, FRDHERR ATy, ERRFE A DEIRFEE D,
3. NEEENER 1. FIPER 2., EERIIPHEE TR r WEHIER 1L,

FRERHEFEROAFHT

EFRER: HIEE—EHSETER r BF —HERE

EFHASR:

1. BHAFRAE—ERE, ¥REFSE n
2. B r 7 m %8, FiHEREFE8S

Step 1 Step 2
—HREER —HRAEER

EFRSR: EFRSR:

1. BHFRNGBIN—FRER, ¥REFER t 1. BHFARNGHINFRER, EREFHL p

2. B r fE t A08, FiHRREREESS 2. HR r £ p %8, FICHREIFEES
Step 3 Step 4

e
—¥EHE
EFHRSR:

1. HFFARGHIN—VERE, ¥REFER r
2. BRIEFES r NF, TRES

Step 5

i 1-1 &Rk
S/ NN HEGE, BRE EMREEAN “SoEs” WL EREEAAE, IR EET
R —EEHRFR [, EHEEERAE, TR DU bR il — R “—iEa”,

Bl REBRBERE, WAMESTIG, BRAHEBEM TR, RGNS, EHRAREME 1-2 Fr
Ro
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LRBEaE % R R IR Moy, MREIGIRGE Nk 1 R EAEE .
2. P —REE I, AEHFEORIEEAE, SRR 2 RERCERT,
3. NENEEWER 2., Bl sk IR A AP, HEETHSEMEH T,

FHF FHEF RHFF
> [A[5 72 * A [5 X NE
. \'L v J. S . 2 v L{. . / . 2 5
\ 4 . 1Y ! . De
,-u’ L by ‘nt? > Y ‘E 5
3 3 4
FHF FHF
5 /=5 2 ~ 5
(5 At 2 “t 2(/A A
a0 Q GRS AN v
N 5 N 5 2 5
< 5/ 5( 2 5, A A

1-2 BErHEp P ER

AR TEAE R AT R, e EE N RRRREER Mk w2 AR aGE S Rk
R AR AP R &

Pl=: B %F, BERFFHEBETIEE 7 69 JThRh, 4 TBERE 100 7T, RBEREHZHIRM 31 7.
GIR B AR SE AN 1-3 FrRrIEE,

AEEE L 31 st EE/NER, S 17T, 57t 10 7T, 20 g,
ferEEP R AR 20 7T, #ER 31 — 20 = 11 7T,
ERERAEEP E AR AR 10 7T, ®ER 11 — 10 = 1 75,
ERERANEEPELRRN 17T, #®Ek 1l —1 =07t

FRRE, 7TEA204+ 10+ 1 = 3175

ok wn e
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BiEtH 31 L2 11 = 1 =» 0

HEHB -20 -10 -1

 1-3 HEFEHRZEE
LS ERS, BV PER R ATE R RIS (ERTRERRIEEEN), S EE] 7 aITHHE TS
o CEFHEMEERIANAEE, BEEAE LR "8 WAL,

INEREE—IER, REVEPEUT, RPArARERRRABEARRE R, St BB E SR MIRESE B
EEHIF RS R R (AL IR, [FRs R USITA CPU F1 GPU BUTTHERE, B2k, BIMutaE
TGRSR R A b, DA S R SRR A R TR

Tip
GRIRIRET DRI, TR, BRI S SMSEE —HEE, sEEET TRE, AEFTIE
RGBS ARkt B T L 725 1) R

1.2 BRERMHE
1.2.1 BEEES

wmEE (algorithm) JB1EA IR N AR E MR — AT S B REP B, B RA LU,

- FERRARERT, 05T I En A\ e 2R
- BARTY, REMI7EAIRAER. IR M e,
- BLBEATWEH SR, EAHRREMARBITRET, fWHaaArE,

1.2.2 BHEEES

BRERE (data structure) ZHHMMEFERIVTN, HMEERNE, B ZHBEGRMERRIEE, R
AL R,
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- SRS HEED, DS AR,
- BRI REDUE, MEE RN, BT, MBR, EHE.
- RUEERIEREOREEE N, DUEEEIREHIT,

BRI E R — M e RE B R AN RARER T ISR, EEREAES — T R 2 . T AR

a5

- BEESERSMEURRES, TEERLETH RO PRI L ENERE, (HREYE TR DR,
- AR EEAL A, ROt T E R AGEE A, (RS E R R R S .

1.2.3 BRGIBRETEIENRE

GniE 1-4 FoR, BRI ETA S AR, BEASS, BEERBELL N =@/,

- BRETRREEIAE N, BRI RTAR A VAR RER, DUIREERIR T,
- EEIRS BRSNS, BRI S ERMAERE, SEERIEA REMIRRTE M,
- HETREE A DA AR R E DL, HBUTRERATREMERA, BHES BN E RS2 RSE.

BE—RIUREES

eSS L
BN ‘ RELE with
 —
input algorithm output
HEESE

data structure

RESERLHEEFNER
BN MR ERHRIES &

1-4 BRI BT BIARIR (R

BRSO ANE 1-5 FURIIPEAR, — &K, RTESFE TN, B RS

Fo BMLMEHRNE DD R0E, PR TR IR,
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B 1-5 PR

Wi R AT E R RN R 1-1 AR,

*® 1-1 R BRI L 2 PR

BRASMEEETL PR

LN =¢ RPFERAIFEA

BERH MAMSIEK, BRIER. R, #ERT755E
[LACRES TRRDE K AR BB — R B

i R TR

EfFRARE, EREMREREERREZNERGE SN, BRI, AEGDUIRHERZEEXESNE
B,

HIE B PR TG
FEEPERT R, FINEE R “ErREREEER" iR R, ST AR LeetCode i
RIREH, B RIS AR A T RE W 7 T R

1.3 &

- HRIEEHFEARPEEANE, WAREANI MR, BRE, ROCRENIARP2E T
ZHER, HURRRAETE R/ NFEE,
- BT TS AR 8, TS EEIAEE T 2 imia 2 A E B ATA A,
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- BEPEBE O RE R B AP RIAAER L, MAHEEERE S HE MU R,

- HWHENPBRAE EREBHEE, 5 PWRIE B AR RTFIERE,

- TEERRAE A PRI R 9 AR DR R o P RE A — A TR S BB B, T RS A 2 S SR AE AT fakh 7 S
757K

- ERHER B RN R A, BRI R BRI, MERA S B REA LW,

- FfFI AT DURFE R A BT B LE A DR RRE R, BRAARER, BRRE RS SRR B R A
R, PREREARH D BRI T IR,

1. Q&A

Q: TEZ—2fEmtathn, AL AW LIEPIEORHEERRBHE, W HEERSEEGESERET, B
EARATLA Y ; SR A ERERM TP RI R A PR TR E IR AR L ?

GRS AR TAERRELLER I “HE30" BURS, AREEMRERHEZEGZE "W,

TR 2 WA (N EMERR ) WERARENE LEHREFERE, ME2ARZEINRE, ERR
I REIRF RE S 1 HH R SO MBI B, (et LAFRU R E B, BB (e v, SrEESHNE T
pETbaw

- RTINS A SRR E RS, IR EEME R, BRIMTTREAERE TR E M T, BUT
NEWG, REEARSS, B ERIMRA M ERE,

- EARENEEEE, MG HE AT R EEREE R O(nlogn) ; MR ERERZ
[ o B RR . (BTN E25%) , AR ERM Wt v DURRCR B iy SR8 A, R R R e 25
O(nk), Hrk 2l EERHERTOCR, &8 HARISITIRMEEANERAMEE (AR, #
BREEIFE) o

fE LRI, KEMERHUESIREME), PN “EAZ” R, HENHEREE—TT
T AR R REA B ML, 59— 75 T R LA R RE R Rt 1. A\ BRI SE M, S8Rz, o #r
IR &R, LR R TR 1 B AR
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Abstract
P AT A T B A T P R S R,
EAFEIRAMAE R B2 RS P A S _EIRAIRER, SIREEHENER TR,




2w EREEDN www.hello-algo.com 18

2.1 EHEMETL

FEMREIRRGE R, BRI ARIESR DT v 8 i ) 5 A

1. IREUBIEMRE - [ RIATR E AT H 0 A\ FEIE Py T SRR 1S R4 ) IE AR
2. sREBRE: [F—ERERTREF A2 AERE, MR BRI ] RE AR TR,

Wt Ea, EREFIMRIRMERIATE T, BEIRMCROEN A EHEAES N EETEEE, CuE I HifE
HERE

- IR EEERTRERIE,
- ARERCR: ERAMG AR R R,

fifimn s <, WM EERSRE “BRE” MERIAREEEIE, AR RRNCR =R EE, F
HEER, FMA R SRR RE T, EmEEEE ARG LR B,

RERGHE AT R oy i EEHIEL PR LR

2.1.1 EZAR

(REF MBI A AR A MIEETE B, EMETREMRIRFE —ME, BUEREH IEMEBREIRIER, RER
Rk — 2t BN, JUTEmMEEER, B eMisiTR GRS, S
RES SR EL BRI, (HBAA BRI RIR .

—J5E, HEDAHEERMEAEREE TN R, AR B e B RARRRER L, N —EE R AR AT R =,
B EMEEASE 2% CPU LT, —EHEFERNLIEEREES, B ElE S eEi i LR &
Hf, Wt EEREARES LRSI ATRERA B, EREWE M T E A LT
W, #atFEIReR, mERAHRER.,

77, JRAeRENEAER eI, M AR RS, ARG RILARRINER, Fl, e
NERHEBUNG, HETR A FBITRH LR B &, MM AR RHERORR, ARARATeREHER. K
I, & TEEESIR RS, OISR AR, SRR R R R,

2.1.2 IPHEE

HR EFRAE A BRI RRRYE, R AT DA A% 68 — L5t H ARG T BRI AR, B G T R
&SR E S (asymptotic complexity analysis), FRBEHE D,

R HEIE S0 T BE St RSB TE R TR WU T P 75 OB P AN 23 P TR i N R R/ N TR R el v R A\ EOR)
R/NEBE, ERTEPI TR R 2 RN R 8IS, ISR AL O, BATA] DR 73 25 = (8 SR AP
e,

- CRERIANZERTEIRT 0 BIBERREMSE (time complexity) FIZRI%EHE (space complexity).

- “REE BRI NN IR A R e R TR B \ R i R BRI R

- CRERIFI S MR RS RN AT B R AR U TR R S A s R B, R R e
WER “ig”,

BEHERE St s il o EEREIIA Ty TR i, BEERAE DA A8 7



2w EREEDN www.hello-algo.com 19

- BERERTEN, B OEHRE,
- CEBNIRHIERERSE, ARSI AT A T,
- BRI DAEERAFE R R THERIRRCR, THRERERHE P HE B IRREE.

Tip
GRERIRAT B AR SRR BN 2R, ZEIE 0, R EERE =G4,

HRHEIE 34T 2 AR S T — R SRR AT "R, (EFRAFT AT DA B U T A8 8 S il 7 B R T A 2
IR, B AR Z HRReR,

B R AECRS, BRPRE rIRELL R, SR AR, EmEE, ERE T AIREAK
T AR BIEMARINE. 2RI, B BRIMTE s EOR S M e R TR RO RERG IRy, S DR S B AT H T i
s I F 5

R LPTR, ERRIRER NS E ERS M BE RIE A, e BHEME R o o LD IR, DA RE S 52 K B
EICRERINEF 31 TS

2.2 EELEE

AL, EEPTEEEHRRE RR, SRR AT R (R, 75745 AR R AN 23
W20, e T e R BB E R TERS, RIMTEEE AR Ui IR AR, B,

2.2.1 #%

&R (iteration) & —MEEPITREER I HIAERE, IR, BNEENL —ERIRA FEEPITRHEE
FeaHS, EENSMER AR,

1. foriEBE

for JE[E 2 i RANEIERZ —, EEERERIE R BIREEH]

PURBRTIE for SMEEB 7TRM 1 + 2 4 - +n, KMGREFABEEY res siik, HFETERZ, Python
H range(a, b) ¥IERERE “ZPAART 1Y, HERGESRES a,a +1,...,0—1:

// === File: 1iteration.ts ===

/* for @E */
function forLoop(n: number): number {
let res = 0;
// EEXM 1, 2, ..., n-1, n
for (let 1 = 1; 1 <= n; 1++) {
res += i;
}

return res;
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I 2-1 2 %R E A TR [

=2l

i+

#
=1

i 2-1 KA PR A REAE

i=1
K
%

IHESRAT R SR BR A R B AR/ o IRE R, sREFR “SRERIRT, B L, RS2

igfiEl “HRPERMR”. BN A EE N —HiTEEA A

2. whilei@E

5 for JEFALL, while MR tHZ ~FEEINERAITE, £ while BEF, EASWAGREMRM, WRIK

AR, RIEERT, SRIBASHRERE,
THEFMA while BEREHRKM L +2 4+ -+ n:

// === File: iteration.ts ===

/* while 1EE */

function whileLoop(n: number): number {
let res = 0;
let 1= 1; // WAMKRHLEE

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

res += i;

1e+; /] BIIGRMEES
}

return res;

while JHE Lt for MR H S HE S, 76 while SR, FRATATDAB o R G (28 B 9 4R AL T BT 40
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BT DL AR, VPRSI ¢ SR IUCERT, SRR A 77 (1 For M BESTR:
/] === File: iteration.ts ===

/* while BE (MXEH) */
function whileLoopII(n: number): number {
let res = 0;
let i = 1; // ¥IRLIRMEES
// EEXRM 1, 4, 10, ...
while (1 <= n) {

res += i;

/] EIGEEE
Warrg

i *= 2;

}

return res;

KA, for JMRERIREAISTEMERTE, white EIEMEETS, MiHHASRT AEBNANAE, BRI —EE
AR A R A 75 SR AR E o

3. EikaEE
FA AT DASE — {18220 P 4 Y S AR S — (I Pl 454, R TET DA for JEIRE 2451 :
/] === File: iteration.ts ===

/* &E for TE +/
function nestedForLoop(n: number): string {
let res =
// @B i=1, 2, ..., n-1, n
for (let 1 = 1; 1 <= n; 1++) {
// 8@ j=1,2, ..., n-1, n
for (let j = 1; j <= n; j++) {
res += “(${i}, ${ib), s

00
>

}

return res;

2-2 2 2 HLIR I ) A e R A [ o
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i 2-2  BEARIE Rl A A REAE

RSN, WU R RS n? BB, SR RTEEIAH TR IR AR AN n B “PITRRR

T ] DAAESTHTHE SRR, &R EGRAR — R “THE”, e ERREMER SR SRR TRy
BIR”, DAKHIME

2.2.2 E@

E@ (recursion) Jg—TE{EFIEHNG, ZiB I B B AMRRHE, €3 EUSREREE,

1. &: REURER AR 5, WEEEANENSCER 28, BREES] “KIERE",
2. 78 figgk “HAEMRET &, REFAIEREE AR BRI IR M, RS R,

MEERNAES, BEEABEEGS = %R,

1. RabAEE: FRDGEBR RS “E” 3 “E”,
2. JEEREN: B GE”, BRI E S, @A NSRRI 2
3. IBIIESR: HE W7, A5 E RTEE RS FOR A =k,

BRI TS, BRIMAFTIEY RN recur(n) , BEATPAZERL 1+ 2 + -+ + n BIEHE:
// === File: recursion.ts ===

[* BT */
function recur(n: number): number {
/] #ELEEE
if (n === 1) return 1;
/] I EEEAY
const res = recur(n - 1);
/] 8 R[OEER
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return n + res;

& 2-3 Fo 1 kbR A AR AR

AT ‘& Rt “@”
recur(n) return n + ((n=-1)+.+2+1)
| /‘ ‘
recur(n-1) return (n-1) + ((n=2) +..+2+1)
recur(4) return 4 + (3+2+1j
recur(3) return 3 + (2+1j
} A
recur(2) ESEE return 2 + (1)
} S —
recur(1) return 1

i 2-3 SR bA FCHE T A
HESRIEET A, ISR AT AR B RIAAE R, HEMRER 1 MRS A ]G R4 R TR s 9 i
iﬁo

- OB TATTWE” HURIRREE, (ERIEMERPERRLR, ARANEEESENGESER, ERIEFH R,
© ORI CH R HRARRIRE, AR R A BN ¥R, IS R A R R B A AR R A K
PN AR T I REAR A e 2 B N TR, EEIEAERRE L (AR IZE EAED.

DL ERSRAIER 20, 3R f(n) =142+ +n.

- TERBER R, 16 1 EWE 0, FRIGTRRRE, BATRE f(n) .
ORI HSRIBE MRS TR f(n) = n+ f(n—1), B GRIML) SR R %, EEHARER f(1) =
L IE,

1. g
MR oK U RN H B, RS 20 B B X 0 EC RO R R, DARETE RIS i, WML kAT At 3 R
F, BB T THIFAS R

- BRI RE R AR R T RCEREE, EERRERA GYRR. FIit,
TR S EEIEACSE MRE B e b A
- RO R X AR RS MR DRI Y LRI P B IR AR

QniE 2-4 FoR, EMEIRAARIRIERT, FRRFAE n FERIREFERE K, BBEHRES n .
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AT “& mE “

&

recur(n)

!

recur(n-1)

!
|

BERE recur(4)
! }
recur(3)

!

recur(2) EEE
l FRIEIRF
recur(1)

2-4 RGP IR

FEEPEF, EGES CAFRRE R EE R AR, @SRRI AT GEEEOE R i (55

2. BiEQ

HEBAE, WEREANAEIR AT R R — DA TR, QIR Cn] DA s sl e R dn i (E ML, (FHAE
ERRR FEGEHE, SRR RIEE (tail recursion),

© WEIEE: ERUREE AR RIR, RTINS, RILRSHR R LR L
e

- IR JEE 2 R FOR B AR — R, EERE R R R, SRR THA
BE, R RSEARKS E—ER L,

BIFHEE 14 2+ - 4 70 208, BT DU AE TN res RARNSY, (T EIRIEE:
// === File: recursion.ts ===

[* BiEE */

function tailRecur(n: number, res: number): number {
/] ALY
if (n === 0) return res;
/] EEErY

return tailRecur(n - 1, res + n);

FRIRE B TIEREANE 2-5 FR. ¥ HLE @R IR, w5 BRI T R R AN F Y,

© MR SRFIFR(ERAE W ANBRETITHY, B ERESE T — OORTIRE,
- RBIRE: SRARERAE BT RNERETEITH, T fEE R R R E,
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n+..

n+..

n+..

n+..

n+..

n+..

AT ‘& mE “@
recur(n, @) return
recur(n-1, n) l rettrn
l re;Lrn
recur(3, n+.. +l5+4) retTurn
recur(2, n+.. +l5+4+3) retTurn
recur(1, n+ .. +l5+4+3+ 2) EEE retTurn
l - J1 30 T
recur(@, n+..+5+4+3+2+1) return

f 2-5 i@

n+..

+5+4+3+2+1

+5+4+3+2+1

+5+4+3+2+1

+5+4+3+2+1

+5+4+3+2+1

+5+4+3+2+1

+5+4+3+2+1

Tip

FATERR, T2 Mine de B EL s i A SR RIRE R AL, BlaN, Python FHRASIRREE R EK, F

BRI FUZ REIRIEIZ I, (/55R ATAE & I 2 HE A 5 (07 il

3. EiOs
HIEME “IME” MHRAREEEMER, EEEE AR RS EMEE, EEEmSE, DL BB
A" 2,

Question

waE —EEPIRES 0,1,1,2,3,5,8,13, ..., KxBEIWE n @85,

SRS n TS f(n) | 5 IEmESR,
WIS 2 f(1) = 0F1 £(2) = 1.

WGP EERCE RATER AR, B f(n) = f(n—1) + f(n—2).
FROE BRI FEEITI, SRR (A E L, (T2 OB, I fib(n) BIAT{S82EK

AREBNIE n 88

// === File: recursion.ts ===

[* BERARRREG: &l */
function fib(n: number): number {
/] #IERME f(1) =0, f(2) = 1

if (n === 1 || n === 2) return n - 1;
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/] BN f(n) = f(n-1) + f(n-2)
const res = fib(n - 1) + fib(n - 2);
// REIEER f(n)

return res;

g DL RS, BRMAE R X PRIy T i E R X, JE R — R A A Y MR 5 32, AnfE 2-6
iR, EREARENREMEN X, REHEELE —IEEE n FEER (recursion tree),

f(n)

f(n-2)

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

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

2-6 B IRARELEAIAIEE AS

WAE LF, BEEE T EME MR ENFHRE” RN, SRR SR EZ,
- WEEBEMEER, Ma, e, B 076, BhEEEE] A2 R AR RS R Rt A T E
RHETT o
- EERE AR, IRERAE S RS Y, BE AR R, WA efAEREIES G EE
13909,
2.2.3 WEHLL
RS ENE, WK 2-1 FoR, BFNEEEER, AEer@E A LA AR,

R 2-1 JEUIEE RS

IER LA

HE7  EERSE BRI 5 B
X
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IER M
MR BeRIEHE RS, AR BASH AR PR 2L S 8 7 242 A 8
%
FOfEEE RO EE A AR R SR O L ] Rl R P S A e )
{5

BAM  EAREEEEER, SEAESB. fTE EAR RS, W B oia. [SE, RERISASREEER,
| gy L]

Tip
RIBE DA WA RN EE, WIDIERE “HERT EHETREAREE,

AR, IEAHNEIE B A (BN TERBIE? DAERIEE bR 32 B, SRARIEFERER) @™ FEBOET. BRIk
IR B e BB R R AR SE AR RAERY, TSR TAEREHI SR “Je NI JstE St IR 1,

FEL, PR R HEBEEET ISEEEMTE CAAR R TR SR R E VIR R,

1E: BTy, RGEE TPIHER" b2 ax R o R ORI, AT G 7 R KR IR e A
. 28, REHEEFER,
2. 38 ERFERBTIDR IR, HEAHERIE G TR RRRR, RIEZ AT A TR,

R, TR DA — T A BRI 1725, (TR 2 AR
// === File: recursion.ts ===

[* EREREEIRDE */
function forLoopRecur(n: number): number {
/] fEF—ERETCAY b & SR AR HE R G0 OL B 2R
const stack: number[] = [];
let res: number = 0;
/] & IEEEY
for (let 1 =n; 1> 0; 1--) {
/] BB NEBIRE EER B
stack.push(i);
}
/] 18: R[E4EER
while (stack.length) {
/] ZE@ “HERRE EE T
res += stack.pop();
}
/] res = 1+2+43+...+n

return res;

B DL EREHS, EREE IR, RS EEME T, MEERANNEEAERZ AT AT A A
e, (EA—EERIEHRM, A LUTmRREE,
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- ERRIRECHS T RE S N DABR AR, RIS R,
- BPRFEEEHERRE, RSN S A1 T 2% RTREE R IR

Mz, BERRRIBEERURTHEMENTEE . ARG ERT, W E N ESIARRESEEESE
A7 IR R B 2

2.3 BSHEEHE

TR ] AT DA B L PR b S B SRR R, QPRI PR R TR — BRSNS AU B TIRF R, P RZ AT 5 1
We?

1. MEEPUT e, BEEEE. BXFES. RARES, BUERRNGEEEAIHITIE,

2. PG ARG R ERET R R BATIR R, BIAINTEIRIE + 2 1 ns, RIER(E » T2 10 ns, FIEHRAIE
print() F& 5ns &,

3. GEtFE NP A R RERE, WA A IRERY U TIR R SRED,  1Emi1S 2B TR,

BlantE LA 2R, WABERANS n

/] EREHITEET

function algorithm(n: number): void {
var a: number = 2; // 1 ns
a=a+1; //1ns
a=a*2;// 10 ns
// EE n &
for(let 1 = 0; 1{ <n; 1++) { // 1 ns

console.log(0); // 5 ns

}

MR LT3, TSRS EIERBU TR 2 (6n + 12) ns :

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

HERE L, SaHEREANBUTIREBASBMABIE . &%, RIMTAHERAMGRRMPUT PR, WX
HREREAESHEAR P2 BT, HR, FPRESENGREBRERSITRE, SHTEMERRMN AR TR
AR

2.3.1 FstRFREERES

R TR M A s A A T TR TR R, TR TR A T IR IR 5 R R SR A 18 R 34

“IRFREIG R SIS bt S, FAME B — G TS DARERR, RGRE AR K/ N n, 5T = (EEE
A BAIC:
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/] EEE A NEEEME: B8

function algorithm_A(n: number): void {
console.log(0);

}

/] BEE B MKREIEME: R

function algorithm_B(n: number): void {
for (let 1 = 0; 1 < n; 1++) {

console.log(0);

}
}
/] EBEE ¢ NEBEME: B8
function algorithm_C(n: number): void {
for (let 1 = 0; 1 < 1000000; i++) {
console.log(0);
}

2-7 e 7 DAL =T SR R A IR R R

- EEIR ARG 1 ESIENERCE, EERPITIREARES n B R, MR R AR R R E R 2
“HERE

- AT B PRYFIEMRIETR ZIERE n R, FEEEPUTIRMBER n HREAMEE R, HEBAIRARHAE M

- TEEIR C RRIBIENR/ERR 23 E 1000000 X, EABUTRIMRE, (HEiEAERR/N n R, Fit
C AORFREIERERERT A AHITR], (52 “HEBIFE™,

WEE ¢ - HER
1000000

WEE B — fRIER

HEERITRR 10
5 /Mﬂﬁ
/]

] 1 2 3 4 5 6 7 8 9

BNBEEKN
n

fEl 2-7 AR AL B C IR R85

MBS EHEA R HE SRR TR, 5 R R A TR R G ?

- IS RES ARG TRERCR, Flin, AR 8 (OPUTIRM BN R, £ n > 1 FHEER
A1, f£n > 1000000 KeELiETE c 18, FEH E, RE@MABERIUNn BIR, HEED “HE#
BE” ROTESIR B AR MRS, BRI RS,
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- B R HER DR E M, BOR, BT T ERIE AR AR BT S AT IR R A R R S
K| A B R R FEE A v, AP P DA BRI P A S R RS TIR R 2R AR R “BRALIRERE, AT
HCFHEBREUTIR AR R “RHRIRFEESET, B AR AR RRER T,

- IR A AR fIan, R TERE A R0 C RO RIEREEEARTR], (BRI TIR R Z IR
Ko [FIRR, MEEEIE 8 MRHEMEL &, EEMABRA/N n BUNR, R 8 BIEENEEE
Co BRIMIRTETL, TR HE USRS R A B s AR . B, BEFAE LR,
TR AT TR A R RCR i A R R T 1%

2.3.2 HIUEnA 5
e —MER AR /N o R RE

function algorithm(n: number): void{

var a: number = 1; // +1

a+=1; // +1

a*=2; /] +1

// EE n &

for(let 1 = 0; 1 < n; 1++){ // +1 (BWEHIT 1 ++)
console.log(0); // +1

}

AT RN R E R R — R AR n X, 528 T(n), RIDALEXERIFEE R

T(n)=3+2n

T(n) B—REAR, SREAHBITIR A RS AR, R e AR P R R AR TR

PSR RS R IR RC A O(n) , BIEBERFHBAK O 25% (big-O notation), FREX T'(n) 1Y
ik E5 (asymptotic upper bound),

IR T AR RS “BERE T (n)” MOiNE BR, ©EEIHRNESR TR,
EiFav U

FAEIEEM ¢ FIEW ny , EEERFENR R > ny, 398 T(n) < c- f(n), HARS f(n) &
HT T(n) M—EHRE LR, 3% T(n) = O(f(n)) .

aniE 2-8 fw, sHEHNL LR SFR—MEERX f(n), F5E n @AREERR, T(n) f f(n) EBHRHERA
AU -RAH, EARZE AR EUH c BIREEG
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c-f(n)
T(n)

izt e

4._.——”‘*-”’—"——7

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

B no>n, B, %BEE c-f(n) 2 T(n),
Eitaz3% f(n) 2 T(n) W—EHMELR,
z24 T(n) = 0(f(n))

2-8 HEARHHE ER

2.3.3 #EGE

ML B R RBERIR A RE, TURIRERRR A2, REEE O, KM DUREIRERTTE, AN
HEE, ST DO s HEBER R,

RIBER, WE f(n) 218, TMETSIIRHEEE O(f(n)) . MEIAIHEEEL LR f(n) We? 42885
WL ECHEHREEER, REAETNL L5,

1. -9 GsHRFHE

SHEFREES, BT LEIREIERIAT, R, BB LR e f(n) PREBIE ¢ FTMBUEER/D, BRI
2T (n) WIS REREL ORI DURNE, ARPRILIRI, A DRSS I DU s s,

L. 20 T (n) PR EOE, HaeMars n e, B ERRIEMEE A EL R 2,

2. HWEFTARE. BN, R 2n X, Sn + 1IRSE, #RRTDARILEL S n iR, %y n BT REE R RHEE
MERAETE,

3. JERE BRI RIE . AR SR A5 A A A P9 e R A B R o A, 5 — T (R 24 ] A
B 1. BNE 2. BT,

s — MRS, FRAMAT DU B3R B skt R E R :

function algorithm(n: number): void {
let a=1; // +0 (&I5 1)
a=a+n; //+0 (5 1)
/] +n (%15 2)
for (let 1 =0; 1 <5 *n+ 1; i++) {

console.log(0);
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}
// +n*n (715 3)
for (let 1 = 0; 1 <2 * n; i1++) {
for (let 3 =0; j <n+ 1; j++) {
console.log(0);
}

PARARRBR 7 A EIREITRTEIGEHER, W R % O(n?) .

T(n)=2n(n+1)+ (5n+1)+2 ekt ()
=224+ Tn+3
T(n)=n*+n fh%Er (0.0)

2. BT HEREHEESR

RIS T () s BE IR DUE ., 18R A TE n MRS K, e PR IER B T 8IE A, Hift
THASZ 2R AT DA

*® 2-2 R 7 Ly, HA—LEREaRAER & 1 5RiE “REBCERIBRBIIE T A, B n BN,
IS WG I R

R 2-2 AR RSB AR R

AR T (n) BRI O(f(n))

100000 0(1)
3n+2 O(n)
2n? +3n + 2 O(n?)

n3 4+ 10000n> O(n?)
2" 4100001009  O(27)

2.3.4 EREN

REABR AN n, H RRRREEREERINE 2-9 frs GEIRIERESRIERHED .

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
HHRE < B < GUPERE < SAEBEEE < FI5RE < FREE < RESRRE
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IR IERE
T(n)

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

BNBERAN
n

[ 2-9 % AR R B Al

1. B O(1)

AR B R B N ERRV N o SR, RIRRE S n BB (T L

EBFE o(2n)

F5kE o(n?)
4914FE o(n)
HEME 0(logn)

BHE o(1)

#EEx

3 FETON

FERURER A, B RIFEE size WIREMRK, (H AR HEER N BORIR/ N n 060, DRI RIMERERE (2 O(1)

// === File: time_complexity.ts ===

[* BEPE */
function constant(n: number): number {
let count = 0;
const size = 100000;
for (let 1 = 0; 1 < size; i++) count++;

return count;

2. MR O(n)

ARMERE BB F R AR I AR n DAARPESRBING R o ARPERRIE B3 75 B e Pl o -

// === File: time_complexity.ts ===

[* ARMERE */

function linear(n: number): number {
let count = 0;
for (let 1 = 0; 1 < n; 1++) count++;

return count;
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SR A SRR TERIE ST O(n) , Fosh ) 2o Bk BEH 5 R
// === File: time_complexity.ts ===

[* ARMERE GEspRES)  */
function arrayTraversal(nums: number[]): number {
let count = 0;
/] EEREER Y| REMIELL
for (let 1 = 0; 1 < nums.length; i1++) {
count++;

}

return count;

ERFERRZ, WA n SRR A SRR R RMEE . LLanESs — 8RBT, S8 n HmAE
RN, S ZAERBI, HAIRE n HERIN,

3. EHKEO(n?)

S5 W ARV OB RR AR I o DA AR . T2 77 B B B SRR e, 4 A T P
SR R 2 O(n) , FILABSI IR 2 O (n?) -

// === File: time_complexity.ts ===

[* FEFHEE */
function quadratic(n: number): number {
let count = 0;
/] EEREERERKN n BTEHERER
for (let 1 = 0; 1 < n; i++) {
for (let j = 0; j < n; j++) {
count++;
}
}

return count;

2-10 BHEL T RS, ARMERE R 7 R = AR A
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EE n R
@E n /'A—'
1R E
BSROAESERT BEROMESRE B ROIRSRE
HHME 0(1) 1B o(n) EAB 0(n2)

(] RE—fEasmme

[ 2-10 HERE, ARVEREAIST 75 R B9 Rr I R

DA R 205, SMBEBEGT 0 — 1%, NEEE®RT — 1 n—2. .. 20 1%, FEAn/2 K,
WIS O((n — 1)n/2) = O(n?) :

// === File: time_complexity.ts ===

[* FHEE CEAHRE) */
function bubbleSort(nums: number[]): number {
let count = 0; // =tEi2%
/] MEE: REFFEER [0, 1]
for (let 1 = nums.length - 1; 1 > 0; 1--) {
/] NEE: #RHFFEM [0, 1] PHEATERMEZEBNRGIRK
for (let j = 0; j < 1; j++) {
if (nums[j] > nums[j + 1]) {
[/ 33 nums[j] £ nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
count += 3; // TEXIREE 3 EETIRE

}

return count;

4. $EBEEO(2")

VR TR BRI EOEN R AV T WIAAIRRES 1 IAMINE, ORI 2 fH, RWRIE
B2y A fH, DAUKENE, 2% n WwEHE 2" @A,
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& 2-11 FICA FRE SRR T 4R 0 iE e, RS O(27) . sER, WA n RO HmE, IR
B count FRIRAE S ZLIREL,

// === File: time_complexity.ts ===

[* IEEE (EEEIR) */
function exponential(n: number): number {
let count = 0,
base = 1;
/] HEEH—92%", RES 1, 2, 4, 8, ..., 27(n-1)
for (let 1 = 0; 1 < n; 1++) {
for (let j = 0; j < base; j++) {
count++;
}
base *= 2;
}
// count =1 + 2+ 4+ 8+ ..+ 2%n-1) =2*n - 1

return count;

}
B &
SE—HAR= BB

;] 20

2 T
' .22
[ I l [ [ .L ,{ .{ .
O-0-0-0-0-0-0~0 2=

EHRIRIEARER (ANEIDMBIEENRSARED) FFRIE
20 + 21 + 22 +  + 201 = 2n-q IEHRE o(2)

\|
7t
=]
|

2-11 fEHPEHIRF R e

EEBEE LD, 8PS HE R IER R, Flande AR, HEE—n% =, &8 n Ro3%
21k

// === File: time_complexity.ts ===
[* 188 (REEIR) */

function expRecur(n: number): number {

if (n === 1) return 1;
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return expRecur(n - 1) + expRecur(n - 1) + 1;

TR RARR IR, AL (BOEE, BE) FHEE R, BRERERERIRNE, fE8FEEAN
FIFRRZHY, TR TR B A8 A S AT TR SR AR R

5. HHKE O(logn)

RSB, BRI T “SiRaRe—" BT, SAERIUNS n, HRESRGERE—F,
I R BUR log, n, B 2™ YRR

1 2-12 FIDA RSB T “EEAARIRE] 4 (OBEE, FERIEREREZ Ollog, n) , W% O(logn) -
// === File: time_complexity.ts ===

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

}

return count;

EINEFIRER n sEas 1 @

FIRRETI A SEMH— HERE

s

B lE PSSR
logon +1 HHR 0(logn)

~

N

[

2-12  EHEURE AR M

BRLFSERRAALL, SRR BRI R, PURAR NS T — BRI 2y log, o ALY :
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// === File: time_complexity.ts ===

[+ HERE (EEEIR) */

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

B R HBURER IR EEERT, BT 002" M CELET MERIREE, iR,
TEAEUA H R A B AR A IR R A 2

O(logn) MIKEURZ/D?
HEREARER, “—orksm” BIEARREEER O(log  n) . MZEHEPERERARK, BIMATUSEIEA
ANIFIECHI, A S R R R P

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

WAtE, B m FTDERNEEE M O RTTE N, R MEE & EIIRE m, K E %
#% O(logn) o

6. #REHBME O(nlogn)
SR R LR BRI, R RS 5012 O(logm) F1 O(n) o HIBIREARELT T :
// === File: time_complexity.ts ===

[* ARMEEEE +/
function linearLogRecur(n: number): number {
if (n <= 1) return 1;
let count = linearLogRecur(n / 2) + linearLogRecur(n / 2);
for (let 1 = 0; 1 < n; 1++) {
count++;

}

return count;

2-13 J&rR T AR A T 3 ook — R B Sy n, BI3EE log, n + 18, Rt
MEHREE % O(nlogn) o
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EEAIRIEAEN
nx1z=n
Zx2=n
## log,n+1 B
%x[.:n

BRI (EARE
nx (log,n +1)

B RRAERE

0(nlogn)
P

i 2-13 ARk AR R

1R

&

[
=
n

=3

l

&

F i ETER R R EE R & O(nlogn) , BlanPuEHEy. SO0HER. HERHITE,

7. BEEEO(n!)

FESRFEEEEE B “2Hp” M, AE n MEAERNITE, KEARTRERHIITT R, 7TREER:

nl=nxn—1)x(n—2)x-x2x1

FESRIEH (AR BB, wlE 2-14 MCARREXIOR, $—EoRtn @, F-EoHtn — 1, Dt
JHHE, HEE n ERELR:

// === File: time_complexity.ts ===

[* BERRE (EEHTIR) */
function factorialRecur(n: number): number {
if (n === 0) return 1;
let count = 0;
/] % 1 EREE n @
for (let 1 = 0; 1 < n; i++) {
count += factorialRecur(n - 1);

}

return count;
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EEH EEH
DEYE HEEHE
n n
n-1 n(n-1)
n-2 n(n-1)(n-2) - £ n B
1 aus see sse n!
2HTINA RS (AIRKENERSE) R
nx (n-1) x (n-2) x .. x 2 x 1 = n! B3P Oo(n!)

2-14  PETRPEHIRF R EE

AR, HAEn > 4RAE n! > 27, FTDARESREE LIS B RISER, 1 n SRR A AT,

2.3.5 RE. RfE. FIYSHEHE

HETARIN EBCR R EIE R, i Sl A BRI i B Bk A — MR E S n BIMEES] nuns ,
Honuns FHIE 1 2 n BB, SEEBT BB X ECRIEF2REETELR, (5 ERIREDTER 1
HIZR51, Tl RT DATSH DU 455w

© Hooums = [?7, 7, ..., 1], HIEREITER 1N, FECBEEDMEY], EIRZERBEBEE O(n) .
- Hooums = [1, 2, 2, ..., BVEEMETRR LR, HERIEY 2 RENTEEGUET, ERmtERRHE
M Q1)

“ERZEREEREE" SRR AENE R, AR O 9oR. Mg, “BERF R e e TR,
H Q FE9EERR:

// === File: worst_best_time_complexity.ts ===

[* ER—EREY, TES {1, 2, ..., n }, [EFEWITEL */
function randomNumbers(n: number): number[] {
const nums = Array(n);
/] ERkFES nums = {1, 2, 3, ..., n }
for (let 1 = 0; 1 < n; 1++) {
nums[i] = 1 + 1;
}
/] FEHFTELFES TR
for (let 1 = 0; 1 < n; 1++) {
const r = Math.floor(Math.random() * (1 + 1));

const temp = nums[i];
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nums[1] = nums[r];
nums[r] = temp;
}

return nums;

}

/* EHEY] nums FEF 1 FRERS| */
function findOne(nums: number[]): number {
for (let 1 = 0; 1 < nums.length; 1++) {
/] BtE 1 TEfEYIEEERE, ZERRERREEEE 0(1)
/] BtE 1 EEYIERE, ZIRERREEEE o(n)
if (nums[i] === 1) {
return i;

}
}

return -1;

EFHINE, RIMEEPRHRDEHREREEREE, R G ERIMERTAREES], rIREEHAK
—ERRRENE, MR E TN, RAseR Y —EBeR g e, SRR DI EE
%o

T LIRRGIRT LAB tH, 22 IR R B FE AT B CE IR AT M S BN “R KRRV M7, I8 21 DU B R
AIREMR/D, AR B R MRS TROR, LR, PRSI R RERE I ] DA B A L e b A\ R
TRBITRCR, H O iR,

ARSI, TRIVTAT AR SLMRE S B ZOR 5 RO, Hn L3RR, i A 52 T
BLI, DIMTEE 1 HBIEE RS  MORRERRARSENY, RSN T3 W R 5 R R —F /2
| PR S O(n/2) = O(n) .

(HERE MR RTR,  SHRCP IR R R A LB N A, DRI 2 AR AT tH 7 R M T AR R
B, AT, FRFIE A R R MR 2 R R RR R HIREE,

RV B © FFIR?

FIREHTR O FFSRIEMR IR L O, BRI EARER TR M, (RS =38 e, 18
RN AR, EAEAHAME RS, FBFEM “TREEHRE O(n)” WRE, #EFHER
HiE7 O(n) .

2.4 THEHRE

TRIEHE (space complexity) FIFH & E R ANM A ACIEHE 2 0GB R R EORR AR RS, IS amteid
IR AR H R, RS “PUTIRe R Bz SRR,
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2.4.1 BEEERZTME

T RTATE U TIE AR P T A RC e s ] 2 UG DU AL
- WA AR EEIRATE A B R
- B AR EEREIAEPUTERT A, W WL TIEEER,
- PR PR R T SRR R R
—REILS, SHERERSEHRER “E T ik s
Ytz a] DOE— 25813 2 =EE8 77
- BRI EERIETERE RS B, BB M
- MESEAER] PR GEE U R AT _E RSO R, ARBETE BRI AL bR IR 1 A TE R A T — (A M A

e, PRIZRIEIE, B & R
R AR R AAERIE <, fEBRRAETE R RIS,

FE T — BAE R ARy, SRME I SRt B A7 ORt, SBe s P BORE =37y, anlE 2-15 iR,

BEER TSR EN TS E

AL

s N
PN EEEM Wi
BMAEFR YEEY wHEY
R

BT

lE 2-15 TSR A RIAHRE =

Gl ESa N I

[* %8R */
class Node {
val: number;
next: Node | null;
constructor(val?: number) {
this.val = val === undefined ? @ : val; // EiZ4fE
this.next = null; /] ¥EmT—EEN5| A

}
[* B+

function constFunc(): number {

/] BUTFLARE
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return 0;

function algorithm(n: number):

const a = 0;

let b = 0;

const node = new Node(0);
const ¢ = constFunc();

return a + b + c;

number { // BENER
/] BEER (B8
/] BEER (B8
/] BEER ()
/] EEET=RE (FEYERT)
/] EHER

2.4.2 #HEGE

2 IR A FEE PR HE SR T BRUIRF PRI A B KRB R, TR AR e “ PR ” s R SEIRN,
177 BRI R E AN R 2, FRAMDE 3% BT i 22 B AR, T8 M 2t i e 2 — TR MR, FRffa6
REEPRAERT A IR N A R SRR R RS S R Te
BRI IR, RETHEMREDN “RE” AMES%,
1. DURZERANRDRIZ5HE: B on < 10, ZHEMER O(1) ; BE n > 10 K, FIALHIREES] nums {5
F O(n) 23/, HitRZE=EE#ES On) .
2. DAEBIEBUT RO IR 2o B, RAERUTRE 17280, 5 O(1) 22M; ERia Lk
nums I, G O(n) =M, HitEESHERES O(n) o

function algorithm(n: number): void {

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

const nums = new Array(n); // 0(n)
}

FEIRMEAD, RBEEBSAHE BN, BRI EE:

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

}

[* EEN=EEMRESR 0(1) */

function loop(n: number): void {
for (let 1 = 0; 1 < n; i++) {

constFunc();

}

}
[* EEN=EEHMER o(n) */
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function recur(n: number): void {
if (n === 1) return;

return recur(n - 1);

B83X Loop() F1 recur () MIRFRIMEMEER A O(n) , H=SFHEE AR,

- R loop() fEEEHIEIY T n X function() , EHH I function() HPIR [EINFRERL T HEEIE 2SR,
IR 2 O(1) .
- JEMEE X recur () fEFUTIBREF FRIFFFLE n FEARIREN recur() , TEMiMGH O(n) FIHEBIEZ,

2.4.3 ERER

REAERIRNZ 0, 8 2-16 R T H RSB RR (RS = HEA) o

O(1) < O(logn) < O(n) < O(n?) < O(2")
TG < B < SR < PR < RS

$EHPE o(2")

EABE 0(n2) m

SRR A 49148 0(n) s
- H#PE 0(logn) #E

/ =<}

- J WY o(1) &

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

BNBEEKN
n

i 2-16 5 GRS T HE R )

1. BHEEO(1)

R R ECR B N R n SRR AR R B I

FEERENE, (OB YA ST BT AT, A T ER G e, HitRe
SR, SR ETS O(1) :

// === File: space_complexity.ts ===

[* B3 */
function constFunc(): number {
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/] BITREARIE

return 0;

[* HEPE +/

function constant(n: number): void {
/] B 8. MHER o(1) =M
const a = 0;
const b = 0;
const nums = new Array(10000);
const node = new ListNode(0);
/] EEFRNEEEA 0(1) =MH
for (let 1 = 0; 1 < n; i++) {

const ¢ = 0;

}
/] BEFERIEA 0(1) =M
for (let 1 = 0; 1 < n; 1++) {

constFunc();

2. MR O(n)

ARVEREH R TREGER B n BUE LRI, SRES RS, HEMR,

// === File: space_complexity.ts ===

[* BRIERE */

function linear(n: number): void {
/] RE# n BIREFLAE o(n) =M
const nums = new Array(n);
/] RE# n BNBEFHEA o(n) =M
const nodes: ListNode[] = [];
for (let 1 = 0; 1 < n; i++) {

nodes.push(new ListNode(i));

}
/] RE# n BEREA o(n) =M
const map = new Map();
for (let 1 = 0; 1 < n; 1++) {

map.set(i, i.toString());

N 2-17 R, R HNEERE R n, BIRIZALE n AR ER) 1inear_recur() B, /H O(n) K/h

A B I 8 ] -



H2E HEESH www.hello-algo.com

46

// === File: space_complexity.ts ===

[* KRR (EEEIR) */

function linearRecur(n: number): void {
console.log("IE® n = ${n}");
if (n === 1) return;

linearRecur(n - 1);

I-a]-F “ﬁﬂ rﬂ]t l(i@”
linear_recur(n) return @
linear_recur(n-1) return 0

" | r
linear_recur(2) return @

1 BENEE

KRR T
L linear_recur(1) return @
HUEEE I RES n FRIEHE
HER 0(n) KMEEIE=RE B o(n)

il 2-17 503 R 2 2R AR VE P s R A A e

3. EHKEO(n?)
SFITREE R RN, TTEREEE n BT RR:
// === File: space_complexity.ts ===

I* FHEE */
function quadratic(n: number): void {
/] FEFEEA o(nt2) =fHE
const numMatrix = Array(n)
LFLLL(null)
.map(() => Array(n).fill(null));
/] ZHERYHEA o(n~2) =
const numList = [];
for (let 1 = 0; 1 < n; 1++) {
const tmp = [];
for (let j = 0; j < n; j++) {
tmp.push(0);
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}
numList.push(tmp);

e 2-18 iR, SARAGEERIES n, EEEEERRTEHIGL T @5, BEME . n— 1,
L2 1, RS /2, FLAHEEE O(n?) 2

// === File: space_complexity.ts ===

[* FHE (BEEER) */
function quadraticRecur(n: number): number {
if (n <= 0) return 0;
const nums = new Array(n);
console.log(iEE n = ${n} HFH nums EE = ${nums.length}");
return quadraticRecur(n - 1);

FE5 nums RE BT “B” Bt ‘@
n ~——+ quadratic_recur(n) return 0@
n-1 —— quadratic_recur(n-1) return 0
' ! f
2 ~———+ quadratic_recur(2) weRE return @
1 e lm3Es T
1 ~— quadratic_recur(1) return 0@
ESEELRXPEDALT MY, BEER SRIEHE
1+ 2+ ..+ (n-1) + n = n(n+1)/2 5k 0(n?)

2-18 3 bR 3 A - 75 T s R A

4. 3EEMEO(2")

SRR A TR, BEKE 219, JEUOS n i T TITH RUEEMRS 20 — 1, AT O(27) A2
// === File: space_complexity.ts ===

[* IBEME (Bim—rE) */

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

return root;

BN RN
Zﬂ
21
N\ N\
22 - Hn B
r A A A A
ani
PRt S
20 4 21 4 22 4 ... 4 2n-1 - 2n-q FEBPE o(2m)

2-19 i — O A A ) i B s R M

5. H#E O(logn)
BREER AR e R, OIna oy, MAREZR n (D, SRIEEEEFTE DR R E D 2 m, ©
Fi i % log n HIEXEME, (# O(log n) HeBiH=3R,

PRI BB 2 7 o, A EIER® n , BRI |log  n] +1, AIEEFHRER |log, ,n] +1
, FMZREREE S O(log,,n + 1) = O(logn) .

2.4.4 (&R R
FAREIR, TR A SRR R I R S R P R S T A R R B R 1B, RTIE BB, R AR (L
FE 0 P R 23 0 P Y o A TR

R AV i) P2 P 30 5 7 22 AR T 2 I EEE 2 AR, R 2R FRAPIASF R AT R e A A P T HE SRRV T O
FERBBRRR 2 “ DA RN Rz, RIRERy “DARFRIHRAS

JERNE B RN B EIRE T, FERZBUIEI S, RMsHEE S, it “DUsR R s
HRER AR, B, EERERRIELT, s rEME R =,
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2 5 IJ \n\l:l

1. EEhblgE
HRIERCRN

- IRE IR AN S PR R e R SRR B 5 R W 8 T2 R E A,

- AT DUE R BRI R EIRRCR, (HEDIHRRARRENRE, HERE R EER,

- VR AT AT DA PR E BRI B W, oA A SRE R AT A TP, I BB R IR R A R
FHRBE T IRR,

IR ] B2

< IR R P P A 1 R BRLTE B TR P B R L R 38, AT DUA MG T I R0R, (AR E
NRTREICRL,  ANAEH AR Ry N e R M AR RN, IR RS R LT IR 55,

- EZENEEREERLR O fF95RR, BERENE FR, RME n ErEmER, BERE T (n) 1
W RARAI,

- EER R 2 WD, ERREHRERE, AERHETNE A,

W AR RREE A O(1). O(logn). O(n). O(nlogn). O(n?). O(2™) #1 O(n!) %,

- FEEE AR E R AR EDE, TR AR O AR, R D 2. IR, FEIREE
URERE, S ERFREEAE A TN, TR 2 N\ R — M e 2 RS I 1 A R B R LR R T

- TP TR A P e LT B TA AR RE M R N R RBUTROR, I EAL R TR EA R RE, SR
ESJIR PR A A PR A i N\ R A DA M SR S TR B B,

22 IR

- TS ERTREEE R VR R B CUA R R R B, PR M s B P RO R A 2 I B e Y R A 38,

- EERHUTIERE R IR S SR A ST, BEEM, M, EEER T, AR
AN EEREE R, WM AR, HEBIE = RSS2 [, A e s A (AR R
1 R %H‘W@%Eo

- FRfMEE R R E S B, RIS EIATE R 2 A\ BRI R Z U TR T B2 R e,

- H REEEEERREEHSIE O(1). O(logn). O(n). O(n?) f10(27) %,

2. Q&A

Q: RIEBEAZERIME R O(1) 15?2

, IR R A S PR E AT DU L O(1) » NIBRARZHAEXGES (BIf Java, Python, Ct++,
Go C# &) A EBREMERE, FEFEZERZEERER O(n) .

Q: BRFCRIS TRIE W flE A A 2 AR ?

R (function) RIDABZENZHT, FTHSEEDABEAENE, 755% (method) Bd—fE¥)FHRAEE, #lE\EES
WEAYE R, RESTEE A A BIE AL & 1 B RE TR,

T AR RLAIRE A S 2 B AR

Cirg e AEARAES, RAVAERMES, VAR, EIMTA] DOE & 7 45
(struct) AAREE) AR mEat, Bl R REOAH B it Y R sURUAR B R HARE S RE 5 77 1%
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- Java il C# BYFERIERGES, BRXWH O5R) @R ERIEERE 0, 8T RNITRAM
URERR, R EBREE R L, ARERTFRE R BITEEREL,
- C++ #l Python BESZRiEF ARG (K50, BHrrgEmiEsgt 07k,

Q: [EfF “H AR SR a2 2 AR /N2

NE, ZERRI RS, HRRAENE R, AR EEEE RN,

st n = 8, fRATREE B MRiARAI(EE K S EA b, 1SRN R RIRARERE S — RS0, R
{1 R e 1) — {45 B A 1 A [

FEERT, FRINE R ARERHE T RN “HE0H” SRR Z /D, Al — SRS AOEE n = 8
2 PRI B, ¥ n = 8° MR, ERIMREBEAEIET,
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Abstract
Bkl as AN R — SRS E 2 AR PIHEZE,
EAERIE FHMTR AL TEEE, EEIAS AR AR,
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3.1 BRlEEsE

AR R IR, SRS AR, HEE, (TP, MEER, B HERE. [, EfMATDAE @A 1 Y
BRASHE" MIEAE T 0,

3.1.1 EIRAEIE. AFEERIERE

A RHER 1 RORC R Z WIRERBR . 7ERSIRISEAE RS, ERHEIR — 2 IEPHES, #E T ER
AURRPERA (R, TfER TR, BORMETHERA R RHES, Rt “fHoe” 8 R ZEIRAERGR; @6
FITRRIEREAR, Sl T HERER 4 RS BR R

GniE 3-1 Fow, HEEASHERI > “AUMET A0 CHRARMET MIRMH, ARIEASRLLRES, fREREEERR LR
ARUEHES; ARRIEASRERAIMA S, SARSRIERRS

- BAPERDRIAGHE: BEZI, SEAGERSI, HEE, (78], MERR, TRZMHERE—HREFRR.
- AESRYERRIANRE: B, MERA. [, BEER

FEARPE B R Sl R DA — 25 8170 2o R T A RN AR A5 1

- BHEARE: B ERE HERR, STRZMERE -BZMER.
- HIRARE: [, TRZMEZHZHRER,

SIEERSE AR E RS
w51 B & a
array tree P s
L] &) —ED)—ED—
linked list —
push I/I \
ey . graph o /
stack -
pop
e &
1751 MR
queue — heap ¥\
pop push

hash table value

nAR {k” L w}

3-1 #PEER GRS EAR ML RS A

3.1.2 ¥IBGEIE. EERSH

EHRAR PTG, IEAEEPEAROR R A e iR, [ 3-2 ROR T —EEH ARSIk, Hrh A
BT S — AL IR R S . BT A] DURFRE IR AR G — B ER Y Excel 3RA%,  Hrr 48 BELTTAR# AT DA
[l —E R NITE R
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FAE AR ARG B BATRORE. G 3-2 FoR, SHRMARIRR 2 I 2 A P A B8 BT 70
FeAw SR, FECREHERCIER S MEE AR AL, A T, BFER DR R R AR,

00 @1 02 @63 04 @5 06 07

0x0000

0x0010
0x0020 n

0x0030

0x0040

TSR SRRtEREL 0x0012 i%%llﬁﬁ

. BRSBTS 0x0024 , %ﬁllﬁ*ﬂn

M 3-2 FotEfelk. Aol aciefgizit

Tip
EfF IR, AFALIBRE LI Excel M2 —MEMLAVRELL, BRECIRRA TIEMEH LLREm, Wk
frhb=e i, FEISRE R, PRI, R Ry B R S,

LEREATA AR =GR, EAEMRC R AR U Ry, AE R R AR KRR 7 Rk
FERORHIRE B RS, AoleiR e R R, i, EEERATG A s iR R (A
EE R AR R RIS, QPR DGR BRI RE ISR S, AR AT IS I R RS 8 0 RE S0 6 17 72 70 IR
AL A N

aniE 3-3 Fir, PIBRASRE R 7 RORHESH S MEC ISP A ( 7 3, W REs s R (S o Eas
I GEAEERY), VSRR IRE T ORIAEIRE . ST, S EROE /05, WREY A R AR R R AR
2 ISR T3 T 2 B ) EL A AR

HATRET SRS T

fEEFETIRDERT M EEREN Eea el ER e R P

aaaan

R WEEME | s
B wemnmiemnemn peremEm | PUCEIEER
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3-3 AT B S R (7

ERHIIRE, i BRI RS, SASHRIeR —H A S BN, BN, ey 2] A
PEZIEE, Al DACESEAS ARSI, TR R 09 BB a] RE RN L S T8 RISt A 71

- FORBEFIRTEBL: HER, (7F). MERR. M R [, JERL SRE GEE > 3 RS 5
- LRGSR BB R, (7Y MR B R ESE

SAS RPEAT IR AR, 7] DIER ST S B R ST, Rt tfs “BiReERlaimg”, FSITErIn
B REARSE, KitthfE SRR, EETENZ, MAIE@ER IR ERRES L, 7
MM —ER “BEr",

Tip

QNSRPR R B E BE AR A TR, R N — &, RREREAHNA,

3.2 BFEHES

Eo T EM P RERIR, RMERESCT. B A, e, 3D BASREE, @EELEERRH
e E, EEMER S REARR AR,

HABPRIRE CPU nf LHFGEATERIR, AREIAHERW N, FEUEN R,

- EEPOUA byte, short. int, long.

- TFEEUUR float. double, FHRAFRT/INEL

- TRl char , AUAFRRESEGE S TR, T IREERIERIE,

- AAMREIR] bool , FIRFR 27 B R HER,
LR RPN PA NI R e st Rk b, — B ARG RN 2 1 T, ERRKSEIRIEXRST,
1 fz7ed (byte) 8 fiyt (bit) AHMG
FEARE LAY I A B 3 [ B iR A S =S RN RTHE A Java Zfil,

- BRI byte f5F 1 AT = 8 AT, AIDAFETR 28 (A,

- BBAIRI int G 4 AITTA = 32 figE, ATDATER 232 fEET.
7 3-1 58T Java AR R RIRG A=, BUEE B TERE, RS MZES T, RECRMAD
A], TRERER] DA B &R AR R,

% 3-1 FEABRIAURBI (G 2 A0 G

AR FT9 (=M &/AME BKE THRH
=B byte 1f7cs —27 (—128) 27 —1(127)
short 2 fiosH —215 215 1 0

int 4fesl —231 231 —1 0
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bl FF fHZE R/ME RAE THRE
long 8 fiiyta —263 263 1 0

PR float 4fi# 1.175 x 10738 3.403 x 1038 0.0f
double 8t 2.225 x 107398 1.798 x 10308 0.0

FIT char 2furtd# 0 216 -1 0

itk bool 1fiocdH  false true false

FATERL, R 3-1 $HEHYR Java IEA BRI, SEEAGESHE S ANERAREEER, efMriEH
23 [ A O TR AR B AT RE & 6 P AN [l

- {£ Python /1, EHIUAI int AJDUREREAR/DN, HZMRATT IR, FEE float 2K E 64 f;
%A char BRI, BEFTERE LERES 1 T str,

- CHI C++ REAMEREREAGRAIRI R/, THRERMEER R, £ 3-1 8§ LPe4 &risrl HHR
fAIHE Linux f1 macOS fENY Unix 64 NAEER#.

© FJC char FIR/ME C #l Cr+ iy 1 Aca, 7ERZBUREGE S P BURAREE N Feamis 7%, A
“FICHRIE" Ef,

- BMERRMEMET 1467 (05K 1), iR EENHEES 1 AoH, BRRNABREIEE CPU
TEEAF 1 AT E AR NVEIRL RS BT,

AR, FEAERIA G B RS A R E? RIMTAE, BRI AR ST B b B 17 R 75
Ko BAEERIEER "S5 Mk “ER,

RAEFOR “—HEEET, M E RGBS, 182 K 2 FEA R AR MRS A ] AR B A 6 BE R AN IR
JFRR, ERREERNARER int, /M float BZFIT char , HIBL “EPRIERE" MR,

HAgEhE, RARRPGIRAL 7 RORHN “P R, RS AR At ORI A7, Bl PO AR
i, WFTHMHRIRE RS (B3] REEF RN A REAB RS, 45 int, float, char, bool &%,

/| FRZEERER BRI EET
const numbers: number[] = [];
const characters: string[] = []1;

const bools: boolean[] = [];

3.3 HiFRES

Tip
fEAZS, EEEA * FPRIRIEEEH, WIRIRR R A RSURZI B RN, TRk, e
A B AR P B SO


https://en.cppreference.com/w/cpp/language/types#Properties
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3.3.1 [RiE., —HEM_HE

£ E—HiR RS H M IEE, A BEEAIRES Ron iy B BER L 8 —{E, $140 byte HYBUEHIE 2
[—128,127) . BERRHBRER, CRINTERRYRER, —fhE, e 8emmE.
BT IR, BBl O rIBREAER RN, SRR 2 B, Eess =
TEFro

- B RS ECT B EMHIFRRR R SR AR, Hrh 0 RoRIER, 1 FRRAE, HERFRTRE

FHIE,
© R IEEE B REAR], BB — R B RS PRI SR AL SN A LU
© O IEEE BRSSO AR R B 1

3-4 JEoR T RS, — w0 B B R R ik,

+0 +5 #F -0 -28

0000 0000 0000 0101 517 1000 0000 1001 1100
PRAFER{I S,
HHRFE IR

0000 0000 0000 0101 —Hs 1111 1111 1110 0011
E—HEaEREm 1

0000 0000 0000 0101 -t - 0000 0000 1110 0100

ESMERE. —HE8. —Hsas BHNERE. —Hl. —HNEEER

[ 3-4 RS, — B A A A L R

S (sign-magnitude) BESAREM, (E7FfE—Le(RIRIE, —77iE, EUBMINRSRAEERATIES, BInte
BETRE 1+ (—2), HEIETEE —3, EEAR RN,

1+ (—2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

2 TIRRICRTE, SHEMSINT —#E (1 scomplement), GNSRFMMICHRIEEHGR 2 —H%L, WAE—E
TR 1 4 (—2), BB R — g R e RS, HIrS8 e R —1 .,
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1+ (-2)

— 0000 0001 (J5H5) + 1000 0010 ()

= 0000 0001 (—#H%) + 1111 1101 (—H%0)
= 1111 1110 (—#i%R)

= 1000 0001 (J5H5)

— —1

S—77H, BFEREBEGA +0 A —0 R, R BT HE W E AR R 0 A ARES, ErT
REE WAL TR, CLANfEMRIEHIE D, WRRAESEFMAE, An]REEESCHEAR TS, iR
FREIEFMEFEFR, ARSI NBEIMOAERIE, 5] RE & G RAER R,

-+0 — 0000 0000
—0 — 1000 0000

HFE—, —MEmEELEAaTHRME, RLFEMSE—P5IANT Z#8 (2° scomplement), FfM5E
R —TNAaFNENE, —f8. mBEiiaiE:

—0 — 1000 0000 (J5H5)
= 1111 1111 (—HH#EY)
=1 0000 0000 (—fH&L)

TEA TR — BN L 1 &EA R, 1H byte MBIKRERA 8 7, KILEIAIZIE O (AT 1 GHiszE. I
siEs, AFH S 0000 0000, SUEFK _#BHR, EEWEE _MEBF R FE-A%F, EA
TR 2R,

BRI E—HEEE: byte BUBIREUEERZ [—128, 127], ZHARMN—EAE —128 ZUUASFRIME? &
MERR, B [—127, +127]) NERTEREEA BRI RS, — s —ahie, M ERAESR s AT
DA AHE R,

AT, KR 1000 0000 J& MBS, ©U A BRENRRS, RE s, R s 2
0000 0000 ., JEEARTFIEN, FAXEBRTNT 0, S0 HRIREE S, RS R
%1000 0000 183 —128 , B L, (—1) + (—127) £ % RIS Rte —128

(—127) + (—1)

— 1111 1111 (&#E) + 1000 0001 (J57E)

= 1000 0000 (—#fi#) + 1111 1110 (—#H%)
= 1000 0001 (%) + 1111 1111 (%)
= 1000 0000 (—Hi#)

— —128

IRATRECASHB T, EIRFrARIEMRINERES, ERE —EEEREE: sHREN R ER e i
MR RSEG Y, 182 R A MZRE AR HMER (FLansrik, PRIZAIRGE) K, MBI AR E
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B, HEAGETHATER, EREEER,

AR, B AEIRE A RN, B IR e AR RS S, MR RES B RE LAl
AR, BN, SHRIRIE o — b AT AR S EINTE o + (—b) 5 stRSRIERIBRIE AT IR 255t R 2
AR,

BIEFRAT AT DARRAS AT A E A B SR R BN R, RHRMRT DU R BR A SB B AR (AR R P IE
B BEINTE, AT ERERIPRIERE R A R B, i HLARZERE Al T 1 B T AR, @K
LT RERE G, TR TERROR,

CHEHEREHERE Y, FRERGRRMET ERNEE, Eaa R E IR AR,

3.3.2 FREBURES

AOHIIRATREG 3B int M float RIEMF, #B2 4 Ay, HAHE float FEUERIEIE KN int ? 18
FEHRER, HAIEHH float WEFT/NY, HUEFREZE NA$,

HEE L, ERM M float SR T ARIKIFRTT e 51 32 AT R AR 7 HIl 8% :
b31630b29 b2b1b0

4% IEEE 754 ¥2#E, 32-bit REW float H AN =AEEE 2 5K,

CORRRES 1516, A by, .
: *Eﬁ'fﬁ E: {ljj 8 'fj, %“?E b30b29 ces b23 o
: %@1ﬁ N . 'fljj 23 'fﬁ, %EI‘EE b22b21 bO o

THERIHIE Float BHIEEMYE R4 %:
val = (—1)bs1 x 2(bsob20-023)5 7127 5 (1 b0 by . by),
L] ISR A
val = (—1)% x 257127 x (1 + N)
Hrh A IHA B A R 2 -
s€{0,1}, E€{L1,2,..,254}

(14N) =(1+) by 27 C[1,2—27%]
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float REA 4 bytes = 32 bit

L S 158l E S8 N
DBBeB800C A
b31 b3 b,3b,s by
HRULERR, 5% 1R48 IEEE 754 154, ZnfISENSFS
5=0 val = (-1)Sx 267127 x (1 +N)

E
N

124
22+273 = 0.375

1x0.125x%x1.375
0.171875

& 3-5 IEEE 754 f22#E R float BIEHE R

BgeE 35, A ERAIERS=0, E=124, N=2"2+23=0.375, HIf:

val = (—1)° x 2124127 » (1 40.375) = 0.171875
BAEFRAM AT DA S 90IKIRIRE . Float 16777 VAL SHRME:, SFOLIRIREIIE AR int . ABELA L3EET,
Float MIZRIIEAIEM S 22547127 (2 — 2723) & 3.4 x 1038, JHTRRAEATASIE N E WL,

TR Float iR 1 HUIEFER, (HICEIFEHRRRYE VR, BRI int 25 32 TN ERET,
BB AR TS BIRAETE, TREEEL float MOBUEBLK, HHAAR M IE S < IR Z2(E i & bk
Ko

% 3-2 iR, AL E = O f1 E = 255 HARRE R, MR RE, MR, NaN 3,

* 32 EEAIEER

TEHOL E SEHIN =0 SEBIN £ 0 aHEAR

0 +0 URIF R (—1)% x 27126 x (0.N)
1,2,...,254  IFHI IERI (—1)8 x 2(E=127) » (1.N)
255 400 NaN

{EASFERIARZ, RIEAR R AR T T TR B BURS 1%, S/ NE AR 27120 ) BN 27126 x 2723

o

EEFEE double ERFHBHLUR float MIFRIRTTIE, TEMAMER,
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3.4 FitHwiS ™

FEEtEMT, FrAERHEE DRI B AR, FC char UGN, % 7R IT, BMFRZEE
—E TR, SESETION MRS MK ——HERR. AT TR R, sHREER DUERER
SERK I B T TR R,

3.4.1 ASCIl &

ASCI RS2 i R BN Z PR, H42f % American Standard Code for Information Interchange (3E[E
R AR S ) . BAEA 7 7 RIS (—EATHEIR 7 6) Ron—EF7T, RZREHFR 128 A
ANRFTC, WNE 3-6 fir, ASCII BEEAERE TR A/NE. BT 0~ 9, —LEASRERTak, DI —2E45sil
7T (ANBATRASEERTT)

il i FT a8 R e — i) FT s i) FT R i - FIT
'] 0000 0000 NUL BET 33 0010 0001 ! 65 0100 0001 A 97 0110 0001 a
1 0000 0001  SOH EE 34 0010 0010 C 66 0100 0010 B 98 0110 0010 b
2 0000 0010 STX IESChsS 35 0010 0011 L] 67 0100 0011 C 99 0110 0011 c
3 0000 0011 ETX EXkER 36 0010 0100 $ 68 0100 0100 D 100 0110 0100 d
& 0000 0100 EOT {SihE® 37 0010 0101 % 69 0100 0101 E 101 0110 o101 e
5 0000 0101 ENQ £33 38 0010 0110 & 70 0100 0110 F 102 0110 o110 f
6 0000 0110 ACK W EE5E 39 0010 0111 ' 71 0100 0111 G 103 0110 0111 g
7 0000 0111  BEL e 40 0010 1000 ( 72 0100 1000 H 104 0110 1000 h
8 0000 1000 BS BAE 41 0010 1001 ) 73 0100 1001 I 105 0110 1001 i
9 0000 1001 HT TRFRURTT 42 0010 1010 * 74 0100 1010 J 106 0110 1010 j
10 0000 1010  LF e 43 0010 1011 + 75 0100 1011 K 107 0110 1011 k
11 0000 1011 vT SHURT bhb 0010 1100 . 76 0100 1100 L 108 0110 1100 1
12 0000 1100 FF MEE 45 0010 1101 - 77 0100 1101 L 109 0110 1101 m
13 0000 1101 CR [SET 46 o00le 1110 . 78 0100 1110 N 110 o110 1110 n
14 0000 1110 S0 FHR 47 0010 1111 / 79 0100 1111 0 111 0110 1111 o
15 0000 1111 SI I54:: 1250 48 0011 0000 L] 80 0101 0000 P 112 0111 oeeo0 P
16 0001 0000 DLE  EE{RMES 49 0011 0001 1 81 0101 0001 Q 113 0111 0ol q
17 0001 0001 bC1 RS 50 0011 0010 2 82 0101 0010 R 114 0111 o010 r
18 0001 0010 Dc2 FEEEH2 51 0011 @011 3 83 0101 0011 5 115 0111 0011 s
19 o000l 0011  DC3 RS 52 0011 0100 4 84 0101 0100 T 116 0111 0100 t
20 0001 0100 DC& ERITH 53 0011 @101 5 85 0101 0101 u 117 0111 0101 u
21 0001 0101 NAK it g 54 0011 0110 6 86 0101 0110 v 118 0111 o110 v
22 000l 0110  SYN EHSH 55 0011 9111 7 87 0101 0111 W 119 0111 o111 W
23 0001 0111 ETB EREHR 56 0011 1000 8 88 0101 1000 X 120 0111 1000 x
24 0001 1000 CAN i} 57 0011 1001 9 89 0101 1001 Y 121 0111 1e01 vy
25 0001 1001  EM iR 58 0011 1010 z 90 0101 1010 z 122 0111 1010 z
26 0001 1010 suB T 59 0011 1011 H 91 0101 1011 [ 123 0111 1011 {
27 0001 1011 ESC (L) 60 0011 1100 < 92 0101 1100 \ 124 0111 1100 |
28 00l 1100  Fs RS 61 0011 1101 = 93 o101 1101 1 125 0111 1101 H
29 0001 1101 GS SRS 62 0011 1110 > 94 0101 1110 ~ 126 0111 1110 ~
30 0001 1110 RS SCERDPRIT 63 0011 1111 ? 95 0101 1111 - 127 0111 1111 DEL
31 o0l 1111 U R 64 0100 0000 a 96 0110 0000 :

32 0010 0000 sP =23

3-6 ASCII i

SR, ASCII BEfERES PRI, FEEFHEMMN 2ERIL, 4 T —EREM R R ZE S M EASCH F/FE, &
1£ ASCII /1y 7 (i EeiE FHERER 8 7, REFFRIR 256 M ARFRIFIT,

et R EE N, R T —HOE R AR E ) EASCIT R, B RN 128 M7 —5
ASCII 15, 1% 128 A7 IcEE AR, PUBENFEGRES TR,

3.4.2 GBK ¥f{&

BARNFEEB, EASCII BRI FF 25l S BUR R, HanBEwAia 8, JeH % /A
BETE, TEBEFGEMARR 1980 FRELE T GB2312 T4, HIGR T 6763 T, EANE 7 EFH
AR R T 2,

SRTT, GB2312 SEAIEFLAL Y F R A M T, GBK TAFRZETE GB2312 MM BRI RIN, BIUR T
21886 fEE¥ . £ GBK A9 /754, ASCIL FoLfE —EATAFRR, BT EAMEMITHER,
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3.4.3 Unicode &

W RN AP R, AT R IR REATE A R, TSR TR R, —JTmH, TR R
HERTREHES T, EAESESRE NEW LE. 5H—7im, F—EES A ESETFRERE, 0
SRR AR AN FE RS AEAREEE,  HIE & SR AR p & H B ELAS,

ARMERARIRT SN B AEAE : QSRHE IS — 8 R e B R T 4R, A% I S I D9 9 A 56 5 AT SRR B ik S
vh, SRl BARDRESEE S BRI AELISRTE v fEISRARARIEEE) R, —ERTM 2R T4 Unicode EET
4,

Unicode MIHsc &M 2y “Hi—i%7, Biah LAEAAN 100 2 BET T, BRI RIREE NN TFITMASR —
MrrrsRe, fRAt— B R FAF R AR BEANBUR A AEE 5507, T IR 2% A TS AR T8 AN ] T2 2 O LA )
o

H 1991 £ PAZK, Unicode REME7EHTVGE S B0, #2 2022 4£ 9 A, Unicode E&HLE 149186
T, EESHEESNTIT. FHEEERERYE, £ KN Unicode #REH, #AMTICMA 2 (it
4H, ATl 3 MocHESR 4 focsH,

Unicode B—MEEM 7114, AE LRGEMETITO —E4mE (RN “WE"), (HeMA e
i feig S oo @, WM AZERM: EZMERERN Unicode MERSRIN HBIFE —E 7, AT
fiEtroe? Bl e —ERER 2 AT, R eR—ME 2 Mot FoTiE R mE 1 Aoch
HIFIe?

BN DA BRI, — R ERRRIRIR YT SO ITE FoChf£¢ 25 RAMRS, W 3-7 FoR, “Hello” HHYEHET
TCfF 1 AocA, “TEENRT FEEHETITG A 2 Ao, FRAMATDUEE & ALE 0 4% “Hello HRE" FRIAT
AT TTHE ISR 2 VTR, BRI A DU 2 AT —E 5T, WEEEEENNE T,

T Unicode
H 00000000 01001000
e 00000000 01100101
REA 1 U EXFT
1 00000000 01101100 g
(H{IiE 0)

1 00000000 01101100
0 00000000 01101111
] 01111011 10010111 . _

- REA 2 NP XFT
iE 01101100 11010101

3-7 Unicode #m& R4
SR ASCIT HEE AL FRAFTRERH, SmiBoi e HFE 1 ook, B3R RS ER, SOz NS & 2
ASCII #wfi5 RUMIFE, JEFIRERCEE M, Hit, FMFE—FEE IR Unicode #nfls 71k,
3.4.4 UTF-8 4{Rt5

Hifi, UTF-8 T AR i &z Unicode 4l5 /5%, ©R—MnEEEN&EE, #/H 13 4 6T
AR E R —HFTT, WIEFETHEREMETSE, ASCII Fo R 1 Aycé, T FEFRIA IR REEE 2 AT,
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HRRAPSCF TR E 3 e, HAR—2E Ry ITRE 4 AT,
UTF-8 Hyw s RIS AHRE, 53 2% DA RiAE A

C BN RER LT IT, BEREAsER 0, HER 7 5%E & Unicode 535, HIFTEENE,
ASCII “#7tfE Unicode FRFEHMETE T 1 128 fEREES, tpt2s, UTF-8 %iflin] LAk %A ASCII
W5, ERREIRNTAT DA UTF-8 AT EAUAER) ASCII 5 X,

- BRREZR n At (Hhn > D, #EEMTHENE n AEBCER 1, Hn + 1 VB0ER
0; 788 —Mafcabs, REEATHR S 2 AEECE R 10 ; HERFTAALHINEFE 7T Unicode
F#ho

3-8 JER T “Hello EIR” BB UTF-8 #ifis, BISHEB, Wil n EBOER 1, BILRSA LIS
B AL 1 BB T TR RE S n o

B2 B R A AT @ 2 METRRE 2y 10 WE? BRI, 138 10 sesiC 2IRBarrrIfE . R ARst
Re—MEFFRI N CAHBRAMENT S T, ALoCAHBERRIY 10 RESE B R s B 525

ZFTCAE 10 HIERBRTT, BRI & E UTF-8 MEHRIT, AalsEa v rhRmmiise 10 . JEfFEssa] LU
[eaiEATE: R ehRmmase 10, SHZTITRIRER 1, B ASCII#. M ASCII i
e O, BURERT &,

FIT Unicode UTF-8

H 00000000 01001000 01001000
e 00000000 01100101 01100101
1 00000000 01101100 01101100
1 00000000 01101100 01101100
(+] 00000000 01101111 01101111
=) 01111011 10010111 11100111 10101110 10010111

& 01101100 11010101 11100110 10110011 10010101

BEE 3 RES 1 %E%fﬁﬁﬂ%ﬁ&’ﬂ%‘ 2 fi
RERFTRES 3 {itd ®ER 10

3-8 UTF-8 4§l

BRT UTE-8 Z4b, H RAARNS 75 R AL DU M,

- UTF-16 #ills: £/ 2 8 4 Ao ARFOR 85I, FraRT ASCIL Frohl i AR e, #H 2
Me AR, DB RFREME 4 AoTHRR, B 2 Mot FoT, UTE-16 4fE Unicode f§3Y
HE,

- UTF-32 %ills: SEFCEEM 4 7o, SRk UTF-32 btk UTF-8 #1 UTF-16 BEALHZSMH, KAl
BN ASCIL FrTfl L &S I,

RS R AESR, (HH UTF-8 R Itibi @, HaeER 1 0ood; [ UTF-16 4S5
egoeyon (Blinds) EEMER, WAeHs 2 ook, m UTF-8 AlaEw 2 3 fiycal.

WA fMESR, UTF-8 (MMt E, #FF2 LHMBEELSHT UTF-8,
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3.4.5 BEXBSHNF RS

BN DMERRZEIERGES, BRAPUTHR 7R UTF-16 s( UTF-32 @ FRAMG, fEFRMIET,
BATR] DU 7 ER B RIS AR, ISR B A DL MR,

- b UTF-16 Sli5H97 Bra] DURA 7 S TRataitl. UTFE-8 22—t Rawi5, ZARIKEISH ¢ 18
Fou, BMFERTBRIFRRAETDIE « f5oT, BRE O(n) WKH,

- FouEtE: BBEMEIRTEM, St UTE-16 ST HMRENRE O(1) Mg, (E2, &5 UTF-8
A TS 1) B ) R JEE R A A R A

- IR (£ UTF-16 SR 55 L, RZBTHIRE QNoHE. MR, A MRS ERZET, £
UTF-8 #fisH 7 b, MEATIS SR Rl R ZASMIA SR, DAMECRA & & A 500 UTF-8 4fis.

HFE L, BRGESH oGy Bt —EREBIEE, WAFZHEER,

- Java B9 String B4 A UTF-16 #fl, SEFITAGH 2 At ERAA Java s 5 aat 291, AM
RAy 16 A AFRRITA TREN FIT. A1, B2 —E AN EMRHAE, %K Unicode Hl#it#ES] T
8 16 iz, ARTPA Java HHIYFICHAErTREH — ¥t 16 MAUE (FBz “fREHE”) RoR

- JavaScript 1 TypeScript FJ= A UTF-16 #iSAYJH K B Java B, & 1995 4F Netscape A H]
B JavaScript @B F I, Unicode BENR IR T, ANRHEMSAH 16 MAAmISHLE ARRATA 1
Unicode FIT T,

- C# i UTF-16 #i5, FEERA.NET F2=2H Microsoft g&HHY, M Microsoft FIRZHffT (U
& Windows 1EER4E) #REEIZHEH UTF-16 il

A DA A2 3 CRE & BT R ARG, BTSSRI “REES” (977 R KRB 16 7 R R Unicode
FIL, e EMIERHZMER R, —J7m, WESESH,, —Eval s 2 focek 4 A7
JOH, MR T RMASHIESY, 55—y, FRE RS R ZRIME e, SiEe 7Rt ik
PERPREEHERE

HIR A BIRE, #8 AR e S 1R H T — AR RIS /7 %o

- Python H str f/ Unicode #fls, Wik H —MEENFHEIR, MENTITREBIAF R REK
) Unicode %5, &7z ASCIH Fot, Rz oA 1 Ao, tREF ol 7 ASCIT
#iE, HEMERAZLESYE (BMP) W, BBz 2 focd; aRABHE BMP T, Hi
HEFICE 4 fotas

-+ Go gBEE M string BURIFENER(EH UTF-8 4l Go 58 5 IBTEHL T rune B, ‘B HAFRREE Unicode
5 &,

- Rust sBS MY str Al string B FITE N EH# H UTF-8 #mfB, Rust 4L T char BRI, AR TR REE
Unicode fiBE,

TETERENE, DL RF BRSSP ET X, M H e S b il 7 s e A v 4
RAFREE, (e EmD, RNER G RmiES UTF-8 /85, DUER|IREMHEAEMEMS
Fﬁﬁék%o
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3.5 &g

1. ERNORE

- R ] DA R A R A A o AR I T 0 M, EIRAS NI T R T R 2 IR R R,
Y)IRAERERIAR T ERME SRR R P R T

- RIERAMEIEENE. BRI, BERMIRIREREE RSN 28t (], S
HI. HEE, (7)) FAEARE (B, [, HERE) Wik, HERRIET R REFR A S B RS R A AR
Bl AL,

- EREXHUTER, BRI A SRR, SEEIRRE S M A B ER R, EXEEE
e G AR LR = g

- VIPRAENS 2Ly LB SR (BB Mok (B ERYD . FrA B RS 2 Y], G
S ER BB E A S BT

- BHEME PR EAE R B O FEEEE byte. short. int. long, TFEHEX float. double, FJT char FIff
K bool o "EXAM Y E {1 # [l B R A F 25 I AR/ TR AR 7

- RIS, — BRI SRR B P AR IBE T =R TR, B2 R AT DA B, B RS A R
AR, HERA ZREFAIE,

- BB R R BN HEEN, EWEBEORT, sHEETDUS E BRI S BRI nE—
1=, AREABZER RIS B, I B AR IE AT E R E,

© TPREEROARASE 1 ALAFIRAL. 8 NAFREAIAD 23 ML BUNIAE R, HHIATETERSRUAL, A b A Y B
EEARREE, ERRE TR,

- ASCII @i R B8, RIEA 1 Aocs, sk 127 57T, GBK AR F A+
FRFER, U B 2T, Unicode BURTRME— 72BN FAF SR AR SE, ISRt B L& EE S
T, VMR AT TR 77 AN — S S BLIS R,

- UTF-8 BHEXZEINH Unicode #lls /712, WBHAMIEELT., BR2—EERNMIEE, BEARENHERE
M, BREET T EES SR, UTF-16 #1 UTF-32 BE R4S /15, ESmiEH xR, UTF-16
SIS E L UTF-8 /), Java F1 C# FFEGE S THRR(H A UTF-16 4mif,

2. Q&A

Q: AT EMERER AR S E B R AR EAR M RS A

MR 2, T 7RO E R, WIMTTREE A "R (RS “MERER" BEEEE): M
S ERfE R —ESEAS Y, ARSI R R —ERIER, SORTREREL A OB AARED.,

EREFRIMAEARE, MRERARERMED, Hrhe MmO TRt & —EE, WrIRet & — (ks s
—PRE. Bk, MERRATRERIR SRt B RAs N (Fy1), SEESERS)) MRS RIS ().

Q: char BB RERZ 1 fCaHE?

char BURI R [E HFEEE S SR VAR IS 77 15008, ilan, Java, JavaScript, TypeScript. C# #i#¢FH UTF-16
4mhs (1% Unicode WEEE), Rt char BUFIRES 2 f1oc4H,

Q: FAMF| EHRIVEREEA LR “FFRERER B0 BN AT DU T B A B SRE, 8
LERRIERR R “EhRET [,
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HEBTEE A I BB BRI ERHRE, HERESHIRR " (REARE) 1, @EENEESH R G
A D B BT s ERT R, EeEMivEEREEH, MREREBEH 7 E2 BN, i E L —
AT SE R IRHEA], - SIT 1 5 Bek 1) ) PN AR S E g B 1) v

Q: fERSEHEE (T BIRR, RIFEERRD, RAEEMZ “FFEERAHE E?

RS T, WMEAN LT (1770 Nona R, EETERERNEEEIZER. B, Java
A9 ArrayList RIRHIARRIER 25 10, 75h, HARMEHREBEEBN, AR “By" =5,

Q: JFHSHE BRI AR SRR 17, IR O A R “SER 1 AR, T A
JEIS L —AR AT DUEE “SEBURARIN 17 158, SR ENE?

T2 R 20 SR A A A EL R B R R R AOE AR, BT ER: Bsta +b=c,
ARBELATRE a 72 b 2 c (e, RABRE b2 a 2 ¢ FIHEL.

ME M n = 4 A RER ZEMHIE 0010, SRS EETEEREE ORBERAD, IEER
TEW el &N 17 155

0010 — 1101 — 1110
Mg, A —AEEIATZ2 001041110 = 10000, thgit/ds, —% 1110 2/5RE 0010 £/ 10000
1 “HIEL ISR LR “SelUREm 17 B LREHRE] 10000 RRREEEL,
AREE, —#% 1110 2 10000 B “HEC 22 /00e? FMRARRTDUH “JelUigin 17 [e:

1110 — 0001 — 0010
et JESH AR 2B E] 10000 B9 “HIBC, FIL “BEREE MBS R iR RS Al LU
RN GRBUREN 1) B,

B, BT AR B AR e 1110 RS, B “JEi 1 AU

1110 — 1101 — 0010

REREACE, “OEBURARIN 17 A USRI 1 IR IEmEIE R AR E] 10000 AURHE, EFREFEER.

AREEE, "W BEERERRE 1111 e (RAEE RIS + —f8 = 1111); ME B L
1S 2R R, w22 10000 BIHEG

EIRBAn = 4 25, FATH R AR B AL
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Abstract
BRI AERE R T L0 R — 38 R E RIS,
R (IR R RS AR HE A, I LY, SEAS RV > B R, JEARAVERE B AR A A 2~
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4.1 [E5)

5 (array) 2 —REARPEECRIGERE, HiFAHRIRIBIR TR SRR H T, WIS TRERS |+
(IR E R 2% T RIIZRE | (index), [ 4-1 7R T BEAI T 2R EAIGE777 70

fAfFiEs By E R ae = R R A

P2
element
FEZY
array
;ﬁgl e 1 2 3 4
index
scteRg (it

00 04 08 12 16
memory location

EEESEa

- pap sl Al DERTEE el

4-1 [sIE A7 753K

4.1.1 [FE5IERRE
1. #sakmrEs

PATR] AR RS A AR AR FTR LT 30 SEOIAAME. IR E. TERTEENHRERTEI T, K-
FEFGEE 5 S PESITTROIAA LR O

/| === File: array.ts ===
[* ¥sa1rES */

let arr: number[] = new Array(5).fil1(0);
let nums: number[] = [1, 3, 2, 5, 4];

2. iFMITE
BT E M A EEN RS, EREWESIERY T EWEIRENIEERE R S, AE YRR

it (ETCRAEEmAIE) FIEETTRIIRG], BT DUERE 4-2 Frosi) XGRS 2ot RrRC iR A,
T EREFI %t R,
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FEz

TE®Sl o 1 2 3 &4

otEREME o0 04 08 12 16

TTRRE -4

RCERE - EYREERL + TRRE « TRERSI

(BrroE i) (iHHEBE)

Tl REFIRS| 3 EETRAVEIEE I
012 = 000 + & x 3

[ 4-2 FEFITCRARCRR AL R

BIERIE 4-2, BMRBESIEEITRIORG1% 0, BPFAERER, RAi 1A EEEER, B
HETEARNAEE, KIIAE LRSI WE R, HETROMIEHEER 0, BIERNRTIR0
EAT,

FE BT T AR R, BIFATIAE O (1) RERAPYBEHS R ) (£ — T,
/] === File: array.ts ===

/* BEt&shiETER */
function randomAccess(nums: number[]): number {
// EER [0, nums.length) ARREIEIHEN—EEE
const random_index = Math.floor(Math.random() * nums.length);
/] TERILIR BIFEH T2
const random_num = nums[random_index];

return random_num;

3. fATE

M TRIEERE TR “BREN, EMZ MRS HEERERE R, WE 4-3 For, HRAEERS R
BA—ETR, RIFRERZTR BRI AITRERBE L, BRETRMESZRI.
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MFIRERTENE -
8000 Eﬂil%:r_cﬁﬂib it '
880800

nums[4] =m5[3]

:

HETTRIEA

E I [2]s5]5] 4]
HEBFIRE| 1 BIEATE 3 1 nums[37—= nums[2]
3E

N

nums[2] = nums[1]

(3 W1 ]s]2]5] ﬁ@ﬁiz’ﬁ 0 B

nums[1] = 3

:

4-3 [5IHE A TR

ERERNE, HRESINREZEEN, FtfMA—ETRee @S8R “BK" FFEHE
FIRERI R TT R EAE “ER3)” BT,

// === File: array.ts ===

/* TEFEFIANZRS| index BRIEANITTE num */
function insert(nums: number[], num: number, index: number): void {
/] 1BF&35| index UNZENFABETERAEREEH—L
for (let 1 = nums.length - 1; 1 > index; 1--) {
nums[i] = nums[i - 1];
}
/] #& num BR4E index ERRYTTER
nums[index] = num;

4. MiBRTE

IR, nfE 4-4 FOR, HRMERRS] ¢ BAITR, HIRELERG] ¢ ZBRITREAFTEE —NL,
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felipRTER

88000

nums[l] nums[2]

M TTERMER

il AT B —{i
TEREFIFMERZRS] 1 REITER *
nums nums[3]

nums[3] nums[4&]

seRMERR, EIERTRUER 1 ,
KETE 4 BESER, BENEEN

& 4-4 FEFIMERCERA]
R, MBRTRERTERE, FARBRITRES “MER” 7, DRMEENEEBLE,
/] === File: array.ts ===

/* MIBRZES| index BEHITTE */
function remove(nums: number[], index: number): void {
/] 1BFR35| index ZEBMFIATTREMRIBE—II
for (let 1 = index; i1 < nums.length - 1; i++) {
nums[i] = nums[i + 1];

}

R, BEEIIIEASLMIERER(EA DA T Bk,
- IR RS BRSO AFOMBRA TR AR L 2 O(n) , Horb n 25 R,
- RIOTR: HRESIREARE, RILERAGTRRE, BHEYREREN TR EER,
- RCHERERER . T DAIan e — 8 L R ARSI, SRR —#R 7y, JERTERABRIRE, ERIARETT
REE “HEERT K, (HIERMEERE RS IR,
5. EHET
FERZERENGES T, BRI POZBR5EMS, tha] NERGE I E RS PR ETTER

// === File: array.ts ===

[* FEFAREF */

function traverse(nums: number[]): void {
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let count = 0;

/] BEBZR5|IEAET

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

}
/] BEEFEYITE
for (const num of nums) {

count += num;

6. EHfIxE

TERF A TR E TR T EES Y, FinAET TR ER SN, HULEC A S ERS
(K 2 B R AR M R A, P DA R SRR 2“4 ME sl

/] === File: array.ts ===

[* TEPSIREHIEETR */

function find(nums: number[], target: number): number {

for (let 1 = 0; 1 < nums.length; i++) {

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

7. EAET

TERHER R AR D, PR DLARAE Y 2 R AR S A2 P, 1Em i e M e fis A . (AL
FERZERENE ST, MEIRIRER A TSR,

QR A B A RS, TR E TR L — (E E RIS, ARIR AT AT R AR RE N fe 4, a2 —
O(n) H#RE, TEMBIRARRIENR NEFFER, W TR

// === File: array.ts ===

[* BREFIRE */

/] §EE, TypeScript BY Array SEIREMES, AILEIZER

/] BTHEEE, "RAHE Array BIERERTEMET

function extend(nums: number[], enlarge: number): number[] {
/] MEk—ERERRERNES

const res = new Array(nums.length + enlarge).fil1(0);
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/] HREY|RFRE TR ERE FHET

for (let 1 = 0; 1 < nums.length; i1++) {
res[i] = nums[i];

}

/] BREERERES]

return res;

4.1.2 FEFIREBEERERE

BB AR A R L IR B S Y, BonRMBIHEE, SEMEUSEERREN, REn] DRIHELE g
A A RHERERTRIERCR,

- ZBBCRE: AR ER L 7RG RCIR A, SEHRRS N AR S

- SCRERERGIR : BESI RRFE O(1) RRNFIRMEMTR,

- PRI EAFESITRR, sHREEAMEGRA Y, 1B G PRI E R AR, TEmRE R s
BURTRTHE SR BRI TR,

S 2 E IR, HAF DA MERM,

- BABUNBRBCRIE: EiES bR 2, A BB R R ER B R ERTER,
- REARSE: HAIEHIACRREMERE T, BAMIFR I ERHE RG], BASERA,
- R ARSI NERE TR, SRS IR E T,

4.1.3 [E5I|HBIFER

bzl R — AL EL Y R, BURSE M HEE R T, WAl R E RS R A

- BEREEI G RIRFVE BB — A, JIREE AT AR RS IfE A7, A K —MERER 51, IRIRRSIEH
(et 51ii e N

- Hip RS WY HE P RS S RRR T G RN, Ry, S0P, s EEE
FeE% AT

- AR ERE RS RSB ER R, A DUE ARSI AR, (RN E B s
ASCII WAL, BRI AR 7 7Ch) ASCIT BS{EEZ R 5|, EHERITTR A7 A S BB E.

- BRARERE . MRS TP KRR TR, ERE, SREZFERARIEEBIER, EEERIEZ DI R
RERER, P12 e AR A A AR s i o P S A

- ERHSRREBL: AR DU E R, (TH, MERR, B BRI, BN, [E AR R
TNE PR bRl e A

4.2 iE4sERY

LR S HEMARERNALER, £ -EEENRFPITERET, SHRGERS MR RS
i, BARINE, A7 FsARC e 2 R AR, B RS KRy, Ao iR nl RE SRR SR A an IR
A, RS ER SR ER TG MRS B AR T
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#BE R (linked list) 2—HEARMERRIAGRE, HAPRRETTRZE @D, SEHRNES 508" A
AL, 5IHRCER T T RGO R AL, F T A] DA E AT HETR A R —E RS,

Sl R A ) a2 M ETRE AT DA B (A e RO IR 2, e MR RC IR R Ak SR A

RFEERYNRER=HES8
L2

linked list

j— — —| e —> None

fem TEEIRSAY
£ 518 (&%)

Bk A FAEIERE =M
node

EEBRE | pomnsimn
iR | ORCIIRER

4-5 GG ERYE R B (7 773X

B 4-5, SEASHRYIVHKEAZEE (node) YIff. MEERAGSWIHER: HEK “E" MFEAT
—HiRE “5IH7,

- PRI E AR RS 2 “SEEIRG, BB —EERR A R,
- RHEiEsEARZE 27, BAf Java, C++ # Python H43BI#KEE A null. nullptr 1 None o
© {E£ C, C++, Go fll Rust FZHRHEEMEES H, ik “SIH” BESgHhs “f6iE,

PAPREIS AR, SEASERSIHTR ListNode BR /Y ESH, EWRRIMET —ME5IH (e, KRR
BN, GRS LRSI S % i n fR e A

[* SEASERTERREAER */
class ListNode {
val: number;
next: ListNode | null;
constructor(val?: number, next?: ListNode | null) {
this.val = val === undefined ? @ : val; /] EREEE
this.next = next === undefined ? null : next; // {IEEMF—HIEMSIA

4.2.1 EERTIERIRE
1. Miafeigsss%!

HNBEES RS W, B DRI R, SRR RS HBAR. WIR e iR,
T n] DATESE S AR 2 A BHERRG 3%, BRI RIFEM next MRIKH IR A B,
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// === File: linked_list.ts ===

[* VB EEAEERT) 1 -> 3 -> 2 -> 5 -> 4 %/
/] IR EEER

const n® = new ListNode(1);
const n1 = new ListNode(3);
const n2 = new ListNode(2);
const n3 = new ListNode(5);
const n4 = new ListNode(4);
/] tEEERZ EM5| A
n0.next = ni;

nl.next = n2;

n2.next = n3;

n3.next = n4;

R 27| R T2 — AR, LRanFEA) nums B & 7T nums[0] A nums[1] 5, Tif4S 8827102 H o (88 7 1Y) B L P 1
ARSI, 30 % S S 6 B % VBl e A RS, Ebdn DA_EF2E S R oG4S BB 2l GE A E R4S B2 1) no

2. HENERRS

TESEAE B YIFPA AR A 2. WE 4-6 IR, (REFRMETEAAE M E ERS no F1 n1 Z Al A —EHT
Hip, WHESEEREERGIH GEED Hal, RREEEES O(1) .

M2, fERFIHREASTRNRFEREES O(n) , ERERHER TRREREIK,

P.next = ni
BI< P #5M n1

G ./
ST no A nl ZRHEAKE P " "

n@.next = P
BI% no 5@ P

4-6 AL A HTER G
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// === File: linked_list.ts ===

/* TESEAEERTIRIENEE no ZRIEANEIRL P */

function insert(n@: ListNode, P: ListNode): void {
const nl = nO.next;
P.next = ni;

nO.next = P;

3. MIPRERRS

QN 4-7 Frow, RS ER S A IR ARG AR 7T (8,

Nl —MmEmsIn (6D Bl

AR, BETEMPRRIEE R p UG 1, [HERR LES LSS CEESHE P, EEWE

P A FHE N LA R A T

nd.next = nl
7]—1@‘1 Epé-? no ;Eﬁ_‘ nl

TEaRAE R TIRRIPRERE P

A A

ne nl
A

MpRsERER, B2 P (H7AFER nl ,
BEFRIE ST BEHEEHHEE P,
HItFE MR P ERMIER

4-7  GAE ER A PR AR

// === File: linked_list.ts ===

[* MIBREEAEBFIMVETRL no ZBIEEETR, */
function remove(n®: ListNode): void {

if (!n0@.next) {

return;

}

// n®@ -> P ->nl

const P = nO.next;

const nl = P.next;

n0.next = ni;
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4. FHRIEHRS

TERES R FI ISR RS, W1 b —EFnA, FRITATRAZE O(1) BSRT R afEg s ER e, hiss
BHIBIR, BRATEMTGIHT, FERES, HERE EEm, WRER, WIS R0
SRR § — 1%, FRERES O(n) .

// === File: linked_list.ts ===

[* shfESEAEERFIPERS|%A index HIEARE */
function access(head: ListNode | null, index: number): ListNode | null {
for (let 1 = 0; 1 < index; i++) {
if (!'head) {

return null;

}
head = head.next;
}
return head;
}
5. EHEES

AERTEAEE, EAHAER target RUHTRG, EHRZERESASBYIFPRIRS], B BERAIEER, 2
W5 R

// === File: linked_list.ts ===

[* EHEREERTIRE#HER target HIBEEERRS */
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;
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4.2.2 [E% vs. &L R5

AR A-1 MRAE T TR RN SEAS B3 51 B 2 SRR 6 L TR FRR AP ER W AEAR B O 77 SRS, [R5 A
PR AR ERCR A 5 B A 37 AR RS

R 41 B GRS B SRR B

f51) Sk 1)
R TR Sy R
AREE  REATS TSR
R SRR, ETARRESE  TEGATES
siER 01) O(n)
wE®  O(n) 0(1)
MigEE  O(n) 0(1)

4.2.3 HRigEHRTIER

Gnie 4-8 FioR, LRSS ER A I (A =,

- FREGRES A BRI AR A E GRS RS, B A GRS ER S RO ETRG L S E AT FE A T — HIRER 5 | T NIE
BRL, AT E R 5 DHENRG, KRR —(WETRRE D R HRG, EHTREEZE None o

- BUBSEASERS: QN RIS B gRA FR I R AR TR R SHETRS (F AR, ASE| (BRI atas &5,
TERTESEAS ERAI A, AR TRRETREHAR AT DAAR PR EE ARG,

- BRGEAS IRy B A GRS I, B A iEAE B AIRCER T RE T AT . BB RSERS BR Y R HTR T 3R
IR S TR RARENRS (T —(EEE) MATHRERS (L —(EEE) 51 GEED. AR B A R A,
B GEas AR S S B, AT DA R {E 77 a0 E A A e A, (EURH I th 75 A Y 5 2 A RE AR R A

[* ERSELERTIERARR */
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; // ENEL{E
this.next = next === undefined ? null : next; // ISME4EIZERI5|H
this.prev = prev === undefined ? null : prev; // iEMBIEREIEEAYS|FT
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B miEsERy)

singly linked 1ist

— — —a —_— —> None

IRFZ RS R T

circular linked list

(@Y & & W]

SRS ER

doubly linked list

— — — — —> None
None <— <~ - <~ <~

4-8 H RLIEAS BRI A

4.2.4 §E4EERY|HEIFER

Ba GRS R E T N EBIHER, (751, MERRM E S ERAER,

- HEEEUYTE: E AR AR RS A R AR —umE TIR, ERBIRR R SR L, BENEE,; B
TN BRVEAESEAS S — AT, MBRERIEAESRAS RSN S — (T, ERBINRHE R o, HHE
751,

- MERAR: BN RMIVERE RN TR R —, T R=T, I ERITTRA & 6 E — ekl
FR5IH,

- B AR FORIE A — AR 77 K, I ] A TECRG 0 B — (A ER S AR A, Sl RS R A
TEER AR AR Sk TE R AR e ) LA TR

B (g it FR 1 B HD A TR S PRI S — A0 12— R TR A 5t

- FRERDRMAINE: LANTEAL R, B P, FRMTESIHIERERRERS, 1SR OB TE IR P — (A s
A HRGHT 5 | AR E B, SRR B a5t fr

- BITESEN: EREBITEST, B RENNE BRI, B TR I A S A AT — (A
R — A H, BEasaas B 5 R R E SIS R S i B

- LRU #i5k: fEPREEIK (LRU) A%, RMFEREREFIL R D HRRER, PSR
HOERIMIPRERG, I IR o B [l ER S TR 3 5

BRIV HEAS B S H TR TR I BRI EE R TR HERR

- IEE A IREHERR TR . fEEERASD, R AR R AR R R R CPU iR AL, EF
LR PIEATINE, AR PO T —E R F, E R A SERE, CPU M UIRE| T~ — R 7. &
T 5 1 ] DUEIRER T S A B S A B B

- RORMRM: ERL R OER T, Wl e MRS R, e, R RRIEs T,
ERHA AT RE & 170 i AR E AT N — (BRI SAL B3 51, DA BB AR RN
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4.3 H7%

85 (list) 2—EMRIEREEMES, ERPTRIAEFES, FRTTRIMH. B i, MERFE
FPRE, BZAMEHFES EARRBIAIRHE, A2 A] DIE RS AS H 51| sl fis1 BB,

- SRASERSIRIA ABE—E RS, HSRTRE M SR E, i Bl IS EEHEE.
- AL RTRE M AN, HBREREARE, Rt REEE—EEE RERGIHIES,

BRI ES B, REAVENIEE OSSN ENERR 258 ERE e R %
i DEoR, M OB AW BRYIRE, HRER/D, RIRAREMEN MR, HREEXR, Al
EiE LIRS TR

FREDUILRTRE, TR DAEFHBIRERES (dynamic array) SREBIERS, BHEK T YIS IAERS, 3 H AP
ERERFUTEETIETHIRER,

BIE L, F20EAGEE PR BB A FR B RS BB, $I40 Python HAY list . Java HIfH
ArrayList . C++ HIf] vector 1 C# HIY List &, 1E#% FRMETER, FMEIE “B57 F1 “B)RemEz]” 5
755 R IME S,

4.3.1 RYIERIRE

1. sy

BM@EE M “yGE” 1 “GYaE” BTGB T%:

// === File: list.ts ===

/* feaEy */

/] EXRE

const numsl: number[] = [];

/] BHEE

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

2. FEITE
B LA, AT O(1) BERIN SRR T, AR,
// === File: list.ts ===

/* shRTTE */
const num: number = nums[1]; // FHRIZR3| 1 BHTE

/* B¥iTE */
nums[1] = 0; // #R3| 1 BTEENS 0
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3. HAERPRTE

THEGRRES, BFITT LA dr i SR T R, 1RSI R EI TR ERE S O(1) , EHEAFRIMER
TERASCER Y ELESAAR, R O(n) .

/] === File: list.ts ===

[* BB */
nums.length = 0;

[* EEEFETE */
nums.push(1);
nums.push(3);
nums.push(2);
nums.push(5);

nums.push(4);

[* FERREATE */
nums.splice(3, 0, 6); // E&5| 3 BRIEANEFE 6

/* BIBRITTE */
nums.splice(3, 1); // MIBRZ=RS| 3 BHITTEH

4. EHHRY
SURI K%, IR DURBESE B, AT DR TR,
// === File: list.ts ===

[* BBRSIFEFHBT */

let count = 0;

for (let 1 = 0; 1 < nums.length; i1++) {
count += nums[i];

}
[* BREEFBYITE */
count = 0;

for (const num of nums) {

count += num;

5. Bzl

KE—EBHTER S nums1 , BRI AT DUR D 2R A 51 R HR
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// === File: list.ts ===

[* BHEM@ESS */
const numsl: number[] = [6, 8, 7, 10, 9];
nums.push(...nums1); // #&&%] numsl HHER nums 2%

6. HFH5
SERERSIHERR 1R, FAME AT DAGE AR R EBITE BIARE R F B &R “TofEs” 1 SR MEL,
// === File: list.ts ===

/* HEFFERS */
nums.sort((a, b) => a - b); // HFE, BIITHERE/NEIKHET

4.3.2 HBHITER

2 RAESNE T HEY, B4 Java, C++. Python %, TIMMEH LM, SESBNWEIE I
F, BIANOAA R, WAMSEEE, REEAEE A AER RIS T2,

7 VNGRS EA TR, e EH A RRs, Wi~ = ERwssEt.

- PARA R R ESEIEYIIIA AR, EAOREIT, FFIEE 10 (ERPIAE R,

© WG B B size, AURNECRABSIERTTREE, WHEFETTRBAMMPREREH, R
R, TR DUERERSIRRR, DANHIETR & T 2R A

- PRAHH: EEOTRNBSIARCN, AIFREETRS. SRR R EE RIS, A
E RIFAIETH TTRRSE RS, EARGIF, BAATHE BRI 2 AT 2 %

/] === File: my_list.ts ===

[* EBSUEERI */

class MyList {
private arr: Array<number>; // [&%| ((EZ8R5TE)
private _capacity: number = 10; // BIIBE
private _size: number = 0; // RIRE (EFITEHE)
private extendRatio: number = 2; // EXRBFIBBAIEE

[* BETF */
constructor() {
this.arr = new Array(this._capacity);

}

[* BEREIIRE (ERitR#UE) */

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

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

[* FARITTE */
public get(index: number): number {
/] FSIMRER, AIEEEE, TH
if (index < 0 || index >= this._size) throw new Error('Z3[#R");

return this.arr[index];

/* B¥TE */
public set(index: number, num: number): void {
if (index < 0 || index >= this._size) throw new Error('ZE5[#R");

this.arr[index] = num;

[* TEREPFIE TR */
public add(num: number): void {
/] NMREEENEE, WEEES
if (this._size === this._capacity) this.extendCapacity();
/] HEFTTEIIL R LY EE
this.arr[this._size] = num;

this._size++;

[* EREBATE */
public insert(index: number, num: number): void {
if (index < 0 || index >= this._size) throw new Error('ZE5|#R");
/| TEHEBHAEMR, BEHESHEE
if (this._size === this._capacity) {
this.extendCapacity();
}
/] ®F&35| index UKZENTEHBEELE—U
for (let j = this._size - 1; j >= index; j--) {
this.arr[j + 1] = this.arr[j];
}
/] EFTEHE
this.arr[index] = num;

this._size++;

/* MIBRTER */
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public remove(index: number): number {
if (index < 0 || index >= this._size) throw new Error('Z5[#5R");
let num = this.arr[index];
/] RS index ZEHITTREMAIFZE—IU
for (let j = index; j < this._size - 1; j++) {
this.arr[j] = this.arr[j + 1];
}
/] EFTEHE
this._size--;
/] BREWRBIFRNITE
return num;

}

/* BIIER */
public extendCapacity(): void {
/] FHE—ERER size WS, IiGREESYIEREFEES]
this.arr = this.arr.concat(
new Array(this.capacity() * (this.extendRatio - 1))
);
/] BEFEYIRE
this._capacity = this.arr.length;

}

[* HEERFIERRET */
public toArray(): number[] {
let size = this.size();
/] EBRENRELENNSEYITER
const arr = new Array(size);
for (let 1 = 0; 1 < size; i++) {
arr[i] = this.get(i);
}

return arr;

4.4 FCISEGEIREY *

FEARTERRTM T, BARE 1 PRSI RISEAS #5518 AL R B B BRI ME, BN BIRER T “HafEE”
B MR,

B L, PBRESREERORRE R EDuE 1 R BC M PR R, e s B R AR S R B R RE
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4.4.1 :5tREEHEERS

AR AR = AR5 E . BBRR (hard disk). 521888 (random-access memory, RAM), tREX (cache
memory), & 4-2 J&rr T EMERH R RSt R AN f AN RRE R R,

+4-2 FHEMIOGTFEE

TUTS AC iR PR

Mg RIGEFER, WA ERRA. 7 EATRTRURESAIE SR IR ERAIE <, 18D CPU
e, fERE FE BRI B AR TR R AR B

2% BERENAGEL BERERGEL BERERGEL

(3

wEOBKR, TBH#A B, GB # JEH /N, MB 5l

HE e, KERIET MB/s Bk, %+ GB/s JEF R, 2 GB/s

fEfg  wefEE, MEHHT/GB W, &% E7T/GB JEHE, kg CPU fTHEHE

T AT CURF T R 7 RSB R [ 4-9 FURH B EE A0, BRER D & IS THIR A /7 25 B AR e, &
BN ARG, EREZEANBEIAREA, TR at FERHR S TAR M MAEE IRE B A R

 TEREER DAY, B, RIREEREEER G EL, NI EREARMIBEER,; HIX,
RO S A R R I 2 0%, B S C e B E TS K.

- PREUC R BRI DR, FEE L1, L2, L3 ARSI A, HYMR T &8k, B CPU
oz R Py FREE B € i, S SO RHEERRER R N, TR, EEEN T, Z2EH%
PR ES RS R A R, TR R 2 [T e A P

CPU

L1 Cache
TREX L2 Cache
L3 Cache

N B BE

HERE HDD/SSD

& 4-9 FHEMEREE RS
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Tip
AT RS R T, R EARA = IR T, B L, SRR R R
AT T3ERR, EEORIBAHEA R B MIBR ] < R E e -

REFAHE, BERRATIR RGO RROR], SefR A Rl A7 R sV TP IEAE SRR RORL, M DRI R il
FREHURINERE S, DHEEREABUTICR, =FHARE, B EERT ST,

qniE 4-10 Fow, ERERHUTIR, BRI G IR-HEIRE R ERE T, 4t CPU RtEMM, RG] PIEE CPU
—E7, BEBETMIECERERA R, 4 CPU Rt S A REEE, (EmBE R AR AHUTRCR,
S LN EM G

b —
b < — —

l
l
2

IR 1REX FofERE Wk

CPU

[ 4-10 RERR, FCISEEAI PRI R ERHE

4.4.2 ERGENCIEENE

fERCIS RS AT, AR #5125 B B A SRR,

—J5H, el ARE, HRE—BGRREARER S MR, IR B Rk RS AE S T RE = 0t
Az, FAIRTTRBEEHS, ATHERRING 2 A A A B T ER RS RAA5 . (P, [t R
o SR, MHIFTRE R DE R MAEAR RIS, S ESGTIIIRE, By A th 3R RS MR
RIS A, ML, SERSERSIDL “HiRE” ZBAnETEi RIS o iommE, feft 78 RIS TE .

S—7im, EREABUTRE, BEE R P SR, A P R AR R A AR R, T A
TEBEAI R FHRCR AR, P8 R SR 77730, AR B ESE R AL, MR, SEASHSITR
TR, FESHEHE A BLMPRRIE T, EA 5 SR EL R AL,

4.4.3 BHEBRIRENE

TREUHEAfE S AR B/ VAR, EEiEfiiG 2, FRTHRE HEE EREENEM, B3R
PERIAFRAIR, HRERT —/MBMASH R R, KILE CPU B alahMr BRI ATE IRy, &%
AREXKAH (cache miss), It CPU MEATEHE RIS RIFCIREE P AR &KL

BROR, “DCRarTh” B>, CPU SR RRHOBCRS, REAGEthater. | CPU R o
ECEORH LLBIRE 25 REXER R (cache hitrate), JEEHEELE B AR & PRERCE,

7 VIS ATREIE R S AIReR,  PRICE SRE DA BRI
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- PREUT: PREUNZ BRAEN T AR, TR DADRBAT R B, A EERR B R LA A (S, PR
BT RO (e 2R A R

- THHUBEH: pEEE & B ATHAE R (BIUERER, B REERISE), WARBER e
BRI A BRI, fEMHRT a2,

- IR WUR—EEERBEI R, 8B EhER R TRt E e, Ei, PERERAR
FHRE, WEERARKNIRER, DaEmEmaH=R,

- IR AR EBER G, AR ARE AR ] REFF I, PRI IE — R, &
PR B Bl PR R R AR i %

B L, BEIRIGRES RS EHR AN R R AN, = ER8IE DA A& {E 7T,

- PR BERSERSTR AT RS M E 2, HEEh AR ERER R E D,

- PREUT: SRS S SIERL BERCIR R AR, TRBUE “TATENT 1Y, ISR SRR LB 5 o
- PR PRSI EEBEAS BB EOR AU B AT FEIME”, RIS A 50 N R
- IR PR A R RO IR RS S R, RN BRI Y R SE A P RE R T

rapEm s, MEIRAERIRERG R, R EfERIECR BB RS, 1S fTS AR R TR E
R, AR R A RS M S A2

TETERAE, SRR LA ERE MFIE A NGO AR R EAs B 51, BRI A PSR AR R A A,
JERRGE BB TR SRACTIE . BIAN, FEpIRIgsas R & n] DUEE “HEB” Bkl (F—E&srna), Hef
Sl NEEZ 5=

- AEfER AR, BTG AR R A B R HE R, R R A 1 m AR ERCR RIRE A
RIRES), RUEERE TR E T AR i —E R RC iR R e .

CARERHRARE R, BREMRE. HEBATHNIR NG DAL EE, L G Ah R 27 BB A HE B B N SR
SEAS ER S RS AR R BURE A IR RO IR AR RIRR 73, SIf ELIgE S 7 RelLA 1 2 2 2R AU BRI MR B

4.5 I

1. ERHORE

- [AINSEAS HR AR AR AR R, o BICRE R E R B IR P R AR (T 3 RS
R BCE R, WE ARERG S E B AR,

- FEBISCRERERE A, A RCIR RS D (EIAFIMERTRICRK, HAGERRE AR,

C SEAEEYIEEEMS I (BRR) BB EEIEIRG A BNER, EAT DA R A (E R R
%, (HRCERER S, & RASAS Ry RS A B e 8351, BUPaahf s, st s,

- HAR RS MERRTTR A RS, EHEANEEMHYIEE, CRE T EAIRES, Fika] DA
BRI,

- BRI HBURIER & 7RSI E R, ([ REESE e R s R,

- BERBUTH, BRI EE AR, YA A E MRS S e, RS H A DIt R IR e
BN,

- PRBUEE PRI T, FEICH] DAS 2 ] e A Pl [ S M S R A, %% CPU SR Bt PIEERLFI A,
RRE R TR AU TRICR,

- HRESEA E AP A R, R eI R LA R R, R RS, BRI AR K
R S M 1A I 1
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2. Q&A

Q: FAIGEFESEM: LA EHER L, B RIRCR I R 2 A R E?
fif A7 7EHE A L AOHERE L (B8 B ol AR A RO IR 2 Y, EORHRAERCR A — B, AT, HEBAHERA
A5 BB, REMES AT AFE

1. PBCRTREERRCE : HEBE — Iy ORISR ES, 2 ECHAnsEes HENSEAL; MR IREEAHE R, "TDATE
BEAMEHEEIEL, EABWERA L. K, HERE B ECRRE AR & LS e,
2. K/NRR : HEBEC ISR AR B /)N, HERER RN — RS2 BRI A] FHRC IS, IR I HEAE B8 D0E & ol A7 R R,
3. EEIGTE: HEB LAYRESI A/ N A SRR i, AR AR A R NaT DATE S TIREEh REffEE
Q: ARSI ZERAHFRTRINITER, ML Al A &R R TR ?
AL B Y HETRGAH A, SRS MEES | (P60 AR, SEERT ] DA FAFZLBIRE R, #1140 int, double,
string. object &,
FEEH, BT RRAEEERZAIN, EEAREEBE B EAERHIE TR E, Flan, FEFIE R
& int F long MAETIRI, BEME TR BIMGH 4 AocsHR 8 Moo, WHRERAGER A I AXG ERBET,
IR EE THE “TTEREE,

# sTRLCIERE(E = MEYIEEEEEI (BxRaSREiL) + tHRE * THRRSI

Q: fHIBRERES P18, BT ZH P.next 54 None E?

Tl p.next HAT A, (EGESERFINIMET, (HEGBEDFRHBOAREBT p 7, EHKEH P
ELAR LGS BRI PINR T, LIFEIEE p HE S MA R o s ERv A

TR RGN, (0D (0fEE, REFBRZERIE, RS n @ T, (R
IR, BRENZ S, R, AERER, AR A R I, R O B R
B0 AL,

Q: TERAS B B A MBS RS RIRAR FE 2 O(1) o (BRI IEEE O(n) IR HTEE,
Z R R AR R O (n) TE?

A RSeAERTR, BMRTR, REERERER O(n) . A, SEESBEIE O(1) MM E AT DIEHE
M _ AR EIREEE, Blan, BafryE S ARy EH, IIMMEE (AR BUa ke Rs, B
B, GUH NBEMEREREER O(1) o

Q: [E “HEASHIE AT, BRI R SRR AL AN ? SRR RE S
fili—-0g?

HREER RN, TRETREEAE BT,
- ORIFRI B E A PR R RFIRY, HA int. long. double RIBITEIHFSS,
R P TR A R MR R G T (S R T, K% % 8 RroeAlet 4 Rrychl,
Q: TEHYIAKRH TR BRI 2 O(1) ?

ERFH TR E L ARV RE, AITREICARIIERY, REGHE RS, WA BSRRE
TERWEB L, BRHERHEREREZ O(n) .
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Q: “HHIRYHEIME AR = T SR B, (HAREEEGEIR S HIRE”, EHENSHIRE 2RI
MRS AR, RE, WAGBATGHRCERENS?

EHSHERE AW m SR —m, PIEERE s RE, BMA-EREMNEESZ; H—
Ji, 7 TRIISAERA, A MERERE, b x 1.5 Bk, e HBRE A, BfhE
HANRETE I E M.

Q: f£ Python 1 #J4atk n = [1, 2, 3]11%, 18 3 A CRAINALZMER), (B2 = [2, 1, 3] §HH
EMEHETTRA id WARESRY, TR AR 0 PR, GRS, AR m 3B 2 P50 ?

RAE ER FI T E R AL R I E RS n = [n1, n2, n3, n4, n5], JEHEEN FIE 5 EEHEEHBEEEER
WSS R, A, T —MEBFIRS, FIMMBARTE O(1) Rl EEETR OB Ahl, (eI 2B
HUEH, ISR RS 7R 2 ERE RIS, TEAEERA L

BlFF 2585 AF, Python RRUET W EEZYIM, BRAIPRENARETAL, ME2HEETHIS5IH,
I, B B W RS R AR R B A R — i id 3 HIG L8 RC iR AR A I RO A

Q: C++ STL #HfY std: : list CACEE 7 Bagsihsl, Hir G —EmAEE EAEBRERENE, 24
R R A ERIREDE?

— 77, BVEEE G MAE R EBEETE, AR A s A S, ERAmERE,

- A HRSEICEFEMEEINYIEE (—EHERET—ETE, —EHRE—ETER), A
std::list lHE L std: :vector G,
REURET . GRS EAEF R, R std: : list BB 2B, —MIE N R, std: :vector
HIRNRE & B 4T
BT, EAE AL AP 3 R oA E, BT Y e R GE S PR stack A
queue , TMIEHELE RS,
Q: #fEres = [[0]] * n T —E Y|, HAbg—F [o] BEBIZHIIE?
AR, RS, FrER (o] B LEEFR—EYHSIH, REBMEXEF—FETE, i
FrE I E T 2B & e 2 i,
U R AR Ak R A EHE [0] 2SN, RIDAER res = [[0] for
FFEEZERIMAIE T n @8R [0] EBFIWIH
Q: #fEres = [0] * n KT —EEY, HbEg—E%E 0 # 2?2
EZBAH, FrARE 0 2R —EW NS H. ERRA Python ¥/NEE GAEZ -5 5 256) A TR
B, DAMERKICYIEER, 1M HA0EE,
AR MR ER—EY L, ERRPRRT DL B B RN EETTE, E2R A Python HEEUZ “A~r]
YR, ERMEUEEICER, B ERYVIMRAS —EWHER5IH, mARKERETEAY,

SR, EESITTRE ATV I (BIanEY, FHeERIGIES), BUOLETTR & BRI A S,
AT A 5 R F R e R A & A LM R B

in range(n)] FREH, BEHN
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5.1 &

W& (stack) 2—HEDEMEE AR HIBEATR M RHERE,

BATR] DA HE B L 2 S B RO — B 7, WSRABEH R 7, AIFREIoR Emp 8 T RaxesE, M
TR R AR TR (W, 7o, WIS, IS 2] 7 i E R,

e 5-1 FoR, FRPHEHERETRA TR 2y “HEBTH”, JRERESy “HEMR”, KT SR 2 e T £
TERME “NHER”, MHFRHEBTETTRAGRIEME “HHER",

i NEE NHEE iR HEE
stack push(5) push(4) pop() pop()

- S i/

R

5-1 HEBAYE AR HAER

5.1.1 ST BIRE

MBI E FRE R 5-1 R, BB AL FEERERGEHNERGES KT, Eik, TRIMAE R
push(). pop(). peek() fins4zfl,

*® 5-1 HEBRIBRIERCR

kR B ST A
push() TCEANME FEEHBE) O(1)
pop()  HEMBTETTEH M O(1)
peek() HIMIHEBTHTER 0(1)

WHEAEY, BT IERE AR RGE S WA, AT, LA S al el A SR AHEERER, 8
IRFERAMT AT A%t S 1 “FA” B “SRAS RS EEHEBAR G, SRR FCREE L 20 e R SR 1
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// === File: stack.ts ===

[* FREE *
// TypeScript REWNERMEEIER], AILE Array EEHEERRER

const stack: number[] = [];

[* TTRENER *
stack.push(1);
stack.push(3);
stack.push(2);
stack.push(5);
stack.push(4);

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

[* TTEHEE */
const pop = stack.pop();

[* EEUERNRE */

const size = stack.length;

[* HEREAT */

const is_empty = stack.length === 0;

5.1.2 HEMNEIR

5 TR EHER R TIG], BMARE A BB (RN

HEBROE e AR AR, AR X RE AR HE B TET I BMIBR TR, SR, RIS Ak R AT n] DATEAE R AL
EHTEAMERTER, Rl DA 2 — R SZ PRI RS okl eh 5, fefgatia, BMTATDL "M feEs ek

S ER A ER 0 SERR TR R, (BN S HE R AR,

1. BitiEisRyINER

(o BEAS B S B BB IRy, AP R DURF S A5 ER 2 SRR RG AR A HE B TH, R EREI R HER IR,

GniE 5-2 R, BN AHERRIE, MR TR CRE NGRS BB, IS ARSI A A BT,

T tHHE B R, SR ISR ARG s S 83 51 M PR B ]
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B 4
I E ST
PN ] —
push(4)
- lumwu e SQ) g
- | o 8 2 )
EERRRRRSRT] n ERRREEGET
. HIMRRAME o n HibRBEHEE ?
3
L) a8 mox (@
Ty
| Step 1 \ Step 2 |
e
pop() RIBSEREDR
men ()
a EERREELRT] @
g HVRR AR @
o S
[ step 3

5-2 LTRSS BRI BB ME B Y N\ HE A AR
DA 2 R R d A £ 471 B B A ) s 51 R 2 -
// === File: linkedlist_stack.ts ===

[* BERIEERFIBRAES

class LinkedListStack {
private stackPeek: ListNode | null; // #SEEENZLIEAEETE
private stkSize: number = 0; // HENEE

constructor() {
this.stackPeek = null;

[* EEUEENRE */
get size(): number {

return this.stkSize;

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

[* NHEE */

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

this.stkSize++;

[* WS */

pop(): number {
const num = this.peek();
if (!'this.stackPeek) throw new Error('if&AZ="');
this.stackPeek = this.stackPeek.next;
this.stkSize--;

return num;

[* HEEERIETER */
peek(): number {
if (!this.stackPeek) throw new Error('#&AZT');

return this.stackPeek.val;

[* EHEAEERTIEN A Array TR[E] */
toArray(): number[] {
let node = this.stackPeek;
const res = new Array<number>(this.size);
for (let 1 = res.length - 1; 1 >= 0; i1--) {
res[i] = node!.val;
node = node!.next;

}

return res;

2. BEIINER

(56 P P2 BB A, AP T UK s ) RE BB A 2 HEAR TH, QNI 5-3 AR, AR B H HE B 0E 70 I B 1E
WS AT TCR IR TR, KM% O(1) o

push(4)

®

L)1)

- SR
A*ll ]mal

RTR &
G ERETIEER

EERRRES
HbRRANEE

RERRZET
HINRRAREE

[-[-T-T]
[-I-[-[-[]

I BEE
Step 1 \ Step 2




&
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pop()

MRESIETTR

m=x )
EREREES 7]
HINRRALD

R "

[-[-]-]-]

‘ Step 3

W 5-3  HLHR RS B E AR (1 A SR L A AR

H AR ANHEB AT SR A] RE & IRTE B in, DRI BT n] DUE R ENRERES, ISARmEAEZE B 1T iR BR 81 i 2
DA Z R Bl 2K :

// === File: array_stack.ts ===

[* BEREYEIRAHESE
class ArrayStack {
private stack: number[];
constructor() {
this.stack = [];
}

[* EEUEENRE */
get size(): number {

return this.stack.length;

[* FIEMEEER T AT */
isEmpty(): boolean {
return this.stack.length === 0;

J* N+
push(num: number): void {
this.stack.push(num);

[+ HisgEm ~/

pop(): number | undefined {
if (this.isEmpty()) throw new Error('if&EAZT"');
return this.stack.pop();

}

[* SHEEETETTER */
top(): number | undefined {
if (this.isEmpty()) throw new Error('H&EA&%");
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return this.stack[this.stack.length - 1];
}

/* iR[B] Array */
toArray() {

return this.stack;

}

5.1.3 MEEREHL

SRR

P B B AR S B E SR A A TR R, PRSI E BRSNS REM R, (HIS T T HEB A FREE, Kt
— A EHE

RV ES

TER A R BB A, BN B R (0 A TS S B A BT AT AR R P AT, R R PR 1,
RIS, AT, QSRR RHE Y AR, SRR AME], SRR F IR A M
7 0(n) .

FER N GEAS BAIM BB A, SRS R AIER S, A7 AE LIRS R R RCR AR, (2, AHE
BIRETR AL ER ARG B AR, FIRSCRAEER. A, WERAHEEBTTRA SR @R,
JER] LAE ROHALPBR, TEMRmEReR,

fr LRI, B \HES B HEB IR ER TR E R A G RPN, HI40 int 8¢ double , FRAMTAT DUS H DU 455

- EREAIE BB A RCR G R, (HRIRA R SERE, IR R,
- BETRGRAL R H B A B T DASE (3t SRR E A RR R B,

Py &

TEWHALESIR, REGRBHIDE “WIaAR", ZARAREBHERFTXR, MH, HAMHNE R 2L
TEREER (BN 2 1%) EATIARN, WARNARLaRERHERER, B, JORMEEIEBLHHES ] fEXE R
R TR

BRI, FHP A A 5 BRGSO MAA (P TR, DRI LSl HR 1 R 0 FH 9 2 PR BB K
fr b, FRIFASRERG B AR E MR E B S AN RO e, RS AR R TUE T T

itg\l’

5.1.4 EERHMBIFER

- BITESPPRIRIBELNGE, WA SRR, EIRMBRCTIAE, B S & - EEE
ITAHEE, TERRFAMRLA] DOEB IR R 2] - — A E, RIBRIEER LREPITHHEE, IRER
IRFSCRFZ IR AT, 910 FEE 5 2 o 18] R AL & B 3

- PSRRI B, ORI I, RGTER & CEHEB TR — (A e, AT iR N B RS R
FEIRE PR AR, 1) R HERS B ANEr T AHEEROE, e L B0 B & AT R,
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5.2 1751

1750 (queue) 2 —REEAESL A\JCH IRIAARME BRI GIME, AL RESR, (T0IRLE THERRERR, RIVHT AR AT A AN
IONATBNREREE, AL T HI SR N IZ B BB o

aniE 5-4 FoR, BAMAHTHISERRE 2 THIET, R “THIRT, AHETTRIASIRRIRIEREZ “AH7,
MR 721 & TCR AR ERE Ry A7,

{751 7 7
queue pop() pop()
s a

s | 5 /

2 | a8a~-a8-»>08-»08

8 8 8 B8
At | /
TSR [

N7 N5
push(5) push(4)

5-4 ATHIRIF AN SEH A

5.2.1 {FHIEBIRE

(THIH RIRIEINR 5-2 R, TETRNR, AREXGES ARG AT AR, FE R B
HEBMRIRT5 R4,

R 5-2 TR

HEs R R
push() TEEAFI, U TEFMEATIRE  O(1)
pop()  AFHIE LR O(1)
peek()  FifITHIE T O(1)

FATR] DLE R AR 3R & B R T SR
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// === File: queue.ts ===

[* R fTs */
// TypeScript REWNERTS, AILUE Array EfETYIRER

const queue: number[] = [];

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

[* SHRETHIETER */

const peek = queue[0];

[* TTEREF */
/] REZEY, AL shift() HZENEFERES o(n)

const pop = queue.shift();

[* EEUTIINRE */

const size = queue.length;

[* HEHTIIRERE */

const empty = queue.length === 0;

5.2.2 {FHIEIR

7 VEBUTY, TMTE BRI, ] DIE—umirilonR, WS —ImMERITR, SRS ER AT
BER,

1. Bpi#ERyInNER

aniE 5-5 Fow, BATA] DURSEAS FRBIR “ERERRET A0 “REHTEET 2 BIRA “THIET 1 TSR, BUETS
PRI ERS, (740 AT I ER GRS,

HEEEE &
Mg E R R
,,,‘ i _
— TR \c ;:Zn(:.) W Q
T »
’/ ‘\‘ ‘/’ \‘
o | g ‘? g \?)
a8 ERERBREST 'Q -] EERRREET \/ ;
o HIMERAT) 1 o HIMERBES 1
x5 | mon (@ [+ ] ?
55 won (@

Step 1 Step 2
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Hl

pop() MIPRTEEIRS
won ()

2 ]

a ERRRRGRERT @

o HIERAITT l\

8 e
R dg

{ Step 3

M 5-5 E:HRGEAS RS E BT AL SR E
DA 2 S J A B R 7 91 A s

// === File: linkedlist_queue.ts ===

[* BERIEERFIBIRNTY */

class LinkedListQueue {
private front: ListNode | null; // SEEAZY front
private rear: ListNode | null; // EEE(ZE rear

private queSize: number = 0;

constructor() {
this.front = null;

this.rear = null;

/* BEUTYINRE */
get size(): number {

return this.queSize;

[* FIEHTHIERERT */
isEmpty(): boolean {
return this.size === 0;

[* NF */
push(num: number): void {
/] FEEERLEFTIE num
const node = new ListNode(num);
/] MRITHIARET, AISHE, EERERTSRZERS
if (!'this.front) {
this.front = node;
this.rear = node;
/] MRITHIRBE, AEZERIEE LA
} else {
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this.rear!.next = node;

this.rear = node;

}
this.queSize++;
}
[* HF */

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

}

/* RRETHIE TR */

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

}

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

}

return res;

2. BREFINER
TERRZ R TR IR E 2 O(n) , B EEBSHRIERCRBAR, R, T DR LR85
IRAE LIS (8 T

FAMer DAfE FH — @52 8 front FEATHIE L RNR T, WidEE—(EZE size ANEHITIIRE, ©F
rear = front + size, BEARGEEMN rear FEEUTHIEICEZEN F—EMN &,

BRitbatEt, MFrh SR A IR 2 [front, rear - 1], SFEHR(EAEBEWIE 5-6 iR,

NFIAE: o AT EIRMELS rear 518, Wild stize N1,
WA EE: HEFEA front 380 1, A6AF stize BV 1,

AIDAEE], NSRS T T — AR, RREERES S O(1) .
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front iEATHIETR 1. 5tHRIER rear
rear EEFFIBTR + 1 2. WTRHIEE rear K
rear = front + size 3. size i1
N7 KR
75 push(4)
front > front »
5 I g FIIREE g 1FHIRE
size = 4 size = 5
u EEERZET a EEERZMET
a HIMRRBITTI a HIMRRHBTT
A5 I rear > rear >
73R
Step 1 Step 2
1.4 front B 1
2.4 size B 1
H3

FHIRE

size = 4

front >

RERERZMET

a
g BIMRRRTT

‘ Step 3 J

fE 5-6 FERFESIE B THIH A RE

IRATRE 32 B0 —MERRE . 7ERBNE T ASIFIHZIAERED, front 1 rear HIEFAEE), WEMENEHS]E
TR AR B 1, A T RTRICRIE, BT AT DR RRA Ly AR R “ERTE RS

BIRERIEIS, BT EE front B rear TERUBMHY AT, EE (RIS SHATAESUE S, EREHIMERA
FIDAZE “EERRIET REB, XIS ATR:

// === File: array_queue.ts ===

[* BRIRFEEHIBIRTY] */

class ArrayQueue {
private nums: number[]; // FRMEEF(THITERIET
private front: number; // {FHIEHIEIZE, BR(TIIETE
private queSize: number; // TFHIEE

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

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

}

[* EBUTHINRE */
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get size(): number {

return this.queSize;

[* FIEHTHIBERT */
isEmpty(): boolean {

return this.queSize === 0;

[* N5 */
push(num: number): void {
if (this.silze === this.capacity) {
console.log("{THIEM");
return;
}
/] STEITTIRIER, EmfTyIBRSl + 1
/] BEBEERR(EEIR rear HIAMEYEEREEIZIZESD
const rear = (this.front + this.queSize) % this.capacity;
/] #& nun FIEETHIE
this.nums[rear] = num;
this.queSize++;

[* HF */

pop(): number {
const num = this.peek();
/] P EEEREEE 1, SHaES, RREFESI5EE
this.front = (this.front + 1) % this.capacity;
this.queSize--;

return num;

[* RRETHIE TR */

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

/* 3R[E Array */
toArray(): number[] {
/] EERERRERENNSETITER
const arr = new Array(this.size);
for (let 1 = 0, j = this.front; i1 < this.size; i++, j++) {
arr[i] = this.nums[j % this.capacity];
}

return arr;
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PAEEBATANIRBARIRYE: R AT, AT, ISR ARSI, TR AT DA R8I 2% Bl 8 et
B, PEmsINIEA, AR EE r LB BTE,

PIRE BB ) A S B R — B, RN,
5.2.3 {F5IsEFER
- WBETHL, WEYE TERIR, STHEASIASIZIT, REhEis & iRiEr E T h i B, 8+ —H
i, MR EEAERATE, S0 TREAT R EE RSO,

C OB, EREER UAIRET IRERSR, BPIINENRERIEF T, BB TS,
(THIEIGLE G AT DUE RO R iR B IE e

5.3 £m1T5l

FEfTHIH, FRMEREMIPREAE TR BT TR, WE 5-7 R, #mir5) (double-ended queue) 12
7 ERAEE N, SRR R E T TC R AT B PR R

Erryl THIE NS {FHIEHS
deque push_first(1) pop_first()
75IE \ /

H51 T l A7
A | |

{5

THIEAT ITHIRHTI
push_last(4) pop_last()

5-7 BT AR

5.3.1 SRTTIERIEE
BT AR RIS 5-3 iR,  EBRHYTTIRA4 R R EARIR AT (A A RE oA = 2K

% 5-3 BETHIRIERR
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TitEs ik IRF I A P
push_first() MR ETIIE  O(1)
push_last()  MFCEFMEMTFIE  O(1)
pop_first()  MHBR(THIEITTR 0(1)
pop_last() MBRITH R 0(1)
peek_first() #iFHTHIEITTR o(1)
peek_last()  ahfflfTFIREITR 0(1)

[FREsl, FRMATDAE A R GE S T E BB r T HIE A -
// === File: deque.ts ===

/* R ERTY */
// TypeScript REWNEMNERTY], REEIE Array EFEIR(TYIZRER
const deque: number[] = [];

[* TTENG */

deque.push(2);

deque.push(5);

deque.push(4);

/] AR, HRERET, unshift() HAMNBRIEHEES o(n)
deque.unshift(3);

deque.unshift(1);

/* #hfETE */
const peekFirst: number = deque[0];

const peekLast: number = deque[deque.length - 1];

[* TTEEY */
/] FEEE, BRI, shift() HERRRERES o(n)
const popFront: number = deque.shift() as number;

const popBack: number = deque.pop() as number;

/> ERERTIINRE */

const size: number = deque.length;

[* FIEERTIIRERE */

const isEmpty: boolean = size === 0;

5.3.2 ERTHIER*

EB1a)f T2 R BB TR, AT ARG Ak R 2 s B8 1 25 SRR T B R At
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1. BpREmiggsyInER

[IRE b —Hi 7, AV IE S A G RS AR E BT, B2 e ] DAY (M PREA SR (B 5130
FITE RS RO BT ER: CEHBASIERE)

BN ETHIT S, SRR AT ARSI, Aass, s =2 85 —Es
AR, Zitt, FRMERA “SErsdsieRs]” 1% a2 R ERHAE .

QniE 5-8 P, TR RE [ S AR 51 B SR B R A BTRGAR 2 B E T SR S E AN TS R, TR B A P S
AR F AL A ZhEE

1FHIENT TR 4
. push_last(4) S RTIRS
50 50 mon () mon ()
1 l A3 N o ﬂ/
ERRTRS AR @ B cERRRSmRESs) a)
a IR BT je\ a HIMRBR AT /1L
15 175IR EER () (
A5 I l 131 A u \ 4
3R R (tﬁg
Step 1 Step 2
HEHRE 1
YR R IR TBREEERRE
_ I
Tf_ e awn (@) ﬁ?ﬁa:g() wwn ()
& i
a % [+ ] f?
8
B EEERRtEmEss) [9 B =EERRumEGEs) @
] HIMRR SRR N ] HIMRRA AT ﬂ
@ REE a/\
RERS 6
Step 3 Step 4
FHIE ST
pop_first() MBREEEES
moe ()
i
ERRTRS AR L°
o SHIMRBA BAIT j
N @
| Step 5
@ 5-8 ELRGAS B 1 B I AT 51 A B4R
B NAUR:
=== File: linkedlist_deque.ts ===
// ile: linkedli d

[* EmiEERTIER */
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class ListNode {
prev: ListNode; // BIBREGELSIA (3E1Z)
next: ListNode; // BHEEIRLSIA (F81%)
val: number; // EiZH{E

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

this.prev = null;

[* BERERBAERIBRNERTY */

class LinkedListDeque {
private front: ListNode; // EEENZL front
private rear: ListNode; // EEEIZY rear
private queSize: number; // E@ETFINEE

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

this.queSize = 0;

[* ATHIRNFIEIE */
pushLast(val: number): void {
const node: ListNode = new ListNode(val);
/] ESEEEERIRT, AL front # rear #EM node
if (this.queSize === 0) {
this.front = node;
this.rear = node;
} else {
/] #& node ¥iEEfEALERTIEES
this.rear.next = node;
node.prev = this.rear;
this.rear = node; // EHEHZ
}

this.queSize++;

[* ATFIENTHEE */
pushFirst(val: number): void {
const node: ListNode = new ListNode(val);
/] EiEsERYAT, B front M rear #IEM node
if (this.queSize === 0) {
this.front = node;

this.rear = node;
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/*

} else {
/] #& node ¥i%ZEEiERTIFEIT
this.front.prev = node;
node.next = this.front;
this.front = node; // EFEEEIEL
}

this.queSize++;

THIRHTHRIE */

popLast(): number {

/-k

if (this.queSize === 0) {

return null;
}
const value: number = this.rear.val; // (&FEEIEHE
/] MIBREEERRS
let temp: ListNode = this.rear.prev;
if (temp !'== null) {

temp.next = null;

this.rear.prev = null;
}
this.rear = temp; // EHEEHZ
this.queSize--;

return value;

THIEHTHRIE */

popFirst(): number {

/*

if (this.queSize === 0) {

return null;
}
const value: number = this.front.val; // {#ZEEEE
/] MIERERERRS
let temp: ListNode = this.front.next;
if (temp !== null) {

temp.prev = null;

this.front.next = null;
}
this.front = temp; // EFFEENEL
this.queSize--;

return value;

HETHIIETER */

peekLast(): number {

return this.queSize === 0 ? null : this.rear.val;
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[* SETHIETTER */
peekFirst(): number {

return this.queSize === 0 ? null : this.front.val;

[* ERERTIINRE */
size(): number {

return this.queSize;

[* HETERTIRE AT */
isEmpty(): boolean {

return this.queSize === 0;

/* FIENEEm(TT] */
print(): void {
const arr: number[] = [1;
let temp: ListNode = this.front;
while (temp !== null) {
arr.push(temp.val);
temp = temp.next;
}

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

2. BRETINER

qniE 5-9 AR, BECRERZIEEITHIRAML, Bl ] DA B RS AR B B 751,

front iEEFHIETR
rear EEFFIBTR + 1

rear = front + size

5
L R frone - [ wwam
a size = 3
EERRRIDERES) ﬂ
a HIMRR SRR e
175 ] l 175
A7 Hl rear »
IR .
l Step 1 L

Step 2

1FFIRNF
push_last(4)

ERERZCERES
HWIMRRARATT]

1. StERIER rear

2. RTEMYE rear &

3.1 size B 1

front >

rear >

fPHIRE

size = 4



F5E HUBETY www.hello-algo.com

108

1.4 front B 1
2. BTEMEE front &

3. 1% size B 1
{FHIENFI TR HF
push_first(1) pop_last()
a - a
a size = 5
a ERERZDEES n EEERZOEET
a HIPRRHERTTI a RIPRBAHERTT
[ Step 3 ( Step 4
1.4 front B 1
2.4 size B 1
31 LE) (i
pop_first()
front > FHIRE
n size = 3
EERRZEEES] a
a MR AYAETT] a
‘ Step 5 H

5-9  ELAKIE B EE T A B AF AR E
TEATHI BB b, EFREM U7 AF” 1 Y5 By f777:
// === File: array_deque.ts ===

[* BERREEHIBRNERITY */

class ArrayDeque {
private nums: number[]; // FAREEFEER(THITEIET
private front: number; // {FHIEEIE, EBETIIETE
private queSize: number; // EE{THIRE

[* EHEF */

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

[+ BERSRETINESR */
capacity(): number {

return this.nums.length;

[* ERERTINRE */
size(): number {

return this.queSize;

1.4 size BH 1

front >

fPHIRE

size = 4
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[* FIEERITIIRERE */
isEmpty(): boolean {
return this.queSize === 0;

[* StEIRFCESIZRS] */
index(i: number): number {
/] EBBEMRFEIREYEEHE
/] B 1 MBEEYERE, EIFEES
/] & 1 MEEHEEEE, EEIRED
return (i1 + this.capacity()) % this.capacity();

[* ATFIEANT */

pushFirst(num: number): void {

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

}

/] fFYEEEmABE—(

/] EAEEMRIEEIR front EiAMEYIFEIREEIFIESD
this.front = this.index(this.front - 1);

/] #& num FIEETHIE

this.nums[this.front] = num;

this.queSize++;

[* ATFIENF */

pushLast(num: number): void {

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

}

/] SETYIEEE, EafTiIERS + 1

const rear: number = this.index(this.front + this.queSize);
[/ #& num FTIEE(THIE

this.nums[rear] = num;

this.queSize++;

[* TFIEWS */
popFirst(): number {
const num: number = this.peekFirst();
/] FYEEEREEE— (1
this.front = this.index(this.front + 1);
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this.queSize--;
return num;

}

[* fTFIRES */

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

}

[* SHETHIE TR */
peekFirst(): number {
if (this.isEmpty()) throw new Error('The Deque Is Empty.');

return this.nums[this.front];

}

[* HREUTHIRITE */

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

}

/* REIFETIRRFIED */

toArray(): number[] {
/] EEMERREDENNETITE
const res: number[] = [1;

for (let 1 = 0, j = this.front; 1 < this.queSize; i++, j++) {

res[i] this.nums[this.index(j)];

}

return res;

5.3.3 &mryIER

By A HEE BTy i, Rten UEBUEWENEIERYGR, RIRTELE S B B,

TAVALE, TREGRT “WEH" ShEEE (B AL RO RHIXESAR(E push ZIHEEH, ARRIZE pop B
BiEH, A, HEEIRSEIRIMRS], P GRFIRE P8 (GIERRRFEE 50 ), EHEBIR
JEEE 50 IR, BT LRI ((T21E) PUTIERERME, [HHERIEEEBISIIGE, Rl &2 gy
GIAEACHER, FETER, “HEHT ARG e AR, FUR B AT A RE S SN EE T
Bl — LRI N,
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5.4 /Mg

1. ERNORE

- HEEE MG AR R R R RORASRE, AT I8 fE S s GEAS B S AR E B

- AERFRIRCR T, BRI BB B AR E PR, (BERAIRRET, BIRAHEBIRERTR A ERE
EEHUEO(n) . MHILZT, HOmr e Ry E BB B A TRE R AR,

- AR ERCRTTH, HERAEY| EB A AR E R E RN IR S, HFREEENE, SRS HRTS
FR R e s e L RS TR R

- ATAR TG SE A S R AR R A, [RIARR AT DAOZ 8 P 51 e Ah ER I ACE B, AE IR RCR R 23
RCRAEIEL b, 751 B Al B AR HE B O A5 S AR L

- BTy EAEE BRI, ERFTEmmE T TR AT AN R,

2. Q&A

Q: BITEZRAUAMERIBZE A2 sl Ry EH?

BIBESRAUATERIBIREAE L2 “HB” AURSEL, ERP A —EHr Hmiy, % Hm oy saE, ¥
P BERIB LI, % I G ICHEB TR, (B A (78] DU B B — LE RO MR AR, JSMEE "8
151” EHIARE,

Q: FEHHMEERR, AT ZREMHHE R R

SRR R EE AR, AATRERREGCIEE, B 2RATEME, Java Ml python TFiE = A HE)
B3 [, R TR T ENRAGLIERE, 72 C M G AR T BB GLIR R,

Q: Brfrig e mEHEEBTHRAE 7 ik, ERIMGRMTE?

BTyt G R BT IR S el (e B PHE T, ERBIREHEE + (T2, KRl DA B
BETHIRFTAEM, M H NS,

Q: i (undo) MIMEN (redo) HEZUMAEIIK?
(EFI P B R, S/ A RTIATRLEN, HEE B FHR SN,

1. BEMEMERT 5, SR PR A, MiEsHEE B,
2. ERPHUT “HEH" R, EHER A o D RTRE, MR R AR B
3. HRPHUT “RAEET Ky, (CHER B rROE I RORRIIRME, A HBAMER A,
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F6E HER

helle=algo.com

Abstract
TERT B RS HERNE—REENEEEHE,
MRBEAMIFHERESE, Cma] DAPEERE H A E
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6.1 HER

&R (hashtable), XMEEPIR, EEBEH key BYE value ZAVEIE, BE&MATREN, B
5, BMERERDEA—EH ey, AIRTDE O(1) RN EECEEAIE value o

i 6-1 FR, #5E n A4, SESBARE a7 M RS mIEER. RUOBRMAEER ‘WA —E
258, IREIEERTER” FE#IIEE, R DA E 6-1 FRATHER RACEE,

MER
hash table
85 key s | | |
ez value

BA—ES5 key, EHHMEMESE value
BARRPEMIRENRREEER 0(1)

6-1 MERBIIMRIR

PREEZRASN, FERGEAS R tha] I A INRE, EMARERB R 6-1 Fr,

- OBRCER: (EREOTRIIY RS (GRS MR, A O(1) KR,
- A RS GEESERS) REUFE, RLFEETGHEPNATCR, 8 O(n) K,
- WMBRCE: FELEMIITR, FHARES] (RSB PR, EH O(n) RiHE,

* 6-1 TLREIRHLL

PeHZl SEAGERY MEER

#mEE O(n) Om)  O(1)
FtE O(1) O(1)  O(1)
Mgk O(n) Om)  O(1)

BIsREE B, TEMEERE TN A SR SRR O(1) , IR

6.1.1 MERTHIRE

MERARAVE RAR(EES: OIiaf, el BrgsEsmnmiRe (s s, REREEIT:
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// === File: hash_map.ts ===

[* WaHER */

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

/] EHERPINERESR (key, value)
map.set(12836, '/N\I§');
map.set(15937, '/NE');
map.set(16750, '/N&E');
map.set(13276, '/NE');
map.set(10583, '/NiE');
console.info('\nFIGTEATE, MERA \nKey -> Value');
console.info(map);

[* EEHRIE */

/] FHEERFBEANE key , BEIE value

let name = map.get(15937);

console.info( ' \nEANERSE 15937 , WHFIHE ' + name);

[* MIBREIE */

/] EREERTMRRERESR (key, value)

map.delete(10583);

console.info('\nfIBk 10583 &, FERA\nKey -> Value');

console.info(map);

MERE =M HNES 77X EFRES, ERRMENE, mEREXREINT:

// === File: hash_map.ts ===

[* EHFEER */
console.info('\nXEFHHEEE Key->Value');
for (const [k, v] of map.entries()) {

console.info(k + ' -> ' + v);
}
console.info( ' \nEEXEELE Key');
for (const k of map.keys()) {
console.info(k);
}
console.info( ' \nEEXGEHE Value');
for (const v of map.values()) {

console.info(v);
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6.1.2 HEREESI
AP 5% R R B S T, (R — AR A B B R R, TR R, TR RS o ) 0 23 0 R
(bucket), EHENAIEE—ERES, Fit, ZERIEREIRE key BERIAE, N ERTER value .

HREE, QI LR key SENZETERIANE? 1SR ZEEMZER (hash function) BB, HEEKHICEHZKE—E
R A\ 23 P T R 2 — (e N =S . EMER R, MASHRITA key, = RHZATER (5
RoDo HAEES, WA —ME key , FRMIRTLOZBHERPARIT 2N key BIERISEEEHERS PG 0L B

A key , MEEREXAIRIEIBAED T AR
1. BEBFEEMEREETL hash() 5HREASEIREEE,
2. IFHEREEMEE (HAIRE) capacity BUE, EMIERGX key EHERIMESIZRS] index o

index = hash(key) % capacity

bR, FIIHEAT AR index fEREFRR FPAIHIE ERIM, KEMIER value o

FRPHAR E capacity = 100, FEVETEEE hash(key) = key , ZIFHEZEENA key % 100 , [E 6-2 DA key £
SEA0 value PE44 200, R T HERR NI TR,

BN key =5l (527 Wit value

key value

\ — 36 —| —

37
@/ R 50 — -
key % 100 . =
—— 76 —

83

(BEEMEET—EREY)

6-2 FEER TR
ARSI T — ARG R, Hrh, FM key Fl value B —MEENI Pair , DAIFREMAR,
/| === File: array_hash_map.ts ===
/* $&{EH Number -> String */
class Pair {

public key: number;

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

this.val = val;

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

constructor() {

/] WEKES, 8% 100 @
this.buckets = new Array(100).fill(null);

[* HEERT */
private hashFunc(key: number): number {
return key % 100;

[* EHIRIE */

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

return pair.val;

[* FIGIRLE */
public set(key: number, val: string) {
let index = this.hashFunc(key);

this.buckets[index] = new Pair(key, val);

[* MIBRIRIE */

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

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

}

return arr;

[* EEFRE#R */
public keys(): (number | undefined)[] {
let arr: (number | undefined)[] = [];
for (let 1 = 0; 1 < this.buckets.length; i++) {
if (this.buckets[i]) {
arr.push(this.buckets[i].key);

}

return arr;

[* EEFREE */
public values(): (string | undefined)[] {
let arr: (string | undefined)[] = [];
for (let 1 = 0; 1 < this.buckets.length; i++) {
if (this.buckets[i]) {
arr.push(this.buckets[i].val);

}

return arr;

[* FIENHERR */

public print() {
let pairSet = this.entries();
for (const pair of pairSet) {

console.info( ${pair.key} -> S{pair.val}’);

6.1.3 HMEREREES
WAH LA, MREXIERRIEITA key M HN A2 S BB AI AT G RS AR E L2, T AL
PR SR, Rk, PG b —@ A 1E “ SRk A B MRS .

BN EdR BRI RER RS, B key RMAAHRIRF, HEZE RIS REAHR, B, E#RE5E5
12836 1 20336 HUMIMESR AR, FRMGH]:
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12836 % 100
20336 % 100

36
36

niE 6-3 i, MifEZ2SiE TR — %, BRERE AR, BRGS0 S ER — 6 S R
2R ES (hash collision),

BN key =5l 51 @i value
Pr— key value
DS
m_/ S 3: 15937 \\__m

76 13276 | “/JE"

“. I "

83 10583 | “/\ig"

I's
e .

6-3 MEREERRA

BHE, WERER n R, 2 key HBRCEIR —EAHHAUMR BRI, E2E/D, Kk, B
BRI DR
niE 6-4 iR, TEAFTSEER (136, A) F (236, D) BAEMR, MABHEIIHK,

BRRER - 100 HRRERE 2 i BEREE - 200

MEE key % 100 » BRI key %200
#5| key value £ key value
. o .
.

150 550

183 783

[ [

acn

vee .

6-4 MERRER
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FCUAFI R, MRREATEATERERE R RER SRR, AFHFER,; I BRRMERRA R
capacity &, AT EE MR AREH R RES M E, EE P 7 R sEtE
s, Zit, MG EEGHEEHRIREERSE, PiEAEEA,

B#EF (load factor) AR —HEEMS, HERSMRENTTRBERDMEER, HREENEE
RNBRERE, WHERAMRRIMANRRIECE. FIU7E Java b, EE&SKEE 0.75 K, REEAGHE
RIFAZEFITH 2 %

6.2 BEEER
E—EifRE, WENED PR SRS KR SR, Rt AR E R AR, bhan,

i NS 2 R, R ARSI R RN, RRA 2 (R R — MRS

HERER GEBEMARINR, REMERRRATANE. & T RRZEE, SEESMRERR, MW
ETHRERIEE, EEERNAS L. BT REHEEEER, ERERKR, RAMRREAHREE TR
AR B R BRI, 2 THRTIRCR, TAMTRT DASR A DA T 5l

1. PR RHERREORAERE, SETHMERR R nT DUE thBUME R 58I IE 3 LA,
2. (ETENER, HVEERERCBERER, A HUTHAERE,

REERAASMEN R AT REH " A “FcE L™,

6.2.1 $EzC(Ink

FER AR R, BEMERE R 7 (R (EY, 3Gkt (separate chaining) i B8 TC R B 2 545 ER A1,
FSEE 1 A S A FR S BRG, R Fir 8 E ER A BB BT  A7 (E [F) — SEAS AR 51 rh . [ 6-5 Jrom 17— Ml sUAs
HERERR BB

=i 2] Ry (AR ES)
00 =t —_—

gt fint . NN L] |

SERFET—(AEEEY,

HPESREERTE .

FoRmET key % 100 76

BWAAEFN key

EREREER o

@ 6-5 SEANIHEHERR
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FR sl A B BT RER R IR E 7T 1284 T DU (K,

- BRICER: WA key , KBMERAGEIMRS, BN HIRIHAL R YIGEETR, REERHEAS R b
key PAZERH H AR (E ST

- WHpTR: ECEEMR R A SRS RS IHETRS, ARIFEIRT GREED HrfBsEssRT,

- MMBRyCER AR oA 2O A5 SR R SEAS FR A SHER, 135 A8 A B R 21 DA o) E AR B RG R FL IR

S AL R DA RIR

- HARERIRER : SEASER YR S ERERE, E M LR B IR B R s
 ERRCRREE: 5T B LR B B Y R A R TR

PANRECHS 4G H T S U i R R A R B B B, R BRI

- RS (BRI RS, R, EEERUE T, MEER () S 2,
TpfEtmEr 2 — A5,
MU EB G SHEARMA IS, AN TS 2 0, RIEGEERBE TN 2 £

// === File: hash_map_chaining.ts ===

[* SERAAHEER +/
class HashMapChaining {
#size: number; // EEHHE
#capacity: number; // MEXRZBS
#loadThres: number; // fGEEREEHAFEHE
#textendRatio: number; // IER(ZEX
#buckets: Pair[][]; // 1&@FE%

[* BIEF */
constructor() {

this.#size = 0;

this.#capacity = 4;

this.#loadThres = 2.0 / 3.0;

this.#extendRatio = 2;

this.#buckets = new Array(this.#capacity).fill(null).map((x) => []);
}

[* HEERT */
#hashFunc(key: number): number {
return key % this.#capacity;

}

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

}

[* BEEIRIE */
get(key: number): string | null {
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const index = this.#hashFunc(key);
const bucket = this.#buckets[index];
/] FEHI®, BEXE key , BIREIHAE val
for (const pair of bucket) {

if (pair.key === key) {

return pair.val;

}
/] BEXRILE key , AR[E] null
return null;

[* FIBIRIE */
put(key: number, val: string): void {
/] EEHETFEBREER, WITHES
if (this.#loadFactor() > this.#loadThres) {
this.#extend();
}
const index = this.#hashFunc(key);
const bucket = this.#buckets[index];
/] EHE, EBEETE key , BIEHHE val MiR[E
for (const pair of bucket) {
if (pair.key === key) {
pair.val = val;

return;

}

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

this.#size++;

[* MIBRIRIE */
remove(key: number): void {
const index = this.#hashFunc(key);
let bucket = this.#buckets[index];
/] EHtE, WPRIEREES
for (let 1 = 0; 1 < bucket.length; i++) {
if (bucket[1].key === key) {
bucket.splice(i, 1);
this.#size--;

break;
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[* BEMER */

#extend(): void {
/] BERMER
const bucketsTmp = this.#buckets;
/] RMESERRIMRR
this.#capacity *= this.#extendRatio;
this.#buckets = new Array(this.#capacity).fill(null).map((x) => [1]);
this.#size = 0;
/] BREHFERRERREEZHHEER
for (const bucket of bucketsTmp) {

for (const pair of bucket) {
this.put(pair.key, pair.val);

}

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

}

console.log(res);

EFTRENZ, EHEGRIIRRR, EHEREE O(n) RE, IR U GESS RIS “AVL B~ 2 “40%
B, Emts R IR R R A LS O(logn) o

6.2.2 FMELE

BIMCELL (open addressing) A5 AKESMIERIERS, TEFEE “SUER REHMMEZEES, ®UHRE
SRR, SE T IR 2 R,

TN DA IR 200, N 4RBRICE N R R AR,

1. GERE

ARPEIR A PR 1 0 R AR M S AGEATIRN,  HAR(E R B IR KA A ARl

- AR BEMZEAGRMRG], HRBMNCEICER, MEERCERBRGEMIES PRERE R
1), BEEKEZM, RooRmAH,
AR ARBUERER, AERHERSRORETHRIEES, ERIRFEETER, &E value B
Al WSRIEEISA, R EETTRAEREEERS, IR[E None .



Hom MER www.hello-algo.com 123

# 6-6 R T RAUENE (BRIEIRE) MERRISEEE M. RBHHEZREK, REMOCHRN key #8 & #5f
BREHFEIAIA, THEBSIERE, CFMBRIRE T EZN LA Z T EIRH,

=3l = 47|

00 <

R UELL o

02

(S8 ()
=3 (B
=3 (ES)

w
(=)
g
I

REHRR, PRS 1

76
ER kEV % 100 77

EMAERR key
BREREER

n -] S
~ ~ ~
a (=) L=
H a = :

78

~
~
(=)

(=]
~
(<]
e
a H

M 6-6 BAMUENL (BRPEIRE) MERRAVHEES )

R0, SPERER S AL “REBIR”, B¥E, MRS B, EEEs B MR E
RETATREMEECR, fEME— PR BRI R, TEBUEIEERE, SRS M AENRIERCR AL,

EREENZE, WPIARRERBOENER I ERMERITER, 1E2 R & MPRTER & £ RS 9 2L — 24
None , TEEFITERN, MMEREZRZEMMEIRRE], FItEZTEM PRTTREEERREHE, XA
RERRHANGLETLRATAE, AIE 6-7 AR,

%3l e
%0
01 500 D |
. ’ 7% { | (COED
w0 N 2%, 77

MEEEATEZ THTRT
78

6-7 FEBARCEHE AP IMER TR B & R
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27 fRUSZ R, TR DAERFIBEMIES (lazy deletion) #Hl: B AREEMMERPERRICER, mAMH—M
%L TOMBSTONE RIS IG A, 7E3ZHHI N, None 11 TOMBSTONE #RfFRZSAH, #Xnl DU ESEE S, (BRI
&, HMEIRES TOMBSTONE RAIEZABSEES, [N AH Y NrlREE fE e E Y,

SR, MRS T GE & g E R GEIR L, 1B 2 KA R MR EER & & L —EMERIES, FE3 TOMBSTONE
AN, Rt e, KA ERE T REF ZBkE 28 TOMBSTONE A RETREIHAETE,

ik, FREER EVEIRAE RIS EIRY E 8 ToMBSTONE HYR S|, AR SFHT B I T2 Bla% TOMBSTONE 2 i
B, SRR R B IR E R AT TR, TR B RN E (RIEEGE) EILAA, #®
s ERRCR,

DA ES 7 — A S MR B ioE i (BRPEIRE) MR, & 7 e R R =M, &
(MR RE e — 8 “BRIEMES", ERE S FEERE, [ E AR E

// === File: hash_map_open_addressing.ts ===

/* FRUENHEER */

class HashMapOpenAddressing {
private size: number; // EEHEHE
private capacity: number; // HERAE
private loadThres: number; // fERIERNEHAFRHE
private extendRatio: number; // IEE(ZEL
private buckets: Array<Pair | null>; // #@FE%!
private TOMBSTONE: Pair; // MIBRiZE:

[* BiEF */

constructor() {
this.size = 0; // BREHH=
this.capacity = 4; // HERB=
this.loadThres = 2.0 / 3.0; // MEEEANAHEFHE
this.extendRatio = 2; // BEMLEHK
this.buckets = Array(this.capacity).fill(null); // H&BE%I
this.TOMBSTONE = new Pair(-1, '-1'); // MIBRIZEE

}

[* BEERT *+/
private hashFunc(key: number): number {
return key % this.capacity;

}

[* BEEF */
private loadFactor(): number {

return this.size / this.capacity;

}

[* B8 key HENEERS */

private findBucket(key: number): number {
let index = this.hashFunc(key);
let firstTombstone = -1;
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/] BHERE, SBIITHEBTH
while (this.buckets[index] !== null) {
/] BBE key , REIHEMNEERSI

if (this.buckets[index]!.key === key) {
/] BEzanaE T RRER, BRRERESHEZRSIER
if (firstTombstone !== -1) {

this.buckets[firstTombstone] = this.buckets[index];
this.buckets[index] = this.TOMBSTONE;
return firstTombstone; // R[EIFZENIEAIRMES|

}
return index; // R[EIHHZ5|
}
/] SEEBEIREERRMES
if (
firstTombstone === -1 &&
this.buckets[index] === this.TOMBSTONE
) {
firstTombstone = index;
}

/] SHERERS|, #iBEERRROERE

index = (index + 1) % this.capacity;

}
/] & key FFTE, ALREFHIERERIZES]
return firstTombstone === -1 ? index : firstTombstone;

[* EEHRIE */
get(key: number): string | null {
/] #F key HEMIRERSI
const index = this.findBucket(key);
/] EREIRES, BIRERE val
if (
this.buckets[index] !== null &&
this.buckets[index] !== this.TOMBSTONE
) {
return this.buckets[index]!.val;
}
/] BREHREFE, BIRE null

return null;

[* FIGIRIE */
put(key: number, val: string): void {
/] EEHETFEBREER, NITES
if (this.loadFactor() > this.loadThres) {
this.extend();
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/] #S key HEREERSI
const index = this.findBucket(key);
/] BEXERES, HEE val MiRE
if (
this.buckets[index] !== null &&
this.buckets[index] !== this.TOMBSTONE
) A
this.buckets[index]!.val = val;
return;
}
/] BRERREFE, AmEZREES
this.buckets[index] = new Pair(key, val);

this.size++;

[* RIBRIRIE */
remove(key: number): void {
/] 8 key HERBESI
const index = this.findBucket(key);
/] BEXREFRES, ARRRELERE
if (
this.buckets[index] !== null &&
this.buckets[index] !== this.TOMBSTONE
) {
this.buckets[index] = this.TOMBSTONE;

this.size--;

[* EEMER *+/
private extend(): void {
/] EEREER
const bucketsTmp = this.buckets;
/] R ESERAFMERR
this.capacity *= this.extendRatio;
this.buckets = Array(this.capacity).fill(null);
this.size = 0;
/] BREHRBEERREEHEER
for (const pair of bucketsTmp) {
if (pair !== null && pair !== this.TOMBSTONE) {
this.put(pair.key, pair.val);

[* SIENFEER */
print(): void {
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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. FHHR

FIT R B AR PR IR AR, AR R PO IR RIS 2 —, E IR, TR i B Bk —
TEREL, TG “RIERETT” e, B1,4,9, ... 2,

IR R EEA DU E,

- P RREB ORI BT 7T R R, S SRR AR TE IR A R R,
- CFRHIEEOE E R S RS E, AR MS E N A

SR, P75 R AZ 52 £/,

- MR EREHZ, %%%uﬁﬁﬁ@uﬁﬁe%ﬁmﬁ
© HRPITRIE R, PR REA SRR AR R, ERWRENERERRP AN, PR RE
EIRIIH R,

3. ZhiEE

R EE, SURERTIEERZEREEERR f(2). fo(z). fi(z). .. EITHHL,

- WALE: HHEERX f) (v) HBER, WER fo(x), DU, EIRIIEMEEATER,
- AR EMHFERERENIER METEH, EEEIEETTRRRE,; FER s e E S R
BRI, RIRERETAFEZTR, ARE None .

BEPEIREMLL, Z2UGERTEA D EERE, B2 RGN R R,

Tip
FATERL, BCERE (BRMERE. PRI MR MREAEE “AREEEMRTR" AR,

6.2.3 EBENESHEE

HAEAE IR S BRI T AR R E BN, SRR E s T,
- Python $RHBIHECE AL, T8l dict (E A REMBOETIRAL,
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- Java RSN E, H JDK 1.8 PAZK, & HashMap WIS REIER] 64 HIfAE B YR EET] 8 Ry, Sl
R R R KL R DR T RS RE

- Go tRASEANNE, Go BUE BN 217 8 S EY, A RAHR RO, ERAME2
IRf, EPUT—IRRRAE R AR, DARECRSLAE,

6.3 MEERE

TP B4 T R R A AR AR SR R BT 7, SR s 2 B poE sk iE 2 g sk, e REOR
MR ] AR E M RN L5 A, SR R R 3
SR E B NAE, MERRAEEE 2R, WiE 6-8 FrR, BN HERR, HARNI T

E¥IS D HTE SR, ERREENIE, REGN TITE RESER 2R —EfbT, R
%= O(n) .

sET frntsEER
R{EER:
N BENTYDHESERS
BSRIEREE 0(1)
REER:
BEN IO FREEERT
BERAMEREE 0(n)

& 6-8 MERE SRR AR RZEHI
SEBR DR DO, PIERER R RRT T ER, JERtRMER(E, SRR RTE:

index = hash(key) % capacity

BIRD EAK, EMRERAR capacity BTN, MERERIA hash() D& THE, EMPUE T EBHER
BRI ME DL

ERERE, 27 RERREEREMR, RFEERERNEPERREE hash() BB Lo

6.3.1 MREFEZNER

& TEB BRUET RRERRERAER, MEREETRE R DU TR R,
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- OMEETE: BRMHEIRERA, MEREEAEAAEEA RN SR RERE AR R R AT S,
©ORRE: AHEMERERBREZ RS, SRR, FERRAE AR,
- Ao R IE RS SR E Y A O R R . MRS, R E R AR R R

HEE L, MERERIARR T AT AN EBMER, BRI R A,

- WG 2 T OREMERIE RIS Z 2, REUEE A G ERHFEMNE NGRS, 26 RS E R
BE, ERPmAER, REHMANESERRE, KRR FIEREETHE, mRmE
DLHC, JIE WSR2 IE B

- RORlERERRE: BRHENX TS AT DA SRR R R (E AR HL— R0 $R IS AT AR R A SRR IR Y
BRAOMERE, A SRR R EEI TR, GRMIEDLAS, AR RI AR R,

BINERRAMBER], & 7R EREREHRE R a TR, MR AT B E &SR %
2R,

- R EEREEHERE SO B A BRI AT A
- PibEENE: EEMEHEIREARERA, F SRR EMR,
- CTRORE ;A OGN R A B Y R R LR AT THI L,

FATER, “Borh” B “HilpEr:” MRS, RS R —E W R BTREE ., BN, TERER
WA key T, MEZHI key % 100 A] DL S il it AMazMREERBNEE, Fra®RmAHEY%
f) key OB ETARIR], (K EFRAT AT DAR A 5 MUAE R B HE Y AT Y key ,  TETI RS S

6.3.2 MEEEERRE

MEEEETAR R GHE TR Z S SR 2 R RAEMERTE, AT EZ R AR R, HFEaERE—&
i B AR PR T LT

o MTEMEE: HhEABSHE T ITH) ASCIT SIEATARM, HH1S SIRARRIE 29 R 1,

- ORIHERE: FIRSRIERNHBEYE, SRR AR, AFSETICH ASCII /S REEERET,

- HRFEGER: S AERBEETTRIER O SRR R AR E T,

- JEEEEE R EE TR ASCIL BE R MR — AR EY, IR ATH & B R EE TRk,

// === File: simple_hash.ts ===

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

}

[* FEHE */

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

return hash;

}

/* ERFEH#E */
function xorHash(key: string): number {
let hash = 0;
const MODULUS = 1000000007;
for (const c of key) {
hash 2= c.charCodeAt(0);

}
return hash & MODULUS;

}

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

return hash;

B, SEMEREEIRNRE —PEREREE 1000000007 BUE, DARECRIEZELE SEEE N, E
FEBHE, Rt EEoR S H B, s S SIS B ? B2 —EHBrIRHE,

JeR S SERIRHBE B, ol DU R HbREEMER AR 2 St [R5 B BN B B 7 (7 AR A4
B, AT DARD R USSR R T AE 2R AR IIMERR K, fRETmE R 1 2%

BEG T, REFRMEEREAE O MFRBE, BT DA 3 BB, TREEATE W] DA 3 PRI key H & BEALE] O,
3. 68 =1EHEEE,

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, ... }

QUEREI key Ta4FN R ISHEF Z RO R, AREMER A & B, CmimEREER, BiE,

{F%ts modulus B2 E B 13, HIMR key Fl modulus ZIANFIEAKEL, Flitkf HAORERER S I E &)
Tt
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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,... }

EfRFFIRE, WERAEHIOREE key SEFREWIY S i, REDEREE MEH SHIEAREBERTLL, ET#aeH
HIES A DMRIRERE, THE key B ERADELIMER;, ORI ERS HBRERER,

MME 2, FPEEEREEEARE, 3 HGEEEE esR, PUERTREHPREHIMAEN, fErREEE
RIRRIRS RS

6.3.3 FRMEEEE

ANEEEEH, DA R RRO BRI LR (e, SRR AR R ARG B, BN, B
RN el e e, DR ATAMER A L sME R SR 18 0 P A AR REIE R AN R 52 B, 35 A RE & s e
BER, A5hHE e,

EERE, T & — oA s B, Bl MD5, SHA-1. SHA-2 #1 SHA-3 %%, ‘BfMna] UKHE=
P 1 N\ R 2 16 R FE R (L

IE— AL AR, BRI R AN R AR, — BB N BB IR MR T R RUEE,
o — R N BEMEZE NSO SRR EEIRN Z 2 ME, R 6-2 on 1 EEFRE M H AR
,7%:720

- MD5 il SHA-1 E.2 RN, Kt eMusHL e ERZER.

- SHA-2 Z5|H) SHA-256 2T E2MHREELEZ —, ARHBRIINBEREG, NitEAESEE
2 FH B e R

- SHA-3 tH#: SHA-2 BB ER, SHEMCRE S, (HHEAIEHEZEE AU SHA-2 251,

*6-2 W RAEREEL

MD5 SHA-1 SHA-2 SHA-3
el 1992 1995 2002 2008
5]
WHE 128 bit 160 bit 256/512 bit 224/256/384/512
B bit
MEEE %% L EZ R/D R/
%
Ze% R, CHRshuE K, BHEIIR & =
& 53

JEH M, MARERER e s m
# F

=

HEEZHEE. BrEs TSN SHA-2
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6.3.4 BEREEIBMEE

TAIAE, FERRE key A]LURECEL, /NS A SRR, FEXGESER G A5 R R At Ay
AR, RURGHRMEZERTAIMRS . P Python 251, FRATA] DAREAY hash() BRI AREH R AR E R
AUREZ(E.,

- B M E R R ER AR S,

- TR T R R E S R A, A SRS R BT,

- TR ER HHAE ETRE TR, KBRS EMRERSER, S2HE MR E,
- PIFRORERER N A RO A K, EIRERWIFRIREE TR, A EBER N AL R,

Tip
FATERL, AFIREEE 5 Py R (E R 5 e X E A 7T TR AN A

// === File: built_in_hash.ts ===

// TypeScript FKIEMHPE hash code KT

1EFrBAGE S, RAATEYFEA a1E 2R RN key o RAVEAGREHS] (BIRERES) 1E% key, HEH
SIS LRI, EROMERE LR K, IR R R AR IR value T

HER B E R (LLangRssh sy EnRs) AU B BUR TS, (HERAIRERR. EREAMIERHER
RFLRRCERA AR, BMEYI RN A R4 T ML, (BERRCIRR AL, MERETRR AN,

MO R PR A] REREBIE A AR U TR IR, St AURERERR AR, T8 K % Python ERESERERM
By, @2y AR UM —REREIIEE (salt) i, SEREMIERTAERP 1k HashDoS K%, @71
HRE 2,

6.4 NG

1. ERSEIEE

© A key , HEBERAESE O(1) KeEINEHT value, BORAEH &

- W RO RR AR, BTSSR EY. MR EBRFE SRR,

© FERE IR key BB ZS SRR, FETTH B ML ER value .

- MEARI key AIRETEAGBHEZR M ARG RIMRIAVMSIR S|, ERERG R, EEBEERE SR
BER,

C MERRAREKR, MERERIOMERIT, R rT DOEEEARER R AR R a5, B A
L, HFERRBEARIERRERA,

- AW T ERASMRRPOURUERDMSE, SO OEREROEERE, ¥HAERRRERRER
ISIERES

- SEANAEEE I B ETTR B A 5SS, AT B SRITR LR —EsEAs Ry, SR, SEAk R
B R G RERETRCR, AT DUE I — R Sl H 51 ST R SRR R R
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- BACEHEEIR 2 DR A R PR R 2R, SEIRERAEE PR, SRR AREMR TR, BASELR
%o ZRBEEH 2R UE TN, MBAEREE ARG EARE, B2 EMERER N T 5E
Ho

- ARFRERGE SR T AFRHEZERES, FlaN, Java i HashMap E FHEEA AL, 1 Python Y Dict %
FIBABCE L

- IERERRT, BRI EEREEEEAWEN. SRR MR, EEmE, MREERE
VB % B MR AN S AR AU

© FEREEREE R RKE BB, DURR M IREREREIT G 0, R ER,

- W RAORERERAESE MDS, SHA-1, SHA-2 fil SHA-3 %, MDS #HRIERER 7281, SHA-2 &
PR 22 2 8 P B ko

- PGS EE BRI R AR, HRGHERERT MRS BHEER T, AR
BRI R A R

2. Q&A

Q: MEERIR M EAE I N2 O(n) ?

ERRER IR EER, BEENEEEREGRLE O(n) . EMERAREHMIIRT, ARHRE LR
B, ERBCFR, RIFEEEER O(1) o MRS NEMRRE, 0 R 2
O(l) o

Q: AMEMIMAMERN f(v) = z ? BRRAFEERT,

£ f(r) = x MBERAT, SETREERE AR, SRR, PR, B2 W AR 2
i (FEIREE), EIEMER R RE P ET R B YRR, ARG, MERRENE R — AR
AR Bz R —fE i N SR, AR O(1) ERIRCR.

Q: MRERIKEEBURMS, JEAEHRS], o, E2M B LI EfE mlg?
B, MERRIREYCRER, ESHBCREBR T, MERAHE o ElR e,

Hik, HBERE SR PR ERCREE S 1 Q1R — &I RE RES 75 AH R A IRe ) 46 e 2 T 6 1 Pei 271 el g 4 5
SIEEL, ARESER LUERRE R, SRR MERR G R TR s, KRR MR BOHE R,

BA%, WEERIEEIRE AR A S L, BINTESEAIIER,  FRIPHRINLE S 3 AL B T 2
PR, TWAEIBLE O(n) BRI ER,

Q: ZIRFHEA ANREEFEMBRITRAVEEIE? ARaC 2 CIHERAY 2 ME RE R RE NG ?

ZUCHEZ B BRACE N — M,  BARCE HEIRER A AN RE R MPR TR AV, TEEBARRCMIPR, Rl ek
AU PT ARG . B CRIm AR AR, Sl H O 22 R U R AT 2 M RRAO A B IRe, %A E AT DL
BHTCRMEM, SRR R R F I A, RERREMERE RIS R =R,

Q: AftEL EMREN, EATRATRHR & HBIREEERIE?

A AR A IR 2@ A 72 bR SR B S B R A S (B, 33 key ANILED, EMUICGRARHARER, Bk, HIERE
FEERIETHCRUE NP RARIRE &, E BRSNS A A s R Rk 2 1

Q: AT MR RIEARESAR R ER?
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MR AR P EEEBEYIRE n B (RED), M EEEMYIRSEEN; EHAR, MR
JE n SRR, T key BHERIR S [tBATREFRAE AL, JRICTETER — AR 28 key , TEMRBIRAIREGHIAC
B2, TE BB E IS AR .
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Abstract
SRR FMAEM ), RIREK, 7Rk,
TABMER TERIMEIEEEEE,
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7.1 =i

—7okd (binary tree) 2—MEIRARMEERIAGR, AR " B R ZMRIREREFR, 8BRT “—0%
=7 WyoriaEE, BEEESERYIRLL, TR BT RS, SEERMESE. A aihs TG T ER
ElLiER

[* ZrCiaEnREsER */

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; // HiZh{E
this.left = left === undefined ? null : left; // AFEIEESIH
this.right = right === undefined ? null : right; // BFEIZ5|H

FHEHEEEMMES | 81, DAL FEE (left-child node) Fl1#HEFEiB: (right-child node), #%HEZ,
PeRE 218 I E T E B R EIES (parent node) . &€ — M oA EIEEIRE, RIS 5% S Bh A0 /o 1 Hi R N =
DA S AT RE Az B A 748 (left subtree), [RIFEAISAFM (right subtree),

fEoeiih, BREEGRGSE, FALPA AR R S EnaRE S i, aniE 7-1 PR, WERIE CHES 27 AR
iR, A/ FEBGIG FEIR AR CHIRE 47 0 “HIRG 57, AT R “HIRG 4 LHDUNEIRTE AR,
e “HiRG 5 M H UM HIRTE R

—rohd SLENRA
|

binary tree

E?fV ﬁiﬁﬁ

EFi aFH

/N N
Wivivi

M 7-1 RHEiRLE FHiR, T8



BT7E M www.hello-algo.com 137

7.1.1 ZciEtsE Ri:E
T IoRE FREENE 7-2 B,

- 1REARE (root node): (R —JTKATHERIENRG, A CHiH,

- EHEiBE (leafnode): A THIRGHIENRS, HRETEERIFEA None o

- B (edge): HAXMIHEIRIAVAREL, BIEEESIAT (B,

- EREATERIE (level) : ETHZEJRIENY, REBFIERES 1,

- HIBSHIE (degree): ENEGHYTHIBGHIECR. £ —oufirh, ERIEMESEIERE 0. 1. 2,
- ZIUBIURE (height) : TEHRENRGE] BOE BEE R AR AUEATELE

- HIBEAORE (depth): FERRENRGERX HRG AT AC B AT A BUR

- HIBSHURE (height): {EERRERZ BRI S5 HTRL 2 2 BRI AR AIZ R BUR

)

L

1]
il-l

EH

7-2 ZICHARIE AT

Tip
AR, IMEER “mET M RET ERA REEREET, BfSEH B TREE R T
F RBREBAEE", EEEEN S, SEMRERTEEM 1,

7.1.2 ZoEEAIRE

1. e =i

BRLgAL IR, EERIAI TS, REBHESIH (5D,
// === File: binary_tree.ts ===

[* a7 */
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/] FIRILERRS

let n1 = new TreeNode(1),
n2 = new TreeNode(2),
n3 = new TreeNode(3),
n4 = new TreeNode(4),
n5 = new TreeNode(5);

/] HEEERZEN5IA (5R)

nl.left = n2;

nl.right = n3;

n2.left = n4;

n2.right = n5;

2. HRNEMIBRERRS

BAGEAE ERAIRARL, £ ol A BEPRETR ] DOZ BB SRR E B, 8 7-3 &5 7 — (A,

// === File: binary_tree.ts ===

[* FENERMIFRERRE */

const P = new TreeNode(0);
// £ n1 -> n2 FREENEES P
nl.left = P;

P.left = n2;

/] MIBREREE P

nl.left = n2;

NS fHBRERRS
nl.left = P nl.left = n2
P.left = n2

[ 7-3 £ ek A S PR AR
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Tip
FEERRR, AR ATRE GO T AY A AR, T PR 6 I TR T PRk 6 A
FEFRt, RlI, 7E—Jofirh, MARMNREE 2 H —EREL SR, UEIAERERIERE,

7.1.3 BRZTHEER
1. EEZTHE
WlE 7-4 iR, SeE_ooit (perfect binary tree) FrE G EIESATHSC 2N, e o, ZEHIERE

P50, HERFTH B 2 HIEES b, QISR 2M T — 1 RIS BERIR, R
BT B R A 2B

Tip
FATER, TEFRSCHEBE, 5838 R i 1oRE 2y — ol

FETH
perfect binary tree

(a3 s %M — To i)

FRE FE R B REER B

7-4 SEEJUR

2. BEIUE

GnfE 7-5 R, SE2Z7ti (complete binary tree) R 5 JRRJE A B BOR PR, LA VR 6B 8 & 5 /o1l
Fe, AR, sERITEHLE—MREE I,
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FETTH

complete binary tree

RIREEHRELHET, HtEREmREn

7-5 e ok

3. SEWMroi

aniE 7-6 FoR, Fem—rok (full binary tree) BRT3EHIRTZS, HERFTH ENRGHETA W18 1 HiRG,

SEm—_rchH

full binary tree

FREHEIREEIER 0 B0 2

& 7-6 e — o

4, FE=iH

Wl 7-7 iR, FE#—5ckt (balanced binary tree) HEESiBSIYE FRIFA TR E 2 ZEEEAE
N
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T _Th

balanced binary tree

RERSH AFHRE - EFHRSE - d
AP oA ERERNE |d] < 1

7-7 A ok

7.1.4 ZiciinEi
[ 7-8 JET T eI A RE BRI AR, B TR e S B REIN , ES S ITR; WA
A s AR A — R, —ooRnB e s “SEsL Y7,

- SERTITRHEERND, ATDAEr S I iR MEE.
- SEARERAIRIE 5 — (b, A TEBR A R AR MR, FERIMEIRERILE O(n) .

L3t
SeETH

BivEER
peeet==tdl

[ 7-8 IR A B CE AT Bl iR 2= A A
R 7-1 R, (EREGHENRESEMT, —IuMREEREER, MR SEFERIAESNR]ME,

R 7-1 TR RR EEAL RS SR A A
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FER I SRS
5 0 JE AV ENRG R 21 1
FRE A h BRI R 28 1
Ry D (R B R AR | h+1

EIRARE R n OBINSE log,(n+1)—1 n—1

7.2 ZiclEE:s

TEVTRAS R M ARE, KR — RN BEAS BRSO BDRVGEME, DRI HOE R 77 sURIE B e R (E 5 T e kG, AR
i, BE AR TE RN, IS ESE AR eSSl B F SEANE R, FEREE SRR E S,

—orhH BAGER T B R M Ed . PRES R ER .

7.2.1 BRFE:D

GniE 7-9 AR, EBRES (level-order traversal) fETHEREIRMRBE ERl —ooh, MES —EIZREAEEIGR
7 i s

[E@FESAE FBIREERLES (breadth-first traversal), tWFEEEELIESE (breadth-first search, BFS),
CHEBE T “—E-ERSMER R ET T

EERED

¥ \
' MR (B @ M)

/ "'\"."’_"’_’_’_’_]ﬁiif-‘/‘"\ PR

7-9  ZIUHRIE FAE

1. BERBERER

BB IERNERFED A" AREBL, (TYEIE “JoEih” BN, TR RNEE e
RORLRN, W IR A AR — B, EEEXBT:

// === File: binary_tree bfs.ts ===

/* BFES */
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function levelOrder(root: TreeNode | null): number[] {
/] (T, MAIRERS
const queue = [root];
/] st —ER5, AR EESFT!
const list: number[] = [];
while (queue.length) {
let node = queue.shift() as TreeNode; // [X%IH[x
list.push(node.val); // f#TFEIZE(E
if (node.left) {
queue.push(node.left); // EFEIZENT
}
if (node.right) {
queue.push(node.right); // BHFEIZENT

}
}
return list;
}
2. EHEZN

WSR2y O(n) © PSSR —, (B O(n) B, Hrh n AEBEER,
- BB S O(n) : EREMRT, H - oHeE, EHERRE a1, (902 R
(n+1)/2 fE%, (58 O(n) Z2H.

7.2.2 giF. PF. EFEH
MR, AR, PR ETA B IR RERSES (depth-first traversal), HWFHREBLES (depth-first
search, DFS), BRI T —fE “JoEz|HuE, HIOHERE" mER 7

7-10 JR/R T ek TR S E RN AR, IREBE e Rk R S TR —CRE T SbE R —
e, EEEERREaR = EaME, PhBENFEES. TRERMREET.
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REWEES ok,

7-10 —IeiESERTRTY.

1. EXBER
RSB 5@ AR IE B
// === File: binary_tree _dfs.ts ===

[* BIFER */
function preOrder(root: TreeNode | null): void {
if (root === null) {
return;
}
/] FREBEIER: REE -> AFE -> GFE
list.push(root.val);
preOrder(root.left);
preOrder(root.right);

/% FREERER */
function inOrder(root: TreeNode | null): void {
if (root === null) {

return;
}
/] FEBLIER: EFH -> RERE -> GFE
inOrder(root.left);

list.push(root.val);
inOrder(root.right);

def dfs(root):

" TR R E s
if root is None: return
@ EIEMAEFH
dfs(root.left)

@ BiRATFH, AiGHiRETE
dfs(root.right)

O EEFHIELR, HUEE

BIFES (£ @ EiHRHEER)
1, 2, 4, 5, 3, 6, 7
FEFED (T @ EIHMER)
4, 2,5 1,6, 3, 7
EBFEF (£ @ EHHEER)
4,5, 2,6,7, 3,1

. RIPER
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|* BREE */
function postOrder(root: TreeNode | null): void {
if (root === null) {

}

/] SFREBEIER: EFE -> 5FE -> REF
postOrder(root.left);
postOrder(root.right);
list.push(root.val);

Tip

R B S WA DA RE R, A BB AT LB AT

7-11 JEoR T R ERN —CRRNEIEERE, HATpZy BT A0 T mER A

1. “B” FoRBRGTTE, BB T — R,
2. 7 FoRmFGRE, ARERTEHR CASR A2 HR,

Step 3

l Step 5

& B TR
a: ke

HIFED (F @ mRIEmE)
1

i#: mTEE
a: e LE

HIFED (£ @ ERIEmE)
1, 2, &

B ETE#
@: fLEEH

BiFFERD (£ @ MRIRER
1, 2, 4, 5

Step 2

Step 6

B TR
&@: @ LE

WIFFES (7F @ MR
1, 2

&: TR
a: @ L

BIFED (£ @ mahmiEes)
1,2, 4

B BTER
@: @ L

HIFFER (F @ mIREE)
1, 2, 4, 5
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B: TR
a: e LE

E HiFFESS (£ @ 2RI
- 1, 2, 4,5, 3
\i'- D
<09

iB: AR
@: @ EE

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

Y

Step 7 Step 8

B BTFERE
a: e

B TR
@: ke

BIFFERD (£ @ MRIRIER)
1, 2, 4, 5,3, 6

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

l Step 9 Step 10

B B TR
@: @ LEEH

BIFEN (£ @ Mkt
1,2, 4,5,3,6,7

W 7-11 Ay E R HRE B AR

2. REBESH

- IEISERIE S O(n) © FFE @SRk, MR O(n) IR,
- SRR O(n) : TERZENEIUT, EDRDEMASEAS BRI, EEREDES n, REMA O(n) H
AZS,

IR

TESEAS RBIFRR T, IR BT 24 HiBE TreeNode , Sl MIZIBIEARMIEL, F—HiNA THK5 RS
FoR NI IR S IHE AR,

AR, FRARES FIMES AR —oektle? B2 HEr.
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7.3.1 RRFTETHE
ST — IR B, BT —MEIE T ITR, TR SR I S R IE Y B — kA, B
] B S R O — [ BB 223

IRVERE A ORI, FfF AT DAEELH SR ER B R 5 | B T JiRE R 5 | 2 R "B A HREEERS % 0,
WIRZE 2 FEBE RS2 20 + 1, AFHEIBRSI2 20 + 2, 8 7-12 R T A EHRER 5 | 2 FIRTH IR
&o

Eﬁ%ﬁzjyg\
/1\ /2\ EMBRRS: i

¥ mumi

PLUEVPL L e

AFHRERS|: 2i+2

7 8 9 10 11 12 13 14
fEFARE% Foom — ot

HIRGERS| 0 12 3 456 7 8 91011121314
BRETFR

f{ 7-12 Se3& —ITrRIpESIFRR

B A A OHEREEES YRR ERG DN GEED. AR R R —E R, TRME] DOZE BN
AARFHEERE () FHiEh

7.3.2 RREETH

e TR —ERHB, £ TR s H A AERT 2 None o HHIRJE 3 2E 711 7 A1 AN B 550G 22 None
TR TRAE IR RZ 5 5 AR AR None BB AN MG AL B, T EMRE A 1E 2 R oSSR Y & W8 1y vl v
Fl,

qniE 7-13 FioR, #E—PRAESESE T, EIRMEISIRIRTT IR EAE R,
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ZFT (FEFl) foAM—tRRm = ok

pEFI&s] 0 1 2 3 4 56 7 8 9

| 35 l(1]2]3]4]6]7]8]9]12[15]

8 7-13 J& Rl 5B 2 A TR Rl e

P T MRDRIEIEIRE,  FRAPTAT DA R AERE AL 9 e S UM R W A None o 2111 7-14 DR, SHUETHR, &
e B A a] DAME— R — ook 1o RBIRRINHEATT :

[* ZIoiBETIRR */
/] EA null KRRZMIL
let tree: (number | nulU[] = [1, 2, 3, 4, null, 6, 7, 8, 9, null, null, 12, null, null, 15];

ZFT (7)) AME—#hRTIh = ok

EFIRSI 012 3 456 7 8 91011121314
BREEDF

=i

@ 7-14 AFERIRI e r e RR

EERINE, e oBHER B MR ESIRIOR ., FIFEEE T ER, None {HBIERIKE HEH
RINCE, BRIBEFTA None —i2 RBRAERG R LRl SR RS,

ISR (A SRR e 2 i, RTDAEISREE AT None , BRI, [ 7-15 & H T @K1+,
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ERESFT ()

ERTETH
AR TR

BRFESBFS ()

8880800000

7-15 584 IS FRR

AR E L 7 —BRIE RS ORI s, B45 DL R 2R A,

MESCHTES, BINERME. £ (B) FHiR KHiE,
- WG ES. RRER. BFET. BFERT,

// === File: array_binary_tree.ts ===

/* FESIRR TR ZIiaigR */
class ArrayBinaryTree {
#tree: (number | null)[];

/* BiEF */
constructor(arr: (number | null)[]) {

this.#tree = arr;

}

[* BIIBE */
size(): number {

return this.#tree.length;
}

[* RS A 1 HREHE */

val(i: number): number | null {
/] BR5ER, BLERE null , RERE(L
if (1 <0 || 1 >= this.size()) return null;
return this.#tree[i];

}

[* EBERFE5|%A 1 BRA FEIRAIZRS] */
left(i: number): number {
return 2 * 1 + 1;

}

[* EEERS|A 1 BHENEFEHRORG] +/
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right(i: number): number {

return 2 * 1 + 2;

[* EEERS|A 1 ERRIREIREEIZRS| */

parent(i: number): number {
return Math.floor((i - 1) / 2); // AT

/* RS */
levelOrder(): number[] {
let res = [];
/] BEREERRET
for (let 1 = 0; 1 < this.size(); i++) {
if (this.val(i) !== null) res.push(this.val(i));
}

return res;

[* REBIEES */
#dfs(i: number, order: Order, res: (number | null)[]): void {
/] BEAZAL, ARE

if (this.val(i) === null) return;

/] BiFESR

if (order === 'pre') res.push(this.val(i));
this.#dfs(this.left(i), order, res);

/] HEFEES

if (order === 'in') res.push(this.val(i));

this.#dfs(this.right(i), order, res);
/] BFES
if (order === 'post') res.push(this.val(i));

/* B */

preOrder(): (number | null)[] {
const res = [];
this.#dfs(0, 'pre', res);

return res;

[* HEFESH */

inOrder(): (number | null)[] {
const res = [];
this.#dfs(0, 'in', res);

return res;
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|* BREEL

postOrder(): (number | null)[] {
const res = [];
this.#dfs(0, 'post', res);

return res;

7.3.3 {BRGRREME

TR PSSR R T E A DU R,

- SIS LR S R, EHRBORYE,  whRELE R b,
- AREGHFEE, .
- FURFRERE R TR

SR, FAIFOR A A — 2R R,

- FESIRE AR IO ISR S [, RIS & R B R R IE R AR,
- NI ARG R O I P 1 N\ B BR AR AR, R,
B TR AERE None IR, SR ST AT ERRGEOR L BT, 2 R A R

7.4 ZiEsiE

g 7-16 iR, i@t (binary search tree) Jifi & DA &

1. BIRENES, 7= v EBHIE < IRETESIVE < A BT ERAIE.
2. [EEEBAE, ArEthE ouila, RIFEBGRERMF 1. .

ZiRa

binary search tree

7-16 —JriE st
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7.4.1 i SEIRE

BAM — et = Rt e 2 — (@ 4E 51 BinarySearchTree , MiE & —{EKESEE root , FEFIMHIIAREES,

1. EHENEY

FE B ARERRGE num , AT DURSE ool SRR MR RS, WE 7-17 FoR, BOTES @8R cur , 0T
RAHIAREIRS root ek, JEE LLEHIRSE cur.val 1 num Z FRIHTR/NE R,

- Fcur.val < num, EAEEEEE cur 9G TR, FEUT cur

cur.right,

© #cur.val > num, FRPAEEEHEE cur AR, RIEEIT cur = cur.left,
© %5 cur.val = num, FRPAERENEFEENES, Bk R N R (O] % R
TS E B

EFE ETEl
EZ RSP IES EZ RSP ENR
o )
VA ANVA
o -]
[\ T NVIVIVY
Step 3 Step 4 .

& 7-17 o= R iR RG]

ZoniE BRI R S R TAR TR 3, AR MR HERR - 1E Tl BB 2 5 —
AU, & ook PRy, R O(logn) Wi, RBIFEAESLNT:

// === File: binary_search_tree.ts ===

[* EHERL */
search(num: number): TreeNode | null {
let cur = this.root;
/] EEEH, HEERENkE
while (cur !== null) {
/] BEiZEEETE cur MAEFEH
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if (cur.val < num) cur = cur.right;

/] BIEEEETE cur BOAEFHEA

else if (cur.val > num) cur = cur.left;
/] HREBIRER, BiHIEE

else break;

}
/] REIBRER

return cur;

2. NGRS

HE—EFEATCE nun, & TR ICESMS BT < IREB < A7 BNE, BAREREOE
7-18 v,

1. AHEAGE: BEREHL, ERERIH S, ARIRE RTHEMEN num FAVNERIERE A TS, B
FBUAEEETRG CGEFIE None ) IFBKHIEE,
2. AERZDCETR AR WG ILEIRS num , ASRXEESER None UM E,

E-rawtEADE @

2. EZIBRNER

A #17 pre.right = @

7-18 fEJri¥ = f i A GRS

FEREAMER T, TEERDITHH

- oSS RRT A AEEE R, SARREIER, B, HERMAMBERTHEEE, IARRTH
A, BEIFR[MA,

- Zy U EBIAETES, BT ERERER pre 7 L—TmiEERIERS, SRS E None K, FATR] A
JEIEINHACHIRG, TEM e hEn B AR,
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// === File: binary_search_tree.ts ===

[* FENERFL */
insert(num: number): void {

/] BRI, BIFIRIRER,

if (this.root === null) {
this.root = new TreeNode(num);
return;

}

let cur: TreeNode | null = this.root,
pre: TreeNode | null = null;

/] EEEH, HEERENkE

while (cur !== null) {
/] REVEEERL, BEEOR[E
if (cur.val === num) return;
pre = cur;
/] FENIEBEE cur HEFEF
if (cur.val < num) cur = cur.right;
/] FENUEBE cur HEFEA
else cur = cur.left;

}

/] HNEREL

const node = new TreeNode(num);

if (pre!.val < num) pre!.right = node;

else pre!.left = node;

[}

BRI, FAEER O(logn) KR,

3. MIBRERES

JEE IR P AR 2 FAREIRS, FEEMIER, BLEARREL, M2 AEEMBRRIEEmRR, —ouids
R e TR < ARERG < A TR ROMEEAT L, B, FFRER B RERE TR, 20, 12 =
MEEDL, HUTHIERIMIPRETERE,

GnlE 7-19 FoR, EFMMEREIRSIIE R O K, FoRaxHidb 2 5amh, T DIEREmER,
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et L2 L T )

] 2

00000000
cur
- v HE B . Bk BpaE]
1. EHRHMREE cur ?Eﬁ%ﬁ@ifé: (] i BAT preflll:ft 2 None

[ 7-19 fE—suid=EhpReEEs (2% 0)

aniE 7-20 FvR, EREMIBRETESAVE 2 1 IE, EARIR AR 0 2 HF i BE RN A

E-RamnRDE ©

v Hi%S cur 09 2. # cur BRAHTHS
FEIREE = 1 1T pre.left = cur.right

1. HHRHMPREES cur

@ 7-20 £ ciE=mrhmBREE (B4 1)
EAAMEREEGE A 2 I, BRMETEERMIRE, Ml — SRS Rz SR, RN oo S
CIETR < IREES < AR MR, RS IE R T DUR A TR R e/ N S sl A R IR e K B
RE R MRS TR/ DN EE (PRERR N —EEE), RIMERERERENRE 7-21 Fir.

L. REIFMHERETESTE P BRI PN AR T — R, 5% tp o
2. tmp AOEFE ZERFIMEREIRGAOME, 16 AE R FOBE B M BRERTRS tmp o
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E-esmrmREl (O EoEaETIRes 0

N /7\
@\ 1. TEMREN cur x@ 1. THEHBEN cur
@\ * //\ v @B cur WFEHRME - 2
chr

N j f @ j @ /'\\ il)lg;fu:“;q?gﬁsﬁfw&ﬁﬂ!ﬁ nex
g @@@g 000000

l Step 1 ‘ Step 2 J

= D LT )

1. ERHRIERERS cur 1. EHFEBIBRER cur

v EiR cur WFHIRME - 2 v EE cur WFHEBE - 2

2. MIRRERRS cur HAR=Y:
(1) & cur ERFEDHHNREIME nex
(2) E=FTHPEERHREDE nex

2. MFREDES cur RR=P:

(1) =M cur ERFEHNRMEDE nex
(2) HEZTHTETHEREDE nex

(3) #6HERE: nex ERMAEHEIE cur

Step 3 | Step 4

7-21 fE—Tui= PR (8% 2)

RS B SSHRAEIRIBR L O(logn) WM, FCsia iaFsMIRE RS O(logn) WM, JES/¥ 220 (A A
%% O(logn) WM. ROUEXTAF:

// === File: binary_search_tree.ts ===

[* MIBRENRL */
remove(num: number): void {
/] BB, BERERIRE
if (this.root === null) return;
let cur: TreeNode | null = this.root,
pre: TreeNode | null = null;
/] EEEH, HEEMRENkE
while (cur !== null) {
/] HREIERIERERRE, BEE
if (cur.val === num) break;
pre = cur;
/] FFRIBRERETE cur BB TR
if (cur.val < num) cur = cur.right;
/] EFMBREARETE cur BYZEFiEH

else cur = cur.left;

}
/] EEFRIFRENRE, AIERRE
if (cur === null) return;

/] FEIBLEIE = 0 or 1
if (cur.left === null || cur.right === null) {
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/] EFEREE =0 / 1 B,

const child: TreeNode | null =
cur.left

/] RIBREGRL cur

if (cur !== this.root) {

I== null ? cur.left :

child = null / EZFEIZhL

cur.right;

if (pre!.left === cur) pre!.left = child;

else pre!.right = child;
} else {

/] ERBREIREARENRS, BIEHIEEARERS

this.root = child;
}
}
/] FEIELEIE = 2
else {
/] BRHEEHAFR cur BT —EERS

let tmp: TreeNode | null = cur.right;

while (tmp!.left !
tmp = tmp!.left;

null) {

}

// IEEMFRETEE tmp
this.remove(tmp!.val);
/] B tmp BE cur
cur.val = tmp!.val;

4. PEEHERF

qniE 7-22 fioR, —orERRRESTENE “E — IR — A7 BGESIIER, o TS e TR <R

Hidh < AFHIET BIOR/NER,

ERERE A oS ET R R,
Eaprh eI TR,

4

»

AR T REE, B o s EERE P ERERR O(n) R, A

JEH =R

BIR G EIER TR/ NERS, (EmsH —EEEEE: o

EEATRES MR H1E,
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S EESFT]

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

TERAF

PP ESR,
ENRETE @ ERAREHRD

@ 7-22 oot setnhEET

7.4.2 ZiESEnNE
e —HHER, FAME R A o SR, BIERR 7-2, TSI A TE AR O AR R 4 A
THEE, BEECHSMMEE. REESEHYE, [REEAMERERER T, B o sBiag

ZE'_JO

R 7-2 [H B SR R RCR B L

Py T

##eE  O(n) O(logn)
mATE O0(1) O(logn)
fpRTTE  O(n) O(logn)

EHARTRIT, —ooiaSfE P 19, BHAT BAE log n il 8 Y 2 s (R RS,

SR, A0 SRR E — e st o AN e AFIIBRERRS, A REE S TR L [ 7-23 FsrIsEss fRsl, 18
R AR AR R & IR 2 O(n) o



COE ) www.hello-algo.com 159

e o
0000

T reie S

BB iESn

7-23  —oriEEhR(L

7.43 —iESEERER

- AERSTZRRS|, BBEEMIER, A IR,
- AR R R S R TAR R B R
- HRGEFERT, DMREEA IR,

7.5 AVL i *

15 “TITiga EERRIES), ESURANIMRRIES, —Teia TR A RS,
WF, PR IR O(logn) 2% O(n)

QniE 7-24 FoR, AGEMRINPRERGERIE, SR TS E SR LRSS H S

o ) o
@ @ BIRERS 5 @ BN 3 @
o O oo o

B Bt
g EiE i el
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7-24  AVL BHEMPRETRR 2R 4EIRL

BB, FERE 7-25 FURA5E3E TRt rham A M IS SRR, AR RRER A A AR, AR AR R R thfE
Fto

[\ [\ [\

WA 2 AR 1

By B
bt b FiH sl il o

7-25 AVL RH7EH A\ Fidh R 3 4B

1962  G. M. Adelson-Velsky #1 E. M. Landis 7 X “An algorithm for the organization of
information” R T AVL 8, SSCHHEFAIRNER T —RYIERME, FERIERERTERINERERR, AVL SR
iRk, S SRR ERR R RRE O(logn) M. AT, 1EFESREEIT I M &SR E
AR, AVL BSREMRAORTS R R ERRRE, B RIFHIIE A E(E.,

7.5.1 AVL Bt R#yEE

AVL ffipe —ooidst, Pl ook, FRENeEmBE T atE, RtE -Erg _cies

(balanced binary search tree),

1. BEEE
HA AVL BB F R S BB &, R R A5 4 S B FE R BT height BEH:

/* AVL FEIERBLEER] */
class TreeNode {
val: number; /] EREHE
height: number; /] BHEE
left: TreeNode | null; // EFEIZHEIE
right: TreeNode | null; // AFEIZHIEIE
constructor(val?: number, height?: number, left?: TreeNode | null, right?: TreeNode | null) {

this.val = val === undefined ? 0 : val;
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this.height = height === undefined ? 0 : height;
this.left = left === undefined ? null : left;
this.right = right === undefined ? null : right;

“HIR ST BRI AR A RIE R, RIATAGRR 8T BE, TERERENE, EHR
AR O, TZSHBRIEEER —1 o PPz w8 TR, 70 FH 8 R 58 7 6 B A v

// === File: avl_tree.ts ===

[* ERERSE */

height(node: TreeNode): number {
/] EEHEEES -1, EMEEES 0
return node === null ? -1 : node.height;

[* EEFEEEE */
updateHeight(node: TreeNode): void {
/] BHEESESNESFEESE + 1
node.height =
Math.max(this.height(node.left), this.height(node.right)) + 1;

2. EIREFEEF

HiREAFEEF (balance factor) EFAHEIR A RIS EIRELG FRIKSE, FRIRSEZHRE P E
75 0 o FRAMRIRRATIE IR T A 7RIS REBISE AR 3, 7 fERSIEM :

/] === File: avl_tree.ts ===

[* BEEEET */
balanceFactor(node: TreeNode): number {
/] EERTERAFS 0
if (node === null) return 0;
/] BETEETF - ZFEEE - EFESE
return this.height(node.left) - this.height(node.right);

Tip
ROPHER TR f, BI—1R AVL SRS PHER FEMe —1 < f < 1.
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7.5.2 AVL #ihess
AVL SRR “HEE $E, TR E oI E S IR T, e Sk
5, WATEES, TEEMREEREGME ¢ TOCISB MME, WAREEENELS TR T,

B PHTR A EHE > 1 AVETRERESy “RHETHIRS . ARIBERLMIE IR, e R DU AHE
TENE. SRR e, JeeheRA e, Rl AE e R

1. AlE

N 7-26 AR, @RS R 77 2 PR T WERETHE, ool E iR g “fiRh 37, FRIMm i AR
HIRL 2 MR ERRG A T8, ASRXEEEAC 2y node , HZAETHIBERLSY child, BUT “fle” #fF. ERGIRR, 76
PRI, A BAPAORSS TS T E

=N RN
5 . RETEAENTHEE
/ ode HIREIESEES node
RAEFEREER child

TO
s W 5,

/1

o

Step 1 Step 2
\ I BRI / \ “HIE BRI
)
1. Bl child ARE, # node M%NEH ..71 1. Bl child %%, #§ node MANEH

V- N 2. B child &RLET node WAIE
0’ S

ﬁ;&\ . AIEERE, BFHERRETE

node

A
node

Step 3 Step 4

7-26 HlEtlE R

WiE 7-27 FiR, SR child B4 788 (504 grand_child ) B, FEAELHETH —2: 1% grand_child
YE 2 node HYEFHiBh,
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o =/
o

A
/ grand_child /

7-27 # grand_child f45 FEdg(E

“IaTEE” R MESRTEE, B LREEA S KE R E, B IR
// === File: avl_tree.ts ===

[* BTERIE */

rightRotate(node: TreeNode): TreeNode {
const child = node.left;
const grandChild = child.right;
/] VA child %JREE, #§ node MATEHE
child.right = node;
node.left = grandChild;
/] EFERSE
this.updateHeight(node);
this.updateHeight(child);
/] REIEEEF R RIARERS

return child;

2. EhE

M, GISRZ I IR iRy "R, RITREHITIE 7-28 Foni) “Zehe” 1#1E.
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@ 7-28 JelietlE

FH, ol 7-29 AR, EEiES child B A FHiRG (G074 grand_child ) K, FREIELEFHE—F: ¥
grand_child % node HY45 ik,

\
\ ) )

7-29 A grand_child M/ HERE

AT DABIE, A ReRe ek e e LR B, EM o IR MR B R DL R B, FEBRE
M, BOIRTRA R EREXBHRIER left B2 right, AFATER right RS left, RIRMSE]
FENERE B IS :

// === File: avl_tree.ts ===

[* FEHERIE */

leftRotate(node: TreeNode): TreeNode {
const child = node.right;
const grandChild = child.left;
// LA child A&IFEL, #& node M/Thess
child.left = node;
node.right = grandChild;
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/] EFERSE
this.updateHeight(node);
this.updateHeight(child);
/] R[EIFEEEFRBIRERRS

return child;

3. EEhEEARE

EHAE 7-30 R EES 3, (H 0 A AL HEEA HEAR A TR A S, R RS child BT “AEHE,
¥ node $UT “HlE”,

H child #iT @ # node #fT
EhE Al

@ 7-30 JCiEhEk e

4. FHBEEIHE

aniE 7-31 AR, BN ERKE ITRIRIBREE D, TESLH child $UT “HE7, ¥ node $UT “FEHE

@ 7-31 SefhER e
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5. NedSR0EE

I 7-32 Feon A PUREAR T T B IR GIREAE, oAl SR e, Seeieghahe. Jorek/iche. 7ohe

WA,

oA hE
#&ahE

FahE
&ihe

Al

7-32 AVL SR YR HEEE

GUNARFR, BT A B S 1 R - ] - DA R e v — (R - B RGP M ER A IE 198, i SR 1 e RG

J& TR E 7-32 F N WEREE T

*® 7-3 DUREHEEIAE DB R

KETERGHPHIR 7 FHIBSACFEIE T EERAREE TR
> 1 (Efmki) >0 filie

> 1 (i) <0 JeleeR A e

< —1 (ffwt) <0 FEle

< —1 (ffwt) >0 Jetiliets e

R TRERER, TR S —E 3 A TiaMeR, HMeEE SR DUE e, K

A EF R -, RS TR
// === File: avl_tree.ts ===

[* BATHEEMRIE, R TFRERRETSE */
rotate(node: TreeNode): TreeNode {

// TEBNERZL node HYFfEAF

const balanceFactor = this.balanceFactor(node);

/] At
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if (balanceFactor > 1) {
if (this.balanceFactor(node.left) >= 0) {
/| e
return this.rightRotate(node);
} else {
/] FEIEERGRE
node.left = this.leftRotate(node.left);
return this.rightRotate(node);
}
}
/] GEfmE
if (balanceFactor < -1) {
if (this.balanceFactor(node.right) <= 0) {
/] Ehe
return this.leftRotate(node);
} else {
/] FaEREELR
node.right = this.rightRotate(node.right);
return this.leftRotate(node);
}
}
/] Tk, \BARE, BR[O

return node;

7.5.3 AVL B BIEE
1. FENENZ

AVL SRR ARV E I e s 88 LR, WE—RIELITER, £ AVL bl ABIRGR, fEaxaishz]
ARETRABE S L ATRE & B — AP MR, Bk, PTG, AR ERIThemiRee,
Fif Rt R P, A2 AN AR :

// === File: avl_tree.ts ===

[* HENERE */
insert(val: number): void {

this.root = this.insertHelper(this.root, val);

}

[* EEENERE (EBIEE)  */

insertHelper(node: TreeNode, val: number): TreeNode {
if (node === null) return new TreeNode(val);
[* 1. BN UELIENER */
if (val < node.val) {
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node.left = this.insertHelper(node.left, val);
} else if (val > node.val) {
node.right = this.insertHelper(node.right, val);
} else {
return node; // EEEIRTEN, HiZR[E
}
this.updateHeight(node); // EBHEHHSE
[* 2. BUTHEEHR(E, ERTFRIENRETE */
node = this.rotate(node);
/] REIFHEAIARERR

return node;

2. HPRERES

R, £ oo BRI MERETR T TR ST b, TEICRETERIT e iR /E, MATH KA R TRIE -,

PRI N R :

// === File: avl_tree.ts ===

/* RIBRERRL */
remove(val: number): void {

this.root = this.removeHelper(this.root, val);

[* ELRIPRERE (BN */
removeHelper(node: TreeNode, val: number): TreeNode {
if (node === null) return null;
[* 1. EAEAREMIER */
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;
/] FEAREE = 0 , H#EMIFR node R[]
if (child === null) {
return null;
} else {
/] FEARLEIE = 1 , E#EMIBR node
node = child;
}
} else {

/] FERREBAE = 2 , RIS EMB ™EREMIER, MAZMREIRERER

let temp = node.right;
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while (temp.left !'== null) {
temp = temp.left;

}

node.right = this.removeHelper(node.right, temp.val);

node.val = temp.val;

}

}
this.updateHeight(node); // EHEHEE
[* 2. BUTHEEHRIE, R TFRIENIRETE */
node = this.rotate(node);
/] REIFHAIARERR

return node;

3. EHENRS

AVL BRI ER A s R e S o s — 3, AL,

7.5.4 AVL fiigaBiFERR

- AR RTER, B AR, (RIS RS

- HRRERERE ARG R,

- ALRRRHR — R AT oS, MHEOR AVL B, ALRRROTET RO SRR, N BRI R AR
TR B RS /D,  E R R P R B

7.6 NG

1. ERHORE

- ook REARAR YRR, BEEL C R 9TRIERR. fRE TR ARG B — (A E DA R (e
I i [ =1 L B W e A i1

- BPRTITRITPROSLE RS, HAE () THIE N DUNE BB SRR () TR

- ZOCRAOMBNEE LIS ARG, BEETEE E. B B SENRES,

- ICKERIIARML,  ERRGTE AHTETRE IH ER I B A R A R 7T TR R

- WRIZITEARIRIE SR I, e ol SEm TN ook, SE3E TR s AR YR
&, THEASH YR IR LR AR ZERE,

- TR DURBRSIFROR, T7 IR E R E A L e AR A NE R HES, AR R A B R B R < TR
R EER R A E B,

- TR E e R R R ST, BT A SMER” (R EER T, IS
BfTHIRE D,

- R, . REESTEBERREERCES, EMEER T UERIEE, HRIWAES” rES TN, M
{6 R E AR B B
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- TSR e TR ARG RN, KA, HAMMBRRERRFEERES S O(logn) .
B TS R 2 SRS RS, RIERFRIEMEEE SEE O(n) -

- AVL B, RSPy o, ©IEI8 e R R A AN BT A M ERER B A 5 2R O -

- AVL BvhesaR et e, Zohe. Suhbesaie. Jo/ehemahe. A SMBRERTR, AVL &
TR TS THE MR, Rl BRI 1E -

2. Q&A

Q: BINHE AR Tk, KR ERRERIR AR 0 152

2, RZsmEMREEE EEE “RBrENEE",

Q: Tkt AR AN B HER — e i — EIRIERC S e, JEHR “—EHRE" feTENE? AT DABR 2 B IR 1
BTGB TR AN ?

FE ol BAER ], MPRERERIEE y —ERDURHE, HrP ORI T 28T 2 8D BRIV E R SR,
Q: Zft/E DFS Esi —soh G, . B=MHrF, 7HlAMHERE?

B FP RIS e E R AL, /i, Hr. Ry ESE =M IuES 7R, BT DU e M2 — ks

TENEFPHIE RIS R FIAE sy, HRETRAVNNE AFHRE < REE < EFHRME, Wit
BRI K — R — A7 BRI ER, wa] DUES A PRI ERT,

Q: HBIEHRIF 2B LIRS node. child, grand_child ZEIRIBHR, HE node M EIBLFI node 2R HHAR
ANTHEAHENS? HIetRFRENEHH T7?

A 77 BEAE IR 5945 A 28 E I M . A5 BE#F right_rotate(root) A KYE T BRI ARG, MR
return child JR[BIGE ZHY TR HURRERRG, R B MR BRI A HTRL R ARUR T2 R FUR AR 52 Y, A
& N e R A R

Q: £ C++ 1, pRNHE#E| 532 private fl public H, BEA AT EZEREW? AT height() KA
updateHeight() BRI\ 77 BIGLTE public F private HE?

FEEENME AR, QR EREENNITEH, IBEMEEr % private o HI40, F & BRI
updateHeight() EIR B EFEM, BHEMMA. MEREEFRI—P, M height() Eh B & E, BHLOUR
vector.size(), [KIHEEERK public PAMEREH,

Q: tnfaft—AaHEg N R — IR T =87 IREEINEER AR REE?

e, MEENTECE TS BRI build_tree() A& . RRIREIRAER, RMET S
A NG RHET, AERGHEICREAREE, FEEMAERIA T BT DA KRR O 55 8 11
o

Q: ffJavaH, FHHILER—EEH equals() /7iE?

£ Java i, BHREAERIA], == ARSI LR EEERER G, BRSARA, WAERT SRR TR
2 NGl

< == FREEEWEEECE SRR @Y, BleME R A A B R A,
-+ equals(): FZRELEMEMHFIER SHEE,
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H7E M

At GnEsRBE b E, FRAMIERZAER equals() » ZAMM, 1BEi@ String a = "hi"; String b = "hi"; FJIAILHY
FHREFEAEFREEE, effsmE—E Y, FEHeTPAH a == b 2R LB ME 7 H A

Q: BB ENHERIE N, (PR 2 2 15
2R, BIERE h = 2 e, RERAN =7, AREEBNE4 =2 = (n+1)/2.
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Abstract
HEREL G R Lk, EERR, TERRRA,
JRE R L UG IR BE T, T e e PN LL R A2 i S B N R
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8.1 iR

A (heap) 22— CREMRIFAIERICH, TEa]RmERI, E 8-1 Frr.

- \EHFE (min heap): EEHIEME < HTHIZEHOME,
- KIEMERE (max heap): LEHIENE > Hr#E0E,

N N
/NN SN SN

L] L))

£ ‘B2 B 2 ‘"ems” B
EEERNE <« HFEHRNE EEHINE = HFEHENE
INERR KIBER
min heap max heap

& 8-1 /NEHEFEHL A THHERS

HERAME 2 e 2 TR —ERs ], B DURReE.

- TG ETR SRR T, ELAE A R E A
- B TR RARERRERE Sy “HERRTE”, SRR RS A ERRE S MR,
- BRORTEMERE CNEHERD), HEMTEOTER OREED ERZRKR D) 1,

8.1.1 HIRRVE BIR(E

TERRHAE, F2RAESIRERNREETT (priority queue), JER IRV, ERLHEGHE

FelE R HER T4,

B L, HERGEE R EBIBETS, RIRHERRIE R TR BV IINES HFIR B3, E6E R f
HFE, FMATLAS “EIETH” f “HER” B EREREER, BRI, REHWE ALY, 5

“i&*ﬁlﬁf”o
HERRRO R I HRIE AR 8-1, J5 IR T BIREAE 3 \aE = A E

£ 81 HRIHEINE
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T4 ik IR A R
push() YN O(logn)
pop() HERRTE TR HiHERR O(logn)
peek() SRR CHIAA / /NEER B A R / /IMED O(1)
size() TEBGHARIN T R R O(1)
isEmpty() BT R S 7 O(1)

FEERERT, AT AE R AR E S TR R HERDE R (BB 8IEAD
FCUAHE PR “TENEIRHFN” 1 “REREVINHES”, AT LUE IR SE — 1B flag BUEPX Comparator
BB UNTEHERE" B CRTEMERE” R, RIS IR

// === File: heap.ts ===

// TypeScript FKRIBMHPE Heap %EH!

8.1.2 fFAMIEIR

NXEBIARARTEHERS, 5 R 2 NEERE, NSRS a BB T (B, 1’ > s
<)o ERELERFEFE P A AITEBL

1. BRNRERRT
“TOTH” EHTEEE, sEeIRiHERIE G HESIRER, BRHERIE R — e e Tk, I EAI R e
BUA ki A7 HERSH o

ERAEAIFRR oo, STRAKREME, RIMGRERE TR E, @TEEEER AR
REBL

W 8-2 s, w®ali, HiTHBNEDA2 -1, AFHMNRIIA 2 +2, REHHRIL
(i —1)/2 GAIFISER) . MRIIMAR, R Bk Es F 71,
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SERAEEASHE SERIYIRGHE (KEHE)
W B—R ‘TRz £/ B FR “TETiE’

#El o 1 9 10 11

(i-1)/2 i 2i+1 2i+2
"~ — J—-/\""i’-i:—_ j:f;”:iif — -
EF AF
SCERBS BiES A=
BB HREIRE ISR

M 8-2 HERERIR RELfE(F
BATRT LR 2R 5 | S AT CE S bR 5K, 5 R A -
/] === File: my_heap.ts ===
[* BEEVEFHEREIERS| */
left(i: number): number {

return 2 * 1 + 1;

}

[* EERATFEHEENERS| */
right(i: number): number {
return 2 * 1 + 2;

}
[* FEENREIREHIRS] */

parent(i: number): number {
return Math.floor((i - 1) / 2); // A TR

2. shRERAIETTER
HERTETE 2B 2 — TR MRS, ARk e B0 2 T 22
/] === File: my_heap.ts ===

[* ShEERRIETTER */
peek(): number {

2 3 4 5 6 7 8
= (300088080800
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return this.maxHeap[0];

3. TENER

FATETLER val,, BIMEJEHFEHTESIHERR, Hril 1%, MR val nlREARHERR P EAITER, HERRT AL IR
FIRECBE, RIILTHR EHE E G A SR SRR AR 1S A2 N RS, IS (ERIEE 2881 (heapify),

FREIENHEREHIRERALG, TEREHEPITHERIL, WiE 8-3 FrrR, M bLBHE AHR B HACHIREAE, R
NERBGEER, RS EMZ i, RRESTHITIIRE, WRETHBEMERPISEHR, HEaRER=08E
BRI RN FBGRAS

© X 8 @ Mem R @) NER
1. [GEPRS 7 MIMERRE
%gj@ ﬁ&a
ZRMERE
BIIRT
800008080808 Step 1 | 000008808000 | step 2

)
w8 @ Nem O O g @) Nem
1. HGERES 7 MIEEMTEE 1. 16ERES 7 FIMEMBERE
2. REEEETHERL (Sift Up) 2. RHEEEETHEBL (Sift Up)
v Bi%5 5 < HiES 7 v HiEE 5 < iR 7
o o RIBWERRS
[step3 | 0000068008080 [step 4

s @ NeH

1. HEERES 7 FIEEMER

2. WREEETHERL (Sift Up)
v HiRh 6 < RS 7

% @) N

1. fENRS 7 FIEEHTR

2. REZBETERL (Sift Up)
v HiRE 6 < HARS 7

- RARER

200006800080 [ step s | F T OEREEEEE Step 6 |
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o8 @ NER 8 @) NER
1. i8HERRE 7 IEEMBUR 1. i6ERRE 7 FIEEMBUR
2. WRERETHREAL (Sift Up) 2. WEERETHEAL (Sift Up)
v HE 9 > HiE 7 v EE 9 > il 7
PO0OO - FEERR
(9]e]7]6]7]6]2]a]e]3]6]2]5] step 7 | (9] [76]7]6[2]a]e]3]6]2]5] Step 8

i @ Nem

1. fEEE 7 IMEEME
2. REERETHERL (Sift Up)

SEREME, ATBERMEEGRIERE

(5187l 17 eT2a]e [ael2]s] Step 9

8-3 JLRAHERD R

A HTRAEE R n, QIR O(logn) o HIEEATA], HERCERERNE RS2 % O(logn) , JCRAHE
PRI R 2 O (logn) o RSB NAR:

// === File: my_heap.ts ===

[* TTENERE */

push(val: number): void {
/] FRIGENEL
this.maxHeap.push(val);

/] RERETRHER

this.siftUp(this.size() -

}

1);

[* TEERRE 1 FEtR, WREISMEREL */

siftUp(i: number): void {
while (true) {

/] FEERERRE  ROERRL

const p = this.parent(i);
[/ B “BEIRENEY o “ENRNEAEET B, ARMEEL
if (p < 0 || this.maxHeap[i] <= this.maxHeap[p]) break;

/] IR,
this.swap(i, p);
// 1BE R EEREY

i=p;
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4. ERIETRLMER

HERATEDT R 2 I CRIRIIRENRS, BIESIE TR, WIRRMEZE RS HMPRE TR, A ok T HiEs
MIRSIER G LA, SF SR MEREETBEEGNEE. & TEERDITRRI ), PR
AN e B

1. ZHBHERETECR SR ROT R AR ARG B i A5 BE RN )
2. ZHRGERAR, FPHERRIEARSITMER (ER, HREAERMR, FILEER EMERAZFERIHERIETER).
3. TEMRENREGALS, FEHSERPITHERIL.

Qe 8-4 FR, “TETHERHERML” AOERIETT Bl “GERESE THMERIML” MR, FRATRAAR SRR (B B (8 1
REF(EETELRE, R T HI R ELR BN ARG SR, IR I BT IR, EEE0E JE R B8 B SRS Y

HEGIR A
e ] (K\
0’\‘ 1. WERIRT R R

ERIATTR R
. A
'Y Ox o © )

-] fﬂ fL u
00000

)

R
HIRTR b2 i HRETR I -
0000000008080 (s 000080800800 [ster 2]
BRERELR R R
1. BHBRETRARBRTRERSR . BEREETRIEERTRRR

2. BHERRERETR
REZEETHEBMWL (Sift Down)
1A 5, 8, 7 B, HiE 8 BA

aQat

1
2. BHEFAERETR
3.

shabd

s

0000200808008 [ step 3 | step 4 |
SERETELER (K AR RLER
. RSERIET R T RS X AT RAERRT RN

Y

08U020080808

. BHERRMERETE
. WEERETHRML (Sift Down)

v 7EEDE 5, 8, 7 W, Hik 8 ®K
~ BIREIR 5 SIENEE 8

Step 5

ﬁ@gé
)OO0 0O

oonoaoosooon

WREREITHEBWL (Sift Down)

1.

2. BHEHNOERETE

3.

~ 7EE%E 5, 6, 7 1, B 7 |X

Step 6
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SERRTR R

1. RERETRERRTERR

2. BHENMEREETE

3. WTAERETHEEL (Sift Down)
v fEENEE 5, 6, 7 T, Eik 7 Bk
- IAERS 5 SAENRE 7

ERIETRLER

1. R RS T R
2. WHEMERETE
3. WIEHERRTEBML (Sift Down)
v 78 5, 3, 6, BB 6 BA
- SEIREDN 5 SER 6

FErrEQEETrOaE == I N Y Y Y

i 8-4 HERHTEITR HIHER D BR

s’ (000000000000

SERATREER

1. ERIATREERRTRZR

2. BHENNEREETE

3. WEERETHEWL (Sift Down)
v {EHiB 5, 3, 6 N, WE 6 |®K

[ step 8

ERTRTREER

1. RERRTRIVERRTRTR
2. HHERAERETR
3. WEERETHERL (Sift Down)

ERTRE, ATBERNMEESEIEE

Step 10

BUTRAMERERIEELL, HERETE TR N HER R E IR M th % O(logn) o FEAESIH FFR:

// === File: my_heap.ts ===

[* TTEREMRE */
pop(): number {
/] HI=RRE
if (this.isEmpty()) throw new RangeError('Heap is empty.');
/] RIIRER R AR (RRETREARTR)
this.swap(0, this.size() - 1);
/] MIBREREE
const val = this.maxHeap.pop();
/] WIEEREREL
this.siftDown(0);
/] REEFEIETTR

return val;

[* TEEREL 1 BAtR, WIEERMRL */
siftDown(i: number): void {
while (true) {
/] FIERERS 1, 1, r PERKRER, 584 ma
const 1 = this.left(1i),
r = this.right(i);
let ma = i;
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if (1 < this.size() && this.maxHeap[l] > this.maxHeap[ma]) ma = 1;
if (r < this.size() && this.maxHeap[r] > this.maxHeap[ma]) ma = r;
/] BEEE 1 &xAEERS| 1, r BR, AEEREERL, Bd

if (ma === 1) break;

/] BEMERRS

this.swap(i, ma);

// EER T HERY

i = ma;

8.1.3 HRINERER

- BSATH: ERE R 2 BB TR R RS, HFIR SR ERR R E R % O (logn)
, THEHERERRMER O(n) , BEIRIERAER &R

- HEREHDY: fE AR, BRAMAT DU e (R, AR AT T TR MR, [EmiSE
Arrart. Am, HMEEEEN—EEEREN BB, SR MR =,

- JEHURRE kAR B AR MAEETAME, Rkt g, fIanEsERERT 10 f9HT
BIVE R R, IBEGHEAT 10 AURIMSE,

8.2 EMIRIRF

TEFLARILT, TR — 8RR A TR A — (R, SERRERRE 2 EHERRIE,

8.2.1 FEEINIEBTRIZ(FEIR
ARG e, — SR, REES BT, RIRHEETERIT ARSI, B TSy SR E
W, FRERZTERUT REIE” HAEL.,

BE—ETRAHERE, HRREN — BRERRIETES AR EE — oy, FitHEsE "8k
MR R,

SR RMER S 0, SHETERI N HERRIER R O (log n) FE, B 2o 0T SRR RES O(n log n)

o

8.2.2 FBENERULER

BFE L, TR A] DU R 2 R T 1R, o mmid.

L. AFERSIFT A ORI E A E g SIMERR D, R HERE RO M B i RIS 2R 2
2. It (P EFRER), MRCHEHHEFSEEREHUT TR R,
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R HERL — MR 1R,  DARZENES 2 AR B s R — 8 SRR HERT . T2 I E, R
2 “ENMLE" R,

Z AR B, B RIS RRRES CRE B ATETR . NH T AR SRR THEM, ISHRMERR L E AT EN RS
A=A,

EFRANE, HREMRRA T, RIEMRRMEGTAN FHER, JRMERTL. DI REIoR,
R (A EEFRG R A R — (EEIRG N AR, BT CBALAE e s I THERR (L :

// === File: my_heap.ts ===

[* BT, BIUTHERBRANRYEER +/
constructor(nums?: number[]) {

/] HERFTRRERRRENFIGERR

this.maxHeap = nums === undefined ? [] : [...nums];

/] ETBEWBREEE R LIINY Bt PR B IR,

for (let 1 = this.parent(this.size() - 1); 1 >= 0; i1--) {

this.siftDown(i);
}

8.2.3 EHESH

T, TR MR AR R
S TR ER S n, RIS (n + 1)/2, Heb ) BT R, B RS
KB 2 (n — 1)/2.,

TR IR RB R, AR S MR IR, %R s —TEREEE logn .
W5 LRI, AIESIEERDR AR IR 2 O (n logn) o TEIRMAREEAL S ANERE, 162312
% B~ E R R A B 2 7 TE B P
B R AR T B 2 R 3, 5 T R ERRE, R — B n . B h I 52—
M, SR R A R E R
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BEEE EEMRHE
(BMERERAERRE)
h 20
/ \ 1
h-1 2
SN N 2
. By pe—— 2
VIV IVE
e =3 - 23
1 2h-1
GFEE, ENMEER 0 0 2h

8-5 SE3E _IJTRIRIE HiRER

GniE 8-5 Fir, HRG “fETHERHER” MRS N E S E R EERE, MisZiERE R iR,
R, I, FAMAT DAY “HIRERE < EIRG AT SRR, 192 SRS HERTLIE IR B AERI,

T(h) =20+ 2 (h—1) + 22(h — 2) + -+ 21 x 1
R L KA TRV, o T(h) Febh2 , 195):

T(h) =2°h+2'(h = 1)+ 2°(h —2) 4+ + 271 x 1
2T(h) = 2'h+22(h = 1) + 2°(h = 2) + -+ 2" x 1

B, R 27 (h) M Et T(h) , wifs:
2T(h) — T(h) = T(h) = —20h + 21 4+ 22 4 ... 4- 21 1 2k

B b, BB T(h) 2—E%LEBS, WTEZERRMAR, S2IRRHEREEZ:

1—2h
T = -
(h) o b
_2h+1_h 2

B, WA h R TR 2 n = 20T 1, SRS O(2) = O(n) o BL LS
H, WSR2 O(n) , JERRIRL
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8.3 Top-k fiR&

Question

M AR E R n AT nums |, SEIR RIS R B RH) K fETCER.

BN, R A WA RS LB E R, B AARCRE SRR TR

8.3.1 7FiE—: EhEE

Tl rT UEATIE 8-6 Fni k ks, 7 BIMESIAPREGE 1. 2, ... k KICH, KEEMER O(nk) .
WIRFGEAIR b < n BN, WA k5B n Bnans, HEFREEEmR O(n?), JEHFER,

k =3

nums 0B cvusnicax
ﬂ E—BHIE 1 ATE
N .
ﬂ BIHRIE 2 ATE
aﬂ EoHIIE 3 ATE

8-6 EFTHIRAR k HLR

Tip
Bk =nk, RMAIERIZEENERFFY, WREER Ry #Ak,

8.3.2 Fi#EZ: HF

gl 8-7 Fiw, FAMTA] DAL nums SEATHEY, FHREIEAEH k E7CR, REEREZ O(nlogn) .
R, Tk R RER T, HRARMAFTHERE k ETRAE, mAREE EAT R,
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k=3

s [DEEEE
HESHETHE
28000
EEEA k BTE

000

& 8-7 Hir=E KM k ETE

8.3.3 FiE=: iR

FATAT DAFE R HERS SN = RO TR Top-k I, ifiAE4n [ 8-8 .

Rl —(E/NTESERE, HHERETETCR R/

Fel AR K ETTRARIRA SR,

e k + 1 E7CRptR, AERTTRANMMEIETTER, ANHERETECR B,  MORE RITCR AHERE,
ERNTEAR, HERAPRERIRLR R k ETER,

e

- @ o
~ 0008 ~ 0008 o

A :

i i

1. 80 k ERENER 1. 1880 k ETENER

=R =R
e — -
heap @ heap n
[ step 1 step 2 |
P
ks W?; ke ng%
nums 1|7 | nums 1(7
-~ 00008 P - 00008 @0
i i
1. 68 k EEENER o 1. #68 k ERENER o
s ;;;:im 2. kol BRI A ;;‘J:?"

v EAITR > BEETR

e (@00 v (@00

Step 3 Step &
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k=3

-~ (@000
:

i

1. a0 k ETENER

2. #5% k+l ETTHERBAHET
v EEITE > HETE
- RSERIETT R

| ster 5 |

k=3

~: (@008
.

i

1. & k ERENER
2. #W% k+l ETTHERBIAME
v EHITER < BMETR

=1

RIS :
// === File: top_k.ts

[* TTERENHERR */

o SRR
L PHE BT

SRR (:)
o o0

ZRHRT

]
¥ K MEFIRT

k=3

~ (2088

FERHTER, B[ heap EIAT

Step 9

k=3

— @000
;

1. ##0 k ETRNER

2. #% k+1 ErTERRHIE
v EEITE > EWRETR

o RERIET RN
HETRENER
Step 6
k=3

— ([@0000
:

i

.

. AT k ETENER

. WE k+1 ETEBEHIE
v EEITE < BMETR
BB

~

Step 8 ‘

TR ()
o o

s ZRERT
v EFIRT

i 8-8 JEFHERE SR AR k TR

function pushMinHeap(maxHeap: MaxHeap, val: number): void {

/] TTRER

maxHeap.push(-val);

[* TTERHMER *+/

function popMinHeap(maxHeap: MaxHeap): number {

/] TTERER

return -maxHeap.pop();

AT (:)
o o

ZRET
PR

R

R ()
o o

R
PR

4 um
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[* ShREERTETTE */

function peekMinHeap(maxHeap: MaxHeap): number {
/] TTEREEKR
return -maxHeap.peek();

}

[* BB AITER */
function getMinHeap(maxHeap: MaxHeap): number[] {
/] TTEER
return maxHeap.getMaxHeap().map((num: number) => -num);

}

[* BROEREHEESRRAN k ExR */
function topKHeap(nums: number[], k: number): number[] {
/] Maf/NIEHETR
/] AR RFHERPFRAEITRIR, (EMAKIEHEREE NEHTR
const maxHeap = new MaxHeap([]);
/] BEFINE k ErTREAHERE
for (let 1 = 0; 1 < k; i++) {
pushMinHeap(maxHeap, nums[i]);
}
/] % k+1 ETERR, REERNRES k
for (let 1 = k; 1 < nums.length; i1++) {
/] BERITERCHEEIETER, ARERBETTRLSRE. EaniNER
if (nums[i] > peekMinHeap(maxHeap)) {
popMinHeap(maxHeap);
pushMinHeap(maxHeap, nums[i]);
}
}
/] BREEERITE

return getMinHeap(maxHeap);

RILIT T n S ANHEREAN RS, MERNRARES kb, FILREEEEZ O(nlogk) . /7 ERIRCRIR

B, H kWU, IR O(n) 5 % k Bk, FERTHRE R &8 O(nlogn) .

SN, ITIEERRBIEERRAE RS EABIIAERHR, B n] DU TR, M

BRI K BT R AENE T,

8'4 lJ\'IE

1. ERNORE

HERR —HR7E2 ek, MRIRBGZIGIFA] 73 2% RTEMERRI NEHERE, K () THHERAHERETE TR 2R

R UM B,
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- BRI R B A BRI, S R B,

R PR B UG R B O TEE AR O(logn). MERITEEEHIER O(logn) Fl
DiFMERTETCE O(1) 2,

- e A TR & IR, [T E R 4 R 1 MR

SRR R RO, 78\ HERORN R b 2 P 51,

- n TR R R R T DU L O(n) , JEH L

. Top-k B IAAC L HE IR, T DA RO RS R L, R 2 O(nlog k) o

2. Q&A

Q: HRIMER “HERE” BECIRRERER “HERT 2R —(EMSnE?

W AR —EEE, FUEREE “HERT, stREM AR PR R B R R R ) — ), R
FESITIR AT DME R e 2R 7 k. REaCA] DARE SR — & B AHERERC IR, IR (7 AN R 0 B 1) <5 4 A 9
EEEEAAERER, BATEREeETiE, UbbaEsEisk. MR ETEEE, AR
EHME TR, fAE TR GRS IR R R AN B Fa A R
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Abstract
TEAmRIES, MG —EEEE, #EEEA RS HEE,
BRI, #R7EIERE RIAERS E - B N ERRFYENGD,
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9.1 [E

(graph) B—MEARIEERIAGHE, HTERE (vertex) FIiE (edge) M. F(MAILAFE G MR RS —
AHTER: V I —#i8 B RREG. DUVRBIRR T —EEE 5 [ETER 7 s rE,

vV =1{1,2,3,4,5}

E={(1,2),(1,3),(1,5),(2,3),(2,4),(2,5), (4,5)}
G={V,E}

NGRS THRGE (RS, ANBE (FEARS ARSI GERD), BlFmta] DA% 5 (F — R e skt & S R A
AU RIS, Qi 9-1 Fos, AHEBIRGRPERAR GESSHSD) RsriaRR (B, MisEiR (8) KB bEE,

y
| /\ I
! / \\ ‘\\\\\‘////
: -

s3] ﬁ B

(1R (S332M1E) (HEEIRE)

ENEEEHERS, FAMtiRAEH

[ 9-1 HEAGERS, K, [E < FRIBR

9.1.1 EYERBRIEATEE

Rgg RS EA M, "5AERE (undirected graph) fIEME (directed graph), 4NME 9-2 AR,

- TESEEE T, BFORMIER R g EARRR, BIANRIEE QQ HHY “4F ABIR”.
- tEAmES, BEEAME, A — B A« B RS RE BN, FlanmieielE -
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FREE BHE
(B m) (BHAHM)

& 9-2 5[] [ Hil 4 ] ]

RIEFTA THEL R 788, 745 4&E @B (connected graph) AI3EE&E (disconnected graph), 4f&E 9-3 flf
o

- BREDEE, CRMETERHE, ATDAREH AR TR TERS.
- BRAEEEE, LT, B0 ETEREIRENE,

N

EiBE IEEEE
(FrETRA B EE) (FETRRAAE)

9-3  Ja i f Bl | i [

BAVERT DAZIB WY “REE” S2E, CMISEIANE 9-4 FRiUBEE (weighted graph). BIANTE (EHZENE)
HEFE, REGREHLREER MR R R < MR “BE ", SRR A n] DU A R E AR R,

@“@ .

SRAEE BiEE
(FrEB%E) (BERAEERT)
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9-4 5 Hek [ LA [

I S A A 0 5 AR B AR RE

- #BiE (adjacency): EWIHBGZ ARSI, ROISTITERS “MHE", 12 9-4 i, THE 1 RUAFIETHRS
FTERG 2, 3. 5

- BBf® (path): {ETHES A 2ITHE: B KOBRNERRAIFIIBREZTE A 2 B B “BRIE", 1EMH 9-4 1, 1BFF
H1 1-5-2-4 J2THRG 1 2ITHRG 4 59— REETE,

- E (degree): —fATHMHEENNEH. HINAFIE, NE (in-degree) Fonf 2/ MRIETEFZIAE, HE
(out-degree) Fnf 2/ MRIEIEAIER TG,

9.1.2 EIMRT

W ) P AR 7 NELAE “HRHERE R A MR, DU A f e [ A T ER B

1. HpiEsERE
R E TR R & n, ARIZERERE (adjacency matrix) HF—{E n x n K/NHEERFRE, 8—17 ) 1R
F—ETEES, MEREOTENRERE, H 180 BRmIETER 2 RS E S,

W 9-5 Fim, SRS M, THEEERGIS V , IR M[i, j] = 1 oRIE Vi) 21 V()]
YRR, B2 M, j] = 0 FrmTas> i,

TRRsERTI

#E o0 1 2 3 &4

0 @ 1 1 0

\ 101 a 1 0 o

‘ ‘ / 2 1 @ 11
— 3 1 o0 1 B 1

HBiEAE R

graph adjacency matrix

9-5 [ AUMS A PR

HREE LR DU R,

- TEMEEE D, THRSNRESL B B, CERP R A AOTRIA B
- BRIErE, WETT NS, R R S A AR TR
R EERATTRIE 1A 0 B iR, RInT R AHERE,
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(RIS R R B, Bl A ECHE SR AT 2 DUEGE, DRI A B R RO R, SRR
it O(1) . 4RTH, KEREROZSRINEEERES O(n?) | SehB(G B,

2. #pER

AR (adjacency list) (] n (ESEASBRSAEIRIE, SALH DI ETREFRORTHRL, 58 4 (85 AS ER o E I THRS 4
, HAPAE 7 RZTER R T A AR TR, (B X TERAR IR A TR o 8] 9-6 Jeeom 17—l {5 A 12 R A 1 ) [ ) /s
1l

IRR  ERIRRSRENFTEIRR

™~
[ e« 2ole

R
graph adjaceney list
9-6 ERARERLR

MR AR BRGNS, TR AROE /A n? , NIbEEINE SR, A, EMERPREE
IR SEAL R A RIS, R LR RO AU e

BUSRIE 9-6 , MBHRATHIBUMER RPNy “GEsUONE” JEFAMCL,  DXIREERAP el CLER VBB 75 T2 SR B AL 3K
B, L E ARSI R, AT DA R 2%y AVL BHalAL R, MR RBIREERE O(n) R s
O(logn) ; &R DUEGESE ERFIEHR 2 MEE R, TEMFRRERERS O(1) .

9.1.3 EMVEREHR
% 9-1 FR, SF2BIE RS AT DA E A, A P Rt ] DASY AL 22 B 2 R R

®9-1 BIEAETH A E

HE & f = AR
HEEE RE KRR TEELT RCHERS

HhSRARES U it ] e BRE I SRS
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ENCES

9.2 EIRVEREEF

HE 2
B 2RENEAIIIEM

I &t R
ITREYIER

W SRR E T 0 2 3 187 AOTRCERIE “THRE” AURRME. /£ “HPREEM" A1 “MRR” WERRTIAT, '

B G,

9.2.1 ERHMIEEMENEIR

A — (TR R 2y n AOSEMIE], Rl AR BB 7 5NNl 9-7 P,
- WIERINRRIE . B MR B AR E AR RIRT, (A O(1) Refl. T d i 2 e, R 7

i SE T P 18 75 T

©OBTETERE: FERREERRR AT T4, i 0 BIET, [ O(n) R,

- RRTEEE: FEAREEE R bR TS, MR TSI RN, BRI (n — 1) fE
“Ffe LRSBY, FETEA O(n2) I,
C Wt A n (ETEES, WA RS n TEBEERY] vertices , M O(n) BERT; WML n x n K
AN R AR adiMat , BEFE O(n?) KR,

TRBsERT
=3l
)
EE— MaE
\\\\\\\ .
////// 2
.\ 3
4
E
Step 1
TRRGERT
=3l
0
1\ MigkE EH-
\ )
/ 2
3
4

Step 3

s r © R © ©

S kB & o ©

s & r & r B

S & r & e =~

B R e R e N

b S ke R
S kB B o ©

HpiEAERE ]

Step 2

bR e ke
b e ks koW
s kr r o e

ez ]

Step 4

TS
%3l

[}

s @)

\ 1
/ 2
3

4

TS

=3l

. 0

s @

1

2

3

o A

\ 4
5

S Rk B R e ©

®© o r B o o ©

S o B o B &

® o o rB o o =~

T N
B e ke kW

ABIEIERE

R N N T
®© kB & B o kB W

AbiErERE

S B B e o &

s s r B o & =

A
s o e o o|s u {§
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)

a
s b kb s » F)Cg

clnlo nle v@
D
P
)
4
slel s oo - ©

TRRsERT

@—{\/\ msT: ©)
NS
o

] SBiENERE

=3l

r W N ks
s s r» r e o
“ N
s & r k@ o
-

‘ Step 5

W 9-7 APEIEMHAIMIAAIL, KIS, HEMHTERS
DA 2 B A 2 R P s [ (1 B B AR 2 -

// === File: graph_adjacency_matrix.ts ===

[* BERIMREREEIRNERBELER */

class GraphAdjMat {
vertices: number[]; // TBRLERF, wHEAREX “TBEE", R5|MLFK “TEEZRS|”
adjMat: number[][]; // #F3ZE3E[E, 175FR5|HE “TAEREZERS]”

[* EHETF */
constructor(vertices: number[], edges: number[][]) {
this.vertices = [];
this.adjMat = [];
/] FriEIEEL
for (const val of vertices) {
this.addVertex(val);
}
/] FigE
/] AR, edges TTRRRKRIEIZES|, BIEHFE vertices TTHERSI
for (const e of edges) {
this.addEdge(e[0], e[1]);

}

[* JEENTERLEE */
size(): number {

return this.vertices.length;

[* FIEIREL */

addVertex(val: number): void {
const n: number = this.size();
/] EIERLEFIR G IERLAYE
this.vertices.push(val);

/] TERBIEFERERETIE—1T
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const newRow: number[] = [];

for (let j: number = 0; j < n; j++) {
newRow.push(0);

}

this.adjMat.push(newRow);

/] TEAREEREFEA TS —5

for (const row of this.adjMat) {
row.push(0);

[* MIBRIERL */
removeVertex(index: number): void {
if (index >= this.size()) {
throw new RangeError('Index Out Of Bounds Exception');
}
/] EIEEEBFIRTEFRZERS] index HYTERS

this.vertices.splice(index, 1);

/] TEFPIZEERERMIFRZRS| index BT
this.adjMat.splice(index, 1);

/] TEFDIFERERMIPRZERS] index EYF
for (const row of this.adjMat) {

row.splice(index, 1);

[* FigE */
/] B 1, j HFE vertices JTTRERSI
addEdge(i: number, j: number): void {
/] TR EEERIE
if (1<0 || j<0|] i1>=this.size() || j >= this.size() || 1 === j) {
throw new RangeError('Index Out Of Bounds Exception');
}
/] EERETR, AEERERRNENAKETE, BURE (1, ) === (G, V)
this.adjMat[1][j] = 1;
this.adjMat[j][1] = 1;

/* BIBRE */
/] BE 1, j HFE vertices JTRERSI
removeEdge(i: number, j: number): void {
/] TSR EBEFRIE
if (L<0 || j<0|] i1>=this.size() || j >= this.size() || 1 === j) {
throw new RangeError('Index Out Of Bounds Exception');

}
this.adjMat[1][j] = ©;
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this.adjMat[j][1] = O;
}

/* BUENABIERERE +/

print(): void {
console.log( 'TERLER%I = ', this.vertices);
console.log( ' #P#E5ERE =', this.adjMat);

9.2.2 ERNMERIEHR

AR [ Y TR AR . By m, RURTHRYRIE 9-8 ARy T TR BB A 1,

OIS (ETERRE R AS R INRERTEIERNA], (A O(1) Wil Ry /R fmlE, Fr AR RIRHTIY
AE T TN

- WMBRIE: AETEREEGEAS R h A MBRFE 2R, (EH O(m) R, 7EMERRE T, T2 IR
EPAICIER) S

©OWTTERS: TEMRREER T —(EERAS RS, AT TERG(F 2 S ER A SRR, A O(1) KR,

- HBRTERS: FRESIRREMGER, MEREESEEERNEE, A O(n + m) R,

- VIR (BRI n (HTEESR 2m 158, R O(n + m) R,

TR SREIRMEERPTE AR Ta% éﬂ%ﬁ%&iﬁﬁﬁ‘]ﬁﬁﬁ TR

0-0 . ‘
0-0 0 )\ e ©-0
0

@—@\/ iakE

= p o T N
J | e 0-0-0-0 | Do °-0
N N / D —-0-0-0 a N / »
0—©0 0-0-0-0 0—©0
L -0
1] mER ] mER
Step 1 Step 2
Y SARIRREENFTATRES TER  EERREENFTETRR
PN PN »—u@
S . Y @’"@‘ L PN e °
0 0. oo g g O ==0 o-o
N Y

00 )
2 @h”@"'( :/h”\ _/\‘ \ ‘ ‘\0)
)—0-0-0 o o
|

000
1
00
1
©

= v 1 ) R
9%@/ € 0—© 0-0-0
\,f”@ @‘”@
1] ER 1] mER

Step 3 Step 4
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RE  SRERMAENFATRY

—E0

— k\\\\\ MR ©) N, W . W
N, e - oo

: (\1 o

] R

Step 5

# 9-8 MPRARAIKIIAIL, HEMHIE. HEMH TERS

AN R R E s, BLeE 9-8, BRI LT AR,

7 175 I B ERTECR:, DA AR AHS, TRMER S5 (M) ARAEHEAH S,
EFMER R AR AR R, key ZTHBGBIIE, value A2 HESAAPRETEES RS (BlALH ),

5N, BFERRER P E Ver tex FRIAFORTER:, ERMAIIREAIZ: QREEEIERE —FE, FHAIRGIH
W ANRITERS, AR MRS 1% « RITERS, HITHERRRIEMRER, MATA AN RS2 1, X
IR TIANR A THREEZME—RY Vertex BIIH, MHFRE: —THRG AR MUEAL B HARTERS 17,

// === File: graph_adjacency_list.ts ===

[* BERBEBERERNERESR */

class GraphAdjList {
/] #PEER, key: TEEL, value: XIBRLHBIFRE ADIZIERL
adjList: Map<Vertex, Vertex[]>;

[* BIEF */
constructor(edges: Vertex[][]) {
this.adjList = new Map();
/] FEFRETRRANE
for (const edge of edges) {
this.addVertex(edge[0]);
this.addVertex(edge[1]);
this.addEdge(edge[0], edge[1]);

}

/* EEVERLEIE */
size(): number {

return this.adjList.size;

}

[+ B */
addEdge(vetl: Vertex, vet2: Vertex): void {
if (
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'this.adjList.has(vet1) ||

Ithis.adjList.has(vet2) ||

vetl === vet2
) {

throw new Error('Illegal Argument Exception');
}
/] TG vetl - vet2
this.adjList.get(vetl).push(vet2);
this.adjList.get(vet2).push(vetl);

/* MIBRE */
removeEdge(vetl: Vertex, vet2: Vertex): void {
if (
Ithis.adjList.has(vetl) ||
Ithis.adjList.has(vet2) ||
vetl === vet2
) o
throw new Error('Illegal Argument Exception');
}
/] MIBRE 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);

[* FIETERL */

addVertex(vet: Vertex): void {
if (this.adjList.has(vet)) return;
/] TEAMERPFTE — (RS 5T
this.adjList.set(vet, []);

[* RMIBRIERL */
removeVertex(vet: Vertex): void {
if (!this.adjList.has(vet)) {
throw new Error('Illegal Argument Exception');
}
/] TEAERPMIBRIER vet HFERVIEAS SR
this.adjList.delete(vet);
/] EFEMIERREAE ST, MEFFIEESE vet BB
for (const set of this.adjList.values()) {
const index: number = set.indexOf(vet);
if (index > -1) {

set.splice(index, 1);
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/* FUENABIER */
print(): void {
console.log('#BiZER =');
for (const [key, value] of this.adjList.entries()) {
const tmp = [];
for (const vertex of value) {
tmp.push(vertex.val);

}
console.log(key.val + ': ' + tmp.join());

9.2.3 XM=EHLL
LE A n ETEESF m B8, 7 9-2 BTEL T R R R A R R SCR R 2R R ROR,

R 9-2 ARFEFEREELAT R B L

FPETERE MR GERSHS)) R (R

HERESE  O1)  O(m) on)
i o1y o) 0(1)
Wb o)  O(m) on)
T om)  0(1) on)
i TEL O(n*)  O(n+m) O(n)
A sEE  O(n?)  O(n+m) O(n+m)

BIR&K 9-2, LUPHER (HERR) HRFRBCRES R RE, (HEPE L, fEREERPRIEEIINERE
=8 /\ﬁﬁ—(/\@ﬁﬂmfﬁﬁﬁ&ﬁﬁi‘%{’ﬁﬂﬂT REAE, MR 7 DI BBRR, Ak R
BT “DARsfR=ER” BEAN

9.3 EMIE:H

BMURAZE “—¥2” BIR, mENAAESNEBE, fJDFRNMERR 282" BR, Bit, AT
TERE VR 1 — R, BEPR, RIIE ahifR e e e i R B — RERE Bl

V1 R e L PR BRI R AR E BUE A % B RIAEF T Nt a] 7 R Wit : EE B ESNIREBEED,
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9.3.1 EEB%EDS

JEE R 4 e e —REHIE SRR T 3, Tes e enAhingE, (RSB CHi IR IR A TERS, 3 — g e st
sk, GME 9-9 R, WA bMTRRGHEE, HITERNXIEMMFTEMEIRE, RRED T —ETER AT A
PETERG, DURHE, HEERTATEREH SR,

ERvEEE@kES (BFS)

LATERS AiEs,
Hi KR, JEE RIS R TRRS

ELFETIR
e, 1,3,2,4,6,5,7,8

9-9 [l H R BRI ER

1. BHZER

BFS J@H#EBNTHIAREE], BRI TR, THIEA “eAkt” MPEHE, G5 BFS Y “Hik fE” #fE
AR Sh A T,

1. & EFHREIRTEEY startvet TIAZA, 3 BHROEFE,
2. (R EmENRA, ST S TEENG SO EREA, ABATZTEES M P A SR TEE N A 25 BT,
3. JEEDER 2., BERITATEE S RBAS R,

7 7 P IEEAGERI TR, FRATEEHREB —EMERE S visited ARALERIPLLHIRE I,

Tip
MR ORI ABE— A L FETE key M AGETE value IUREER, TRIDME O(1) RFREIEREE TIET key
SN A A e e ARIR key HUME—1E, MERREGEE HRERRESESE R

// === File: graph_bfs.ts ===

[* BEBKES */
/] ERIERRERTE, UEREBGEEIERAIPIA AETERS
function graphBFS(graph: GraphAdjList, startVet: Vertex): Vertex[] {
/] TEREERRFS
const res: Vertex[] = [1;
/] WRES, BRGHRERHEBRNIER
const visited: Set<Vertex> = new Set();
visited.add(startVet);
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/] (THIRRER BFS
const que = [startVet];
/] LATEEE vet %k, EEEZEHRSTAEIER
while (que.length) {
const vet = que.shift(); // {THIETEELHEK
res.push(vet); // sCERshRITEES
/] EFZIERENFREAETRR
for (const adjVet of graph.adjList.get(vet) 27 []) {
if (visited.has(adjvet)) {

continue; // BLEBE#HFRIRIIER,

}

que.push(adjvet); // BNFIZKHRE
visited.add(adjvet); //

}
}

/] BREIRREESFS

return res;

EEREAEE TR 51

FEISMHEHMS, BRI AR IE 9-10 AR,

FEFT res EMFT res
1751 que 1551 que
o 00
-— -— -— -—
HE A3 HE1 A5
BEEE visited e o F—— HRES visited
it res, que, visited z’;‘;w } 1. WEEMMAEDFS res {@@ ]
- 2. RN S ERRT -
m A7 que AN visited ‘W
FEHFY res EHFT res
1751 que 1551 que
— — -— -—
17 AF HE1 A5

mas () w5, WATLUTIRE

MEES visited

s () 51, BTLUTIRME
1. RETEEMAEVES) res [@@@@ } 1. WREMMAERES) res {@@@@@@
2. MRS SRR T 2. REIRRRIFREMETRRAT

B que AN visit;aT [m NS que AN "ism: [ Step &

HREE visited
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HARE visited
s () w5, ERTATIRE = vasite

1. REIARIMANEDFS res [@@@0@@@

2. HEIBEHATE NIRRT

A%l que AN visited

FEMFTI res
(0000
000

MEES visited

mes () w5, WRTLUTIRME

1. REEBNAEBRS) res [@@@@@@@@ }

2. HEIRRHFTEAEIER ST
A3 que MMA visited

]

(000000
1751 que
00

@ @ @ FEFHFY res

r°)—/°\—<® 175 que

I (00000000 |

| 00—« .
@Fﬂé%ﬂé' - e

WARS visited
m () ), wRETRE e

1. WEEMMAEWES) res [@@@@@@QO@}

2. EEIRESHFTE METRE AT

A7l que AN visited r Step 9 ]

= {75 que BZ,
« FERE, SERED

EWFF res
(00000 ]
000

& visited
ms () ), EREATRE HARS visite

1. EERMAERRS) res {@@@@0@@@ ]

2. RETARHFTEMIETREERIT

A5 que AN visited W

(0000000 |
00

HREE visited

mgs () w5, BTUTIRME

1. RERBINERES) res { 000000000 ]

2. RETAMHPTEERERIT
A%l que IHN visited

[ Step 8

?P%?H4? 000060000

A ) )
| 3 a4 °‘ 1#5 que
\_4 A4 \_4

0—00 = o
wl () 91, TR MRS visited

1. BETESMAESEG res { 000000000 ]

2. REIRERIFTE MRTRRGAT

A3 que YHIN visited Step 10 )

FEWFS res
(000000000
1751 que

BBEL visited

(000000000

9-10 [ Ay g 18 YA i 2 R

RS 13 e B i Y e ) 75— 2

AN, BERER ST A R E “HIL R RINEREERT, M 2 R R B TR A s Se e i
EEATAL. DA 9-10 261, THEG 1. 3 RUFGRHIIER AT DASSHR, THRG 2, 4. 6 RIFGRHIER AT DUERSR

jﬁo
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2. EHESH

RIS . TR AT MK —IR, EH O(|V]) R ; fEERh M TEBsE R, di 2 E,
LR A B G w2 R, A O(2|E|) KfH; ##8EH O(|V | + |E|) R,

SR : 5 res , MEESS visited, 1751 que HINTHEMUREZ S V], B O(|V]) .
9.3.2 REEBKES
VRO B ek 2 — B R B, BT E WRBAN A R, I 9-11 FR, /5 b A TEEEHEE, wif

ERTTHRGA LR TERS, ERERRERNR N, HAESEDRENRE, DU, HEATHERER T
o

11 10
4
' EHRE@AED (DFS)
2 3
13)f a2 4 ? L\ TEES AL,
’ EREAEE, BENEAEE,
6 U - BEERED
e EEIS

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

[ 9-11 EIREE ES

1. BHZEER

el “EFISRIEFR AT AEEERR SR BB AR E, BEEEIEIEM, ERERET, &
(LR ZREB — AR R S visited ALk EMIFIRITERG, DUk EE S THRS,

// === File: graph_dfs.ts ===

[* REBFTEFHBRI */
function dfs(
graph: GraphAdjList,
visited: Set<Vertex>,
res: Vertex[],
vet: Vertex
): void {
res.push(vet); // sCEkshRIEES
visited.add(vet); // ISECZIEREWKEARE
/] EFZIERENFRE AP IETRR,
for (const adjVet of graph.adjList.get(vet)) {
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if (visited.has(adjvet)) {

continue; // BHBEWAEIAIIESRL

}

/] BT EAERTRR

dfs(graph, visited, res, adjVet);

}

[* REBKES */

/] ERAMERRERTE, UEEREEIRR BT AAMEIRR,

function graphDFS(graph: GraphAdjList, startVet: Vertex): Vertex[] {

/] TBREEFFT

const res: Vertex[] = [1;

/] HEEE, BREHERTEENIRR

const visited: Set<Vertex> = new Set();

dfs(graph, visited, res, startVet);

return res;

IR S e ah TR TA TR AN 9-12 FR,

FELHEARR ) NIEHE, FORBHRC T — (BRI 75 75 20wl T TE R
RS A LR, FoREE TR CAGR A, [RIHE] T B 7T R B

T INEREERE, R 9-12 BAEISAS SlCA, e (BE R T B(E DFS 8, Ui
R Y5 TR IR BRR,  ATRFIR [

o0—0—90

o 090

)
\ 4

Step 1

- -
%) ©
©—0©

Step 3

FEFHFY res

()

RIS visited

@

TBAEPEER:

s ()

FEMIFS res

(000

HRES visited

L)

TBAEREES:

rewmes () pompszmns
o)

© 0—©

‘;!;_____

o

Step 2

@—(?“
°© o
!

(-

Step 4

EHFT res

00 ]

BRES visited

00 }

BHRERR
rewmns () osizTns
aesmres @)

EWFF res

0000 )

HEES visited

(o000 |

SBAEREEL:

v () sompzmes
wawmr @)
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l Step 5

l Step 9

FEMFSI res

(00000 |

MEES visited

(00000 |

TBHEREER :

rewmss (O popszrmns
e )

FEFHFY res

000000

BRIRE visited

(000000 |

IBHEIEER :
rewns (O pospszTmns
wavmmEs @)

FEHIFSI res

(000000 |

MEEE visited

(000000 |

R
w O wrEsEREREEH
Rirrsam, Bnzns O
suemse - BeEmEms (0

Step 11

‘ Step 6 J

Step 8

‘ Step 10 J

FEHFY res

0000000

HRIEE visited

(0000000

IR

wx ) wrEmEEREEn
Rigszam, BpEnss )
s () mixtsm, msmiEs

9-12 [EIIRE BICER P

EWFF res

(00000 |

HRES visited

(00000 |

RS
wx () wFEmEEREEnY
mitesisam, mnzms ©)

EHFT res

000000

BERES visited

(000000 |

IR
mx () wrsmEEREEn
Ritwosae, Em=ms )

EWFF res

(0000000

HRES visited

(0000000

pri

rewmss () sompzmes
ey ©)

WE B LRI SE R E—?

BRI E AL, RS ER PRI AR ME— 1, A BETERS, SerEmbE s iR R ARl

DA, BISSEETERSHINERS ] DUERGTEL, #RRIREEIED.

DISHER 2B, “|R— 7 = H" “E—-R=>6" £ —-H - IR 2hIEEF. FrF. BFE
&, BfRRT =MEEIIEr, Amis =54 ENRERE,




IO www.hello-algo.com 206

2. EHESH

WERBIEEI P TR S 1k, (A O(|V]) IR BT A eI 2%, M O(2| E|) Fe;
Wl O(|V] + |E|) W,

S : 5 res, MEAEEA visited HEBURES S V|, BEREREAS V], Eit6Em O(|V])

'5‘5 FlEﬁ o

9.4 /Mg

1. ERNORE

- B HTERSFNSAR, A DAFROR 2 —MHTERG A — IS MR 5

- MHEGRARMER R GRESERSD) FIoiaRfR (), MG (H) BAE&EERE, KimE S ER,

- BREEEAT AN, HEEE PR ERTER A, GRS SRR,

IR SRR ORE, 1T B R ETER, EETTRERE, M 180 FormiETER
M EUEIS, MREREAE M &SR e LR R, [EES AR,

- WA 2SR AL FR AR, 5F G MESEAL A ST IETERS ¢, HApfEE 1Rk TER R A E AR TE R
IR RAAR B AR R P AN G 2, (H TR EE A il R A AR S, AR R R AR,

- ERERTPASEASERYIE R, AT DA HER AR SRR, MR AR,

- AR SRR AT, MR T DA RN R, ACEEAREEE T DARFRE s R

- BRI SEE E RS, WSS, HOBAR AR,

- TR E A AR, A R R I Y AE R A — AR

- EREEERE R ML, ERERRIE SR, EEETIE,

- ERREESTER R REETERR, R e ER B RN SR, BRI E,

2. Q&A

Q: FIERERBTER IR RIBFHI?

HERER AR S RANERA R FhiEg “BER—EEFy”, mhsahitd “BRISE —ETER
17, AR B XARIES: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

FEARSCH, BREHHE A — &Y, AR —EER 7S, ISR R 2% M ETER < TR A 2 RiE AR, It
fR FR AR A AR S0 T — AR

Q: dAFEEE 2 & & H AT FIHR?

FEAREE E P, A TERG A, B0E (ETERERTE, R TR0 E T SR Z AR, DUERTEE
AT A EIE 7 &

Q: 7EMRESRH, “BLRZIERSMIEAAT A THR" FITHBGIEY 2 & A ZK?

A URERER, (A/EBPREM, RIREREgifae SRR ?, HAEIRTER RS Ay, BB %IRTE
BEERVNINERFSE, SEHRE A TIEERH WA ERE” ATER,



207

F10E s

Abstract
HEE—GARNE R, BRMEEFHEEREMENESE A, XaErn] DAPEEE B2,
EEGZBZIRY, F—RIREA ] GES 2| —ER G RN EZR,
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10.1 —HiEs

—9#8 (binary search) BN GRS AHE S AR, ENHERNERE, S —F s
filE, EEKFERTTRSIE AT Rk,

Question

M —ERE R n RIS nums , TTRIZIEDEIRIINERFHES AR, sHENRETTR target 1E
ZHBIF RS, HEPIAEEZITR, ARE —1 . /~EIE 10-1 Fir.

35
31
26
23

15
12

ERERERTRET]

nums

BANEFET] nums , EHERTE target = 6

10-1 =S RHIEOR

nlE 10-2 R, FMewbtattc = 0f j = n — 1, iR ETERMEITR, AEESEMH
0,n — 1] GEER, HERFRHEE, HOZBREES,

AR, MEEHITA R,
L GtERERT I m = [(i +j)/2], | | Fomm FEEE S,
2. HIEf nums[m] F target HYAR/NBAMR, 732 LPATS =FEEN,
1. & nums[m] < target ¥, #PH target fEIEM [m 4+ 1, 5] H, EHHITi =m+ 1,
2. Hnums[m] > target I, #AH target 7EMER [i,m — 1] H, WHHUTj=m — 1,
3. & nums[m] = target I, FRAAKE target, AIMIR[FIZRS]I m .

AR S HE TR, EaEMER R N e, HRERE -1,

wEi1 3

w1 3
#® 0 1 2 3 4 5 6 7 8 9
N N A

® 0 1 2 3 4 5 6 7 8 9
j j
EE=5188:
Mk i, j HREAETIETR. BTR 1. SEFE m = (i +j) /2
MERTHER [1, j]

Step 1 Step 2
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T
X

-
[
E]

EBE-5E8:
1. stHhBEm = (i +j) /2

2. ~ nums[m] > target

Step 3 ST j o= mo- 1 MNEBER Step 4
=l |]
§§I0123456789
m :i j
EE-ER:
1. BEHREE = (i +3) /2
2. = nums[m] < target
Step 5 LSBT L= mo+ 1 SNMEBER Step 6

wisanll
ey Nl
#w o0 1 2 3 4 5 6 7 8 9

EE—SHEE:

1. HERE m = (i +3j) /2

2. = nums[m] == target
Step 7 « EEIFRS| m

B 10-2 S EETRE

2
#l o
.

sk P

i m j

BE=HE8:

1. HEHE m =

§§I01

:lm;

EE=EE:

1. StEFE n =

;6 8 |
m i

\I]i

2 3 4 5 6 7 8 9

G+3)/2

il

4

5 6 7 8 9

G+3)/2

EFEREACE, B j &R tnt 2UAI, BBk + 5 nTREEDEI int RUGIAGIUERIE, 7 7 ik s R BB,

BRI AR m = i + (j — 1) /2] Aatsirms,
BRI FHTR:

// === File: binary_search.ts ===

[* ZHEs (BHEM) */
function binarySearch(nums: number[], target: number): number {
/] YR ERAERA [0, n-1]1 , BI 1, j 2RHEREYIETER. BnR
let i =0,
j = nums.length - 1;
/] BB, EESERASEEE (B 1> j BAD)
while (1 <= j) {
/] StEHERS n
const m = Math.floor(i1 + (j - 1) / 2);
if (nums[m] < target) {
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/] WiETEREE target EER [m+1, j] &
i=m+1;

} else if (nums[m] > target) {
/] LEIERERBA target EERD [1, m-1] H

j=m-1

} else {
/] #HEBRTE, REHEZRS|
return m;

}
}
return -1; // RHKIFNBEEE, R[E -1

BERIBIRIE 2 O(logn) = fE—/NEMEH, RGN —F, FIDEERES log, n .
SSSERRE Y O(1) 4518 0 1 J (B /IVAs,

10.1.1 ERERTAEZ

BT _LREPAERESN, WRMEMERER AT BE, %5 [0,n), HERRCERS, HBR
AIEBY, EZER T, &R [i,)) £ = j KRz,

SRIP AT DA I e R BEL B H FAERY — i
// === File: binary_search.ts ===

[* ZhiEs (CEREHER) */
function binarySearchLCRO(nums: number[], target: number): number {
/] MRk ARAERER [0, n) , BN 1, j SAHERAMESIETE. BTER +1
let i =0,
j = nums.length;
/] EE, EESERASERKE (B 1= ] BAD)
while (1 < j) {
/] StEHRERS n
const m = Math.floor(1 + (j - 1) / 2);
if (nums[m] < target) {
/] LETEHEREE target FEER [m+1, j) &
i=m+ 1;
} else if (nums[m] > target) {
// WIS target ZEERI [1, m) &

j=m

} else {
/] HEBETER, REHES]
return m;
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return -1; // XKFBETE, &RE -1

gniE 10-3 FioR, fEMREEEZIOR T, o EsEEIARIGR, R GG N R R & A TR,

MR “EPARER” RN AR AEOE R AAPAIRRE, RIZE@ R ¢ FHEEE J A/ R AR 1t 2 B
Mo JEHEEAA G S, Wt —RtaieR i “SPHERE" RS,

ok |

§§|\"0 1 2 3 4 5 6 7 8 9"‘ w@ 1 2 3 4 5 6 7 8 9"—1@
i ERERNaEs8y j i EERaEsHS HERFEZEE  j
E8EWR: $AERM [1, j] HEEN: CHEHERM [1, j)
Miadkist®: i =0, j =n - 1 Mafkiki®: 1 = 0, jJ = n
EEARIERREF: 1 > ) WEARIERAF: 1 2
SNERERE: i =m+ 1, j=m- 1 MANERRIE: i =m+ 1, j=m

&l 10-3 WAl ] E 7%

10.1.2 {BRSEA(RRRIE

o S e IRy AN R 7 A A AT AR RE.

- TS IR RER o FERRORHR T, SRR (R AT o L B 1, I, B R R = 220
I, #EAEE 220 = 1048576 #RilME, i /M 8a{E log, 220 = 20 ik,
- SoEsEEEINEE, HENRERE RN E R e AR (PR, oS EnEE

'/_‘I;' FEﬁ o
SR, oA AR, TEALITNEE,

- IoEREEAINERER. AWMAERHER, & THH o EamErTE T, SAMEK. KAk
FPIEFIERIR EREEEEH & O(nlogn) , FRARMEERR 9 SEE &, BVEERM A TTRIS R,
AURRESE P, FERTRMATRENE, RHEERER O(n), W2IEEHBER,

© ZoESEEARES, —oMe TR GQRESD) FIFTTER, MEREASHS TRk
AORCRIIR, DRI AR & R P S 65 R 21 B TR S Al R 27 BB Y RS A

- NERET, SUEERSEEEMR, A EMERT, SRAE 1 OHERE; ME_ o EEST, {FEIR
AL LIRBRIA, 1~ 3 CHIEHRE, 1 ik (B0, 34 ~ 6 EBITiRlE; Bk, EERE n BUNF,
AR R R EL — s B PR,
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10.2 ZHHESEAE

ZosAMER N E S ARTTR, EaARRIREF S ERE, s HETRIEA N B,

10.2.1 EHETEMNER

Question

S —ERE A n AR nuns F1—{EICE target , [V ARFAEEEICE, B target A
Bl nums H, WifRFEEHEFM., BEFPEFEEITE target, AIEAZIE LT, #EIREEHAZ target
TEFBIHRRS ], REANE 10-4 FiR.

nums

BAR fiN\ target

nums

BMABFEY] nums , BiEE target = 6
A target RUEAFAZRS|H 2

10-4 Z s B REIE R

GnERARM A E— i i SRR CEE,  RIFREE R DA R (E R,
Pl —: BRSPS target I, FIABKIRIIBRGZZTRIRGI?

A EHEKE target HAZIMECEMN AR, BREKEFEHAL target B THK target M E, tHitE
Eﬁ, 11 G target H#, HAB RS IR target sl

I EREF|FRARIELE target I, FRABLRWMEICEMIRS]?

W EE AR & nums[m] < target FF ¢ B8, BEKEFIEIE ( £ RKRER target FITERE
o A, F61 j R TERVINATEIR target TR,

R =45 —E A ¢ BAE AN target FITTR, j fEAEE/NR target KITTR, BIFEMIIARE
target Nf, HIARGI% 1, PRI TAOR:

// === File: binary_search_insertion.ts ===

[* ZRESEANE (BEETR) */
function binarySearchInsertionSimple(
nums: Array<numbers>,

target: number
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): number {
let 1 =0,
j = nums.length - 1; // ¥BHERER [0, n-1]
while (1 <= j) {
const m = Math.floor(i + (j - 1) / 2); // stEHEZES| m, £ Math.floor() M TEE
if (nums[m] < target) {
i=m+ 1; // target 7E[EM] [m+1, j] F
} else if (nums[m] > target) {
j=m- 1; // target EERM [1, m-1] #
} else {
return m; // % target , REHENEE m
}

}
/] R¥xE target , REHENF 1

return i;

10.2.2 FEEERTENESR

Question
1E E—ER AR L ey i S EETTER, HEvre,

(B R fETE 2 target , AIEIE — S HARIR B H A —(E target IR, MiMEIAME LRI /LR
MGBEGE 2D target,

 HZRiG IS RIAAZIR R, AR R & ARSI R target RG], #1203 EIZIBE 10-5
PR BRE B

L $uT— i, FEHEE M8 target FIRSI, A% ko
2. RS kB, mEEfTaRMoERs, EIREIR/DIEH) target FFR[HE,

target

— OB

k\ 4A\ -

= >

1. A HESIER—E 6
2. BREERIREEN 6

10-5 #RMEE A EETTRARAR,

T ERA AT, (B EAMEE, FHERHERES O(n) o EHYIMZERZEEN target I, %77
FRRRR,
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BB ENRE a2, WE 10-6 For, BEMERRAE, SHCEHRPERI m, FEHE target
1 nums[m] BIR/NBER, 707 DA AR L,

& nums[m] < target B¢ nums[m] > target IRf, FREHIEIREIRE target , KIILERH S IE — 0= M4H
INEEFERAE, TEMmEHSES < F j 14) target %I,
H nums[m] == target Kf, ZRAA/INA target MITEEEM [i, m — 1] o, WA j = m — 1 K4
/N, PEMIPEFERR 7 MVIVIR target BT ST,

HESEKER, @ fRAR/AIEN target , jHRAIEE/NL target BT, KELERS] @ SR AR,

Step 1

Step 3

Step 5

Step 7

15}

10

E |
%3l

o 'Pr

MWatk i, j DREERIIETE. BTR
MERTAEM [i, j]

15
12
10
6 6§ 6 6 6
RN
- SRR i
m =
#l o0 1 2 3 4 5 6 7 8 9
A Aoa
i j om
EE=51E8:
1. BEHREE = (i +3) /2
2. ~ nums[m] == target
< BIT § = m - 1 WIVESER
15
12
10
%6 6§ 6 6 6
3 |
L i
#l o 1 2 3 4 5 6 7 8 9
AoA A
m i j
EE=51E8:
1. HEHREE = (i +3) /2
2. v nums[m] < target
2 BT o= mo+ 1 WIVNESER
15
12
10
6 6 6 6
wE 1

#l o 1 2 3 4 5 6 7 8 9

Ao
j im
palilmb g 2o}
1. stHbPEE m = (i +§) /2
2. ~ nums[m] == target
S BAT 5 o= m - 1 EVESER

Step 2

Step 4

Step 6

Step 8

2 JRE
im

#l o 1 2 3 4 5 6
A

EE=EE:
1. 5tEFE m = (1 + j)

{3
@ | 1 i
==l I:I
#l o0 1 2 3 4 5 6
A A N
i om bl
EE=53HEE:
1. stEHR m = (i + j)
%6 66 6 6
3 | i
& 1 ;
# oo 1 2 3 4 5 6

im j

EEZHES:
1. 5tEHE m = (1 + j)

6
3
b I
2

#l o 1

v FMEEEES 1< )

12
10
7 8
/2
12
10
7 8
/2
12
10
7 8
/2
12
10
7 8

~ BHHTSEME, BEIFRS| i
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10-6 s EE TR AU AR BR

IR TEREE, HET9 3 nums[m] > target 1 nums[m] == target JH/EMEFE], [RILWE AT PAS B,
BREant, FMUIART DAASHIE G ORI R, IRl 2 LR B hNTE T, I sl M s 4

// === File: binary_search_insertion.ts ===

[* ZHESEAE (FEEETR) */
function binarySearchInsertion(nums: Array<number>, target: number): number {
let 1 =0,
j = nums.length - 1; // #IRERIERT [0, n-1]
while (1 <= j) {
const m = Math.floor(i + (j - 1) / 2); // stE*EEZES| m, FH Math.floor() M FEEE
if (nums[m] < target) {
i=m+ 1; // target 7E[ER [m+1, j] &
} else if (nums[m] > target) {
j=m-1; // target TEER [1, m-1] &
} else {
j=m-1; // B target BFITEEER [1, m-1] H
}
}
/] REHENEE 1

return i;

Tip
AEHREHEA R "R Fik. FEBEE I IBTER AR Sik.

RIAE, —ofEaEERURRTEE « M j ohlRce s A, iR —EARKTTR (Pl target ),
WATREE —ETTREE  (FIAN/NR target KITTER).

FEARERIIBRE — b, f5ER ¢ f1 j BREWNEIL FRC R e B R, A%, EMERRREIER, sUElifis
gk,

10.3 ZHHE8487

10.3.1 EHEER
Question
fE —MERER n FEFPES nuns , HAFR[RERSEEBITR, sHIREIES R —HITER target AY
Kil, HEFIPAREZTR, HBRE -1,

MR S4B, ME5EIE « fari /A —M target , KILEMABAH R AR A —MH
target (VE~CIR
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FEIEBEE AR ER AR/, SER, YAl REA S target, TSR AT REEE LA TR
AR

ARSI @ B,
- JLZ nums[1] B target ANHEE,

BT DL ARSI, BHRE —1 B, R IR
// === File: binary_search_edge.ts ===

/* ZDESKRE—@E target */

function binarySearchLeftEdge(nums: Array<number>, target: number): number {
/] EFEBREH target BUENERS
const 1 = binarySearchInsertion(nums, target);

/] KE target , E[ME -1

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

}

/] ¥% target , REIZE3| 1

return i;

10.3.2 EHHESR

ARG E s RS —1E target WB? HEZEN T RNEBLAEREE, FIRIE nums[mn] == target [H NAIFEIZELIL
MEtRlE, FAENITELL AN, FEEBNEE L EITE,

TNTHTFAM A 48 W A B ARG Y 75

1. EREMEER
B L, M AR ERRETENRIORERRATE, B¥87EL: $EHREAG M target BL A
s e —1H target + 1,

GnlE 10-7 iR, ERHSERIR, FEER ¢ famEm A —{E target + 1 (WRAFLE), M j fafmA —{# target,
BRIl 5 BT,
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target = 6
«: (E00000088
; ;i
L
EHRAE—E
target+1
FH
EHsiE—E EHRA—E
target target

@ 10-7 AF&sGE R E A E R E R
AR, IREREARGE ¢, FUMEFHRERHR L, [EmEs ;-
// === File: binary_search_edge.ts ===

[* ZHHEESRE—E target */
function binarySearchRightEdge(nums: Array<number>, target: number): number {
/] EBAEHRRA—E target + 1
const 1 = binarySearchInsertion(nums, target + 1);
// i IBEREAE—E target , 1 EEBEMEAR target BtH
const j =1 - 1;

/] R#E target , &[E -1

if (j === -1 || nums[j] !== target) {
return -1;

}

/] %3 target , REIZ3| j

return j;

2. BUUAEARR

BMEE, ERYIAEE target I, && 1 F j G AfERE TR, /IR target BT,
Ak, anlE 10-8 FivR, FAM AT DARSSE — @5 A EERITTER, FARERAHIBR,

B A —E target : A DAL A2 EH target - 0.5, ARMEFERE ¢,
Bl target : A DAL A A55H target + 0.5, MIR[MAHERE 7,
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target = 6
nums
j i j i
i) &
target - 0.5 target +0.5
FH HH
EHRA—(E EHREA—E
target target

10-8 KA IE A E L A AT R

RIS EIL ARG, DU MBESTER.

- KERSIA L SN, I8 TRORAE TR 2R O an ] R AR SR T D
- RREZITIESINT /NG, AT R R P SR B target B TFREEURA (Python SEZHENED),

10.4 HERIEWRER

FEMETRRE, PR IE G S PR A G5 2o 2 A a AR B AR T R TR R R B . FRAPTRE B — (s T
AHNTEREERE

Question
4 E —ERR B nums FI—E EHASTE target, sATEMHSIHEER “F1” 2 target IIMEICE, Wik
B EMA AR S [, IR —E R AT,

10.4.1 44EH: URRMIRTHE

B EEET A R RERAH S, GiE 10-9 P, FAMBERC—E i el R, A A v i R AR S A
target, fixe, BIRMIEMHIZES],
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target = 13
nums =

EHFEHEES, 2BFMA
target WAAEFRHR([D

10-9  SRUVEE AR AR B A

RSN R R

// === File: two_sum.ts ===

[* FE— BHHIE */

function twoSumBruteForce(nums: number[], target: number): number[] {
const n = nums.length;
/] MEEE, EEEHRER 0(n2)
for (let 1 = 0; 1 < n; 1++) {

for (let j =1+ 1; j <n; j++) {

if (nums[i] + nums[j] === target) {
return [1, j];
}
}
}
return [];

WA IR S O(n2) , RIS O(1), EARRHRE RIEHAER,

10.4.2 HREH: LUTRIRERE

BREFE —EMERR, BEHDHAMESTTRNTRRS | MEGEFES, FWHHATHE 10-10 g2,

1. BT target - nums[i1] BEIEMEERY, HE, HIEBIREIEMETEMNES],
2. FHEE nums[1] RG] 1 FTHEREER,
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target = 13 target = 13

s - (@OO0 - @000
:
i

A
i

[ i 8 ] - [ i J -
map = map =
value %3 vatue UM (¥ =3l

EHEG) nums EZES] nums ,
© 13 - 2 = 11 K7 map P 13 - 7 = 6 F{E map &1
o HTTE 2 HFiE map o WTE 7 FigE map
Step 1 Step 2
target = 13
wes - (EEBE
A
i
[ o g } -
map =
value 1 %3l
EFHED nums ,

+ 13 - 11 = 2 7£ map H
~ EETEEERS [0, 2]
Step 3

@ 10-10 BHERZ R KA M &L
BRI NATR, (75 e R AT

/] === File: two_sum.ts ===

[* AR EHBIMRR */
function twoSumHashTable(nums: number[], target: number): number[] {
/] EBNMEER, THIEMEES o(n)
let m: Map<number, number> = new Map();
/] EEEE, KREEHRES o(n)
for (let 1 = 0; 1 < nums.length; i++) {
let index = m.get(target - nums[i]);
if (index !'== undefined) {
return [index, i];
} else {

m.set(nums[1], 1);

}

return [];

W77 B SRR A AR R AL O(n?) BEE O(n) , KIBFRFHITICR,

R A — ERE MRS, RIS S O(n) o MWL, 205 TARPR RN 22808 8 2 11,
DRI L€ R AR B B A2,
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10.5 SRS ERE

S EEL (searching algorithm) FRTEE RSN (BN, fEssEs, BietE) PR —E—HNE
REESRIFIITE,

AR RRE TR 7 % U,

- IEEERRIARCE N HEOTER, FIARES, SERSER S, R I B E R
- PR R s RORM S el ), BRSO REN, flin— s, MEREsmi —ooilae
A,

AREEREEL, ISR CAE AT A B TP AR, RIS EEIRE R AR AL, AR, &,
FAFTEE MRS ATIN, B EH SRR,

10.5.1 #hHigs

2B EE R R R TR ACE M BT R,

- RIS B AR EAIRISEAS RS E A R, EICERIATR —Imbads, BERIFDTR, EE
& BT REENE S — il A IE TR M1k,

- CREESLEST M REEERT RERIR I MEER RS, BRSSO ETR R 12 e
=, HOLMIREHET SR, IR B SR ERGE, W — R ICESIE, F S s
fbEsAE, EEER e BB RS,

RS NEREME @R, SCRBRORHMTREBLAIRE BRI M ROR GRS,

SRI, MRRESIARIN L 2y O(n) , Hrbn 2tREE, FIEEREBRARIEN NGB ZE,

10.5.2 BiEfEES

HEEE SN HERR AR (GInaPth) ARgtE s, 1EmEmsutE i HETR,

- Tois” MHERNAE R EER SN, (AR,

© BEBEAERT FFHEE R SRR B A R A B E R, AT B B AR

- BT ERPE RIS (Bl oS B, FOR LR ET R E R PR HERR RS, e s B DT R,
IR EE B R RE R S, IR ER] O(logn) #£ O(1) .
SR, fERESE R R E B RLE TR, a0, oS FETEe R ETH R, BEEERM
A GHER T B RE BRI RGN, 4R8I Lo R Wt 7 R A M IR R AN 2= R A 8

Tip

HE A s B A R AT EEE, RN ER e BRI UuEiaR B &,



F10E #H= www.hello-algo.com 222

10.5.3 €& 757%E

MERINZ n —HERL, RFTPTDMER SRS, s, B, EERS AR EE
TLR. SV TAR TR ERANIE 10-11 AR,

14128 o(n) METM 0(1) @\ key ZH value

B YSEEST IS

N AN ANANANAL
et SR
Z34Z8 0(logn) HiZEH 0(logn)
EEskh
7524 B FEA S
oJ1J2]3]4]s]e6]7]8]9]
S~

RIREHEF it SR ER

B 10-11 ZFEE SRS

EIRAERE T IR AR ERCR AR AT R 10-1 i,

*10-1 EHERIRNCR B

st s —E o MR
AHILR O(n) O(logn) O(logn) 0(1)
flAICR O(1) O(n) O(logn) O(1)
THERTCER O(n) O(n) O(logn) O(1)
HEANS O(1) O(1) O(n) O(n)
R TH R R / He¥ O(nlogn) 2 O(nlogn) HHEESR O(n)
ERESHF Eli35 2 =152 152 iR

RSEERANERERUN GG E, EaREER, BRI AR R ERERSE,
R
- JEREERLE, EAETE R R R, RN EFR AR KR, AR A =75 TAR R TR P
A IR ] EEARPE P = B IR R 2 B R
- EARREREUNIRORL, IR T IR R R BRI N
- EARERERERR SN R, WA AT S REI T TR MEE
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i

- EARKERERNEDN, BRRBE, REREERES O(logn) .
- BERIEAREIRR, [RZyfE 7 PSR A A R iR e
- NEMR SRS R, R R RS AR s A,

HER A

- JEEB AR SRR SR, FEREERES O(1) .

- NEEREAFERSFEEERNSG R, KHAaMzRREREEERNE 7T,

- SPHERR R FUNIRER 1 58 R BRI Ao e s, B BORRIRRE S (LR R

- NEEEREBRIIED, FAMRETREEINS AR AR R D E SR, Mt R &Rk

[\
HEo

- EARERER, KA MER IR0 B R,

- EE TS AR e E AR R

- TERFENE M ERS B, TS REAE AR, MRIEMEESLE O(n) .

- H{EA AVL BHRATRA, RISIEBRIERE O(logn) HeR FRREHUT, (A4S EE R 0E e g &
HMRIBEH

10.6 /\&E

C CERREERETE, BEEEESGR S ERAGEGEN, TERRAERER, B
SO A s A 81 S B R

BB AT B, SIS S A MR RRAS R, R e B A TR B
F SR RN, MRS LT, SR R TR, (R RI A O (n) e,

- R, BIEEA SRR ERILE T, A e R AR P B E R, RIS
ok, IEREEATE O(logn) 32 O(1), (EIE% B TR ESNTRISEHE,

C i, FRMREEERERS R, B NGETR, R R RS T B, RTEES
LTIk,

BRI R VR SR TR, M BT, HERORERS M A R A R
SRR L 2R s R S P A T S M TS P A 3 1 KT B

R A R A R R R L BT RSN, TSR R O (n) 1% O(1) .
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F11E #HF

Abstract
HEFP R an — R AL ARk e RO BE TR SR RL, ERAM AR DABE Sy 7y PR B iR R
e e N, BEREMN Y, HiralmBfMER T 'R SRR,
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11.1 HIFRHZ

HiFEEE (sorting algorithm) AIRS —HERHZ IR EIEFEITHY, HFEEEAERZIEN, B
ARrFERNER REHIPCE SRUt &R, o rHIERE,

GniE 11-1 R, HEFEEIRP R R AT DU BB, TRRGEL sl BRSE, HE ROHIETR I AT AR SRR 5K
ROE, R/, T ASCII SIER B H 2 #AAI,

BRBFXNHFEY

RIRFHAFHFFS

BRIEEESERAAFF S

Ml 11-1 BRI AIFDH B R AR B

11.1.1 HELHEE

BETReR . BRI RIAM R R R AL, HARRHR(ERERD (R P Ay BOEEE/N) o
BRREREEN, PUTHRBEILAEE,

APE: B, RMHEEREE Y ERRFEB Y, EAREBREIMNEBI S, (M A iR
i, WHBILN, Rt ErHRER D, SUTIER R EDR,

Rt BEHRFAZSHFR, METRERSTAHENER AL,

TEH B 2 S R BB, REFRM A —ERE PR RMARAS, 58 1 51 2 50 A2 4
ik, EIEMEBIT, IFREHFATREEEM AR A PR

# BANEREIRBHEHFITRY
# (name, age)
('A', 19)
('B', 18)
('c', 21)
'D', 19)
E', 23)

# BREPIFBEEHFEREFRERTFRT,
# #GRP ('D', 19) M ('A', 19) BAEH{IENRE,
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# BMANERHRERZHIFHEE R
('B', 18)
('D', 19)
('A', 19)
('c', 21)
('E', 23)

EUBRETE: £ EREHE R AR B SR D RO M D B, S s BRI, R
S A I M 5 R T R R M

RERIE: ERESWHFRBLEEE T (<. = >) JCHBCEIMEIER, R ),
SRR IR R 2 O (nlogn) o MIAEHCBHER A FLBOEE T, HERIMMEATE O(n) , (HEGEMIH
FEBE,

11.1.2 BEHIEEE X

AT, EHh, B, HEE, @G, BR, 1255 IEMARREIEA D EITERERNHEFEELE, R,
TEEEHE R EE R, TR B A& R R BRI 7 SR AR R E

R, BMigttm s S EE s, WA LIRS A S B A8 HE 7 18 A A B BB T 0 #T .

11.2 FZEHF

BIEHE (selection sort) HYLAERERAER M : FAM—EERE, SEICRHEF EEDERER/NITTER, KFHEK
FIEH P EFERARE,

RFEPINRER n, SR EERRENE 11-2 FiR,

. FIGIREER, FTETCRAMT, BIARHET (R5D B [0,n — 1],

CEEUER [0, — 1) B NTR, HHERS| 0 BRITRHR, sEkiz, IR 1 ETTRCHT.
IR [1,n — 1] PRR/NVTER, KHEBERS| 1 RITRSHR, 5EiE, I 2 ETRCHT.
. DARSEHE, #6080 — 1 SRR, MSIET n — 1 R e,

. ERE TR ERRATTR, AT, RIS e,

a A~ W N

FHFERM FAFERM

s D nums nm

i ok
# 1 WS %1 WEm
EMRHFER, EER/TE nuns[k] EHFRAFER, BER/NTE nuns[k]
ZR/eR nums[k] FRAFEMEMETE nums[i]

Step 1 Step 2
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KHFER

nums

% 2 mEE
EWRHFER, BBR/)TR nums[k]

Step 3 ] step 4 |
SHFER
- 990008
R .
i K

# 3 mEE
EWHRHFER, BBR)TE nums[k]

Step 6

Step 5 ]

KHFER

nums

B 4 WRE
EWHRHFER, FBR)TE nums[k]

Step 8

[ster 7]

RHFER

nums

# 5 WEE:
EHRHFER, FBR)TR nums[k]

[ Step 9 ] Step 10

KHFER

~ 0080

SERHF (RF—ETRRARF)

Step 11

RAFERN

B 2 WmEE
EHRAFERY, BBRTE nums[k]
TR nuns[k] FRAFEMEETR nums[i]

RHFER

- G080a8

B 3 WmEE
EHRAFERY, BBRTTE nums[k]
ZBTTR nuns[k] FRAFEMEETR nuns[i]

FHFER

—
nums .B Aj
-~

B 4 WEE
EHKRAFER, BEER/NTR nuns[k]
TR nuns[k] FRAFEMEETR nuns[i]

KHFER

I
- 000808

B 5 WmEE
EHRAFERY, BBRTE nums[k]
BTR nuns[k] FRAFEMEETR nums[i]

B 11-2 EEH DR

FEREESH, MM b ARECERARHE B N A RN TR
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// === File: selection_sort.ts ===

[* BEEHE +/
function selectionSort(nums: number[]): void {
let n = nums.length;
/] MEE: REFEES [1, n-1]
for (let 1 =0; 1 <n - 1; 1++) {
/] WEE: HFRFFERNNRNTERE
let k = 1;
for (let j =1+ 1; j <n; j++) {
if (nums[j] < nums[k]) {
k =3j; // sE&/NTENES
}
}
/] s TREREFEBNEETERR

[nums[1], nums[k]] = [nums[k], nums[i]];

11.2.1 EEZFH

BERIMERERE 2 O(n2). AR EEMEHY: SUERSE 1 — 1, SH—WRIRHEFERRRES 0, RE—h
IR R RIS 2, EIEMINEEARIES n, n— 1. ... 3. 2 GpiEE, kg Ot
- SRR O(1). JHRHERE: H5EE§ R (8 PR MO MIAENSR,

- AR W 113 FOR, T0E nums[1] 1 ATAEVAS MR BULAH S T RI A1, SR E I
WELF 952 e,

FHFER

oo
RITE—WRE

FHFER

aooona

TRE—WERE,
METTE 4 BURHIERE T e

11-3 EEHFARRE R
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11.3 @%HiF

#BAHF (bubble sort) JZ @AM LR ESHRMR TR EBHT, IS IEBFEMRSIE R TH 2ITHR — 4%,

A5 2 1R

GRlE 11-4 FoR, B iREREA] DI TSR S e A msde : 1My | B e mBR A G B, MR EEBAH#TTER KR
N, AR ETER > AR SRR, ERISERIR, BORHITTR GBI Y R A .

ums °0°0°0

HEEEFIARME—H R
TEANTEEBBRIELL

~ DEEDEE

l Step 1 J

nums 09\0090

WEEEEHEMTE:
v EBTR > GETR
o ZEMIETE

Step 3

nuns 060°°0

WEEREHEMTE:
v EBTE < AETER
o ST

l Step 5 J

Step 7

11.3.1 BEZRE

nuns 9¢°9°°

WEEEEHEMTR:
v EBTE > AETR
o RIMEMBETE

Step 2

nuns Qeoaeo

WEZEEHEMTR:
v EBTER > BETR
- RHEMETE

Step 4

eaoeéb

WEEEEHEMTR:
v EBTE > AERTR
o RIMEMBETE

Step 6

IKIE IKE
nums oeoooe

WM n-1 EREERE

EHTERE,
BARERT HAE

11-4 FIHTTERZREREREER i

RESIRER n, (EIRHFEIDERANE 11-5 AR,
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1 B, ¥ n E7TRHUT “BilT, IFRSINERA TR IR IR E,

2. BN, BFEERn — 1 ETRPT “Eil”, FE IOTRRM BN E,
3. DAMCEHE, &l n — 1 “Hil2” &, Ain — 1 KECERARPE IR IEMA E,

4. RN — TR R R/ VR, SR, HIERSIHER 2.

Bk
BT E

- 000088
BiTE 1 WmER
0oDoBno o

BiTE 2 WES

- 0

BITE 3 ®KER

=
- a0 el
=l
=

HiTE « WEE

0800

BiTE 5 WEE

08000

TRHF (RiF—ExRREHF)

11-5 JEKRHEF AR

EN/iESa N I

// === File: bubble_sort.ts ===

[* AERHRE */
function bubbleSort(nums: number[]): void {
/] SMEE: REFEES [0, 1]
for (let 1 = nums.length - 1; 1 > 0; i--) {
/] WEE: ERHFER [0, 1] PHRATERREZEBNREGH
for (let j =0; j < i; j++) {
if (nums[j] > nums[j + 1]) {
// 33H2 nums[3] E2 nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];

nums[j + 1] = tmp;

SRHIFFER

[01

[o,

[o,

[01

[o,

[o,

5]

4]

3]

2]

1]

o]



B11E HF www.hello-algo.com 231

11.3.2 MEREK

WMEEE, MRK R “BiR” PRAPUTIEMS GRS, SRS Rk, ATERRESR, Fit, [
DA N —{EFEEEAL flag ARESREREE L, — BB ENR M,

KB EM, IR R IE R R A R R 0 5 O(n?) 5 (HE ARSI 2GR, fE
FIRAERRIEREE O(n)

// === File: bubble_sort.ts ===

[* BEFREE (Fst&El) */
function bubbleSortWithFlag(nums: number[]): void {
/] SMERE!: RHFERR [0, 1]
for (let 1 = nums.length - 1; 1 > 0; 1--) {
let flag = false; // #PAKAZEENL
/] NEE: #FRHEFER [0, 1] PHEATERREZEBMNREGIHK
for (let j = 0; j < 15 j++) {
if (nums[j] > nums[j + 1]) {
/] 332 nums[j] £ nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
flag = true; // FEEIMITER
}

}
if (!flag) break; // lt#m “BR" RIMEMTER, BHIRBE

11.3.3 EBEZFH

- RIS S O(n?). EEMERDY: &8 “EIE ESIMIIRERKSn — 1 n—2 ... 2 1,
RIS (n— 1)n/2. TE5IN Flag FE(LTE, REERRIMEEATES) O(n) .

- IR 2 O(1), EHER: $5H 0 A j B RO MIAESNE R,

- REEHE BRME CEIR PBEIS ERAH,

11.4 {HENHEF

HNHRF (insertion sort) /2 —fEHHAVHEFIEATR, ©H0 TR P B — R AR EF AR L

B, FAMEARH I EEE TR, FZorR E AR AP R TRZ — oD, A
ZICER I AZIERERIN B

11-6 J&/R T FFITE A TCRAVIRIERiIE, REMETTERS base , TMFFERMEHIERT1E] base ZHRIFTETT
RIAGREI AL, RIRAF base MUEAG HIERS
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nums[5] = nums[4]

& 3 EAE nums I N
. SRR
EHFERSERIE BEBH—{ ) 2 )2

nums[4] = nums[3]

BRTER [
wEEREs| |\

11-6  BEIRIRANIRME

11.4.1 EBEZRIE
SN 1R AR AN 11-7 FoR.

1. VGIRRET, FESIRYES 1 TR sedE .

2. BEEHFINIES 2 [EITRER base , AFHAMAZEREAER, PEFIRGN 2 ok CHbT.

3. BEHEE 3 (HITRIER base , FFHMATIEMIER, PEFIREG 3 R CHbT.

4. DULKEIE, 7ERB—RT, EEURIE —EICRIER base , I HMARIEMAER, FifixRICHT.

EHFER

[0, o]
[o, 1]
[0, 2]
[0, 3]
[o, 4]

[0, 51

11-7 f@AHEF AR

N/ ES N U
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// === File: insertion_sort.ts ===

[* FANHEF */
function insertionSort(nums: number[]): void {
// IMNEE: BHIFERS [0, 1-1]
for (let 1 = 1; 1 < nums.length; i++) {
const base = nums[i];
let j =1 - 1;
/] WIEE: & base HWAFIEHFEM [0, i-1] PHERUE
while (j >= 0 && nums[j] > base) {
nums[j + 1] = nums[j]; // #& nums[j] EABE—
3--3
}
nums[j + 1] = base; // #& base FR{EZ|IEREE

11.4.2 BEEZFH

- WERIBERE 2 O(n?). BEMEHDY: {ERZEMNF, SUEABRESIFEEE n — 1. n—2. ..
2. 1R, KFHEEI (n — 1)n/2, FIREIES O(n?) , EBSIERFYRE, AREaRIK
Il B NBESISE AT, A SRR R O(n) .

- SRS O(1). Bk $5I 6 F j MERIR O MRS,

C RBEHDY: EEREEET, BT RE SRS TEOEN, AaSEEEFIET.,

11.4.3 {EHENHIFHES

ANHEF R 2 O(n?) , TiFMEIRERE Y PodHeF IR R 2 O(nlogn) o REEAHER
AOiRe R EMERE B8, HAERDRHRBUMOTEDLT, idAHEmEE E ik,

X 01 45 i BRAR ML A RN — 0P S 108 Y IR R A R L, PRIEHEIE 8 O(n log n) BOTR BRI R 7316
RESHOHE PR, S S BUTE R, MiEERHREBUINRE, n? 1 nlogn MUBUEHLESEE, #H
JEAMG AT, AP R BTSRRI PROE MR

HFEE, FF2ERGES (B Java) RINEHFFEAEM THEARY, RBUSES: SRR, SRR
SHARMHIH A, FlntkiEdtr; BiRERs, ERERBEARER.

BESRIETRHE R, B IEHE R RS A F R R 2 O(n?) , (EAEERR RN, AT I SR
FH RN IERHE AR IR, T EAIRER,

- RHF RN TR E T, RERE AR, P 3 (BT, MAHE R TR EE
Bl, {475 1 EEITRME FHitt, WRHDF IR RS E R Ll AHE 5,

OREHUF AT R RS O(n?) o WURESE ML AFINEOR!, FAHDT @ L%
PR T .

- BRI AEE, EERERRZ T,
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REHE B RN M IGRIS P ERE, JUTERL, BRI,

PIEHE R ORI “THIE 2", HEER: BRI ETTRE R R, AFFTH /IR
RUTTRBEIHAR], MAREEERE TR RGN, BREAGR, THICE 2R RrEaE 11-8 For.

1. JERPEY iR Ao TR A BT, WAL RIEEAR L R0 5 2 BldE ) s R e i
2. woE—EEE, EmHER L G) 2hlE RS EHEREER () KR, RBHBEHETR.
3. T ER 2., HE UM §ANBRHELIE, AR RO S W 1 P 7 AR

(quick sort)

Step 1 BEY Step 2 BEH
left right left right
v v

-« (OE088

i

def partition(nums, left, right):

x
bl

nums

def partition(nums, left, right):

CERIS e
i, j = left, right # Bl nums[left] AEae i, j = left, right # B nums[left] ZERsy
while i < j: while i < j:
while i < j and nums[j] >= nums[left]: # #EEAREEMCEEBOTE while i < j and nums[j] >= nums[left]: # HHEMAREERELEBNTE
j-=1 j-=1
while i < j and nums[i] <= nums[left]: # WEEGREEANEEHNTE while i < j and nums[i] <= nums[left]: # ftEBEREEANREEHNTR
i4=1 i=1
nums[i], nums[j] = nums[j], nums[i] # REMETTR nums[i], nums[j] = nums[3], nums[i] # IERETE
nums[i], nums[left] = nums[left], nums[i]  # HERBHEMFRIINS R nums[i], nums[left] = nums[left], nums[i] # HERBEMERMFMIINIFR
return i # EEERHNRS| return i # EEEREHHRS|
Step 3 BEY Step 4 B
left right right

def partition(nums, left, right):

left
v

gn-nag

rtition(nums, left, right):

AR BTSSP
i, j = left, right # Bl nums[left] AEAEH j = left, right # L nums[left] ZAZasy
while i < j: while i < j:
while i < j and nums[j] >= nums[left]: # #EEAREEIMCELBNTE while i < j and nums[j] >= nums[left]: # HHEMAREENRELEHBNTE
j =1 j-=1
while i < j and nums[i] <= nums[left]: # WEMAREBEAREEHNTE while i < j and nums[i] <= nums[left]: # HWEMEREEANREEHNTER
i+4=1 i4=1
nums[i], nums[j] = nums[j], nums[i] # REMETR nums[i], nums[j] = nums[j], nums[i] # ZEmETE
nums[i], nums[left] = nums[left], nums[i] # WEEHZMERFEIINSRE nums[i], nums[left] = nums[left], nums[i] # WEEBRERFMIINS R
return i # EEEEHNRS| return i # EEBEHHRS|
Step 5 BEM Step 6 BEy
left right left right
v
- ~ @00080
‘ A
i g b
i

def partition(nums, left, right):

def partition(nums, left, right):

"UREEIS Bt
i, j = left, right # Bl nums[left] AE¥EH i, j = left, right # B nums[left] AEERH
while i < j: while i < j:
while i < j and nums[j] >= nums[left]: # #EMAREENEERNTE while i < j and nums[j] >= nums[left]: # #AEMEREENEEBNTE
j-=1 j-=1
while i < j and nums[i] <= nums[left]: # #EMEHREEAREERNTE while i < j and nums[i] <= nums[left]: # #AMEREEAREEHNTE
i4=1 i4=1
nums[i], nums[j] = nums[j], nums[i] # SEMIETER nums[i], nums[3] = nums[j], nums[i] # SHMEMIETE
nums[i], nums[left] = nums[left], nums[i] # KEFHREMFEIINSFES nums[i], nums[left] = nums[left], nums[i] # KEFFATHFEIING TR
return i # EEEEHNRS| return i # EEEEHMNRT|
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Step 7 BEY
left right
v v
-~ @00000
. )
i
1
def partition(nums, left, right):
Rl P
i, j = left, right # B nums[left] BEEM
while i < j:
while i < j and nums[3] >= nums[left]: # HEMAREENABERNTE
j-=1
while i < j and nums[i] <= nums[left]: # WEMEREEARBEBNTE
P41
nums[i], nuns[3] = nums[3], nums[il # STEMBTTR
nuns[i], nuns[left] = nums[left], nums[i] # MEEHTHERTEIINHFEL
return i # EEEEHFS|
Step 9

Step 8

def partition(nums, left, right):
RIS
i, j = left, right
while i < j:
while i < j and nums[j] >= nums[left]:

j-=1
while i < j and nuns[i] <= nums[left]:
i4=
nuns[i], nums[3] = nums[31, nums[i]
nuns[i], nums[left] = nums[left], nuns[i]

return i

- @00080

HFES

“HRBIS SRR, MR

EFESIERTR < BEY < AFEIIERTR

11-8  MEIedl 720 Bk

right

[— v
e~
nums [nnan

# B nums[left] ZEREH

# WERAREENNERRNTR
# WEREREEAREERNTR
# ZERETE

# REEHCTREMTEIINI RS
# BEEEHHRS|

W SeE e, JRBESIE R =Rk T RS, AR ATk, Hiwe A rESHEETR <&

B < ATESIERETR". B, WHETR

N

&

18 PRSI T HE P

N S O B B A M R 27 T P o L A 1 25 7 Ml T P 471 T e R R

e
[ PR R 53 6 R

/] === File:

[* TR

swap(nums: number[], i:

quick_sort.ts ===

/

let tmp = nums[i];

nums[i] = nums[j];

nums[j] = tmp;

[* HERIS *

partition(nums: number[], left: number, right: number):

/

// LA nums[left] AEZEZ
let 1 = left,
j = right;

while (i

while (1 < j && nums[j] >= nums[left]) {
j -=1; // REAEKEENSEEHNTER

<3 {

number, j: number): void {

number {
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while (1 < j && nums[i] <= nums[left]) {
1 +=1; // REABKEEANEEHNTER
}
/] TR
this.swap(nums, i, j); // IREMETE

}
this.swap(nums, i, left); // BHEEHIMEM FEHIND R
return i; // REIBEEHZRS]

11.5.1 BEZRIE

PRigHE P AR AR AN E 11-9 Fr,

L. B, BEMESIEET R “THRE)”, [EERHEF R A SR T RS
2. 1%, BT RESIRAG F RS BEERT “IH )7,
3. FHEEE, EEFIESIRER 1REE, s s E AR HE

\
= EDEREE

FRGETE
B EEEE
RIS
BE - [EEE T W
ETEFES EEAETFEY - BHEETEIIRES 1 REILE

X BPR SERLRER HE

Dﬁii‘]ﬁ Dﬁii‘

#IEEE ﬁzﬂ:ﬁL 1HIEE

11-9 PugHEF e
// === File: quick_sort.ts ===

[* REHE */
quickSort(nums: number[], left: number, right: number): void {
/] FEIIRER 1 B&IEEE
if (left >= right) {
return;

}
/] HEES
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const pivot = this.partition(nums, left, right);
/] BEEEFET. &FET

this.quickSort(nums, left, pivot - 1);
this.quickSort(nums, pivot + 1, right);

11.5.2 EEZXIFH

- WFHBGEEZ O(nlogn). JFHEREHT: EFEHT, WHEESIERESS logn , BEHH
HEEE A N, BEMHEH O(nlogn) K, ERZEMN T, S E S RIEEIERE 2 n 1IBEFIE]
NERESR M n — 1 NWMEFEY], LRDEEEEES] n, SEHERES n, AR O(nz)
IR

- BHEEEES O(n). KM : E#AE 2 2EFER T, ERRZEEERE n, HH O(n) #
B, HEFRE R MA FEITHY, RFEBNEHINES),

- AT EEEEISRE D, EEEETREG PR BT RGN,

11.5.3 fREHIFRTER

eam ERRER t, PRIEHEFERCRTTHEZEA R ES, @8 REHEE R PR R 5 0
FP7 A “HEREHERST AR, (EDE R PO R E S, EEA IR,

- IBURE DI RIME: SEAPUREEF N RERIERE S O(n?) , WHAHIFRE, EEHEK
ZHIEHT, PudHFRETE O(nlogn) IR IR FEUT,

- DRERE R Eiﬂﬁﬂﬁﬁ%ﬂﬁﬁﬁ{’ﬁ , ARHBCATHSEEAE TR RON B PRI, A R 7T 3R A R
o Mg “HEREHET” E(ﬁﬁ/ﬁiﬁﬁ%wﬁg‘ﬁmﬁﬁ%, femmit =38 — o

- BHDERREBURRUD . £ ER=REERA, PR, RE, SRR R ER D, S5
AR e “TEuRHERT SRR R L

11.5.4 BEHREK

P b A 2ol A\ T RYIRFISCR AT RERRIS, 28 —(Etssm Bl 7, ek Ay 22 2R, BRTfEsE
RACITCERIE R R RY, JIRBEENN 8 s iliR, BB iR E A v, EEE FRSIRER n — 1,
ATHIHRER 0o WIEE X, SREEE MG T EIINRER 0, 2IaRIEAN, Pudiy
BACR “ERHERF" RREOIER,

7 T BRI ISHEEERE, AT DU AR Sed) 73 v R SL R BB IGR G . Ban, TR AT DAREHOE IR —
ETCERIE AR, SR, WURIESONE, RRENESIABER RS, R RIAE,
REEERZ, BRGESENLRNE "R, RIS MR REEEUF SR — R R R R B,
R DO HEF IR TSR AT RES L.

T E— PG, TR DAERS R = A pOE TR CERAMSIRE, B, PRITR), AMilfiE =k
TURAPALBAE 2 AL R, JEhE— ok, FRERE BB BIBRAGKIER T, R, JINER L
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EREZETTR, DUE— PR EEIRARE N, RAERTTTER,
RFEAR,

RBIFEEEA T :
/] === File: quick_sort.ts ===

[* BEE={EEETRNPUE */
medianThree(

nums: number[],

left: number,

mid: number,

right: number
): number {

let 1 = nums[left],

m = nums[mid],

r = nums[right];
[/ m7E LA r ZMHE
if ((L<=m& m<=r) || (r <=m& m<=1)) return mid;
[/ LEmF r 2/
if ((m<=18& L <=r) || (r<=128&% 1 <=m)) return left;
return right;

}

[* HEED (Z2ERE) */
partition(nums: number[], left: number, right: number): number {
/] EE={EEEE TR I BN
let med = this.medianThree(
nums,
left,
Math.floor((left + right) / 2),
right
)
/] FEHRUEIRIAE S R AU
this.swap(nums, left, med);
// LU nums[left] AEEEEL
let 1 = left,
j = right;
while (1 < j) {
while (1 < j && nums[j] >= nums[left]) {
i--; /] REEEHREENCEEHNTER
}
while (1 < j && nums[i1] <= nums[left]) {
T+ /) EMGIREEARREEHN TR
}
this.swap(nums, i, j); // XIREMETE
}
this.swap(nums, i, left); // ISEEHINEM TSI D FR4R

RFRTIEAEE 102 O(n?) MR K



B11E HF www.hello-algo.com 239

return i; // REIRZEHHNERS]

11.5.5 EiEOR{ENL

TSR R, PuHb T REM SRR 2, DLE A 7 rVE A B 26, SORE ) FREYIRE R m,
T S E R EE A EA RIE S 0 WA TFRAIFREZS m — 1 A RS, 18 ERE & — g ik ey &b
RERIER /N (R —EeR), BESNSEEES n — 1, WRFEGH O(n) K/NHEBIEZ
FEﬁo

2T BB B, B DA R ST e, LB TR R, (BN T-Biig
TR, P TSR R Gl /2 , (R RE T AR ORI R R log n , TR
SRS ER AL O(logn) o FRSCEEAT RFTT:

/] === File: quick_sort.ts ===

[* REHE (BRRRENK) */
quickSort(nums: number[], left: number, right: number): void {
/] FEIREZR 1 B&1E
while (left < right) {
/] HEBDIRE
let pivot = this.partition(nums, left, right);
/] EWEFEF R EAEAAE NI TRER
if (pivot - left < right - pivot) {
this.quickSort(nums, left, pivot - 1); // IEEHIFEALFFES
left = pivot + 1; // FIERRHFER% [pivot + 1, right]
} else {
this.quickSort(nums, pivot + 1, right); // IEE@HIFEATFES
right = pivot - 1; // FEFKRHFERZ [left, pivot - 1]

11.6 af#HF

BHHEF (merge sort) Z— RN MERISATHIF AR, ©EE 11-10 Forpy 81537 1 “50F” B,

1. B PEEL: IZ BB R e e R R 70 B, 1R P8 ) HE e ) L 45 2 R 01 ) e
2. GOEE: B EAIRER 1 R ib# oy, FMGa0F, RS M EERE A RS & OF 2 — 188
RIVA TS, EEEH,
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PEEEEEEE

s EIDPER

... SR
S

- Bt

M 11-10 &R RIS B & HF e

11.6.1 EBEZRIE
GOiE 11-11 Fow, “BISBEEE 10T 25 PR I b 35 ek 271 446 S 7] 4 2 T A1 - i3

1. atRMSHE nid , JEEHE D7 TR (EHE [left, mid]) MG TS (B [mid + 1, right] ).
2. EEPITHER 1., EETFREYIEMERER 1 &L,

“EORER” TR ETHM L T SR 1 S S O 2 — A RS, REERERR, RRER 1 K5I
wmatr, SOREERPRIEE T EAIER A PR,

" (7 ]2 6] ’ (7= ]2]e]
BEES s 1
.......................................... ESRE (. ..
‘ EJ12000 E312500
EIMA B ‘ EEH J
[ Step 1 [ Step 2
e ‘ (Fa1z]E]
BTG ‘ BEES ‘
' Rl ’ a2 e
EE s EEH

[Steps ] [Stepl. ]
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BERS -
wEE
i
Eas -
| Step 5 Step 6
EOMS -
. EEEE
3125000
E#EH <
[ Step 7 ] Step 8
BERS -
EaH -
[ Step 9 [step 10

B 11-11 AHrHEFE PR

B, SOt R TR AL R E 2 — B,
- R JURE TR, FREEG TR, REEIHRER,

BEES <

E¥Es -

BaE#s -

EMEH -

BERS -

E¥Es -

- Al JRREAE TR, RREG TS, RIREH S O
GO REBN AR ATR, ER, nums BITFEOFEMZTy [left, right], T tmp ATEIERER 2

[0, right - left].,

// === File: merge_sort.ts ===

[* BHEFESIFA TS */
function merge(nums: number[], left: number, mid: number, right:
/] EFEYIERA [left, mid], GFEFIEMZA [mid+l, right]
/] BI—EEREFRES tmp , AREREHEGESR
const tmp = new Array(right - left + 1);
/] MR FESIFRA FREFIIAERS]
let 1 = left,
j=mid+ 1,
k = 0;

number): void {

HERE
31500

HanaE
[313500
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/] EEETFEEERTERR, EITIBRL RN TTRER T ERRES
while (1 <= mid && j <= right) {
if (nums[1] <= nums[j]) {
tmp[k++] = nums[i++];
} else {
tmp[k++] = nums[j++];
}
}
/] BEFREFIRAFESRFIER TR E ST ERR S
while (1 <= mid) {
tmp[k++] = nums[i++];
}
while (j <= right) {
tmp[k++] = nums[j++];
}
/] "EEREEMES tmp FRAVTTRIEHERMES] nuns FIEFEZR
for (k = 0; k < tmp.length; k++) {
nums[left + k] = tmp[k];

}

[* afftHiE */
function mergeSort(nums: number[], left: number, right: number): void {
/] #IEEH
if (left >= right) return; // BEFMEFIRES 1 BEIEREED
/] BIDFEES
let mid = Math.floor(left + (right - left) / 2); // stEHE;
mergeSort(nums, left, mid); // IEEALFFEF
mergeSort(nums, mid + 1, right); // EEHAFFET
/] EHPEEE

merge(nums, left, mid, right);

11.6.2 EEZIFH

WERIBIERIE 2 O(nlogn). JEENBMEHERF: 8195754 RERE 2 log n HOEIES, 158 & DRROMERIE B
Zym, FHAABEERIERE 2 O(nlogn) .

- R O(n). BB EEEES logn , HA O(logn) K/MOMBIEZME, & 0HRE
FEMBIBESIEE, #7 O(n) A/MOIESNER,

- REEHE: EAPHBRT, SRR R R,

11.6.3 i#4ERTIHEF

G, A O AR L B EL B9, DS RAS B A L 500 2 P M I
E0(1),
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- Ao REBE: ATDAGER] A7 BMR IR ACE B A R A > TR, (EE 2R {4 A HE AR e
© ADIREEL: EREASESIR, EIREMBREHERSEES N (e HRTEE, REHEER GEmEES
FRstf R SOt R — AR A FPslah R 41) I RN A R A,

HESE B LR, A B p R n] AR & R T 238,

11.7 MiEHIF

Tip
FIREAHIRT, SEREMRCEESE “HERE “EHI,

HHEHE (heap sort) 2 — MR AHERE RIS E B AP A R, FRATAT DR H CAESERT "2 i
BIE” R TR HHERERIE” EBHEREHT

1. i ARSI AT/ NTEHERS,  IEiRe B/ T 3R AR HERATHL
2. NETT HHERRE, RIRECEHHERDTR, RIRlSEI NEIRHE IR,

PAETTIREESRRIAT, (ERREREY — RS MES A s tH TR, HEGRE M, EERD, JIEEEH
— R E AR E B T

11.7.1 BEERIE
XA RES n, WEHEFIIREWE 11-12 s,

1. S \BEZ AN RTEHERE, SEliR, RATTRANHERETH,

2. AFHERETELR (BB —EC®) SUMERERITR (RE—ETR) iR, ERERE, HEIRERL, B
HePeREEmMm 1.

3. TEHERETH R, TETHB R THRE IR (sift down), SERUCMEREILIR, HERRUMEESSIBIA,

4. JEREPITE 2. PRIF 3. P, JWE n — 1@wE, RAsesBEsIHEY,

Tip
HEEE, STREMEBEREHRUSE 2. PHE 3. P, QR 7 —EETTRIPEE,

T AT
/ \ / 1. BAMBIRIER / \ ] 1. BAESILRIER
@ 2. EEERRRRRATE
JR— (1) ZHEWRTRIVERETE
RENEUER SHFERD
ERENESIRR
nums > B
| i - i
ERRTE HRETE

Step 1 Step 2
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o060

HENEREN EHFEN

~

l Step 3

0
@ ©
o000

EMNEREN SHFER

Y S N

[ster 5

O
© o
000

ERANERER SHFERR

e o
000

EMNEREN SHFER
—

(s

000

HENEREN EHFERN

s

nums

ISR

1. ENREDIEEER

i SERPRIURA TR
(1) HERRTRIBEERTR
(2) WREREITHERL

SR

1. WAREDIGEER

2. EESERPREURATR
(1) ZERATRERETE
(2) REBERETERL

ST

1. ENREDIEERER
EEESERTRRBATR
(1) HERRTRIVEERTR
(2) WREFREITHERL

SR

1. WAREDIGEER

2. EESERPREURATR
(1) ZERATRERETE
(2) RBERETERL

ST

1. ENREDIEERER

i SERPRIURATR
(1) HERRTRIVERRTR
(2) WREREITHERL

000

HEANERER SHFER

Is N

nums

e o
000

ERNENERN SHFEM
— A

@ ©
000

ERNENER BHFERM

nums

‘ Step 8 ‘

000

EMNEREN EAFERN

nums

Step 10

0060

EHFERM

nums

‘Step 12‘

SETRHIF

1. BNREDIAERIER
2. EEPERPRIBATR
(1) RBBERTRBERETR

SR

1. ENFEDIEER
2. EESERPRIRATE
(1) ERBTRIVERETER

SETRHIF

1. BNREDIAERIER
2. EEPERPRIBATR
(1) RBBERTRBERETR

SERHE

1. BNEHAFRER
2. EESERPRIRATE
(1) ERETRIVERETER

SETRHIF

1. BNREDIAERIER

2. EEPERPRIBATR

(1) ERRTRIBERRTR
(2) WIREREITERNL

3. FF—ETHRRARE, HFTR
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11-12 HEfEHE B

RIS EEIA, MM 78 “HERE” SHETHRRIETH 2 RHEREL sift_down() BRI, (EfSERAE, H
JRHERE R S R E R BURCRTTR M), R 245 sift_down() BRFUHTHYE —EREZZSE n, MR
TEHERRE TR R, PRI AR

// === File: heap_sort.ts ===

[* WRHRER n , RS 1 BAE, HIEZERMERK */
function siftDown(nums: number[], n: number, i: number): void {
while (true) {
/] FIERERRS 1, 1, r PERANESR, 55 na
let 1 =2 *1+ 1;
let r=2*1+ 2;
let ma = 1;
if (L < n && nums[1] > nums[ma]) {
ma = 1;
}

if (r < n & nums[r] > nums[ma]) {

}
/] EEiE 1 HRARERS 1, r @R, SEEEEERK, B
if (ma === 1) {
break;
}
/] RIAMERRE
[nums[1], nums[ma]] = [nums[ma], nums[i]];
/] BB T AL

i = ma;
}

[* ERRHE */
function heapSort(nums: number[]): void {
/] EETEIRIE: HRRUPREEIRL UMY E PR B EIRS
for (let i1 = Math.floor(nums.length / 2) - 1; 1 >= 0; 1--) {
siftDown(nums, nums.length, i);
}
/] WHRPRINEATE, EE n-1 &
for (let 1 = nums.length - 1; 1 > 0; 1--) {
/] RIRERRE AR HRETRERETR)
[nums[0], nums[i1]] = [nums[i], nums[0]];
/] VIRENELAEERS, RTEEREITHRK

siftDown(nums, i, 0);
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11.7.2 BEZEIFH

- IHIBEE S O(nlogn). IEABEEHNT : EHERHREGH O(n) K, 1EHER - IREUR AT RN
IR 2 O(logn) , HIEE n — 1 .

- BEEERES O(L). MY SEEEEEER O(1) M. TCRIRFHERI R EAR 176 = 5
T,

- AR R ERETE TR AR ROT RN, S CRIHEEN Br et L,

11.8 HHiF

AR AR HE P A Y SR LA HE PR, EMEE LBOTR M A/ NVREBIHEF . EHER T
FUARR M B O(nlogn) o R, RIMUERFIRRE “EHLBHPP AR, EMIR e
JE AT DOER SRR

@ (bucket sort) 2 IEHRIGH —EMAER, EEBBE —LERBAR/NMEFIIN, SFEMHEE— 88
TRELE, AFERPEEI BRI ER T, MR, EREmNE D BIBITHY, REGLIRRIET T B RS
Ot

11.8.1 BEZERIE
FRERER n WHZF], HooREHEE [0, 1) WHTEREL MHEFRRARE 11-13 iR,

1. FHAML K fEms, & n ETRoBCE & @R,
2. ¥HgERE o BIBTHEY CEERAREGE S I NEHF ),
3. TZIRIE NEIRRINEF & DS R

RS EHET, BEHF

e\ ]~ — SRR
1% HE@EFEs
buckets HITH
HFiE [m.zl,“"‘ 0.4) [0.4, 0.6) [@.a',. 0.8) [E)”,/é[’,l.m)
“ RERRRIERF
Y EfER

X Y & Y :
w0 05 .15 ] o.57 Jo.43 0.5 ]o.57] .75 0.2 [ 0.51] 056

11-13 ML

FEFCHSUN R R
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// === File: bucket_sort.ts ===

[* BHF */
function bucketSort(nums: number[]): void {
/] Ek k = n/2 @1, FEEESERSE 2 @xER
const k = nums.length / 2;
const buckets: number[][] = [];
for (let 1 = 0; 1 < k; 1++) {
buckets.push([]);
}
/] 1. BEFITEDERREFH
for (const num of nums) {
/] MANBREER [0, 1), A nun * k HMINZRS|EE [0, k-1]
const 1 = Math.floor(num * k);
[/ #& num FTIGER 1
buckets[i].push(num);
}
/] 2. HEERRITHF
for (const bucket of buckets) {
/] ERMNEHFRI, WalIBRpEMHIR RS
bucket.sort((a, b) == a - b);

}
/] 3. EhREHER
let 1 = 0;

for (const bucket of buckets) {
for (const num of bucket) {
nums[i++] = num;

}

11.8.2 EEZIFH

e E R R BRI RL, BN, SABREE 100 BEDTR, HRSHIRG, RetcEEEL—
RMERAFTE R R R, ATDUS BRI AL 1000 i, A1 B EMETHR, REFEERE 0,

WERIBHEIE 2 O(n + k) © [EUTEIES RN TEIAMG, IOE SRR TRRS & B
HLUEREEE O(2 log ) B, HIHERAFARGER O(nlog ™) B, HEHIBUR k HEBEARS, WINEMR
BRI O(n) . SOHERISTEEESFEMNTE, B8 O(n + k) i, EREWLF, FiEd
B IE) —IRER, ELHEFA O(n2) IR,

- SRR S O(n + k). TR ) k R o (E7e R,

R SRR A RN TR M R
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11.8.3 WAIERFIY7EC

WHEP (IR R AR LB S AT DUER] O(n) , BASETERRCRIII BRI M, KA BEirepEareg
B oR. G, FRFEESREE - RIRTA S E RS E - 0 BCE] 10 fE,  (ER A ERS 0 A,
IR 100 JTERYAERS 22, ik 1000 TTRYARHR Do 5 i EAS I P28 0 2 10 {1, SEMPRIm S SEZEE S
FEH K.

R BB 0L, B AT DR — R BI 72 AR, ORI o 3 3 fEk R, PRCSERR, PHIERIS
W2 RN o 2y 3 M, EEFTAMPRTRBURARBIE,
GniE 11-14 FoR, SERGEARE LRE -PEES, HEZEEmBAEEATREEY, B, AEEE
W ERHE 2% 3 (e, EARE 0 75 TR R R R 3R TG

BmEE
-— BHEISER
ARHELE — g5y 20% 15%
? BERER &R
T
BARER — 100 100-500 >500 <10 8%
10-20 13%
20-35 12%
18% 35% 12% 35-50 10%
- 50-100 12%
<10 10150~ 50-100 100-500  20%
- : - >500 15%
13% 12% 10%
10-20 20-35 35-50

11-14 JEEE 534

QI SRR AR o A (R AR o4, BT DURR BRI 3 o iisst s IR (LR 7 . (ESTE Y,
BRI A —E T RS, R DARSRE R B PR A R R E T L

qniE 11-15 AR, BB S ERSARTE & i, TS Akmln] DA BEMhiss e RS IR, TR Ao P25 23 e
FBE
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WEwE

0.4

0.1 \

+oo  Em{ENE

N,

; @@@ﬁ@ﬁ

EREE <3 3~10 10~25 25~80 80~200 >200
11-15 ARBEMEER 7181 oA

11.9 =tEHIF

StEHEF (counting sort) BBF G TRBERELIHE, 18 EHRREEHS,

11.9.1 ESER

FelkE —EHFEH BB, 45 —ERE S n B nuns , EFPRTTEERE “AEEE”, SHEEHF R
FEQNE 11-16 AR,

1. EFMEY], HRHEPNRERET, 58hm, REBEET—ERES m + 1 WEBIMEY] counter

2. #EB) counter Hiit nums A FRIHIBLREL, HA counter[num] ¥HEEIT num I BIIREL, SatT7%
RGE, HFEED nums GREFTEFS num), SIS counter[num] #4411 BIA],

3. HA counter MHRMERTI KRG, FIHERMEBFEKHFE 17, TR, FIMES counter ,
MRPR A B B/ DRI IE RN nums BITAT,

FHIFMY) nums 1 anna 4

EF nums WHFEHFRIHITURE

‘.f.f“'li\-‘:b . , counter[num] Fx num MHIRRY
=5l (M) o 1 2 4

FE#h counter , BEHFE

‘ | BRHFRBHAN nuns BI7

EREY nums
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11-16 #HEEHEF TR

RS AN R R

/1

/*
/1

=== File: counting_sort.ts ===

sTEHE */
MERR, SEAREFYHT

function countingSortNaive(nums: number[]): void {

/] 1. BEEFIRATER n
let m = 0;
for (const num of nums) {
m = Math.max(m, num);
}
/] 2. BEtEEFRIHIRRE
// counter[num] X3 num BYHIRXRER
const counter: number[] = new Array<number>(m + 1).fil11(0);

for (const num of nums) {

counter[num]++;
}
// 3. XEFF counter , HFRTHRENERES] nums
let 1 = 0;

for (let num = 0; num < m + 1; num++) {
for (let j = 0; j < counter[num]; j++, i++) {

nums[i] = num;

}
}
A HECHE T BT HE 3 ) R B

RIS, AT DS EHBEHERE AR RIS counter RIRHIEIRS AR 25— MM, REFEHEE

ABFEE (BT R LR S BRI, A L, St M R R MR — R,

11.9.2 TEER

ADRYEEE ATRESRER 17, AR A RORERPIPE, EIRDER 3. iR Y. Bekm NG rRDER I, iF8%
MRr AR RS CRBIR AR EEED) SR e THy, M bR A H ESAHE A5 R

TREEAIARIA BEAS B DRI HE P S5 R E?. TR ST counter 9 “RITARAN", BEAER, RI| L EAVATER
prefix[i] SFHFEFIAT 1 fETTRZH:
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AR A IR ESR, prefix[nun] - 1 AAFILH num TEEREHS res iR —IRINBI RS, EEE
EHBHSE, A e SRR ET R B A RS IME AL B, TR, BRI EFERES] nums #Y
FETTER num , FERIRIEHHUTLATID,

1. #% num AP res FIZET| prefix[num] - 1 )&,
2. DRI prefix[num] BN 1, EMEE] FXHE num IZES],

ERTERIR, Y res FRUEHEPAFHIAER, BRI res B2 nums BIRT, [E 11-17 R T 528 ATR!
Br i,

RFES) nums

me e (D EB000080

7 s

/

Z /// S
HF num e 12 3 4 BF num o 1 2 3 4
e conce: (DEEOE el 2 [ > [ [ o]
(counter)
FEF nums WHAHSEHRFHHTRE 5% counter WURIERM, A prefix
counter[num] & num AIHZRH prefix[num] - 1 % num 7% res PRE—RHFENES|
[ Step 1 ] ( Step 2

num num

| :
= (000000000 = (008000000
= (SEDEO0E000 e ((EOE000080

= B > —
/ yd /"
S YA
BFoum 0 1 2 3 4 BFum 0 1 2 3 &4
wan peoss (OO00 wan prorts (OAOA
(counter) (counter)
BIFFED nuns FRSMETRE nun , SHRHT: BIFFED nuns PRSETE nun , SHRIYT:
1. # num A res WH3| prefix[num] - 1 & 1. # num A res W%3| prefix[num] - 1 &
e 2. 2GR prefix[num] BE 1 , #MEHTRKE nun S| —_— 2. 2B prefix[num] BHE 1 , #MEHTREE nun MES|
| step 3 ] Step 4
num num

:
= e ((OEB000000
= - (EEHEEE0080 el [ [o] [ [ [2]:] [«

[R5 nums

/ —

/ ,r e - - / s - -~ -
BF num 0 1 2 3 4 BFnum 0 1 2 3 &4
wen wertx (DOO0 wan werix (@DOO0
(counter) (counter)
FIFFED nuns FRSMETR nun , SHRHT: BIFEDS nuns PRSETRE nun , SHIIT:
1. #% num A res HF3| prefix[num] - 1 & 1. #§ num A res MWFH35| prefix[num] - 1 &
2. SHEA prefix[num] Bl 1 , HWEHTRKE num W3] ) 2. SBER prefix[num] B 1 , HMEHTRKE num B3|
Step 5 Step 6

- (000000000 - (0000000000
e - (0000000000 wen < (000000000

#F num 012'3"1.' HBFoum 0 1 2 3 &

BIEEM prefix una BB prefix nnn
(counter) (counter)
HREHAREDRE, HIRRREIITERED PR res BERES nums EPA]

B res FREEHFNGER

[ Step 7 Step 8
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11-17 #HEEHEF B
S R BB B RAR:

// === File: counting_sort.ts ===

[* stEHE */
/] TEBER, HEYHE, EEREHRF
function countingSort(nums: number[]): void {
/] 1. BEEtREFIRAITER n
let m = 0;
for (const num of nums) {
m = Math.max(m, num);
}
/] 2. BEtEEFRIHIRRE
// counter[num] fXF num BYHHIRREL
const counter: number[] = new Array<number>(m + 1).fil1(0);
for (const num of nums) {
counter[num]++;
}
/] 3. K counter RVEIEZAN, #& “HIRE @ifs “BRs17
/] BN counter[num]-1 & num 7 res FRE—RBIRMZES|
for (let 1 = 0; 1 < m; 1++) {
counter[i + 1] += counter[i];
}
/] 4. BEIFEES nums , BETRENERES res
/] WEKES] res FARGCIRER
const n = nums.length;
const res: number[] = new Array<number>(n);
for (let i1 =n - 1; 1 >=0; 1--) {
const num = nums[i];
res[counter[num] - 1] = num; // #& num ERIHERSIE
counter[num]--; // FEERMBER 1 , [EITRKE nun BIES|
}
/] ERERREY res BERMEY nums
for (let 1 = 0; 1 < n; 1++) {

nums[i] = res[i];

11.9.3 EBEZIFH

IFEIERE 2 O(n 4+ m). IEABREHT: ¥ KES nuns FIZES counter , #TEAIARMERER, —RIE
R n>m, RHEEREEROMN).
- BEEREES O(n +m). MY #B) T RESAIZ n 1 m KI5 res F1 counter o
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- REHEE: R res PEFETTRNIERE “RAHLET B9, RILEFE nuns AT AR T
R HHEBME, EmEREEHT. BERLE, EFES nuns 1A DUSEEMAHT AR, HER
AR,

11.9.4 REiRE
BN, (RFFEBEEEEFIERIGY, (5585 SRR BB S HET ., A, HHEHEH
(1T BT B8 A S 2 S

a8y R R, ARSI AR AR ER, 7R fE R ] DU R IR B R, I H
FEEOBRE P ARE ST R Z HHB AN R, Blan, SRS e EmEs)], o] USRI E &y
E—ERE, AFERErEBlsEy, HpsepigmERmE X,

AHEEHPF R R RHE R H BRI R B MO TEDL, e, £ BIRRBIF m ARRERK, & HIE A A iE 222,
Hn <mB, sHEHERFEER O(m) R, ATREEL O(nlogn) MU EEIRIE 218,

11.10 EEHiF

bR T R, SR RE R n SO HEREE m B NMYIEDL, BRI EE n = 100 [
SEITHEY, MiSsEE 8 8 MiT, EEREEREE m = 10% R A, AFHBHFEE AR T
TR, AR EHE R AT DOk S i 5

HEHF (radixsort) AL EAHEEHEHIE — 2, hEBREHEBCRERHF., AR L, EEHFA
MBS A2 MBEERER, QUG —ALETHY, RS IR H &R,

11.10.1 EBEEERIE
DAERERRL A R BRSO RS 16, BEM 2% 8 A, HEHIFHmRAEWE 11-18 Fix.

1. WistehiEk =1,
2. BIEERRIE kAT “RHEEERT. ERUR, BRIEIRIES kA0 NEIRHE,
3. kAN 1, AARIREER 2. MU, ERIFTE LAHER 2R R,
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BAES] nums

» CALbtE, HiF HFE 8 fi
A k = 1

B OHEE 1 0 HEE 2 i ®3~7 M BHHFER

10546151
30524779
82060337 34862445

72429244 35663510
s 42865989
63832996 63832996

81883077 81883@77 72429244
81883077

10546151 35663510 35663519

88906420

88906429

35663510

42865989

10546151

34862445
81883077

88906420
72429244
30524779

82060337 305247179
42865989 42865989
30524779 63832995

82060337

82060337
88906420

63832996

11-18 BB FEEE R

TNHEHHFERXEER, ¥R dEMHRINET o, BBIHSE kAL z, , AJRUEAIEEAR:
x
Ty, = LWJ mod d

Her |a| RARENFEE o 17 FEEE, M mod d Rm¥ d BUR (BUiR). BESEER, d =10 H k € [1, 8]

o

BN, B N RS, (2 AT USRI k (T
// === File: radix_sort.ts ===

/* ¥EBYITE num BI5 k i, EAF exp = 107(k-1) */
function digit(num: number, exp: number): number {
/] BN exp MIE k AILLBEELREREHITRENRAHE
return Math.floor(num / exp) % 10;

/* stEHE (RIE nums 3B k fIHE) */
function countingSortDigit(nums: number[], exp: number): void {
/] TEMAENUERES 0~ , ALFEREA 10 KRS
const counter = new Array(10).fil1(0);
const n = nums.length;
/] st 0~9 FEFHIHIRRE
for (let 1 = 0; 1 < n; i++) {
const d = digit(nums[i], exp); // JEBX nums[i] % k {i, 5% d
counter[d]++; // GEtEIF d BIHIRRER
}
/] KRETEM, & “HIREE B|ian “EHIR5”
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for (let 1 = 1; 1 < 10; 1++) {
counter[i] += counter[i - 1];
}
/] BIFESR, RIBRNGEER, HETREN res
const res = new Array(n).fill(0);
for (let 1 =n - 1; 1 >=0; i1--) {
const d = digit(nums[i], exp);
const j = counter[d] - 1; // JEBY d TEEFIFAIZRS| j
res[j] = nums[i]; // HERITRENERS j
counter[d]--; // #& d HUEEH 1
}
/] ERERBERMESY nums
for (let 1 = 0; 1 < n; i++) {

nums[1] = res[i];
}

[* BEHF */
function radixSort(nums: number[]): void {
/] EEEFINEATE, ARAERAAGE
let m = Number .MIN_VALUE;
for (const num of nums) {
if (num > m) {
m = num;
}
}
/] EBRUEAIZSEAERFES
for (let exp = 1; exp <= m; exp *= 10) {
/] BESITTENE k BITHEHE
// k=1 ->exp =1
/] k=2 ->exp = 10
// Bl exp = 10~(k-1)
countingSortDigit(nums, exp);

ST EGE AR B 4RHEE?

FEEGRIHF O, R—ir @B W AR, B, RSB —WHFSi R a < b,
M PR a > b, RS “EASSSIFIRAE —WmAA R, BB A A B SRk
iz, IS A L,

11.10.2 EEEISH

HEURTASHUCHE P, S P PR A W B B KO 0, BTSRRI AT DA 2 s DL R, FLAE
WORREIE K, B, FBEWORIE & (5 Ry, D2 HR Bk, MTABEBIRRIEIRFE O (nk) > O(n?)
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- IFHIEEES O(nk). JEAEEHNY : SE8REA n. BRI dEMHL SRNEE k, RIEE—
BATEHEEEF R O(n + d) B, HEFATE kAER O((n + d)k) R, @HEEN R, dfk #4H
gy, REREE#EN On) o

- BHEEEES O(n + d). EEMHY: SEHEHEFHER, S8 FEERES n M d Y] res
F1 counter .

- Bty ErtEsEEiEey, Bt EE; EitEdHEE AMEER, REEHE R AR E R ERR
HeEss 5,

11.11 /i

1. EB4[OEE

R BB A T R A . BT — (A R B BHRANR ], TR AT DA
F B R R B EE AL O (m)

BN R ER N TR BB R O ERERE, TS, MRS A
BRI 2 O(n?) , (HHRBTIREHEED, B LE NEORHR AUHER (LR P 3200,

R R A S B MR B, TER B R, A AT AR RGBS S SR
BT O(n?) o 51\ R R ok b M EL e T DA (IR % (L AOMER, B /7 5T LA 2
M BRI, e R R R LS O(log n)

AP R A AR, MU T S AME, TEA BRI, HE RS s BB
51, SXRMEHEE 2 O(n) 5 SRTIHERFHRAS SR 2R T DUR AL O(1)

- S SES R YRR, RN A0SR, TR T AR, R R
HORE I, AR OB R YRR T T 4L,

B A 1 — RS, BB IR RO B B, SR R R R R ()
EOREE A TRAOEI, 3 LR A IR,

- M FEEBE R AR B BIVORE, SR VRIS T L R R

AR, BTSSR RGNS, B SRR, R, BULUY RS, AT, E4
AR RIS — R, 1A — R L AR S R R ST T A e, (BTN, T
TR R AR IS A A HE I,

C O 11-19 B T HPFREIIANRCR, R, SRHLPER R R,
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R SRR R

se  ws  me  ge | BEE  em  sEme  siue

mEAS O o o) o) | dEE  FH FSEm  bE

ig(if)ﬁ o AKHE o(n) o(n?) o(n?) o(1) e it =hilis Lhig
A Om) o  om) o) | @R FH  GEE LB

BOE#F  Onlogn) Ofmiogn) O(d)  Ofogn) | 3ilE i  FEEE  HL#

é’;ﬁfg’i . @HH#EF  O(logn) O(mlgn) O(nlogn)  OM) | ME  HEM HEEE  E#
MHHF  Onign) O(iogn) O(nlogn)  O(1) | #EE Bk HE&EE LR

BAF | On+k On+k  OM) On+k | ME  HEM  EEEE  HHR

BONF . W On+m) On+m) Onsm) Onem) | WE  HEE FEEE  FER
EMHF  Onk) Ok Omk  Om+b) | ME  FEE  FEEE R

il
FHFED, kK AEHE
= i ® ‘ HEE, n ARNEE
EBHFR, k BRALH, JES b EOH

11-19 HEpEEEELE

2. Q&A

Q: HEFpEAEIARRE AT BN R 2L

EHREF, BMETREENY AR EE e TH R, B, 24AE0aMaEmmEEE, RMmEEEH—
2 aHE 7 : SeieiiEiETHET, 1520 (A, 180) (B, 185) (C, 170) (D, 170) ; F¥ & EETHF. H
RHEFEEEAEE, R gES3) (b, 170) (C, 170) (A, 180) (B, 185),

A DAEEEE, 24 D M C A E IR TR, AN EREWEEE T, miE2RMAREERN,

Q: M@l “WEHEAER W “AFEAGER” HNIEF ] DA HNE?

AT, EERMUAR TR AR, WHSE “CHEELAER” B “NCEEEERT, Bt aELRER,
FAM A AT — R A

ME L& 5) partition() BIREBE—HEAH nums[left] l nums[i] » ZEARACHUE, REEEEUFIBRYITEAS <= 2
HEEL JEARECR R — 2 AZ WA nums[left] >= nums[i] RMSHBRNE, ERGERFRMSe “WEAEEAER”, ARERWIR
PEAZ LR K TR, HIEAE 1 == j RFSkHIERE, SR THE nums[j] == nums[i] > nums[left],
TR, MRFRIE — 0 SR E g 0 — LR B R e R R R A Ao v, BRI ) 7
BEG 7, ATk (e, 0, 0, 0, 1], WHRL “WEREGER", HEH5 &M% (1, 0, 0, 0, 0], &
{845 52 AN IE R,

HRAEE T, WRBRMEE nuns[right] ZEHEE, BB EGRIER, HWENE “MEAFHER,

Q: FREIEEREN, At EEEN YRR E R EAEE logn ?

A R 2 AT AIR B A E /7 VAR BRI T 3 o0 BAM AT e B 27 31 0 22 P AT - R 37, 7 B2 0 A e
Ri%, W RIEEP 7R E R R AR YR ER—Yf, RRREEN, —BEA—PRE, AER&INER
IREEFRSE logn o

Bl RGO PEHE R, FAMA P RE Sl R K Ei K, mEBR IS n. n—1, ..., 2, 1, IE
TERE 2 n o RBIREERELAT DO RS G H IR,
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Q: HEHFIHATA TTRA SRS, POdHE R R R 2 O(n?) W52 s el i B AR (L% i ?

. BIRNEREEDL, AT A REIE B S #] R A > 2 =8y ANRL SRR RIRE R, EH IR
B NAFURIR IR ER Y. FERZITIE S, EATTR EMHFRIRES], (2T o BT 2 aHE T,

Q: HHHER IR AR R I 2o T BE 2 O(n?) 2

BEWIT, FrEEEMS SR — R, GRRPHRA 0 O(n?) WEkACH FEt T2, RIRR A
Rk O(n?)
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F12E 94

Abstract
MR E IR, B IR TS B A,
STHEZER T —HAEENEE: MHEME, —VEAEEM,
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H128 MG
12.1 98EEx
533 (divide and conquer), RFESAY, B HE{Ew ET H A R IR LR, /@ EEEE,
AHE 97 1 987 WAL,

L g1 GEUSRRBL) : R i1 i T o 8t 2 P I B 22 Al P, L SR B /N 7 PR IRR A U
2. 16 (GOREED . REAWR R/ T FIERLG, FORZETEHS T FRERMEIT S 08, TEmmmEE b

HIfiE,
i 12-1 For, “GHHEET 2RI IAER 2 —.

L. gr: RIS (R 817> Rl 7 (s (R, E2IFEAHRFE—ETR 7).,
2. i WERETEEFHE TR (FRERR) ETa0f, EmEeE RS (REERR o

EEEEEEE

s 5 (BISIRERR)

BNTHE

- (BOHREER)

12-1 AR IE SR

12.1.1 N{EIHIERS A R9-E

— AR S & (A TAREDR, JEHE AT DAS 3 DU AR A B iR

1. PR LAS R TSR] DA MR SR /N, FEACURY IR, DARCRESE DAAH TR 75 OB I e T #1 79
2. VRIERENIN: TRIEZHRAESR, HARE, o] DESZER,
3. PRI AEDE: JRFER SR S O FER RS,

R, A0 I R DAL = EH Bk i

1. R PR R s (D #3107 il s (7D,
2. FRIERBNIN: SEFFEEE AT DR HE THE R (7 IR AT DUBAZE TSR IE) .
3. FHERRT A DE: mfEA s (FRER) ATDAE B A —MEH s (EFEERI .
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12.1.2 B BRIEANE

SHGAMEN] DA RO R DR RIA R, TR R HERIRARR, A, T, SO,
HERHE PR, B, MAHEFER, SU2REASEMER 17060,

AR, FITALEIER: Rt DARRTHERIARCR, HRRE R (& ? fatas, MARRMEDMAZ
TR, BER T, # T RIS OF % R ERERE, ISP AIRCR T B L B R R DR R AR B
fen? S M TR AT ARV E R AN TR R 75 T A

1. BEHEREN

DL YRR 2, EREE BRI n (MBI O(n2) Wi, [RaRiiiEE 12-2 Forir s, 14
BESEr R B 5 2 T8, BUBIS T O(n) BERT, HERFMH TRSITRE O((n/2)2) BRI, & OFmifH
FRSTETE O(n) W, AR 2

2

O(n + (%)2 X2+ n) = 0(% +2n)

DEEoEEEE DEEEDEEE
s

AEHE
0(n?)

DEEEEERE

4888 o(n2) 4888 o(n2/2 +2n)

@ 12-2 & S RTZHIER T
IR, BRI AER, BN %8 70 sl s =R AR

2

n2>%+2n
2
nZ—%—2n>0
nin—4) >0

BEWER n > AR, BIRMOREBEED, HIRReREZER. TR, #0RARREREE TR
il O(n?) , FUBKEMEE I H BOES/N T,
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DA, WERBAHE ¥ RSB E e bR 1 7 2 il - BiEs, 2 I R — (BT R 1L E e ?
EREERER LR “GOHETT, REEREEZS O(nlogn) .

A, WIRBAM L e a3, RS E 0 2 kT REEIE? ISR AT IR,
EAFFEAH R, B LR DUES O(n + k) -

2. FTHERMER
TR, SN TR AR SR, KL TR, WAL, R R AR
HIRERTHERERE, AR SR BN A TR EE T

WATRAENIE S Z BRI BREHICHAR, BRG] DR EHE 208 1 FE, EmsenothfHaHE
G, EmE > AR TR

FRANTERE 12-3 Rl “WHER" o, BRI ERP I P ECEISEART, RIRTRE AT A AR A HE R85 0 L
FIREEHRETT, EREREEIHER

{/@/ \\% |

12-3 P HI TR R

12.1.3 S8ERER
— 75T, A3VATT DA AR 22 A% e B i R

- SIREOEEE: IR E SRR R 7y, MR BRI A L R, AR SR
R B RO R

- RBEWERIL: B0 Karatsuba HEE, EiFRBEEGRIE D R 72 288y N BHISRIERTINE,

- JERSRTL: BN Strassen TR, EHFRHMEMERIE MR A 2 18/ NE BRI,

- ISR - T IE R R] DOZ BRI ARR, ISR R A SRS A

- ORMEREE: ARSI, QRATE AT RN R AR, RS M R A, SRR
Wi B R AR e R A, FEBh & OFHE R TSR
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i, SHATEEEIENERAS RN R B SRR B,

- Zorfis oS E PRSI REIRS IR 0 AWy, IARARIE B ARE B A R TR E LA R,
DROAEHERRIR—F15 ], A2 SRR R TAH R = 0 81

- AP AHBRECAE, AEEE,

- PgHEE . PREHE R RE R AR, SRR ) R W E S, —{E RS TR EE R DN,
7SR ER LA R, FENS M RR AT RIS 2 1%0E, EE TR TR,

- MR MR A BARR R B R BB 2 EA, RRBEEERMNETTRETHY, REFSER
TERMIXE, M2 —EH R,

~ﬁ flan oo, AVL . ALRE5. B AL B+ i, ©MAVER. FARIMPRS SRIEER AT DA 2%

THERMEHIEM
- MERE: HERR RERPIRISE R TUCH, HARERRE, Al MERFIMERRIL, EER LARRE T oARNE
A,

C OMEEA: MENERRA A ERIERI NG, (BRI RERIER T ek, fln, sEa
b rR R RS A ER A & BB S ALRE,  DARTT ERRCR,

AIDEH, it “HYAIEE” fEEIAEA, RS SRR T,

12.2 SA1ESHEK

BMCAERE, B EETR MR,

L RBANE: UEEEHVOREHEE, BT S O(n).
- PR TR R R e, IR AT EE] O(logn) BE O(1) .,

B L, RIS O(logn) S-SR TSR G RIR BN, fan — 08 S A8,

- oSN E - PEERE ERYTH R BETTR) 2N —E/NEE FERAIN— R BT
), JEEEfE— R R s3SI TR Ak,

- BRMIEEBENNRE, £ TES, AVL B MEEEEREET, SERENRBEREZES
O(logn) -

oS A AR IR,

- PER PR o iSRRI I PR (TERRS A T AR s T (TERRAIA —F i T &
i), BB L T RN H TR AR E R,

- PRIERENR): EooEsd, U T HEE, EAZHEM T RERE A,

- FRFENEAS O —oa 5EEm A TTR, HAREG FRENET S0 &7 RE
TSFRRTRIRE,  Ji TRt & (R IR Z TR

MRRESITETHE R RR, AH ERE AR LS LR —EEE, moraiEa s n DUHERR %
H,

1. BRgaBER"sEs

FEZHiESF, o @sFRERNERE 020 BB, BERMERDE (BE) KEBE,
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Question

A ERER n AR nums , HAFRTATTRAVEME ), FEEFITTR target o

BEAMARE, BMIHGRER (i, 1] B TR £, 5) .
DUETFEIRE £(0,n — 1) Zitash, B8l U /e,

1. SRS (1, j] NP5 m , RIBTHRR— S,
2. EMESRAEFSE NP RIS, ATREA f(i,m — 1) s f(im+1,7).
3. JEREE 1. DI 2. &, HEIKF target sE M A2 RHR (A,

12-4 o 7RSI Z iS00 6 B iRk,

¥ on
(o, 3) 12 15 23 26 31 35|
S
f(2, 3) [1 00 2EEEE 35]
.

m

\ 4

BIEGRETE 6 MFKSIA 2

12-4 Z =056 1882
BB, BMEE—MEEER dfs() HRBEME f(d, ) :
// === File: binary_search_recur.ts ===

[* ZH¥s: BE f(L, j) */
function dfs(nums: number[], target: number, i: number, j: number): number {
/] BEEERE, AREBETE, AIRE -1
if (1 >3){
return -1;
}
/] StEHRERS] n
const m =1+ ((j - 1) >> 1);
if (nums[m] < target) {
/] EEFEE f(m+1, j)
return dfs(nums, target, m + 1, j);
} else if (nums[m] > target) {
/] EEBFHEE f(i, m-1)
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return dfs(nums, target, i, m - 1);

} else {
/] #HEBBxER, REHRS|
return m;

}

}

[* ZniEs +/

function binarySearch(nums: number[], target: number): number {
const n = nums.length;
/] KREEEIRE £(0, n-1)

return dfs(nums, target, 0, n - 1);

12.3 BEZcEikE

Question
457 — 1 e IR AE S preorder FIHFER inorder , FEICHASE o, IR[E o VAR &N
B, B ooEHR A EEENER (@E 12-5 Fir).

BiFFED
/ \ EE i preorder
hEED
inorder

12-5 R T RpE R

1. HERERDERE

JRRREE K &1E preorder #1 inorder FEEE R, & —EELAYRY /M IGRTE,

- TR DA MG EEIN,  FRAMTAT AR ot e ) oy 2 o flEl - e R R, ARG R,
bE—S e OIGIARENRS, TR ER T (PR, TR ER DA ES 771k, AFHE
DREN TR (FRE), EREIENTHE (1) Kk,

- FRERBNIN: ARG RIS IR, EfMiRE2%, EmMEe ik, JIMARFRE
PR AE A AR P E ly B A TR IR e 5 TR R B

- FREFEREaI G0 —BEE T E TG T (FRERM, BIMTHEAT DU E s 2RERS L,
15 2 i T ) A
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2. WNEEIS FE

WRIELA BI04, TSIE-E AT PAEAI IR R, (HAMZRE T E i preorder FIH)FE ) inorder AR 7372 ¥
R - Rlg?

RIEEF, preorder Al inorder #HRA] DAE S 2 =MEE6 57,

- HiFERN: [ REDES | AFE | AFE 1, FlWE 1250BEEL 3191217 1.
- HhEER [ EFE | RERRS | AFE ], GlE 125BEEL 9 131127 1,

DA B ER 2B, Ffa] DOZIBE 12-6 A2 BRIG 28] 7045 R,

1. HiFERRNEITE 3 Z2IRESRYE,

2. EFIRETES 3 7E inorder FIIRS], FIHZESIOE inorder #0&[ 913 | 127 ],

3. R inorder MEID4EE, SISAE TBIFIA TR EIEBYEBE 2R A 1 3, 1Emal#% preorder #1534
(31912171,

BT RARER

AifFESS  preorder

(:> RS
@ @ HFEER  inorder n EFHE

: ( 3 {EENRs
EF#RE
1 {EERS

HiFED  preorder nna

12-6  FERTF AEFFI L& ] o7

3. BEREnisRrHER

FRIE DA LB 751k, BRIMESSARER, /78, 4 7BI1E preorder il inorder VRS, M4 11
RBLEERT (SR, T 2#E B R E et s,

- ERTERRERESTE preorder YR GIFIAY € o
- FERTSIRETESTE inorder HIRFIFEEA m
- FERIBIE inorder FINERSIEMEA [, 7] o

W 12-1 firr, BB DL ESBSEEN ] RN HIBTE preorder S|, AN TRITE inorder IR G| &,

& 12-1 AREERTRHERTFE R ER R RS
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HRETELAE preorder ARSI FHTE inorder TRV S| & R
H A i [l,7]
T i+1 [l,m —1]
ESRR ] i+ 14+ (m—1) [m+1,7]

FEIER, ATERERRSIPN (m — ) MERE “FrFEnEmiee”, E@samE 12-7 B,

o HFF R
p;t:ider 'i":l'!'l!!l'il
A A A

(:::) <:::) i i+l i+1+(m-1)
HRFERS

in::der aa

o o v

[ 12-7 MREFEGIIZEA FRIIR S| 8RR

4, ERXBER
BTN m (00K, R — (% hnap ACGETEIY] inorder LA SIS Ay
/] === File: build_tree.ts ===

[* BRI 9% */
function dfs(
preorder: number[],
inorderMap: Map<number, number>,
i: number,
1: number,
r: number
): TreeNode | null {
/] FRREATRALE
if (r - 1 < 0) return null;
/] RIRERR
const root: TreeNode = new TreeNode(preorder[i]);
/] EH# n, RWEDELATFE
const m = inorderMap.get(preorder[i]);
/] FRE: BELTFE
root.left = dfs(preorder, inorderMap, i + 1, 1, m - 1);
/] FRE: BEaTFE

root.right = dfs(preorder, inorderMap, 1 + 1 +m - 1, m + 1, r);
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/] BROEREIRE

return root;

[* WBEZITR */
function buildTree(preorder: number[], inorder: number[]): TreeNode | null {
/] FIRHHER, #7F inorder TTREIZRS|IBIEHM
let inorderMap = new Map<number, number>();
for (let 1 = 0; 1 < inorder.length; i++) {
inorderMap.set(inorder[i], 1);
}
const root = dfs(preorder, inorderMap, 0, 0, inorder.length - 1);

return root;

[ 12-8 eor 7RI —TRIREIEIEE, HEHERER T BT AEREPEN, Mg (G BIER
B E B AR N,

ereorcer (E)EEDEDED
inorcer (EJENENEDED @

preorcer (3 (@12 (177 @
inorcer ({3 (1 (2 (7 .

= o o
Step 1 Step 2
ereorcer (E)EDEDEDED
inorcer (EJENEDEDED /
39 a preorder
@ inorder
= o o

preorcer (302 (Y7
inorder ([93° (9127 @

Cawe J =7 | =7 | Came J 7 | o7 |

{ Step 5 ] [ Step 6
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,// @ aoa -
@ inorder

Came J 7 | 27 |

[ Step 7 ]

Step 9

12-8 M TR RIEIEE R

B3 K X N A AT E F7 preorder FIFFFEAERT inorder IS 45 R ANIE 12-9 AR,

preorder aa
inorder na

preorder 392 1 7
inorder°3 12 [7

preorder ([ 3 | 9 297
inorder [ 9 |3 n2 7

12-9  FRfEREE bR XA A 70 465 2R

SRR 0, WA (BT —EEEE R dfs()) S O(1) IR, [RIHAemEm B
B2 O(n) .

HEVEZRETE inorder TEEBIRTIEINL, SRR O(n) . ERZENIR, B CHOBL Akt Ry,
BRI 60 O(n) HEBIEZR, FELARARBIRIES O(n) .



128 38 www.hello-algo.com 270

12.4 AINiERIEE

FEE OFHE R AR T b, AP o P 08 2 Y B R 25 S T — - - T, RT3 TR N S
i, TR AR 73 i SR

Question

ME=MMET, iR A BFIC, REIHIRET, 117 A LB n EEE, MR LRI THZIRIENEIRR
N HES ., TMRIER R ZHIE n EEBEEINE T c b, WRRFEMIEAIRFAZ (GnE 12-10 A
o ERBIERRERES, FHE-STIIHRAL

1. [EVEE HAEE— AR THER S, 785 —MRAE T THETR.
2. BIRARERSE)—EERE,
3. /NEHR W ARFZIA KR Z o

ALl

Y HEmEESE A BBHE C
A B C

12-10 {A] P& RS RE R 15

BB @ WIS IRERLAE f(d) o Bl f£(3) 1RERIF 3 [EERAE A BENZE C i IERTRE,

1. EEEXER
quiE 12-11 fow, $HRRE f(1), BE A —MEEgER, BT EERERE A BEIE c R,
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-~ 1l L1l4

R (1) WSR:
BEiEiGESYE A BHE C BF

M f(1)

Step 1 Step 2

B 12-11 MRy 1 ARRERTRE

aniE 12-12 foR, BRI f(2) , BIEAMEEER, BURSERZIN S NAREREEZ b, KR
B RS2 B,

1. Jolf EmE/NERTE A FBE B,
2. HFKEBRIEABEC,
3. W/ NEHEIE B BB ¢,

al l Lil

R £(2) WPR:

& f(2) 1. AR A BBHE B
Step 1 ‘ Step 2
A B [4 A B c
@R £(2) WERE: R £(2) WSR:
1. @ ERE A BHZE B 1. W EEE A BBHZE B
2. AEENE A BEE C 2. AEER A BBE C
3. EBHE B BEHE C
l Step 3 Step 4

12-12 BilEZs 2 AR E R

fRTRRRE f(2) ROBRE AT ARG 2 IS MIHENIEREE) B TE A BB c . Hh, CRBAEBM. B MAREN,

2. FRIESHE

BARTE f(3), BVEA=(EEBR, HISSRmeE L,

RACH f(1)F f(2) B, FTATAMTRIGRE AR LR, #F A TEERA MM B 7 1 — e, BT iE 12-13
PR B, SR = (BB IEF G A T E ¢ 7
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1. 2B A EEME, C A%EME, SWEERIEABEB,
2. 1 A PRIER—E BB A ERBEEIE
3. & CHBEEAE, A BRERE, WEEREB BEC,

A B
&R £(3) WEE:
P £(3) 1. EWEEER A BHE B
Step 1 | Step 2
A B c A B c
fER £(3) WER: BR £(3) PR
1. ¥WEEEYE A BBHE B 1. ¥WEEREY A BBHE B
2. RES—EERYE A BHE C 2. REG—EERE A BBHE C
3. MEEREYE B BHE C
Step 3 Step 4

[ 12-13 By 3 AORERTRHE

WAE LF, BRI f(3) 815 Z2mifd 78 f(2) M—M 7R f(1) . e fRhE =87 RE 1%,
JR RS 2 S 2R, IS T MR IEN LA, T ERERT LS OF,

i, FRATATARAE I 12-14 PRI RSB R 700 SR : KRR f (n) 812> Ry mifEFIE f(n—1)
FI—8 ¥R f(1), MR DuE =08 1,

1. #n — 1 EEEFEE cIEABBESB,
2. 1§FIER 1 (EEIRNE A EEBE C,
3. n— 1 EERE#E AREBBEEC,

BREME 7RIS f(n— 1), WRUEBHIFER T g TRy, ERESR/NFRE f(1). mf(1) 1
R EHIN, KT KEERENA,
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FRE f(n-1): #§ n-1 EESY A BHE B

) 4
FRIE f(1): BRER 1 EEER A BBHE C

[REE f(n): #& n EESEE A BBE C

FRE f(n-1): 4 n-1 EEEY B BHE C

12-14  fRTHA NS RRER) 5316 TS

3. IRABER

EREAEH, FRMESE—EEEKK dfs(i, src, buf, tar), BRTERRIE src TSR ¢ 8B R# 4%
#EiHE buf IR BARAE tar :

// === File: hanota.ts ===

[* BEN—EEE */
function move(src: number[], tar: number[]): void {
/] ¥ src TEEPEH—EEE
const pan = src.pop();
/] TEEREMN tar TEED
tar.push(pan);
}

[* REFANERE f(1) */
function dfs(i: number, src: number[], buf: number[], tar: number[]): void {
/] & src RPT—EER, BEEFHBT tar
if (1 === 1) {
move(src, tar);
return;
}
/] FREIRE f(i-1) : #§ src TBE i-1 {EERRFER) tar #F buf
dfs(i - 1, src, tar, buf);
/] FREE f(1) : # src FEF—EERZE tar
move(src, tar);
[/ FRERE f(i-1) : #% buf TBEP i-1 {EEREFEE) src #EF tar
dfs(i - 1, buf, src, tar);
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}

[* REBANIEERRE */

function solveHanota(A: number[], B: number[], C: number[]): void {
const n = A.length;
/] #& A TBER n {EEEFER) B 32 C
dfs(n, A, B, QO);

qniE 12-15 AR, INEERTRETE R —ER I 2y n BOIRIERS, FEERR—E RS, BE—ER A dfs()
B, FREERES O(27), THEREL On) .

E 12-15  {a] Y5 il YA X A

Quote

P IERETR B — 8 S E R EE, EHEERN—ESFEE, SGEME=ReRNEaET, D64
TERNA—HE B, BEMAEEEER, MMEEERE — [ ERYOEMRENIR—Z], S
JLIG 87§

SRIM, BN PSR E—k, SEHTEARL 204 ~ 1.84 x 1010 #, &% 5850 f&isE, i
BT BAEE T RS, TR, MEEEERRER, REZATFEREOHEFRH IR,

12.5 /&L

- AR RREERSERE, iR @) MG (B0 mEREE, JEEEREEE,

- ARG RIGHETERER IR MRS, FREZEEL. THREREG S0,

- AP R RIS RSB R, ORI A% Fe 51 0 25 S R A E 81, L E R (B TR A
wEE S OF, TEmoE .
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- SIADIERISER AT DARTHERIERCR . —J5H, 2 IaRISED TIRESE; 5H—J7H, 2aRETR
AT RE,

- oIARER] DURIRGET 2 M EIR M, BN E R B R IARG T, R A R B,

- MHEBRR S, AEEMSICRE R, REERES O(logn) MIESEE B 2R HEARKE
B,

- S ESRIRRIGH S — AR, AR S T RERRRET S OFRIPER, A AT DOZ EIE R
HAEB —oE,

- AR TOTEI R, MRS (SRR AT DS R e TG TR (R, g R DUEEH
TR E RN R A R R 5 | [ PR AR B B

- AEFINIERER, —ERIE S n BURER] DAE o> 2 SR n — 1 B R — BT 1 B95fH
o TRNERF DRI =8 MR, JRFERE SRR,
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Abstract
BMaFER=E PR RE, fErERER L rT s is s R,
EIWAR D =Rk MEE S E B GR, NETER, RIRENEAEHNE M,
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13.1 [EIEE L

[O¥EE % (backtracking algorithm) J&—fHi%E il 53 2R AR TR RS RE Y 1%, BRI O EAR R —(E R 4GHR 28
a2, BOHESFETRENMIRTE, EIB%|EMNMRRG S, ERIRFIMECEER TE rTREnEE
HREEIRIR B A 1k

[ ERIE SR REE R AGEfRSE. £ “Took” mEEit, RMRERTE. REREFE
SHET BN B S, BT, BRI A AR B A — [ R RE, BT W AR O] T R T AR SR,

ol —
ME MR, fESRCERATEES T RERS, SRR,

BRIE, TAMATETSRE, AHETERTERAER SRS T, HE, HIRZERREMASRES] res
ZH, HHEEREBLNE 13-1 F1 DA RS TR

// === File: preorder_traversal_i_compact.ts ===
/* BiFFE:R: BIE— */

function preOrder(root: TreeNode | null, res: TreeNode[]): void {
if (root === null) {

return;

}

if (root.val === 7) {
/| CEkfE
res.push(root);

}

preOrder(root.left, res);

preOrder(root.right, res);

REREES

HIFFER_ToH,
WrEHk(ER 7 HIERE

Al E A
£ @ FRHEE

[ 13-1 FERTFED PR RER
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13.1.1 E:x{8[O)R

Z i CARE Z 2 IR, SR A R SR s I G BT “ERL B DR BRI, BRI
B B R SR TR R ST AE SRS Z R R AFAVMRRE, RGN LR, BREIZZATHY
ARRE, A E AUH At AT REATIEEE,

BRI —, FiFREEERA AR X BT, MR R EOR AR ER return IR “[AIR”,
ERRNE, PIEIEAMEERRSEGRN, ZRs R, BRIMTBEGRE MR,

Pl
FETTR IR RATAER 7 RRIES, SHIR MR, 5 E L R B 1

TEBIE— AR RS AR b, FRIM T ZEREB)—F B35 path SCEkEN BRI ETREIE S, EIRENER 7 FOER5EE,
RIS path MHTHELE R res o ERITEMIR, res HREFRIILZATE I, XN TIUR:

// === File: preorder_traversal_ii_compact.ts ===

/* BiFFRERR: BIREZ */
function preOrder(
root: TreeNode | null,
path: TreeNode[],
res: TreeNode[][]
): void {
if (root === null) {
return;
}
/] ER
path.push(root);
if (root.val === 7) {
/| SCEkAR
res.push([...path]);
}
preOrder(root.left, path, res);
preOrder(root.right, path, res);
// [EE
path.pop();

TR B, RINEIEREE TR E path ARECERIE TS, MAE “[EDR” A, FRIMFEERZERRE
path 5, PAMRBIAIREAZRTHIIRGE,

Bl 13-2 Fonridss, BT DUFESUMENRBRS “RilE” B “WES”, MiERIE i,
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BE: BOE, B
EB: tREiRAE, RRE
path = [1]

res = []

BE: BOES, BRI
EB: RERAE, RRE
path = [1, 7, 4]

res = [[1, 7]]

EEl: BOE, EARE
ELB: ke, &sUEE
path = [1, 7, 5]

res = [[1, 7]]

WE: BOES, EMRE
E8: fREikAE, R
path = [1, 3]

res = [[1, 7]]

B ROES, EFRE
BL&: AR, REE
path = [1, 3]

res = [[1, 7]]

Step 10

B BEEN, EMRE
BB AR, REE
path = [1, 7]

BIIEE 7, AR EAR

res = [[1, 7]]

B BEEY, EARE
EB: tRIERAE, &URE
path = [1, 7]

res = [[1, 7]]

EE: BOES, EMRE
BB AR, &EGRE
path = [1]

res = [[1, 7]]

B BEED, EMRE
EB: tRiERAE, &EURE
path = [1, 3, 6]

res = [[1, 7]]

B RIEES, BHRRG
EhB: PRERE, RXER
path = [1, 3, 7]

BEIER 7, RAIREAEITIEERSR
res = [[1, 7], [1, 3, 7]]
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HEl: BOES, EMRE
ER: ke, RUEE
path = []

res = [[1, 7], [1, 3, 7]]

Step 11

13-2 EuliEnE

13.1.2 Bif;
R0 [ 9 O R 2 0, 5 — (R s 2 MR A S, SSRAGPm B T R “B AR,

Pl =
FE e RATAER 7 RUENRS, FHIRERENRZNS LR A RAE, WEORBE S AR EES 3 1
HiiBh

2 TR DA BRI, BT R SRS, HEEHES 3 RHE, RIEANRE, A
e, B TATR:

// === File: preorder_traversal_iii_compact.ts ===

/* BiFFRERR: BIRE= */
function preOrder(
root: TreeNode | null,
path: TreeNode[],
res: TreeNode[][]
): void {
/] B2
if (root === null || root.val === 3) {
return;
}
/] E&
path.push(root);
if (root.val === 7) {
/] ECERAE
res.push([...path]);
}
preOrder(root.left, path, res);
preOrder(root.right, path, res);
// [EIR
path.pop();
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“BIR” R EARRIER G, A 13-3 R, fEfsEiEh, i 9T TR A SRR S
X, EHRFFZHERENES, miEs TS8R,

B BEER 3 WERAURATNRE

BRI ENERENESTH
REMRFHES K

13-3  ARRATARIFBIAL

13.1.3 1EZREIUER

B2k, BRMESSEME “Eal. BHR. 39R7 TSRk, ARS8 A 1k,
TEDLUHEZRAZ IS, state FRRIEAVEATIRRE, choices FREHIMAGE N AT DAL YR

[* EIMREIENES */
function backtrack(state: State, choices: Choice[], res: State[]): void {
/] PIETRS AR
if (isSolution(state)) {
/] SRR
recordSolution(state, res);
/] TBEEES
return;

}
/] EFFREEE
for (let choice of choices) {
/] Bk FENEER S & A
if (isValid(state, choice)) {
/] EFR: MHHEE, SRS
makeChoice(state, choice);
backtrack(state, choices, res);
/] EIR: HEHEE, MEDZ ke

undoChoice(state, choice);

R, TMEEZGE AR AR BIE =, RRE state Z5EIRERIEIE, #IE cholces A EATEIRLIY AT
FRBATS THIR, AR res BEREARS:



13 E (Al www.hello-algo.com 282

// === File: preorder_traversal_iii_template.ts ===

[* HIETERIRRER T AME */
function isSolution(state: TreeNode[]): boolean {
return state && state[state.length - 1]?.val === 7;

[* ZCERAR */
function recordSolution(state: TreeNode[], res: TreeNode[][]): void {

res.push([...state]);

[* FIEEEFAET, ZHRERTEE */
function isValid(state: TreeNode[], choice: TreeNode): boolean {

return choice !== null && choice.val !== 3;

[* SEETIRRE */
function makeChoice(state: TreeNode[], choice: TreeNode): void {

state.push(choice);

[* VRISHKRE */
function undoChoice(state: TreeNode[]): void {

state.pop();

[* EEEE: BIE= */
function backtrack(
state: TreeNode[],
choices: TreeNode[],
res: TreeNode[][]
): void {
/] BERERE
if (isSolution(state)) {
/] CERfE
recordSolution(state, res);
}
/] ESRFREEE
for (const choice of choices) {
/] B BERERTE)
if (isValid(state, choice)) {
/] EFR MHHEE, EMARE
makeChoice(state, choice);
/] EITN—EmEE
backtrack(state, [choice.left, choice.right], res);

/] EIR: HEHEEE, ISR 2 AipIRRE



13 % [E www.hello-algo.com 283

undoChoice(state);

RIEER, BIMERIES 7 WG REZESES S, HNTHEECR R 2 & return sEAMIER, [E 13-4
BHEE T IR B EMIER return B AJAVIE SHEE,

RHRE L
@izs |

1R#E return fB% return
SCEREEIRE, THESES iR ARE], BIEES
13-4 FREFEMIER return A48 @S L
FEEEER AT B s AR E B, SR BIE B ZR A IS B R ARG R, (EA M E L, B L,

FFZ R R ] PATEGZHEZR R AR, TP L AR IR LB R R B 3 state Al choices , i EIERMEZE A1)
VaktS:ICIR

13.1.4 EAW:E

2 7 B AT R B AR, FRMARAS — T EE SR AR S R, I ARG RE =45 R,
Nz 13-1 Firro

R 13-1 H AR EER AR

e TE TR plE=

fig (solution)  fRZMEHERERMIAIESR, nJREE e  RETREEIETRG 7 B2 2 RAIR R RS

VAR AR R R TE ARSI AT, BRSSP RESEIE 3
(constraint) TABTEL
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E T plE=

RRE (state)  REFTRMIEEL—RZIROEDY, WEACAEMIEN  ECHHHERETE, B path HilEH
EE

Bl Bl BRI A B AR R C AR, WM BERME () THiEE, ASERGITEHE path

(attempt) HESE, TEHTIRRE, MERGHR HIETHRRIER % 7

IS [FLIRISIEFI A E AR Ry, WEHRTI  EROETEMER, SRR, BEER 3 K

(backtracking) tHfi#EE, [E1%] E—{EikRE HidbR s b, EORE

LY STRCRRIB AR A R R R R R R s EIBEIES 3 RUERGR;, HIAHESY S

(pruning) BRI, AT SR

Tip
IR, . REESEMERIEAIR, fEi6. B BiERE]. SEEBETHREY K.

13.1.5 {BRSEA(RRIE

s IAAE R MR SR, CEWATA FTRERIIRIR T RE R R, ST
RMBERERREREEI AT ATRERIMRDOT 2, T BAESFRIBIRARIE T, RARSIHNER,

SR, FERR PR MU Bl BRI RE R, e S A B T3 T e DARE 32

- WRERE RIS R B AR R AP AT RE,  Re AL T DURE S5 SR s SR
- 2 TEREM R R R E AR (BIANESTE, R SIRIB A EE), BEIRERAR, =M
TR ATRE G IS RA,

RIEEant,  [IBREE R A 8 e AT R A A E BVE BRAEMRRTT R BINIGLERRE, e R TE
MRS m] A A AR, R R 6 ZH S AT Rl RERIEIEIE T AE R, (EIERETETL TS, BRsR il i E A s
B, RRRCR R T IRA WA,

- BB RIS E AN G AR EE, T AR R IR A 2

- s ESEETTIA LRSS EEHE, S S A AT REE L A BRI,

13.1.6 [El¥HEGIE

(S SR AT A R 2 1 S IR, ARG T RE AN 40 & B (AL R R
W SRR RN R E R AR T 2o

- 2HIRE: SE—ERs, KEHFrAERTRERHIYIE S,

- TEMEE: SE - ERSMN—EEEN, KERSHIEN RSN TE,

- INEERERE: &G —ARAE TR — RN R ERE, SR BRI —ARAE TR 32 55 — A T,
AR —EERE, HAGEIRBERRBAE/NEE -,

FIS i BT ISR RTRE AT B R R R R A SRR IR B A
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- n2iE: fEn x n O ERE @25, #REMEASE,
©BOE: E9 X 9 ERTHIEART 1~ 9, fERRT. FSIREE 3 x 3 TR I AEE,
- EEFORE: S —EERE, HEORBRES BRI ETERE G, SIS HETER AR,

A A BRI SRR AR — (AR & 2 A P PR B 2 S 2 IR P RO B B

- 0-1 HUME: e YN —EEE, SEmNE EREENER, ERETEAFRRGIN, =
Y RSB E R,

- RATRIMRE: fE—EE N, EERGHIE, FiRATE HARS R — ORIR EEERS, SRR,

- ROKEIMRE: S —EEafE, HREIRCRRE e E, B8 AR W E TE RS A 18 A,

R, HRFFZESREMHE, EARRERIRTTSE,

- 0-1 HRMEREEEHEERERR, DUESIE SRR RNER,
- RATRZ —ERE 4 NP-Hard I, 5 HIfREG B B RIARISA R IR,
- ORI PR i G P B — MRS SR, T S AT R TR R SN R AR R TR

13.2 £H5IRE

S HRA R [ s SRR A — IR B . EAE BT RS N —EEEs s ) BFERE, X
HHEATTRIIFTH ATRERIHES .

% 13-2 518 T AR RBIE R, ST A RRSIRS BRI E HES

£ 13-2 2HRA

i\ Fe 1) FREHES

[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]

13.2.1 EHESFRENRER

Question

i N — e peis, Hp AEEEETR, REFTHRTRERIHES,

TERE AR A R, FRIMAT DA RHES I B R AR GOR — RYNE RIS R, i A5 % [1, 2, 3],
GURIAMSCEEE 1, MRS, BB 2, AUESHY (1, 3,2] . EIRFREEE (%R, JREsER
HhER,

REEMREISIAEE, BHOERE choices BEIAMSIHTHFIATLR, RE state B EHZE HATCHIEEN T
Ro wHER, BETTRANFPOEE IR, Kt state PIIFTHTCRADEZZ2ME 1,
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e 13-5 FvrR, Bl DURHE S8R R B R — ARIEIEE, R b B EHE TR R E RTIRAE state o TEARENRGGA
b, AGE —ImIERREEEHR, S IEREERHEE E— S,

choices = state =

H—imEE

13-5 HEFI AR

1. EEEEY
2 T BERSETCERBNEE I, BRME ES | A — AR selected , HH selected[1] 7 choices[1]
EHEPOEE, WIERREEHDU NI RHERE,

- TEMHIEEE chotce[1] 18, FRIMMLAF selected[1] IMEA True , AR ECTHOERE,
- EFIEEAS choices I, BRBFTH EMOBEERIEIRS, BI8THL,

GnlE 13-6 A, fRaediMe —dmiseid 1, 55 i 3, B 2, AITREES “Woioc® 117
X, FEH=IIHEITR 1 MTER 3 1703

e

SHRER 1, 2, 3
B 1 @ )
B o
A
e UHDERENTE 1
Bt 3 RS EETES 2, 3
B o
9
BoERE 2
HECHRENTE 1, 3
HRSETES 2

& 13-6 2HE BRI RA
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I2IE 13-6 36, FOTRRMEIHEREMIOME O(n™) BNE O(n) .

2. BEXBER

BB DL BB AR, Bl DIENERRE SIS “sEibHs” 7, % 7o mie s, RMAREE
BINESRAE SIS AP RS R X, TR e MR B backtrack () Bz(H:

// === File: permutations_i.ts ===

[* EEEE: 285 1 */

function backtrack(
state: number[],
choices: number[],
selected: boolean[],

res: number[][]

): void {
/| ENREREENRTEENER, CiRF
if (state.length === choices.length) {

res.push([...state]);
return;
}
/] EFFEEE
choices.forEach((choice, 1) => {
/] Bk AAFEREETR
if (!selected[i]) {
/] ER: MHHEE, SRS
selected[i] = true;
state.push(choice);
/] ETT—imseE
backtrack(state, choices, selected, res);
/] ELE: HEHERE, MEEZAiRIIRRE
selected[i] = false;

state.pop();

1)8
}

[* 285 1 */
function permutationsI(nums: number[]): number[][] {
const res: number[][] = [];
backtrack([], nums, Array(nums.length).fill(false), res);

return res;
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13.2.2 EEHEFTEHFER

Question

i A\ —(EEE RS, MR RER S EBDCR, IR EATE AEERHES,

B AR [1,1,2] . 27 7 EESFEERTE 1, RS 12s 1,
W 137 FR, R RS — R E .

F—mRE

B mRE

_—

RS ERHS)

13-7 EHEA

RGN RBRERRIHESINE? B R, FERE—ERES, BRI T RE, AMmEien
S, 2R BHEIIN I S o o R, IERPERTNE IR, ISk ] DO — IR THE AR,

1. HEREER

BRI 13-8 , fE55 R, JEIE 1 SORIE DRS00, ERMERES FERNFTEHEEERY. Fit
MEZm 1 Sk,

FE, {5 SR 2 218, PR LA 1 he A EESY, RIS s 1 39,
WA 1B, TR E RS —WDBIE, 38 2 WA e R ORI X,
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choices = state = [?

ﬂﬁg/
E—ImRE
T mEES 1 LIE
QEWEE—R
EREE
ﬁﬁiEW1
QEEEE—R
EWEE

13-8 EMEHSITIR

2. BEXRER

£ b —ERRENHERYEERE b, M5 AR — s b B — (AR SR S duplicated , FRECER#AERH AL
EalBrrTR, WHFERTTRIE:

// === File: permutations_ii.ts ===

[* EEEE: £85I 11 +/
function backtrack(
state: number[],
cholces: number[],
selected: boolean[],

res: number[][]

): void {
/] ENRERESNITRHUER, 0iRME
if (state.length === choices.length) {

res.push([...state]);
return;
}
/] ESHFREEE
const duplicated = new Set();
choices.forEach((choice, 1) => {
/] Bk AAFEEEETR B TAFEEREERSE TR
if (!selected[1] && !duplicated.has(choice)) {
/] EFR: MHHEE, SRS
duplicated.add(choice); // sE#REIZBMTERE
selected[i] = true;
state.push(choice);
/] ETT—wmEEE

backtrack(state, choices, selected, res);
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/] BLR: HHEE, MEEZFIHIARAE
selected[i] = false;
state.pop();

)8
}

[* 285 11 */

function permutationsII(nums: number[]): number[][] {
const res: number[][] = [];
backtrack([], nums, Array(nums.length).fill(false), res);
return res;

IBAERR 2 B A, B n [E7EREE nl S (B0 ; TECSASTRIE, REMAERS n 10H
51, (5 O(n) Hf, FEIBEEIES O(nin) .

BRKNIEERE R n, #H O(n) fBiE=, selected i O(n) =M, F—KZIHRZ A n @ duplicated
, A O(n?) 2=, WkEHBEES O(n?) .

3. MEERKEL

FETERL, HEIA selected 1 duplicated ASFHREIR:, (HWER HEARF,

- EEHEERE: RBEESEET HAE —E selected , BRI E KRR E S TE, HIEHZ
HERFAETTRTE state PEE I,

- M CETE: FiEE (EMEMEIA backtrack K) #HLSE—1# duplicated , ‘ErCERAYELEARER
EFE (for ME[E) WL REpoEE R, HIEMARRBHESFTEAMEE X,

13-9 JEoR 1 B BRI RO ZERARE R TR, R AR AR OR — A8, TEARENBS SIS MR R RS 1S |
AR5 Ml R A B — B HE S

HigE— <
BT [1, 1, 21 I[1, 2, 1] [2, 1, 1] NERF= §
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13-9  MITEBI B A 1 P #i

13.3 FEMME

13.3.1 EEERENER

Question

a8 —EIEEE B nums F1— 1 BAFIEEEEY target , sERHIFTARTRERVAH S, (1S EHHITEM
ER target . #EMYIEEK TR, SEFTRTUBIERZ R, sFAIEREELSHE, BlH
NEASEEES,

B, WA {3,4,5) MBSO | itk {3,3,3}, {4,5) . FEEELFHE,

SR B R T DA R I R,
C FERESTEIY, L {4,5) F1 {5,4) BR—ETE,

1. 2L LHTIRE

R EHESERE, Bl BTN BGBREASE N — RV EBENER, WAEEEENEREN &
7, BICEMER target IR, WS TEELER R4S R F A,

it 2 HEAI AR, AES A PR T n] IR UG, [ #E2HFE D) selected fibKERFIARELIRTT
RERCHOEE, TFa] LA 2RI IEE T/ NEB, FIP 52 REE RS

// === File: subset_sum_i_naive.ts ===

[* EIEEE: FEM I */

function backtrack(
state: number[],
target: number,
total: number,
choices: number[],

res: number[][]

): void {
/] FEMZER target BF, 02
if (total === target) {

res.push([...state]);
return;
}
/] EFFREEE
for (let 1 = 0; 1 < choices.length; i++) {
/] Btk BFEMEBIB target , BIPkBZEE
if (total + choices[i] > target) {

continue;
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}

/] ER: HHHEE, FHTEMN total

state.push(choices[1]);

/] EITF—EmEE

backtrack(state, target, total + choices[i], choices, res);
/] IR HEHEE, MERZaiaiRE

state.pop();

}

[* RERFEM 1 (BEEETE) */
function subsetSumINaive(nums: number[], target: number): number[][] {
const state = []; // #RBE (F£)
const total = 0; // FE&EM
const res = [1; // &ERET) (FER5)
backtrack(state, target, total, nums, res);

return res;

DA L AR A1 [3, 4, 5] MIEEUEE O, WithasH2 (3,3, 3], [4,5], [5, 4] . MESAMIIIRI T HitiAl
2O MTR, MIPIEERBN T4 [4,5) A1 [5,4] .

SRR SBIRE M EEIET R, AT FEAENEEIET, WE 13-10 iR, o 41208 5 BUTE S
1% 4 BAFR S, (HBER 875,

choices =

target

EEE

13-10 TEE#4 = BEUA B A,

&7 APREE TR, AR BERINET R, IS IRBCRIRAK, AR R A,

- BEYTREZ, THEE target WK, EoBREEELRBNEE TR,
P& (M3 AOSRFEHERFERE, TEICHFMES, Mg bR ETT R AR,
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2. EEFEER
iM% B S0 E BT b T R, B%E 13-11, =4E 82 DURFEIERF B2 T 2R E A,
Ban DA RIE

1. HBE—WAE RO RNERE 34K, SERUSEMEITRNE T8, 53,4, ... ]
2. 21%, EE RS AR, RIS TEEZENE 3, FEnnBmEsN e (4,3, . I 1 BT AERK
M rEEeEE,

fEaET, B EREERR ARG HREE N, FIEEAR D B EZ

1. BRI 3F 5, 4AMTFE[3,5,...].
2. AiPNERERE AR S, AERTE[4,5,...].

3. BE RS, WIE RSN 3 M 4, HATE (5,3, .. FI[5,4,...] B 1. BRI 2. b
ORI THE 52 2 T,

cvoices - (@D

B PR3, 4
BREETE

F#&  [3,3,.] [3,4,.] [3,5,.] 3 [4,4,.] [4,5,.] 3 4 [5,5,.]

BElETH BEETH BEETH

13-11 ANFEEENE P SR EE TR

HAEEARE, HBEMAMY (2, 1y, ..., x,], SAESBEPINREFY A [% sy Ly e
T 1 < 1y < - <4, , ANCEEIFREERT A& ERES, BEE,

Ly ], REORIES

3. EXRER

REBZETEL, BMOIA S start, FIMERERRIGR, BMHEE o, &, &€ WK1 Bk
Elio BRI BRI i) <y <o <4y, , TEMIERE TEHRME—

Prittzoh, FREEREXEEET 7 AT mHR A,

- fERARGE ST, oY) nums HE, TEERHPTEIRERE, B HEARIE target RF ARG HGEE, K24
BIBRITEE R, HFEM—E#BIE target o
- BEILEMNEE total , IBMLE target EHUTIRIERGGICEMN, & target FR 0 FEC R,
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// === File: subset_sum_1i.ts ===

[* EEEE: FEM I *+/
function backtrack(
state: number[],
target: number,
choices: number[],
start: number,
res: number[][]
): void {
/] FEMZER target B, :CiRfR
if (target === 0) {
res.push([...state]);
return;
}
/] EFFREEE
/] B ¢ start FAE, BREMEEFE
for (let 1 = start; i < choices.length; i++) {
/] B—: EFEMBIE target , AIEZARIEE
/] ERARESEHRF, BETEEKR, FEMN—EBB target
if (target - choices[i1] < 0) {
break;
}
/] Esl: HH#EE, FH target, start
state.push(choices[1]);
/] ETT—imiEE
backtrack(state, target - choilces[i], choices, i1, res);
/] ELR: #iEEE, WIEEIZAIRIARRE
state.pop();

}

[* KEBTFEM 1 */
function subsetSumI(nums: number[], target: number): number[][] {
const state = []; // #RRE (F£&)
nums.sort((a, b) => a - b); // ¥ nums ETHRE
const start = 0; // FEFHICIAEE
const res = [1; // &ERERT (FER5)
backtrack(state, target, nums, start, res);

return res;

13-12 FlR 251 [3, 4, 5] F1ERETCER 9 A A EAR S E AR R EhE e,
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£ target

choices = BSAE
target =

BE-RE

EowmRE

i@ target BETE

13-12 7R/ 1 B

13.3.2 ZEERTENFER

Question

4 —EIERE BT nums F1— 1 HASIEEEEY target , FEIRHIFTARTRERVAH S, (S EHRITEMN
EIR target . HEMAIR[REMSHEBEICE, BECEARPORE R, HEURIIERIREIELHS,
YA EE S EEES,

FEIES LR, AR ABRSIRT AL A RMER, 5| TR, i, skl [4, 4, 5] L
0, HIRERRIAHLETES [4,5], (4,5, HETEETE

T8 PRI Al M A B R R RS T R A P 2 OB, AEIE 13-13 P, STt (AR, HAmiEEs
4, GEAMEERENRESSS, EmmHEE TR, FHE, B omomE 4 hgEtEErE,

choices =

[4,4,.] [4,4,.]

BEETE
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13-13 MHE CEEBWEE 75

1. BExES

AEDILERE, B RGBS R b L RESORIE IR, HEU By MRS R EHT
[, RIHMHSETTREEAARE, SRS SRS, HEIDTREEERTRMASE, AR E e
i, FtEZEPNEERTTR,

Bt FIRE, AERUE RHERESI TR AR — K, SHERE, FAMHAT DML start 2N 2R &
e o, 1R, BOE F—WIER51 7 + 1 FGARED . ERERERPRESE T4, bl EREE TR,

2. BEXRER

// === File: subset_sum_ii.ts ===

/* EMEEE: FEM 11 +/
function backtrack(
state: number[],
target: number,
choices: number[],
start: number,
res: number[][]
): void {
/] FEMER target B, 8RR
if (target === 0) {
res.push([...state]);
return;
}
/] ESHFRAEE
/] BT ¢ start BHAERN, BREMBERTE
/] ER=: ¢ start BIAESS, BEEEBEER—TTER
for (let 1 = start; 1 < choices.length; i++) {
/] Bf—: HFENBIB target , HIEZERIEE
/] ERE®EIIEHF, BETREKR, TEN—TEEIA target
if (target - choices[i] < 0) {

break;
}
/] BN NRZTRELETREESE, RPZESSIZEER, BERE
if (1 > start && choices[i] === choices[i - 1]) {
continue;
}

/] El: MEEEE, T target, start
state.push(choices[1]);
/] EIT T —EmistiE

backtrack(state, target - choices[i], choices, i1 + 1, res);
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// ELR: #HEEE, MBS ZFIAIKRE
state.pop();

}

[* KERFEM 11 */
function subsetSumII(nums: number[], target: number): number[][] {
const state = []; // KB (F£)
nums.sort((a, b) => a - b); // ¥ nums EITHIFE
const start = 0; // FEZHICIAEE
const res = []; // {&EREY (FER5)
backtrack(state, target, nums, start, res);

return res;

13-14 JE&/R T 151 [4, 4, 5] FIEEICER 9 WIEINEE, HOSVIRESIERIE, SHIRTE R
wie, MfPR(EESIERE, DS TR,

choices = B
target = T

EEE HHm
ER—HhEET
&_ %F&Eﬁ’f&ig%*;tﬁ CS‘_ (X) 72)
-0f ; Jom
& | REBER
(x;?o (4,5] EHTE
BR=
— FA¥EY
SEEATEE ARSI
28 target

13-14 5/ 11 [[EfE

13.4 n EGHRE

Question
RIREFE SRR, 2ERTAREBEFERE—1T. —FIS—EREGE LETF, 47E n @EE0—E
n x n K/NRIBHE, FHERIE 25 2 A LB NRITT %,
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i 13-15 FR, & n = 4 B, e DUREImER, REEEROMES, n X n KNS n? @
¥, SH TITEIEEE choices . fERMENE 2EHNEAES, HUSIREIE RNEHISE L, SMEREZI 1B
IHRFE state

W W

W W

— —

E 13-15 4 2)5REne

I 13-16 fon 7 ASER = fEAVHRIEF: 200 RIGARAER 17, W51, F—kEE ML EEERNE, B
FaRRor Ty EEHAA\ FIRE AR ) WA,

FEEER—RHAEE REEREFREARGH

i
1

raemA—t x| WL fox !

<
N
N
<
X X, - B e A iy
v N s -
i S 7 7
5 N
X X, ”1”’7‘?”*””’
i ] N —

FURER—F REEFA—THAEE

[# 13-16 n 2JERHERIFI IR

1. ZFTHE R

SR SEMBRRTEER R n, FERMESEE R SRR ey HA fesriicE 6 25,
W, WA ARBORITIRE RS : 81754, EETHE - HEE, EERR 1THH,

13-17 flinZy 4 2/aHENBTREER, ZEERS], E 13-17 #5178 T HP— @273,
Mt R AT B K RS A AR A TR 77 SRETEAT T 398
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W T ] T %] [T ™
HEE 177
(4188) «//////:;77‘?::-\\\\_ (4488) (44188)
W W W w7
BEE 2 7 (8] E
L[] \
W W W O[] W ¥
- T S ¥
HEE 3 17 ] !
¥ [ W
W v W _1
. ¥ W ¥
HME®E 4 17 li! ¥ W | W
[W] %] W

& 13-17 ZBITHCE R

EARE LE, BTREREES ©3ErER, eis 7 R—1THEZE 2R S0 3

2. FUSHAEER

2 TR, FATA] AR — (R % n (RIS cols RiiRE —FIR G H 25, fEBRIENE
i1, BNEE cols KHEH BEHIFBEITIR,, WAERWHBIEEF cols HIIRE,

Tip
AR, JERERRESOINZE B, HAPTRSIE LB, SRS IR,

AREE, el R FEA A AR AT SR IE? AR LA T HIAT ARG 4 (row, col) , e RE R AR B M AR,
MR BZ B AR LA FITRS SRS [EAHEE, WEBRMAS LIER T row — col 2 i,
b2, WRMEREFRE row, — coly = rowy — col, , RIEM—ERER—GIZE A L FIHZ
FifE, FRAMTATLAREDNIE 13-18 A7RAYFES diagsl REBRE IR B A LR EH 25,

I, IEME BRI E row + col BRI, TR AT DAFEBIFES diags2 AREEEIE fARAY
o
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i ERAR
BRERER

Gaon)

cols
RFIREHER

13-18 FRIRAIXY AN A AR AT R

3. IRABER

IR, n #EHBEF row — col WEIEZE [—n + 1,n— 1], row + col MEEEZ [0,2n — 2], FTLAEE
FHARFIIRE F AR BLE B A 2n — 1, BRI diags1 F1 diags2 HIREHSA 2n — 1,

// === File: n_queens.ts ===

/* BEIEREE: n BF */
function backtrack(
row: number,
n: number,
state: string[][],
res: string[][1[],
cols: boolean[],
diagsi: boolean[],
diags2: boolean[]
): void {
/] EMETFRBEITE, CikfE
if (row === n) {
res.push(state.map((row) => row.slice()));
return;
}
/] EFHFRBT
for (let col = 0; col < n; col++) {
/] stEZETFHENIHAENRE ARG
const diagl = row - col + n - 1;
const diag2 = row + col;

/] B FRFFZEFRET. THAK. REARLEEER
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}

if (!cols[col] && !diagsi[diagl] && !diags2[diag2]) {
/] Eil: BERMEEZETF
state[row][col] = 'Q';
cols[col] = diagsi[diagl] = diags2[diag2] = true;
/] MET—1T
backtrack(row + 1, n, state, res, cols, diagsl, diags2);
/] EhR: #z&FIRER=N
state[row][col] = '#';
cols[col] = diagsi[diagl] = diags2[diag2] = false;

[* Kfig n B */

function nQueens(n: number): string[J[]1[] {

/] a1 nxn K/NRUREER, HAp 'Q' AKRERE, '#' AKRZ

const state = Array.from({ length: n }, () => Array(n).fill('#'));
const cols = Array(n).fill(false); // LRI ETEBER

const diagsl = Array(2 * n - 1).fill(false); // sCEREHALERLE
const diags2 = Array(2 * n - 1).fill(false); // sC#RREiALRE
const res: string[][]1[] = [];

5]
5]

f0 AD

=He
=He

backtrack(0, n, state, res, cols, diagsl, diags2);

return res;

BATICE n IR, ZEIINHR, AREE—TERETHE R n— 1. ... 2. 1{EEE, #H O(n!) kK
. BAOERIANE, TREEBERE state WHTHIME res , MWRURMERM O(n?) B, [Ktt, AIRIBIE 2
O(n!-n?), BB, HEEMHEL RS MRS RIS MES M, FMESReRAEEER D LR
R,

[Hi%1] state f& O(ng) X[, M%) cols. diagsi fl diags2 BffiH O(n) =M, RAEEFRE L n, FH
O(n) He@mEasi, Hit, SHEEMEEZS O(n?),

13.5 /i

1. EE5[ORE

EEAEA R RS A, BRH R ME TR ETUER RSB S RI R, EESERT, B
R EIFR AR SR, B EIREIFTA RECERT IR SR,

B3 RA R 2B A S B U R AR . EBIR IR B SR B A EERE, EBIIAW
AR PFRIEDUR, RIS E— P rO8EE, REIEIZATHGIRGE, IAEGTE UL ANERE, ElilEiRZ2
P fIE 77 TR S F A

(AR R A S 2 A AR IE, AT RN EHRBI R, BTEA] DRI AL ERE =37, R
EfRTHE =R,



13 % [E www.hello-algo.com 302

< [EIATE R T ] P TR R R = R RE RN AT SR e R, 4H & e A R RE SR ] AR [ SRR TR, (H
[EREREZERVETUAT 6L E L TR 27N

- EHYIHE S RS T B S TRIATE rTRERIHES,  TRAIMRE) — (8 M8 AR AL Bk i T 3R 2 5 %,
ST MNE R LRI S0 3, MASETTR R POEE X,

- fEEHPIRES, MRESTAEERITR, AREGERGHEEEH, BRMTEORAFTRES
i HREORIE R, SR — AR R SR E D,

- THREMBEERN RS TR SRS HEENNE T8, RAAEDTTRIERF, MEEEE
W FTA IR AR, EAEEE TR, KIHERMRTIFERETHER, IfRE —EEBECk iR — Wi
FERECARRES, e B T RS0 SOEITIIRL

- BRTERMEE, YRS TR ELEEER S, TFA R EY CHEFRIRTE R, BB %
TLRE IS EBIIAR, (EME AR TR o L REBOE A —IX,

- n RIEHEEESHE n @2EHES n x n RS ERTTR, ZORATE 2570 M2 i RBRE
Tio kMBI AITAR, SIKR, FEABMUCE ARAHR, AW ITHH, FFERHEA T
BHREE, RETTHRE 25,

- HIRIFRE A AR AR R ELT L, BIRSIATER, A — (AR AR AL — SR S A Ba, e
TRETRR T REER. BIREARAR, HMFREB M ERSIA T ARl itz T, KB AR LR OFE
25, HREREESIFE—E @) AL ERTme TR R,

2. Q&A

Q: EEEBRR EI AR ARE R ?
REARE, MR EEIARET, MEEEAZE M A",

- [PEE PSR R EE, A, FRRENERN SR, BREEESEET RN,
- EEAASMEREE T (RO IR, ARG, [, BIfEEE GRIREE) FR

o
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F145 FrERE

Abstract
NES YT ARG VNN 5
B REFR ST/ N AR R R KRR E R, — 45 [HBAME M R =
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14.1 {iREHREIREY

BRERRE (dynamic programming) /2 —{EEZHEHBEEHI X, B —ERE S R L —R5E/ N FRE, 3
G T EREN AR E R BB T, P RIEEE A IR R R

EARHIF, FIME—EKHMBIENT, LAt eR2hmmgs, BREhadnES FE FEPEH
B RN B R AR B R

e Eh
ME—EIE n FEROMEE, UREEPRTDLE 1 BEelE 2 B8, SERA 2/ D75 58] DITEEHE TH?

GniE 14-1 Fow, SR 3 BEEES, St 3 1877 Sn] DUEEIHTH,

BIEES n = 0 1 2 3 4 5 6

TetsE 3 BEgRsts 3 A
0>1>223 , 05233 , 0>1->3

14-1 |5 3 FEAY 7T REER

AR B KA REE, BT DAE EIEE DIk s SR alRErE. RS, RIEME R S —E%
PRI FRAEME: (CHh g, SIS L 1 PR 2 B, ESNEMHIRUR T REEN 1, EREE

THEBIRFALR BT, AR SR
// === File: climbing_stairs_backtrack.ts ===

[* B */

function backtrack(
choices: number[],
state: number,
n: number,

res: Map<0, any>

): void {
/] BICEI%E n PR, ARHEEM 1
if (state === n) res.set(0, res.get(0) + 1);

/| EsHFEEE
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for (const choice of choices) {
/] Btk RAFFHIBE n &
if (state + choice > n) continue;
/] EFR MHHEE, EMARE
backtrack(choices, state + choice, n, res);

/] =&

}

/* Tegts: [ */

function climbingStairsBacktrack(n: number): number {
const choices = [1, 2]; // EIEE@LIE 1 Ry 2 B
const state = 0; // 3 o PERAMAIE
const res = new Map();
res.set(0, 0); // fEF res[0] EHEHEH=
backtrack(choices, state, n, res);

return res.get(0);

14.1.1 FiZx—: BHigs
B T ST o W AN B T H S R E A TR R, TR A SRR E B E— RV B, EAGEMER:, s
Fit G ] REFfiE,

Tl AR S UL RIS A F S SO W, SRR 2E 4 Wb dp[d] FE77 %, TIOEE dpli] st IirE, 3
TRREAE:

/i

dpli — 1],dp[i — 2], ..., dp|2], dp[1]

AR RE b 1 Rk 2 B, RICERMIGAESS o BEERE LI, b —dm AT RESGTESE ¢ — 1 PEeEE ¢ — 2 [
ko HATEES, BAMIHARETESE ¢ — 1 BEEE ¢ — 2 PR | R,

P AT 15t — {8 2 A TR & — 1 KBRS RO LIRS ¢ — 2 FERT REORFIRNERNSE 7 BT
FH, ~AE:

dpli] = dp[i — 1] + dp[i — 2]

IERRE TR, S T P R R, JRRTEEERT DL 7 W R R, 8 14-2
JeoR T 2B HERR R
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dp[5] =dp[3] +dp[4] =8

dpl4]=5 /-

dp[3]=3 .

BRES 0 = 1 2 3 4 5 6
HEE dp[n] = 1 2 3 + 3 8 13
NI

14-2 75 REEIEHERF

BlPTAT DR A A TSSI R  B vk, DA dpln] B Etams, WIS — N AR AR 2 A e 1N
MR, EEEERNTRIE dp[1] A dp[2] BRI, b, B/NTRENRBCHN, B dp[l] = 1,
dpl2] = 2, FRIEEIE 1. 2 BRI 1. 2 M,

BIER DU A2, e RIHAE U AT AR S B s, (BN
// === File: climbing_stairs_dfs.ts ===

[* B8 */
function dfs(i: number): number {
// BX0 dp[1] #0 dp[2] , iR[ElZ
if ({1 === 1 || 1 === 2) return {;
// dp[i] = dp[i-1] + dp[i-2]
const count = dfs(i - 1) + dfs(i - 2);
return count;

}

[* et #E +/
function climbingStairsDFS(n: number): number {

return dfs(n);

}

[l 14-3 T 7 RIS SURIERE, SR dpln] , HIEEBIRES n, MESRES O(27) . i
WO PRI, AR —H AR n, BB B RS 2,
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dp[9]

dp[é] dpl7]

dpl7] dp[6] dpl6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[4] dpl4] dp[3]

ERERNEDEEEARESR THE
THERRERERIEEME 02")

14-3  JTCAEAH S 8 0 e s
Bl 14-3 , IRBEERRIERE 2 “EB RS B, Bla0 dpl9)] o iE% dp(8) F dp[7], dpl8]
Weonrfi# 2 dp[7] F1 dp[6] , WEEES TRIE dp[7] .

DA, FREPEESENIES FHE, FrRREEED. B0 EE IR E RS L EEN T
il Lo

14.1.2 AE=: stisies
B TARTHEEESCR, BRI EE IR B R R R, Btk TRE S — AR nem AR AT EREF
8 FRIRER AR, M 7E 18 S0E R b B A T R AT kL,

1. EERE dpld] B, FRPREHIRE mem[1], DAMEZ B,
2. BHRTEEA dpli] By, FRMUER] ERE mem[1] FIEEAS R, (Eik o BB % TR,

FEAXHEA N AR
// === File: climbing_stairs_dfs_mem.ts ===
[* IR ESE */

function dfs(i: number, mem: number[]): number {

// B dp[1] # dp[2] , EREIZ

if (1 ===1 || 1 ===2) return {;
/] BEfFfECE dp[i] , BIEELREIZ
if (mem[i] != -1) return mem[i];

// dp[i] = dp[i-1] + dp[i-2]
const count = dfs(i - 1, mem) + dfs(i - 2, mem);
// &% dp[i]

mem[1] = count;
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return count;

}

[* Tetts: SIS */

function climbingStairsDFSMem(n: number): number {
/] mem[1] SCEXMEEISE 1 BERYIS MBS, -1 AREDH
const mem = new Array(n + 1).fill(-1);

return dfs(n, mem);

BUIsRE 14-4 , SRR R, P BB IERNESE X, KRSRERMELE On), B2 —M
BRI

0
.9 1B,
i BEiEE

,///\\\\ RS ENRBERES 0(n)

ERFAEERFRBERBHEE—R

)
Qo
v

B 14-4 G101 5 60 0 A

14.1.3 FHiE=: EHEERE
refRfbiaid —M “TRIEENE M5TE: BIMMEERME RETRD LG, IR EOR 7 7 g 2 i N
ME, BEEMOCANNRNTHE GEHR), 218, ZBENEREUCE T RERM, R R R,

AR, BhRERIER —/ “RIREIE” 758 18R/ FRERRRLG, ERMEEERFHENE, B
EXCElGh: (2]

HREN B A S RIERE, Rt HB A EEER, SAfHEE, £ITERIS, JFHat
—fEbHA dp A7 T RIERIE, TEE] T R 2 A mem AH IR HRCER 1 -

// === File: climbing_stairs_dp.ts ===

[* Te1R%E: BIREMRE */

function climbingStairsDP(n: number): number {
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if (n === 1 || n === 2) return n;
/] et dp R, AREEFREIBERE
const dp = new Array(n + 1).fill1(-1);
/] ARG A&/ FREIERTAR
dp[1] = 1;
dp[2] = 2;
/] REEERS . RREBUNFREIEZSD KFERAFE-E
for (let 1 = 3; 1 <= n; i++) {
dp[i] = dp[i - 1] + dp[il - 2];
}
return dp[n];

14-5 st 7 DL AR S AU T AR,

T T Y T Y TN
—~ 7 ~

paiRAE
dp[1] = 1, dp[2] = 2

RIS AE:

dp[n] = dp[n-11 + dp[n-2]

~

RAaRRERYS, ETRREEE, JERRRERELE

[ 14-5 MErEBERIENRERIE B

B[l R TE b, BIREAEIBEER] KRR MU RME KRR E B, IR RE AR I — {8 -l
PARAR R sk M e B e, B4, TR AR T RE IR B 2 2% B T T AE MR R B

FREDA b Pu7, FRIFTT DA H B RE AT 3 T35
- YT dp B2 dp %, dpli] RTIRGE | HIET RIS,

RN ISR (55 1 RERISE 2 BEAREE) R AR,
- HBEHEAR dpli] = dpli — 1] + dpli — 2] Bl iReESEE TR,

14.1.4 TRHRENL

ANOIEEF T RERBL T, W dpli] R dpli — 1) M dpli — 2] AR, FELRMMESARE R —MERES] dp s 6H
R ¥ DRI, AT (A EORE AT R AT, FECHEN R R
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// === File: climbing_stairs_dp.ts ===

[* Te12%S . =RISENRRENRERE +/

function climbingStairsDPComp(n: number): number {

if (n === 1 || n === 2) return n;
let a =1,
b = 28

for (let 1 = 3; 1 <= n; 1++) {

const tmp = b;

b=a+ b;
a = tmp;

}

return b;

}

B Dl RS, HRAZ TS dp (5RO, BIAEIERETE O(n) K= O(1)

FEFEMEIFES, EapREEEE R REREAR, ERERMAT AR RELEAIRGE, 8 FEiE”
AR S SR BRI WRE 5 “IRENEEE B B,

14.2 shEEMREIRERE

£ L, M2E 7 BB A ANE A 1 R ACK R R, EFE L, TR R —EE
AUTERER R, fE07a. BREMEE]. mIR RO HIE R AL,

M TRTE SRR O [ R 70 2% 2 (B BN B R, BB/ hFRE, AR RS oF 1 RE
WO, ERAAS 2R R R,

- BENIE S EE TIEE iR, (HEOMEEBIAN LR AIE, BRERIE AT R A B,
FE 7 @A & BT 2 SR R

- [ R AAE B B MR FR S 2R A Al RERYAR, MBS BT RO L A AR 20057, RRERI R —
RYNRFG B, ] DURFREEPR D BR < BT 17816 1 —flEl 1l

HFE L, EhEEMEEIE HAOR iR S, EMMERSERTHME, BEASDINMRRE: BB,
R,

14.2.1 RIBFEIE
FATETErE AR ERS (EE), (2 EIE S BT R TSRS,
e R A /M
E—EAERS, IR TIDALE 1 BEaRE 2 B, S —REiEks LR E —EIE R, FORIRTE BT RE

PR B A, A — AR BB BES cost , HAP cost[i]| RaRAES ¢ MERTEN HAIRE,
cost[0] ZHum GEIGED . whstFE O FEN 2 DR EA REREERR?

GniE 14-6 iR, A% 10 20 3BERARMESAIZ 1. 10, 1, RIFEHmmEsIzs 3 RErm/ MRER 2.,
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RS n = 0 1 2 3
K8 cost[n] = 0 1 10 1

ML 3 E@HHEE 3 BA%E:
0515253 , 05233 , 05153
HAr 0123 NKNESRD, B/IRES 2

14-6 EF% 3 FERTER/NMRUE

#E dpli] ZIEIE | BB HORE, BURS  BRATARE i — 1 Beak i — 2 Bk, it dpli] RATAE:
W dpli — 1] + cost[i] 5 dpli — 2] + cost[i] » 25T HATREM/D 0, Tl IR ZORIEmZ B MU :

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

SFERATDAS | AR B T A5 S 7 it TR e A 1R - 0 L) e B A R 19 2R )

AERIREA BT AR BT TR B dpli — 1] f1 dpli — 2] hPoE @R —E, A
ERERHERE dpld] BRER,

EE, E—HR TR H AR A RE T AERIE? BRI BRI REE, B2 —EsHEE, EmR
R ORBRATTRYE", TSN, MR BB A, (HEREE AREBL K
T B BRATTRBEFNRE n — L EMNE n — 2 R RBE M, bR, RETEBIEET
RS, EARMEEE AR &,

FRABIRAEERS TR, DURWIAIRAE dp[1] = cost[1] 71 dp[2] = cost[2], FelMuknl LIEEITHAE B
s

// === File: min_cost_climbing_stairs_dp.ts ===

[* TeZtRem/MUE: EhRERREI */
function minCostClimbingStairsDP(cost: Array<number>): number {
const n = cost.length - 1;
if (n===1 || n===2) {
return cost[n];
}
/] Mak dp R, BREHETFRIERRRE
const dp = new Array(n + 1);
/] WYARRE: AR &/ FRIERVAE
dp[1] = cost[1];
dp[2] = cost[2];
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/] KRB WEBUNFRIEERD RFRATFRHEIE
for (let 1 = 3; 1 <= n; i++) {
dp[i] = Math.min(dp[i - 1], dp[i - 2]) + cost[i];
}
return dp[n];

14-7 JEon 1 DA ERE IS B RE M im AR,

cost[1] cost[3] cost[5] cost[7]

cost[9]

mﬁ?“————”/: mﬁ?“*———"’<: min
cost[2] cost[4] cost[6] cost[8]
YAHRRE
dp[1] = cost[1] , dp[2] = cost[2]
AR 52

dp[i] = min(dp[i-1], dp[i-2]1) + cost[i]

[ 14-7 ety MUBREN BB B

R OB TR R, MR T, AR O(n) B O(1) :

// === File: min_cost_climbing_stairs_dp.ts ===

[* et/ MUE: TEREMENERERE] */
function minCostClimbingStairsDPComp(cost: Array<number>): number {
const n = cost.length - 1;
if (n===1 || n===2) {
return cost[n];
}
let a = cost[1],
b = cost[2];
for (let 1 = 3; 1 <= n; i1++) {
const tmp = b;
b = Math.min(a, tmp) + cost[i];
a = tmp;
}

return b;
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14.2.2 BB
T B AR BB S G SRR R I R > —, HoE s B e iReeg, SrRRsmn
BB RTARAEG B, 1T B 224 R X i R B A A,

DATCHEER R B, %k ¢, EEstiiRig i + 1 RGRE 7 + 2, 2HIBERk 1 Sk 2 5, 1t
TS AEERERE, FMMZEE EIRGE ¢ ZATAIRGE, EMEHREE ¢ FIARRIR AR,

SR, WNERPAMAG TR PR 1 — RAV A, TR T
PRI 1

M —EEE n BEROIEES, e ATDLE 1 FEeaE 2 B, (HAREMSImERE 1 B%, ssfa 2 8%
A DATEZHTH?

qniE 14-8 Fiow, e L5 3 REEF 2 Min 7755, HAdg =opk 1 BER77 AR KRR, KRItdEzE,

R TREEEmEEk 1 B,
FELEAE 05152 >3 HWEE I

H

BIERS n = 0 1 2 3 4 5 6

TetsE 3 ERBHs 2 %=
05253 , 05153

14-8 THHIRIEHIZE 3 FEAY 7T REE

TERARIBE D AR R 1 I L, TR — W 2 B, R, T RRARREH R TR
fE CEERIFTIEMSBEREBO Mo, AN MR (L —WRPiTEMBEREE) AR,

REEEEH, LR O R E SR, RS AR dpli] = dpli — 1] + dpli — 2] BT, W2
dpli — 1) RFEARDE 11, [HEPRETHS  L—w2pk 1B AR 7E, ik TREAR, RMRR
HERS dpli — 1] EREEEA dpli] .

B, RMEERRREER: IR i, j] FoRRLEN  RAEE LBk T j B b€ {1,2). ke
ERARES T LBk T 1 FORR 2 B, FPTAT DA 08T 5 AR A A T AR,

LM ERRBET 1R, b AR 2 B, B dpli, 1] SURERE dpli — 1, 2) EREK,
M EBRPET 2 BERE, b bR | ek 2, B dp[i, 2) 7RI dpli— 2, 1) 5 dpli — 2, 2]
HRI A,

W 14-0 iR, (EXEHR T, dpli, j] FoRIRE [i, ] BRI S00, SLIRRR RS 77 2
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dpli, 1] = dpli — 1,2]
dpli, 2] = dpli — 2,1] + dp[i — 2, 2]

THEEEMERDE 1 P
EZERES

dp[i-1,1]

dp[i,1] dpl[i,2]

dp[i-1,2]

dp[i-2,1]
dpl[i-2,2]

@ 14-9 #EAVHR THIEHER R
B#& IR dpln, 1] + dp[n, 2] BIRT, W& ZFRRICRISE n BT R4
// === File: climbing_stairs_constraint_dp.ts ===

[* TEHIRICHEYS . BREARE */
function climbingStairsConstraintDP(n: number): number {
if (n===1 || n===2) {
return 1;
}
/] et dp R, ARREEFEIBERAE
const dp = Array.from({ length: n + 1 }, () => new Array(3));
/] ARG TER &/ FREIERTAE
dp[1][1] = 1;
dp[1][2] = ©;
dp[2][1] = o;
dp[2][2] = 1;
/] REEERE: REUNFRIEZRSD KRR A FREIE
for (let 1 = 3; 1 <= n; i++) {
dp[i][1] = dp[t - 1][2];
dp[i][2] = dp[t - 2][1] + dp[1 - 2][2];
}
return dp[n][1] + dp[n][2];

£ LERIRBIF, R EFRZ S ERTE - EIRE, RIEBMAR OB R E %, (1 R S e
R, A, FEEREAAIREEERN AR,
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JT€ et B it~ R

AR n BEEOMES, REDATDLE 1 BEEE 2 FE, BUE TR ¢ BN, REATHEIEH 20
R L L REmEY), ZARPA AR A SERFREEISE 24 BE b, BN, wiRiER ARSI T 20 3L, Az
RALAREBREIZS 4. 6 FE Lo FRfA 2/ 2 n] DUREIIETH?

FEIE AR, T IXBRRRACHIE RFTH ARG, K% —RBREE AT & 16 8 m A PSS s i, AR BARA
Bk, BREHME, BHRERIEIEERDIRIL,

HEE b, FF2EMNHS REMME GINRITREE) AN SR, BNEHEME, JIMaEE e
(ER AT, BlanmeE g, EETEETR, sRIBEE, REMEA RN N2 R A9 s i

14.3 EHFREREIMRERBRR

AR T BN R PR R T B, AT AR R PR {1 S A0 B P A TR

L. qnfar B —fE R R A 2 B e A R RE?
2. RipEhEREIREZIEMEANT, ERPERE(E?

14.3.1 RIREFIER

RERARE, IR —(ERE O S O TR, e AR, RS R A, IR B & B R L R AR
SR, FRAMREEAE RN T B R B IE 2, R Rl S RO, SIS &8 & (A )
W (558 Mk

TS R B A R “DORRIBUR” ) SRR AT DARE RSN AR AR, Horp g — (ARG RER
—fEPR, B ERERRERRFS,

BAyESE, WEREE S IR RS, I BB — RYIRRELR, AR ERN e R, @
AT DAGE A [ A A R
FEMENE b, ShREEEIFEE A — LB “nE”,

- MEEERK (N B&2 (D) FaErid,
- FERIRERES ] — (B H 51, SRR P s AR, 3l H— ;iR R B HL ) [ AR RE A7 AE IR HE B 1R

MR, thiFfE—2 “oTIH",
- [N HAEZ R T A AT RERUARIR T 2., AN R B
- FERA A ABEHY I SRR, R A AR ZE 7T %,

Q0 SR8 R R R AR, i B BRRRY InorIE”, FIMREAT DARR e R — (EEh R R, e
RAFBREFBEE L,
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14.3.2 FIRERMBELR
BIRE R B0 i i & K R E S A FORE, (EIEEEME IR AR, ERIRE, #ir
dp &, HEEIREERETIRE, Meis s,
7 T HIE R RN REA B, TR — SR “ iR/ R AEAN” AR,
Question
SHE—MEH n X m B ZHEAE grid , AP HEEETTREES —EIFE Y, RRZEITHIRIE,

Meas N DAZE b BT 2t tndl, SRARER NeERERE—8, HEEENEA MAETK, sFiRE
e EAEIETS f R N ISR,

14-10 JoR 7 — {7, #67C S A/ N SN 2% 13 6

TR

1 3 1 5 3 1 5
2 2 4 2 4 2
5 3 2 1 5

4 3 5 2 4 3 5

RGNS 13
HESERRES 1225293225152

14-10 e/ NEAEFIRBIE AR

B0 BERRNYOR, CRINE, EmER dp %

RS — W IR AL R I TR T ok — 2, SRS FIOTAIRE1 % 1, 7], BUFA Rekrs &
—1%, RBIEA [i+ 1, ] [i, )+ 1]. Eit, REEEEGTRIIMAIRS REEE, 25 [i,]].

RAE [7, 5] SHRERY TRIRES: HELAE [0, 0] 2 [i, 5] MO NS, Rt dpli, 7] .
i, FMEEE T 14-11 FURH 4 dp S, FLR B ALHE grid HF.
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i+
1 3 1 5 dp[0,0] dp[o,1] dpl0,2]  dple,3]
i 2 2 4 2 dp[1,0] dp[1,1] dp[1,2] dp[1,3]
—
i+l 5 31 2 1 dpl2,0] dp[2,1] dp[2,2] dpl2,3]
4 3 5 2 dp[3,0] dp[3,1] dp[3,2] dp[3,3]
grid dp &
SRAE: naERTEE FRIE: WAL (1, j] BS/EEEM
MEEER: 75IR5 [1, j] dp ®: R~ grid HRBVERE

@ 14-11 ARfeEFE dp &

Note

By RE R BN B IE AR 7] AR IR 2 — B SR P2, miikRe i DR BN AL, EIEE S A R
ERATASE, HESTEMNEM, eSS N —EikeE,

BEREACH E—E P&, FMETE M dp ZARGEENE TRIERNR, ARER &1 728
& dp RIN—EHEE, EARE LE, dp REARENFRIERNRE . M5,

B PR AN, MmN E RS )

SRREE [i, 5], CREER BT [i — 1, j] FIESHT (i, — 1] BT, FRE T s
[i, 7] HOB NS ERIER [3, § — 1] 90 NS ESRIBR [i — 1, 5] BB IR R i MBS — B

IRIELA L2 #r, FIHEHIE 14-12 FosaOiR B TR :

dpli, j] = min(dpli — 1, 7], dpli, 7 — 1]) + grid[i, j]

1 3 1 5 dple,e] dple,1] dpl0,2] dple,3]
2 2 AI 2 dpl1,0] dpl1,1]1 dpl[1,2] dp[1,3]
5 3 2 1 dpl2,0] dpl2,1] dp[2,2] dp[2,3]
— o—
4 3 5 2 dp[3,e] dp[3,1] dp[3,2] dp[3,3]
grid dp &
KRB 1R

dpl[i, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
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14-12 B TAEREELIREEIS T

Note

RIBERGH dp %, BEEFEENFREENRGR, HOHEIE T R B R AN 15 5 5 RE Y i g
H771%, BIEE T4,

— BB T BB 145, whal DAGEH AR E AR R 77 2,

B MRS SRR R RS

FEATER, FRAEEATARRE A REIEH /B ATIRE SR, SR AE E HIATIRE X RETEH IR AUIRREIS AR, HILEAT
i = 0 MIES j = 0218 7RI,

qniE 14-13 R,  HREHERS T2 TRk R A, PRI (68 A R A e i R,
EERIAT, WNEREET%5,

dp[0,0] dpl[e,1] dp[0,2] dp[0,3] dp[e,0] dp[e,1] dpl[e,2] dp[0,3]

dp[1,0] dp[1,1] dp[1,2] dp[1,3] dp[1,0] dp[1,1] dp[1,2] dp[1,3]
— — —

NN NR R

dp[2,0] dp[2,1] dp[2,2]  dpl[2,3] dp[2,0] dp[2,1] dpl[2,2] dp[2,3]
S S S

R R R

dp[3,0] dp[3,1] dp[3,2] dpl3,3] dp[3,0] dp[3,1] dpl[3,2] dp[3,3]
— = =
BRES: MRtkETET REERBIFF: EFEHERE

14-13 B AR ELIR B IE

Note

B SR e BB RS R wIUG1E dp &, EE=F R,

AR BEHAS IE 7 1% O B BAR S AE st B RO ARV ARIRE, P E EAREA R B8 /)1 [ RE A R B A 4 (L
FrE AR,

RIELL B4, FMEAER DIEE S BB RS, AT o e — I THE RA B4, RItig i
‘BN - RS — SIS ANER EB IR S B MR,

1. BFE—: Bhigs

FEUREE [i, ] BUGIES, RETMRAE/NGIREE [ — 1, j] A1 [i, ) — 1], IBEEREEL FEE,

- JBIES: HREE [4, 5] .

- JRIHE: 1[0, 0] 2[4, 5] BB/ dpli, 7]

- BIEEME: H i =0 H j = 0K, REMRE grid]0,0] .

©OBE H 0 < Ol < O RGBS, HRHRERE 400, REAAIT,
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BRI
// === File: min_path_sum.ts ===

[* BNERISHN: BAOES +/
function minPathSumDFS(
grid: Array<Array<number>>,
i: number,
j: number
): number {
/] BRELAETE, KIS
if (1 === 0 8% j == 0) {
return grid[0][0];
}
/] BITHIERSIER, BIRE +- K&
if (<0 ] j<0)({
return Infinity;
}
/] STERALARE (i-1, §) M (1, j-1) HR/NEERE
const up = minPathSumDFS(grid, 1 - 1, j);
const left = minPathSumDFS(grid, i, j - 1);
/] BERAELEAHE (1, j) HR/NRERE
return Math.min(left, up) + grid[i][]j];

14-14 S50 T P dp[2, 1] 2R EEANRER, Hih@E—SEi e, HER s orid IR

BRI SEIE 2,
WAH LB, ENRER T HENEEZ: 2RSS DR LA ENER —HTh.

Bk WEIEA

dp[2,0]

dp[0,1] dp[1,0] dp[1,0]

O?Y/ \‘?o “,?O

dp[e,0] dp[o,1] dp[e,2] dp[e,3] BB 7RI

dp[1,0] dp[1,1] dp[1,2] dp[1,3] dpli+1, j1 # dpli, j+1] #BtkEE dpli, j]

dp ®
dp[2,0] dpl[2,1] dp[2,2] dpl2,3]

dp[3,0] dp[3,1] dp[3,2] dpl3,3]

14-14 21148 50E 0k
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FHEREE A A NRIAA DS, 4 EAERA MARETRE m +n — 2%, FiRZERHERES
O2m™™) . LR, BEFEARSBERICARIERNEN, &EEMERE R R T — RS, Hit
BRI SE gD —L,

2. HiEZ: ioiEkiES
M5 AN— @484 grid AHFER SRR ES] mem , FITAGCERASE T RRERDAR, 1% 2 /8 [ T30
/] === File: min_path_sum.ts ===

[* BNERISH: SEIRAEE +/
function minPathSumDFSMem(
grid: Array<Array<number>>,
mem: Array<Array<number>>,
i: number,
j: number
): number {
/] ERELAETE, BKEES
if (1 === 0 8&& j === 0) {
return grid[0][0];
}
/] BEITHRSIER, ARE] +- B
if (1<0|] 3<0)({
return Infinity;
}
/] EEHEEk, AIEEIRE
if (mem[i1][]j] !'= -1) {
return mem[i1][j];
}
/] BN LB BTN R/ EEAE
const up = minPathSumDFSMem(grid, mem, 1 - 1, j);
const left = minPathSumDFSMem(grid, mem, i1, j - 1);
/] sEFILREIZEAE (1, §) NRNRERE
mem[1][j] = Math.min(left, up) + grid[i1][j];

return mem[1][j];

GniE 14-15 Fow, ESIAGCIEMIR, FrA FRIERBEAFREE R, Bk R R BRIk e 48 dy, B4
RS O(nm) .
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Bik:. BEAH Bk R/5IEA

dp[l,l] dp[z;a]

14-15 GCIRALIS e it

3. FEZ: BEERE
AR EH B EHEIRE, XS0 TR
// === File: min_path_sum.ts ===

[* BR/NERISAN: EHAEARE] +/
function minPathSumDP(grid: Array<Array<number>>): number {
const n = grid.length,
m = grid[0].length;
/] Wk dp &R
const dp = Array.from({ length: n }, () =>
Array.from({ length: m }, () => 0)
)
dp[o][e] = grid[e][e];
/] REEE: BT
for (let j =1; j <m; j++) {
dp[e][]] = dp[0][] - 1] + grid[0][j];
}
/] REEERE: 7Y
for (let 1 = 1; 1 < n; 1++) {
dp[i][e] = dp[t - 1][0] + grid[i][O];
}
/] IREEEERS: HERITAIY
for (let 1 = 1; 1 < n; 1++) {
for (let j: number = 1; j < m; j++) {
dp[t][j] = Math.min(dp[i]1[j - 11, dp[i - 1][31) + grid[i1[i];

}
return dp[n - 1][m - 1];
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[ 14-16 J&R T B/ NSIEFIIR AL EAE, HAER 1R E4Ets, RRHBEES O(nm) .

BEZ1 dp K/NZy o x m, BEIRBRIBEREEZ O(nm) .

Step 1

Step 3

Step 5

Step 7

Step 9

3 1
2 4
3 2
3 5
grid
3 1
2 4
3 2
3 5
grid

3 1
2 4
3 2
B] 5|
grid

3 1
2 4
3 2
3 5
grid

0 o 0 0 1
0 0 0 0 2
0 0 0 0 5
0 0 0 0 4
dp ®
WAk dp ®
Step 2
1 4 5 10 1
3 > i 0 0 2
8 o 0 0 5
12 o 0 0 4
dp ®
IRREEE
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1
Step 4
1 4 5 10 1
3 5 9 ""1& 2
8 o 0 0 5
12 0 0 0 4
dp ®
ARSI
dpli, j1=min(dpli-1, j1, dp[i, j-11) + grid[i, j]
Step 6
1 4 5 10 1
5 5 9 11 2
8 8 O-Ddi 0 5|
12 0 0 0 4
dp ®
IRREES
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
Step 8
3 1 1 4 5 10 1
2 4 3 5 9 1 2
3 2 8 8 10 11 5
3 5 12e->11 0 0 4
grid dp ®
IRREEE
dpli, j1=min(dp[i-1, j1, dpli, j-11) +grid[i, j]
Step 10

3 1
2 4
3 2
3 5
grid

1 4 5
3 o0 o
8 o o
2 o o

dp ®

MeadeEsT dplo, j1=dple, j-1] +gridli, j]
MiakEsl dpli, o] = dpli-1, 0] +grid[i, j]

B 1
2 4
B 2
B 5
grid

RREE

1 4 5
3 5 &> i
8 0 o
12 0 o

dp &

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]

3 1
2 4
B 2
3 5
grid

RS

1 4 5
3 5 9
8 > z o
12 o o

dp &

dpli, 31 =min(dpli-1, j1, dp[i, j-11) + gridli, j1

3 i
2 4
3 2
3 5
grid

RREES

10

11

8 8 10e—>11

12 o o

dp ®

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]

B 1
2 4
3 2
3 5
grid

RREE

1 4 5
s 5 9
8 8 10
12 11-—>1£
dp &

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]

il

il
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1 3 1 5 1 4 5 10 1 3 1 5 1 &4 5
2 2 4 2 3 5 9 11 2 2 4 2 Bl 5 9
5 3 2 i 8 8 10 il 5] 3 2 i 8 8 10
4 3 5 2 12 11 156->13 4 Bl 5 2 12 11 15
grid dp & grid dp ®
IRREEES
dpli, j1=min(dp[i-1, j1, dpli, j-11) +grid[i, j] EEIR/EEHA 13
Step 11 Step 12

14-16 B/ NEASHIRIEN R EEE

4. TRERER

AR EHERS  REE R BB Aors 7 AR, R Al AR — (B TR AR dp &

11

il

13

AR, B2 dp HEERR —1THUIREE, AR DARMEEEERTRIG L &S RRE, MR TR e

// === File: min_path_sum.ts ===

[* RNEREM: TERENREINEIRERE */
function minPathSumDPComp(grid: Array<Array<number>>): number {
const n = grid.length,
m = grid[0].length;
/] #Ek dp &R
const dp = new Array(m);
/] REERE: BT
dp[0] = grid[o][e];
for (let j = 1; j < m; j++) {
dp[j] = dp[j - 1] + grid[e][j];
}
/] HRREETE: HERTT
for (let 1 = 1; 1 < n; 1++) {
/] HRREER: B
dp[0] = dp[0] + grid[i][e];
/] RS HERT
for (let j =1; j < m; j++) {
dp[j] = Math.min(dp[j - 1], dp[3]) + grid[i][i];

}
return dp[m - 1];
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14.4 0-1 58f5RE

HEMER E R rEEREAMEE, ZEEREPRTE RMERK, HAEARZ%M, Flio-1
HHME, TettiE ZEEUMES,

EAH, FRAMSeAR e RAY 0-1 F &,
Question

FAE n B, 5B O YRR E RS wet[i — 1], BEZ valli — 1], —EEES cap FEH,
Py R REREE — R, BHERREH BA R TRERAY S A RO EE,

BRI 14-17, BRYISRARSE © 1¢ 1 Bldaates, FFIRSITE O BhstEL, itk « BIEER wyt[i — 1] f1
EfE valli — 1] o

W EE H{E

i wgt[i-1] val[i-1] LaRE
1 10 50 ] cap = 50
2 20 120 Vo~
3 30 150 B — “
4 40 210 ¥
5 50 240 (Y

mAMEE: 270

=ELER: & 8 BIAEE
H#{EFH 50 HEAE

14-17 0-1 HHERRHEIER

AR LA 0-1 B EMEEE—EH n @WMRRHKANERE, BN EYIREE AR REIRSE, Kt
A [ R T e TR AR S

%R B KR “FERRE H BA R TREMAY MBI R REE", RIS Z —(EEh .,
B0 BHERRNYOR, CRINE, EmER dp %

NS EYRAR, RS, SEARTE; AN, SEARMI . R HREER: S
G R RAR e, B[ .

ARAE (4, c] BRI FRIER: 0l ¢ EYSER RS c RSP rERER, 2% dpli, c.

FERMERZ dpn, cap], RHFE—ERS% (n+ 1) X (cap + 1) M —# dp &,

B RN AR, PR IR B T R

BRI YR © R, RIERAZAT ¢ — 1 EYSIRRH TR, R 72 DU N WA,
© ABANYEL G EOAERE, REELR 11, ¢,
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BN i SEARIRD wet[i — 1], EHER valli — 1), RESS [i — 1, c — wgt[i —1]] .

ERIATIRAE TR T AR R TR ORI dpld, o] SRR ¢ FURAPIS ¢ TR E
(B RHAR M, FH I AT IR RE RS ) 7 -

dpli, c] = max(dp[i — 1, ¢|,dp[i — 1, ¢ — wgt[i — 1]] + val[i — 1])

TERBIE, HENYRER wgtli — 1) RGBT AR ¢, BIHAERIE AR,
W HERE R RTR AR R RS
IR AR 0 FRAEIES 0, BISI dpli, 0] FEFT dpl0, ] HER 0.,

BRIRAE [i, ] 76 L7 HIIREE [i — 1, c] RIfe L THOIRAE [i — 1, ¢ — wgt[i — 1]) EESMIR, EILEERNEE
FIE R E S dp AR,

IRIELA Lo #r, B AP EE R h e, s, BRERE,

1. BF&—: 8higs

HaEABEE N ER,

- RS REE i, o]

- IRDHE: FRIERE dpli, ]

<3 1R 4 %éﬁ%ﬁ@%’-izOﬁ*@iJﬁ?%i%Oﬂm IR EEE O .
- BRC HERYSESBLEORGRA R, RHREEENRAE .

// === File: knapsack.ts ===

[* 0-1 58 FHES */
function knapsackDFS(
wgt: Array<number>,
val: Array<number>,
i: number,
c: number
): number {
/] EEETFEYMEEEERGREE, AIREEE o
if (1===0|] c ===0) {
return 0;
}
/] EEBEERE, AREEERRANE
if (wgt[i - 1] > ¢) {
return knapsackDFS(wgt, val, i1 - 1, c);
}
/] STERBANBAYIE 1 NEXEE
const no = knapsackDFS(wgt, val, 1 - 1, c);
const yes = knapsackDFS(wgt, val, 1 - 1, ¢ - wgt[i - 1]) + val[i - 1];
/] BEIWTEREREEEANI—E
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return Math.max(no, yes);

QN 14-18 frs, HHIATHIEY) S # & A A BRI IS S5, FEIREEREEZ O(27) o

BlERER, APBEBHPF RS TRE, FlUdp[l, 10] %, MEYREZ, SEARDK, THEHA
HENY R, HETRENBESGREE 2,

o}

YRR HaSE
dp[3,30]

BEHANYSE 3

REHEANYSE 1

dp[e,10]

YrmiReR i 1 2 3 HEAEE cap = 30
YEESE wgt[i]l 10 20 20
YaEE vallil 60 110 120

& 14-18 0-1 & EHIER SRR

2. FEZ: miekiEs

7 7R B T RE NG — IR, BAMEEDEIR AR mem ARECHR TRIERIME, Hr mem[1][c] ¥IE dpli, c]

e

FINGOIRIL 2 1%, WEHSTREERUOR FREEE, 2 O(n X cap) . BHEXBIT:
// === File: knapsack.ts ===

/* 0-1 HE: LRAKES */
function knapsackDFSMem(
wgt: Array<number>,
val: Array<numbers>,
mem: Array<Array<number>>,
i: number,
c: number
): number {
/] EEETFBEYMEEEERGFEE, AIREEE o
if (1 ===0 || c ===0) {
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return 0;
}
/] EEBEHK, AEEERE
if (mem[1][c] !'== -1) {
return mem[i][c];
}
/] EEBEERE, AREEERHANE
if (wgt[i - 1] > ) {
return knapsackDFSMem(wgt, val, mem, 1 - 1, c);
}
/] STEFBANNBANYE 1 IRKEE
const no = knapsackDFSMem(wgt, val, mem, 1 - 1, c);
const yes =
knapsackDFSMem(wgt, val, mem, i1 - 1, ¢ - wgt[i - 1]) + val[il - 1];
/] FESRILREIMET = EEE AN —E
mem[1][c] = Math.max(no, yes);
return mem[1][c];

14-19 JoR TAERC IR 2 R BT F 8 2270 52,

ek Y58
dp(3,30]

BEBRANR 3

Bk $REIEH B MREE > HA%E

dp[2,30] dp[2,10]

& of o2 BEMAMG 2

dp[1,30] dp[1,10]

& BEBAYE 1
o = *

YrmiReR i 1 2 3 HEAEE cap = 30
YEESE wgt[i]l 10 20 20
YaEE val[i]l 60 110 120

14-19 0-1 & C R RIRAL 8 2 2 At

3. BiE=: EhRERRE

BB S B LR EIREBE R T dp RIVIBRE, X NITR:
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// === File: knapsack.ts ===

/* 0-1 HE: BRERE «/
function knapsackDP(
wgt: Array<numbers>,
val: Array<number>,
cap: number
): number {
const n = wgt.length;
/] #Ek dp &R
const dp = Array.from({ length: n + 1 }, () =>
Array.from({ length: cap + 1 }, () => 0)
);
/] REEE
for (let 1 = 1; 1 <= n; i++) {
for (let ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ) {
/| EEBBEERE, IFfNEYM 1
dp[il[c] = dp[i - 1][cl;
} else {
/] TENEYR 1 EMESENRAE
dp[i][c] = Math.max(
dp[i - 1][c],
dp[i - 1][c - wgt[i - 1]] + val[i - 1]
);

}
return dp[n][cap];

QIE 14-20 Ffr, IRFREIAEEHE E AT 2 I HE EE B BHES1) dp /NRE, B O(n X cap) o

a a A B = a & B
BE wgt (AfE val el oo 1 2 3 4 BE wgt (A val \N 0 1 2 3 4
wgt[i-1] val[i-1] [ 0 [} ) 0 0 wgt[i-1] val[i-1] ) 0 0 [} ] ]
550
1 5 ¢ ) 1 5 o ] 5
2 11 * 2 0 2 11 * 2 ]
3 15 (3 3 [] 3 15 - 3 [

HRREES

YEHE n=3 HWEEE cap = 4
dp[i, ¢] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )

AMEHRTA (n+1) = (cap+1) # dp %M
Step 1 Step 2
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EE wgt (H{E val

@ s

- a B “
1 2 3 4

[) [ [}
550

wgt[i-1] valli-1]
1 5
2 1
3 15
KRGS

dpli, c] = max( dp[i - 1, c] , dpli

1, ¢ - wgt[i-1]] + valli-1] )

@ ~s

a & B B
12 3 4
e e o o
5N
5 5 5

Step 3
BE wgt (AE val
wgt[i-1] val[i-1]
1 5
2 1
3 15
ARSI

dpli, c] = max( dp[i - 1, c] , dpl[i

7

1, ¢ - wgt[i-1]] + vall[i-1] )

- ] ] n

1 2 3 4

0 [} ) [)

5 5 5 5
+11 ¥

5 11

l Step 5 ]
EE wgt {H{E val
wgt[i-1] valli-1]
1 5
2 11
3 15
AT

dpli, c] = max( dp[i - 1, c] , dpli

1, ¢ - wgt[i-1]] + val[i-1] )

(

a a B @B
1 2 3 4
) 0 o o

| step 7 ]
EE wgt (H{E val
wgt[i-1] valli-1]
1 5
2 11
3 15
HRAGETS

dpl[i, c] = max( dp[i - 1, c] , dp[i

1, ¢ - wgt[i-1]] + val[i-1] )

s

- a @ n
1 2 3 4
0 ] 0 0
5 5 5 5

Step 9
BE wgt (AfE val
wgt[i-1] val[i-1]
1 5
2 11
3 15
ARSI

dpli, c] = max( dpli - 1, ] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )

[ step 11 |

- ] ] “
EE wgt (H{E val e 1 2 3 4
wgt[i-1] valli-1] [ 0 0 ) 0 [
#5501
1 5 (] 1 ) 5
2 11 * 2 [
3 15 - 3 0
ARAEES
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 4
- a & “
EE wgt (H{E val o 1 2 3 4
wgt[i-1] vall[i-1] 0 0 0 0 0 0
1 5 o 0 3 5 5 5
2 11 ¥ 2 0 5
3 15 - 3 )
KRGS
dpl[i, c] = max( dpli - 1, ¢l , dp[i - 1, c¢ - wgt[i-1]] + val[i-1] )
Step 6
- = "] u
EE wgt {H{E val Sl oe 1 2 3 4
wgt[i-1] valli-1] [ [} [} [} 0 ]
1 5 [} 1 0 5 5 J 5
11
2 11 ¥ 2 [} e
3 15 - 3 [
KRGS

dpl[i, c] = max( dp[i -

1, cl, dpli

1, ¢ - wgt[i-1]] + valli-1] )

Step 8
- ] ] U
EE wgt (H{E val SC] e 1 2 3 4
wgt[i-11 valli-1] ] ] 0 [} [} ]
1 5 (] 1 ) 5 5 5 5
2 11 * 2 [ 3 1 16 16
3 15 - 3 0 5
ARAEES
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, c¢ - wgt[i-1]] + val[i-1] )
Step 10
« & & @
BEE wgt (A val e 1 2 3 4
wgt[i-11 val[i-1] ) 0 0 0 [} ]
1 5 ¢ 0 5 5 5 5
2 11 * 2 0 1 16 16
+15 \
3 15 - 3 [ 11 16
AR

dp[i, c] = max( dp[i - 1, c]|, dpli - 1, ¢ - wgt[i-11] + val[i-1] )

Step 12
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) - a & @B - a & B
EE wgt H{E val el oo 1 2 3 4 EE wgt (H{E val el e 1 2 3 4
wgt[i-1] val[i-1] ) [} [} ] ) [} wgt[i-1] valli-1] ] 0 [} [} ] o
1 5 (] 1 ) 5 5 5 5 1 5 ] 1 0 5 5 5 5
2 1 * 2 [} 5 %‘ 16 2 1 * 2 ) 5 11 16 16
15 v
3 15 @ 3 [} s T 1620 3 15 - 3 o 5 11 16 20
RGNS
dp[i, c] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] ) EEEFEMSRA S ONBANEE 20
Step 13 Step 14

14-20 0-1 HHIFENBIEE AR

4. FEREL
F R SR RE S LB b — TR REE , DRI P ] DAt P o (I RS B e, i s R O(n?)
= O(n),

=B B, RIS EH —EkEY E B S MR e? BEnIH, SEREER R IE E77sE BT rIks ¥
BRI, REAA AR, HEBGERSE ¢ 7T, sEYIREEITARE « — 1 1TRIRE,

WEHREUE RS, IRESESHE dpli, j] W, Je k75 dpli — 1,1) ~dpli — 1,5 — 1] (ATRECASH
5, R R I AR S A4 L
R, ARG S, AR N DUE R (.

14-21 s T TEBAEREA NAEEE ¢ = 1 ATEHREL ¢ = 21TH0EME, 55855 B EFEr EFE R,

o - L] ] “ - [} ] U
EE wgt fH{E val el oo 1 2 3 4 EE wgt {H{E val i\c ° 1 2 3 4
wgt[i-11 val[i-1] [ [} [} [ [ [} wgt[i-11 valli-1] [ [ [} [} 0 [
C s e EEEEEEEEE Cs e o K
2 1 * 2 | o 2 1 ¥ 2 | o w1 R
3 15 - 3 [} 3 15 - 3 [

EEE—EETEE dp = nnnnn {EfER—EB{TES dp = nnnn

E 1= 2 B, 85 dp PRENRE i = 1 WFAENR BFEHE i = 2 17, BTREESE
Step 1 Step 2

- a = “ - a B n
BE wgt {AfE val el oo 1 2 3 4 BE wgt (A val el e 1 2 3 4
wgt[i-1] val[i-1] 0 [} [} ] [} wgt[i-1] valli-1] 0 ] [} [} [} [
1 5 [ BEEE © - 5 1 5 o 1 BOENEN 5 5 s
2 1 * 2 [) * 6 16 2 1 % 2 R 11 16 16

3 15 (% 3 [] 3 15 - 3 [

uer—mummsi o - ([ IEDEDEDED uer—mxsEs < - ([T IEDEDED ED

EIFESE 1 - 2 17, EERESE BFESE i - 2 17, EAREEE
| Step 3 Step 4
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] - [ ] " ] “ - [ ] " ] U
EE wgt H{E val el oo 1 2 3 4 EE wgt (H{E val el e 1 2 3 4
wgt[i-1] valli-1] ] [} [} ] [} [} wgt[i-1] valli-1] ] ] [} [} 0 ]
1 5 (] 1 ° 5 5 5 5 1 5 (] 1 ) 5 5 5 5
2 11 * 2 [} 5 11 16 16 2 11 * 2 ) 5 11 16 16
3 15 - 3 0 3 15 - 3 0

uem—-meaes o - ([)IEDEDED ED uen—muaes o = |([E)IEDEDEDED

EFEGE 1 = 2 17, EERENE FREDE, M5 dp MERME 1 = 2 WATER
Step 5 Step 6

14-21 0-1 BN HERECRIEEREERE

TERERRBEESLh, BIFIEARATIRS dp (0% —H | EAEIIR, 3 LIV A ) BTl
// === File: knapsack.ts ===

/* 0-1 HE: THESEHERIEERE */
function knapsackDPComp(
wgt: Array<number>,
val: Array<number>,
cap: number
): number {
const n = wgt.length;
/] #Ek dp &R
const dp = Array(cap + 1).fil1(0);
/] HRREEETS
for (let 1 = 1; 1 <= n; 1++) {
/] BIFE:R
for (let ¢ = cap; c >= 1; c--) {
if (wgt[i - 1] <= ) {
/] REFEYG 1 EMERENERAE
dp[c] = Math.max(dp[c], dp[c - wgt[i - 1]] + val[i - 1]);

}
return dp[cap];

14.5 TeH M8

TEAEH, BAMSeRiES —EE LS . 2oWa, AREen—mERG: TEak,
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14.5.1 =25 8ME

Question
SB7E n EYE, B EYSNERS wgt[i — 1], EER valli — 1], M—EFES cap WE, &
e el AR BHERR, FIEMRE S OAE FREAYME R EE, ~EaE 14-22 Fis,

e 5B {HE SasE
i wgt[i-1] val[i-1] cap = 50
1 10 50 o 1 —

2 20 120 & x2 = m
3 30 150 ™Y

4 40 210 ¥

5 50 240 (3

RAEE: 290

BBAE: K—E O 1mE. . BASE
HiLA 50 TEAE

14-22 sEeTEHRERREER

1. BEREITER

e ERHERN 0-1 H ERTEARFARLL,  EHEAE R AN BRI S8 R

- fE0-1 RS, SEYREAE M, FEs AT R, HREET  — 1 @Y ahrEiE,
- fEEEEUEET, SEY)S SRR, RIS AT RRE, il BT I,

TESE 2 ERERIRE T, IR [i, c] BB 2 M RE T L.

C RO i BLO-1 BRI, WRE (- 1,d.
BN 50-1 HEEARR, I [ic —wgt[i — 1]].

TETMIR BT RS 7 e 2y -
dpli, c] = max(dp[i — 1, c|, dpli, c — wgt[i — 1]] + val]i — 1])

2. ERBER

HtemEE H RS, IREES A B — 1 8%, HiRee—8C
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/1

/*

=== File: unbounded_knapsack.ts ===

TEHE: BERE +/

function unboundedKnapsackDP(

DE

w

HE

wgt: Array<numbers>,
val: Array<number>,

cap: number

number {
const n = wgt.length;
/] #Ek dp &R
const dp = Array.from({ length: n + 1 }, () =>
Array.from({ length: cap + 1 }, () => 0)
);
/] REEE
for (let 1 = 1; 1 <= n; i++) {
for (let ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ) {
/| EEBBEERE, IFfNEYM 1
dp[i][c] = dp[i - 1][c];
} else {
/] TENEYR 1 EMESENRAE
dp[i][c] = Math.max(
dp[i - 1][c],
dp[i][c - wgt[i - 1]] + val[il - 1]
);
}
}
}
return dp[n][cap];
FHRIEL

TR E IR BRI /B RIS AR AL MR, KUt MR B RS dp RPN —1TEITIERE

o

EMEEFNEF 0-1 HHIEF R, FEFEIIE 14-23 APEMER - HI1EH

B8 wgt (A val

) - = [ ] ﬂ
B8 wgt (AfE val el oo 1 2 3 4
wgt[i-1] valli-1] [ 0 0 [ 0 )
I
2 1 * 2 )
3 15 (3 3 ]

wgt[i-1] wval[i-1]

EW 1= 2 5, B5 dp PRENRE 1 = 1 WFENR

Step 1 Step 2

wem—mums o - |([EHEEDEDEDED

EFEHE 1 = 2 17, ETREES
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- ] U “
EE wgt fH{E val el oo 1 2 3 4
wgt[i-1] valli-1] ) [} [} ] o 0
1 5 ] 1 ) 5 Ul 15 20
2 11 * 2 [) 5 11
3 15 - 3 o ¥

aan-nsn » - (DD EDEDED

EFEHE 1 = 2 17, ETREES

[ step 3
) - - [ ] n
EE wgt {H{H val N e 1 2 3 4
wgt[i-1] vall[i-1] 0 0 0 0 0 0
1 5 o 5 18 15 20
2 1 ¥ 2 [}
3 15 ®» 3 ) 1
aen—mniren o - (R EDEIEIED
‘ EFEHE i = 2 17, BTREEE
l Step 5

- = ] “
EE wgt {H{E val e e 1 2 3 4
wgt[i-1] valli-1] 0 0 0 0 0 0
1 s (] 1 ) 5 10 15 [0
2 1 * 2 [ 5 1 16
3 15 @ 3 [) 11

aen—men o - (DD EDEDED

EFEHE 1 = 2 17, EfTREES

Step 4
- a & [ ]
BEE wgt (A val o 1 2 3 4
wgt[i-1] val[i-1] [ 0 0 0 [} )
1 5 () 1 ) 5 10 15 20
2 11 ¥ 2
3 15 - 3 [
asn-aninss o - (DD EDED
STRRERR, @5 dp HENRE 1 = 2 WATENR
‘ Step 6

fE 14-23 seed WL MR AR B B EERE

FEHEE B LLIR B, (ETRIHS dp HYZE —HEMIPR:

// === File: unbounded_knapsack.ts ===
/* TeHEE: TRSEMENERRRE] «/

function unboundedKnapsackDPComp(
wgt: Array<number>,
val: Array<numbers>,
cap: number

): number {

const n = wgt.length;
/] #iatk dp R

const dp = Array.from({ length: cap + 1 }, () => 0);

/] REEE
for (let 1 = 1; 1 <= n; 1++) {
for (let ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ) {
/] EBAEERE, IFTEYMm 1
dp[c] = dp[c];
} else {
/] FENEYG 1 EWERENERKE

dp[c] = Math.max(dp[c], dp[c - wgt[i1 - 1]] + val[i - 1]);

}
return dp[cap];
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14.5.2 THERIARE
YR - KEEREIF SRR, EaRSEME, FIanEEakiE,

Question
S0 n RS, R 0 RERESINTEE S coinsli — 1], BFESEA amt , R ] DUEBSHEEL, 1
RefizH BRSSO R, WUREGRZE T BAESRE, ADRE —1, REGNE 14-24 Fs,

iReR mfE
i coins[i-1] BiEEE
1 1 1 amt = 11
~ =
2 2 $
3 5 @ x2 /

BOEEHE: 3
smEsEs: @+ ©+©

14-24 FEEOIRFHERRBIER]

1. BEREIRR

TR B2 W — AR DL, W B DU B BN B,
- WIERER DA, YT R R, “PaERT B HREET, HUART HE "HES

E/E\”O
- RECEHEMNR, BeT EMRERERAMY)EE, TEHREER SR/ MR,
- RETUMERR ANEET FEAR TR, TEORER R BE HEERER,

H2 BERRNUGE, CRINE, EmEE dp #

AREE [, ] BER) TRy Wi ¢ REREWERES Pt S o IS/ DI EIR, #5225 dpli, a]
i dp BRSNS R (n+1) X (amt+1) .

B PR A, MR B RS

AREE S 2l UK TR DL P E R,

- RBEZDREIMA, FIEIGET max() ®%2% min() .
B BRI R R S, LD B RS ET +1 BT,

dpli,a] = min(dp[i — 1, al, dp[i,a — coins[i — 1]] + 1)

B WIS RHRIERIR BRI
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HERSHR 0K, BHENRDEEEES 0, RESIFH dpli,0] #%R 0.,

EIERR, MRARINMER > 0 WHESHE, BU2ENE. REREER 7P min() HXREHR
B, TMEEAER oo REREM, BILETHE dpl0, a] #BEFR 400,

2. ERRER

REYRERGE S WAL 400 #H, HEEMAEA int WEKRERRE, MiEXEEFREEA: REH
TTREFFRY +1 1R En] RESE A RN,

i, MRS amt + 1 RERERR, HAEH amt FIEEBERZ S amt . &EIRENE, A&

dpln, amt] REFW amt + 1, FRAEE —1, REMGLED HRSH, RXBFIR:
// === File: coin_change.ts ===

[* SRR BERE *+/
function coinChangeDP(coins: Array<number>, amt: number): number {
const n = coins.length;
const MAX = amt + 1;
/] #MEk dp &R
const dp = Array.from({ length: n + 1 }, () =>
Array.from({ length: amt + 1 }, () => 0)
);
/] HKREEE: B1TEY
for (let a = 1; a <= amt; a++) {
dp[0][a] = MAX;
}
/] IREEEERS . HERITAIT!
for (let 1 = 1; 1 <= n; i++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EEEEIEEEE, AITEEE 1
dp[i][a] = dp[i - 1][al;
} else {
/] TENEEE 1 EmESENEME
dp[i][a] = Math.min(dp[i1 - 1][a], dp[i][a - coins[i - 1]] + 1);

}
return dp[n][amt] !== MAX ? dp[n][amt] : -1;

14-25 JoR 7 ST IRA BB, Meen EREIER AL,
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w1
wl
wl
wrl

min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1)

i
wi

min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )

min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1)

w

5 & & 6
E [ h 0 1 2 3 4 W
i coins[i-1] 0 i
1 1 (U 1
2 2 @ - 2
3 5 @ - 3
WHESR n =3 EfRSE amt = 4
MERRTS (n+1) x (amt+1) 8 dp JERE
| Step 1 Step 2
s & & 6 6
R [ B 0 1 2 3 4 f
i coins[i-1] 0 0 M?X MAX  MAX  MAX i
1 1 ©® 1|00 1 1
2 2 @ 2| o™ 2
3 5 @ - [} 3
RGNS RS
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 ) dpl[i, al
[ Step 3 ] ( Step 4
5 & & 6
E [ h 0 1 2 3 4 E
i coins[i-1] 0 0 MAX  MAX M?X MAX i
1 1 @ : [} 1 2 | 3 1
2 2 @ 2| o0 . 2
3 5 @ :| o 3
ARG RREES
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1) dp[i, al
Step 5 Step 6
s & & ¢
R i h 0 1 2 3 4 R
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i
1 1 @ 1 0 } 2 3 4 1
2 2 @ 2 0 1 2
3 5 @ 3 0 3
RREEE RRERTS:
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 ) dpli, al
[ Step 7 Step 8
: & & 6 6
E [ h 0 1 2 3 4 Eo ]
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i
1 1 @ 1| o0 1 2 3 4 1
2 2 @ - [} 1 1 2 2
3 5 ® :| o " 3
ARREETS KRR
dpl[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 ) dpli, al
Step 9

Step 10

min( dp[i - 1, a] ,
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i & 8 & i &4 & 68
R EfE el e 1 2 3 4 £ EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i coins[i-1] [ 0 MAX  MAX  MAX  MAX
1 1 @ ) 1 2 3 4 1 1 @ ! 0 1 2 3 4
2 2 @ : ) :i. 1 2 2 2 2 e : 0 1 t 2 2
3 5 @ - o | 1 3 5 @ - 0 11
ARAEES KRGS
dpl[i, a] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1) dp[i, a] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1)
Step 11 Step 12
i &4 & 8 5 & & 6
R HEfE e 1 2 3 4 KRR EfE e e 1 2 3 4
i coins[i-1] 0 [ MAX  MAX  MAX  MAX i coins[i-1] 0 ) MAX  MAX  MAX  MAX
1 1 @ ! ) 1 2 3 4 1 1 @ : ) 1 2 3 4
2 2 @ ) 1 1 i 2 2 2 Q@ > ) 1 1 2 %
3 5 @ 3 0 1 1 2 3 5 @ 3 0 1 1 2 2
ARAEETS RS
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1) dpli, a] = min( dpl[i - 1, al , dpl[i, a - coins[i-11] + 1)
Step 13 Step 14
5 & 6 6
E EiE el 1 2 3 4
i coins[i-1] [) 0 MAX MAX MAX MAX
1 1 @ : [} 1 2 3 4
2 2 @ : [} 1 1 2 2
3 5 @ - 0 1 1 2 2

REFEHEREENROEEHE 2

Step 15

14-25 FESSTHMEAENREFREEFE

3. TRERfER

T2 R R T SR 2 s BB

// === File: coin_change.ts ===

[+ DR THREMENERERE */
function coinChangeDPComp(coins: Array<number>, amt: number): number {
const n = coins.length;
const MAX = amt + 1;
/] #Ek dp &
const dp = Array.from({ length: amt + 1 }, () => MAX);
dp[0] = 0;
/] RREEETE
for (let 1 = 1; 1 <= n; 1++) {
for (let a = 1; a <= amt; a++) {

if (coins[i - 1] > a) {
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/] EBBEIEEEE, BREEE {
dp[a] = dp[a];
} else {
/] TEIEEE  EmERENE/IME
dp[a] = Math.min(dp[a], dp[a - coins[i1 - 1]] + 1);

}

}
return dp[amt] !== MAX ? dp[amt] : -1;

14.5.3 SERIBRIE

Question

SATE n FEREYS, 55 0 REREWEINTEE A coins[i — 1], BRESEA amt , SRR AEMIER, M
B HE SRR SBER, REIANE 14-26 R,

4meR EfE

i  coins[i-1] BiREEE
amt = 5
1 1
2 2 g
3 5 (5)
EEASEE: 4
BHEERE: + + + +
+ + +
+ +

14-26 FEIGTIEE 11 FRBIE R

1. BREREITER

FAHE b, A E SR AR, [ TRIES A i 0 AERERSAERITE I 2 o IALAWUR. T dp
FORRBRS (n+ 1) x (amt + 1) -HE5R,

BRI B AAH & B A OIS E R TEI B B A RS AR RV S R A IREERE TR 2y

dpli,a] = dpli — 1, a] + dpl[i,a — coins[i — 1]]
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BRSSO K, MADEBEMRERET R R B ISRE, BUER ST dpli, 0] Muiasy 1., B
R, SRR > 0 KERRSEE, WHETHE dpl0, o] &R0,

2. EXBER

// === File: coin_change_ii.ts ===

[* BEERM I1: EHAERE] +/
function coinChangeIIDP(coins: Array<number>, amt: number): number {
const n = coins.length;
/] #Ek dp &R
const dp = Array.from({ length: n + 1 }, () =>
Array.from({ length: amt + 1 }, () => 0)
);
/] ¥R LES
for (let 1 = 0; 1 <= n; 1++) {
dp[i][e] = 1;
}
/] IRRE¥ETE
for (let i = 1; 1 <= n; i++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/| EEBEEEEE, BEEE 1
dp[i][a] = dp[i - 1][al;
} else {
/] FETEEE  EmEAREZH
dp[i][a] = dp[i - 1][a] + dp[i][a - coins[i - 1]];

}
return dp[n][amt];

3. TRERER

2 A R 75 AR, A i A o T T
// === File: coin_change_ii.ts ===

[* TEEM 1. THRSRENEHEERE *+/

function coinChangeIIDPComp(coins: Array<number>, amt: number): number {
const n = coins.length;
/] #MEk dp &R
const dp = Array.from({ length: amt + 1 }, () => 0);
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dp[o] = 1;
/] REEE
for (let 1 = 1; 1 <= n; i1++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EEBEEEEE, BREEE 1
dp[a] = dp[al;
} else {
/] FETEEE  EmEAREZH
dp[a] = dp[a] + dp[a - coins[i - 1]];

}

}
return dp[amt];

14.6 #mEEEERERIRE

AmEREERE, 1A% Levenshtein ERRE, fEMIfE T H < M EAHEHRA R IMESOREL, EH ARG SRR AR
AR 5 P P R A 11 S AR DA

Question
AT s Ml ¢, IREIHE s Bk A ¢ R D 4niE 0 8,
VR AT DAE— I8 7 B AT = Am iR . A — oo, MBR— 5T, BooB st g —EIc,

GHlE 14-27 AR, #§ kitten BHRZy sitting TR EMIH 3 240, 045 2 REHRIRIEE 1 JOITEIRME; ¥ hello
% algo FHHE 328, WG 2 YO HURIER 1 IRINFRIRIE,

- - (80000 - 000080

lam [gmlaﬁm m'lﬂﬁsl 1&;&1&;&
208008800 0800
s [i[c]c]i]n]e] t-

B 14-27 4w EE a0 R EE R

S AR T DR AR DR BRI RE, 5 iR ER AR, —BaDUR (—IREWTHIRIE) BRI —
g,
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QN 14-28 AR, EARBRFHRIEAITEICT, RHEERARR URE HFF 2058, SIREEHE —-ERE, SRR
FHIE hello HHRE algo A FF2AHAREMYRETE,

ORI MRS, AER B KR hello FIENRS algo < MRS,

S =

t =

14-28 BRI R S i R A P R

1. BEREIRER

B BHRRAYOR, CRINE, EmEa dp #
FmIRRER T E s BT R,

B BT IRERERE T, MR, SRR TR, & s Mt REDHIZ n
Fim , F&M5eE BT BRI s(n — 1) # t[m — 1],

C F sn — 1] F tfm — 1] R, B BRI, R s(n — 2] f1 t{m — 2] .
-3 sln— 1] R t[m — 1] AR, FRIFREE s 7RG A, MR, B0, (3T R0
SIEAI, AETTAT BB T, % R MR,

hEtER, RIMEFEH s PEFOERUSE G, S s f ¢ PRIRIICE 7L AL,
R, RAEAEAGLE s FI £ SIS i AU T, i (i) .

ARRE [4, 7] BHERYFRI-E: 1 s WA ¢ A0 sk 2y ¢ WA j (8o i b sl b 8.

i, BEERSTA G+ 1) x (5+ 1) =4 dp &

B BRI TAERS, SRR R

FRETFEE dpli, j], HHEENWETENBHTITA s[i — 1 R tj — 1], rIREARRSREERCE S 26
14-29 FrRBY =R 1H

1. 16 s[i — 1) 248 t]j — 1], RIEIRTRIE dpli, j — 1]
2. Mk s[i — 1), HURISH TR dpli — 1, 5] .
3. 0 sli — 1] Bt t]j — 1], FIRIRRTRIE dpli — 1,7 — 1],
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EREHN o
00000 anogn -
(c[od]e] (c[o]d[E
dpli, 5-1]
Ab:
- - (BB0C 000 0080 -
- 0000 G000 (cJola]e
dpl[i, jl dp[i-1, j]
%« BinA e
(b]oJo]e]
(cJofd]e] (c[o]d[E
dpli-1, j-1]

[E 14-29 #miigEh Rk RE RS

FRARLA LS, FTIHRE TA5HE: dpli, j) RS REER dpli, 5 — 1), dpli— 1, 4] dpli—1,j—1]
SHFIE RS, FI ARG L, BRI TR

dp[27.7] = mln(dp[l,j - 1],dp[l - L]Ldp[l - 17.7 - 1]) +1

g

TR, 8 slo— 1) At[j — 1] MIFER, MERsmiEEaivoc, SR FRREEE s

P R AR RSN

BRI AR A, SRR 0, B dp[0, 0] = 0. % s A2 ¢ RAZR, RSB HER t 1R,
BIRAT dpl0, j] = jo B s RAaE t A2k, R OMEBEWER s (R, BIE5 dpli,0] =i.
BEIRE B TR, W dpli, ] BBTE77. b7, e b iR, DRI i o T A A dp R,

2. BEXRER

// === File: edit_distance.ts ===

[* YmEEREEE: BIRERRE */
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)
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)8

/] REEERE: HTEY

for (let i = 1; 1 <= n; 1++) {
dp[i][0] = 1;

}

for (let j = 1; j <= m; j++) {
dp[0][]] = 3;

}

/] ARPEEERS: HERTTANS

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

for (let j = 1; j <= m; j++) {

if (s.charAt(i - 1) === t.charAt(j -
/] EmFTiESE, BEEBNEIEMFT

dp[i1[3] = dp[1 - 1][] - 11;
} else {

m{

/] BRORESE = A MR BRE=ZBIRMENRVRESH + 1

dp[i1[]] =

Math.min(dp[i][j - 1], dp[i

}
return dp[n][m];

- 11031, dp[t - 1]1[3

- 1) + 1;

GnfE 14-30 o, A dH PR R R4 RE AR RE AL I A2 B G R E RS, TR DA PRI — (8 — AR AR A8

o
aoaon
h Jle 1 2 3 4
0
0 :
[ 2 )
[ |
s = “bag” t = “pack”
n=3 m= 4
MEURTS (n+1) x (m+1) B dp &
l Step 1

(o
s

1

(p Q0]
2 3 4
2 3 4

1
+1
1

w N ke
w N ke

RREES

dpli, j] = min( dp[i, j-11 , dpl[i-1, j] , dpli-1, j-11 ) + 1

Step 3

w N ke

MakETT dplo, j1=3 .« &% dpli, 0] =1

(pJ-0c]«]
1 2 3 4
1 2 3 4
+1
1 2

dpli, j] = min( dp[i, j-1] , dpli-1,

Step 2
N
[}
0 :
B :
[ <
RAEES
Step 4

w N ke

w N Rk e e

12 3 4

i1, dpli-1, j-1] ) + 1
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ooon

TRAEETS

dpl[i, j] = min( dpli,

RREES

dpl[i, j] = min( dpli,

s

KRGS

dpli, j] = min( dp[i,

En

RREES

dpli, j1 = min( dpli,

HRREES

dpli, j1 = min( dpli,

[ step 13 |

j-11 , dpli-1,

j-11 , dpli-1,

j-11 , dpli-1,

j-11 , dpli-1,

j-11 , dpli-1,

i1 , dpli-1, j-1]1 ) + 1

i1, dpli-1, j-1] ) + 1

31, dpli-1, j-11 ) + 1

i1, dpli-1, j-1]1 ) + 1

31, dpli-1, j-1] ) + 1

RREES:

dpl[i, j1 = min( dp[i,

e

RS

= s[i-1]=t[i-1]=‘a’

[Step 8 ]

RS

dpli, j1 = min( dpli,

s

KRGS

dpli, j] = min( dpli,

[step 12 |
R
o
(5 Y
8 :
[ <
RREES
dpli, j]1 = min( dpli,
[Step 14]

j-11 , dpli-1, j1 , dpli-1, j-1] ) + 1

~ dpli, j] = dpli-1, j-1]

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, 31, dpli-1, j-1] ) + 1

j-11 , dpli-1, j1 , dpli-1, j-1] ) + 1
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aoaon

?0 12 3 &4

o o 1 2 3 4

n 1 1 1 2 3 4
a 2 2 2 1 2 3
n 3 3 3 2 2 3

BERVEESY 3

Step 15

B 14-30 & i Bk ) B REFR B R A

3. TRERER

B dpli, ] Br B 77 dpli — 1, ). %75 dpli, j — 1], % L75 dpli — 1,5 — 1) SRS, TERED
@S LTy dpli — 1,5 — 1], BIFFESRERATRSEE dpli, j — 1], EIHATREEDINER 4R,

#sitt, FRAMTRT DA — 828 Leftup RE/7 /2 LATIAR dpli — 1,5 — 1], 7€M AT 8275/ LTI
R B e e WREA R, AIERIERER . RS N RrR:

// === File: edit_distance.ts ===

[* 4mEEREEE: TRIREMENERERE */
function editDistanceDPComp(s: string, t: string): number {
const n = s.length,
m = t.length;
const dp = new Array(m + 1).fil1(0);
/] REEERE: BT
for (let j = 1; j <= m; j++) {
dp[il = 3;
}
/] IREEEERS: EHERTT
for (let 1 = 1; 1 <= n; 1++) {
/] HRREEERE: B
let leftup = dp[0]; // E7F dp[i-1, j-1]
dpfo] = i;
/] REEETS: HERY
for (let j = 1; j <= m; j++) {
const temp = dp[j];
if (s.charAt(i - 1) === t.charAt(j - 1)) {
/] EMFTEE, AEZBBIEWFIT
dp[j] = leftup;
} else {
/] RVRESE = B Mk BRE=ERENRDRESE + 1
dp[j] = Math.min(dp[j - 11, dp[j], leftup) + 1;
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leftup = temp; // EFAT—8H dp[i-1, j-1]
}

}
return dp[m];

14.7 IMG

- BIRERIE B TN, MDEIB AT TR AR R, e RRR,

- ABEIRERATE T, FrABIESEIREART DAR [ (B ) EITRME, EREE T EERER
HE M, YR BT AGRAES, TR RS R 7 R, e ORaE A T
A ABEH R IR,

- relEfe R R TH S RANEE AU, B 2 SR B e R 2 — R B THANE R, A
GnlR “HEEARMT —hK HREATIRE AR L I IR, R IR AT ATHER dp RAT—(EHERE,
T R AR R

- THED R EEHEERER, Foih, SIEEE. B REAARRTEE,

- BIREREIEA KR R R, R TR, SR

- ARIR R A AR (B R] DAE 7 B A R RS 2R, RIE s B A B 145

- ERBUEREEN —EAR G, HARR IR A BELIREARE, EE BRI ARG, frEHaRE
LT BA SRR, S O A Bl RE A A PR SR i

R

- HUMERRIANEERERE —, Bf 0-1 5., 22T, 2EFUFEME,

- 0-1 BUAREE RS « EYISERES c WEEPRRAEE, RIENRAE MBS QR
R, AREIRE M, WEEKEERTRE, EEMRES, BRSEREREE ERE BTy
RUIRRE, KT EEIFES B, % EITiREREE,

- e W RER AR S SR R IR, IR A IR AL S 0-1 B EMEAR, HiR
ARREMRHIEIE BT FIEZETT HIREE, R TE 2 A A P I IE P AE A

- FBEGREER 2T BRI A, Ik “RRT [EEE AKX RN EEEE, FitikEE
Bo7ifErh i max() KA min() . fEER “NEE” HEARINER “BiF” B EESE, KIE
M amt + 1 3R “HEREH HERE" VRS,

- BRI TR BRI EGRT MR “RENAH AR, IREERS AR min() X
RIERF

ot A 1

. GEREEME (Levenshtein BEME) FHRMGE R MifE 8 2 MIOAIRUE, FoEst kit — a5 —(E5 e
ofs/ AR B, SRR LRI, MIRR, RS

G R R B 3 20 s (O 6 ATk ¢ ORI R R RS,
s[i] # tlj] e, EUESREUGE: B, TRR. B SIS RIS TR, SR DA R
TFAERESHEER IR ERS TR, T s[i] = t[j] ¥, SRR,

- {EAREEEER, MREEREEIE By, EA7T. 2 EOTHOIRGE, IR LA e B D
EREMEEAT IR REIIRS, Zoitt, TPVRIF — (AR A2 b7 IRAE, ETL S5 se 4 0 P RE S5 TR 1
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W, A AR R RIETIE R AE .
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Abstract
] H 2 eHE KR, ReZDEK B & R R KAl HE.
EHRIEE —Imin B EED, BPERREER,
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15.1 E¥EHEZE

BEEEL (greedy algorithm) E—fEE AR R MENEER, HEAREER R EN S ETR R
B, ERIEISRERTE AR ENES, BIE2sthi b ISR R ENTR, DARES 2R ER, S8R
R EH N, Eir2 BRER A EIZNER-.

BARTE RIE AN R R BT T R R LR, M Z B — L 2 B,  PLanE o i 8 s e
BT AE A,

- BB SRR Al RS B AR A DR B RTTRER, M 0 25 7 PRl R A e A i i PR R A
- BMEERAGEERENDGR, M2 RAaTHE T E2EE, NEG AR, BRI,

TMCEBHIE “FERor” MR e A RIAR TR, SEE AT "EanuiE” EMHh e,
EVRE B

Question
40 n RS SR 0 REREMSINTEE S coinsli — 1], BHFESEA amt , SRR AT DISEEIER, M
Refiz B SRER R/ DR R, WK BAESRE, ABRE -1,

AREPREX AT B AR AN E 15-1 R #4608 BARERE, BIMTEEHNEREA KR Lo ey, AEnkE 2%
SER, BEERHBESES L,

BiEEEE BEER: ARREFANERBLRGRSHENEE
131
’
31 SN g
A 4
1 g
1%
’
l — P
=
¥ (1)
0
15-1 EETIRAEAERNE
B A F AR
// === File: coin_change_greedy.ts ===

[* BERM: §F +/
function coinChangeGreedy(coins: number[], amt: number): number {

/] &5 coins [E5IERE
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let 1 = coins.length - 1;
let count = 0;
/] EEETEERE, HBIERREEHE
while (amt > 0) {
/] #HEVNR BRIFARER S ERRVIES
while (1 > 0 && coins[i] > amt) {

1--;

}

/] BEE coins[i]

amt -= coins[i];

count++;
}
/] BRLEETAZR, BERE -1
return amt === 0 ? count : -1;

TRAJRE & AN L3S HUKIEE: So clean ! EAEHRITAEMIAY HTIENIBHURIR T Z 88 Se MR HIE,

15.1.1 SREFZNEMERFERLE

BT LTA AR R TSI, T ED@E e e, 7600 EAR S b, SRRy NEE 4 min(coins)
, AIEAEIERZIEE amt/ min(coins) R, FREHER O(amt/ min(coins)) . 18 LBIRERIEIfR%
MR O(n x amt) /N T —EEER,

SRIM, BRI mEA S, BRI ARERIIRER, B 15-2 &4 T mER G,

- IEM coins = [1,5, 10,20, 50, 100]: {EMEWHET, AEMLE amt, BEAEEIEH A DRI
308

- Bl coins = [1,20,50]: fR&& amt = 60, EHHEIENAERS] 50 + 1 x 10 WS, Hat
11wk, (HBYREMIENA] DIAKEI R 20 + 20 + 20, {#7 3 AhEH,

- BBl coins = [1,49,50]: &% amt = 98, EHMHEIENAERS 50 + 1 x 48 Wsesl s, Hat
49 WERE, (HENRERIE R DATKE R B 49 + 49, (27 2 B,

WS BiR&E RRREIRELR BRERERESRE
(Bt R ER) (SIRERBAR)

(1) 60 +@x1@ x 3
@ 98 +©x48 x2

M 15-2 BAEEEIAEIRAH R B RAR ]
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WatEd, BRTECREE, AR EREAREIE 2 @R, I B A REKEAFE ZNR, e
6 & FH BN B AR B R

—REIL S, EARERIARE B DA A,
1. nJDMRGEIRE R B B RIAEIE R MET R R EEE, R CHELE, B E =,

2. WIDARBNE RIS BHR: B RIAEIEERT NIRRT R, BIRNR S EE R AR, SHesitRE
AR IREE, BE DAL SRR ER BN A2 A ANEE R,

15.1.2 S¥EFEIFH
HARERIEAR T, BRI REE S A AR AEE? siE s, SEAEAEN SR Fo] MREB RS &
1BfR?
MEGAENEFR S|, SREE LG EETZ], H R R E A AR E
- BNRENE . A ERETEEEEGKT] DER B RERR, EEEEA R ES R R E .
- RETAENE: RRENREEE S TREN R E
BRETEMBOSE “BIERE] ZHPaE, BEAEER, HEFENE, —EMENRE FERBTA
RABE, {EA5PAT] 8 B S AETE AR R,

BT T ERFT AR R E BT, R CRRE R, HEE R 2R, Saik
BRI AR S 3

BIanFEEIRiTE, TMEEARRES A ZHER G, BEANERMEEE TS, BRI WIRM:
TR AT G PF A RE R AH & il DA SRR OR M2 TR X RE IS RE B R BRG] AR AR tH — (B AR W R Y
B, EE DA R AT B

Quote

H—FaasCa T —18 O(n®) WM AR, PRSI —ERE AR & e 35 P A A5 T B TR R
HHE B B RER R

Pearson, D. A polynomial-time algorithm for the change-making problem([J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 SR ERIRESE

BHARERIfHRITAE R ] 2 2 AR =2,

1. P8 sHr: fist B iR R, EiRNEER, REMEEMARIEIFE, &P EmnE) e
AT M.

2. Wifd SRR FEE AN IR — D it AR, IS RIS RESIE o — DU R RIAR, I A& AR
TREE(E A,

3. IEREVERN: B R EEREE R A BRI E AR T A, ISR REFRE A BB, B
QNERAN IR SR TR

HEE BRI 2 SRR O B, (BB AR A REMEA A 5, TEAPUREE,
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ISR BRI 22 R, BN 2 B A, SRS L EGERE, FRAFIEIE — SO B B
ERURERS o TSR —LEAMERE, SRR AT REAR R IR, SRR DU AR H =5 Bl A\ R ae bl
HEIREESN T,

- HE AR A BRI, ERRMIMERG ORGSR AT, RAT
REFEBLHR MR BIETRIER, ERHRaat R RIS U2 "B B 1, BRI Z il
o (1SR SR

7RG IEMENE, FRFERZE S RMOET BB E, N 2 R R U AN .

SR, IEREMEEMRAIREAR B F, WA, TFDEE &R m el fE TR uBERE,
— B SR E AR R

15.1.4 SRR ZHEGIE

EHBIRE H RN B E B E MR B T MR s R, DURAIER T — 28 g e AR Rk
ﬁ:ﬁ% o

- BTN EREEREHES T, A ERAE N SRR B,

- IPEHERRRE . BRI LSS, AR BN LT, REY R SR REZ MRS, W
REFREE AL RN R e FAOIERS, A AR R TA L n] DS 2 i B

- BRI T AR ERE R, (RIEEREE Y, SRRERENERRER, H
RAEERAR WRGUEREREM RS (EE /=R YR, B ERE LR NS
Bl g 3

- REEHERRE T - AHREERE R RS, (RATDOET 2R EE, (HIRIREARR AR, AREEEH
ZHIARERE, BRI,

- EREHE: EXEMEE AN ERE RGN AR, BEMEEREN, SIOERHBUR
R RHIM AR S0, RESIINERSMIVTFERERE WBRE) &/,

- Dijkstra {35 ©RR MR E TRTER 2 H AR THRGAY SRR A R A B2 R,

15.2 FEEaME

Question

B n @IS, B EYSNERS wgt[i — 1], BER valli — 1], M—EEES cap WEH, &
EY) i R REEE — R, (HA] DUEREI—k sy, [RFEMRPEEENE R LIS, MERES AR
THEUPYRRBREE, REIE 15-3 Fis,
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WKk EE H{E

i wgt[i-1] val[i-1]

1 10 50 ‘ TJ&)\EE ﬁﬂg%
cap = 50

2 20 120 2 20 \

3 30 150 @ u

4 40 210 * 30—

5 50 240 (Y

BAEME: 120 + (30/40)x210 = 277.5

BE5%E: HBE - M 30 58 ¥ maEa
H{5F 50 WARE

& 15-3 7080 BRI RBIE R

EEWHEEN 0-1 B UM EIEFAAN, RENSENYG AR c, BERRRETEERTH
RRMEE,

RNRBSER, AR UEEY A — 8. Qi 15-4 R, BT LAt S & U)oy, g E R
EEBIAE T A EEE

1. G, TR R RS valli — 1] /wgtli — 1], WA GEME,
2. MRS i, ER w, B EMIIEES w x valli — 1) /wgt]i — 1],

Wi EE fmE  EBfEE

val[i-1]
i wgt[i-1] val[i-1] .
wgt[i-1]
1 10 50 5 ) B BRI Hanmn
BENER EB{ifHEE Hn{EE
2 20 120 6 _ alli-1]
v -
3 30 150 > < " : wgt[i-1] ) u
4 40 210 5.25 %
5 50 240 4.8 -

15-4 Pyl fe AR 8 N HYEE

BRAEUNY RAREE, A8 RRERCRAER FRPINEE, Bt s E 15-5 FRrI a2k
HJ%O

L. #A5¥) hhia IR B EE R = B &I THER
2. FEFATEY)EL, e AR R B A AR S P
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3. AR EUARAR, RIEEHE YA — R

E5E  EfEE
valli-1] IR E I

01}

R E

i wegt[i-1] valli-1] wgtli-1] HETHEHEE

2 20 120 6 2

4 40 200 5.25 ¥ oy

1 10 50 5 ] BAREBEESENYS
3 30 150 5 B

5 50 240 4.8 >

15-5 73 8UE R B AR

2. EXRER

BTN T — P R Ttem , DAEASY) SRR BLA BUEEITH Y, WENEITEAEEE, B ucmkpid
AR A

// === File: fractional_knapsack.ts ===

[* & */

class Item {
w: number; // YImEE
v: number; // ¥ImEE

constructor(w: number, v: number) {
this.w = w;

this.v = v;

[* PEER: 88 +/
function fractionalKnapsack(wgt: number[], val: number[], cap: number): number {
/] Bi¥mey, aamEBEt. 25, BE
const items: Item[] = wgt.map((w, i) => new Item(w, val[i]));
/] REBREAE[E item.v / item.w HSERETHR
items.sort((a, b) == b.v / b.w - a.v / a.w);
/] DEEEEE
let res = 0;
for (const item of items) {
if (item.w <= cap) {
/] BERFEERE, AREYREEEESE
res += item.v;

cap -= item.w;
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} else {
/] ERBEERE, SN —HBEEEe
res += (item.v / item.w) * cap;
/| EERBEE, Ei0mE
break;
}
}

return res;

BRiEF 25N, TEREMIY, REEHREVRET, FURHEBEEEZ O(n) , Hh n 2P,
HIRFIAEIL T — 18 Ttem ¥11FERS, RIEARBEHRIER O(n) .

3. IEEEtESEEA

AR, R « B BAEER S, BRREEERGRAEES res, HMHALEY M
To

BERE U EHEAERREEY N, WERSBEMEENYN v . HRYM © B EERS, RIS
HRIAEEE—E IR res o T8 res RIRBEEFIE, SURERDPLHEEETN © .

B A &, M el DR EIAP 6, S, BAEEERIPMhAE EERE, 50
HH B AR TR R AR

qniE 15-6 AR, AnSGREY) dn B AP S BB 70 BIE 1 — R — A I RO R B A Afh, R0 850 R T )
%y “SRAEA RIS R T R B oK TR, 32 MR b AT AT B BRAF R 2 S P2 E AR RS O A R

MREEE
5.25 5 5
* ¢ & 9
YREE
40 10 30
50
Wl wozs

15-6 7 EEUFERRMTROR
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15.3 RAZ=ME

Question
A\ —EEA] bt , HPRSETTEAR—EEERERNEE, FPIFRREEmERR, AR EMz
1A 2 i) A] ASH R — B85
B AERFRSEMSEENFE (M), HivsEHBEARRIE, E =M ERRREREZ2R S|
Z%

SAAE A IR E AR, (SRR A REREAR, RERKE R, REIAE 15-7 Fimr,

R

S B N W B U N

RABES (5-1)x7=28

15-7 BRARARFERREIE R

AT EREARE R, RIAERIRE 2 BRI AR5 ], 5% [4, ] o

HEER, ARSNEERUGE, e hEiive, SERmbaiRmEsRs 22, AR capli, j]
, FIATEEHE A

capli, ] = min(ht[d], ht[5]) x (j =)

AR S 0, WERRISIA TR (R % C2 = "L, gvnkehn, Sl USSSATAIR
f, WTIRIBRAAR, FREIES O(n?).,

S BEE E  RCRIRL, W 15-8 R, BRI —EIRGE [1, 7], HUMERS1i < j B ht[i] < htlj]
B BSERR. § A ER.
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K

S B N W U 0N
pE——— < e
———— <\

i 2R, § ARIR

EHAE cap = min(3, 4) x (7-0) = 21

15-8 WJGAHREE

QniE 15-9 Fow, FHBLRHRERAR J§ rEmR @ 50k, MIAR 8N

RN EBERN j 18, "E j— 1 §E8/); MeERERRE, FitsERTRERE (28R 5L
/N (BENMER § AT o

8

7

6

5- .
| ;
3

2
1EEEEER
: |

e 1 2 3 4 5 6 7

HRBERER, BE—ER
ZEHAE cap = min(3, 3) x (6-0) = 18
159 MNBEIRAREZIIRGE

B, BMARBEERR o, AATREEAREER, HAMARTEE T/, HEElReEgER B
BYRAVEN ¢ TREEEER) . BIANTERE 15-10 H, BEEREEEER,
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i
8
7
6
: j
4
3
2
1
[*]
0 1 2 3 4 5 6 7

FPBENER, BERHEEX

EAIAE cap = min(8, 4) x (7-1) = 24

15-10 AN EREHIZ AR GE

P I AT AR R S A SRS . RDAG ML ER, B P asmivh, Rl PR B AT, EEW
TEIEAHIE,

[ 15-11 R T S,
PHGIRIET, $51 5 1 § 255,

SR TR BB capli, /], W ERR AR,
FLBOAR i TR j (7, AR RSB — .
JEREEGTE 2. SR 3. %, B F j HERSAS,

N

8 8
7 7
5 2 5 i
, - |
3 iR 3
2 2
1 1
0 )

[} 1 2 3 4 5 6 7 ° 1 2 3 4 5 6 7

MBIGHERR 1, 5 , EEHTIEGITS, BREAME res = 0 EHEE cap = min(ht[il, ht[j]) x (j-1) = 21

Step 1 Step 2 BABE res = max(cap, res) = 21
> i
v
8 8
7 7
5 3 5 .
R 4 R ;

3 |3
2 2
1 1
4 )

[) 1 2 3 4 5 6 7 [) 1 2 3 4 5 6 7

MHIBE cap = min(ht[il, ht[5]) x (5-i) = 24 %MBE cap = min(ht[il, ht[31) x (j-i) = 15

Step 3 BABE res = max(cap, res) = 24 Step 4 BRABE res = max(cap, res) = 24




%15 =1

b
i
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360

< H

< b

8 7 8 7
R 7 a7
6 6
5 5
4 4
3 3
2 2
1 1
0 0
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
HHAE cap = min(ht[i], ht[j]1) x (j-i) = 28 EHIFE cap = min(ht[i], ht[j]1) x (j-i) = 21
l Step 5 BAZAE res = max(cap, res) = 28 Step 6 BABE res = max(cap, res) = 28
i i
v v
8 8
7 7 .
’ ‘ ‘ d }
5 R s
4 . 4
3 J 3
R 2 2
1 | 1
0 0
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
EHIBE cap = min(ht[i], ht[j]) x (j-i) = 4 EHIEE cap = min(ht[i], ht[j]) x (j-i) = 5
l Step 7 BABE res = max(cap, res) = 28 Step 8 BABE res = max(cap, res) = 28
ij
v
8
7
e »
5
4
3
2
IREE
o
0 1 2 3 4 5 6 7

Step 9

i i R j EE,
- BRHAREE, EERATE

28

@ 15-11 mAFRMEN B

2. BXABER

RABEEES n i, FHERSEES O(n) .
B0, j. res [ERIMEOONGEIEE, FSIBEEES O(1) .

// === File: max_capacity.ts

BAGE: A% */

/*

function maxCapacity(ht: number[]): number {

/] a1, j, EEDTIETIMNG
let 1 = 0,

j = ht.length - 1;
/] RRABER 0

let res = 0;
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/] BEEEEEE, BEEMIRIEE
while (1 < j) {
/] BEAEE
const cap: number = Math.min(ht[i], ht[j]) * (j - 1);
res = Math.max(res, cap);
/] ERNFEEIFER
if (ht[i] < ht[i]) {

i+=1;
} else {
i-=1
}
}
return res;
}
3. IEFEM%:EER

ZFrLAEAE L E B bR, BN A A BRI S PhE” —&iRE,

FLANAERREE capli, 7] T, @ RFIR, j 2RI, A ESHIFR « mNBEI—is, &E880E 15-12 FiRiik
REW “BhB”. JEEMRE 2 RIETAEREIE SIREH A R

cap[i,i—l— 1],cap[i,i—|— 2]7 ,cap[i,j - 2],cap[i,j - 1]

HEER

Ili’ll" |||'||

caplo, 7] cap[1, 7]
i [$12T: 0k P ]

|
EEEREN A EEEEE N

cap[o, 6] caplo, 5] caplo, 4]

|!I Hlll Bl | E

cap[o, 3] capl[o, 2] caplo, 1]

i 15-12 BEEACERAR A AR E

Blsasl, S ppE R B EEE ERURA AR § BB AR, AimRMCEHNE R
HEARS/N, R, SEanREE AR RERRER, POECMA GEBER R,

DA b Hrael, MEEMRARIER “ 2" B, BEERIEEA,
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15.4 mAY)5 FiRRHEE

Question
SHE IR n, FHEY)2 A2 OMEEZRBAIH, KU ERMAEBRENFRERKZZ/D, WE
15-13 ffirro

BNEH n , K max(ng xng xNgx .. xNy o % Ny_q XNy)

15-13  f ARV SeAA I FHIREE 3%

BB n V)72 m (BB, Hrhss @ AR iR n, , B
=1

AER) HR RIS A BN TR AR, H

MRRACER, W ERE AR EMRIAE R, BRI n hart—ER T 2, RIEMfRRER 2(n —2)
o FhfMi RS n (ELLEG:

2ln—2)>n
2n—m—4>0
n>4
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QN 15-14 FoR, HEn > 4%, YIort—E 2 BREEER, EHRARRER 4 KRBT

BRI —: IRVIDTTRPEE > 4 MET, R EEZSAERY) . BRI TR EEEE 1L 2,
3 IE=MKT,

n:> 4B, 58 2(n-2) > n
At RENDHRAEEE 1, 2, 3 BF

15-14 Y)orEssefgss K
R AREEWER FRREN, £ 1. 2 3E=fRFH, A1 Z2REN, WA 1Xx (n—1) < nMEK
37, B 1 R e ESERRE RN
WE 15-15 R, HEn =068, A3 x3>2x2x2, BEWKEYI;N 3 YT 2 B,

BRI YIRS, BB EEEEME 2, FR=(E 2 R IR ZME 3, MRS E KRR
FHo

EFEE=E 2 B, BEamu@iamE 3

15-15 ®&EYI7RT

fr LRI, RIHERLH DUN SARERI,
1. WMABE n, EHAEMYI AT 3, EEHRES 0, 1, 2,
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2. HiRBUs 0, &K n 2 3 MEE, R MEM R,
BRI 2 K, AHEEE D, RE.
4. BB LI, HR2Xx2>1x3, HILESRE 3 &Hhe 2,

w

2. BERRER

qniE 15-16 AR, BAMEZAIZEEE A B8, ] DORIA A M EFRERS 2] 3 M o , FEBIERS
ZIBREL D, HIRFA:

n=3a+b
TR, B n < 3MBFRIENR, “EKRSH @1, #EAL X (n—1),
// === File: max_product_cutting.ts ===

[* RAVDRIE: B */
function maxProductCutting(n: number): number {
/] & n <=3 K, BAETNHSH—E 1
if (n <= 3) {
return 1 * (n - 1);
}
/] BEMYINE 3, a % 3 HES, b AR
let a: number = Math.floor(n / 3);
let b: number = n % 3;
if (b === 1) {
/] EREA 1B, 3 1+ 3 EBlkRH 2+ 2
return Math.pow(3, a - 1) * 2 * 2;

}
if (b === 2) {
/] ERFEAE 2 B, TMHEE
return Math.pow(3, a) * 2;
}

/] ERFEAE 0 B, TMHMEE
return Math.pow(3, a);
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R# b afé 3

n=3xa+b

[E 15-16 AV MM E 1A

IR ) A P B DR P st 5 IR R BB 5 7K. DA Python %, & FIRYR SRR XA =HE,

L BT+ R pow() IR RIIEREER % O(log a) .
- B math. pow() PIERITI C 38 AT pow() B, FLETIPRNIE, RERIMRERES O(1) .

B a T b (EAFEBOUNIRSNER, R HEBEEZ O(1) .

3. IEEEt4SEEA

A REE, Ratn > 3 BIHEN.

L AT < 30 BRsEVI DT RPEE > ANET o, A —Er] DU HAEEE )5 2(x — 2)
TEmERT ERRYSRAE, SRR &,

2. VI EARE 1 BB T B E R T 1, BEE—Erl LE AR 7, DL
IS HE AR, SRR E,

3. VInTiRm B WEWM 2« (Rekm@EY) 077 R g =1E 2, A0 —En] DUgRasmifE 3, REER,
ISR &

15.5 /i

- BAERTREE AR R S E RS, HE R AR A DR PE Bl i S I i BRI, DA
1SR B

- AHETREIE A — A E A B AR, AR A R A R — AR AR N T, B
T REAR AR

- AMEERAMEEHME, BRARSIRERSCR, MHERBIENIE, SRR RN R R 8 5
/38

- EFE SRS, BN S, SAEEIRA DREIE R, B ERER SRR
R, ARERTARREREITRE R,

- EEAESEERKRFER A WA SRR E R E TN, SRR ERAEER
WA
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- BHASLEIRR, AR IR RN, HIEAGR, BAEMA S, GBS,

CORMRERIE RS A PN, W ARG, IEREMEE, Erh, e AN L B,
M T S

- M ERIRETE 0-1 T RAMRE L, ASPRIEYG s, DRI S R, SSRISHY
Bl T A P A

- R RN SRR, BRI O(n2) . AR NS, SHRANEEIEN,
YRR B (L O(n) o

- AU TR, BB T AN > 4 ), RETSET
%3, RSN, BRI R RS BB IS, B2 O(1) 5 O(logn) .
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E16 E [z

AT

- 16.1 FEREREHRIE LS
- 16.2 —iELSHAIE
- 16.3 ffi:E


installation.md
contribution.md
terminology.md
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16.1 IERREHRIRRE

16.1.1 #FE IDE

HEEEME BT, R VS Code R AMERSFIEIRSE (IDE), #ift] VS Code B, MUBIEERFEEM
JERAE) VS Code HEAT FHUFIZEE,

Q% OO0 F :

¥ Download

Code editing.
Redefined

.... erywhere.

e. Bu
Download Mac Universal | .,
Stable Build

Stable Insiders

mac0s Universal
Windows x64 User Installer
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