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> IF .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 29 Spaces:4 UTF-8 LF { Python 3.10.13 (‘base':conda) €3 @ Prettier (1
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git clone https://github.com/krahets/hello-algo.git

MR, PRI DATER 0-4 FniIfiE, midi “Download ZIP” #45H E s FENEDIEGAE, RIGTEAMRERD
G

hello-algo

% hello-algo Unpin Unwatch 312 ~ # Starred 51k

main - 6 Go to file Add file » <> Code ~  About
Local
B3 Clone
HTTPS SSH GitHub CLI

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

[ Open with GitHub Desktop
Open with Visual Studio

[} Download ZIP
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Python C++

def level o

# Mkl

» INBTS
queue: deque[TreeNode]
queue.append(root)

= deque()

# Miatt—17IR, BTREFEHF?

res = []
while queue:

oe

% W Q

J V# Go Swift Js >
binary_tree_bfs.py

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

node: TreeNode = queue.popleft() # PABIHIBA

res.append(node.val) # {R7FETiAME

if node.left is not None:
queue.append(node.left) #

if node.right

is not None:

EFHRAR

queue.append(node.right) # HFTSAB

return res
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IEREER LET ¥

0 hello-algo

Code Issues 1 Pull requests 10

chapter_tree
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[ @ EELETT

v] ER

Python 3.11
res = [8] * (len(nums)
# BIRBREPOF T RENS
for 1 in range(len(nums
res(i] = nums[i]
# EE RESHRE

return res

“*"Driver Code""

-
if

-

Visualized wi

__name__ == "_main_":
# MafmE

nums = [1, 3, 2, 5, 4]
print("#if8 nums =", nur
* RETR

nums = extend(nums, 3)

print("HEERESRE 8

Edit Code & Get Al Help

<Prev | [ Next>
Step 17 of 22
th pythontutor.com

)€ ZBENE

Print output (drag lower righ rasize)
sﬂ!ﬁnms:ll 3.2, 5. 4]

Objects ,ﬁ EEH

Global frame function
extend(nums, enlarg

Frames

extend

1(3 /2|54
extend
w4 [ 3[4 o
i3

412 HENRSASEEE
413 HERREM

nums

[ 0-6 Python R AIM{LIa T
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RS AT PAFE S X R

aniE 0-8 AIvR, ABNAETEME “HE—", SEMIKESIHEITH BB %3,


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

M — FrEg— FrEg=
SERLEREND AR EBEAEAGR

BERE

BENDB RISERE FRRIESR
BB

ARt EmR ISt

FREL AT E) 2 R Rl —iE R MEAR, KM
TR R IZ H IR IERR ERTENAIRMER

K 0-8 RIRAF I

0.3 /&

- ABRTEEZRREIENFE, MRIRCH —EHEM, A BRERBIRRGEBEIEAIR, HrhiRAh
AR R TR R,

- PPN EEEQRBRERE . BIREMEIE =, W CZGUEE R 1,

- MNTEENT, EOENBRR-AANHERER, AIEFZEHK,

- TSl ERREE T E AR, BRSNS IR AR E 2 KT,

- OSRERYE S AR IR, SR BOSITIRAURS R B R,

- ABMWTURAE D ETENILATHEX, WL 7 =R 5ER S W,
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Abstract
—/ DR SR, SEIERATE—R, HBE LIS BRI,
Gg BRI SR, 15 RIRMEIP R, BAFTHEES RN E LA,
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1.1 HEETRFE

SEAWTE] “FIER XA, RERMSEEES, RMEPR L, FEREHFAYNREREE, MEES
MR AZ AR, IX BRI H H A0S AR Ak rT UL,

EERRIT R/, A MEBIEIER DT RESEAIARP AR TIFSRIE, IR En i
MEIHFAERD Y. PHBAR2E LD BARIBHFRIELIX — R,

Bil—: &, EFHEE, GONTENN P, TR IEDFE T RITHI, BB REE
B PR ET RN r Y, EESIEIRE 1-1 Fosry)y U2k

1. BT —FR s, EFEZNE TR, REETR N m,
2. MTAEPETRERT r LT m )5, FTIUHRTHATER >, SRS DEEFEE .
3. AWTEESE 1. P 2., BEERIIPHEEE TN r TR 1k,

FRERHEFEROMFHT

EFREN: RIEE—HEEEEN ¢ KT TR

EFHASE:
1. BIFFRAE—HIEL, ZNEFSE n
2. B8F r £ n &8, ELHREFESRS

Step 1 Step 2
5
—H B —HIBL

EFRSR: EFASE:

1. BAFAANRKBIN—FREL, RASFER t 1. BAFAMKPINFTBL, RASEFEL p

2. B(F r 7 t §08, EIHREFESS 2. B8F r £ p FiD, FUCHRETFEES
Step 3 Step 4

e
—¥ M
EFHRSE:

1. BFFARNKBIN—HREL, RAEFER r
2. BRIEFEA r NF, TRES

Step 5

K11 EFipR
VIO NAEVEREE, S BRE AN “Zo&ER” Bk, WEARSSHIRIMAE, FATA] DHE T S
N—ANEHPH A", WEIERAE, AT LR LIRS A —RYRIEFEE “ &R

Bl ReBbye, BAVESTN, BRAHEEME TR, FEHMNEHS, SCERZE 1-2 Fr
o
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LRI AT M TR ER, FHRIREIHAIRS TR 1 KkINE i BT,
2. P — Ik, AEHFEORIEAME, SERERE 2 KN ELH .
3. NWTERA IR 2., B4R — KIS M TE PR i A Py, HEEATHINEEH .

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 $hwHEp PR

EREEERAN SRR R B AT Bk, e NVERR RN AR S FEmIRIE S T
JE B AR TR AHE RIS 5

Bl=: BEmik%F, REBAHEBETEET 69 TR, 4 THAERR 100 7T, IR RFRZHERA 31 7T, 1t
KARE AR SE AN E 1-3 FRIIEE,

NENUE L 31 st EE/NIETH, 17T, 57t 10 7T, 20 7t
MANEITHRE KR 20 78, #A& 31 — 20 = 11 75,

MFI R ANET R AR 10 7T, FR 11— 10 = 175,
MRIZRANETFFERRR 17T, #R1—-1=07C

FHRERE, 7TEN204+ 10+ 1 = 31 75

ok wn e
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BirE 31 L2 11 = 1 =» 0

EELH -20 -10 -1

TWENTY

\
TWENTY ||

1-3 fRmikFdE
UL BT, Bl — DRI B R A AE R ORATRERRI#AIEE M), RS 7 alfTHRE TS
R, NBUREHISRIENMES, XMTEAR LR 500" Bik

INERE—IER, REVERAT, JUPAAERERRREE AT RE, TR LSRG g
KRG ENTES, FRINGS EEEH CPU Al GPU BUTHEIE, IXME—K, Tl Ik REFEAE i i A A)
FrsRHEAL L, DU 7y SRR AR 2k A,

Tip
QRN EERESA, RIE, BN o EREMS RS R E, THRSHE TR, AR5 ISIR
IBNBHREEH 5 BIERRIRRRE ,

1.2 BiERHa
1.2.1 EiZEENX

8% (algorithm) J2TEA R B ROVRE M) — 15 L BRIEP IR, B RA MR,

- ISR RARARYT, B TE TR AR e o
- BAATY, REMEGRPER. INRAAEZSR T ER,
- BLBEATEHE X, EAHRRMARIZITRET, MbaagArrE,

1.2.2 $BEMENX

HUELEM (data structure) ZHAMFMELIENITN, MBLIENE, Bz BRRMBEERIEE, ©R
AL HFR,
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- ZBEGEHRED, DA RINT.
- BAEHRERATREDUE, SRRV, A0 MIER, EHTE.
- BRI BIERORINZEER, DERRSR0sT.

BURSHBE R — e, SRR ERD T BUSHRT, EEWEAS T fEH 2, T2
T

- EERMET A, ERARISIFIMERERCE L ENERE, (HE T ER I AR,
- BT, RUTERENZEGER, ERESHERNAGFEERE,

1.2.3 HIEEMERZENXZ

N 1-4 FoR, BARSSHSRIESEHX, BEEE, BARIET =177,

- BARESHREIRNE G, BARAH OV EIRRME 7RISR, DAURIEERIRRT T
- RIEONBIREIEANE @), BURGAR S IUAERIRE R, SRR sEM oA E i,
- RIRER AT DE T AR BARE S, (EHITRERTREAZERK, SIS BIEai 2 K,

BE—RIUREES

MR AEHEL
FN ‘ ¥ S aith
 —
input algorithm output
YiEsm

data structure

REMEHLIFERE
SHMHBEEIRIES &

1-4 BRGNS RIERRAR

PRSI S EIEMUNE 1-5 FURIIPHERIR, —BRR, BRTESTZFHFZIN, EHATRAHE RS,
BAHEZ R — 202010, SREALS IR S BIARIAL,
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K 1-5 PREEFIR

B RTTRAIN B SR R ANR 1-1 Fmo

®1-1 REdRa SRR O PRERIR

BlRai 5 RE PRERIR

LN S ES/EENIAVN

pleiE ) BRARALIEK, BRI KA ERTTHE
CRES FERURBE R BRI ASH) — RBIHR(E D 3R

it Rl PR

ERSHHRE, BURGHSRIERM TREESH, R, A5 IR T 2 MRETE S 1S

IEAR I FIFR
FESLFRITIER, BATER SR “BURGSHSEIE" fMVoy “BIK". HLUARFrEAI LeetCode FHikH
H, SEbR LR ERRE AR /5 AT,

1.3 &

- RIRERRAESRIOAE, HARBAA] RESEAN, Lhr b, BMNELZEANAEPER TS
BIK, FDARORA TS A R/ N AR

- ATHIEES S0 BEREEME R ZoBEREIAREL T amia M EERTREAE,

- B RS R SEARIFERARFE RO AR RIRE S H N ESR.
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- BEMRFNP AR LRTOLRER, S D ECRECE AT R R ATER,

- RIRRAEA BRI R AR OUREE ()R — S L B ED IR, MBS R TR HAMAF LSRR
777K

- BARSH SRR ERE, BURESHRRIRNEA, MERNBIRSHEAL® T,

© RATA] DR BREEA 5 RIER O PRERIAR, BRIRARERE, FURRITARAIERE 7T AR BURSE,
IR AV NN U DR VA RE S

1. Q&A

Q: EN—FEFGE, WIEAR LEPMRAEZRMRRIEME, FRHREEREREESERG T, BEAM
DAY X EERE AN LR RS A AR L RIARIFEE?

NFHE R TAFRGRE LRI “HA" #9IE, IR2ZERNRH RZE G2 N7,

TANNFEEE (DN HMERBE) NEXAZETELEPNELINE, MR TERIRNR, fEMRE
RN RERSUE LML SR ANHIWT, TR AR REA B R, 28— MARHIF, SMEmEIESHNE T HF
PRI

- WRBANA AL VARG SR, oG EmEdE, AT RERTELX MEFEREM T, 13170
. PEREAHS, B LERIFRAT AN,

- BRI, BT AENEH R RN I E 2R O(nlogn) 5 MRS ENEHRZEE
R (BIAS), ARATRATIREAT U RCRE il “HEEH e ki, KNRERERN O(nk) ,
Horb k Ofrgt, SEARARRRN, & HRINSITIN A QNEBRRNE (AR, AR ZFE),

FE LRSI, KEFBUZMEDOAE RO, Vr2mBlge “Ere” sy, FEEMESIEE —75
T R [P RAS B BRI, 59— TR T WL AR N RDR . ARVRIA S, ez, o
IR SEIR N, [P RE AR RS B AR
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Abstract
B2 e i B A B P R S A S
Er IR ER 85 2RI EE EIRARE, FIRERHENER TR,
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2.1 EEMETHE

FERIRRAT R, BACEIER AR AN ZE T H A

1. $RBNMEIRE . SRR EAENUE A% A\ TE RN AT SE sthoR AT (R R [E Ak
2. PREAME: F— DA REF SRS, BN ERER AT R E %,

R, fEREMSARRIBIRIATIE Y, RIRBCRER N ERERM SN EEZRN e, CREREINH A4
}EO

- WRIZeR: BIRIS TR,
- ZBRIBCR: BRSNS RN,

sz, HAMERRBRHT “BRE” WEBIRaSRE, mMAERMITERERNREXEE, HARE
XEE, BAARERASR IR TX L, B SRERT S U Ld R,
RERVFAETTIREZE 0 WA SEBRA, BRISAR,

2.1.1 SERREMR

BORBATIERRIR A RBEIL B, EATERREARRIFE — I, BUAETRZN HLIX M DNEIRRIRR, mERERTTTA
AR, BITRMADNRE, FFREEIER eI AN S RE. XA PG 75 CRENS S A
KGN, (EBFERRRRRTE,

— 75T, HECAHERRMIAPA S TR, B CHAC B 2 AR MERER I, Bl — DN EIRAH TR, T
LEMEESEZ % CPU LisfT, — PMNRENAFHREES, BRoaeEsERNT RIS ELr. W
WUEW, FIREAFERLES BRI RATRERA— B, XEWRE BT ZESMYLE BTN, gt
FEIRER, X R AL,

7, RO EAAER R, M AR R L, FIRSRMHARRER, fla, ERA
BARBERVN, BIK A RTINS E EESRE B R, MEMALIRREORN, WA RATREA AR, Bk, M
TREFBRIIEER, BAITREMK SRR ALEE, X R EFERRI TR,

2.1.2 BitEE

HF BRI A KRR, K FRATRT DA &I — S BRI BIE AR, IX Rl B 77 AR
FIHEEZE DT (asymptotic complexity analysis), fEAREZE D,
2% BE AT RS AR B R IRIZA T BT B IN TRIAD 23 [ B R 5 A SR RN Z RIS R EHIIR T BEE A SR
ANIBEIN,  REPA TR I RS MR S, XN E SCREEH O, BATTAT DA 53 9 = B R PR AR
- IR ERIR” IR NV EHEIE 2 (time complexity) FIZSEIEZEE (space complexity).
- “BEERABIER/ NG RS S A R T EIRIBITRR S M A BER AR Z AR R AR,
- CITRAI A R FRORE RE ORI RIB TN B S A S AR ERME, R I R ]
B g7,

HAE S Bve i 7 SRR IS TR B, ABLAE LR LN
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- ELHRERSTIE, BEsk a6,
© BN TINAIAE, SAEERIER TR A,
BRI DAMABIA R R THIRRRCR, UHR AR R N HRTATERE.

Tip
GURARAN B RIMESBBINER, FTAEL, BIIEELEET RGN,

AL BANTRAE T —JEPERERCRE b7, BEHATTAT DA S AT B SR Pl 75 B IR TR 2 ) B3
IR, M HARREERZ R,

EARERMUCEMS, N TRFEARELRMR, F MRS, WX PNAEEE, EREHATREAK
EATENERIENMANINE, R, HENMTHERE N AR s RTRRR RN, XE DL 2 A HIa T A
22 A IE O

ER LRR, BWIRIER AN S BARE S RIRZ R, SOOI TR, DAERERS e R
TR AE T

2.2 EK5i2)3

FERED, BEEPTEMESRRE LN, E5EREMIEEME, Flit, 1EgI RS AR RS 2%
JEZ A, WAVER T R AERE PN EE PITESS, RIMMEARREFERIZ: RN #A,

2.2.1 #%

&R (iteration) B2 —MEEHRITHR MESFSHIIZHIG, IS, BFEIEMLE ERRA TEEHRITRE
8, BRI,

1. for f&IF

for AR WHNERERZ —, ESERVERIE R OBINEH]

PUNBREGET for TRIASLELTSRM L + 2 4 - +n, KMLREAZE res idx, FETERZ, Python
H range(a, b) XfNWAIX AR “AHAET 1Y, MNMAEAEEN a,a +1,...,0—1:

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

/* for {&IF */
function forLoop(n: number): number {
let res = 0;
/] BWXM 1, 2, ..., n-1, n
for (let 1 = 1; 1 <= n; i++) {
res += i;
}

return res;
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B 2-1 2 %R R A TR AE ]

2-1 SRFIAEH AR

SRR B BRI S A BERE R/ n ELE, SREBR “RIERR, SLhr L, RSN
XA “RPERRT, HRNBTRRE N TR 4.

2. while f&IF

5 for fEFARLEL, while fEIAMLZ —RISCINERAITTE, 1F while 1B, R RRAXTRERM, WRA
MR, WEARSIRIT, & NILESRIEA,

FERATA while FFRRSBRA L -2+ + 1
// === File: iteration.ts ===

/* while &} */
function whileLoop(n: number): number {
let res = 0;
let i = 1; // VRUFRGTE
/] BWXM 1, 2, ..., n-1, n
while (1 <= n) {
res += i;
L /] BHEHTE
}

return res;

while i3 Lt for THERMI EIHIEE m. 1E while TEFRH, FRATTATDAE BRI 45 F 28 B IRTA LRI E i 5
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BlanE A RRESH, SFA R o BFREITIRIRERT, KRGS K T for JEIASIEL:
/] === File: iteration.ts ===

/* while f&If (FXREH) =/
function whileLoopII(n: number): number {
let res = 0;
let 1 = 1; // ¥IAKEHTE
/] TEIRRM 1, 4, 10, ...
while (1 <= n) {
res += i;
/] BEHTE
1++;
1 *= 2;
}

return res;

SR, for TRIAIIREIENEL, while PREREMRIS, PEHLA] DASKHEREE, WereE FIME— M i%
AR [P R 75 SRR P

3. REf@F
IR LAt — MRERES IS 55— MEFRSEH, FEDL for TFR 0
/] === File: iteration.ts ===

/* WE for 1EIF */
function nestedForLoop(n: number): string {
let res =
/] ®F 1=1,2, ..., n-1, n
for (let 1 = 1; 1 <= n; 1++) {
/] &% j=1,2, ..., n-1,n
for (let j = 1; j <= n; j++) {
res += “(${i}, ${ib), s

00
>

}

return res;

K 2-2 B EIEIRFRENE R,



H2E HREDH www.hello-algo.com 22

SMEER

2-2 RENEIRIFFEAE R

EXFEILR, REIRIERIR S n? BUEL, s BERISTI AR ABIR AN n R F KR,

BATAT ARSI E G, B —KIRERE R “THE", RN EERERSE LT RR" “TWRTT
KAR", DU,

2.2.2 #3

B3 (recursion) J2—MREIRRN, 1@ EREGE B S RMRMR, ©FEZEEH .

1. 38 R ABTRAMIER B S, WEEENENSCERLSE, BRRE] “KIERA7,
2. 1 il “RIEERMET G, BREMAREEAEBAREOHEZRIRR, CRE 28R,

MM A EE, B EEAES =PER,

1. 2ab5fF: AT OREMf RS %™ 8% 177,
2. B X 7, REGAR B S, EEEAENSERLISE,
3. BIIEER: XM 7, R HRNEITRKHIEEFIREIE )R,

ML AR, FRATR B EEL recur(n) , FEATRASERL 1 + 2 + -+ + n M5
// === File: recursion.ts ===

[* BT */
function recur(n: number): number {
/] BLEZHE
if (n === 1) return 1;
/] & B)IERA
const res = recur(n - 1);

/] VA REIZER
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return n + res;

K 2-3 foR 1% BREL IR I AR,

AT “&@” BmE 93
recur(n) return n + ((n=-1)+ . +2+1)
| 4 w
recur(n-1) return (n-1) + ((n-2) +..+2+1)
recur(4) return 4 + (3+2+1)
recur(3) return 3 + (2+15
} g
recur(2) Py return 2 + (1)
| P —
recur(1) return 1

B’ 2-3 SRFIREHTE SR
BARMEAEE, BRSBTS EIERANER, EENRER T PR e 2 A8 R B E R R 8 e
iﬁo

- OB “ATRmE” HUEREL, MEEERLFP IR, RS NMES SRS, EEIES R,
< 3B TEEWRT MR AR, R AR AN SR NS TR, X (DR R R LR A AR RN T K
PR T RIREAR SR 7 B/ N RN, EEIEAE U 1 (AR fE E AT
PALIRSKRFEREC B, BFM f(n) =142+ +n,

CORER: TEMESRTRHURATRL, M LBHE 0, SECHITRAEE, BIATRE F(n) .
- BB BN TR f(n) = n+ f(n—1), R GRITHY SRR, AR f(1) = 1
L,

1. AMRE%
BIFREE KA B 88, RGN RNERROEINTG, DEEREA R, 18R kA =G R,
1R S8 7 TH 4 R

- BRI _E TR SCBURER A R ERR . R R NI, EEREBOREE A SR, R, @I
B AR IFE B A7 22 ],
- BBV AT RS AR RS MO DR IR B LGP I TR R AR

G 2-4 FoR, EMAZ RSP, FNFE n DARIREERITEE, EHEEN n .
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AT ‘@ Bt 93

recur(n)

!

recur(n-1)

!
|

BEARE recur(4)
! }
recur(3)

!

recur(2) Py

} i
recur(1)

2-4 B)AEHIRE

FESEPRA, GRAETE S PRI EOEE R A IR, RIS AT RE S B H IR,

2. Bi#)3

BEBRE, WRABHEIR M RTRG A TRV, WNZ R ER] DAigmiE s sl i Reas fioft, fHAE=S
HIRER 5%, XREReFr NE®YT (tail recursion),

- HEEN: HREOR A E—-RRREUE, FREASITRG, RHERAFERE E-ZEANET
o

- R B ITE R M EOR AIRTHYRSE — DA, XEREREBOR AR E—BH)a, TR T H At
BfE, RIERGTHRF L —ZREH) £ T

BAEFEE 1+ 2+ o W0, BRI DS RS res IOVBIHEHL, MTTO:BURIIA:
// === File: recursion.ts ===

[* BiE) */

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

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

B ARSI TIE RN E 2-5 FiR. X ELE @B VARI RIS, I BISRAIERERI AT RO AN FIAY,

© MBI SRFIR(ERAE A7 AR PITRY, SRR S EE AT — OOR TR,
- R SRARERAE BT RIRERHITH, 37 MERERFEERIRE,
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I.E‘]-F “E" I.I-:]J: nuau

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

f

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

|
} f
|

recur(n-1, n)

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

f

recur(3, n+..+5+4) return n+.+5+4+3+2+1
recur(2, n+.+5+4+3) return n+.+5+4+3+2+1
recur(l, n+.+5+4+3+2 return n+ .. +5+4+3+2+1
@, ) A
l KEFH T

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

K 2-5 Ri#)dE

Tip
TEER, WesmiEasslRed A SR RIEAE. BN, Python BUAASH @I, KRN
R I, AR RERIE Ak tH R,

3. &Jan

SREE “IE7 HXIEIEREN, BEEEHIERR B EMEN., AEEMS 5, P RS
Hifls

Question

e EPIREEH0,1,1,2,3,5,8,13, ..., RZBIIHE n MIE

VEERIREGIE n AR f(n) , BERAGE,
- BB NG f(1) = 0F1 £(2) = 1.
- BB N RATAEIOR, B f(n) = f(n—1) + f(n —2).

TEIOEHEOCRMEATIZINA M, Al NN RS, fEaTS BB, A fib(n) RITRIS2IZERI0
ZHGNHIE n DT

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

[* SERABEREEGI: BT */
function fib(n: number): number {
/] BIERHE f(1) =0, f(2) = 1

if (n === 1 || n === 2) return n - 1;
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[/ #VAFEA f(n) = f(n-1) + f(n-2)
const res = fib(n - 1) + fib(n - 2);
/] REIZER f(n)

return res;

ISR DA EARED, FRAITERRECNZETE A TR, IXEBRE NN TR AR, R 2-6 Fr
R, IXFERWHRITEA R L, B&E74E—MEEC n 1938 (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)

B 2-6 EPARZELBHIE T

MARBLEE, BIAERBLT R R W ENF R FEAEEN, XA IaRIE R E
- WEIEAEE, #R HE B, ol sSMKXISEVE 2 BB TA RIS B RE el R A 1 axX A R
Ji 3o
- WEHRESHAER, BIARKIESCETER, RAERAESKRE, FOAEMHERIES A G B8 T2
#ro

2.2.3 mEMLL
BEELL N, G15R 2-1 FoR, IEUNBBIAESLEL, PERERNE M M LA T AFEL,

% 2-1 EREGEBEIAR ST

IER =9

BT TEEAAER BRECA A E &

2
=)
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IER 2
IR BeRiEE RS, ToREIE IR R R = = AT
%
PIFERE 38 B T R N PR A7 25 ] SRR B AR FH ] RE O FH KR R A ]
H
EHF EHTREAIEIMESS, BENL, AT G TR, W, B oA, [IINE, REEEHEETE,
& 4 GL

Tip
GRIRIERTE DA AR E, AIDAIERSE S BETEERRE S,

Mz, ERFBAERAGHLNERRRIE? DUEBRBIAREONF], SKAREIERIAR 03" FrBodiT. KRk
IR FH B R SR bR R Jm SE AR SRATRAERY, XM CAEHUR AR “Je NG st sl R 1,

L, AT M SR XIBARECERTR TE SR AN EVIR R,

1. 38 SEBEIAMN, RAXE AR EOZEBOMEORTRIED, AT FERRE R R, S8
IR [l 2 H
2. VA: HERBGERPUTHIREIR, KRBT VAR ERBRR, TR Al BRI TR,

RItE,  BRATTAT DU — A X RR B AR T 0, NIRRT e oI A

\

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

[* ERERAEINEYT */
function forLoopRecur(n: number): number {
/] ER—EXRRRIEN R RIR AR
const stack: number[] = [];
let res: number = 0;
/] & BV
for (let 1 =n; 1> 0; 1--) {
/] BT NERERET RIK 97
stack.push(i);
}
/] VA REIER
while (stack.length) {
/] B HARRE IR 937
res += stack.pop();
}
/] res = 1+2+43+...+n

return res;

MEE DA ERE, B AONENE, RIEZEREMER T, REEANEIERZHE T A DIEAHRAL,
EAR—E(EHIXAEE, A AP A,
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- BRAUSAOACRD FTRE SE AIME DARE AR, RIS 2=,
© ONTHLEE IR, RIIRGEE AR AT AT RE AR R

Bz, EEERGE IR TR MR, EgIESCErh, D& RIS HRE R BNE R SR 77
REXREE,

2.3 BHE|ERE

a1 T Rl A] PAEUL EL iRl S BREBTRRIRCR . A RBA TR MER I G — BRI A T R, MO A AT Ele?

1. et e, CfEEAERE. wEIES. RANRYE, XERZHSHMARBRNIBITRER,
2. WA RIRIERR TR II2ATIN R, FIAnERIE + T/E 1 ns, FFIERME » FE 10 ns, FTEIHRE
print() 7% 5 ns &,

3. TP E R RERIE, HRATE IR PITIERA, MMSENS TR A,
BandE A SRS, BABIEAR A n

/] EREEBTEET

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

console.log(0); // 5 ns

}

R L7, AT USSR IS (6n + 12) ns -

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

HPR b, SHHRERBITINBIBEASPEIAB, &, BAIARERHEN 2T Fa%E, HE
ERBEESAARKT6 EisfT, Hik, BAMRMERSMERERNS TR, IXa PG RRH R 17RO
1:38

2.3.1 ited{Elgkiass

I I A5 T SE T AN R BRI TN TR, T SETAIST TN Il R 2 2RI 5

BRI XS LS, BATEE — MR DARERR, B ABAE R/ NA n, BE=ANETE
A, BFIC:
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/] B A WESERE: BHM
function algorithm_A(n: number): void {
console.log(0);
}
/] B% B MBTRIERE: &M
function algorithm_B(n: number): void {
for (let 1 = 0; 1 < n; 1++) {
console.log(0);
}
}
/] B ¢ WNEERE: BEM
function algorithm_C(n: number): void {
for (let 1 = 0; 1 < 1000000; i++) {
console.log(0);
}

B 2-7 @R T DA E =N RIRER BN TR A 2

- RBIRARE 1 ATERME, BRI REIARE n B K, BAPREEIRINEE2EN “H

V758

- BE B RATEMRIERENEIA n X, BIRISITNRBEE n HARBLME K, BRI RS 2 E R

N MR

- RIR CPRUTENR(ERREAERA 1000000 X, BRI EIRK, HESMAZIEA/N n X, Fitc

RO TRV 2R RN A AEIR], (T5h “HEER

BiE C - H¥P

1000000

Bk B - Gl

BiLiE1THYa) 10
5 /Mm
7]

'] 1 2 3 4 5 6 7 8

BNBIER N
n

& 2-7 RIKA. B CHINFEKES

M T BRSO RIRAIBITIN AL, - AL 2B AT TR g ?

- NS AERES ARG RIERCR, Blan, ik e MIBITIN R BLMIE K, £ n > 1 NHEE A B8,
f£ n > 1000000 I ELERTE c 18, FsL b, HRERABIE N n KR, BREN “HHH” 1EE

T MR IR, X R E RS
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- IR AERHER R ERME, B, 1817 e R RIS RIRS TN R K BT,
WETER R A% oA, FRATTAT DA B R BT A T SRR BRATIN RO AR “ B TRD ™, AT RS
“WRBEBTNRSH” fihy “HERIERESH, A RAEEAE AR T

- IR AE A ERR RN, fln, RERR AN C (N RIS AR, ESFRaiTh R ZH1R
Ko [FIFE, REGEMNRHEREL &, EEMABIERD n BN, BiEsMEMTHEE o X
TURSEIEOL, FRATII 8 e DA 1R 52 2 HIWT R RR B i, 498, RUE e iR, SRvEn
W TSR R P AR e S HL R T 7.

2.3.2 HEARA LS
BE— AR n HIEEL:

function algorithm(n: number): void{

var a: number = 1; // +1

a+=1; /] +1

a*=2; /] +1

/] &% n X

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

}

RAIENIR R R — DR TRALIE RN n R, 128 T(n), WAL RS ERIESE:

T(n)=3+2n

T'(n) &—REAEL, BIPAHISITIN AR KBS RN, I E RN RIE AR R

BAPELMEM PN E 24E 128 O(n) , XMECEFERNIK O 125 (big-O notation), FREEE T'(n) 1Y
ik 5 (asymptotic upper bound),

I RIS A E AR R “BIEEE T (n)” WEnE B3R, ©EAIAIECEE X
46U o

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

e 2-8 AR, HEENE F RS NEE f(n), #1524 n@RTIHFARN, T'(n) Ml f(n) & TAER
AU KRG, PRZE— DB ¢ B
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c-f(n)
T(n)

R {E e

/

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

4 n > n, B, $88F c-f(n) > T(n),
EEiAA f(n) & T(n) W—PALELR,
2% T(n) = 0(f(n))

K 2-8 PRECHIHTIL B

2.3.3 #EGE

Hk SRR LA R, WURIREIE IR A e 2B, I, AT DR EIRER T, AN
SRR, EAT DUR S HAE TR

RIEESN, WE f(n) 25, BAMETEZINEERE O(f(n)) . BAWAIHERIL LR f(n) We? Bk
NP BRGUHREE, REHINTENL B

1. -9 it EHE

EORREE, BATM EBIRIHERIAT, i, BT Rk c- f(n) REOEEI ¢ AT ABUERR/D, BRIV EEOR
T(n) PRI MREL HBORERT LUK, FRIEHEN, AT USRS DUR TR,

1. 2W T (n) prEOH, FOOENTERS n Jo5K, Fr DO RIS 2% BEAN = A2 A,

2. BWPAERE I, 1855 2n k. 5n + 1R, #A]LURIKIC N n ik, B4 n AR REOS I R 2
TR R,

3. PN R ERHMERIE . SHREREETINREIAIN RGN R A, 5 RIEMRIAA] P74
B 1. A5 2. KT,

B — R, BATTAT DU IR B Rt T 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 j =0; j<n+ 1; j++) {
console.log(0);
}

PURAZER T BRI S NGIHEE R, W& R R 2REE N O(n?) .

T(n)=2n(n+1)+ (Gn+1)+2 5e8GLH ()
=22+ 7Tn+3
T(n)=n>+n gt (0.0)

2. B HEREE LR

IR AR T (n) HEREHIBORIGE, X Z2ENTE n TS KN, &ML ELSIEH, Hit
TRHSEM AR AT DA

*® 2-2 R 7 Ly, H—E5ikpERN 7oA “RECCIEBEINET X 45, 4 n BT RN,
XEHE ARSI R R,

2R 2-2 AN[FHRAEECRRT B R 2 2 8

BERR T (n) R 24EE 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 FER¥EH

R ABHER NN n, H R RIS RN 2-9 s (B IR MRES BIHES D o

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
TR < WER < ZRMEH < SME < FIk < a8 < Bk



F2E BREDH

www.hello-algo.com

33

HEIRERE
T(n)

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

BNHRAN

2-9 H DLAIIE TR 2 2

1. BHHO(1)

R R BRERE S ABIE RN n Jek, BIARREE n B93E

SHET 0(2")

T35 0(n2) **Hﬁ
s

LR 0(n) =

BB 0(logn) ﬂnﬁ
==
=

BHH 0(1)

AT

TEDUNEREH, RERIFEE size WRERK, ([HHTHSHMABIERN n LXK, FILNRERET O(1)

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

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

return count;

2. 4HH O(n)
LRI BB ERCR AN TR ABUE RN n ALMESINE K.
// === File: time_complexity.ts ===

[* MR/

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

return count;

LR E H BB R E A
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S TR 7 BE R S BRI SR RERT ) O(n) , 3 n oM e BE A K
// === File: time_complexity.ts ===

[* &R GEHERE) */
function arrayTraversal(nums: number[]): number {
let count = 0;
/] ERRBSEAKERIEL
for (let 1 = 0; 1 < nums.length; i1++) {
count++;

}

return count;

ERFEERZ, WABIERD n THIEMABHERADR BRI, LaES — REIF, 28 n ALK
RN AR ARBIT, BEHKE n MEHEAR/.

3. FHH O(n?)

T W R ERCRARD TR AR RN n DOFT SIS K, P TBNE R HIEREIEA T, INZEAINER
TEFRIII R 28 O(n) , RUILEARIR RS 250 O(n?) :

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

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

return count;

& 2-10 X EL T H BB, SlMERFIT- 75 i =R A2 2%
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B n X

&% n & & n &
1R

0 @ @

BB S A At iE) 88 2R EE B fEl R A
B8M 0(1) LM o(n) EAK 0(n2)

(] RE—titmme

B 2-10 HEWT, LMERAIT T IR R 28

BUEHE R, SNEIEERATT 1 — 1R, WG n — 1 n—2, .. 20 13X, T n/2 %,
W EEZER O((n — 1)n/2) = O(n?) :

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

[* FHEM (BE#E) */
function bubbleSort(nums: number[]): number {
let count = 0; // it#iee
/] MBI RHEFEXIER [0, ]
for (let 1 = nums.length - 1; 1 > 0; 1--) {
/] WEF: KRAFEXE [0, 1] PHRATERIREZXENRANR
for (let j = 0; j < 1; j++) {
if (nums[j] > nums[j + 1]) {
[/ X nums[j] 5 nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
count += 3; // TERREE 3 NETIRE

}

return count;

4. $E8HO(2")

VAR AR BRI R AR T WIRIREON 1 NI, SRR 2D, ARMRE
Bh AN, DSHE, R n fEfs 2" .
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B 2-11 FICARARRS B T M S A2, ISRIE AR O(27) o EEE, A n RRSFLE, IREE
count FIREIEIREL,

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

[* 1EEPN (BIFEI)  */
function exponential(n: number): number {
let count = 0,
base = 1;
/] BRER—2 N, THES 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;

I3 BEHN
BE—2AZ TR¥E

Q 20
0 .
? 0 8 9 -

M A A A A
R R N R N

Y.
7t
=]
Gl

HHRIBESH EN2PRMNTREH) BliEl S 2 EE
20 4+ 21 & 22 4+ 4+ 2071 = 2n-q B8 o(2n)

B 2-11 FEE AN A2 A

N

TELBRE LS, FEEIH HEL @R E b, FlanE AR, HIBIAt—0 8=, & n ROHEE
1k:

// === File: time_complexity.ts ===
[* 18EBY (BYASEE) */

function expRecur(n: number): number {

if (n === 1) return 1;



H2E HREDH www.hello-algo.com 37

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

TR AR R IR, 57280 (BAOHER. BSE) FFHEE . N TEEIRECRRRE, 582N
RIRERZHY, B TR EE R SIS MRISGU ORISR MO,

5. 3k O(logn)

S8R, MR T “BRAIRE T M0, BRMABIER N n, BTSRRI,
AEFNRER log, n, Bl 2™ YR EREL

B 2-12 MDA NARBAEL T “EHARE] " W, MREEREN O(log,n), fidH O(logn) :
// === File: time_complexity.ts ===

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

}

return count;

BANBERKER n sEREE 1 1

£ v

s

ITEIRIER el S
logon +1 ¥ 0(logn)

~

N

[

B 2-12 XSRS RIR R 2 A4

SRR, R TR R, UM T RE N log, n AT :
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// === File: time_complexity.ts ===

[* JAEE (BYFSE)  *+/

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

AR BT R T OERISHE RS, AT “—ahZ2” W OREONRET MEREM, EKEE, 2
AR B () BAE A I TR 42 2%

O(logn) MIERBUZRZ/D?
HERRBE, “— 9 m” MMM EERER O(log, n) . MHEEMBIRAK, FiTTUSFEHEA
ANEERE. MR A 2

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

WHLR U, JRECm 7] DIEAEIE A ERTRTE N, FHRIMMBERE AR m , K8 %
2k O(logn) o

6. XM O(nlogn)
MR BT EEI R, REERNEREE 2 E 2510 O(logn) M1 O(n) o ARG
// === File: time_complexity.ts ===

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

}

return count;

& 2-13 JEoR TR B AR e XM —RARESEE N n, #HH log, n + 1 /&, HitH
FE&EHN O(nlogn) .
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EEMNIZEREH
n 1=n
Zx2=n
$# log,n+1 B
% x & =n
HEIREREN
nx (log,n +1)
I BB ER®E
1R 1k 1R 0(n togn)

H
oF
H
x
=
"
=
A\

&

B 2-13  Zelhxt B A A2 2

FinHF BN A EREREE R O(nlogn) , BlANREHETE. TIHHET. HHEIPE,

7. BB O(n))

SRR A B “ e B, B n NEARSRTTR, KEARTRERHITTR, 77REEN:

nl=nxn—1)x(n—2)x-x2x1

B s A, s 2-14 MACMUEATR, SB—BRaRE n D, BESRE 0 — 14, DU
#, HES n BRHEEDH:

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

/* BASRRY (ZBYIZIR)  */
function factorialRecur(n: number): number {
if (n === 0) return 1;
let count = 0;
/] M1 AHDEE A
for (let 1 = 0; 1 < n; i++) {
count += factorialRecur(n - 1);

}

return count;
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EEHN RN
DRHE TRNE
n n
n-1 n(n-1)
n-2 n(n-1)(n-2) - #£n B
1 n!
2HTINARY (AIRKENT SHE) EERE
nx (n-1) x (n-2) x .. x 2 x 1 = n! FisEBH O(n!)

I 2-14 el I A2 2

HER, ERGn > 4WMEH n! > 27, FTDANSRI BRI RIS E R, 1E n BRI A A2/,

2.3.5 RE. RiE. FYHEERE

FHARIN MR AR BEER), miSMABIRR AR RmA—DRKEN n (EAH nums ,  Hip
nums FIM 1 5 n BPECFARR, M RHBL—K; ETRITZEEETELR, (55 BAR2IREDTR 18
K5lo FATTATLASH LAURES IR,

W nums = [2, 2, ..., 1], HPHARRTER 1M, BEERmEe, KERERFERE O(n) .
% nums = [1, 2, 7, ...], ERSEATEEN LI, FIREAS KA EERR, BRI
0 Q(1) .

“EREMN A" NN EEHENL B, AR O IL5FoR, MR, “RAERN RS XN EEHNL N5,
IROAGRSE 7

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

[* ER—NEEE, TER {1, 2, ..., n}, WEWITEL */
function randomNumbers(n: number): number[] {
const nums = Array(n);
/] EREAE nums = {1, 2, 3, ..., n}
for (let 1 = 0; 1 < n; 1++) {
nums[i] = 1 + 1;
}
/] BENITELE A TTR
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;

}

[* BEIEEA nums FRERFE 1 FRTERRSI */
function findOne(nums: number[]): number {
for (let 1 = 0; 1 < nums.length; 1++) {
/] BitE 1 EEALERY, AREIRENEISERE 0(1)
/] BtE 1 EEARRN, AERENEISEZRE 0(n)
if (nums[i] === 1) {
return i;
}
}

return -1;

ERRIRE, BOVELFRHRDEHRENREARE, FOEE G ER/DMERTAREIAS], rIRESHR
—ERRSE, MiRZENPEREE NI, BOVERN T —ANRBeRLEME, IR DI R

MR AT, S5t 220N 15 A IR R TS A BT “RSTRAOR A, S B
AR, HORAEFSHR S REITRCR, M2 T, TR AT DA DI AERGH LS A SR R
BT, B O InERET,

TS, BATT AR 26 52 L B LR A RO IL, et BXRoRl, ph i A S R TAL
o, DRMTEEE 1 HHBIE (LR 0 MM A SRR, TP A S AR RO B AL K Rk /2 | F
IR EZER O(n/2) = O(n) .

(EXNTEONE AT, RPN R 2 2% R EERR RN, RO RME D T AR o A T IR AR A,
FEIXRMELLT, FATEH (8 S 22 1R B 2% A N SRR IR

PHLOEF © 1552
ATREEET O 7 Bt TR O, EUFRATH 3 M ok om PRI S 2R, (B S E i, X
R ARG, (EA-BRIEMYORR, 2B5E0 PRS2 O(n)” WA, WHHHER
AR O (n) .

2.4 FEERE

FEEFE (space complexity) FTFH&EE A G HANEZS BIREE IR &L KA KES, XS5 A
FEAERELL, RAFH BITREY Bl “SHANESR,
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2.4.1 EZHEXZ(aE

BRI TIE R A B 7 23 1R R R DR LA,

- AN TR AR A E,
- BN AT EEREIRESITEETE R, R, R E TR,
- FHEEE TR B A
—REOLS, SREAENGIHEER “EGEERT ik TRHasE,
G ] DA — R =00,
- EERYE: AT RERRISTEEPRSAE R, LR, NR%
- B R TR VA RO R SR, RGEE BRI FH BN A S AE AR TR G — M, BRI %K
RENE, ARz A 2 PR
LM AITRFHIEEIERFIES, ESRIH a2 A,

T —BAERF R AR R R, BADARW ST A RdE, B pA 8 =%, WK 2-15 for,

BERR TEiEERENSITER

AL

s N
WA HFZiE L h )
BNEE R HEE
Hinzsia]
g

B 2-15 RAE AR

UEES AV

[* 3K */

class Node {
val: number;
next: Node | null;

constructor(val?: number) {

this.val = val === undefined ? @ : val; // Ta{@E
this.next = null; /] EET—T =5
}
}
[* B+

function constFunc(): number {

/] BATFLAR(E
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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;

2.4.2 #HEGE

ZRISZAENHERTTESNAERERBHRE, HFRIGHRRMN “RIERE" o “BRZERKN,

number { // HMINEUE
/] BEHE (8
/] BESE (B
/] BEEE (WR
[/ temz=ia) (A L)
/] HHEEE

=
=
=
=

)
)
)

TSI 2 AR, RSB OGRS MM A, SRR NP5 R — TSR, Bl s
WRAE T 50 SR FEE R 1 2 T

WAL TR, BoEaa il B aRES Y.

1. BURAEHABIRMIE: 4 n < 108, 2FEZREN O(1); B2 n > 10 K, FHAKIEE nuns &

Fi O(n) 20, FHEZEZEREZEN O(n) .

2. DISEHRSATrIIEPAE A : BN, R ITRIG— (200, & O(1) S50 4 HIANKEAL nuns

i, FERFG I O(n) %0, WIEZEZ R AN O(n) .

function algorithm(n: number):

const a = 0;

const b = new Array(10000);

if (n > 10) {

voild {
/] 0(1)
/] 0(1)

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

}

TEIEHAEeD, TEIEES MR, WA RE:

function constFunc(): number {

/] PATHELLIR(E
return 0;

}
[* BT EEZRERN 0(1) */

function loop(n: number): void {

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

constFunc();

}

[* BANZ=EIERERN o(n) */
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function recur(n: number): void {
if (n === 1) return;

return recur(n - 1);

BRI Loop() Fl recur () MIRHEIE Z4EHH O(n) , E=EEREARF,

- PRI%X Loop() TEEIAHIEFT T n IR function() , FEHHI function() #ESIRMEIFFREAL 7AWz ], Ktk
ZRERENH O(1) .
- JBHEEL recur () fEIBA TR ZFRINAZLE n ANARIREIW recur() , MfidiF O(n) MIBmi=SE,

2.4.3 FER¥EH
WHABEER N n, B 2-16 JBR T WAz EE 2R (MRS EHES) .

O(1) < O(logn) < O(n) < O(n?) < O(2")
W < X < RYEH < PO < HREG

E8E o(2")
FF5H 0(n?)
AT L1468 o(n)

4B 0(logn)

MEES. MEEE

= o(1)

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

BNBIER N
n

2-16 DL ) A 2 A

1. BHMO(1)

BEINH LT RO SRS/ n EXIRR, TR, WL,
FEERNR, (EOGER Y4 (1A Rok i R BT & T, A T — IR R SR, M RR R
B A2, RS2 O(1) :

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

[* EREL */
function constFunc(): number {
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/] BUTRLEAR(E

return 0;

[* BEE */

function constant(n: number): void {
/] BE. TE. WREA 0(1) T/F
const a = 0;
const b = 0;
const nums = new Array(10000);
const node = new ListNode(0);
/] BEFHRNTELA 0(1) =iE
for (let 1 = 0; 1 < n; i++) {

const ¢ = 0;

}
/] TERFRERER S 0(1) =iE
for (let 1 = 0; 1 < n; 1++) {

constFunc();

2. %M O(n)

WP T TR S n RIELIOSEAL 55, . oIS
// === File: space_complexity.ts ===

[* MR/

function linear(n: number): void {
/] KER n BEAESA o(n) =iEl
const nums = new Array(n);
/] KEA n BNFIREA o(n) =iE
const nodes: ListNode[] = [];
for (let 1 = 0; 1 < n; i++) {

nodes.push(new ListNode(i));

}
/] KEA n MNIEERSA 0(n) T
const map = new Map();
for (let 1 = 0; 1 < n; 1++) {

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

N 2-17 iR, BEEREEDEVIRER n, BIRINTELE n DARIRER linear_recur () BREL, A O(n) K/
AR M 2 ] -
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// === File: space_complexity.ts ===

[* B (BJFEIN)  */

function linearRecur(n: number): void {
console.log("#J3 n = ${n});
if (n === 1) return;

linearRecur(n - 1);

T “&” mt “3”
linear_recur(n) return @
linear_recur(n-1) return 0

BIEFRE l’ T

" | r
linear_recur(2) return @

lr fih %z

LSl T
L linear_recur(1) return @
RHOE)FEBEREER n FiEERE
HEA 0(n) KEMIZE SR 0(n)

Bl 2-17 BV BREG L RIZRIE R 23 A 2%

3. T O(?)
SETTRE DT AERERIE, TREES n T KRR
// === File: space_complexity.ts ===

[* FHE */
function quadratic(n: number): void {
/] FEFESA 0(nt2) =8
const numMatrix = Array(n)
LFLLL(null)
.map(() => Array(n).fill(null));
/] Z#FIRER o(n~2) =(d
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);

G 2-18 AR, IZBREHEVARE N n, £ DERIARBREIGEE T M, KESHN n, n— 1,

L2001, KRN R/2, FISESE O(n?) 226
// === File: space_complexity.ts ===

[* FHM (BYIEIM)  */
function quadraticRecur(n: number): number {
if (n <= 0) return 0;
const nums = new Array(n);
console.log("#Y3 n = ${n} I nums KE = ${nums.length}");
return quadraticRecur(n - 1);

i nums KE AT 8" Bt “7”

n ~——+ quadratic_recur(n) return 0@

n-1 —— quadratic_recur(n-1) return 0
IR 1 T
' ! f

2 ~———+ quadratic_recur(2) R return @
1 ZILFH T

1 ~—+ quadratic_recur(1) return 0@

ESMBTRHPEALT — A, S KERN FEERE

1+ 2+ .+ (n-1) + n = n(n+1)/2 5k 0(n?)

2-18  3BYH R AR AR 105 s TR AR 2k

4. 1588 O(2")

R E T — Xt MERE 2-19, BECI n B XMW B R8ER 2" — 1, HA O(27) =0H:

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

[* 1B GEILHBXH) */
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;

BENTREH
20
21
x// \\\ z// \\\
2 - Hnn B
T A A
2“*1
FAESREE SiEERE
20 4+ 21 4+ 22 4 - 4 201 = 2n-] BB o(2n)

2-19 5 — SR AR A FE R S IR R 2

5. 3 O(logn)
SN WTF a8 AR, MAKESN n 8E, SIS 5 R, B
= log n AEIARY, (EH O(logn) ARMizS[Al,

O T AT S, WA DERn, ERMEOY [log, n| + 1, BN FRFHEKEN
llog,,n] + 1, HEt=REHEN O(log,,n + 1) = O(logn) .

2.4.4 WiEhtES=|E)
BARIE IR, TR S DO IN ) 5 2R R 2 ) B R R AR BN, SRTTAE SERRIG A, [RINHER AL A ) 5
2% P 1223 () 20 o 3 L o TR

REAVRE 1) 2 2% LI 3 7 e AR T T B MU A ARG, R TP BATTRAITE PN A7 23 RRIR T RTR I TIR Y
RBEEFRN “ PSRN )75 ez, WIFR DA R R

RN A BB T RATEB BN V50, ERZSEIEHT, NRSRESER, Fikt “DUs AR E” 8
WRER AR, SR, EEERERRIELT, RS R EE,
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2.5 Ihes

1. EREH

FLIERCRIPG

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

- BATA] OB BRI IAG RIRRCR, (B DAHPRINAFAE R0, HSFER KRB R R,

- BRI AT AHBRSE R IR R s, e RIEH TArEIBIT VG, JF HREB R EIEE AR EE
MU T HIRCR

I Pl B A

- IRV 2% T BRI TIN IR SO B KA, AT DAE ROTAG BIARCR, (AR50 R ]
REJSRY, ANTERm ARIEUE B Nal N T 2 2R EE AR RIN, TERAE I LL e 55

© RZENREREMAKR O FESFRR, NNVEEENL ER, KBS n BELHN, BERE T (n) 1
R,

- BN AERESANL, ERGITHRERE, KGRI ER,

- H LN R 2 MRS HESIE O(1). O(logn). O(n). O(nlogn), O(n?). O(2™) f1 O(n!) %,

- FERDIN E R A AEEE, iR SMASIRR AR, NRERES NRE, RiE FHNAE
IR, NS RETLTAH, B9 AR — MR 200 i S A REIR B R L

o SN A A P R PR ETE BEAT LSS N RIS ATR0%, i SRR Hh iy SRR, THEEIIN
(A1 7% 7 Bt L N B 010 DA SR & TR RIBCE

BRI

S IR TR S A, R 5 P 2 RIS R K 38,

LR A A T A AR, B, A BRI, AR
oSS A T, BT AT S W AR R, MeMZS IR 2, FLr b2 RS 3 (L T B
B2 ) B R,

Rl BEE AR R A A, BV AR SRR S BTN 2] R 2 A,

L HWAERERAREMERIEIEIE O(1). O(logn). O(n). O(n?) f1 O(2") %,

2. Q&A

Q: REIAMAE R O(1) 1?

g b, BB S RERER MR O(1) o NI RZEGmWEIES (BIA Java, Python, Ct+,
Go, C#%) AR EINMLLEBH, Ft@EHEIANNZERERER O(n) .

Q: BRI TRIXM AN ARIBERIX AR 42

% (function) A]DABARSZIAAT, FrESEEAEREIE, 757% (method) 55— PXRKHE, #ilE L
AHERNR, REMSXTIASE]H L& H B TR R,

i PA LR WA R TE = BRI

- CHEERUEARRIES, AR, UEEE, B30T DOE eI LK (struct)
SR X RS, 545N SRR B Bt 5 T HAth e 15 = 751
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- Java 1 C# BHEIANRIGIEIES, R O7i%) BEEENEDEN T, FETRNTREAT
BRE, OAEHIb ek b, AREVIRIRFE R LB &,

- C++ #l Python BESZRIEREASE (8D, HFFmmax Rtz 5k,
Q: K “H WA R A IR SRR A2 o5 A R AR /N2
Ne, ZEBRIRSRERE, HRRAZEKES, AR SR R RN,
B n = 8, IRATRESR A ARERAIE S MBS A b IXZRARRISERE S MBI, AR
HUEVE 4 ) — MR IE AT E
FESERRH, RINBA @R ARDER N7 IEN “HEHIT SR Z /D, il —BICEMITE R ERiEEn = 8
Z PR, BT n = 8° MUAET, XNHMKERELLEST,
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Abstract
LS AN [E — BIAS E T 2 AR HEZR,
ERABIENEFHLSRME TR, BIES AR A SRR,
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3.1 HELEHMnE

LR EHRSS M AR R, BER. AR PASIL MaTRER. WL MR [, EATRTDAM “IZEREEHY” F0 “PyRELsey”
PNERE AT 703K,

3.1.1 ZiE4EN: KMESIELH

RS T BI TR 2 MINZEE R, EEAHMTERTD, Bt —a iy, AT 8z Rk
PEXRZR; TAEM, BHE AR MZBEXRAY, R “HE” 5 “FR7 ZMIIRERSR; ENH A
FAAER, Sk T 2 AR K R

N 3-1 FioR, BEEAAIDN LT M R RS, RMESEILEREN, fRRUREEEXAR LR
NS ARZEaE NI, 2AREAIERRS,

- ERPEEIRETH: B, BER. AR AL IR, TTRZAZE XN —RIT R R,
- ARERMEBdRA . R HE B IR R

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

- BBET: B OHE IR, STRZERNZHXRA,
- PERGH: &, TRZERZXNZHKR,

Sit¥iEEH eI BERESE
ot s <& 2
array tree Y FaitY
ﬁgﬁ — —_ — —_
linked list —

push |/I ™~
i = — graph o /
stack -

pop

= T T 7 T & s
FASY S
queue - | - heap ¥\

pop push

hash table value

BEE {key o & w}

3-1 SMEEdREi SRR

3.1.2 ¥PBREEN: EEE59H

HEIARP BT, IEECBRRBEE RN AP, & 32 ROR T MRS, KN RETT
PR R & —tRNAEZE ], BRATAT DU N RE R B — D ERHY Excel 4%, HA &N ETTARER AT DAFEIE—E R
INHTEUR
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FRGUEN 7 RV M B U E R BEE. & 3-2 FoR,  HENURSEREE MU ks s A & B TAS 0BT
G'S, WREDPNESREA RN L, A TSk, 2R AR N7 R EE.

00 @1 02 03 04 @5 06 07

0x0000

0x0010
0x0020 n

0x0030

0x0040

STENESE ARG 0x0012 , BEMIE

. BERESE ARG 0x0024 , SEMIE n

B 3-2 WfEsk. WTFaSHL A7 L

Tip
EfFIHAIRR, RN EUME Excel FA82 —DMALAUZEEL, SERRAER TIPS ELE 2%, W ik
2. NEFEM, ZEVEL EPINFENYENT SRS,

WFRITHRFP LR IR, SRR MER &, RS TCA AR P RN T IEAER
PRETH SRR, NERIE A EERB B R, T, JIRAT S R IR N R SR A
ZIRNANAE; WEREVDESRII A, B2 FTE R RS LIRS 7 (£ 7 I 7 22 A

e 3-3 Fir, PUBRai R 7 BIRAE RN AR 3, Al miEsi e iE (B oA
fefif (B2, PIHEE WIRIZOUE TEARATTIR, g, HIMSEIRIETTIE, PR BEEE A 12 IR (RIS A 2 )
R 7 T 2 I EANRE

EGTiETFhE YRS EEfE

TEAEAE I TF =S (Bl R SR A ERERNNEZEZIEN

aaaan

AR e
B =ranpizeia mEnaE | OAEEE
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K 3-3 LSRG RS R

ERRIRE, B BORaaR e TR, HERR AN SIBI, G140, ARAIPASIRE AT DA AR sk
B, WATDAREFRRERSCEL; Mike AR kAL AT RE RN (5 B ek,

- TR AR PASIL MRARER. AL HME &L ZERE. GKE (EE > 3 BIEED SF.
- AETRERTICEL: AR, PASIL MATRER. MM HE. EISE

HERAEWIRICS, AT DMERR IS TR R AT, IR “shSEdRas . BEEvhits
KEAE, R “SSE8dRaSEE", ESEERNE, SEmEd EH AN FELIEE L, MimE&
—EM) B,

Tip

QRERIRIESE P PRES A PR A TR, eI N —%, RS RIA T N A,

3.2 BHiERE

RN ENFIEGER, BINTSERISCAR, B, P, 185, 3D HAESHER, REXLEHIERIHA
&R, HENTER SRR AR R B
AR IAZ CPU M AEHEGHTIB RN, FREEPERER, TZEEHETILM,

- BERAY byte, short. int. long,

- PEREBCERA float. double, FHTFFERT/INEL

© PRI char , ATRRSHIBESNTE. A SEERERNSE,

- fi/REE bool , ATFR “B7 5 “B HW,

SEABRI L MBI A R CE SR, — > UEBIAIEN Y 1 RS, TRk SRR R S, 1
45 (byte) Hi 8 HAE (bit) 4lAk.

FALERR AL A BETE B R T H S R FR/DN, R A Java o6l

- RO byte (HAI 1 = 8 HURR, ATAFOR 28 N
- BRI int 4 7T = 32 HRE, TR 232 MeT

K 3-15128 7 Java HAEMEALHR AR 5 2], BUEEEMBOAME, HWRIETCABICHETR, KEEHEH
A], REN AT DO AR AL,

R 3-1 EALARIAIN & 2 A AT EUETE

E iy e HHE=E B/IME BARE HINME
B byte 1% —27 (—128) 27 —1(127)

short 2 FH —215 215 _ 1 0

int 4775 —231 231 1 0
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et (SRS? SRR BIME RAE BIAME
long 8 Fi —203 203 1 0

FRE float 4 7y 1.175 x 10738 3.403 x 1038 0.0f
double 8 T 2.225 x 107308 1.798 x 10308 0.0

TR char 2 FH 0 216 1 0

7R bool 157 false true false

THER, R 3-1 (WA Java FEALIRRAIRIE L, RRIZIE SH0A & B RVBERRADE X, eNrG H
2, BUETEEFIERINE R Re A AR,

- {F Python H, FEHERA int ATDUREREA/D, HZRTRIHNAE; 1FREL float B AEE 64 if; &
A char 87 BAANFRFERR L2 KER 1 WFERFE str,

- C I C++ R E R ABIERAI AR/, MRG58, 37 3-1 BE LPe4 £uEi7, HHFTF
15 Linux f1 macOS fEAY Unix 64 (R1ER S,

© FHF char IIRV/IME C AT CH+ HION 15277, TERZBUERIEIE S HEUR TREEN ML /715, N “F
FFgmbs” FE,

- BMERRA/REMNT 10 (0K D, BENEFEREEMEEN 17, K2R ENL CPU #H
¥ 1 NN/ NS U BT,

Wz, BRI GHIRGE Z A 2BRVE? JATRNE, Bdaa2E Bl HA S FE8dEr 7T
Ko RANEREER “457 mE “BdE",

FAEFOR T, BANTEASBBIEASA, X 2R BRI LS n] AR AR AR A
JFRR, HETHHBINTRELR int, /M float IBEFHF char , N5 “BHESH" Tox,

AIET, SEABURSURE TR “PIERRLT, mBHRa Rt 7B “d8U5R”, BIInLIR D,
BATHHFER R RS ) RFESFRRARINEALIERR, EH5 int, float, char, bool 5%,

/] R ZMMERTIERERIG I EE
const numbers: number[] = [];
const characters: string[] = []1;

const bools: boolean[] = [];

3.3 #HF4mET *

Tip
TEAS, FREiA * FFSHRIEDET . GIRIRIN A REURZIBE AR, FTReBkd, SFeseas
BEE 5 A BRI


https://en.cppreference.com/w/cpp/language/types#Properties

3w BUEL www.hello-algo.com 56

3.3.1 /R85, REH+hES

fE E—THIRAG R IRATE I, A BEESA G SR i BB L IE 8 2 — 1, 140 byte AYIUETE 2
[—128,127] o MR EY, ERINTEREYREH, G, *MERHESEIR,

BT EAR, BBl W RIESEETE T RPN, TR R B, Bt =FRE
N

- RS TP TR RN RS AT S0, Hirp 0 FoRIES, 1 R, HRMFRRET
HIMEL

- RBh: BRI S E R AR, SO SRR R RS BRAT S SMNE AT A AU

AN IEREORNG S SRR, SRR SR L R A AR B 1 o

B 3-4 Jon TR, A RIAND 2 IR B R 75 7K.

+0 +5 oF -0 -28
0000 0000 0000 0101 [R5 1000 0000 1001 1100
BRRS s,
HHERFABE R
0000 0000 0000 0101 =G 1111 1111 1110 0011
ERBEEM EN 1
0000 0000 0000 0101 63 0000 0000 1110 0100
EMHNED,. kB, HEES HIMNERID. kB, HMEEERR

B 3-4 RS, Fehd S KD A B B A

B3 (sign-magnitude) BAREM, BEFEE—LEREM, —7AH, ABNEBAREEZH B8R, FlnER
BRHE L+ (—2), [RNERRE -3, XERBRNM,

1+ (—2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

HT R, HENSIATRE (1 scomplement), WRBATTCIGERDEH N RAG, HERE FHHE
1+ (—2), BERKEERMNASHRE R, WaSEIERmER -1,
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1+ (-2)

— 0000 0001 (Jr4) + 1000 0010 (J5h5)
= 0000 0001 (fzh%) + 1111 1101 (fetH)
= 1111 1110 (/zh3)

= 1000 0001 (J5h5)

— —1

=i, B FREMA +0 A —0 MMEoRTR XEIRE BT NN AFR i flgRe, JXAIRE
SR ARSI, RRA X EFMNE, WATGER SECHIWEE R, manREIEL
BUEFMATE X, WFHRZESIABIMIFIWTERE, XTSRRI ENRIZE R,

-+0 — 0000 0000
—0 — 1000 0000

I —E, RISWALEIERZTE S R#, FEHHEE 25N TH#HEE (2° scomplement), FAT5ERM
K-THENFRE. RS, (SR AR

—0 — 1000 0000 (J5f5)
= 1111 1111 (/x#9)
=1 0000 0000 (¥~H)

TEMFHI A EAL B 1 2772880z, {H byte UMIKE A 8 i, FILEHEIE 9 (AT 1 2P6EFH. W
R, MFERIMSA 0000 0000, SIEFHMGHIFE, XEREEMMIFRHREE—NE, ERFEX
MG IR,

R fG— MEER%: byte FAURYEUETEEZ [—128, 127], ZHERM— DA —128 Z2UHASRIRTE? 3,
MRS, XIE [—127, +127] WAIFTH BEEE A N NI ER, REFTRNG, I B RS FTRMD 2 [ A] DA AR
et

AT, A% 1000 0000 —ABIAk, EIFEA RPN, RIEEETE, BAE 2GRS N
0000 0000 , XZAREFEN, FAZEBRTET 0, ERAMINIZZEE S, HEVIEX MRS
1000 0000 1% —128 . bRk, (—1) 4 (—127) fEAME FIUIHELERE —128 .,

(—127) + (—1)

— 1111 1111 (JEr4) + 1000 0001 (J5h5)
= 1000 0000 (s#3) + 1111 1110 (i)
= 1000 0001 (#~HE) + 1111 1111 (#MH)
= 1000 0000 (*~H)

— —128

RAJREC LI T, EIRATAEHREERINEEE, XNRE —NEERI: HRPLNERRIREFE R 3 22 5
TIEBRETN, XZROVITRISEMN THAZE (binseik, BRIEFETR) Kk, BRI K E fa
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B, HARGHATHATILE, BRIEELER,
)

HER, XIFAERE HEVURREMNE, Rk AR HIBHA S, HRYLIRES ISRl
BEAaR. Blan, HREIE a — b ATDAEBON IR a + (—b) ; HRIRERBRIER] DI TR 2R
IEBRTE.

PREEFRATAT PUSES T AL EE AN AR R ST AMGEOR,  THEALAT DU [RIRE B B AR (R AL B IE 2R

TREIANE, ATERFEPRATREF FUBORCEIRGE, I BICAURE A B S B B XA, JXRR e 17
R, $E8 T IsREeR,

DRI BEHER KT, HRERRBAICN AR E, RUCE B EEE PR T,
3.3.2 FRHY

MOHIIRATRER R I : int M float KM, #BRZ 4 5719, ENfHA float AHUETEREIZ AT int ? IXIE
HIREN, PIOAHZE float FEFV/NL, BUETEEN IZZ/NA X,

Khr b, IXRBONIEREL Float KA T ARINERTT . 12— 32 FURH R 3 EO :

R4 IEEE 754 fRifE, 32-bit K/ float H LA R =N R,

: ?@%ﬁi S: 5 1 ﬁZ, XTJEZ b31 o
: *Eﬁ'fﬁ E: 5 8 'fj, Xﬂ‘}‘j b30b29 ces b23 o
© BN 5 23467, KR byybyy ... g o

ZHERIEL Float X RIEATTHETTIEN
val = (—1)bs1 x 2(bsob20-023)5 7127 5 (1 b0 by . by),
FACEIH 3 PR RATO:
val = (—1)8 x 257127 » (1 4+ N)
HrA & W BETEE D :
se{0,1}, Ee{1,2,..,254}

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

TS S 1B¥UL E SEAL N
DBBeB800C A
b3 b3 b,3b, by
WNFULRR, 7% R4 |EEE 754 45, & B RIRYEF A
5=0 val = (-1)S x 267127 x (1 +N)

E
N

124
22+273 = 0.375

1x0.125x%x1.375
0.171875

3-5 IEEE 754 FrifE N9 float BB R A

MK 3-5, BE—NTBEIES =0, E=124, N=2"2+4+273=0.375, WH:

val = (—1)° x 2124127 » (1 40.375) = 0.171875
BUAEFRATAT DA & S0 Float INF7 /T AL SRR, SROLIMBTEMER T int . HUELL LIS,
Float MIZIRIIEAIERCY 22547127 5 (2 — 2723) & 3.4 x 1038, TSR EAT{ESIE N AKL,

RABF NI float ¥ fe v BUETEE, (HHEREIMERIZMTE © RS, BEEA int K28 32 R THRRET,
Her 5 i, il THEEIRAETE, TR float MUEMEBLK, HHABIMT Z I Z (A ik
Ko

% 3-2 iR, $REUALE = 00 E = 255 BARHRE X, MTFRRE, K5 K. NaN 3,

*3-2 fRENIE X

RS E SN = 0 SEBIN £ 0 HHEAR

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

{EASBIIART R, IERE R BRI T RS 13, S/ NE RO 27120 ) B NEWIERE R 27126 x 2723

o

WUFEIE double HIRHIZEMLT float MFRTTIR, TEULAMEIA,
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3.4 FFRS*

BN, A EERAR R LRI EE AR, F0F char AGISN, N T RRTRF, BITEEL—
B TRET, ESNTFN SR RN R R, B TR, R POEE ERER
R AT R R

3.4.1 ASCIl &

ASCI BB 2 i R B Z PR, H42FH American Standard Code for Information Interchange (3£
PSS RSB . B 7 AL R (— DRI 7 AL R — DR, RZRER IR 128 DAFR
T, WA 3-6 R, ASCII 4RSS PRI AR/NG . BF 0~ 9. —EhrmfF s, DA —28HwrF (4
WATTFRIHIRTT)

itk it FH X it st FH it it FH it i | FH
@ 0000 0000  NUL S 33 0010 0001 ! 65 0100 0001 A 97 0110 0001 a
1 0000 0001  SOH IR 34 0010 0010 C 66 0100 0010 B 98 0110 0010 b
2 0000 0010  STX ESCHE 35 0010 8011 ] 67 0100 0011 c 99 0110 0011 c
3 0000 0011  ETX EXER 36 0010 0100 $ 68 0100 0100 D 100 0110 0100 d
[ 0000 0100  EOT EmEE 37 0010 6101 % 69 0100 0101 E 101 o110 olol e
5 0000 0101  ENQ HR 38 0010 0110 & 70 0100 0110 F 102 0110 0110 f
6 0000 0110  ACK rEEE 39 001@ 0111 ' 71 0100 0111 G 103 o110 0111 g
7 0000 0111  BEL % 40 0010 1000 ( 72 0100 1000 H 104 0110 1000 h
8 0000 1000  BS B 41 0010 1001 ) 73 0100 1001 4 105 0110 1001 i
9 0000 1001  HT KSR 42 0010 1010 * 76 0100 1010 3 106 0110 1010 j
10 0000 1010 LF iiFE 43 0010 1011 + 75 0100 1011 K 107 0110 101l k
11 oooo 1011 VT SEYEG 4 0010 1100 s 76 0100 1100 L 108 0110 1100 1
12 o000 1100 FF mms 45 001@ 1101 - 77 0100 1101 " 109 o110 1101 m
13 oooe 1101  CR EEs 46 0010 1110 5 78 0loo 1110 N 110 olle 1110 n
14 0000 1110 SO TR 47 0010 1111 / 79 0100 1111 0 111 @110 1111 °
15 ooge 1111  SI BER 48 0011 0000 ° 80 0101 0000 P 112 0111 0000 p
16 0001 0000  DLE  Mimisssity 49 0011 0001 1 81 0101 0001 Q 113 0111 oeol q
17 0001 0001  DC1 BRI 50 0011 0010 2 82 0101 0010 R 114 0111 0010 r
18 ool gele  DC2 a2 51 0011 0011 3 83 0101 0011 s 115 @111 @011 s
19 oool 0ell  DC3 B Rs3 52 0011 0100 4 84 0101 0100 T 116 0111 0100 t
20 0001 0100  DC& BEBI 53 0011 0101 5 85 0101 0101 u 117 0111 0101 u
21 000l 0101  NAK BB 54 0011 0110 6 86 0101 0110 v 118 0111 0110 v
22 000l 0110  SYN EFER 55 0011 11l 7 87 0101 0111 W 119 o111 eill w
23 0001 0111  ETB  4HfEHR 56 0011 1000 8 88 0101 1000 x 120 0111 1000 x
24 000l 1000  CAN ] 57 0011 1001 9 89 0101 1001 ¥ 121 0111 1e01 y
25 oool 1e0l EM R 58 0011 1010 : 90 0101 1010 z 122 o111 1010 z
26 0001 1010  SUB *E 59 011 1011 ; 91 0101 1011 [ 123 0111 1011 {
27 000l 1011  ESC  {E(iH) 60 0011 1100 < 92 0101 1100 A\ 124 0111 1100 |
28 000l 1100 Fs ST 61 0011 1101 = 93 o010l 1101 1 125 0111 1101 }
29 000l 1101  GS SER 62 0011 1110 > 94 0101 1110 2 126 0111 1110 ~
30 000l 1110 RS BRI 63 0011 1111 2 95 0101 1111 _ 127 @111 1111  DEL
31 oool 1111 US BT 64 0100 0000 a 96 0110 0000 :
32 0010 0000  SP S

3-6 ASCII #4

SR, ASCIT M{XREWSFORIL, FEETHRNAI BRI, WA T —MEER R RE LB S EASCI 7175, ©
& ASCII 1) 7 Bt EHFEEI 8 fiz, REWHTR 256 DMARIIFH,

EHFIEEN, gt T —#IEH T ARFEMXE EASCII FAF &, IXEFRFERNET 128 M FEHR—N
ASCIT 14, J& 128 DNFAENAFE, PAENM ARG S IFRRK,

3.4.2 GBK ¥f{&

JERANTEEL, EASCH WA TCEEW R V2 SN FITBIR R, X a/iat a1, JeH % /R
AILTFA. HEERREERT 1980 &4 T GB2312 714, HUGET 6763 NMNF, HAMRE TIXNFEH
RS TR,

SRTT,  GB2312 JLIEEFERR Y LTI EIR T, GBK FAFRZETE GB2312 HLhl By RISHIN, BIHUGRT
21886 MXF, 7E GBK WG 77 %, ASCI FRHEM— TR, NFHAMNF RS,
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3.4.3 Unicode &

BEE T RNESRRED AR, FATRSIMIENE TR, TXHR T2 R, —J7m, XTIk
HEXTREBSHTR, TEESESHE NER L. H—7im, F—MESEESMTrrERE, 0
RMEHENERRR AR gRIERME, WS B A BN S L,

ARAIHARRIRF AN AR QRHEE — A R e BRI 7T, R IR EE N A 76 S T SRR 3L
rh, AsERT BARORES TR S ABERIELAS M8 1 I FEIXMARTRRIIREN R, — KRR 74 Unicode Wi
G

Unicode M2 &/ “Gi—i5”, HIE FREARYN 100 2 5 NFERF. BRI THEERTEE NI FAF NG —
PR H, $RAE—FE AR RO R & RE S 7, B R A Ym e bR AN R 1 = A B ELAD (A
i

H 1991 441 PR, Unicode AW 7EHIIES 5F4F, #2 2022 49 A, Unicode E&H & 149186 1™
TR, EAESHESNER. HESERERENSE, ERAN Unicode R8T, HHMNTFRSH 2 79,
BT 3 FHER 477,

Unicode 2 —MIBRITHHE, AR LRASIFHEAR—MHE (h T, MEIFARBEEH T
U RSP, VA2 45 H K Unicode MR HIFUE— M SCATHIN, AgE0
IRRAT SR ANZAE — KRR 2 ST, RAAMIIINE 1 2 FHINFIHERMA 1 107
77

AT A LR, R R SR RHE M S KGRI, W11 3.7 R, “Hello” hifE1T
REF 150, B IO 2 T, RATATLOBNAE0 4 “Hello B FRHIFHE SRS
I 2 5L, SORERSORTT DV 2 SRR — 30, PRSI MR T,

5 Unicode
H 00000000 01001000
e 00000000 01100101
KEA 1 FHNEXFR
1 00000000 01101100 .
(BE o)

1 00000000 01101100
o 00000000 01101111
-} 01111011 10010111

- KER 2 FENFXFR
it 01101100 11010101

& 3-7 Unicode Zmig
SRT ASCII fS ELMIKATEN, S RFE 171N, &R LERTE, SR AT RPN Z
ASCII 9wt FHIMRE, JEFIRFEANFE, Fitk, BAIFE—MEMNERT Unicode gwbd 75k,
3.4.4 UTF-8 4wt5

Hui, UTF-8 B NERR EEHARS 72K Unicode g /55, B Ml KERMmS, £/ 15 457
TR —NFAF, RIEBFANERMMNEE, ASCII #/RRFE 157, N T F#RMARF SRR 2 771, Wi
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BRI 3 55, LR — S R R 4 5,
UTF-8 FUSIBINIERE A, 43 DA R PRI oL,

© ONTFRER 1 FIFER, BeeaiigE N 0, Ha 7 % E N Unicode B, EFERMZ, ASCII
FAFE Unicode FRFEAH G THT 128 MY, thut2id, UTF-8 gmbdn] PA Fif% ASCII 9, X
EIRE FATA] PAE A UTF-8 KT AIZHY ASCIT HSTA,

S NFRERN N FEHERF HEEn > D, BENENNE 0 MEEEN L, En+ 1EERNO;
MEZAFNIE, BTG 2 ERIEEN 10 ; HRArE M H TEFTE TR Unicode 55,

K 3-8 R T “Hello Ji%” XMWH) UTF-8 Jwfd, MEAM, T fkem n MAREN 1, FItRSA L@
B AL 1 RN ORI T AT RN n o

BN A R HARATE RS 2 AR E DY 10 We? SEhr b, X4 10 RER SR IIMER. RIZRGM
— MR FIIHAMTOR, 77 3KERE 10 REASHY B 22 gt bdH i th 574

ZFTAKE 10 SPERERTT, ZEINE UTE-8 il T, ArAlREE FFIRRmEMAIE 10 o X PEIen] DU
JRUEFERIER : R — RN REMALZE 10, WINZFRIRKEN 1, XA ASCII i3, ifi ASCIT #4i5
AR 0, ST E,

FH Unicode UTF-8

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

& 01101100 11010101 11100110 10110011 10010101

BES 3 REN 1 BEHATHOS 2
RETHEER 3 T4 BEN 10

Kl 3-8 UTF-8 4wl

BT UTF-8 Z4b, H WAYSHD% 75 OEELE PR i,

- UTF-16 af%: i 2 5 4 ZRFR—DFR. AN ASCIL AT AMAERE 75y, #H 2+
TNERR; DPHFRFERAD 4 FHFRR, AT 2 FWHFERF, UTF-16 435 Unicode A4 siAH%E,

- UTF-32 %it%: B NFRAEEH 4 7799, IXEKRSE UTF-32 [t UTF-8 #1 UTF-16 ¥ S H=3E], FiHl2E
T ASCIT F47F 5 FhER i SOAR

MAEES T S RIS, (/] UTF-8 FonsaC PAFARR &R, e 1557, 1 UTF-16 gmtdhts
FEFSCFRF (BlanHs0O SEM&ERL, FAENTE 2 57, M UTF-8 AIRERRE 3 7717,

NoREMNENfMER, UTF-8 fmMAMtEE, e TRMERESHF UTF-8,
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3.4.5 RIEESNFTHRD

MNFLUENRZEREIES, BPafTHR A ERESRH UTF-16 88 UTF-32 IXEFE K, fEF KM T,
BATR] DLRE AT H B AR AL B, XA R RA DA LR

- KEPLYiR: UTF-16 SR 545 B n] DURA 5 A TRENLI Al UTF-8 B —FAe K agmil, ZARIKEIS
NFRF, BATRZENFFRIIFGLIB AR « M, ZXHE O(n) KT,

C R SRENLIFEMDL, A UTF-16 MR BRI KEME O(1) R#RfE, B2, & UTF-8
R ) AT B Y e i T B D AT R

© IR £ UTF-16 SRS H0 71T R b, IRZBFITHREME Qnndl S, A MRS BAE 5T,
£ UTF-8 b iy 4T ef b, TR ERIEEE T ZPOMITTR, DR S~ E TR UTF-8 %t

KPR L, HEEES NFRRmE TR — MRABIEE, BRFZRER,

- Java [ string KBUEH UTF-16 4wfd, B NFRFEH 2 £, XEE Java IS5 &2 0], AMTA
716 1B AFRRATE ATREM R JRTM, X —DARIEFRAIK, J5K Unicode #IVEY R T
16 i, FRrPA Java RESFAFBILERTREEH —XT 16 MiRUME (PR “REEXT) R,

- JavaScript 1 TypeScript BB {HH UTF-16 gmfS RN 5 Java 2881, 2§ 1995 4F Netscape AH]
BRI JavaScript IBES B, Unicode b T & R EH, AR 16 M AY4mA%HLE AR RATA 1Y
Unicode F#F 1

- C# {#f] UTF-16 4w, FEZAA.NET FEAEH Microsoft &1, M Microsoft FIIRZHA (L
i Windows #E&RS) # iZ i UTF-16 4whd,

M T A ESRARTE S N AR AR, BTSSRI “ARE” 1977 20RE R 16 ALK ER Unicode
T R PMMIEHNZMTERZAE, —J7mH, WEENMERr eSS, —MEAFage G i 2 # e 4 7
T, MR T ERmWLAIE, 5—77m, CEAEN R ERING AN, XiEm TR S 2RI
HERE o

HTLALERR, #ogREE SR T — S AR5 7T %,

- Python H9 str f#f] Unicode gwf3, HRH—MRIENFFERR, FHNFHFKEBRRTERTS
FIER KR Unicode W, #HFAFHRAEEE ASCII #4F, W& NFFEH 1 5%, MWREFFEE T
ASCII Jul, [HEMERAZIES FH (BMP) W, MENERFSH 2 777, MERE@E BMP ¥
¥, MEADFRFSHH 4 577,

- Go TESHI string RAENERE ] UTF-8 4if, Go 1B S IR T rune 287, ‘B T#/R# Unicode
Y=

- Rust iIBZ M str 1 String KAILEA R UTE-8 4fd, Rust tHIRMt T char 267, BT HRRHAD
Unicode H#4,

TEERNE, UENerR -/ BREmEiE 5 PaEaE 3, My RF BRS¢ el e p g
fRHR AR, E A EsM D, BOTER 2RI RN UTF-8 #83K, DURZIRILIIHA
PR AR
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3.5 Ih&g

1. BB

- FARLE A AR RES KRN Y BRGNS F E A T 0 2K IBIREEMIIR T HIE TR Z MIBHEXR, M
VLSRR T BARLE T BN A E 7T =

- W AR AR, ROIRAIUIREE, JEE T IRIEIZ B R BAR S vkt (B, TR
Feo BABI) FOAESME (. B HE) FRh, MERRAVSSINATRER N (U & et SR A A1 IR LR MR S5 14,

- UREFPIBTN, FdREAFETE I EALNE T, NS EEHR AN A AL, R X N T
Hir I3 1A £

- YRR R RS AR (BE) FaisirEiE (BER) . ITEEURSIEN 2 ., Rkl
PNE A & SR

< HENPREA IR EEEL byte, short, int, long, 7#54l float. double, F4F char FIfA
/K bool o “EANTHYBUETE R T d F 22 B R/ MR 77

- JREE. RASAIAME TR R AR BT =R/ T, B2 A AT DA T A, BEE RS R i m AL
A, HRA2EFEIE,

- BEAE AN DAME TG, (EAMEZRRT, TR DO ISR A InE— M E =, A
TRE N BTEIRE BRI TR R AV RE A FLES, I BAMEAE IR AT A AL,

- FRBNRISH 1 AT SAL, 8 MAEEUNAN 23 M BT, H T ETEFEENL, A% R BB
Bl KT8, A2 TR,

- ASCII A2 R IR 18, KEN 1541, st 127 M. GBK FRERE AR SCF
8, HBEEM 21X F . Unicode B TR REBFR BN, BRER ESMIESHNT
¥, MR T A gt 77 28— 3T S B ELAS fR)

- UTF-8 B XWGEH Unicode #wtg 7775, ERAMIAEEL . ©R2—MEKNmETTE, BEERENT R
M, BRARA TR ARE, UTF-16 fl UTF-32 2SKMNgmRIE L. fEgRmigH i, UTF-16
i B2 RIEE UTF-8 B/, Java fll C# F4mfEiE S BRIAEH UTF-16 %ifil,

2. Q&A

Q: Mt 2 R A & e Bm A A I LR M U S5 ?

BRI, Mo TRRIBTR IS, TATATRESMA “Bexliht” (58 “IBmrhR” BRI
Hrp MR — DR, HBERKEDEE —EBIER, XATREBFMONR GEHE VLZLBRRD,

MR ERE, BHRERZEH8A, HhS—MalA et & —ME, s s — PR —R
o [AlIt, MATRRATREFIN (S EdRasy (B, BER) FIHRLRMEEURS ().,

Q: char KR KEZ 1 F1I5?

char R MR EIE 5 R SRS 77 I50E, BN, Java. JavaScript, TypeScript. C# #>%H UTF-16
Zmtd (fR1F Unicode A353), Bt char RRIRYKE N 2 5715,

Q: ETHAHASIMBIRGAE MR “FSEdREN” BEAE? Hn] DU T AR AARSF IR, XL
TEERE “aha&" 1Y,

FRIFSEA] DASERIENAS AU BURSRE, (BEIRSGEMMAR “HE (REAAER) 1Y, REETHHNEIRSE A
s s ERoT R, HEMERZEERN, WREIERBEL 7RI AN, iR ZeE —



3w BUEL www.hello-algo.com 65

BRIV, FH RSN AL R Z5 i+,
Q: etk (BAF) BINR, RIEEERIRD, M2l “WSBEasy” e?

FERPGETES T, BAEMATIEEH B FRaEe, XD TIERENEEEIE. FlU, Java £
Arraylist FIRIMEA BB N 10, 540, JREERZ AL, IS “FIR" &=,

Q: JRHEANMGR TR “SeIUREIN 17, AR 2ANMEEE R N R e R el 1 IE B, AN Rt
—FERI OB “JeBUREn 17 58], XA ANE?

IXJR RN ARSI LR SR in BRI AT RO BB AN EIE S Rika+b = c,
M2BATIR a 72 b F ¢ FHEE, RZWAR b2 a 2 c KA,

BE—Dn = 4 MRERNZERE 0010, MBI NMFEEEN (RBEFSA), IR MY TRIE
o SEmREM 1T 15 E:

0010 — 1101 — 1110
BAI2KM, FEEMAAERFZ 0010 + 1110 = 10000, W2, *M% 1110 25 0010 £/ 10000
U, IXERE Lid “SEEURIGM 17 92k FRTHREF] 10000 mEh i R,
2, #ha% 1110 ] 10000 9 “#hET B2Z2/0WE? JAMRIRRT U “SelU=)ahn 17 1§2)e:

1110 — 0001 — 0010
AT, SSRGS BT 2] 10000 B9 “4hE7, (AL “BRRSEANG” A0 “AMGER RS R DARTARE
BefE CeBUJEM 1) LB,
4R, TATHAT DU FRRANMS 1110 BRI, B “Jeif 1 J5EUR”:

1110 — 1101 — 0010

BESRE, EBRJEI 1T F SRR 1 EER” IXMANEEERE TR E] 10000 AR, B2,

FibE, “BUR” #ROERER ERKRE 1111 fk s (BOATER RIB + &3 = 1111); TERMEEAL AN 1
SEIATANMD, B22] 10000 AT,

ERLAn = 4 JB, HeIwaE SRR R
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Abstract
LS p ptH FLan [F] — 3% 2 S ik 6k
BUARREHESTHES, BB, PRI ESAL, ERRREE B i R Tik5E 2,
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4.1 4

A (array) B—MEMEdRSA, HAMRRBRTTRAMEEESNANGFZR T, BATRTRESAHTH
CMEFRNIZITRNES] (index)o Bl 4-1 R 7 EEHR F EMESA 577 2

— FREBARMRTEE B RERN
TR
element
- ¢
array
sﬁgl e 1 2 3 4
index
P7Eitht

00 04 08 12 16
memory location

AIAREZE

L BHENRNTFEE

4-1 BEAHE L HFETT

4.1.1 ¥EAERIRE
1. 3aEea

FATTA] DARAE T SROE AT BRI AR Aa (753 TERIRE. S WIRE. TERTEERGEIEI T, K28
IAETE S S REETTRAIN O

/] === File: array.ts ===
[* ¥IEEER +/

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

2. hiElTER
TR P EESNINF T, XEWREHHEEH T RN RS A 5. et (&

TLRNAHLAE) FIFEATCRIRS], BATAT PUEAE 4-2 R AR RASRZT RN FE L, B
VIZITT R,
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¢

TE®Sl o 1 2 3 &

Rttt 00 04 08 12 16

TTRKE - 4

TRAENE - RARERLE + TREE « TERS

(BT (GRS E)

Bl REAERS| 3 AHTRENEMEE
012 = 000 + 4 x 3

K 4-2 BT RBIA bk TR

MERE 4-2, BATKIBAHENTRIORGIN 0, ROPFAEERES, KM 1HEH SRS EER, EN
HHEARNAEE, KRolIARERPAFIEMB R, 5 oRitEEER 0, FIErR5IN 02
B,

CERCAP I TER R AL, BT e O(L) I FIPTRBHLY SO (R — T
/] === File: array.ts ===

/* BEHlipETER */
function randomAccess(nums: number[]): number {
// 7EX[8 [0, nums.length) ARREHIHER—EF
const random_index = Math.floor(Math.random() * nums.length);
/] REGHREIRE TR
const random_num = nums[random_index];

return random_num;

3. fATE

BAHTTRENFHR “BREN, ENZRRE S RBEREREYE. WE 4-3 For, 05REE R IR
AR, WHRERZTRZGHATAE LRSS —0, ZJFrHTRMES XRS5
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BAPERTERE -
8000 Eﬂi)%:r‘cﬁﬂ; EBY '
880800

nums[4] =m5[3]

:

BERRAX

= et (8000
‘ nums[3 nums[2]

EHARS| 1 MEATER 3
N
nums[2] = nums[1]

(3 W1 ]s]2]5]4 ;}ﬁjgzig;—uﬁ 0 =%

nums[1] = 3

:

K 4-3 A ATTERRG

ERERNE, BTEHNKEREEN, FHEMA-PMTROEXSFERARTITR “BXK7 BN
IR ARRTT SR BETE “FIER" BT,

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

/* TEERAAMZERS| index MENTTE num */
function insert(nums: number[], num: number, index: number): void {
/] BF&35| index UNZENFABETERGEEMN—L
for (let 1 = nums.length - 1; 1 > index; 1--) {
nums[i] = nums[i - 1];
}
[/ & num TR45 index ZHYTTE
nums[index] = num;

4. HBRTE

I, 41K 4-4 FOR, HRBERZRS] ¢ HITR, WRZELERG] ¢ 25T REAFTEE—0L,
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fElIpRTR

88000

nums[1] = nums[2]

BIRER

il BB E—Ii
TERATRRZS| 1 BHTE
N/
nums = nums[3]
‘
'

nums[3] = nums[&]

sehERE, SAERTRUEH 1,
KETTE 4 BERN TAHEENR

B 4-4  BEHMIPRTRRA
BIEE, MBRTRERE, FEARBITRES “TEX T, UBMNTEIRERELRE,

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

/* MBRZES| index HITTE */
function remove(nums: number[], index: number): void {
/] 1BFR5| index Z/EMFIBETTEMAIBEI—IIL
for (let 1 = index; i1 < nums.length - 1; i++) {
nums[i] = nums[i + 1];

}

BHRE, BN SMERRIEE DT 6.
- IR BEHRIE ARIMBRA TN W E 2 O(n) , Hibn IEBEHKE,

- BIOTR: HTEAHNKEARNZE, RERAITRE, BHEHREOERTTREER,

- AR AT DIIA I — D EAR KOS, HARTIE — 80y, IXPEERARYER, BARETR

g R B, (HIXFEMESIE R A7 AR PR

5. EBR¥HA

FERZHIIEES S, TN POEE R e, el ERE R PRI TR:

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

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

/] BER5|EHEA

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

}
/| BEBHEATE
for (const num of nums) {

count += num;

6. BHixE

TEREHPEIFEE TR TE A, FRHWITRERGITAL, A VLR N 2R 5,
K R M B AR, P DA R E AR “RMEE,

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

[* EBERPERIEETR */

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

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

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

7. E%A

FEERIRGIMSEN, P URIERA NSRRI AR, WMk Zety REHA R, FItE
REBGHEES T, BARKERAEZR,

GUARFA B AR, WFEFEL DN ERIEEAH, A RRBLTRERREH SR, X217
O(n) H%lE, ERARAKRIER FIEREFER . R TIHTR:

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

[* TTREUAKE */

/] EEE, TypeScript M Array BEISHAE, TUEET B

/] ATHEFES, AREE Array BEKERTEZRIEA

function extend(nums: number[], enlarge: number): number[] {
/] MEk—1 T BREGREA

const res = new Array(nums.length + enlarge).fil1(0);
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/] BEEATRHPIETEERIZIFEA
for (let 1 = 0; 1 < nums.length; i1++) {

res[i] = nums[i];

}
/] REY RBERFEEE
return res;

4.1.2 HAMK=SERYE

BAFBEESNNFERAN, B, ZMMEUEFENERER, RIa] DRI EE R
ABIREERIHTHRI R,

- ERRCRR: B VBRI TIESIHINER, TCAUERSMUSER T,

© SCRERELIR . B R VEE O(1) RN FHEMTT R,

- A AL HUIMEBETTRN, FRAUMUSINEE, IER% A7 B B A HAEERE, A& B sk
17 RIZTH IR SR BRI T IR

ELE fF i R —IEW)8, HAFEL N RIRME,

- AAASMERBERIE: SEHPITRR LN, A SMBRRERER S RERTTER,
- REANZE: BAHEGRERERERE T, P ABEHFRER A SRS E0 A, TR,
- ZBMEREE: AREEHCRIANEBIE SRR, IR RIS R 2R T

4.1.3 ¥HAHMEINA

BEH R — LA B WSS, BN e R AR, Al TSl S M E 2 dm s,

- BEOLYIM: GUERIRAVAEREN LI —2RE AR, B2 AT DUREE g, FHAER—MREUFS, IRIERG15C
BEN LA

- HIPRAEER . BRI R AR SRS, PORHT, 1P, o RS EE
BT,

- AR YHEEPEER IR RICRN, A DUEA BN EIR, RINBRATE S A E
ASCIT RSFBRES, W AT AR w750 ASCIT WS EMENERS, X R HI TR A7 AR EH XS B B

- BLERES): MM REMEM TR, B KEZRIEERB0sE, XEdEEZ DB
R, R P2 I 28 G A2 P i S 6 FH B B8R 454

- BURSHSEBL: BEHATDAVR TSRk, PABI. MRfnaR, i ESEBURS, Hlin, ERIEERERORE
(70 b =S N - £

4,2 §ER

W RPN ALTER, £ PMERNRGUSITINET, TREINFZ R EREENT S,
THINE, TEEEEHRI NS AU S, TS EEH AR K, NTERTRETCIE SR LA s R AE L=, It
I BE R RIG TR R T o
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R (linked list) 2 —ARMEEURSH, HPENMTRERZR - MTRAR, #0108 “5I87 Mg,
SIFIESR T R — DT AL, @I B R AN A s A 2R — D o

HER AT RS2 D1 (A A BUF B TENAF A AL,  EATTRI P Hiki AU SR,

FHEERNATETEZI BN
R

linked list

—> > — —{ —> None

BB TR
{E 518 (8%h

R

AITARTESE
node

FRARE | saesna
rietgst | HOPEEIE

B 4-5 BERE N GFET

MEE 4-5, HERNHBALZETR (node) MR, BN RMESMIEDE: TR “E” A&~
R 57

© BERIE DN MRS KR, RE-DNUAERIRN BT,
- B RfEAZE 27, BAf Java, C++ # Python #1453 5I#%12 79 null. nullptr 1 None o
- f£ C. C++. Go 1 Rust FHEZHHBHIVIES Y, IR “SIH” NM#Eh “te",

NI ARBBATR, BRI ListNode BR 7 ELEE, ETHIMRAIE—N5IH (58, HIERFLIERT, B
e LU L T S 2 A7 2l

[* SERTEK
class ListNode {
val: number;
next: ListNode | null;
constructor(val?: number, next?: ListNode | null) {
this.val = val === undefined ? @ : val; /] TRE
this.next = next === undefined ? null : next; // EETF—TEMN5IH

4.2.1 HEREHIRE
1. MYafkEER

HNBERIIAPIL, FH—PRIBACS DT RN, BB R EBSIHXR. ek, &
T AT AMEER A SKTT it %, 38 5 1R next ARIRVIAIFE 11 K.
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// === File: linked_list.ts ===

[* VB ER 1 ->3 ->2 ->5 -> 4 */
/] MEEEDITR

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);
/] HETRZEINE|FA
n0.next = ni;

nl.next = n2;

n2.next = n3;

n3.next = n4;

HEHBR R — 2R, A% nums FUETCH nuns[0] Fl nums[1] 55, MHEFRE 2 MHSZAY T SO RAK
o FRATTBHF RN LU ERERIACRR,  bLan DA B AR YRR AT ICERERR no .

2. EATH
TERER PR AR A e W1 4-6 TR, R BLEAISPAIRT 5 no A nt 2 A — BT
MRS A TG (56D BIAL, W2 O(1) .

L2 R, S ATCENNE RN O(n) , FEARURR FIVRREIR,

°

P.next = nl
BI< P #6M n1

o o
EHRTA 00 A nl ZIEEABE P i -
P

n@.next = P
BI$ no 3EM P

2O
no@ A nl

"

A

K 4-6 BERIAT SR
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// === File: linked_list.ts ===

[* TEFERMTR n0 ZEEATS P */

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

nO.next = P;

3. MBS

QnE 4-7 FoR, ERERPBRT S MAEE T, R@SE-ANARGIE (R Bl
THER, REEMPRRECESESRIET A P I5ATER a1, (HEFR BB IEERCLICEVIRE P, XEWEPE
SAHBETIZHERT

nd.next = nl
B4 no 3@ nl

A A

ne nl
A

il
EERTHRTS P

mprsERl/E, &2 P H7ARER nl ,
BEHEREELEHRNE P,
HAEEMTARTR P EHMEE

Bl 4-7 FERMERT R
// === File: linked_list.ts ===

/* BBREERMTIR no ZEMEMTR */
function remove(n®: ListNode): void {

if (!n@.next) {

return;

}

// n® -> P ->nil

const P = n0O.next;

const nl = P.next;

n0.next = ni;
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4, FHETHR

TERER I AR ERAE, W LA, RfIATAZE O(1) WA T VT ISP L RTE R, HERIIAR
K, FRFEEEMKT AR, BAFRE, HEREERT A MR, VRIS i AN A
Bi— 14, BINEZEN O(n).

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

/* IFEIEERAFZES|A index BITR */
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. EXTR

WIRER, EHEAPEN target BT A, FHIZ T RERERPINES |, S EtE TE&EER, AR
TN

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

/* EFERPEHEN target NEINTSR */
function find(head: ListNode | null, target: number): number {
let index = 0;
while (head !== null) {
if (head.val === target) {
return index;
}
head = head.next;
index += 1;
}

return -1;

4.2.2 4B vs. §ER

R 4-1 B4 T BEHMBER A IR RO X B THROERICR, T EM IR AR S ITA B RN, R A
GV ES e3P RVAIDES 0

® 41 BAHSHERNRER T
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773K
wEY R
e vES
1 EMES
N/ IIvES
fiERCR

4.2.3 BRHERED

el

YESEP I

KR

TER AP, (BATRER B
O(1)

O(n)

O(n)

G 4-8 Fivw, H ULAOBERR RIS —F,

- BABER: QIRTHE AR SR, AR RS ENEER T T RS N IEE, JATR &
N RFENSRT R, Rfa— DT RO R A, BT 52 None .

- BEER: ARIAIL RMBERAE T RAEASRT A (BRI, WSS —PMINERER, EIMPRER
o, AR AR AT DAL A

- O WAEER: SREBERMLL, DERERICR TN ARG . IABERT RUE RN B & e a4k
TR (R R) MR A (E— ) BISIH (88 AT RAREsR, AAsERE B RIS
PE, ATDASIPNA 5 A Do BE R, (AR M th 75 2 o FH 3 22 B P A7 2

[* WEERTRE */

class ListNode {
val: number;
next: ListNode | null;
prev: ListNode | null;

HER

SN
ARG R
TR NS
O(n)

O(1)

o)

constructor(val?: number, next?: ListNode | null, prev?: ListNode | null) {

this.val = val === undefined ? @ : val; /] TRE
this.next = next === undefined ? null : next; // IEMEHTTEMS|AE
this.prev = prev === undefined ? null : prev; // IEMBIRTISMIS|AE
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HRER

singly linked 1ist

— — —a —_— —> NOone

AR

circular linked list

(@Y & & W]

WrER

doubly linked list

r— — — — —> None
None <— <~ - <~ -

Bl 4-8 H ULEERARSE

4.2.4 §EREBINFE

BABEFEH TSk, BB, M 3R SE R 4,

- KSR SR A PR FERAE BE R A — I TIN, BERBIARF St fa tH, A RIAR; i AR(E
FERERM—WEAT, MIPRRIEERERA S — AT, CRMIFFE et set, XS,

- TSR REHIER RIS PRI ER TR —, E%TRT, A PRITTRASERE— MR
I:':'O

- B AERREFORER AR T, KRN TURES — MR CEL, SRR ITREMK
R %A R HAB T

MABER F T F ZPEE AT — PG — DR R,

© RBUREH: FLANTELLRM, B AR, FANFTEYIRT RAIAT R, XA DU AE T R R —ME
AT R T I SR SERR,  SRLT XA eSS,

- PSRRI AR DU AR, AP R AT R IR TN, (X T AR AR RIE AP R BT —
JE— WL, AN BER AR P (X MR E 215 faT B

- LRU Rk £k (LRU) Bk, BT EREKEI R R/ ERRESE, DRSPS
FARMBRTY silo IXMH A A XA BE R AR H 51E,

INEBRERE I THRESAMIRERNI R, URERFRI BRI,

- N RREMERIL: ERERGD, WRAREEERZRE /M LK CPU MERE, BEREXN—
HUAFEHATIEIN, B NERRPOR T — DN R, SR AZERN, CPU SIS N — M, XAhE
MR AT DU IR R R S

- BURGONX . ERERRR XA SLBLT, MATRER MNP EER, LRAIEE, MRS, B
TATRES W M DERIMTPIF N —NIMEER, DRSS R
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4.3 FIE

FIR (list) B—MHRIBIREIS, EFRRTRAERES, FTRM. B% @, MERiEmn
TR, TOUERE S R REIRGIN R, 517 AT DA T HER s LI,

- EERRARRI DB IR, HEGRrR &SR, I H T AREShEST A
- WAHMSRTREM AR, HRTHREAZE, KRR DRE KERHZIR,

SEHBAESBIIRN, REAERMRES SBEIRNLMTERS, X2 ENENEE CEF e R =
el DEdE, MTMAELOERSIERIPIRKE, HRED/D, WRAREEMEHEMTENR, HRETR, M
RGN TR B

RO, FRATTAT DARE I DS 2R4E (dynamic array) SRSEEIFIER, E4K THAMSILS, F+HATEA
R TR TS A,

Khr b, VFBHRETE S PRObRE AR B FI R 2L T ah A 9B, Bl4n Python FEY list . Java A9
ArrayList . Ct++ Hff) vector Ml C# FFHY List 55, 1EFE FRAVIFIEH, FATRHE “FIR” 1 “ShS8Ed” W
R RIS,

4.3.1 FIRERIRE

1. iak5IER

BAT@EFELH “TTHIaE” 1 “BEGE XWAMRIGEI Tk
// === File: list.ts ===

/* ¥IRWHIR */

/] FTHEE

const numsl: number[] = [];

/] BHEE

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

2. hiRlTER
FIRAT R, RIATDAE O(1) B RINIRIFIE#TER, SRR,
// === File: list.ts ===

/* iFRITTE */
const num: number = nums[1]; // AIAZR5| 1 &MTEH

/* BEiTE */
nums[1] = 0; // ¥¥ZFE5| 1 LWTEREFHA 0
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3. {ASHRTE

T8, F1RAT LA BRI S MERT R, EFIRESRMTRNNAERESN O(1) , B AFMER
TERIIRCRI S EAMR, NAERERN O(n) .

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

[* BEHIR */
nums.length = 0;

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

nums.push(4);

/* TEREEATTE */
nums.splice(3, 0, 6); // EZ5| 3 WENEF 6

/* WIBRITTE */
nums.splice(3, 1); // MBRZ=RS| 3 LHITH

4. ERYIE
EHEH—RE, BIEATDURIREES 8, AT Dl R AT,
// === File: list.ts ===

[* BERSIBHTIR */

let count = 0;

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

}
/* BERBHYIRTE */
count = 0;

for (const num of nums) {

count += num;

5. HHEFIR

L0 — IR nums1 , FRATTA] UK HpHEEI R AR R #R.
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// === File: list.ts ===

[* BHEFRANSIR */
const numsl: number[] = [6, 8, 7, 10, 9];
nums.push(...nums1); // %R numsl HHER nums Zf5

6. HIF5IE
SERANRIEF G, FRAVERT AEAESEREESPEEEERN ““oER” M “DHEE" FHik
// === File: list.ts ===

/* HEFFFIR */
nums.sort((a, b) => a - b); // HFE, FIRTEMNNEIKHET

4.3.2 5IREY

UEmEESNE TR, Bla0 Java, C++. Python %, TNIMEBIHEER, SANSENLE NI
T, BIANEaA R, ¥ REEEE, RO AT A R R T4 S,

N T IR FIER TR BB, BT — MR B RAIR, SIS = E AR,

© PRAR: R D EEIBEHIRE R, EAOREIT, FATERE 10 fENPIRE .

- BEIER: AR size, AITICRIIRLHTTREE, FHHEETRBARMPRELNER, RiE
e s, BATATUENAIRERS, DANFIRTR ST ZEY A,

- PHEPUR: EREACTERMNYIREARCH, WFRZEHTY A, ol Ao — N ERIEd, B
HHTEEHMIFTETTR RS SN R, FEAREIT, BATRUE FUCRHEEY A2 2 A 2 4,

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

[* FIRE */

class MyList {
private arr: Array<number>; // #4H (Z(&%|RTE)
private _capacity: number = 10; // FIRBE
private _size: number = 0; // FIRKE (HFitE=HE)
private extendRatio: number = 2; // @XRFIRT BRIEE

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

}

[* REFIRKE (HEiTREE) */

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

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

[* IRIETTE */
public get(index: number): number {
/] FSIMRER, WHEEE, TE
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;

[* TEREBRMITER */
public add(num: number): void {
/] NRKEETEE, WEET S
if (this._size === this._capacity) this.extendCapacity();
/] BT ERMANTIRES
this.arr[this._size] = num;

this._size++;

[* EREEANTE */
public insert(index: number, num: number): void {
if (index < 0 || index >= this._size) throw new Error('ZE5|#R");
/] TEHEBHAEE, AT B
if (this._size === this._capacity) {
this.extendCapacity();
}
/] BF&35| index UKz ENTEBEGEEE—IU
for (let j = this._size - 1; j >= index; j--) {
this.arr[j + 1] = this.arr[j];
}
/] EFEHE
this.arr[index] = num;

this._size++;

[* BERTTER */
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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];
/] BRZRE| index ZEMTHETEFIBII—II
for (let j = index; j < this._size - 1; j++) {
this.arr[j] = this.arr[j + 1];
}
/] EFTEHE
this._size--;
/] BREWRFRNITE
return num;

}

[* FIRT A */
public extendCapacity(): void {
/] FE—NKENRN size WEH, HRERERIASEHIZIFHEA
this.arr = this.arr.concat(
new Array(this.capacity() * (this.extendRatio - 1))
);
/] BFYREE
this._capacity = this.arr.length;

}

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

return arr;

4.4 RIESEE"

FEAZERRTN T, BRI TEAM R R BB R BRES, eMNosfR T “E8miE"
“OYRRAEE” R BEEER

KPR b, PIBRESHIEAR RS L OE TR X AR A7 OB RIRCR,  EMT RN S TR AR P R BE A PR RE
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4.4.1 HBENEHESS

RN =M AR5 & (hard disk). W7 (random-access memory, RAM), #&7F (cache
memory), 3 4-2 J&/R T e HEH ENR G PR A GFPERERE Rl

* 42 HEAHNFER S

(TSN [NEE &7

Mg KU OESdE, BRRIERSL G i S RTNSTRIRFPAIE  FEEHETIREBIEES, W) CPU
P, XfFE TEAC TR AR iR AR

Sk WREBEEARRER LIGEVE GRS S LIGEVER S ETPREE S

13

wEOBK, TBYY B, GB 45l FEH /N, MB 5l

HE B8, JLAELT MB/s gk, JLt GB/s JEF R, JLHEJLE GB/s

ks BfEE, JLEFHJLT/GB 25, JLTEILET/ GB JEH S, BE CPU TR

AT A H BENAZ E RGN E 4-9 s S TIEE5H, BEE EFETm A7 i I i R, &
BN, AR, IR R ARME, TR EARE SR TRITE I IR RUE AR

- WEEERAINAAII, B, PEFPRIEIREN AR ER, FIENES KIFERDE, HX, W
HIRA SRR LA, IX (R e ATETH B8 T R

- RAFRIRA R EEEAE DGR, BEE L1, L2, L3 REMNARBIHA, HYERSISEK, 5 CPU
bz MR EREE B R0, AT SRR EN RN, JTRVTERE S, £4AERT, 2R
RIRAFEEA R A R, TR A 2[RI B P

CPU

L1 Cache

Ecd L2 Cache

g

4-9 HRHFERS

HREE s
g HAk
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Tip
HRENAIEE R RGN TR, FEMEA=F 2 BRI T8, SR b, X e 7 T
AT Tk, BZSRBAHEAR FIPLEMIBR ] < RIHE R - o

SR, BEELH T R RBUE, WA TR R a1 T e AR PRGN, 2247 W T 120k
SHWVIMNBIEIES, DUREREFIBTHER, =FHFME, MRITENRGSM0B1T,

N 4-10 FoR, FEREFIBTT, BdES MR AR BIRIREINFH, 4 CPU HEMM, %&fFrILAETE CPU K
—Hkoy, ‘ElEREHM N IERIE, 4 CPU 1R tmEAVEHRE IR, M EE R RPIPITRER, b
XIS I 17 HEHS

b —>
b < — —

|
l
2

WIEsE B RTF {7354

CPU

Bl 4-10 BEEL. WFMIZAE < R EHEHDE

4.4.2 BIRSNRTEE

fEWNFZE AT, MR 8B MIEMRRE,

—J5H, PFRARRE, HFE—RNEARER S MRS, BRI RS e R AT RE oA A
A, BAHMTRZEEHY, ANRREHINGZ RRAAERER T RIS (D), EI2 RReERE S, A,
BATE R B HESNF 2R, XATRESFBUNIAIRSE, By A thh RSN I AR 23 R A
MALEZ T, SRR “T9 " NRRALEATEIAS WA S ECAEIL, $RAE T BRI R TG,

S )i, RIS, BEEREPIE SRR, RNAFIRER R okeke, I S BN A7 Y
FIFIRCRIEAR, BB T HIESNFEET N, HNAES FEAER . R, BERFTTREDRUFIER,
BRI SRR e, ERSSBNERA L,

4.4.3 HIBRGHNETFRE

&P BT AR B/ NN, HELRRFIE 2, EREFITEE DR EXEZNEN, BT%F
MEEARR, JEEFMHE—/ N ME TR EdE, Kt CPU ViR EIEAERF TN, MLt
KaH (cache miss), It CPU ANMFAMIEEELIGHI N7 H BT T EE.

B, “BAF AP WP, CPU BSBURMBCR S, e rERtthtiler, AT CPU MERAFH IR
EEURHILLBIFR W& Fa =R (cache hitrate), X METRIEH R REFREE,

N T RATREIREHE S AR, A 2 R H DA N R AN EA L
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© BT RAFANZRA TG S INEREE, TEARGFT NN, TR TR, %17
R = R

- FREOHUR: Ab B 2RISR R (BN, EE 2 KBRERTTRISE), FARMER e A
R E R 2 H, MMHRT R,

- MR WUER D EARRIE, B2 ERNEREEE TR I SO, Ei, RAFEANESE
faly, REHEMNIAEEE, DaEmmahR,

- WA AR — N EARBIIR], AR EEAARIRERIR AT REFFRB I A, 22 A7 A X — R B, @i
TR B BRI V5 A1 R B R AR A R

bR L, BERMBERNRAAFI AR R AR, EEARBAEUT L5,

- AN BERITRIBETTR SR E S, SBRAHENNEREIRRE D,

©OBRAHMT: REREURE D BENGERLL, MR TR 8, RIS e R L =,
- PHHLH: BCEH EBER BRI CE R TR,  BIRSUE A 206 BRI B £,
- MR BB R ER TR A, RN BRI A 8E A AT RERIR T M),

BARTE, BHBRAERNEAG R, FCeERredes BaE Tk, XESERREIAREN, &
TEAH IR RR A A 5 52 X0,

TEERAE, MEFICRIFAEWERAENAN O MMETBER, SChrR A ik IR BuESsA, AR
TRRATIRCROGE, Blan, BEHMBEREATDASLEL “H” BdRgs (F—=EXE40 40, HEMEm T AHE
75

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

CARBHRRAER R, SSHRE. AT NERME T, IR TR SRR E N SIS, HERAET
RER BRI BUFET NI ARIER Y, FF Bl 7 ey A A RN,

4.5 g

1. BB

- BEHMBER R RS A RIBAREER, I AREBUERAE T BN PR R 7530 3L RA7 B
IR, P RYRE R S P EANR

- BEHSRRRENLTIRL, S HRFRD, EEARBBRITRSERR, BGHEKEARZ,

- REREN G I (FEE) KRR RAE A SRR, EATDAR IR R (R RRAR, &
RN, HIULRRERRRI AR AR, IMERER, TAHER,

- HIRBE MM ERKTTR AR S, ERE TSI, ERE TEAHES, RNFTLAR
AR,

- HIRAHBURIETE & T BRI, (HATRE B 2 N2 RITR 2R

- RFIBITR, BdEEEAMEENT, SRR EE SRS RRCR, MEERNENF M _EENR
o

© RAPIENRAFAT. B AR 2 1R R MR (R R R S R B L, v CPU R Bt Pid B i/l
BETETHEF R TRCR,

- HTEABAERNERFMTR, RIWEEE LR E & EREREIRSn, NARYE BATR R
oy anl EEpriEE N



B4E BHSHER www.hello-algo.com 87

2. Q&A

Q: BAAFIBLER EAIFIBLESE L, X RBACRM S R 2 S A2
TR LA L AR AR IR AE RSN R S RN, BEIRIERCREA —B 281, ARAIHERAG % B IVR
R, MBI AR .

1. DECFIRECER : #B— B NINAE, BLH Wy B ahsen; msEMNFEAENER, A] DAERS )
Ao, EAZWA . B, #E BRI IGREE R b BRI,

2. KU/NBR: RN RN, MR R/ N—RSZBR T AT HNAE, R INE & 7 R,

3. RIEME: B EREANRNFEEESRENTE, i LA N DA T 8hASHE
Q: N LBEHESRMEFZEAIRITER, MIERER AN A SV RS AUE?
PERBT AR, VAZENESSIH (88 &R, S0 R DAEEARREAEHE, 140 int, double,
string. object &,
FEATHE, A TRENAIUEMERISERI, XA GBI T R EoRIRBOS R TR A E, Filan, HEARR
& tnt 1l Long PRRIAEY, B0 MTTESMAI 4 51080 8 595, WURRURAER AT AR R T, L
HPEE TR “TERKE,

# TEAFMIE = BARFIE (ExEREMIL) + TEZKE * TRR5I

Q: MBRTA PG, EBETEH P.next 529 None IE?

AL p.next HATLL, MIZBERIGAEE, ALY AOBITERE T M OE R85 p T, JXEE TS P 04
MFERPIER T, I 2 P AT R 2 R B 27 L B,
MEHREA 5% (M) MR, RNTFREXR, NI EE R EROMT. MR
BE, WOTENZA, WEEMEN. GRRNTIE, MR SRWE S E, T T2 RS2
P EIR.
Q: TERERFEANMIRRI RS 22 O(1) . [EEMMHHFTRE O(n) W HEHILE, Wi
LIRS ERE O(n) 12
MEREEHITR, FMRITE, WS REHITE O(n) . AT, BEFI O(1) RIMIIIH A e M
F_EASEIABL, B, WFIBAIE S (RSB, Bl — ME RIS A, RS, B
A SRR O(1) .
Q: B “RERE LSRR, I CITE I SRR R T — B HAEID? SRR A
g2
R RN REIET, ERETH AR,
- RFRAI AU S IR R AR, HAT int. long. double FISZHIR 5225,
4SRRI R A MR G R R G R, KN 8 TR 4 777,
Q: TEFIFARRIFIITERE TN ZLE N O(1) ?

GUERIITRNE IR KE, WTRECY RYIRERMN, RIEXHIEHUINE, HREYRNTE T
Ezd £, XNENEEZRERSE O(n) .
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Q: “FIRMHBIM AR & 7 AN, HATRESFBER D NSRS, X EAZ FIR SR FE MY
I RINA R, KE, I AEET S RINEL?

XERS R EEEM IS — i, FIRARBE MG RE, BMIAEREARXLZ; 5—
JiE, AN TRIEEY R, IR -REEU-DRE, A x 1.5, XAk, WREIRZ A, BiTE
HANRESE IR EA

Q: f£ Python H#J4atk n = [1, 2, 3]1/F, X 3 PMICRAVHEZMER), (B2 n = [2, 1, 3] K&
ENHFNITRE id FHFARIESR, T2 AR n PR, IXLETTRITHIEANESE, B2 m IR EEH IS ?

[BAnIEFIRITTEBABER T A n = [n1, n2, n3, n4, n5], EHEEH TIX 5 N RN RS EAEMEENTTF
b, R, EE—MHIRERG], BAUHIARTE O(1) I EPARECT RN IbE, AT 7 IR IR B9
XIREN B AR T RS, TR R B

SWZIESF AR, Python FRIEFMEEINNR, FIRPFEIARKTAS, MENETHSTIH. B
I, BANSEZIHR DN EBAHFRAHERR AR~ id, I HIXER R AL TCAESE,

Q: C++STL HH std: : list EAKNH 7T WABER, HIFE—EREB EAELHE#RE, 2AN2EN
At 2 RRMEDE?

—J5H, BAVEEEFREABESEIRNE, mAELEN AR, EREEWER,

- FREFFE: BTSN TERFTEMNESMYET (— MR TEI— MR, —MHTE—TTR), il
std::list BH L std: :vector & 5 HZ(H],

© BIFARKRE: HTER AR RIESAE Y, R std: : List X BAEIR I RER, —fZIEIT R, std: :vector
HITERES AT

77, EE A RER A 0L R T AIE, ARSI 2 6 g iE 5 12 LAY stack F1 queue ,
MAERER,

Q: #fFres = [[0]] * n AW T — D4R, Hrp&— [0] #ZIHILAIIG?

ARIRILH, B ZHEFIRH, FrAR) [0] SEhr ERFA—DMHRIGIH, AERBAMESIHFH—IER, K&
A BIXS RT R AR = B 2 PR

QRA R SRR [0] HURMILAY, wJDAEA] res = [[0] for
AIIRERZAAAIL T n ESZHY [0] FIZRI &L

Q: #fEres = [0] * n AR T —NHIFR, HPEF—DEE 0 HZIHIZLAINL?

FEIZINRA, FrAEE 0 #UZR— MRS, ZX2ED Python xi/NMEsk (GEFZ -5 £ 256) R T4
L, DUERARMASREM, MmiErree,

BRENHERIR— DR, EIAMLAR] DS BSIIRFIEFNITER, K2R Python FEECGR “ARA]
TXER”, LEANMBLIENTCRN, SR ERUMON S —DINRI5IH, MIARSRERAENEA S,

R, HHIRTTRRE FIENRT I (BINFIEE, FHEESEAIE), BUEGENTTRIERRL N RAY,
AT 5 TZS RETTRE =7 A R 2,

in range(n)] SRS, IXFh75 =
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Abstract
Fetn RS S, A Y EUGIETEHERA
M AR NG R NSRBI R,
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5.1 %

% (stack) B—HmNEfEL NG HIZE LM R,

BATRT PLR SR E o s B — 3887, R R R E T, WIFREIeR L& RO E, JATR
BTN ERIAMTTER B, 7. XR5E), iSE 7ML,

aniE 5-1 R, BAHEHEBTTRIITERAR Y “Relit”, JREFOY “RIR”. FHETTRISIMBARIAIERIEM 0 “A
BT, MERERITOTRARIEMIE “HART,

% Ni% A& % ik
stack push(5) push(&) pop() pop()

ll S/

BRI

B 5-1 ARG AL

5.1.1 R RIRE

PR FIREINER 5-1 R, BRI 5154 TR AR AT P S AE1E SR, fEIL, FRATUAH WA push()
pop(). peek() fns4 N,

R 51 FRAIBRIERCR

PR o fif ) 2 2

push() TEEAM GFIEEID  O(1)

pop() R Hitk O(1)
peek()  VilTHLIIER o(1)

EHEEWT, BT DEZERFEES MBS, A, HEESAIRERE LIRSS, XA
DRIZIE SR B s “RERT SRR, JHERFIZEE LRI S HIC A ERIE,
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// === File: stack.ts ===

[* WiakiE */
// TypeScript REARERESE, ATUB Array H{EHRREH

const stack: number[] = [];

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

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

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

[* FRERRBIKE */

const size = stack.length;

[+ HIRRERT */

const is_empty = stack.length === 0;

5.1.2 RBYEMm

N TN T AR T, BAPRZA A LB

FRIEIE S NG AR, R BT R REFEARTRA NS ER TR, AT, M FIBERHES AT DAEAE R AL B AN
MERTCER, DREReal DAMOA —Rh3Z BRI B s B ., uf0idi, FRATATEL “BRill” B sl aRkait o ok
BerE, BHXINRBIREEAT SHARHE,

1. BTFH#RNIH

(S FHBER SCTIARIY,  FRATTAT DARFRER A SR AR, 1T A AR

i 5-2 Fow, T AR, BATRFRROTREATER KSR, XA mEm AT AP AT, T
HARRRME, HFRSLT RONBER AR HBRET AT
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A
h(4)
B "
A l ] i HER 9
a } o 8
a ERTREER a
. o RMA o a
3
" rux () "
| Step 1 | E Step 2 |
i
pop() BT
sux (@)
a EEERESR o
g IR e\
B
\", BH5 "
{ Step 3

B 5-2 FFHERIINERM AR H AR
DA 25 T RER ST A R I :
// === File: linkedlist_stack.ts ===

[* BFRERIIMBIE */

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

constructor() {
this.stackPeek = null;

[* FREVRRVKE +/
get size(): number {

return this.stkSize;

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

[* Nk */

push(num: number): void {

)
o

(2]
ERTRESR
HHRINE
RS @

BER 4
ARINEFERLED



H5E ST www.hello-algo.com 93

const node = new ListNode(num);
node.next = this.stackPeek;
this.stackPeek = node;

this.stkSize++;

[* Wik */

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

return num;

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

return this.stackPeek.val;

[* BREREWA Array FHR[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. BTFHENEIH

(EFTARL BRI, Bl TR UKL e MR T, A01FE] 5-3 R, AR 5 R 53 B R B R
TITER SRR, RHRE RSN O(1) .

push(4)
Bm

| mamaen
Aﬁl ]mﬁ

R &
RINERAREE

REREIENA
PRI AE

RELI2%RE
HIPRAAE

-]-T~]]
[-[-]~]-]
[-T-T-T-]-]

Step 1 \ Step 2
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pop()

HipsE AR TR

EEERENA R a
HIMREAE
8

un [0

[-[-]-]-]

‘ Step 3

5-3 AT HEHLBURA AR MR E

BT AR TTER AT RE S TRTF AN N, R ERATT AT DAGE R ShASEE, IXFERE I/t B 17 A BRE ALY 2 TR)
PATR AR BAHs -

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

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

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

return this.stack.length;

/* FIETR R B RET */
isEmpty(): boolean {
return this.stack.length === 0;

}

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

[* Wik */

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

}

[* HRRITTE */
top(): number | undefined {
if (this.isEmpty()) throw new Error('#kAT");
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return this.stack[this.stack.length - 1];
}

/* R[] Array */
toArray() {

return this.stack;

}

5.1.3 FEFSCIRATLEE

SRR

ARSI IRAR SR AT PR TR (R, B SCEIRAN SR RERLI I, ERX BB L TAAE EkE, Kt —%
AZHE

IRV ES
FERT RN, ABM AR BRI ERE R DAL RESE N T, BATRGFIERFARINY, K%
R KM, WRAENEHBHA R, 2T A, SBORRARERNNRERELHR O(n) .
TEHETRERASCEIA, SRR ARAER R1E, AL LR AN IR R, HE, ARRERE
PIAHT N GOFERAEEE, IR R, N, MRABTTRAGMZE T RNR, IARTIE LA
SRIEP IR, TR RRER,
LR LA, YA HEARIER T RREEAR BTN, HIAN int B double , FRATTATDATRH DA RESIE,
T BASBIREAE A AR AR, (T AR, HIH PR E &,
- BT RERRSCEIRIR AT DR L S RS E HURCR R I
gl iy &
TEREHIIRIS, RAXNIIRDI “DIEHRR", ZABRARBBEHSIIRTR; HH, §ayLIHE s 22 R
SERER (Bl 2 %) TP AN, VAENARDATREE LSRR R, Eit, TSR fEER—
SE IS R TR B .
PRI, HTRERTT AT EROME e, DBLRERAT LS T2 RN EER.
g b, BATARERT A E MR A SCBLE T B AAE, R EE N BRI T 04T

5.1.4 RBBEINA

- PINESP RSB SR, PO S R, SEBAFTITHRIM DT, MY asa E— R
IR, RXAEBA AT POEIS R IR 1R AR 2] E— DT EiRBRESEPr LR AT ik, ARZERIN
RGBT, BRATZMN MREL &5,

- FRPPAERL, 00N, RGUARREARTRAI— MR, T ICRE S LR 58, i
B, [N IEHER B RITRAT AARAE, Tk [R1RT B S AN AT AR R



H5E ST www.hello-algo.com 96

5.2 BA%l

FAZ! (queue) J2—FEIESC AJCEMUMIIEMERARES T, B8 S, BRAIRUL T HEAERS,  BIGHr kA AT
ARSI REHEE, AT BASISLERHI B BT

N 5-4 FoR, BATRBAFISKERFRON “BAE”, EEFON “TAR”, RAETTRIMANERIERIER N “ A",
BREAE TCRAERIEN N “HIBL”

BA%Y N A
queue pop() pop()
BARY 1?' 'El

i | /
8 8 8
8-8~>8~»08

8 86 8 B8

ABA T / n n

BAR [

NBA NBA
push(5) push(4)

5-4 PAFIRFC AR

5.2.1 PASIERR#EE

PASIR R WA SR 5-2 FoR. REERRE, NRHMEESHTIESIRAEX AR, BAMELRAS
HAHE 75 TR .

% 5-2 BAIIRIERCR

Jiikg ik I R 2 2

push() TCRABN, BERTCRFMERE  O(1)
pop()  BAEJCERIHEA O(1)
peek()  VIMIBANETTER O(1)

TATA] LB F2 0 I A 1 = A BA S -
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// === File: queue.ts ===

[* FIEBATY */
// TypeScript RERERPATI, AT Array H{EBATIRMEER

const queue: number[] = [];

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

[* BEPAETTER */

const peek = queue[0];
/* TTELBA */
/] REREHEH, Ft shift() HEMBEIEZREN 0(n)

const pop = queue.shift();

[* FREATIRIKEE */

const size = queue.length;

[* HIEREATIZB B AT */

const empty = queue.length === 0;

5.2.2 PAFISEIR

N TR, BT R EdRairy, A DIE—SiinonR, HaES —mMEReR, MRS e =

1. BETFH#RNEH

GniE 5-5 Fow, ATAT DURFBERAY ST " A “RAAT 2RI “BRE” F1 BT, BUEIAR AT ERN
T, BUESCRTERT A

WBER &

RINEREREE

- Awa [é ;:lu:n(:.) w5 (@

| 1

i | a ? a ?
8 FS 2 ] ;

a8 EERREER @“ -] EEERBER @

o FHIPEIAAT 1 o HIEIAAT /L

AM] EHS @ o ?
e EHA @

Step 1 Step 2
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pop() BIBRET R
o2 (@
a ERERESR @
o FHIEIAAT l\
8 e
REA dg

{ Step 3

Bl 5-5 EET5ER SIS BN AR AE
PAR 2 R SIS AR -
// === File: linkedlist_queue.ts ===

[* BFHERTIMBINTG */

class LinkedListQueue {
private front: ListNode | null; // k& front
private rear: ListNode | null; // BH S rear

private queSize: number = 0;

constructor() {
this.front = null;

this.rear = null;

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

return this.queSize;

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

[* NBR */
push(num: number): void {
/] EETSBERM num
const node = new ListNode(num);
/] MRATIAZE, WSk, BRREBHERZTR
if (!'this.front) {
this.front = node;
this.rear = node;
/] MRAFIFRE, WEZTHRNEET RE
} else {
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this.rear!.next = node;

this.rear = node;

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

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

}

/* BRIAE TR */

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

}

[* BEEREWA Array FHiR[E */
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. BFHAMTIH
TEBEHPT MR E RN RIS RN O(n) , XEFEHARIERCREAR, R, FATATLLRA LR85
TZRE FIX AN A

AT DA — 12 & front 8RN E TR ERG], HEF — DL E stize HTIERNINKE, & X
rear = front + size, XMNARITEHEM rear FEANEILEZ G T — ML E,

BT glt, B RS LR AKX MY [front, rear - 1], SFHEIEAISLELTIEIE 5-6 FiR,

ABANERPE: B AJTEMMESS rear B5I14L, FH¥ stze B8N 1,
HAERE: HER front 01, ¥ size B> 1,

FIDAERI, ABAFH AR EES LR T — R, INAERES O(1) .
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front iEANIIETR 1. iHBRIEs rear

rear EEANFIBTR + 1 2. BTRAME rear &
rear = front + size Se it e B 4
AR i
AR push(4)
front > front »
-‘HF)\I n AFHERE n FABHEEE
a size = 4 a size = 5
u EEER2NA a EEERENA
a FHYMRIAPATI a TSP RIMAPAT]
A I rear > rear >
ME
Step 1 Step 2
1.3 front B 1
2. size BA 1
HBA
pop()
front > PBABIREE
a size = 4
a EERER2HA
a FHIMRIMAPATI
‘ Step 3

K 5-6 HETEEHSIBABIHI ABN AR AE

PRATRES B — N Al FEANKIEAT ABANAIH BN 2, front M1 rear HSEMIGREN, M EMZLEEE)RE
TN ICTEAR S SR 1 T RORIARE, BATTRT DU B AR IR

MTINEEA, BATFELL front B rear fERUS B BTN, ER2A FIEEH SLERARSL . IX M IPE R
FTDOE “BURERIET RSB, AR RTR:

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

[* BETFIFREASSIMBIPAT */

class ArrayQueue {
private nums: number[]; // FBFTEEPATITERIEA
private front: number; // BAEfESt, fEMAPAEITTE
private queSize: number; // PAFIHEE

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

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

}

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

return this.queSize;

[* FIBRBATIR B AT */
isEmpty(): boolean {
return this.queSize === 0;

/* NBA */
push(num: number): void {
if (this.silze === this.capacity) {
console.log('PABIEH");
return;
}
/] IEEIES, IERABERS + 1
/] BIEGRIZELI rear LTEAREEEREIFILE
const rear = (this.front + this.queSize) % this.capacity;
/] ¥ num FRINZEE
this.nums[rear] = num;

this.queSize++;

[* HPBA */

pop(): number {
const num = this.peek();
/] BAEIESRESEI—, SRR, NREZHHELE
this.front = (this.front + 1) % this.capacity;
this.queSize--;

return num;

/* HIEAETE */
peek(): number {
if (this.isEmpty()) throw new Error('BAFIRZT");

return this.nums[this.front];

/* 3R[E Array */
toArray(): number[] {
/] AR BE R KESCRE N IR TR
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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DAL SEBLRIBAS IR A RIBR Y . AR A, ST, XN AN KERR IR, BATTAT DORE A B o 2 52K
H, MmgIAT B, A I E A I BT,

PRPSEELRAS LS IE S — 5K, fEAEEOR,
5.2.3 PAFISEEIRI A
- WEITR, WYIE NG, ITREIARSIT, R E SRR B A R EIT R, AR
A, JEMRINS A MERITER, SRRy TR, 2 RSO A,

© BRI, EIRELI VOREET WRERR, FIANITEINLRIESS BB, )T R SIS,
PABITEIX 27y 5t i DA RO 4R AL BRI

5.3 mAPAFI

TERRFI R, AL AREMIBR KB TT R eAE R AR AT R, W& 5-7 fR, IXEPATI (double-ended queue) 12
T ERAREN, VRS R AT TR AN PR

W EPATY BAETABA BAEHIBA
deque push_first(1) pop_first()
BAE \ /
HBA T l PN
A | | wm
BARE / \
PARENBA PARE HiBA

push_last(4) pop_last()

B 5-7 MEBASIA AR

5.3.1 WEPATIFERIRE
KLEIASI B FHEREAN SR 5-3 B, BARHYTTIRA4FRTR ZARSE T A B g T8 = ke

* 5-3 WIABAFIHRIERR
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TiiEA B30 I [R) 2 A%
push_first() HICHERIMENE O(1)
push_last() WILRRMENE O(1)
pop_first()  MHFRPAETTER 0(1)
pop_last() THBREA R T3 0(1)
peek_first() IHHIPAEILE O(1)
peek_last() VilmI\EITE O(1)

FIREHY, Tl AT L PR 2 e LS AT BB
// === File: deque.ts ===

[* IREIRERATY */
/] TypeScript ZRENERWIRHATI, REEE Array HIEXRIHIATHRAER

const deque: number[] = [];

[* TTENRA */

deque.push(2);

deque.push(5);

deque.push(4);

/] EER, BTREA, unshift() HAEMNBEIEZRERN 0(n)
deque.unshift(3);

deque.unshift(1);

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

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

/* TCEERA */
/] EER, BTRHAE, shift() AEMBEIEZER 0(n)
const popFront: number = deque.shift() as number;

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

/* SRER AT E */

const size: number = deque.length;

/* BTN EPATIRE AT */

const isEmpty: boolean = size === 0;

5.3.2 WRPAFII *

XREIBABI A SERL S BABIZRAEL, AT DA RE R B 1 N R R B R A
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1. EFWmEERAEHR
(BB L — 5 P, Bl 8 D PR A BERORSEBLRAS, R & mT DAY (B Sk 17 s O B EHBAFRAE) AE
R UG HIET 1 5 O A BAERIE)

XTSI S, SkHESFIRE AR AT AT ABAFIHI AR, 0mgibid, INEIBAA TR ZE S S5 — R FR T 7]
AR, Dhit, FRATTRA “WABER" (R A S R ESHREEH,

aniE 5-8 A, FRATTRE XA BER A ST MR s A XX A BAB I A B AIRARE, (R A SEELAE PR R AT AR
T RRISIRE.

BARBA BEE 4
I push_last(4) FINEREREL
| | na PE @) P (o
HBA a ABA ﬂ a /T_l\
- ] EEERENAER (0 -] EEERERAEE @
a SRR INEAF /ﬂ\ a FIMRIMA AT /TT\
MR @ o @
e rez @
Step 1 ‘ Step 2
BHR 1
RMERERLE BB TR
g}l\ffil?\irst(l) *mE @ ﬁfﬁit() RER @
g jif
n o @ o
8 il a i
a8 EREMENAER @’ -] BEREMRNASE @
o HSMEIATEAT i) a HIPRIARENT i
o @ sz (O
. i -
B¥E @
Step 3 ' Step 4
BAEHBA
pop_first() IBRSKFS =

)

o EEERENAEE (H\

FA=ERI D @

FIPRITAPAFY TT

rex ()

| Step 5
Bl 5-8 ETHEFRICIAABAFIAT A B H ATRAE
LIRS R FR
// === File: linkedlist_deque.ts ===

[* WEAERTR */
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class ListNode {
prev: ListNode; // RIRTR5IA (38%)
next: ListNode; // E#T=5IA (F8EH)
val: number; // TIR{E

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

this.prev = null;

[* BEFWEFERLIAIERAG */

class LinkedListDeque {
private front: ListNode; // kT3s front
private rear: ListNode; // BT = rear
private queSize: number; // X[EPAFIHKE

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

this.queSize = 0;

/* BAEBNBAIR(E */
pushLast(val: number): void {
const node: ListNode = new ListNode(val);
/] BEFERAT, ML front 1 rear #BIEM node
if (this.queSize === 0) {
this.front = node;
this.rear = node;
} else {
/] ¥ node RINEFERELD
this.rear.next = node;
node.prev = this.rear;
this.rear = node; // BEMET =
}

this.queSize++;

/* FABINFAIR(E */
pushFirst(val: number): void {
const node: ListNode = new ListNode(val);
/] BEFERAE, ML front 1 rear #BIEM node
if (this.queSize === 0) {
this.front = node;

this.rear = node;
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} else {
/] ¥ node FHINEFERLE
this.front.prev = node;
node.next = this.front;
this.front = node; // BTN
}

this.queSize++;

/* PAEBHIFAIRIE */
popLast(): number {
if (this.queSize === 0) {
return null;
}
const value: number = this.rear.val; // FEETRE
/] BIBRET =
let temp: ListNode = this.rear.prev;
if (temp !'== null) {
temp.next = null;
this.rear.prev = null;
}
this.rear = temp; // EHIET S
this.queSize--;

return value;

/* BAEHHBAIRIE */
popFirst(): number {
if (this.queSize === 0) {
return null;
}
const value: number = this.front.val; // FEERTRE
/] MIBRAT =
let temp: ListNode = this.front.next;
if (temp !== null) {
temp.prev = null;
this.front.next = null;
}
this.front = temp; // BT S
this.queSize--;

return value;

/* HEIBARTTE */
peekLast(): number {
return this.queSize === 0 ? null : this.rear.val;
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/* IHAPAETTER */
peekFirst(): number {

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

/* FREXWAPATIRIKE */
size(): number {

return this.queSize;

[+ HIEREMFIRERE */
isEmpty(): boolean {

return this.queSize === 0;

[* FTENSREPAFY */
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. BTFHHENEH

s 5-9 FoR, SETEESCIASIZEEL,  BATTH AT DAE R R RSB ET RS

front iEEPAFIETR
rear EEANFIBTE + 1

rear = front + size

PAE
%E I a l &a front > a i}\iyzuf,:ga
ERCARERRE 2]
I RMATFATI
WE 1" lms "
ABA HBA rear >
MR

l Step 1 ‘ \4 Step 2

FARPA
push_last(4)

REEIMRREFSA
FIRIMAIEATI

1. iHBRIEs rear

2. BTERME rear &

3. % size B 1

front >

rear >

BATIHKE

size = 4
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1.3 front ER 1
2. BTERFME front &

3.9 size &M 1 1.4 size BH 1
BAEABA BARHFA
push_first(1) pop_last()
n . front >
1
PAFIHEE BT
a size = 5 size = 4
a EREREEFSRA u ERERRERSA
a I RMAMFATI a I RMATIFATI
@

[ Step 3 ( Step 4

1.3 front B 1
2.4 size B 1

A [t
pop_first()
front > Bk} BATIHEREE
. size = 3
ERXRRREANA a
ﬂ FASPRAFI AT a
[ster s :

5-9  FT LRSI ARSI B A tH PA R
FERNBIRISC LR b, (XTI “PAE AN A1 “PARHIBN” BYT57A:

// === File: array_deque.ts ===

[* BETFHREASSMBIMN @RS */

class ArrayDeque {
private nums: number[]; // FBFEMENEATITERIEA
private front: number; // BAEIfE%t, fEMPAEITTE
private queSize: number; // XAPFAFIKE

[* SR E */

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

[* FRERNEPAFINEE */
capacity(): number {

return this.nums.length;

[* FRENNEPATINKE */
size(): number {

return this.queSize;



H5E ST www.hello-algo.com 109

/% HUTUERABIRE HE */
isEmpty(): boolean {
return this.queSize === 0;

[* HEIREARS] */
index(i: number): number {
/] B ERIRESS A E BAEE
/] 8 1 BEHARESE, EFKE
/] B 1 MEEALEE, BERES
return (i1 + this.capacity()) % this.capacity();

/* BAEIABA */

pushFirst(num: number): void {

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

}

/] PAEESHRES R —(L

/] ESENRIRIESEI front MLSEAASLIBEEIZIESD
this.front = this.index(this.front - 1);

/] ¥ num HRINENNE

this.nums[this.front] = num;

this.queSize++;

/* PAEBAPBA */

pushLast(num: number): void {

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

}

/] TTEIAEIEE, IEEPAEBERS] + 1

const rear: number = this.index(this.front + this.queSize);
[/ B num FRINERE

this.nums[rear] = num;

this.queSize++;

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

}

/* BAEBHEA */

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

}

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

return this.nums[this.front];

}

/* IBEAETTER */

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

}

/* REIZARTFITED */

toArray(): number[] {
/] ERERKESCENMNYIRTE
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 WFEPFIEZFA

XEIAS AR EAR S EASRIZ AR, Rt e n] ASCBLX M P B3R, RIS mi E

BATALE, PO W ShEeE s (ORI RGUR R IRE IR push 2tk 518 pop SKELHH
WMo A, FHEFRATIRAIRG], KAEHESREFEAPE B VFRE 50 2, HHRAKE-T
50 I, AR EEARIR (BNE) SAITHIBRERIE, HEICTASEBLIZIIRE, P ZAERDN MR, 15
EE, "W BRI IERRR e NG I, FUR XA PASIBE RS S0 R 75 sl — L2 B ME
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5.4 NG

1. BB

- BB AEIE S NS R AT EEREEH, @ B s AR S

- AERNTRCERTTH, ARSI AR RREFIRCR, e AEREF, BIRAMIRENN B2 E R
FHUEO(n) o MHHZT, HRIBERLIMEA ENFRENBEREM,

ERARCRTTH, FABALIARESH—EREN RS, HREERNR, BT SFRA

A ITTRE R,

- BAAIZ — ARG e A S R M B B g, R AT DOE IS B sBE R SEEL, A2 RIBCR N 23 [RI8CR
AL b, BRSNS IE S RTAHR RIS AL

- OREBNSIR MR s E RIS, B AR VFE SR TIT R AT INFI R R

2. Q&A

Q: MIVEERATRTIE S IR A2 A BERII?

MEERATATIE S IRIREA L B2 "8 BOMRIL, S P sl — S8 DOm0 SNSRI, 4~
R IRAL LN, XU 2 MARTHSH o 8 A XA A o] DATS A SC B — LR AMEAE, X DNE “XXE RS
BT AR,

Q: G, BERERBHHET RIATE?

RIGERAY TR EAE AT, WATRERRANGF, HZ 5 AFHEME], Java fl Python FiE S A HalhL
WAL, RIEATRZTFAIRRAT; £ CH G RRETINRERAF,

Q: XABNIHG R MEBHEE T —kE, BERARZT2?

L ERAB AR AT BAS B & B DPFE TS, BRI + AFIRIEH, KIta] DAL 5 RS
MIRTE R, I H R,

Q: #H (undo) FISIAHS (redo) BEfKZUNAISIILAT?
FERMAME, A AT, B TR,

L LA PIT R, BRI DRIEEAKA, FHEZHKB,
2. YHPHIT “HEET N, R A PR HEBOERERGE, HRHEAB
3. HHFHIT ST I, MR B e BGERIRIE, FRHEARKA
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Abstract
TEIFENIHAEA BmRmE—IEENE B ER,
ELEIAIHERBE, M PAPEEE] AR E .
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%R (hashtable), XFREFIR, EIEITHELHE key 51H value Z RIATMLS, SCHEAAITRER, BRI
5, BAIAEmRPEA—DME key, WATLAZE O(1) I RIPEREON B FME value o

E 6-1 FR, A5 n NMEA, BPNYAERE “WaT M ST NIEYE. REBMNHRESH WA
F5, RENNAEES” FERIIEE, WATCARAE 6-1 FURAa ARk LI,

BHR

hash table

BA—NES key, TifIXM#E value
IRERPENRENREIEZER 0(1)

B 6-1 MafmRINHRIR

PRI RSN, BAAMBERE AT ISCIEIRIIRE, EMBIRERX I 6-1 i,

©OWMCE: (FEETTRBMELE (555R) MEERIRT, fH O(1) R,
- AW BTHH R BEFH, FRFEEGESNRAETR, EH O(n) NiE,
- MBRCE: FELEWITER, BMAEBA GER) Bk, f#H O(n) KiE,

+6-1 JTLEEREXN

o HER AR

#HtE  O(n) O(n) O(1)
FEE  O(1) O(1) O(1)
WgE O(n) O(n) O(1)

Mg, TEMARPE TR SN A E R O(1) , ER &R

6.1.1 MBERTHIRE

G R H WEREERS: Witath, BIWHRE BINEENNIPRSEEXE, RERLT:
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// === File: hash_map.ts ===

[* ¥iatRadmR */

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

/] ERBRPARMEER (key, value)
map.set(12836, '/N\I§');
map.set(15937, '/N\IZ');
map.set(16750, '/N&E');
map.set(13276, '/NE');

map.set (10583, '/N\EE');
console.info('\nZRMNTEMRE, WBHKRN \nKey -> Value');
console.info(map);

[* EIIRIE */

/] ARFHERPHANE key , B5EIE value

let name = map.get(15937);

console.info('\nfIANFES 15937 , HHFIHE ' + name);

[* MIBREIE */

/] ERFERPRIBFEREX (key, value)

map.delete(10583);

console.info('\nflBk 10583 /&, Ma&HEZRA \nKey -> Value');

console.info(map);

WA RA = R 530 P EE . e DB (e, BN

// === File: hash_map.ts ===

[* BHRER */

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

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

}

console.info( ' \nSJHiEFHHE Key');

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

}

console.info('\nEJH&EHE Value');

for (const v of map.values()) {

console.info(v);
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6.1.2 MFEREEILI

BAVEEEREANER, U TBADREBER R, ERHRT, BOTEEHAFHENZ OIS
(bucket), &FMERIIEIE—DREEXT . Bk, EIRIEGUZILE] key MVATHE, FFEMFHIRI value .

A2, WMITET key TERDX BIATAINE? X 2IEILPEFEER (hash function) SEERRY, MGAREREEIMERZR—1
BRHI A R 2] — MM 2, ERFERT, MAZEZIE key, MtH=EZATER (B
R5Do HANEWH, A key, FRATATUEEIET HEIT RN key X RGBS 72 B4 P2 RAR B

BN key, M7 EILRE N EAUTR M,

1. JEI R IA R B hash() THESFIEAE,
2. B ENMEE FEHKE) capacity B, MIMIKEIZ key X M AYEZHZR 5] index o

index = hash(key) % capacity

B, BATIRLAT DARIAT index FEMG AR R AT IRIXN MM, MTTERE value o

B KIE capacity = 100, Ma7i X hash(key) = key , BIFIGTAEECH key % 100 [ 6-2 Lhkey F5
il value #EZ NG, FeoR T HET R ECH) TR EE,

HA key =5l B it value

key value
& - | DT

37 15937 | “/his”

BEEK '
— 50 ——RUFATARAN L |

— 76 —| RSO —_.
15750 el - | EEno

(FMERRE—RERN)

Kl 6-2 Mad BRECL /R
DU ARG T — AN IAA %, Hrh, BT key FT value BEERE— /N patr , DAFERERMERT,
/| === File: array_hash_map.ts ===
/* $E{E¥T 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;

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

constructor() {
/] MEEAE, BE 100 MM
this.buckets = new Array(100).fill(null);

[* PRTRERIEL */
private hashFunc(key: number): number {
return key % 100;

[* BEIERIE */

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

return pair.val;

[* AINIRLE */
public set(key: number, val: string) {
let index = this.hashFunc(key);

this.buckets[index] = new Pair(key, val);

[* MHBRIRIE */

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

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



How IAMHR www.hello-algo.com 117

arr.push(this.buckets[i]);

}

return arr;

}

[* RENFRER */
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;

}

[* REVFREE */
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;

}

[* FTENIRFHR */

public print() {
let pairSet = this.entries();
for (const pair of pairSet) {

console.info( ${pair.key} -> S{pair.val}’);

6.1.3 RENRSTH
MAJ LR, WBAREEEIERRRATA key HRH A2 RIS BIEEH A G R 5 AR 2 W, T Az
AT A TR, Fit, P b e “BAHAMBARERL” K.

T ERRBIFR R IE A AL, S AR key JEFAAHRINS, BEA B A R AHRL, BilaH, ERESH
12836 1 20336 HUPPMEAENT, FRATGH]:
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12836 % 100
20336 % 100

36
36

WE 6-3 firr, MM ESIERA TR NS, XEREANI, BATE IR AN AT [F — i H S R
HNEZEHZR (hash collision),

B key =5l s i value

key value

T T

. 36 — EPEEIRANTS

o]
/ 37 15937 \\__m
m T - |om e

76 13276 | “/JE"

“. I. "

83 10583 | “/\Fg"

I's
e .

B 6-3 I PRl

BHEE], BRREAR n K, 21 key HBCEIR —MHH AR BURMR, hotid, Kk, FIalbs
YA R WD R

Gl 6-4 B, ¥ ARTHEERT (136, A) HT (236, D) KA, ¥ &EMHRIER,

BERER - 100 MERIE 2 & BERTE - 200

KMFEEH key % 100 » AT key %200
#5| key value e key value

( : )| s .

N
(=]
s a s

36 3
- | IR
.

150 550

183 783

[ [

agn

vee .

K 6-4 IGfmEY &
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RETHAHAY R, G/ AREITEREN WEEH RITBSFaRE, EHFEN,; HFERTRAREE
capacity tXAZ, AT EEEIGA MECKEH TR REX AN E, XD 7w Erita
THH. ik, FREIESIER ST BRI HRAR, PiEmEy &,

HHEAF (load factor) BRI —PMEEMS, HE OWGHRITREERDMEE, HATHRERAH
RET-ERE, WHENRARRY AR, FINE Java i, S7REETEE 0.75 I, RGSKIGR
RYARIFIEH 2 15,

6.2 MRFmMHsE

b RE], GBS R A IR T A ], KIS BRI SOR R AR A, b,
AR AR, RO BEHE RN, WA 2 N 2 R — MRS
GRS SEE WA REIR, M EPIIGA RN b TROUZRE, FH8EIEA R, A6
HATIERRY R, BEENMREIONIE WTEm AR EER, ERERKR, BARAERT AHREH TR
A2 SR ETT R, 0 THRTIRCR, AT PR DT 5,

1. R REAREEH, (EFIA 2 n] PAE HBIG A 0PI Ik % A%,

2. UAELE, BIYIGT MR LB ™R, AT B HRAE,

MG RAVE R7TE T AR "R Cthht™ 0 "I SHIE™,

6.2.1 stk

fEFGaIRA RS, B MMREERIE— D HEXT, gttt (separate chaining) R DNITREAONRER, Kt
EXENEERT R, BT R BRIV ER A R —RER P, B 6-5 JoR 17— D HEs UL IR 7 R A 1
T

=3l ¥R R (BENREN)
00 — —

sastitrat . 1| L L,

BMREE R,

HAaamErRTE o

MFEEE key % 100 76

ERAMEEN key

BRERFEHR o

K 6-5 HEXHHEIG R
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E TR SRR A R AR E T IR A T UK,

LR FiA key , LA EBIGEIMRS], BIRIVIRBERSKT A, REEHEERIFXT L key DAEE
TR EPREAE AT o
WTR: EeE IR RO MBERSLT A, AR (BMEXD SnEIsERT.

- BHBRyCE : ARYENG A PRI ZE RT R BER LT, 12a 1 P HER DA IR H AR T O F R MR,

HEFCHIHE A AE DU R BR .

SRR RERGE T RIEE, CAH L RS A7 2
- ERCREEK: KOy TN ROk BN BT R,

AT EE T R CHbAE RS 7 R AV B SLBN, B EREM .

ARSI @A) ROFRER, MM, EXMEET, Bik BE) S22 M, 80
MR,
DURSBI STy A%, STN TR 2 I, ROV RT EEIFEN 2 £

// === File: hash_map_chaining.ts ===

[* FERHBALIEE R +/
class HashMapChaining {
#size: number; // BEEXEHE
#capacity: number; // MRHERDE
#loadThres: number; // fl&¥ BIAEHREFHE
#extendRatio: number; // ¥ Bf5%
#buckets: Pair[][]; // %4

[* &R E */
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) => []);
}

[* PRFEREL */
#hashFunc(key: number): number {
return key % this.#capacity;

}

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

}

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



Hom MAK www.hello-algo.com

121

const index = this.#hashFunc(key);
const bucket = this.#buckets[index];
/] BHAE, EXE key , MREIFFF val
for (const pair of bucket) {

if (pair.key === key) {

return pair.val;

}
/] BEXRILE key , MR[E] null
return null;

[* FRINRIE */
put(key: number, val: string): void {
/] HREEFELHREN, TS
if (this.#loadFactor() > this.#loadThres) {
this.#extend();
}
const index = this.#hashFunc(key);
const bucket = this.#buckets[index];
/] B, BBIFEE key , WEHWK val FHiR[E
for (const pair of bucket) {
if (pair.key === key) {
pair.val = val;

return;

}

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

this.#size++;

[* MHBRIRIE */
remove(key: number): void {
const index = this.#hashFunc(key);
let bucket = this.#buckets[index];
/] BtE, MAPRHEREE X
for (let 1 = 0; 1 < bucket.length; i++) {
if (bucket[1].key === key) {
bucket.splice(i, 1);
this.#size--;

break;
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[* TBRRER */

#extend(): void {
/] BEFREHER
const bucketsTmp = this.#buckets;
/] MRk BERIHRER
this.#capacity *= this.#extendRatio;
this.#buckets = new Array(this.#capacity).fill(null).map((x) => [1]);
this.#size = 0;
/] BREMNREARRRSERRER
for (const bucket of bucketsTmp) {

for (const pair of bucket) {
this.put(pair.key, pair.val);

}

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

}

console.log(res);

EEREIR, MERRKN, EReR O(n) R, HINTBUSREREE “AVL B 3% “CLBR”, i
{2 R 2 24 (L O(logn) .

6.2.2 FrSFut

FRFHE (open addressing) AR5 AFIMISHRLENY, i@ “LRIEN” RAFRIAT M, FMTRE
SRR AR, 7 4R 2 R 7555,

TR DASREER G, BT HE ST F 0 AR,

1. ZiEN

ZRMEIRINR A ] 20 K R MR SORMEATIRI,  HAR 7185 G 7 RA A ARl

- BAJTR: EREAREOHREMRS, HRBMANCATER, WA RAERELEE (P RIEFN
1), BEEKEZM, KooRmAH,
EHoLR: HRIGRIE, WERHERD REEETERERD, BRI NMITER, &E value B
Al WSRIEEISA, W ERTRAERAERS, IR[E None .



Hom MAK www.hello-algo.com 123

B 6-6 R TS HE (SPEIRI) WeF RAVEEEN 010, ARIBIIGREE, &EMAMHFN key #R MM
SRR, B LRI, EN IR A% DA Z T BRI,

=3l

E&
ab'i?

o0 <
FikIut 01
SHET, $ER 1 2

w Il »
=3 | B
gg
Ha

(=)
~
L=
= :

76 {
MEF I key % 100 77

ERAIMERER key
SRERFRR

n -]
~ ~
a o

78

~
~
o

(=]
~
(<]
eoe
a H

B 6-6 JHRTHE (BPEIRIN) MaA 2R EEx 74

SR, LRPERINA 5 “RIEMAR T, BIORE, BT ESSE AN ERK, XEESAE LR
RETATREMEECR, M — P ez BRRHEA K, BACEMEIER, &R SECEMELGRIERERA L,
EHREERNE, BRI SHISR IO ERMER TR, XZRMPRTR S ERHNTE— D2
None , T EWILRIN, SMEARMENZAMRIRE], FIAEREMZ MRTRETOAFE VIR E], 250
REVRHIXLETLRATAE, WA 6-7 FR,

=5l o b

00 <
01

02

76 <
LilloaveS n Z&E,

MEEEBEEZ FTHTERT

(=) w (%) N

~ S S S

o (=) S (=)
oo

78

B 6-7 FEITRSHEAPMIERICER S 2 iR
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N fRUZEE, FATTA] DR A HMES (lazy deletion) HlUfl: EAEEMNBAERPERRICE, maMNH—4
5 Bt TOMBSTONE SKEFRICIX M, 7EIZHLHI TR, None 1 TOMBSTONE #RACFRZSAH, #Xnl DURCE BEX, (BRI
B, MRS TOMBSTONE IR iZ2ksiim ), [RINH > RN GBI FELE BE XS ,

SRIM, BBUIHIER T RE NG i RATEREIRIL, X2 N EHIRIMBRIREE &7 4 — DMBRFRIC, % TOMBSTONE
AOsghn, PR, RO AT RER Zpkid 21> TomBSTONE A REFRE HFRTT R,

A, FERELMEENAIC BRI E D TOMBSTONE IIR5], KRB HARTE S5 1% TOMBSTONE 38 #if;
B XM E M SR E SR IT RN, TE2SWEEshRHESHEANE RGN HIEAM, M
AR L RER,

DAL T — D EESWMER IR SIE ERIERND 16/ %R, 0T Eseo thfE AR asE, il
KIGmRBEE— PR, RSB, B2k ARks 7,

// === File: hash_map_open_addressing.ts ===

[* FARIUBER */

class HashMapOpenAddressing {
private size: number; // BEEXEHE
private capacity: number; // MAHERAE
private loadThres: number; // f&k¥ BN HEAFEHE
private extendRatio: number; // ¥ &fZ%k
private buckets: Array<Pair | null>; // #@%k4H
private TOMBSTONE: Pair; // MBRFRIC

[* WEFE */

constructor() {
this.size = 0; // BEWNH=
this.capacity = 4; // BWHERB=
this.loadThres = 2.0 / 3.0; // itk BHNAHEFEHE
this.extendRatio = 2; // ¥ &fEZ%K
this.buckets = Array(this.capacity).fill(null); // #@%k4H
this.TOMBSTONE = new Pair(-1, '-1'); // HBRITIC

}

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

}

[* EEF */
private loadFactor(): number {

return this.size / this.capacity;

}

[* R key MEAIEERS| */

private findBucket(key: number): number {
let index = this.hashFunc(key);
let firstTombstone = -1;
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/] MR, ZHBEI=RER Bk
while (this.buckets[index] !== null) {
/] EBE key , REIXNHEERSI

if (this.buckets[index]!.key === key) {
/] BzZandE T ERIRIE, WEREMNEEZR L
if (firstTombstone !== -1) {

this.buckets[firstTombstone] = this.buckets[index];
this.buckets[index] = this.TOMBSTONE;
return firstTombstone; // REIFBEHEAIRES|

}
return index; // R[EIHHZ5|
}
/] ERBENEMIBRTIE
if (
firstTombstone === -1 &&
this.buckets[index] === this.TOMBSTONE
) {
firstTombstone = index;
}

/] ERERE, #ad EER R E KA

index = (index + 1) % this.capacity;

}
/] & key FFTE, MRERMAES]
return firstTombstone === -1 ? index : firstTombstone;

[* BEIIRIE */
get(key: number): string | null {
/] ¥R key WHHEERSI
const index = this.findBucket(key);
/] EXREREX, WEREXE val
if (
this.buckets[index] !== null &&
this.buckets[index] !== this.TOMBSTONE
) {
return this.buckets[index]!.val;
}
/] BREXRAEFE, WRE null

return null;

[* FINRIE */
put(key: number, val: string): void {
/] BREETFEIREN, RiTTS
if (this.loadFactor() > this.loadThres) {
this.extend();
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/] BER key WMEMFERSI
const index = this.findBucket(key);
/] BEXREIREX, WEE val HixE
if (
this.buckets[index] !== null &&
this.buckets[index] !== this.TOMBSTONE
) A
this.buckets[index]!.val = val;
return;
}
/] BREXRAEFE, WRMZEE
this.buckets[index] = new Pair(key, val);

this.size++;

[* BUBRIRIE */
remove(key: number): void {
/] BER key WHHIHRSI
const index = this.findBucket(key);
/] EXREFIREX, WERRITCESE
if (
this.buckets[index] !== null &&
this.buckets[index] !== this.TOMBSTONE
) {
this.buckets[index] = this.TOMBSTONE;

this.size--;

[* T BRBRER */
private extend(): void {
/] BEFEREAER
const bucketsTmp = this.buckets;
/] MRk BEHIHIEHER
this.capacity *= this.extendRatio;
this.buckets = Array(this.capacity).fill(null);
this.size = 0;
/] BREMNERERRSENRAER
for (const pair of bucketsTmp) {
if (pair !== null && pair !== this.TOMBSTONE) {
this.put(pair.key, pair.val);

[* FTENRRER */
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. FEFHIFEN

SEF RIS LRMETRMIZEA, BRI SR WSR2 —, MM, F RNAE & bt — N E
ERIEE, TN “HMRESE T B, BN 1,49, ...

SER R B EA DU,

- CETTERIEIS BOD RMNRECT 75 EE RS, R R RS MR T 1 SR SRR
- PRI RO KRR BRI E, BB T EEE RS AN A,

SR, P75 RMFH A2 52 £/,

- RFEREINSR, RSN L H MG B EA S PEH.
C HTEIRER, CFARNATREA SR NG R, XERE IR R A, 7Rt sE
TRV E,

3. ZRBE

BB, ZREHRTTIEERZNGTREE f (). fo(x). f3(z). .. TR,

- WAGLE: ERHEE ) (v) M, WK fo (), DUk, ERREIEMEHATTR,
- BPOTER: EHFRRRREINE FEATER, ERIKEIEATRNIRE; FER s I ArE R
PR, AR R AFAEIZITR, MHERIE None o

SEMRMMELL, Z2RGHTEAZTERE, B2 NG/ EESTRISMITEE,

Tip
TR, TPl GRIERI, F7 RN 22 RIGT) I6fm&HEE “NREERMPRTR" AR,

6.2.3 {RIFIESHNERE

BAPGAETE S R T ARG A RPN, 2 LT,
- Python RATRSHE, 81 dict fH Dy REATEOET THRM,
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- Java RABERMIE, B JDK 1.8 PR, 4 HashMap WHEH KEIAZE 64 HRERICEIAE 8 I, HERAH
LT B AT T BRI RE

- Go RHIBEAMlE, Go MUE B MR Z 0 8 NMEEX, BHARENERZ —MIHM, Sk 2
i, ST IRRRISE R A 5RE, DIRCRIERE,

6.3 BMEHEZE

AP0 T WA 3R A AR BRI R BTG 76, ARm IR RIS abie 2 e ibat, SN RECRUE
WA 2 a] DATER A eI IEH AR, miJeiiisl D Iaa b R R A

MRIAT IR T, BRRIMERNSR2RES L, WE 6-8 R, X THEAHILIATR, MAARI 7
EX S DIAES AT, RBIRAEERCEE; RENEO NITERE S ERR —ME, RS R ER
= O(n)

sERt s E
RERER:

BEMFYDHRES MED
BHEIEZE 0(1)

B wen a wen a . a
[y
=

REFER:
BEMNSHOHERMEF
BfEEZE 0(n)

6-8 AT IMRIERER IS RERN
BB AR SO IR RO, [RIZa RS HH IR, JEit R E, XS R0

index = hash(key) % capacity

MR ERIK, HIGHREE capacity BN, WMATIL hash() YO THhE, EME 7 EXNER R
RPHI A TE Do

XEWE, NIRRT RIZEMSR, KON ERNEPERRRIE hash() RUIRIT B,

6.3.1 RFEEIZENBR

N B RIS R BRSNS, M RIAN B DA R R
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- Wt X TMRERA, IERERMGL AR, XA RE R R R A 5T,
©ORRE: HRERAEERENZ RS R, HEITRRUN, 16K MR,
- B G EIANAE S RHMER I S D AER R, TS, AR AR B,

Kk b, MAREERR TR DU T LB R, 7 2 A T HAb st

- ENERE: N TR P EENZ e, RGUERE AIERFER P RPSCER, TR 7 EEERG A
fH. SR AMANEEN, RGN ANEWITRERE, K55 EMEIGHEEITHEL, WRMH L
ML, AR RN E I,

- BIRSERYER A BdE R0 TT A] DA R BRI AR (B R L — RO $R IS AT AR R T SRR IR Y
BARRISTE, HSRWEIMIGREEI T, WRMHILAS, ARAEIEMEA e,

AN TEEFAAMRNA, AT BN EES B R EEFY A TR, BREERERSESSRNLE
Ritto

- Bt JorRiEId M AR (E S O T R A BRI S R
- PiREENE: NCSBEREIN D RRIRTE, E SRR EM L,
=115 VAR VNG G VA B 5 el D = R N 71 g

IR, “W50A” 5 “PiREHErE” RNAMNIIEE, RS A e TR, flan, FERERL
BN key T, MFEL key % 100 A] UL N AMAVHH, RMZMAERL TR, FrEEWAHSE
key A% ARMHE], [AILIRATIAT DURE 5 MG (B S HE L PTFHAY key ,  ATTRR AR T

6.3.2 MBEHRZENIZIT

IEREIRAIRIT R — MR ESEFZRRME M, A FREZR AR R, BATHAER &R
BHRAER,

o AR AR B ESANTAFRY ASCIT B EATARM, K15 IR EFIE A 7,

- ORI FIFSRIERIRERENE, SRR — DR, RN TIE ASCIT M RMEIE A ES,

- SElRA R AR S T REE R e E R Ne AR ET,

- B RN TR ASCIL B ERE|— M FES, IR ATER R G A EE T IR R,

// === File: simple_hash.ts ===

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

}

[* FERE */

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;

[* BREIEFR */

function xorHash(key: string): number {

}

let hash = 0;
const MODULUS = 1000000007;
for (const c of key) {

hash 2= c.charCodeAt(0);

}
return hash & MODULUS;

[* TEESIET */

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;

MELIN, BRI SIRN R — R R KBiE 1000000007 B, DAERIG R E/E S IERTERE M, EfS

BERRE, N2 EER N PO, B Ui S BURE R B2 2?7 X2 — D EBRI M,

Jelihigsie: ERIRBURMENBEL, vl AR Kb PRUERR AR 2 504t RN RO 5 HAth s (#EA L

B, AT DARD R USSR R T 2 A R IPERR K, AT SR 7 v 2%

BT, BORBADERESE O 1EREY, en] DA 3 BERR, ARAFTH AT DA 3 FERREY key B E] O,
3. 6 X=IATEE,

modulus =9

key = {0,3,6,9,12,15,18,21, 24,27, 30,33, ... }
hash = {0, 3,6,0,3,6,0,3,6,0,3,6, ...

QUSRI key TRUFH RIZFNE ZHENREAE 0, IRLMTEM S LR, WmnERR s, JE, &
BRE modulus EHLNTEL 13, HIT key Ml modulus ZIAIRFIEALIEL, HItH B RENSSEZAE
$2Tto
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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,... }

ERHRARE, WERAESCRIE key BRENIISI AR, RIS EEE S BIENBREE AT DA, e T#RERm
HES S AT HINGTR{EL 1124 key BIZIMAAE LSRN HIPERS, XS HIEE E A 7 IR EIAR,

BMEz, FATEFIEBEIEARE, XN PR R R, DR ATREHPRAMIMER, ErHamE
TRHIRS

6.3.3 ERNMERZE

AHERI, DAEN R T EIRE LR “Hess”, ARG R AR BAR. f1a0, BT
FEH R A, R ANTANG A A S BRAG A JCTA X 0 WA RMEIF AR R 47 6, IX A RES ARG A 2E,
FH 5l — L2z (A,
FESERRAR, BATEE SH— SRR RYE, F40 MD5, SHA-1, SHA-2 fl SHA-3 %, BT UHERK
JEE P A B e St B R R A (L
IE—MELDOK, W ERCAEARR AR SRS, —Ho R AN RS RS REIRIERE, 55—
I N BB ECN TS ERIGREEN L 2R, 3£ 6-2 R 1 EKFRN A A WG/ RIA,

- MDS5 1 SHA-1 EZ R IKE, BRI eI 2 e M7,

- SHA-2 R H) SHA-256 R Z 2HIGHRIRZ —, IRHIRIIMBEERR, HiHHESEL 2

VA ESNANE N
- SHA-3 HH#¢ SHA-2 FISEHIFH SRR, TSRS s, (HH At #E SR SHA-2 25,

*6-2 WWHIGHEIE

MD5 SHA-1 SHA-2 SHA-3
HEHIN 1992 1995 2002 2008
I
Wil 128 bit 160 bit 256/512 bit 224/256/384/512
i bit
MmNz L EZ R/ R/
%
ZeE AR, CHhsEh ik, BEERIIK & =
% i
v FH EWFEM, ATEEREEE CHFER IBEMRZ I, BFE%4 TR SHA2

= %
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6.3.4 HIBELGHBIEHE

BATRNE, WA R key ATDUREERL, /INEEUTATERSFEEREAL, JMfEIE S8 H S X BRI N E
AR, AT HAEBRARPIMAERS, L Python ufl, FATATLAVAF hash() BRECR TR AFEHE R
G A E,

- BB /RERIG A EPURHA S

C IFRERT TR RR A E T EROVE S, AXMNBREEETE ETY .

- TTANIBRERN KPS PR TR, RERXERmREHSER, S8R —BRAHEH,
- REETEE T HAF A R, B ES SRR T, KM T AL E,

Tip
THIER, ARGEE S RN B R E TR B E 77 IEA R,

// === File: built_in_hash.ts ===

// TypeScript KIEMHMWE hash code EREK

TEVFZgEIE ST, RARZENRA NG RN key o RINFBATRFIER GHEEEH) 1F0 key, 251
RIGNBREZN, R AEDBREKEE, ROTCIRER R E R IEH value T,

EAREESCI R (BANRERT D R R n[ 2R, (HRR I IR R M GRS A P 2 1k
TR, BMES RN E AL T2MA, (HERRFIEALE, IR ETRRANZR,

AORIIRATRE R AR G HisfTIRP N, FH ISR ER RN, X2FN Python R SERRS
i, S NFIFRIEREREIA — RPN (salt) {H, XRMEEERT AA R 1 HashDoS %, 1@7Hia
mEIRNZ 21,

6.4 INE

1. ELER

- B key, IETRAEMBTE O(1) MEANZERE] value , BRI E,

- WIS AR OER I, ARINBEEDR . WHEREEEDN R P WA A RS

- IEF PRECRE key BRETNEEHRS], TV AIX BARFHFARER value

- AR key AIRETELS I MAUG R 2RIV R S|, SHEWLSREE, XMIMEEAONIG
i,

- RTRETREK, IGFMRABERIET, Fir DOEE T AR RREMR IR R PR, SEAT A%
L, ARy FHRIERITHIR A,

- PR T XON IR R PR BB PRDAEEE, SO T ISR PRI B, WA ISR R R
ISESES

- RERHIALIEIS R DT RN EESR, KA TR IEER — MR, 2R, HRTKIMFERE
WRCR,  w] DOE I — 0 R R PR o 2L BT = R
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- PR RIS 2 DRI B G A PR, SR EE P K, BB AREMERICR, HAS ™ ER
%o ZRBAEHZMIGREEOTIRN, MHEREMRNERS AR %, B2 N BRmEEEN T itE
Ho

© ARYRFEE S RIT ARG AR EI, HlaN, Java i Hashmap £ FHEE UL, 1 Python f Dict R
PRI,

- AEMART, ROFERARRIEEARENE, SRR MR R, EENTP, BRERICNIZ
B FiR EEAN S R,

- IR RIREHE R KBRS, DA R RIERS T [ 5 A, D Ia TR o,

- HEIAEABREAEE MD5, SHA-1, SHA-2 #i1 SHA-3 %, MDS5 &M TR 52, SHA-2 HH
T 22N ST

- IARIE SR OVBERRRR N B R RIE, AT IHRIERETIMERS. @EELT, AR
xR IERIIEFT A

2. Q&A

Q: AT E e 4150 T2 O(n) ?

YT L EIN, BRRONEERESIRILE O(n) . YWBRFEEBIRIHF LKL, ARREIR
EHL, MRHECFN, NRSRER O(1) . FAIEAREESNENRREERN, WIS ER
O(l) o

Q: NtLAMERABAEE f(x) = x We? M ASHMET,

£ f(r) = x MWK, SNTRNNME—RMRS], XSEHEN. Rm, A EE T2
Al B K, KIS R R e — P AR B KRS, a8, W7 R B — MR
RS I 2 — NN, R O(1) WERR,

Q: MARIKZLIREA., R, XN, EAF2RER] U eTE mlE?
B, WBmRINRRERER, EERBRER T, WARAEMHEGS o AERER,

Hik, HBERE R PN RRCRE S 1o Q1R — D IIRERENS 7EAH R R &2 2% B T (o8 A B i e AR sk
B, HBGEH LR R E P, KR E AR RBOHEREITH, N EZE R E BITE A,

G, WA S R AT RE R A S, DI TERE S b, B TSRELE B 2 LT S R T RS 1,
PREBAZE O(n) I EIE R

Q: ZRGTAAREEZMERTTRIIEFEND? bRic MR 2 B RE P F IS ?

ZRIGABITRFHER —Ff, THRSHEEE A A RE M PR TR ATERE, TZmdbric bR, Fridoh SmikR
AZE IRl AT DARHRGE . S e R R, JF B AR W EERERIC ) CMPRAIAER,, %A B ] PA
BHTCRMEM, IXFEMEEREAR R T RAVRNFFIAL, XRERIEIG i RATE R =R,

Q: M AELMRNF, EHTTRIINES MBI RNE?

AR N 8 IS A7 PR SR E R AU BB, B key ANDLHAC, XLIGRAEMA IR, HL, ZRIERM
BRI BOE R KARIRE &R, EERENER R EN SO EIBk oy ik,

Q: N2 MG RY AREWS RAFIE T T E?
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HoE Mgk

W7 PR R B JE — AR RN B K n B (BGR), b EVE SRS EEN; £ 85, 2K
JE n RAE, T key MRS [BATRER AL, FICHER —MARIZ D key , T AEIRERH AL
FZAAE, I SEIE TR ISR %
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Abstract
SRAR W EM ), RIRHR, 7Rk,
CRNBAREI TR M ESNES.
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7.1 =X

ZXi# (binary tree) B—FfAFLM RS Y, AR “HL” 5 BN ZABREXR, ART “—oh 7
HIniaZ ., SHERIM, “XMIERBITET N, 8P TAESE. 27785 G 79851 H.

[* ZXWTRE */

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

constructor(val?: number, left?: TreeNode | null, right?: TreeNode | null) {
this.val = val === undefined ? @ : val; // T&{AE
this.left = left === undefined ? null : left; // EFTE5IE
this.right = right === undefined ? null : right; // BFTS5|A

BT EEEMNSIH (55, DBHERIEF TS (left-child node) FIBEFT A (right-child node), %7
BFR XN TR IR T = (parent node) s LT — D XTI s, FATHEZ A 715 s H
PAUR s BRI AR %717 A F4 (left subtree), [FRIFEAIISAFH (right subtree),

FE X, BRMAT b, HARrA VR e & 1 RER e, s 7-1 R, WERREE TR 27 R
TR, MHEAFWRMGFTRDAE TR 4” M R 57, EFag W 4 HEDUR SRR,
AR "R 5 RHDUR T TR

—Xi R

binary tree

\
Eﬁﬁ//'\\<fTﬁ

EFH aFH

ANV
Vivivi

B 7-1 RVim. s, 7

7.1.1 —“XMERARIE

XY E FARTEANE 7-2 FR.
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- BFWE (rootnode): M T WHTHEMT A, BAERYH,

- M58 (leafnode): %A F1 TR, HFMEE IS None -

- i (edge): EEFANTEMILEL, BNV AEIH (B,

- TEATEME (level): MIRERIEHE, RITSMEEN 1,

- THRME (degree): TRMT T RMNEE, £ XM, ERBEEERO0. 1. 2,
© ZXWIEE (height): MR s BB M1 s BB R

- T REIRE (depth): MR sLENZNT A& IO EE,

- TRIIBE (height): MBI Az M7 BN mFTE B AR,

SN SN,
[\ )

St
I

¥ o3
71
n
=

B
I g

i
N

B 7-2 . XHEEBARE

Tip
TR, ROTEHFR “SE7 M W Oy "SRR, (B E s TR R HE
SO G REERT, TEXRMERS, SRR 1,

7.1.2 Z“XHEAERE

1. Ak

SHERAELL, EhRma R, AREEsIH (8.
// === File: binary_tree.ts ===

[* FIR XA */

/] VBT =

let n1 = new TreeNode(1),

n2 = new TreeNode(2),

n3 = new TreeNode(3),
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nd = new TreeNode(4),
n5 = new TreeNode(5);
/] METRZEN5IE (8%
nl.left = n2;
nl.right = n3;
n2.left = n4;
n2.right = n5;

2. EANSHIBFHSR

SHERRML, 7S IBRT AT DOE I B e RS, B 7-3 S T — Rl

BATR PSR

nl.left = P
P.left = n2

nl.left = n2

B 7-3 £l A SR A

// === File: binary_tree.ts ===

[* NSRS */

const P = new TreeNode(0Q);
// T nl -> n2 FREFEATR P
nl.left = P;

P.left = n2;

/] MBI P

nl.left = n2;

Tip
REERRE, AT R RES L — MR A AREEH, TAHER T 0@ 5 R MERIZ T
ARt B, fE=XR, EASHEREE 2 H—EREL G MR, PISEIMA KPR IR,
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7.1.3 ERZRAR
1. EEZX
anEl 7-4 R, SEEZXAM (perfect binary tree) B B BB ERIEM, 1E57632 = XRH, 5 B

FO, HRFTETRIOERN 2 BN b, MRSy 20 — 1, SBRRERIEREER, K
DR =S sl EHT 0P LS IE 8

Tip
THER, EASGEXH, 5838 = A HE PR #H Z W,

SER_XH
perfect binary tree

(oA #r o i = STH)

PR B9 mER IR

7-4 5SEFE X

2. REZXIH

K 7-5 7R, SE2 XM (complete binary tree) RERIEEMNT RAHHEM, AREKETNTSREBELAH
oo EER, SEERXAHLE RS T X,

LR

complete binary tree

REETRELRRE, EttETHREHIER
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7-5 FEETXH

3. TR

Gl 7-6 AR, ST XA (full binary tree) FBR 7M1 R ZAh, HARATE T SEA NN T R

RN

full binary tree

FIETRNERA 0 = 2

7-6  SEli— XM

4, FH -

WE 7-7 FiR, FHRZXA (balanced binary tree) AR sl B AE FHFIAS 106 04 /8 1 2 ZE 4 0 {E AN
o1,

TH_Si

balanced binary tree

WA EFREE - EFREE = d
N FH NPT REHE |d] <1

7-7 X

7.1.4 —Xa0iEk

B 7-8 R T X HIBHAR S A S IR MLEEM . 4 RO ENT S AR, JRE] "SRR XM AT
AT R AN, —XRHRN “RERT,
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- ERXREEEENN, ATDASE AR X ia” L.
- RERNIR S — MR, STURIEEE NRIERIE, NRERERMELE O(n).

4
N P
S\ /
4
mag / BiEEH
FETXIN R

K 7-8 XRHIERESTH S RS
R 7-1 R, (ERESHNRESHT, R P8GR, TR SEFRSINCARESWRME,

R 71 ZXMRIRELTH S R ES

SEFE XM BEER
R NEORT = s 9i—1 1
EEE h RO SR 20 1
SN B IR RSB 2n+1 _q h+1

TREER n RKEE log,(n+1)—1 n—1

7.2 Z—X#iEH

MBS R, PR — R TRERMBURS Y, R EE 75 2RISR MR Al R0,
PR — AR RARSS Y, IX(E S i P iR AN 7, TR B IR R RIS,

TR s A AR R, s . R RS R %,
7.2.1 BFiERH

WK 7-9 Fr, BF&R (level-order traversal) MITHREIREIZE B — XA, HAEG—EHRBMNERIGH
e 73 1079 Ao



O ) www.hello-algo.com 142

BERiwHAR FE T EfL®R (breadth-first traversal), tHFREM#%EZE (breadth-first search, BFS),
BRI T —f/ “—E—ERN R NZEERED

rrEREER

BFER (WR7E @ LiisHE)

22 SO, 5 1, 2, 3, 4, 5, 6, 7

B 7-9 ZXREERFET

1. KrEsem

AL D@ ) RSN SRS, PASIENE “JeHESCH” AR, RS Mg i R
ORI, PR T FE AR R — B, SEEARAS AN :

// === File: binary_tree bfs.ts ===

[* BFBH */
function levelOrder(root: TreeNode | null): number[] {
/] FIEEATI, MR =
const queue = [root];
/] MEE—15R, BFREFEHFS!
const list: number[] = [];
while (queue.length) {
let node = queue.shift() as TreeNode; // BA%IHPA
list.push(node.val); // FRETAE
if (node.left) {
queue.push(node.left); // EFBHEN
}
if (node.right) {
queue.push(node.right); // BF TR

}

return list;

2. ERESH

IEERE R O(n) @ FrA T RBsF—R, R O(n) WA, Hrbn 1R,
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- SSMSZEN O(n) : EREWHT, Wil — RN, WHERKE M, 952 R 77
(n+1)/2 N8, 8 O(n) 2.

7.2.2 FifF. BF. EFIERH

M, wiF. PG RRGENE T REMRKLIER (depth-first traversal), WAGREMKLIEE (depth-first
search, DFS), EAEL T —&h “JoERIRL, FHEIALkE:” 1ED 77

& 7-10 JEoR TR = SR TIRE AR Seim P i AR B, PRI SC P s g2 Se 6 T bR — SIS 8" —
B, N REKBR=MIE, oA NATRE R, S S R

def dfs(root):
T B RER AR

A if root is None: return

: @ BpiniR AT R
dfs(root.left)

@ EisiREFiH, MFHREFR
dfs(root.right)

@ EETFMEBERIE, HBGER

REREEE 2 Ok,

HiFFER (£ @ ARTR)
1, 2, 4, 5, 3, 6, 7
HFER (f @ LiHRTR)
4, 2,5, 1,6, 3,7
EFER (F @ iARTR)
4, 5,2,6,7,3,1

B 7-10 ZXERWMIET. HF. ErEh

1. M
IRIE LA R IE BT Se
// === File: binary_tree_dfs.ts ===

[* BB */
function preOrder(root: TreeNode | null): void {
if (root === null) {
return;
}
/] BRIRER: RS -> £FH -> AFH
list.push(root.val);
preOrder(root.left);
preOrder(root.right);
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/* SRR */
function inOrder(root: TreeNode | null): void {
if (root === null) {
return;
}
/] BRIRER: EFH -> RS -> AFH
inOrder(root.left);
list.push(root.val);
inOrder(root.right);

[* EFBH */
function postOrder(root: TreeNode | null): void {
if (root === null) {
return;
}
/] BERER: EFH -> BFH -> BHS
postOrder(root.left);
postOrder(root.right);
list.push(root.val);

Tip

SRR M AT DR T IR ASEI, AR IEE A LB AT

B 7-11 JoR 7P P — AR AR IR, HAlaoh %" #1907 SRR,

1. 8" FRITEFTTIE, BRERERERTR T R,
2. “I7” FoREEORME], RERLGFTTRELTIFEE,

i’x
#: B
P ;@ LE
\ /\ HIRER (5 @ AWIATER)
1

/ . ) \ \
// q‘: 4

Step 1 Step 2

& mTEE

3 L EE

HIFREE (7 @ A5ETER)
1, 2
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#: ETaE #: ETiE
V3: @ EEH 13: A LEH
HIFFER (7 @ WiAiETR) HIFER (£ @ AipETR)
1, 2, & 1,2, 4
4 4
Step 3
#: TR B mTEs
13: EEEH 3 EEH
HIFFER (F @ WiAIETER) HWFFEE (7F @ AiAETESE)
1,2, 4,5 1, 2, 4, 5
v 4
#: BT B ETEE
13: B EEH 3 LB

HFEER (F @ Ai5ATIR)

HIFFER (@ LinET)
1,2, 4,5, 3

1, 2, 4, 5, 3, 6

4
Step 7
#: e B TR
A: BLEEH a: EEE
HIFEE (7 @ LTS HFEE (7 @ LTS
1, 2, 4, 5, 3, 6 1, 2, 4, 5, 3,6, 7
v

s | s3]

#: TR
A: A EEH

HIFFER (7 @ Ai51ETR)
1, 2, 4, 5, 3,6, 7

Step 11

7-11 AP R AR
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2. ERESH

- WS AYE R O(n) © FFET S —R, @ O(n) K,
- SHEZIER O(n) : FEREMIUT, BIRGE RERR, WITREAS n, RE0L O(n) Mz,

7.3 ZXMHART

TERERFR T, XA AERTTN T A TreeNode , TR B FREAHER, - THEERFRTH
XA T AR,

M2, BAIRES RIS X e? BER2 HER.

7.3.1 RERFTEZXRH
BT — MRABAEG], HE ML XK, FRA T SRR B R G IR 7 7 — NS, I
AN PR B I — R B |

WRIEZ i@ PR, FATAT DS AT RR5I 5 FWRRIIZ AR “Mi A" HRENRNRTIN G,
WMV RAFWREIIN 2+ 1, AFNERIIN 2042, B 7-12 R T8RRI Z R 5
Ao

[V P

AFTRRS|: 2i+2

7 8 9 10 11 12 13 14
fERBART =X

HREs © 12 3 456 7 8 91011121314
EBFEHF5

Bl 7-12 5ER XM RR

WS A NHI A Y TRER P RSN (RED . BEBEPRER DT, BATERAT DOEE B 230Kk
WRERE (F) 1.
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7.3.2 RREEZ-XH

FER XM DRBI, AR WA RZEH A EFZ None o HH T2 N FHIF AL EIX L None , [
EBRATCIE UL P FISKAET None FUEKEAN AR E, IXERE FAEZ M METHIAERTT & %27 %

Fl,

N 7-13 R, 447 —MHEESEE XM, EIREEARR IR EA R,

ZFF) (B4E) TEm—thRmE TR

BeATEl 0 1 2 3 L 56 7 8 9

g g1 123 146780 12[15]

B 7-13 R AR B 2 i SR AT REME

NT R, BRIl LA IBAE R 3 5 h U S A None o A1 7-14 R, IZARALFE)S, 2
e 3 73 3 Ak ] DARFE— 3R XK 1o RGBSR :

[* ZXIHEART */
/] fEA null RFRRETM

let tree: (number | null)[] = [1, 2, 3, 4, null, 6, 7, 8, 9, null, null, 12, null, null, 15];

@@

9 10 11 12 13 14

ZFEY (84H) RIME—SRRIE XA

BFBRFT

BeaFEs| 012 3 456 7 8 91011121314

8880 Ouoo
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K 7-14 EERA R BHRR

EFHANE, e XRHERIESHEMBEDRIOR, mFTe e — XAEIE X, None HHIIIERIKZ HEEL
AR E, HBLRTA None —i& tHBRAEZ i P SIIKIAR RS,

XEWE SRR SR X, AT ERTE None , IEHTIME, &l 7-15 G 7 — M+

EFERRFT (H48)

EARETRH
M AT fE =1

BEEmFY (#48)

8880808000

K 7-15 Ee - XHMIEBHFR

DA SEEL 7 —RRE T REHAORH XA, B4 DA LR E,

CORERT A, RRERE, £ () TR XA,
7N GlIYs 7N 5 0 /TN =15 3 1Zi NI =33 B il 18

// === File: array_binary_tree.ts ===

[* BART I IXHE */
class ArrayBinaryTree {
#tree: (number | null)[];

[* MERE */
constructor(arr: (number | null)[]) {

this.#tree = arr;

}

[* FIRERE */
size(): number {

return this.#tree.length;
}

[* FREESIN 1 TEWE */
val(i: number): number | null {
/] BZRSIER, MRE null , KREML
if (1 <0 || 1 >= this.size()) return null;

return this.#tree[i];
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/* REXES|A 1 TRINAFHRIERS| */
left(i: number): number {

return 2 * 1 + 1;

/* REXES|A 1 TRENAFHENERS| */
right(i: number): number {

return 2 * 1 + 2;

[* FREFES|N 1 TENRTRNERS| */
parent(i: number): number {
return Math.floor((i - 1) / 2); // @ T

[* BFBH */
levelOrder(): number[] {
let res = [];
/] BEEEH¥KA
for (let 1 = 0; 1 < this.size(); 1++) {
if (this.val(i) !== null) res.push(this.val(i));
}

return res;

/% RERFEE */
#dfs(i: number, order: Order, res: (number | null)[]): void {
/] BAZEAL, MRE

if (this.val(i) === null) return;
/] BB
if (order === 'pre') res.push(this.val(i));

this.#dfs(this.left(i), order, res);

/] FFER

if (order === 'in') res.push(this.val(i));
this.#dfs(this.right(i), order, res);

/] EFER

if (order === 'post') res.push(this.val(i));

[+ B */

preOrder(): (number | null)[] {
const res = [];
this.#dfs(0, 'pre', res);

return res;
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/* FREEEE */

inOrder(): (number | null)[] {
const res = [];
this.#dfs(0, 'in', res);
return res;

}

[* BEER */

postOrder(): (number | null)[] {
const res = [];
this.#dfs(0, 'post', res);

return res;

7.3.3 iR5RMRE

MBI B R EZA DA MR

- BEARRTEESIINAR SR, NREREE, VRS Rk,
- ATEAETRE, BB,
- SUVFREALIT AT R

R, ARt — L RR

- B AR ZOESIN A, RIANE & 17 (R R R
- R SR EOE I B R N S PR ARSI, R,
- Y XMAFAER R None I, BAHF SR REUREILERMR, 2RI AR,

7.4 —X¥EFR

e 7-16 FivR, —X3EZEM (binary search tree) 12 DA K&t

L X TRWA, ZEFRAira T SrE < R R 00E < AFRirE T RRE.,
2. RV RRE, AR T SARRN, RIFERERE &M 1. .
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—RigFhH

binary search tree

K 7-16 — AERM

7.4.1 “XEEWMBVIRE

AT R EEE N — 1 BinarySearchTree , FEABH— AR ZE & root , FEAIMAYAR T i,

1. BT

ZEE HART R num , AT DURIE — SR AIMETOR AR, 8 7-17 R, BATAEH— PR cur, MZX
PIRIARTT AL root %, TEIAELEET RUE cur.val il num ZRIFA/NK R,

© #icur.val < num, UERAEFRT RAE cur UG FRA, RIEHAT cur = cur.right,

© % cur.val > num, BERHEFRTARTE cur IIEFRH, FHAT cur = cur.left,
© Ficur.val = num, BEIAEREIEAR TR, BEHEIEPAIFIR [EIZT o
aE-xgEmrERTR @) E-xgEATERTE (@)

D AN

7¥ s ] Q © o0 9

WAL

@ 20 O O ® O
G/ @ & @\ \@_/ A4

©

/‘\(o /

9

S

f
P

Step 1 Step 2
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TEZRERNPERTR ERERAPERTR

W0 AT

7-17 =X AERWMERT JURE

— AR BRI 5 A BN TREE 5, REECHER L, IR RS SN — X
WE, M SURPPEIN, R O(logn) WAL, RBIFRRLT:

// === File: binary_search_tree.ts ===

[* BERTR ¥/
search(num: number): TreeNode | null {
let cur = this.root;
/] TERER, #IHREkE
while (cur !== null) {
/] BT RE cur NEFHAE
if (cur.val < num) cur = cur.right;
/] BfRTRE cur HAEFHAE
else if (cur.val > num) cur = cur.left;
/] HEBRTR, BRhER
else break;

}
/] BEIBIFTR

return cur;

2. ATIR

HE—MEHEATCE nun , N TR XHEER BT <R < GTR R, HmARERENE
7-18 v,

1. EIRFAANE: SEBBREMEC, MRS, RIS RUER nun FARVNEREIAE TER, H
FEL AT (EJIZE None ) INBRHITEER,
2. EEATERBA YR FIAMY 5 nun , RIZTRE T None N E,
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E=-EERHEATR @

B 7-18 1E AR ARM AT L

RIS, TEERLATMA.

XERMARVHAEREE TR, SUREREE S B, SRERATRERPERE, AR T
A, HIZR[E,

NTRIHBRATIR, BATZAEIT A pre /17 L —HIERATT i, XL 2 None I, FRATTAT LA
AREREIH AN SR, AT SRR s ffi N IR AR

// === File: binary_search_tree.ts ===

[* BANTTR */
insert(num: number): void {
/] BEWAZE, WEARTS
if (this.root === null) {
this.root = new TreeNode(num);
return;
}
let cur: TreeNode | null = this.root,
pre: TreeNode | null = null;
/] EFER, BT RERkE
while (cur !== null) {
/] HREEETS, HERE
if (cur.val === num) return;
pre = cur;
/] BENUEE cur BIGEFIAR
if (cur.val < num) cur = cur.right;
[/ BANUBE cur HEFHH

else cur = cur.left;
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/] A=

const node = new TreeNode(num);

if (pre!.val < num) pre!.right = node;
else pre!.left = node;

SEBN R, FATREH O(logn) MEL

3. HiBET =

FtE XA EIRE HART A, FRREHMIER, SRAT REREL, FNTEEERERRIEEmE, —XER
PR e < IR <A T AOPEBRTE . I, FRATRIE HART R 719 8 , 7000 12 =
RO, PRAT X L AR s B f e

N 7-19 FoR, HAEMBRT RIS O I, FoRIZT RUZ A, A DUESENER,

E-xigEmTlREa @

00000000

cur

e |
; - : TE cur M 2. EiEMBR cur BIF]
1. BEFHFTER cur FHa%E =0 $h1T pre.left = None

B 7-19 £ SXAERRAPPRT S (R 0)

G 7-20 AR, MAEMIBRTT AR 1B, A ARHIBR T s o H 15 s B AT
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E-REERTIRTER ©)

v HR cur B 2. ¥ cur BEAHETFTR

P4 e
Lo LES LT (0 FHoHE = 1 HAT pre.left = cur.right

7-20 FEZXAEEMHMIERT A (ER 1)

HREMIERT RS 2 I, BATCIRER MR e, MRRZEH DR 0L . BT ZAR SRR
ETR <R < HFRT BIME,  BIX AR DU RSN s R R

RSB N RA TR A (PREHN— D RD, NMBRRERZENE 7-21 Fr.

L. BREHHERY SAE s FEs” PR MR, 2N tmp o
2. tmp AOEE S RRIERTT SOROME,  FRAERTAFIBYIMIBRT AL tmp o

=g EE (O =R sE @

Y . f\
@\ 1. ERHBIREA cur . 1. ERHBIREA cur
- .

/\ o A cur WFHAKE - 2
@ o™ 2. MBTR cur SA=H:

@ &j f @ j J»\ /0\ (1) &R cur ERFEHNEETSR nex
D € @@@é@ 000000

A

l Step 1 ‘ Step 2 J

E-xEERTRsE O E-xigEmrnER O
0
\ 1. THRBREA cur

v TR cur WFHRNE = 2

1. ERHBRTSR cur

v A cur MFNABE - 2

2. BIRTR cur FH=ES: Y 0] 2. BIRRTA cur DR=H:
(1) & cur EHFERNESTR nex (1) &R cur EPFBHNELTIR nex
(2) FEZXMFRIIMFRTR nex (2) EZXWFRIIWERT A nex
Y.
00000

(3) #¥5R nex ERATR cur

Step 3 | Step 4

B 7-21 ESAERMPPRT R (R 2)
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MRS R E AL O(logn) IR, Hrp&ERAHMBRT RFHE O(logn) WA, FREXH 87 54675
FHZ O(logn) MR, RBEMLESLT:

// === File: binary_search_tree.ts ===

[* MBRTI = */
remove(num: number): void {
/] BEWAZE, BERFHRE
if (this.root === null) return;
let cur: TreeNode | null = this.root,
pre: TreeNode | null = null;
/] TERER, BIHREBkE
while (cur !'== null) {
/] HREERERT =, BRHER
if (cur.val === num) break;
pre = cur;
/] FRBRTRE cur HNAEFHE
if (cur.val < num) cur = cur.right;
/] FEHBRTRTE cur BAEFHE

else cur = cur.left;

}
/] BEEFHET R, WERRE
if (cur === null) return;
/] FUREE =0or 1
if (cur.left === null || cur.right === null) {
/] SFHRBE =0 / 1 B, child = null / ZFHR
const child: TreeNode | null =
cur.left !== null ? cur.left : cur.right;
/] BRI S cur
if (cur !== this.root) {
if (pre!.left === cur) pre!.left = child;
else pre!.right = child;
} else {
/] ERETH SRR R, WEREERTS
this.root = child;
}
}
/] FUSHE =2
else {

/] FREBHFFBHR cur BHF—1PHR
let tmp: TreeNode | null = cur.right;
while (tmp!.left !== null) {

tmp = tmp!.left;
}
/] BVAMBRTI = tmp
this.remove(tmp!.val);

/] B tmp BE cur
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cur.val = tmp!.val;

4. PFEHBERF

i 7-22 poR, —XOWAER R EE f — IR — A7 BT, o SAERREE TR <R
TR <AHEFIR" BRDMKRR.

XEWE A XERR AP TH AN, SRRl MR/, Wmfs—PEZER: X
ERMEh RIS THFI.

A b di e B, FRATE — AR TR EH BRI O(n) IR, TEAUATAIMNIHE TR 1E,

FEH =R

"’ b‘\l
; i
4
4‘ - ~, “
f‘ !’ “ S
’,." ¢ ™ \ R RFERFY)
1 : i’ 1
N r 1
! e :‘ ': o '.‘ 2, 4, 6, 8, 10, 12, 14
" Kb 1/ ==~ \ v
’ I AR 1/ 1 T\ v i
K s ‘\‘ K * i \‘ TTEHF
\ HH 1y ] N
N AN ZERN RN &
H e,

TRE @ A4

B 7-22 ZXAERWHI RN P

7.4.2 “XEFEMBIME

g —HEAE, TN EERBAHSR  AERM A, WRR 7-2, RIS IURERII 72 28
EAER, BARE Bartet. RAERIEIN, IR ESMEREARRI 5T, BEH b = IR

® 7-2 BASHERRIIBER L

TRFEEH ISR

H#HLE O(n) O(logn)
AR O(1) O(logn)
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TERFBER AR R
MEREE  O(n) O(logn)

EHARTEOUT, —HURREE P 1Y, XAAT BAE log n 1B NEBRER T /.

SR, AHERBATHE = SALR MR AW AFIRIER T, ATRES B WIRIE VA 7-23 FIRAVBER, X%
PRI R 2 A 2B O(n) -

4
A p
[\ )\ /
4
T iRk 4 PNV A: ok

K 7-23 - YAHZEMIRIL

7.43 “XRERMWELRA

- RERGHHZHRRG], LHEREIER WA MERERE,
- AN R R RIRN R R BAREH,
- AT EERER, DR HA RIS,

7.5 AVL#*

15 “THURMY SRR RS, SRS, — SRR R, TR,
AR R L 25RO (log n) 4L O(n) &

aniE 7-24 AoR, S IRHBRT RRE, IR SRR E IRV RER,
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@ @ B 5 BB 3 @

oo

=314 Bk
EH-R ZE=-Ri R

7-24  AVL WHEMIERY UG & 4238

G, FEE 7-25 FURR5E3E R ARl AP N RS, BER TR AR, A ERIRCERI R R A
FHko

o [
@ @ BATA 2 @ @ BATE 1
o

By iBf
SRR FH—Xi EE—R

K 7-25 AVL S{ESR AT R & ZEIR(E

1962 £ G. M. Adelson-Velsky #1 E. M. Landis 7£ it 3¢ “An algorithm for the organization of
information” AR T AVL#Y, IEXHRIRAIRNA T —RYHRIE, WERIERSASIMAIERT /U5, AVL B
Bk, IS AR RS 2 RRE O(logn) Pl BaapiEBE, 767 BN A THY N & e (e
M, AVL BERELAL ORI s R B e IR RE, BATREFHIN A E,

7.5.1 AVL PERAKIE

AVL BB — SRR, R P S, RN XN SRR R A TR, R — R — SRR

(balanced binary search tree),
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1. TEEE
T AVL SR ERE BB Mg, R BB T s8I0 height &

[* AVL BT */
class TreeNode {
val: number; /] TRE
height: number; /] TREE
left: TreeNode | null; // EFTafEs
right: TreeNode | null; // AFT=fgst
constructor(val?: number, height?: number, left?: TreeNode | null, right?: TreeNode | null) {
this.val = val === undefined ? 0 : val;
this.height = height === undefined ? 0 : height;
this.left = left === undefined ? null : left;
this.right = right === undefined ? null : right;

MREET BEEMNZT REENRIZH Y SRR, BT 107 EE, FERITEERR, MR
MR O, ST RIEEN —1 . FATEAEM DN THEEE, 7205 T RO ST e

// === File: avl_tree.ts ===

[* RENREE */
height(node: TreeNode): number {
/] ENREEA -1, HTETREER 0

return node === null ? -1 : node.height;

[* BFTREE */
updateHeight(node: TreeNode): void {
/] TREEEFTEETFNEE + 1
node.height =
Math.max(this.height(node.left), this.height(node.right)) + 1;

2. PRTFEHEF

TR EEF (balance factor) & XA s TS IR A TS, [RIRHE 23755 s i~ R+
N0 BATFEEKEIRECT s M R S REE B AR AL, [ E e di i -

/] === File: avl_tree.ts ===

[* FRECFERTF *+/

balanceFactor(node: TreeNode): number {
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/] ETRTEEERFAH 0

if (node === null) return 0;

/] TREEEF = EFNEE - BFNEE

return this.height(node.left) - this.height(node.right);

Tip
BT f, W—#R AVL WHMER Y SR FER T EWE -1 < f <1,

7.5.2 AVL BihEst

AVL WERFRAET “BRER” 1%0E, ERESE AN XA Pl i e SR RITR N, BT R R
. BAE, BEERTRIEBERECRRY “ SRR BT, WAEREREHE N P SO

BATRF R F0E > 1 BT Rk R, MR R UL RRR,  BEEARIE o IR e,
e Setilefafeie. Jefehefatilie. N HEA T IR e R,

1. Bk

anE 7-26 R, TRTTPERE T WERZETE, —XRAPE M RZ TR 37 FASREZKE
TRV R T, RAZTT 00N node , HZAETIRIEHN child, T “flie” #fE, Elfes, 7
TREVH, FFEARORRE = AR A,

9 ‘o BAERGTH E
o

BIRTIRIBA node
WEFHHRIEA child

3

Step 1 \ Step 2

\ R / \ “HiE R

L
enmes (@)
1. B child REHS, & node mAHER vy 1. Bl child REsH, ¥ node BmANER
i

) PN 2. A child ERLET node BYMIE
20) e o
h:

Q\' BHEERE, EFNERE T

o

A
node

A
node

Step 3 \ Step 4

7-26 HHERIED R
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WE 7-27 AR, 475 A child BEFT A (00 grand_child ) B, BEEEGHETHIMN—%: ¥ grand_child
YEN node FIZAEF Mo

o =/
o o o

/ grand:child /

& 7-27 A grand_child (45 HEdlE
iR B RIS LIRS LR R AR, R R
/] === File: avl_tree.ts ===

[* GREtR(E */

rightRotate(node: TreeNode): TreeNode {
const child = node.left;
const grandChild = child.right;
/] VA child AR, & node MANEE:
child.right = node;
node.left = grandChild;
/] EFTREE
this.updateHeight(node);
this.updateHeight(child);
/] BREEEEFRIRT =

return child;

2. kKhe

FHRIE, GRS LIRS — R “5B7, MITFEHITE 7-28 Fni) “EhE” 1#1F.



O ) www.hello-algo.com 163

RAEhEsE @
o

& 7-28 felietilE

FH, @/ 7-29 FiR, M7 s child BAF 1A (28 grand_child ) B, FREFELIEFHRM—2: ¥
grand_child 2% node 45111 mio

P ERETH
) o
i m&m& o \
\ \
©

A
grand_child

K 7-29 f grand_child f/cHEs(E

A DAOER R, e el e 2 i R B FRI), SN A PR R TS DL M FRIN . 2T xR
M, BATRTRATER IR R left BN right , KATER right BN left, BIRIGEIE
TR SEBARAS :

// === File: avl_tree.ts ===

[* FEHERIE */

leftRotate(node: TreeNode): TreeNode {
const child = node.right;
const grandChild = child.left;
/] LA child ARS, & node MIZEhed
child.left = node;
node.right = grandChild;
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/] BFRTRRE
this.updateHeight(node);
this.updateHeight(child);
/] R[EFEE EFREET =

return child;

3. EERERARE

T B 7-30 RT3, A A s A BEAR O IR TR S A, R RSN child BT “AERE,
X node AT “HliE”,

# child H4T @ 3 node 1T
EhE Al

K 7-30 SeiElEE e

4. FHBEFERE

nE 7-31 FoR, AT ERKE XTSRRI, TELX child UT “HE7, X node AT “ZEHE

K 7-31 Jeflea Ll
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5. NefsRYER

& 7-32 R P RPR S G L 5 RIRRBIBR XN, Al ER A e, Seiebgatbe. Jorlea/ohe. 7ohe

WA

FoIhE
=g

FhahE
=73

e

& 7-32  AVL FRHIPYRRIER: 16

QITRERAIR,  FAT @ I S 1875 s P R DR e — MU 7 s B PR R B IE S S, SR E R M 19 A

J& T 7-32 A BEAE O

® 7-3 VURBERC R DL RIS

KRR FUREEEET  RCRARER 7%
> 1 CEfmith) >0 filie

> 1 (ZEfmt) <0 JefehiefE e

< —1 () <0 FEle

< —1 () >0 JetiliefE fee

NTRETER, BATRBEFEAREERR DR A TR, HAVREN SRR ORI s, K

Y R -, RS AN SRR
// === File: avl_tree.ts ===

[* BITHEEEARIE, R FNERRE TS */
rotate(node: TreeNode): TreeNode {

/] FFEXT 5= node HYFHIAF

const balanceFactor = this.balanceFactor(node);

/] =R
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if (balanceFactor > 1) {
if (this.balanceFactor(node.left) >= 0) {
/| e
return this.rightRotate(node);
} else {
/] FEhREETE
node.left = this.leftRotate(node.left);
return this.rightRotate(node);
}
}
/] Efmk
if (balanceFactor < -1) {
if (this.balanceFactor(node.right) <= 0) {
/] Ehe
return this.leftRotate(node);
} else {
/] FaEREER
node.right = this.rightRotate(node.right);
return this.leftRotate(node);
}
}
/] FER, TN, BiEHR(E

return node;

7.5.3 AVL WEBIRE
1. BASS

AVL BT A BRE S AR RRE TR EREL, ME—RIXBIET, £ AVL WA RE, METHHEE
MR R R R ATRES I —RIIK M, Bk, OB ENXANTROTR, AR ERTheskie,
PR RBP4 R AR

// === File: avl_tree.ts ===

[* FATE */
insert(val: number): void {

this.root = this.insertHelper(this.root, val);

}

[* BIFENT R (GEBIAEE) */

insertHelper(node: TreeNode, val: number): TreeNode {
if (node === null) return new TreeNode(val);
[* 1. BEREBANUEHBATS */
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; // EETRTHEN, HiFR[E
}
this.updateHeight(node); // BT aaE
[* 2. PITHERRIRIE, ZTFHENMETE */
node = this.rotate(node);
/] REIFHEIIRT =

return node;

2. BRRT=

KAoUHh, 7E = AERBEAIMIERTT 75 TR S b, TR NRE TR TIe 1% E, BEATA R RS -,
(NN

// === File: avl_tree.ts ===

[* BBRTR */
remove(val: number): void {

this.root = this.removeHelper(this.root, val);

[* BAMBRTI R GEBIAE)  */
removeHelper(node: TreeNode, val: number): TreeNode {
if (node === null) return null;
[* 1. BT RHMER */
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;
/] FHE8E = 0 , BEMER node FHRID
if (child === null) {
return null;
} else {
/] FHEE = 1, HEMPBE node
node = child;
}
} else {
/] FRaEE = 2, WEHFERNT IR, HAZTASIRYERITR
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); // BT AEE
[* 2. WITHERRIRIE, EZFHENIREFE */
node = this.rotate(node);
/] REIFHEIIRT =

return node;

3. EHTR

AVL R REBIRIE S IR —5, AR,

7.5.4 AVL RSV F3

- HYGRIEER R, ST A, SR =

- AT HAREER R RS RS

- CLRRRHR — R DA SR, AT AVL B, LSRRI R A, A S IR A
TR IR BT /D, 0 s b R B P B B

7.6 NG
1. EL[Om

© X RS RARSA, (A N I iRIRE. B8 X RE S MEDRNME
B, lfE A A RS R

© NTIEXBRREANT R, HE () FURNEDUME RIS Z T RRE () T,

© SXMEIHRARE R R MR B B 18 SERIRES,

© XMBIFIHAM, RSN SRR S RERAR R T TR

- WUR XA SRR R, e R SR SN R, 5838 SRR AR ERAR AR
&, MHERERERRZERE,

- SXRATDUHBERR, TR R EN S B IREHEA, HARIE R RS R Z HAY
RGO L B

C XMRE s R, BT RSN R” (R RN, R
I BABIR S,

© BRI, ERED EETRENCER, ENAIT UERIRL, mBRaks:” fehri, |
B A5 FH I RSP
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LU RAHE R T R RS, AR, AR I A O(log )
4 IR BHE LN RERI, SIS R ESHLE O(n) .

- AVL K, HFEE — AERI, m N R R R RIS AR TS U5 B R (R P08

. AVL WIBOHERE R ER A NE, o0, JeAENERANE. S IERANE, (e ST AUS, AVL B2
MR TTAAT HEREAR b S S T

2. Q&A

Q: X TFHE—MNT R, M ERRTT SETREARZ 0 15?2

2, RO EMREE R E SO "Gl rarEE",

Q: X AHEAN S MR — i —EIRIERC S e, XER “—EBRE" fafhale? Al DB BRIRE 1
TR BRI ?

FEXERREREH, PR SRR AR OUACE,  Hrp AR LR T EOHA T 2 D D R R
Q: HMft2 DFS @l —XMEHT. . JE=rllire, 2562 mHE?

5 Fnidi e EEHR, B, Br. e = X7, BT DU eSS 2 — M

E ISR, FIanfE IR, BTFTARNGE EFTRE < BTYAE < 67028, KHit
BATHEZIR “FE — R — A7 WEgosmmt, el DRSS R SFEY,

Q: HBHEHRIE R LM T 51 node. child, grand_child ZEIFIXZR, HB node MY Rifll node JFRIIERE
AFEBYEIL? AHhetR(EE e N EWsT?

PANFTZENE TR A KRB XA, HHEHRE right_rotate(root) & AKYZE FHFAUAR T &, &
return child JR[BIFER 2 G A9 FRIRUARTT e FRIAGARTT ORI EAQTT UG OB TE I R BOR B E 52 Y, A
J& T AR E R

Q: £ C++ 1, PREHERIST 2 private fl public H, XA T AT 2ZRIL? LA ZW height() REF
updateHeight() %5 BIFAE public Al private FHIE?

FEEBEHENMEHE, WRAFERERNTMEH, BTy private o Bla0, FH P s E A
updateHeight() /EX B R XM, BHEMMA. MEREEFRI—P, M height() ViR REE, RKOUT
vector.size(), KB public PAMEREH,

Q: W —HE AEIRM R — I = AR ? R SRR RN B IREE?

SEH, MR 7% O AR RS Y build_tree() TIEHAH, BTRY RHER, BRITEFES
K NBEHEy, RERHROTRIEARTY R, SR EG TR, AT DA R AR IIER Y Tl
a8

Q: fEJava i, FRFEEXHLRG—EEM equals() T57A?

£ Java W, X TEAEIREM, == AT N DNERREZ OGS, X ToHEA, WA SH) LI
2 NGl

-+ == AR ZRZESIERR—MNR, BENENEFE R EZ SHE.

- equals(): HIBRM LM RIVER S,
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Rl GnBREENFEAE, FRAINIZEER equals() » ZAM, JEIT String a = "hi"; String b = "hi"; FJIAILHY
TR BT RS EMS, EMERFE— NS, Fta A a == b REEBHDNFRF RN,

Q: JEMICEHEIRIREZ R, BPAFIHIY SR 2 2h 152
RIY, BN h = 2 S, HTAEEn =7, MEEY R4 =2"=(n+1)/2,
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Abstract
et 2 ILEED, BEERAR, BEESR,
JE R L U i IRER T, T e N LI 2 B S R AR 7
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8.1 i

# (heap) 22— RIERMAAIER XM, TEAJNMARE, K 8-1 Fr.

- TR (min heap): LR AIE < H7 S0E,
- KT (max heap): LR AMME > H9 SHME,

N N
/NN SN SN

L)L L)L)

2 ‘B2TXW B 2 ‘T2’ B
EETRNE <« EFT=E EETSNE 2 HFTaNE
TG P2
min heap max heap

8-1 /NTIHES KIViHE

HEFE N oE 2 I — DRI, Bl DURRE,

- RRETREEAIETE, HART R,
o BRSO EARTT SRR CHETR, RERZER SR BT RN HERR,
- OTFRTME ONTHE), HETOTER (R WERRKR &I K,

8.1.1 BEVEMIRIE
FEAEHMRE, 2 RmRIE S IREZMET (priority queue), IXZE—FHHRNEHELH, & X HEHBR
FeRHE BB

SCBR b, HEEHT T SEBOLERAS, RTHHER S T oea3E MR M BRI IETERAS, A F R,
BATRTLLRE “PEIEBASN” 1 “HE” BOESEMRIEIREA. HIt, AHNMERMRERIX Y, gi—MfE “HE”,

HERTH FIRIELR 8-1, T5TRA TR ERIEHmAE IR = RE,

7% 8-1 HERTHRIERCR
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T4 ik I P 2
push() YN O(logn)
pop() HETRTT 2R e O(logn)
peek() VIHETEER Tk /NI B A / /M) O(1)
size() FREHER) T R R O(1)
isEmpty() H b= A O(1)

FESERRML AR, BRATTRT DAERE(E R gmAE1E = TR HIHESS (BRILTEPAAIZE)

RUTHFEIETR “WNEERHES” F1 “MREVNEFN”, FATA] OB IR B — flag BB Comparator
SCEL NI 5 OCRTIME” Z [RIRER R, AL R TR

// === File: heap.ts ===

// TypeScript KRIEMHMWE Heap £

8.1.2 MERYSEIR

ICKRIRHRARTINE, 25 R AR/ NTE, HFTRArE R/NEEHMTA TR (BN, 1 > 2ol <),
ESGRBATIRE A] DAE TS,

1. BNEFHESRE
X BN, R XAMHERIE A SRR, BTHEER MR TR, RIBATIRER B

SEABAFOR X, JTTRAETAE, RIMURTRE XK E, WRAREHEE RS I 2K
K

i 8-2 iR, /ERGI ¢, HEFWRNRIIN 2+ 1, GFWRNRIIN 21+ 2, KWENRIIN
(0 —1)/2 (MTHRR), HRFIBAN, FRH RN AL
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IREYZIRSH
W BER TRIUW

=3l

SRR (REEFHE)

R ‘B R®E TR

0 1

(i-1)/2
L

2 3 4 5 6 7 8
= (300088080000

9 10 11

i 2i+1 2i+2
o — -
A EF BF
TR TR
BT B | PR SEEL TS AR

K 8-2 HEMIFRIRS1EE

BT 23 WA REPEIRRL, J7 R SEA
// === File: my_heap.ts ===

/* REVEFTRZES| */
left(i: number): number {
return 2 * 1 + 1;

}

[* RBAFTHRNERS| */
right(i: number): number {
return 2 * 1 + 2;

}

[* FREIR T RMES| */
parent(i: number): number {

return Math.floor((i - 1) / 2); // BETER

2. hiRBgTRTTR

HETOTER RN SO, /@281 3RAE TR

/] === File: my_heap.ts ===

[* HEMEINTE */
peek(): number {
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return this.maxHeap[0];

3. TENE

#ETLER val,, BATETCRHEBMEMER. BNZ)E, BT val ATRER THEREAMITER, MR AT E

CARBER, IR ZEE BT RS R LS, X MRERAR L (heapify),

FIEMAHET JTTE, WRETSITHEIL, 10 8-3 R, TATHEHEAT R 5 H AW RIME, RAEAT
REER, WHRENMZe, REREIITIIRME, WERETEEHEHRS DT A, EREERT [e08 2T

I R EE A

5 0 [ N N

w50 Ne

#8 @ e

1. BHR 7 FNEHER

Step 1 ]

2. WEETR#{TH (Sift Up)

v PR 5 < BRT

@ N

1. BHR 7 FMEER

T

2. MEETm#{TH (Sift Up)

v PR 6 < BR7

s

wE @ Mt

1. BHR 7 RNERE

(sTaleleT7[sT2[aeaTel2] ]

[ step 2

HR @ Mt
1. BHR 7 FNERE
2. MEET#THY (Sift Up)

v HE S5 s AT

o RRFTHR
800000B0080D0 [step s

HR @ M

1. BH= 7 RNEHRE

2. MEZTG#TEW (Sift Up)
v HR6 < R 7

o SRR

(s [s [7 Te 7 Te [2[a [+ 3] ] 2] ]

Step 6

175
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w5 @ Ne 5@ Mt

1. BHR 7 FNEEE 1. BH= 7 FNBHEE

2. MEETR#THK (Sift Up) 2. MEETR#THA (Sift Up)

v R 9> R 7 v EE 9> FRT
o FHfTRs

3
(9]e]7]6]7]6]2]s]e]3]6]2]5] step 7 | (9] ]7[6]7]6[2]a]e]3]6]2]5] Step 8

#E @ Nt

1. BHR 7 FNEER

2. WEETG#THE (Sift Up)
BURRE, ATUENMREIIEE

(5187 l6 17 eT2]a]e [ael2]s] Step 9

8-3 JLRAMEDS IR

R REEOY n, WHMEEEAN O(logn) o HIELATA], HECBRIERTER LR 20 O(logn) , JTERAHERR

RIS 2R O (log n) o (REFATRAR:
// === File: my_heap.ts ===

[* TTENME */

push(val: number): void {
/] AR
this.maxHeap.push(val);
/] MIERETHY
this.siftUp(this.size() - 1);

/* W= 1 FFia, NRETEL */
siftUp(i: number): void {
while (true) {

/] FRETE 1 BIRT=
const p = this.parent(i);
/] & “BERTRT ® TRENMEE” B, SR
if (p < 0 || this.maxHeap[i] <= this.maxHeap[p]) break;
/] HRET R
this.swap(i, p);
/] TERmE L

i=p;
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4. MR

HETTC R 2 —XMAURTT R, BIPIRETTR, MRBATERMIIRAMERE TR, B2 = XRHRTE T R
RO RELM, XES R T RGN, T REREDITTRRS IS, TATRAI
TRV IR,

1. ZHHETOTRSHIRTTR CRIRTT A5 B 5D
2. SERE, RHERMFIRAMER GEE, hTogscit, Btshn EMEREZERITHETTTR) .
3. MR ROTAR, MDBTEIRPIITHEL.

aniEl 8-4 FR, “MBEFRHEL” BIERIETTIYS “IREDTHEL” R, BATRARY RIES HNADF 1 R
EHTEARL, ORI R SR R, SRRTER T I RRME, EEBOE M- [ sOB B TC A 5
LNEST

>

BRI ) ! T
/’9 X //ox Z)g 1. RETTESHETRSSR
@\ O ©o ) :\g g
@@(ég é@@ o
R s ZRRRE U
o maRR b e
000000000000€¢ step 1 | 3080008800080 [ster 2
BITELS BITEMLE

1. BEMTRSEETRR
2. BHUESERTE

A0

QLD EEE

Step 3 ‘

TR LS

1. BT RSHETRETR

2. HHMEIEERTER

3. MTRER#{THK (Sift Down)

v EBR 5, 8, 7 H, FA 8 ®A
- RRTR 5 5N 8

Step 5 ‘

JaUfdoeEeaa®

1.
2

Ta
]@\ j"/@\@

;lmwa@

BLO D DEEEEEEE

FHETMTRSERTRZIR

. B UEIREERTTER

MIREE#THA (Sift Down)
R 5, 8, 7 1, TR 8 MK

Step 4

SETRT RS

1. SEMTRESHRTRTR

2. P UFRBERTR

I

000000080808

MIREEH#THA (Sift Down)

EWR S5, 6, 7R, PR 7 BA

Step 6
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SETMTRLE

1. SHTTRSHRETERR

2. B MEIRMETR

3. MIREE#{THEMA (Sift Down)

v EWR 5, 6, 7 F, ¥R 7 Bk
o RTFR 5 5TR 7

ETMTRLE

1. BEMTRSEETRR
2. BHUFIABEETER
3. MIRER#THA (Sift Down)

v ERR S5, 3, 6 W, TR 6 RA
- RRTIR 5 5TR 6

FErrEQEETrOaE == I Y Y Y

K 8-4 HETRTTER HiHED IR

e (ODDO0O0S00800

SETRTTR LS

1. BEMTESHERTRZIR
2. HHMBIMHETE
3. MIRER#HTHW (Sift Down)

v EHR 5, 3, 6, A 6 BK

[ step 8

TR

1. BEMTRSMHRTRTR
2. S HFIRERTE
3. MIMER#THML (Sift Down)

EUTRE, ATBENERIGEIEE

Step 10

SIERNHERIEEM, HETUTR M HEREN R E 20 O(logn) » ARERINRATR:

// === File: my_heap.ts ===

[* JTTEREHE ¥/
pop(): number {
/] Hlz=abE
if (this.isEmpty()) throw new RangeError('Heap is empty.');
/] REBHRERAHTR (RRETRS5ETR)
this.swap(0, this.size() - 1);
/] BBRTI =R
const val = this.maxHeap.pop();
/] MTRZE [
this.siftDown(0);
/] BREBETTE

return val;

[* W= 1 Fih, MIRERRHL */
siftDown(i: number): void {
while (true) {
/] PR R 1, 1, r PERKETS, 127 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;
/] BEHR 1 &RAEKRS| 1, r MR, WEadrgtd, Bt

if (ma === 1) break;

/] AR

this.swap(i, ma);

/] TERE T

i = ma;

8.1.3 RN

- DRFEBNFI: HEIEE (SR SE A AR RS,  HNBARIH AR RN (B 2 2% 2150 O(log n)
, THEHERIE O(n) , XA SR

- HEHRE: g R, BATAT DA BTN — D, ARG RBb T TR HHERE, MM EIE 7
o SAM, FATEHE SEA—MEJURER 77 UCBIERE R, TR “HEHERT =0,

- RWURRI ke R NEMAEERR, [FINt2— R A, BIanE SR T 10 FOHTE
TENTREEE, B EAT 10 YR M.

8.2 BIfHIR(E

FEFRLAROUT, TR — NIRRT TR — D, XN “EHERE,

8.2.1 fEBHINIEIR{ESCIY
BATE SeQE—ANBHE, RIERTFNE, UGB DN TERT “AHHRIE", BT ERmE iR,
SZTTEHIT NIRRT HEAL,

Y —MNITRAME, HERRESMN— BT AU NTRE AR AT = KR, EiEE “H km R
PR

VOERMEN 0, FATERIASERIER O(logn) N, [RIXEHE 7 I I 2R O(n log n)

o

8.2.2 BB IIL

Khrb, FATA] DASEEE— R A ST TR, R,

L. RARFT A TR E SN, A HER P B RIS 2 2
2. EiFpmptE (BRPEIIAIEIR), MR AEMHT ST “ TR
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T — AT UG, PO RORY R RSB R — A GTAN e, Tl TR EpEN, FiEE A
mE” M,

Z LA E i, RO IZAERENS CRIE L AT 2 N T ELR GIAR THE, XML ST R 2
AR,

EREAE, BTHYREA TN, BeM R GIAN i, i, MTRBATR, &E
—NEMT R RGN TREIR TR, BTN ETHAE i A THE(L -

// === File: my_heap.ts ===

[* MERE, BITHIRBRMATIRERE */
constructor(nums?: number[]) {
/] BHIRTERRS RN
this.maxHeap = nums === undefined ? [] : [...nums];
/] HEABRH T R UMY E AR T =
for (let 1 = this.parent(this.size() - 1); 1 >= 0; i1--) {
this.siftDown(i);
}

8.2.3 EXESR

T, TRl S0 Rl P S ] 5

- SRS R AR, WA (0 1)/2, BB/ NI R, R

AR (n—1)/2.

- EMITE AR, G SR S LI, IR OE RIS — U logn o
15 LRPIEHTE, IS SEHE R S 2 O(n logn) » MXAMEEESRIFANER, BNIRITE
B R ORI S T TR PR
BT ORI DRAT BRI ST, T WM SR, A — 1 R . BN b 52—
SR, R R R B A IE R
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TRaE BETRNE
(BMg R ARIERED)
h 20
/ \ 1
h-1 2
N N |
— T J—— 2
/N SN S\ )
- h-3 S 23
1 2h-1
(58, HYRsERN 0 e 0 i 2h

K 8-5 SER - XMHIHET REER

A 8-5 FiR, TRl “MTZERHEL” R AR T B S EE RS, MZEEER 1A
7, [Ritt, FRATATDON SR “I 8@ x WAEE” KM, [T R AR B S,

T(h)=2h+2(h—1)+2%(h —2) + - 4+20"1D x 1
e FAFREME P AREGIENR, %k T'(h) b2, 155

T(h) =2°h+2'(h = 1)+ 2°(h = 2) 4+ + 271 x1
2T(h) = 2'h+22(h = 1) + 2°(h = 2) + -+ 2" x 1

R GRS, R 27 (h) B EX T(h), 1f:
9T(h) —T(h) = T(h) = —20h + 21 422 4 ... 4 2h—1 4 9h

Wk Ex, RH T (h) B—NEHES, EHBERARRAR, BEI 5

1—2h
T = -
(h) o b
_ 2h+1 h 2

H—, RN h 52 R R = 20— 1, SRR O(2h) = O(n) . BLLEE
R, WASIFIERENNEIS 20 O(n) , TERERL
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8.3 Top-k B

Question
BE— M KEN n BEREAH nuns , TEIRBIEHAFERN k MITE,

TR, BAVC H PR LR E R, B AReR E RS,

8.3.1 FiE—: BHiEE

AT DOHATIE 8-6 R k e/, 73 ERAeRECGE 1. 2. ...« K KT, WHERENR O(nk) .
WHEFIERT b < n BB, WHRY k5 n lEgEsant, HEEEREEmT O(n?), JEHEFEN,

k =3

nums 2008 #rursirx
ﬂ B—RRIE 1 ARE
N .
B EoRRIE 2 ARE
an E=RRIE 3 ARE

8-6 M FHERAR) k PNITR

Tip
Lk =ni, BOTUERZRBOERFFY, WNENT ST Jik

8.3.2 Fi#EZ: HF

aniE 8-7 Fiw, FATA] DA B nums A THE?, FHEEIEAILH & DNITR, WAEZREHN O(nlogn) .
B, %Ik I ERUES T, BFONBERNMAFTHHERE b DTRAE], AR EH TR,
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k=3

s [DEEEE
HBLRITH
28000
EEEA k MTE

000

K 8-7 HiFIHREAK k MR

8.3.3 iE=:

BATTAT AEE T HEBE AN ROt i ek Top-k A, (RAR4NE 8-8 filim,

1. FHAfe— A/ INTisE, HHEDUTRE/D.

2. JERECEHRTAT k DICRAIRAHE,

3. W k + 1 DTHEITA, HERTTRATHENOTR, WAHETUTER i,
4. WsERE, HEPRIFRIEUR ERH kDT,

k=3 ’tm@ k=3

Ll 1 [ [ [:]2] [ [ ]:]:]
i i
1. EH0 k DTENE 1. BE0 k DTENE
s ZXWERR
BART
heap @
l S & Step 2 J

k=3 ﬂ]ﬁ k=3

nums naa nums 1(7
A o0 fanaa
i i
1. #H0 k DNEENE 1. B k NTENE
ZRMRE

2. M# k+l DITEFEHI
v YR > EINTR

BART

e (@00

[ Step 3 Step 4

FRF L ATTTR A

sm (@)

ZRMERT
WART

ol )

ZRWRT
WART

v (@00
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k=3

— (@000
:

i

1. #E0 k DEENE

2. ME k+l DITEFEHE
v HFITE > BMTE

o RPETTREE

[ Step 5

k=3

~ (@0000
:

i

1. #E0 k MTENE
2. ME k+l DITEFAHE
v MEITR < BIMTR

=1

BIAEGT :
// === File: top_k.ts

[* TTENHE */

‘ ZRWET

BART

1 (:)
o o

‘ ZRWET
BART

k=3

~ (2088

@A, RE heap BIE]

Step 9

k=3

— @000
;

1. Bl k DTRNE

2. ME k+l DITEFIRHAIET
v YFITE > MR

- BRTIEE
RBERTRNE
[ Step 6
k=3

— ([@0000
:

i

-

. RET k MTENE
. ME k+1 DTEFEAIT
v YFITE < RMTHR

s

~

sm (@
o o0

‘ ZRRWRT
BART

8-8 HETHEI AN k TTHR

function pushMinHeap(maxHeap: MaxHeap, val: number): void {

/] TTRER

maxHeap.push(-val);

[* TTERUHE */

function popMinHeap(maxHeap: MaxHeap): number {

/] TTERER

return -maxHeap.pop();

#T (:)
o o

‘ ZRWET
WART

T ()
o o

‘ ZRWET
WART
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[* IHIRETTER */

function peekMinHeap(maxHeap: MaxHeap): number {
/] TTEREEKR
return -maxHeap.peek();

}

/* ERHHEARITER */
function getMinHeap(maxHeap: MaxHeap): number[] {
/] TTEER

return maxHeap.getMaxHeap().map((num: number) => -num);

}

[* BTHERBAPEAN k NTE */
function topKHeap(nums: number[], k: number): number[] {
/] AT
/] AR BAOVEHERAETERIR, KA AT SRAE I T
const maxHeap = new MaxHeap([]);
/] RELANE k NITENE
for (let 1 = 0; 1 < k; i++) {
pushMinHeap(maxHeap, nums[i]);
}
/] ME k+1 DTEFE, REBENKER Kk
for (let 1 = k; 1 < nums.length; i1++) {
/] BERITTERTHITER, WIHETTELHE. HFmiENE
if (nums[i] > peekMinHeap(maxHeap)) {

popMinHeap(maxHeap);
pushMinHeap(maxHeap, nums[i]);
}
}
/] REERTER

return getMinHeap(maxHeap);

EIEHITT n S NHERNHHE, MERBRARKE N b, FHINHEEREN O(nlogk) o ETARRBCRMRE,

kBN, IEE2ERER O(n) ;5 2 kRN, NASRERZED O(nlogn) .

SN, BITIRER T ISEIRRIE TR EABTIIABIER,, BATa] DS e HENRITER, IS

BRRH) k NTERAIEhASE T,

8.4 Ih&

1. EREHR

HER— PR X, MR RRSZSRAF AT 0 0 RTTER/ N, K () THERHETOTR 2 &R () 1Y,
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- RSEBAFI T SR B N SE RN, A R TR S,

R RO R LA ST ) 2R i TERAME O(logn). HETTEEHIE O(logn) RV FIHE
7% 0(1) %,

- el T WRHERIES SRR, BRI R BT .

C AR T AP OPERR, 7E MR R (R R 2 ),

C N 0 NTEESFRMEIR A E 2 ML E O(n) , EHERL

. Top-k JE—NEMELIANE, W LAEAIMESGREL SRR, R 2R O(nlogk) .

2. Q&A

Q: HdESSHN) “HE” SNEERR “HET 2R MEEE?

PERRFE— MRS, HRRIGEN “HE”, HENRANGE MR SISNE SN —E S, RPEsTn
A DABE A ERAF BRI, R rT DUESR —E BATHENTE, HI T REUN RN B 2Rait, X dE A~
HREN, BERERIOXENTF, DB LN, TN, R EBAE A TR I,
ML ATRES S BUAAF AN B f et <5 ()
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Abstract
EAEmIRIES, BIGEE— DN, SEEE A NRIOHEIE,
F—RIHIRSHEE, #BEIXTKE KIS E F B R ETE,
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9.1
(graph) 2—FAELMERIESEN, M= (vertex) Al (edge) @Ak, FrATAIDUEE G RN —

IR V Mi—Hid E &S, DURBIER T —ME 5 DS 7 388918,

V={1,2,3,4,5}

E={(1,2),(1,3),(1,5),(2,3),(2,4),(2,5), (4,5)}
G={V,E}

WK LB N, OB EEES N TRIISIE GEED, AT DS BB F— R R Tk A £
45K, WNE 9-1 R, MIERTERMRR (R MoraxRR (W), MEgRR (B) MAREES, HifsE

Y
* /\ .
] / \ ‘\\\‘///
Y
-2 "
(BHXR) (HRXR) (REXR)

ERZiEEHERS, AMttRAER

o1 HER. . EZRKRR

9.1.1 EMERARBSKIE

iR G BA T, Al hEm@EE (undirected graph) fIEmE (directed graph), 1 9-2 FirR.

- AETCAEF, BRI ZRIR WA ERRR, FInMER QQ Y “MFAKRR",
- tEAAEY, BEETANE, A — B A« BWATTARLRE TN, Bl e
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ZTmEE BHE
(ax7m) (am7m)

K 9-2 AmESEmME

RIEFTE TSR AEE, Al 0EEE (connected graph) MIIEEEE (disconnected graph), 4i& 9-3 filf
Ro

- OTFEEE, MR, ATARIAERERETN.
- NTAREEE, MNEITR R, B0 DR TEENE,

N

EEE IEEEE
(PR TR E2T35) (AT ET3E)

K 9-3 EEESAREER

BATERT IOILEs “FEE" &, MMSEANE 9-4 FiRiBE (weighted graph). BIANTE (EHRE)
EFWerh, RETRMHEHL RN R IR 2 MR “SRERE”, XM E M4t n] AR ERRR,

TANE BRE
(FrEIa%H) (hRANERM)
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B 9-4 ARESTANE

BRI & DU B AR,

- 4B (adjacency): YT Z [AIFETEIAEIERS, FRIXPITAR “SR%7, TEE 9-4 H, THAR 1 YR TR
HIA 2. 3. 56

- B&R (path): MW A BT B & HIM I FFIHF I A B B 1Y “BRIZ7, £8 9-4 /1, 4P
Hll 1-5-2-4 F2 TR 1 BITUR 4 B— 5812,

- E (degree): — N USIHANILEL, NTAME, NE (in-degree) Fnf 2/ &INTEMIXTUR, HE
(out-degree) FnA 2/ &I MNIXTTUSTE

9.1.2 BEIMRT

EH R 7T N QRN 1 “QBERT, DUNERI T A T2501,

1. SPiEsERE
RN AEE N n, $MEERE (adjacency matrix) #HH—1 n x n K/NHEERFRE, 8—17 ) 1R
F— DR, HMEeENRRIL, H 1880 RRMANTTUE Z RS FEL,

WIE 9-5 FiR, IRARHEERER M., TSN V | BBLMERIER M, j] = 1 R Vi) ST V]
D, R’ Mli, j] = 0 BRmIA R0,

mR%IE

#E o 1 2 3 &4

0 @ 1 1 0
\ 101 a 1 0 o
‘ ‘ / 2 1 @ 101
— 3 10 1 8 1

4 0 0 1 1 o

Trims
SBIRSERS
graph adjacency matrix

B 9-5 ERIATEIERE RN

WREHEFEEA AR,

- TERIRE, WURARES B SMHE, HERBRRERE EXN A LOTRIAE
- RTFERE, BT, BRI X SR,
- REAREEFERITTERM 1A O B E, WA Ron A,
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(AR R R PR BN, FRATTAT DAERE S AR R TR DASKIEGS, R s e R R RO RSeR R i, IR A
B O(1) o 4RT, BMEMZERERER O(n?), WNiFEHKRZ.

2. PIER

PiER (adjacency list) M n MERKFRE, PRV RFRIUR, 8¢ DMERN ML ¢, HAFEE 7%
TBUSHIFT A RFETUR,. (SIZTUSRERTTUR) o 18 9-6 R 17— Ml I AR RGR A BRI E R 7R B,
MR SHISEE A TS

e %
[ e« 533e

PiER
graph adjaceney list

B 9-6 BT RKR

ABERAUF ERFENIL, THLREOER /N T n? , RILEEMY 2R, AT, ENERPHEIE
i P RO BRI, DRI TRISCR AN AT R R

WIERIE 9-6 , RRHEREM GIMARPH “BEHHE” BRI, RIBEERAT Tt T DUR AR 75 3R RR,
FRAn Y BER A, AT DL REREE (L AVL SeRZLRBM, MIFPEINRREEM O(n) L= O(logn) ; 1A
DAIREREHNIRT R, MR AEREREE O(1) .

9.1.3 EIMNERMNA
N 9-1 FRs, Y2 IS 2GR AR ISR AL, A S Y R 0t T DAZA AL A9 1] - ]

*9-1 BSATE R WAYE

Wi b B -
HMzg HPE FRREA IBHELT I HERE
HERERES  whe i RRIREE RRLBREAHER

ENEER 2K BARREDTESINEMR  TRPUEHE



IO www.hello-algo.com

192

9.2 ERvEiRF

BRI ERE R RT 0 0 307 BORRCERORT “TR” AOHRfE, 1E “ARREIERE" 0 “SREEER" MIRRRIT IR T, &

B AR,

9.2.1 BEF4BIFIEPFRYSCIN

SR TUREE N n BTEAE, N MERERISSELT S ANE 9-7 Fivr,
© WSIMBRINRRIL : EARAE AR B AR E AL BEIRT, (A O(1) Nl M2, FitkFE

I BE T 7 TN 32

WAL : AEATHAERE R BRI —1T—51, FF2ME 0 BIn], A O(n) NH,

- BRI R PR R ER— 1T — 51, MER AT I IR EI BN, FEH (n— 1)2 e

“lfe LREE”, s O(n?) B,

- WL B n TR, WAL n BOTILNESIER vertices , A O(n) INE; #I4GTE n x n K

INFIAREEHERE adiMat , FEM O(n?) KL,

TREFIR
® oo 1 2 3 4
o e 1 0o 1 o
E— MeatE
\\\\\\\ 11 0 1 0 o
/////// 2 e 1 @ 1 1
—— 3 1 0 1 0 1
4 e 0 1 1 o
3] BIRERE
Step 1
TR5IR
®E o 1 2 3 4
o e 0 1 1 o
1 HipRn EH-
\\\\\\\\ 1 0 o 1 o o
//////// 2 1.1 o 1 1
— 31 0 1 0 1
4 e o 1 1 o
3] BIRERE

Step 3

1\ BIBRTRR

Step 5

el
=3l

F W N ks

Step 2

TRFIR
=3l

wmms @

oo W N Rk e

Step 4
DI ()
#w o 1 2 3 &4
o o 1 1 0 o
11 0 1 1 o
2 1.1 0 1 o
3 0 1 1 0 o
4 o 0 0 0 0
ShiAERE

S kr B B o ©

© o r B o o ©

S & r & B, B

® o o B o & »

[ O N N~
S N

ABIEIERE

T N N
®© kB o B o kB W

BHERERE

S kB B & © &

®© o r B o o &

P
-] ] -] ) ) -] U'\e/
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Bl 9-7 AREEFERIRIMEIL. SN, BT
DA 2 BT AR AR R 2 R R A S A RS -
// === File: graph_adjacency_matrix.ts ===

/* BETFPRERFLMPTREE */

class GraphAdjMat {
vertices: number[]; // TARFIR, THEAR “TMRE", R3INK “TMRFE5”
adjMat: number[1[1; // <PiERERE, 1THIREIMNE “TRRZES]”

[* MEREL */
constructor(vertices: number[], edges: number[][]) {
this.vertices = [];
this.adjMat = [];
/] AT
for (const val of vertices) {
this.addVertex(val);
}
/] AINA
/] EEE, edges TTRARINAES|, BIMI vertices TTRERS|
for (const e of edges) {
this.addEdge(e[0], e[1]);

/* REXTNSEE */
size(): number {
return this.vertices.length;

[* ARINTRE */
addVertex(val: number): void {
const n: number = this.size();
/] ETRRFRARINFINRE
this.vertices.push(val);
/] TESPEREFEFARIN—IT
const newRow: number[] = [];
for (let j: number = 0; j < n; j++) {
newRow.push(0);
}
this.adjMat.push(newRow);
/] TEPEEEREFRRIN—T
for (const row of this.adjMat) {
row.push(0);
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[* MHBRTRER */
removeVertex(index: number): void {
if (index >= this.size()) {
throw new RangeError('Index Out Of Bounds Exception');

}

this.vertices.splice(index, 1);

/] TESBIZEEPEMIBRERS| index BY1T
this.adjMat.splice(index, 1);

/] TEBIFEREFRIPRZRS] index EYF
for (const row of this.adjMat) {

row.splice(index, 1);

[* AA */
/] B 1, j WM vertices JTTRZERSI
addEdge(i: number, j: number): void {
/] F5IBRSHEEFLIE
if (1<0 || j<0 || 1>=this.size() || j >= this.size() || 1
throw new RangeError('Index Out Of Bounds Exception');
}
/] EEEER, PEEEXTENRENTR, BHEE (1, j) == (G, 1)
this.adjMat[1][j] = 1;
this.adjMat[j][1] = 1;

/* BRI */
/] B8 i, j XN vertices JTEZERSI
removeEdge(i: number, j: number): void {
/] F5IBRSHEELIE
if (1<0 || j<0 || 1>=this.size() || j >= this.size() || 1
throw new RangeError('Index Out Of Bounds Exception');
}
this.adjMat[1][j] = ©;
this.adjMat[j][1] = O;

/* FTENSBIZRERE +/

print(): void {
console.log('TRE%IER = ', this.vertices);
console.log('4B¥E5EPE =', this.adjMat);

DA

DA
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9.2.2 EF4BIERAITI

MBI TUREEON n, LEEOY m, WIATHYEE 9-8 FRAY T TSI AR,
USRI AETRRON B ERR AR B IAINARNRT, I O(1) N, Ey2EmE, Fr AT Z N aRmnm A

JITAIIA,

- MHRRIA: FETURON MR R A SO MBRE R, A O(m) INFl, TEIAEF, FERR MR D77

QESpun

© WAL (EAREER TP — R, FRREBTIE U RER KT R, A O(1) TR,
- BRI : TR, MREESEETURATAIL, @/ O(n + m) NHE,
- VIR TERBERBOIE n AN 2m 4638, - O(n + m) I,

R SERMSEENFRETRR

0-0
0-0-0
0-0-0
0-0

&
®
&
L]
) 000 &

)
l/
@ @
°\~ )
(
A4
0000«

{

WER

Step 1

TAR Sz EENFA TS
_ 0-0-0
)

© @\ »2 00 o0
| e 09000

o—o ©--0-0-0
- A4 @/ @ w@
3] PER
l Step 3
D @

Step 5

TR €)

MR SEMEENAETR

PN 0—-0-0-0
@— \ iz (-6 @ @M@
]\r P ©-0-0-0-0
00 % 0-0-0
-0

Step 2

@*@\ AR @
oo

Step 4

TR SEMRAEENFETLR

0-0-0

0—-0-0-0
0-0-0

@[

WER

K9-8 AWEARAIMIIA, ML, M

DU ARSI, HLLHE 9-8 , SRR LT AR,

- AT RIS MERTUN, DA, BAIERYIR GSEd) REEER.
- AR IR ESER, key NIUREHI, value NIZTURHIMIETRSIFR (HE5R) .
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54N, BAHEBER A Vertex ZERFORTUN, IXFEMEVRER : (RS MWRIEME—FE, HZIRRTIKRX
DR, BB ERPRR S0« TS, WFTREHENER, HIrERT « BRI 1, JeR
RARe TIANREF N URAZME—HT Vertex SEBI, MHIFRIE— TR < Ja il oM s BB TR T,

// === File: graph_adjacency_list.ts ===

[* BETFPEREIMNTEEE */

class GraphAdjList {
/] SHER, key: T, value: ZINHAYFRE SBIETNA
adjList: Map<Vertex, Vertex[]>;

[* MEHE */
constructor(edges: Vertex[][]) {
this.adjList = new Map();
/] AIFRE TR =04
for (const edge of edges) {
this.addVertex(edge[0]);
this.addVertex(edge[1]);
this.addEdge(edge[0], edge[1]);

[* REUNS#E */
size(): number {

return this.adjList.size;

[* AIA *+/
addEdge(vetl: Vertex, vet2: Vertex): void {

if (
'this.adjList.has(vet1) ||
'this.adjList.has(vet2) ||
vetl === vet2

) {

throw new Error('Illegal Argument Exception');
}
/] FIA vetl - vet2
this.adjList.get(vetl).push(vet2);
this.adjList.get(vet2).push(vetl);

/* HiBRA */
removeEdge(vetl: Vertex, vet2: Vertex): void {
if (
'this.adjList.has(vet1) ||
Ithis.adjList.has(vet2) ||
vetl === vet2
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) {

throw new Error('Illegal Argument Exception');
}
/] MIBRIA 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);

[* AINTRE */

addVertex(vet: Vertex): void {
if (this.adjList.has(vet)) return;
/] TEBEERARRIN— MR
this.adjList.set(vet, []);

[* BUBRTAER */
removeVertex(vet: Vertex): void {
if (!'this.adjList.has(vet)) {
throw new Error('Illegal Argument Exception');
}
/] TEBFERPBFRTNS vet XLZATEER
this.adjList.delete(vet);
/] BRHEMINSEER, BERFEESE vet B9IA
for (const set of this.adjList.values()) {
const index: number = set.indexOf(vet);
if (index > -1) {

set.splice(index, 1);

[* FTENSBIER */
print(): void {
console.log('$Bi&EZER =');
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());



IO www.hello-algo.com 198

9.2.3 XMEXEL
R n AT m 08, 72 9-2 X kb 7 AREEE MERT A2 RIS R AR A 22 A0,

R 9-2 AWHEHE S AW RAT E

WREFE  ARHER (HER)  AWRR (RHR)

JIESSE  O1)  O(m) 0(1)
TR o1) 01 o(1)
230 01)  O(m) o(1)
VRITTIL (n)  O(1) 0(1)

BRI O(mn?)  Om+m)  On)
WEEEGR  On2)  Om+m)  Om-+m)

K92, MIPMEE (BAR) MINRRCR G SRR RM, HEPR L, EREERE P RIEORSRE
f%?, /\ﬁ*miﬂzéﬂlﬁlﬁﬂﬁﬁﬁf%{’ﬁﬂﬂTo RAKRE, EIEMHAILT DA R AR, AT R AR
BT DAl A

9.3 BEmMER

PHRRITZE “—X 2" KRR, MENBAESREHE, fJUFRRMERR “2X 2" KR, Bk, BT
ERE R — MBI, AR, B3 Dh PR i P ks s — FRE B

IR HR T 2 PR R R LB . A 75 SR s ERSBHNRER LB,
9.3.1 [ EfRFiEH
)RS C D e — R IR I D TR, WEA VIR, REURTiMBERRIETL, 22

ke WA 99 AR, MEEMTRIIA, Bz Ii- R E MR, Rak T — DI B RTA AR
IR, DA, EETETRTIRSEE,

| B EfRkiER (BFS)

I BATH R Aikghs,
RIERGE. EREY KRR

| iz 27po
e, 1, 3, 2, 4, 6, 5, 7, 8
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B9-9 K ERSTE

1. BE%Em
BFS J@H fEBIBASIRSCE, I ™R, BYIER “JeAJe” BItEs, X5 BFS /Y “HikMiz” #9848
FE To

1. PGS startvet ARG, HIFETER,
2. EPERE IR, A E TRIFICSI, SRR RIZ TR BT B T A B FA S R #R
3. R 2., EEIFTE GBI R SE R EEE

NTHiEEREAUR, EANFEEY—PBHES visited RICRIBLT L EHIT .,

Tip
157 8 & R ABE— A A7 key T ATEH value MG, BRIDAE O(1) I AR & FHHT key
AU A AR (R, ARTE key RUME—PE, Mt il M TR REF TR,

// === File: graph_bfs.ts ===

[* TTEMTER */

const res: Vertex[] = [];
/] BHEEES, ATIRRERIAFREENINS
const visited: Set<Vertex> = new Set();
visited.add(startVet);
/] PAFIRRFEIN BFS
const que = [startVet];
/] UTR= vet AER, EREEIHPSTHAEIIR
while (que.length) {
const vet = que.shift(); // BABTASHFA
res.push(vet); // iERiFETASR

for (const adjVet of graph.adjList.get(vet) ?? []) {

if (visited.has(adjvet)) {
continue; // BbEE#WIAEBTNS

}
que.push(adjvet); // BENBAFKiAIA
visited.add(adjvet); // tRCIZINRERIAIA

}

}

return res;
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FREEA R, EEBOMIRIE 9-10 RANTRER,

TR () B, FHATUTHRE

1. BERMRMNERFT] res
2. RETRRAIFIA SRR AIT
ANBA que FHPON visited

TR () B, FHATUTIRE

1. BEMRMNERFY] res
2. BRIMRMFE ETRNIT
ABA que HPON visited

TR () B, FHATUTIRE

1. BEM=MNERFF] res
2. REIMREFE PEMRAIT
ABA que HINA visited

BHFS res

[

BAFI que
— —
HHBA U

IFRE visited
Step 1

BHFT res

ma () B, HAFLUTEME

J 1. RBEZMRMNERFT res
2. BEMREFREETRAAT
ABA que FHAIA visited

(00

BASY que

000

[—

HEA

MFES visited

(00000
Step 3 ]

TR () WM, FHATUTIRE

} 1. BZARMNEFRFS res
2. LM RBFE BRRAIT
NBA que FHAIIA visited

o—0—90

BHFFI res
(0000 )
PBASY que

000

HEA

IAFES visited

(0000000

BHFF res

TR () B, FHATUTIRIE

} 1. BEMRMNERFS res
2. HRRARMFE SETRALT
ABA que A visited

(000000

BAFI que

00

-—

HHBA

IREES visited

(00000000

-—

ABA

TR () B, FHATUTRIE

} 1. BZMSMNERFT res
2. RZMREFE PEMRAIT
ABA que HMA visited

BHEFY res
@
BAFI que
(1]
™ E

BERE visited

(000 |
[step 2

CIX] )

BASI que

000

HHBA PN

REEE visited

(000000 |
[stee ]

WBHFF res
(00000 )
BAZY que

000

EEE visited

(00000000 |
[step s

BHEFF res
(0000000 |
B3I que

00

REERS visited

(000000000
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WHFS res BHFT
L1 L1
—— —— BASY que —— —— BASY que
’ | ’ ‘
Py — — — —
—Q://— tHEA ABA 1\ —(: ),‘ HBA ABA
- _ REKS visited . _ WRERS visited
TR () HE, FATITRE i M () ik, FHATUTRE i
1. BEMSMNERREF) res (7] 1. BEMENNERFF res (=)
2. ETRHFTE SHETARAT 2. RBETREIATE SHETR ST ’
APBA que FHINA visited Step 9 ‘ ABA que FMA visited m

= PAF que A=,
« FEE[E, TR

) REDL e i B S 75 W —2
A=, RS CE D R R “HE NI RN T, T 2 A I R TS Pk D I s eV
EEATEL. DAE 9-10 M, T 1. 3 Ui RIIBUT Al DASSHR, T 2, 4. 6 B9 Rl t aT UMERRR

%,

2. ERESH

HFAFS res

BAFI que

A

MHEES visited

Step 11

B 9-10 A RT3

ISR : Fif TS AN HBA—x, S/ O(|V|) IWE]; (B P g2, mi2rmE,
IR A IR i 2 8, O(2|E|) WR; SRR OV | + |E|) Wi,

THERE: FIK res, BAES visited, FAF que THITRERRZ N |V, H O(|V]) 22H,

9.3.2 FEMTER

R ei i — ARSI, Je#mlE s Sk /i, WK 9-11 FioR, WA BATRHL, Vil
LIRS BT R, BRERRSKNIRE, BASZESIRIHRME, DUk, EEE 0E 5

,5‘20
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1. BiEZH

—0-

0 @—@)

@

8

o

ERRERSTiER (DFS)

s (@) mies,
EEAER, BRSNS EE,
B - HESRRER

17 =2 b o]
0,1, 2,5, 4, 6, 3

Kl 9-11 HEMIREAM T

XA SERVRSKFHR A ARETE B R TB PRI, 51 R, fEREeEnT, A

MTREME —PMERE

// === File: graph_dfs.ts ===

[* REMRTEHHEBNRE */

function dfs(

graph: GraphAdjList,

visited: Set<Vertex>,

res: Vertex[],

vet: Vertex

): void {

res.push(vet); // iERiARITNS
visited.add(vet); // #RicZIN=E#IAAE
/] BHZINRBIFAE $BETN R

for (const adjVet of graph.adjList.get(vet)) {

if (visited.has(adjvet)) {
continue; // BbEBE#WIAIRAITN S

}

// BV R 4B TN =
dfs(graph, visited, res, adjVet);

[* REMFTEH */

/] ERPERRRTE, LUERBIEETNRIIFAAE ETNR
function graphDFS(graph: GraphAdjList, startVet: Vertex):

/] TR S

const res:

/] BMEES,

Vertex[] = [];
AT IEREFKIA LT TS

B visited RICFEEHOARIATIA,  DAEE 50 888 17 R T

Vertex[] {
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const visited: Set<Vertex> = new Set();
dfs(graph, visited, res, startVet);

return res;

RS eE I RE AR ANE 9-12 Fir.

- HBSARM B, FoITE T — HTRE I 75 R A U
- HBZARER R _ LI, FoREIATECERE, BT TS T BRI E,

NTIIREERE, EUCRE 9-12 SAMEA G, ERHEIl (EMHZEE ~K) 84 DFS diE, g
BIATTIEMNITE, (AIRHE [E,

BHFT res BHFT) res

© s 00

0 EFREE visited KEES visited
o )
© 0 ©
o

(00 )

B B

i ) sarTms () posrEmR
wsEns @)
[ step 1 | Step 2 |
BHEFS res EHFS res

: (000 ] : (0000 J

BFHES visited BEKE visited

looo ) (o000 |

SRR IR

ammss € waEms mmmss (€ s
iz @) e @
Step 4 J
BHFF res BHFF res
(00000 . ‘ 00000
IBFEE visited BREEE visited
.

(0000 | (0oe000 |

e A
s () ssEms mx @) wAESEmRSE b
aisams @) RitgszeE, BrEms ©)

[ step s Step 6 |
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BHEFS res
: (000000
@ . C . @ REES visited
~I (000000 |

7 I AN
amms () sssEms
o sz (@)

BHFT res

IREES visited

;js (000000 |

’ LE L
o ms O wrssERAmEsD
@ Rikzsas, Bazms @)

suteese - meEmEmR (O

Step 9

Step 11

Step 8

o

Step 10
BHEFS res
(0000000
REES visited
(0000000
EIHRER:

1w E) wFESERAEE ST
Bizswan, BRzms ()
s () wittEm, mRmERn

& 9-12 BRI 5

EHFS res

(000000 |

REHE visited

(000000 |

IR
s ) wrEsERAEsn
Ritzsam, s )

BHFT res

(0000000

REES visited

0000000

e
sarTms () posrsmR
wsEns ©)

TRIEE DL e D Y e ) 75 W —2

SR e, R P AR AR M, SR TUR,  Se EMRN TS AR R AR AT
PA, BRRREETHUR AN AT DMERRATHEL, #2RE M.
DIl “R— %2 —H" R =6 L —H R SRR PF ErE
P, efoR T =rumPisedk, Amix =8 TREMLE,

2. ERESH

AR : G TR A7 1k, (8 O(|V|) W, AR sskiiin 2 %, EH O(2|E|) KiE;

SRR O(|V | +

E|) il

SRR 51 res, TS visited TUSEUREEZ N V], BIBREREAN V], B O(|V])

2 [l
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9.4 Mg

1. ERER
- EHRTUSAOAR, AR — TS — R R &

- METERIERR (BER) MniaxkiE (), MBXR (B) BAE&NBEHE, FimENER,

- BRERZEA TR, EEEPRERTUE AR, ANERNEROE SN EL R,

- ATEFEMERERERIORE, 81T F) RE—DTUR, FEFTTRAERE, A 180 RN TRZ
[AIAIIETE, AR M e I & 2 L RCR IR, HaS A 5 %,

- ARERMEMZ MNERRFORE, 50 MERN NI ¢, HAPEE DZTURRIRTA BREUL, BRZFRM
AT ARRIEFEE AN A A, (HiHTREENRERREID, FIHH AR,

- YRR TRIREROT KN, A] DURF AR NZ B BRI i R, TR THE I RICR,

- WRIRRBBAAE T, AEEFHAILT DA AR R, SRR T DA R s e,

- BRI TR RSE, W Mgs, HIPREREE <5,

- BRI AR, AR Tt I Y O Y —FRE

- ERTERSE DR A EE AT, BERYKIIERTT, @ EAEBI A S,

- ERRERSCE TR MBS BRI, Ters rE N B AR R X, WA TIE TR,

2. Q&A

Q: HRRE RBTRFHIE RN FHI?

HEELER EARFRTE S RARE R —8C 3o "B —MaRps”, mhsciivg “BiRR— MR
HI” o DARRSESCRRIESC: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

AL, RPN — DAY, AR DIRFE, X BRI TR 2 H AT REAF R 2 5RI0IER, It
o 45 S TR O L — R A

Q: REEE RS S H IR I A?

FEAREEE S, MWRADTURHE, B0 PMIRICRENE, whiREaEHEREZ NN, PoEhzE
HIRTAEE ) &

Q: FEAMER, “SIXWURAERNRTAE TR BRI 25 A ZK?

A DURERIF . (BAESLPRN A, RIRER ZH IR MNRHE?, HAE IR TS AR ARy, BB 14 IR T
FRUER/NIRFSE, XFEABITPOEE A EAIRE” AT,
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Abstract
HEE—ARINER, BMSGFFEERBEMZ RSN, X DAPEBTE B ir.
TEXF IR ZIRY, F—RIREE RS2 — MR EEENEZE,
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H10E AR

10.1 —9&EH

—9EH (binary search) B Mk T IERIKH S RHRREE, EFAEBIRIA R, Sah—FRERTE
l, EEEERTREERX SN,

Question
LE—MKEN n BEE nums , TTERIZMWNEIRIRFHA BEAES , EEHIFIREITE target 1E

ZEATIRS, FEAHAEEZOTR, WRME -1, REENE 10-1 Fr,

35
31
23 26
15
12
6 B8
aE 1 3
#l e 1 2 3 4 5 6 7 8 9
fERERERT A

nums

RWANBFHA nuns , EHRERTE target = 6

10-1 = EHSURBIEE

G 10-2 flR, Bl ewltatetatt i« = 0f j = n— 1, pilfsmEEHE TEMEITR, REHBERXE
0,n — 1] . WEER, HESFRRHIXE, HOSHFEELS,

Bk, RTINS,
L HEHRRGIm = (i +7)/2], Hi | | RoRm MR,
2. HIWr nums[m] A target BIK/NRER, WA R =FE N,
1. % nums[m] < target i, ViRH target fEIX[E] [m + 1, ] #, HEHHITi =m+ 1,
2. Y nums[m] > target I, BiAH target 7EIX[A] [, m — 1] H, HHIITj=m — 1,
3. Y nums[m] = target B, VHPAARE| target, KEILIRMEIRSI m,

HRANMIEGETR, BRXARL29/ N, HERE 1,

| 8 | I
e SR i E 13
® 0 1 2 3 4 5 6 7 8 9 #l 0 1 2 3 4 5 6 7 8 9
j i m b]

RF=—SER:
WAk i, j HIEABREETR. BTR 1. #HBHRE m = (i +j) /2
mERTHXE [1, j]
Step 1 Step 2



B10E HR www.hello-algo.com 208

6 & bl H | 6 8 H
71 3 g 1 3
= = D = - m @ [I
#El o 1 2 3 4 5 6 7 8 9 #Bl o 1 2 3 4 5 6 7 8 9
A AA Aoa A
i iom i m j
B —HER: EF=SER:
1. tEdE m = (i +3) /2 1. #HEhA m = (i +3) /2
2. ~ nums[m] > target
Step 3 2 BT § o= m - 1 NERKE Step 4
= anl = sl
®l 0 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
AA A Aoa
m i j im j
BF_HEH: BR—HER:
1. 8RR m = (i +3) /2 1. HEHEm= (3 +3j) /2
2. = nums[m] < target
Step 5 2 HET i o= m o+ 1 GEIVERKE Step 6

wisanll
ey Nl
#w o0 1 2 3 4 5 6 7 8 9

ER=HER:

1. HERR m= (i +3) /2

2. = nums[m] == target
Step 7 « EEIFRS| m

B 10-2 &k

R, BT fJ ER int 28, B+ j ATAEZEH nt FURINEUETEM, T kB,
A VERERAAR m = i+ (j — 1) /2] FHsrd,

KA RFR:
// === File: binary_search.ts ===

[* ZHEHR WHARXKE) */
function binarySearch(nums: number[], target: number): number {
/] FIEINAXIE [0, n-1]1 , BD 1, j #2AEMEAETR. BnH
let i =0,
j = nums.length - 1;
/] &R, HERXERNTHBE (H 1> j BTRD)
while (1 <= j) {
/] HEHRERERS n
const m = Math.floor(i1 + (j - 1) / 2);
if (nums[m] < target) {
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// WIERWEE target EXE] [m+1, j] &
i=m+1;

} else if (nums[m] > target) {
// LEBERWER target EX(E) [1, m-1] A

j=m-1

} else {
/] #HEBtrE, BREIHEZRS]
return m;

}

}
return -1; // RKEKFBEtrcE, KA -1

HRISEZE R O(logn) = TE=AMEFRT, [KFE4GN—F, FILHEHRIEN log, n .
S AR O(1) © 455 i F1 j (B EOINAAL,

10.1.1 XiE&RTRAG*

BT _ERBAXESN, HROXERRIEHE AT XE, EXh[0,n), BELROERS, HUf
AEEAS, ERFRE, XH [i,j) Ei = j R,

FATA] AEE T FOR LB B A R DhRER) — 0 &R
// === File: binary_search.ts ===

[* ZHEH (EREFXKE) */
function binarySearchLCRO(nums: number[], target: number): number {
/] MEHEABFXE [0, n) , Bl 1, § PEEAHAETER. Bk +1
let i =0,
j = nums.length;
/] 1B, HERXERNSHHEE (H 1= j BTAS)
while (1 < j) {
/] HEFRRS n
const m = Math.floor(1 + (j - 1) / 2);
if (nums[m] < target) {
// WIERER target EX(E [m+1, j) &
i=m+ 1;
} else if (nums[m] > target) {
// MWIEREA target EX(E [1, m)
j=m
} else {
/] H%EIBiFTE, REHZRS]

return m;
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return -1; // XEKFBFRTE, RE -1

i 10-3 FioR, FEMMXEFRT, Zo&ERERIPHAML., ARG X R A A,

AT WX FoRAP A A R BOE SOAXTR],  RIEIEE R « FHEEE 48/ X R AR E R AR
o XFEEARG W, Kt —BEECRH “WHAXE” 5T,

7k |

® 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10
i ERLRNEER j i AEiLREsES RLRFEZET j
EEXE: WEAXE [1, j] #BRKE: cAEeARE [1, j)
Mykfbisst: 1 =0, j =n - 1 iatkisst: i = 0, j = n
fRIFEIERMF: 1 > ) fRIFEIERMF: 1 2 j
GVKENR(E: i =m+ 1, j =m- 1 GOKEHRE: i =m+ 1, j=m

& 10-3 PRRIX IR E L

10.1.2 Ii=5RREY

o BEERAE I RIS [R) 75 T AT A BT B PERE

© OB RRBCRE, EAEIER T, MBI RS 24 B B R, fIln, YEdEA N n = 220
I, SRR 220 = 1048576 %AAHK, 1 &AL log, 220 = 20 #HEA.

© S ERIEARONE ], BT REMINERNEREE (BIEREDR), —oBEHEnTE s
[Al

R, ZoEPOHEERTITAER, TEADITER,

C IOBEBCUER T AR, AMABIETTRE, N TEA B E T T, S5 B
AP EIERIN B E 26l HE N O(nlogn) , HEMEHM — & BEE &, X TMERMATTRERNT R,
WA P, FERCRMATRENE, NEEREN O(n), WRIEE BRI,

- ZERPCER T, BT RN ARESH) TR, mAERERPHAITERERT) FIHIRK
RREUR, RIAIE S AR fER s T HER S R BUREE

- NBEET, SMEESRMREER, EAREENKT, BRATE 1 AR, mESOERP, FEIR
A, LIRBRIA. 1~ 3 UCHIMHRAE, 1 ik (8T, 34~ 6 DNEITiflE; B, HEEEE n BUNH,
LA M = B R,
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10.2 ZHEHBAR

ZoBERAMGTATERARITER, EA] TR, R TR E,

10.2.1 TEETEMNER

Question

LHE—NEEN n WEFEEH nuns F1—DNITE target , BEHAGFEEEELE, I target AL
Hnums 1, HRFHERM, BBHEPEFEEITE target, NWIEAZIE LT, EIRBEHEANG target
TEHAHAFIRS, REEE 10-4 FiR,

nums

BAR fiN target

nums

HMAEFHA nums , BIFTE target = 6
N target BHEARZESIH 2

10-4 =B RURPIESE

ARG H E—1 R = &R, NIFRZE R DA R AN A,

M—: SEAPEE target B, FHARNERESEEZZITENES?

BHE SRR target lAZIMECEMN AL, XEKRE HE AL target Bt 7 HEK target I E, tHitE
Ui, MBUEHME target I, A SIPIRES IR target NES],

MR MEHAPARTETE target B, A SEWINITERIRS|?

W—H B SERIEE: 2 nums[m] < target I ¢ 8238, XEREIRH | LA RKTEHET target FITERE
. A, f6%5F § AARTERAVNTET target LRSI,

R =g/ N —EF: ( f8AE NKRT target TR, JfEMENNT target TR, B YBHALT
target I}, ARSI i, B0 RAR:

// === File: binary_search_insertion.ts ===

[* ZREHREBAR (BEETR) */
function binarySearchInsertionSimple(
nums: Array<number>,

target: number
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): number {
let 1 =0,
j = nums.length - 1; // #¥EKNHAX(E [0, n-1]
while (1 <= j) {
const m = Math.floor(i + (j - 1) / 2); // iHEH=ZES| m, FH Math.floor() M FEEE
if (nums[m] < target) {
i=m+ 1; // target 7EZX|g] [m+1, j]
} else if (nums[m] > target) {
j=m-1; // target EX[g [1, m-1] &
} else {
return m; // 3¥%ZF target , REHEAS mn
}
}
/] KFHEF target , REFEANSE {1

return i;

10.2.2 FEEETRENENR

Question
E E—B b, MEHARRSEE TE, ERAE,

B EH P ETEZ A target , NIEE -0 EHABRIREIE AP — target IR, MIIEMEZITRN AL
fiGies 2/b target,

A H R HAR TR ImAEI R i, PG REBBA R A target RG], #1253 EIELE 10-5
PRI B

L PIT =&, [FEHEE 1 target MRS, BN ko
2. NZR3|EJTG, Esfrdrtiel, SRS target IR,

target

— OB

k\ 4A\ -

= >

1. EZHEHRIFEE— 6
2. BEMERIIRAON 6

10-5 ZMEREEITLRATHAS

7Tk BN, (HHOSERMEER, RENEERERN O(n) . UBHAPFERLELN target I, %77
FRRRR,
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WEERRE B, WE 10-6 Fir, BARERRALE, SHETE ARSI m, FHW target A
nums[m] BIR/NRR, 28U R TR E .

4 nums[m] < target ¥ nums[m] > target B, VWiBHIE A KT target , [RIHRAEIE — 70 &I 4
/NXEIEE, MNmAEFEER < F j ) target SRR,

2 nums[m] == target i, WiBH/NT target WICRAEXIA [i,m — 1] H, HIRA j = m — 1 k48
/NIXIE], MNTIERRER 7 1VNT target M CE SR,

B TERE, @ RO target , j FEAIET/INT target AR, KIBERT] i #RIHA N,

15} 15}
i 12 i i n M
i 10 i i 10
6 6 6 6 6 i | 6 6 6 66
EC JE i b SR
m Lm =
®l 0 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A A A A A
i j i m j
BR_—SER:
MM i, § HIEAREETE. RTE 1. HERA W= i+ §) /2
mERTAXE [i, j]
Step 1 Step 2
15 15
12 12
10 10
6 6 6 6 6 | 6 6 6 6 6
i3 |:| i3
&l g | = 3 |
e SelCR RN |
#l 0 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A Aoa Ao A
i jom i om j
BF_5HER: fEF SR
1. itHE m = (A +3j) /2 1. HEHa m= (i +3j) /2
2. ~ nums[m] == target
Step 3 LT G = m - 1 BNERRER Step 4
15 15
12 12
10 10
‘6 616 6 6 6 616 6 6
2l 2 0|
e i - B §
#@l o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
AA A Aa
m i j im j
BF—5HER: fEF=5ER:
1. itHm m = (i +3) /2 1. #HEHa m = (i +3j) /2
2. v nums[m] < target
Step 5 LBT A = m o+ 1 IMERKE Step 6
15 15
12 12
10 10
6 6 6 6 6 6 6 6 6
3
wE 1 ik 1
#l o 1 2 3 4 5 6 7 8 9 #bl o 1 2 3 4 5 6 7 8 9
Ao
j im i
BF—5HER:
1. it8RE m = (4 +3j) /2 v FHEEARME 1 < j
Py p—— « BRHTHER, BRI i

step 7 LT 5 = m - 1 BMERRGE G 6
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K 10-6 — N EIKEEITTRIFHA RIS

W PATRES, H]Wr53>Z nums[m] > target I nums[m] == target HYIRIEMEF, KEIFER AEFF,
BREantt, FAUDAR LA SRR T, RO EOB R ANTE T, Al st s 4,

// === File: binary_search_insertion.ts ===

[* ZRBEHREAR (FEEERR) */
function binarySearchInsertion(nums: Array<number>, target: number): number {
let 1 =0,
j = nums.length - 1; // #EMUINFXIE [0, n-1]
while (1 <= j) {
const m = Math.floor(i + (j - i) / 2); // iTEH=ZES| m, FH Math.floor() M FEEE
if (nums[m] < target) {
i=m+ 1; // target EX[E] [m+1, j]
} else if (nums[m] > target) {
j=m-1; // target fEX[E) [i, m-1] &
} else {
i=m-1; // BNMNF target MmHREXE [1, m-1] &
}
}
/] BREREAR i

return i;

Tip
ARG EE “WHAXE Fik, G4EBRRERUBITER “EHAGF Gk,

BHBRE, Zo&ERClEst@atatt « 71 j 2aliE R A, HirrlsER —MEARITR (Pl target ),
WATRER—NIeRIEE (BN T target KITTER),

TEAMTRIIEIR — 0, 48« F1 j FBHNELFUCBOERT B bR, &2, EMsEMIEE R, sEilidia
FEfE 1L,

10.3 “HEHIBLR

10.3.1 EHEBR

Question
LE—NKEN n WERFEH nuns , HFR[RERSEE TR, EIREIHAF R —PITE target AY
Kl, HHAPAEEZTR, WHRME -1,

B ERIEA R, BRENE  IBARAE— target , HEERMASAR ERESERR AL
target (VE~CIR
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5 IRIEE E BN SRR BEBIE R L R, EER, AT REAEE target, IXAMELLATRES BT M
FEE AR,

C BARIRS] @ L,
- JLZE nums[i1] 5 target ANHEE,

LEFIDA LRSS, ERERE —1 BTA], AU RAR:
// === File: binary_search_edge.ts ===

/* ZHEHRE— target */

function binarySearchLeftEdge(nums: Array<number>, target: number): number {
/] ENTEH target AYHEANR
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 EFRAILR

IR B — target WE? R EAZEN T BB, BHAE nuns[m] == target 1817 FRYFEEHIR4E
e, ISTELENE, A48 T DAEATEE,

NHBA I R R ITEG Y 75

1. EREHRELR

SEPR b, AT AR &SRR A T ENRECRERR A TE, BIEK7ERN BERREA A target LA
R E— target + 1,

Nk 10-7 AR, EEGERUS, fEE ¢ faMERA D target + 1 (WRAFELE), M j fafmA—7 target,
BRIl 5 BT,
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target = 6
«: (E00000088
; 4 ;i
L
BEREE—T
target+1
Fh
EHRE— EREE—T
target target

10-7 BERGUREN NER LD T
EEE, REMEARZ ¢, FIFHRERHRE L, MMmkE ;-
// === File: binary_search_edge.ts ===

[* ZHEHRRE— target */
function binarySearchRightEdge(nums: Array<number>, target: number): number {
/] BHAEHRRE— target + 1
const 1 = binarySearchInsertion(nums, target + 1);
/] i EBARE— target , 1 IEAEMNAT target WTER
const j =1 - 1;

/] R#E target , &[E -1

if (j === -1 || nums[j] !== target) {
return -1;

}

/] %3 target , REIZ3| j

return j;

2. BtAEHRTR

BATEIE, YEHAAREE target B, & 1M j 2o5fEMENKT. /T target BT,

[Hit, 4nE 10-8 fioR, AT DS — MNP AFERTTR, HTEREGEH,

BB/ target : AJDAERAC AT target - 0.5, FIR[EFEE 7
BB A— target : AJ AR L NEEK target + 0.5, FIR[MAFEE j .
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target = 6
nums
j i j i
= &%
target - 0.5 target +0.5
Fih Fih
EHeE—T EHREE—
target target

& 10-8 REHSILF AN ELITR

RISTEILERE, DURMRASER,

- SBEBAANE/NL, RERERNTEAOS O FAEE R D
- PROMIZTTIESIANT /N, FTARER R ECh A2 & target BONTRREEER! (Python TEA&E)).

10.4 MRFLILERER

FEREET, BRSSO EPOR S RIARN AR, A8 — DR INE
BRfigE

Question
50— N EEEEEH nums FI— D EARITE target, IHTEHEHHEER “F17 4 target IR, IR
EEMTHEEHR S IREHEE— MR,

10.4.1 &4EHK: U EE=(E

ZEEZBI A RENAES, WK 10-9 o, BITFE—NRETEIR, S HIWR N EERIRZ SN
target, fixe, WHRMEIEMTINZES],
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target = 13

nums =

EHFEEES, HBFMA
target BVASER[D

10-9 ZeMEEBCRIEMECZ AN

(AT NP
// === File: two_sum.ts ===

[* FE— BIKE */
function twoSumBruteForce(nums: number[], target: number): number[] {
const n = nums.length;
/] RERER, HESEHREAN 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 [];

WATERINEE RS O(n2), 2EREN O(1), EABIER FIEHEEN,

10.4.2 MFHEEH: U (EHRETE

BRMES - MNamER, BEXDANBAETRNTTRRS . BNEHEH, FHRHIITE 10-10 FRgP 5,

1. HIMrECT target - nums[i] BEERTHRY, 2, WERKRFIXKPNTRIR,
2. BHEX nums[1] FIRR5] 1 BN TR 25,
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target = 13

ws - (DDOO

A
i

key
map =
value

BHEA nums

© 13 - 2 = 11 R map
-~ BTE 2 Hh0#E map

Step 1

Step 3

TR
=3l

Step 2

target = 13

wes - (DE@OE

A
i

[ . g } -
map =
value 1 =3l

BHEA nums

v 13 - 11 = 2 7 map
~ EETERASRS [0, 2]

10-10 B FOR PR AN

SCBAHS AN FAR, (R R ERRTA] :

/] === File: two_sum.ts ===

[* FET HBRAER ¢/

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

/] HBheFER, TEEHREN 0o(n)

let m: Map<number, number> = new Map();

/] BETERF, HESEREAN 0(n)

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

let index = m.get(target -

if (index !'== undefined) {

return [index, i];
} else {

m.set(nums[1], 1);

}

return [];

W7 BE AR E LN R EZREM O(n?) BEE O(n) , KiEfEiz

nums[i]);

e - (EEE
.
i

key 2 7
map =
value UM 51

© 13 - 7 = 6 FE map &
~ B7TE 7 Fh# map

TR
=3l

HI TR EYET — DM AR, FIRERIEREN O(n) o REWMIL, %75 AR 22808 6 R b1,

It e A R LR .
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10.5 FiNHEFEEX

WERBZE (searching algorithm) FIT{ERUESSM (BIANEEH, HER. WEE) AHER el A e RrEs
HHITTR,

R BIRAMRIE SRR 2 DU MK,

- E D BIRSHREN HbRT R, P, B RRERETE,
- FINBIRHA GBI SR ERER, SHRPOTRER, FI &R WA EHR = S IE R
AHIKF,

AHERBL, XA R EEAERTH A E T A, RIERREEN T RAPREGF AR, AT, 3]
RMEIRGIMATIN, EHra LR,

10.5.1 S|HiEE

2R FE e LRGN TR R E M BT R,

- MR EH T RAMBER S RIRS, EMNBIREHN TR, BIRITER, EEKE
HARTCREENA S —ua 5 A HE HAR TR M ik,

CTTEARSGERT 1 REMSER” RERIR B PRE RS, TSR M RT IR R
R, BTN R DT . R RMANAET RUTER, 1HE —RIEEREL, R
flbist, EEE P 7e B N EHRE

RIERI SRR B ATEL, TeA0 SR st BRI B A M BRE .

SRIM, MRBIRIN WIS N O(n) , Hrbn hcREcs, FELSR SRR SN TR,

10.5.2 BiEMNER

HIEN AR ABIRRR AR (BINEFME) RICEERIERE, s s RotE i B R,

- T ERT MABENA P ESIEERR, (OEHTEE,
- CIRTEIT MRS RRHEREIE BRSO B E X R, AT SE I R
- PR ERPE RIS (BN AR, H T AT RUESR PIEHERR T L, ATE AL H AR TT R,

RBIARMLRUR AR, INRIRAYERNAE] O(logn) 2 O(1) .
SRIM, AR R O BRI TR B, B, o BT E R BEH A THER, R A AR
AR T LA BN EAR S, AEPIX SR Sl th el SRS M I AL 2 TR

Tip
HIEMERRIEF POV ERER, BEN TR EBIRairbPuRk R bR,
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10.5.3 EFAHEIEN

RN n W—HEHE, BATRTDAERLMEER, Zo&ER WER BREREFSMTTIENHERER
TLR. B NITTER TAERERANE 10-11 FiRo

£14%18%F o(n) MBEEKX 0(1) ) key i value
ky 1 5 3 2 &4 7"9 2 8

1|(5|3|2(4|7|6

eRRR0Nn000 -~ 0000000000

5Lk |

ZHEE 0(logn) WEH 0(logn)
FoXEERG
EFBEMFT R

000000000 R

S~ N

RIEIER P/ MERKE

10-11 ZFEZRRRE

ERTURTT IR BRI ERBCR SRR 10-1 FR.

% 10-1 EEREEBCERMLL

MR T &L EEGEER
HHILR O(n) O(logn) O(logn) 0(1)
flAICR O(1) O(n) O(logn) O(1)
fHERTTER O(n) O(n) O(logn) O(1)
vl O(1) O(1) O(n) O(n)
HE st / He¥ O(nlogn) #Ht O(nlogn) #iaR O(n)
YRR S Er Terp =152 152 Terp

RRETRNEFEPR T EIRA R, ERIEEER, BURER S EHRE,
RMHER
- ERNELE, AU TEERETSE IR, RWBANMNFEER —REHE, B2 HA=F75 R B R AL P
AR 1R] EE e ME TR 2R AV IR RIS 22 B

- TG TR R INREERE, BRI AR A N ORI,
- JER TR ERREGS R R, RO AN TR E SR TR T MES
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ZEER

- IEATAREIERIEN, BRRMEE, HENREREN O(logn) .
- BdERARES K, BN EEEH R N 2,
- RNERT IR R, RON4ET A R AT R,

IS A AR

- EENEREREE R RSN, FENRERERN O(1) .

- NEAHEAFBIRSGEEERI R, RS RICTRGET B A P,

- NIRRT RIS A R AL BRI AR A s, BAAREORIITERES L

- ANESEIERERIEN, RO REFETINE FREAREE DR, Mt RaF &R

[\
HEo

- ERTEREYE, RO SRR BB,

- EETEYETA P BIEEGEE AR R

- TERPSHEINT R AR, A RRATRE A GUR, NRERESLE On) .

- A AVL LR, WIS THRIERTE O(logn) BCR FREIETT, (A4 R-F 8RR /E 8 &
ST

10.6 /&

A EEHAREERI I, RIS R YR K O T AR, TR ARIEE, HAX
S TR s T3 ST B A4,

R ISRESE PR R E (AR, SRS TREUEER, IR R AR (R
SETEAW, HXREAELT, TSR TR, (BRFE 2 O(n) B,

- IRTREER. WA O R T EAER T, TR RS R B E AT, R
WA 2T O(logn) B O(1) , EEH BB BSR4,

- SR, FRAREASGRA R, RNk, RURE IR R S T A, WS
SEIIE T

SRR T VS ERORAE; AT HOER T AL, HEFRROE; 1A B O A T A
SRR LT 2 VIR s O PR T e N TS 6 L 2 0 KT B A

- AR B R R — R IS ISR, AT 2 O (n) 1% O(1) .
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F11E #HF

Abstract
HEFP I an — 1R EL A ARk e B BETR AR, A TRE DABE Sty 7y AR 5 Ab AR
TR, RE 27 EHY, HiFpamBATER T EIRFNEER,
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11.1 HIEHEZ%

HF®% (sorting algorithm) HITX —HBHRIZ KT E I THS . HFEIREET 2N, FAERF
B B RE SR S RO R, ST ANAL B,

A 11-1 FoR, HEFRIARAEEREAI ] DU REL TR AT AT ERSE, HE RO RN Al AR R 5k
BE, WEFR/N T ASCIL RGBT 5% H & R,

HRBF X NHF B
20800800 908oooooa

BRFHFHFFRS

CIEDECICEIED = ENEDEDHCID

IR E XN HF 7R &

GO0O00G OoOococooo

B 11-1  Edfm SRR R R B

11.1.1 P EE

BT BRI ERNN RS RER, HERREdEis> (NREREPREEIEEN . X
TAREGERAEN, BITRREEUNEL,

i B, R H R R BRI, TeAUE BRI MBI, TN,
WHEAET, Rt rBdERiaR e, SITEE R E DR,

FOEPE: REHFAENHIFG, HSETTREBH AT A% AR,

REHF R 2P R AR R, BIRBITE — M EFER AR, 5 155 2 510512 A
iy, FEIXAEOLT, IEREHF AT S B AR APtk

# MANSIESIRBH B HFIFRY
# (name, age)
('A', 19)
('B', 18)
('c', 21)
'D', 19)
E', 23)

# RIREBIFREHFERRERHFIIR,
# £5Rh ('D', 19) # ('A', 19) BIMEWIBHRIE,
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# WANBIEREZHFENERER
('B', 18)
('D', 19)
('A', 19)
('c', 21)
('E', 23)

FENTE: BERHRFRER A M AR AR E SR AR, RSEMRARRRER, BIENAT
SLIR A AR I R 52 2 R I T PR IR R B 2R

ROET IR : BEFHRIOFRABHESRENT (<0 = >) RAWTRIMHENIE, MmHEEE A,
LR EEREN O(nlogn) . MAFLCRHE AL BB, NEEREE O(n) , [EHEHM
LERSE SN

11.1.2 IBBEHIFEEZE

iafrth, B, FsE. BIERL ERITEYE. TR, IS IEMAREHIGRE D ERTERHIERH T Rk, Fitt, £
PP IR, R IR BRI BRSO )RR SRR DUE

TR, BATRIERZESSAHEP R, HET LR 2 RIER LR s T 204

11.2 &EFHIF

EEHF (selection sort) W TAEFEHARF EH: JTE—ME, SFHMRHFXEIERR/NITTR, RKHK
FIEH P XRIFARE,

RBANKEN n, EREHFNREREWE 11-2 Fir,

L AR, FrATeRAHy, BIARHF (RsD XEXN [0,n — 1],
2. EHUXIH [0, n — 1] PEIB IR, KHSRS| 0 AReREzet. lE, B 1 HoReHr.
3. EEUXH [1,n — 1] PEIB/ IR, KHSRG| 1R TRR . ElE, B2 HoRetr.
4. DAHREAE, 283 n — 1 kRS 5s, Bl n — 1 MEREHT,
5. QG —PMITROERRATLR, THHT, RIS ER,
- @ wes (EED
ﬁl;%ﬁﬂ%&;ﬂ, WERBNGTR nums [k] EJT;EHFJ?E;E, SERER/GTER nums[k]

ZHR/eR nums[k] FRAFXERENTE nums[i]

Step 1 Step 2
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KHFXE

nums

2 wiEE:
BHARHFXE, %ERITR nums[k]

Step 3 ] step 4 |

KHFXE

nums

¥ 3wk
EHARHFXE, %ER)TR nums[k]

Step 5 ] Step 6 |

RHFXE

nums

o4 Wik
EHARHFXE, ERITE nums[k]

[ Step 7 ] Step 8

RHFXE

nums

B 5 R
BHARHFXE, $ERITR nums[k]

[ Step 9 ] Step 10

KHEFRE

TRHF RR—NTREAAF)

Step 11

11-2 EFHEF PR

ARG, ATk RICFARHF X RN R/NTER:

RHFXE

B 2wk
BHARAFXE, EERNTE nums[k]
TR nuns[k] FARAFXERENTR nums[i]

RHFXE

B 3wk
BHARAFXE, EERNTE nums[k]
ZETTR nuns[k] ARAFXERENTR nums[i]

FHEFEE

B 4 Rk
BHARAFXE, EERNTE nums[k]
ZERTR nuns[k] FRAFXERENTR nums[i]

KHFE

nums

8 5 Wik
BHARHFXE, #EERNTE nums[k]
TR nuns[k] FARAFXERENTR nums[i]
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// === File: selection_sort.ts ===

[* EFEHE +/
function selectionSort(nums: number[]): void {
let n = nums.length;
/] MBI REFFXEN [1, n-1]
for (let 1 =0; 1 <n - 1; i++) {
/] WEF: HERFFXERNRNTER
let k = 1;
for (let j =1+ 1; j <n; j++) {
if (nums[j] < nums[k]) {
k =3; /] BR&NTENRSI
}
}
/] BizmhaRSAFFXENE N TR

[nums[1], nums[k]] = [nums[k], nums[i]];

11.2.1 EiEis

IRISEZIEH O(n?), JEENERHERE: SMEFRIE n — 148, S—RIOARIFXRKE  n, FE—5
AR IS 2, BIESAMERR RIS ny n— 1, ... 3, 2HBIESF, SkAmy -Unt2)
- AR O(1). BT $55t 0 BT j SRR EO IR,
- ARRBEHDY: W 113 FOR, THE nuns[1] A ATREREME SIS RITT R, SEPIERIA
W R

kHFXia

oo
RITE—IER

FHFXKia

eoacaa

TRE—RIERE,
MATTE 4 PENUERET RS

11-3 & AR E R G
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11.3 BaHF

Bi8HF (bubble sort) JEITIESIM LI S A HAHBTTR LI, X DIEFERG IR AERE T2 T —FF,

ESY: KE ZA=Riuke 35 28

G 11-4 FoR, B AR ] DA HTC SRS ERAEL . W R ARG, AR EEE AR TR R
AN, TR ATER > AR M A W, RRRITTR SRS EI A R R i

ums °0°0°0

FHRARE—H R
TENNSEREFRIELL

~ DEE0EE

=
nums 09\0090

MEZGBHESTER:
v EORER > GARR
o BRI TTER

Step 3

nuns 060°°0

MEEGERHESTE:
v EBRER < GATR
o HRTE

l Step 5 J

Step 7

11.3.1 E&imiE

nums Q‘egeo

MNEEGEHESTE:
v ARk > BATR
o R ITER

Step 2
N
- 0000@0

MEZEGEEHESTR:
v EARER > BATR
o X TTE

Step 4

eQOQéb

MEEGBHESTE:
v EBRER > BATR
o RREBWITHR

Step 6

IKIE IKE
nums oeoooe

®H n-1 AEEREE

BHZERSE,
BARERTHAE

B 11-4 FIHTRHBRER S I

REAHNKE N n, BiRAFFRPERINE 11-5 frr.
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L B, XN n NICRIT BT, RBERERACRHEIEMAE.

2. TR, MERn — 1ATTRWT "B, K Ao IEmAIE,
3. UMK, i n — 1% “Hilg” 5, #in — 1 KECEARPEHE IEmAIE,

4. PORIIN— A LR e/ VLR, T, NS 2.

“‘BikE  KHFEE

i Sparr -3
- 00000 T

WiTHE 1 BER

LEZEES a -

MITE 2 ®ESR

- 0

HiTHE 3 BEBR

=
820 8 -

=l

=

[o,

MITE &« BEE

8800

AITE 5 ®EE

08000

TRHAF ®RR— T TRLTAHF)

[o,

[o,

K 11-5 BiEHFifs

RIS T :

// === File: bubble_sort.ts ===

[* EEHE */
function bubbleSort(nums: number[]): void {
/] 5MEIR . RHEEEXIER [0, ]
for (let 1 = nums.length - 1; 1 > 0; i--) {
/] WEF: BRHFEXE [0, 1] PHRATERIREZXENRAHR
for (let j =0; j < i; j++) {
if (nums[j] > nums[j + 1]) {
// 3 nums[i] 5 nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];

nums[j + 1] = tmp;

5]

4]

3]

2]

1]

o]
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11.3.2 %EMRK

BATRI, MRHEAE “BiR” PERA PTG, WHBEHE SR, ATERRRESER, Fit, [l
DA AN —MRAGEAL flag SRESIIXAME S, — B HBIHEZENRE],

SR (bAL, BRI I RPN L 28 O(n?) 5 (B45 A S se 2 I, ATikE)
RENAEZE O(n) .

// === File: bubble_sort.ts ===

[* BAHE (rEmh) */
function bubbleSortWithFlag(nums: number[]): void {
/] 9MEFR: FHEEEXIERN [0, ]
for (let 1 = nums.length - 1; 1 > 0; 1--) {
let flag = false; // #IPAKAIRENL
/] WIEF: KRHFEXE [0, 1] PHRATERIEEZXENRAGH
for (let j = 0; j < 15 j++) {
if (nums[j] > nums[j + 1]) {
[/ ¥ nums[j] 5 nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
flag = true; // IERXMTE
}

}
if (!flag) break; // U3 “BE” RIREMITER, EREEBH

11.3.3 Hixiss

- EEZE N O(n2), FHBRHEF: &4 BN WHEEEERI I n — 1, n—2, ... 2. 1,
JRIH (n— 1)n/2 . 1ESIA flag (HALE, SREERTRIEZRE TS O(n) .

- SEREZE N O(1), JEHEHET: $56F 0 A GERIRSOR/ NN EE ),

- Rt BT CEIR BRI TR A,

11.4 {HENHEF

HNHEF (insertion sort) J2—Rhfa BAGHERF IR, B TIERHES T — IR AR IR R AL,

HARRW, BAERHP X AESE—NMEETR, RizooR5HAMEHF XRTRE — RN, IR
ZICRAZIEMAN B,

B 11-6 R 7R A TTRATRIERRE, BIEMETTERN base , BAIFHZER M EFRRTZ] base Z HAIFTHTT
RGN —NL, R base WEL HIRRS
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nums[5] = nums[4]

K& 3 AR nums o, N
N N R TERKRR
BRI E T BREBH—{1 | |5
;ll.l..-n

nums[4] = nums[3]

BRTER [
#BERES |

11-6  BARIR NIRIE

11.4.1 EERR

FENHEF RV RR RN E 11-7 FoR.

L ISR, BEHRE 1 DR eemdF.

2. IEBEHRIE 2 DITRMEN base , FHMAZEWMAES, BN 2 MRy,

3. IEHEE 3 NITRMEN base , KHMARIEWMIE/S, BEHMN 3 MR CHT.

4. DASEHE, TERJE—4eh, JEBURIG —1NICRIEN base , HHMARIEWMIES, FifixiICHy.

EHFEiE

[0, o]
[o, 1]
[0, 2]
[0, 3]
[o, 4]

[0, 51

11-7 f@AHEF AR

ARBIRESANT :
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// === File: insertion_sort.ts ===

[* FANHEF */
function insertionSort(nums: number[]): void {
// MER: BHIFKXER [0, 1-1]
for (let 1 = 1; 1 < nums.length; i++) {
const base = nums[i];
let j =1 - 1;
/] WREF: 3§ base AFIEHEFXIE [0, i-1] PHEHUE
while (j >= 0 && nums[j] > base) {
nums[j + 1] = nums[j]; // & nums[j] EAFBN—L
3--3
}
nums[j + 1] = base; // ¥ base M{EZ|IEMIE

11.4.2 B

- WRERER O(n?), HIERHT: fEEEHN T, BUOEARESHRER/LE R — 1. n—2, ..
20 TR, KAMEE] (n — 1)n/2, WILRHEZREHR O(n?) . EIBEIHFEARN, HARIERIRAL
ke MEABAZERAEFN, HAHTBRIRENEERE O(n) .

- EMERER O(1), i 1854 /0 j (R EEOVNIERSNE L

- RUEHEE: ERAREERES, ROSKETRBAZMHETRNEAM, A8 ENRIT.

11.4.3 {EHENHIFBLE

AP FEZE R O(n?), TEAIERE: S PO F N RE 2N O(nlogn) » REMAHER
AORTRIE R s, HAEBR RO, dAHEE E ik,

XL S SNEE R — B AE A E IR e R, PIEHTIXE O(nlogn) LR TE T 01AK
WERHET SRS, S E 2 TR e, MAEBIRREYIE, n? Fl nlog n MAUAILAENE, SRER
SN, SRR STTER RS DUE R

Khr b, WEHEES (B Java) FNEHFFEECRA THEAHY, RECEEN: X TREHE, RAET
SHARMIIHF IR, BIanpuEHTy; N TERE, BREREAHE,

EORF I, AR A IR RS 2458 O(n?) , (BAESZBRIGHR, $AHERS M 550%
Fea T HIEHprmEssy, Z2ALTEE,

- B E T TR, TEMB— DR R, PR 3 NI, MmAHEE T TRMESL
B, 1 DEITRiE. Fit, BINHDFEHHRITRE R LA HE 5,

OEFHEF TSR RN REREEN O(n?) o WURGE LR A DS, FBAHDTIE ik
PP BR E .

- IR AEE, RN AT 2R,
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11.5 REHIF

BREHF (quick sort) B—MUEET ARSI RIE, BITRR, MHZ,
PIEHE R ORMER “THIERI ", HEMRE: SR PR TR R, /TR
RUTTRBRIHAEM, AR TEESETTRBEIHAM, BARKE, HIXIRRAENE 11-8 For.

1. EHESEA R AT R E R, WAL MEEE LR § o alda e mis,

2. WEMER, EFRAER L G) 2RSS PHERELCR () BITR, KRR ITR,
3. TR AT R 2., HEI LM §AERRIE, REREMEECIIE N TR L,

‘ Step 1 F 3 Step 2 BEN
left right left right
v v v v
- @00000
A A
i j i j
def partition(nums, left, right): def partition(nums, left, right):
R SRy
i, j = left, right # LU nums[left] REESR i, j = left, right # B nums[left] HEMEHR
while i < j: while i < j:
while i < j and nums[j] >= nums[left]: # MEEAREMNFEERNTE while i < j and nums[j] >= nums[left]: # MEMEREMNFEEMRNTE
3 == J==1
while i < j and nums[i] <= nums[left]: # MEBGREIATFREMNTE while i < j and nums[i] <= nums[left]: # MEBGHREIATEEMOTR
i4=1 i+=1
nums[i], nums[j] = nums[j], nums[i] # XF TR nums[i], nums[j] = nums[j], nums[i] # REFNTR
nums[i], nums[left] = nums[left], nums[i] # BEEBTRERFHANDIAL nums[i], nums[left] = nums[left], nums[i] # BEEBTREFRFHRANSIRE
return i # EEEEENRS| return i # EEEEEHRS|

Step 3 BN Step 4
left right
v v
~: OE08E
A A
i j

rtition(nums, left, right):

def partition(nums, left, right):

SRS SRy
i, j = left, right # LU nums[left] HEE j = left, right # Bl nums[left] JEbfEs
while i < j: while i < j:
while i < j and nums[j] >= nums[left]: # MEEARE NN FEERNTE while i < j and nums[j] >= nums[left]: # MEMEREMNFEERNTE
j-=1 j =1
while i < j and nums[i] <= nums[left]: # MEMAREIATRERNTE while i < j and nums[i] <= nums[left]: # MEMEREMATEEBHTE
i4=1 i4=1
nums[i], nums[j] = nums[j], nums[i] # MIFTHE nums[i], nums[j] = nums[j], nums[i] # RWXFITE
nums[i], nums[left] = nums[left], nums[i] # BEEBTREFFRANHAL nums[i], nums[left] = nums[left], nums[i] # REEBCRERFEANSRE
return i # EEEEHNRS| return i # EEEERHRS|
Step 5 -3 Step 6 B
left right left right
v v v v
-~ 00008 - (00008
Aa ' ‘ A
i b
i
def partition(nums, left, right): def partition(nums, left, right):
"UERIS R 1P A
i, j = left, right # 5 nums[left] HEmH i, j = left, right # 14 nums[left] HEEH
while i < j: while i < j:
while i < j and nums[j] >= nums[left]: # MERARE NN FRERNTE while i < j and nums[j] >= nums[left]: # MABEREMNFEEHNTR
j-=1 j-=1
while i < j and nums[i] <= nums[left]: # MEBGHRETATEERNTE while i < j and nums[i] <= nums[left]: # MEBGREIATEEMNTE
i4=1 i4=1
nums[i], nums[j] = nums[j], nums[i] # IR PTHR nums[i], nums[j] = nums[j], nums[i] # THRRWTH
nums[i], nums[left] = nums[left], nums[i] # BEEMZRERTFRANHFLE nums[i], nums[left] = nums[left], nums[i] # BEEMREMTHRANSFE

return i # EEEEHMRS| return i # EEEEMMRS|
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Step 7 BHEH
left right

- (000808

J
i

def partition(nums, left, right):
BRI
i, j = left, right # B nums[Lleft] BEmMH
while i < j:
while i < j and nums[3] >= nums[left]: # MEMARENNTFEERNTE

j=1
while i < j and nums[i] <= nums[left]: # AEEEREIATRRMKITE

i4=1

nums[i], nums[j] = nums[j], nums[i] # ZREFITR
nums[i], nums[left] = nums[left], nums[i] # BEEMZRERTFHANSIRLE
return i # BEEEHMRS|

Step 9
‘ BEH

Step 8
left EHEH right

[ v

3 _

nums [nnan
e

J
i

def partition(nums, left, right):
R
i, j = left, right # B nuns[left] nEEs
while i < j:
while i < j and nums[j] >= nums[leftl: # MAEBAREMNFERRGTE

j-=1
while i < j and nums[i] <= nums[left]: # WEMEREIATEGBNTE
i+=1
nuns[i1, nums[3] = nums[31, nums[i] # SXFEA TR
nums[i], nums[left] = nums[left], nuns[i] # REEBRRERTRANSRLE
return i # EEHEEEES|

- @00080

EFHE

‘RSN FRE,

HFHRE

HRIATHRF

EFSAERTR < BEY < AFHRAERTR

11-8 X0

WX e E, RS R =8 T8, SR, A8, Bk “ETBEERTR <&
R < AFBAERITR". B, BIHETRATBHIZM D FEEAHBTHT,

PRIBHE I 50 6 RS

MR 0 B SR U K — DB A HE 7 TR B T R R DB B I HE e 1]

// === File: quick_sort.ts ===

[* TTERM */

swap(nums: number[], i: number, j: number): void {
let tmp = nums[i];
nums[1] = nums[j];

nums[j] = tmp;

[* BEXD */

partition(nums: number[], left: number, right: number):

/] LA nums[left] FEHEER
let 1 = left,
j = right;
while (1 < j) {
while (1 < j && nums[j] >= nums[left]) {
j -=1; [/ NERAEHRENNFEERNTER

number {
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while (1 < j && nums[i] <= nums[left]) {
1 +=1; // NERABKRENATEERNTE

}

/] TTERRIME

this.swap(nums, i, j); // RIRXF TR
}
this.swap(nums, i, left); // BEEHRIREFFHRANS RLE
return i; // REIEEHNZES]

11.5.1 EERiE
PRI HE T (R R RN 11-9 TR,
1. &%, MEEBARIT R M5, SRR E FREME 5,

2. )5, MEFEHNG FEADAIEIIT "R,
3. FiaIH, ERETFEGHKEN 1 INEIL, MRiEBEN T

\
s EDEREE

FREA
B EEEE
RIS
B_ BAFHART “HENS”
BIREFEHA CBPAGTEE - EEFHREKERN 1 HAL

X BRR SER R E HE
M EEX 53 I EE 8153
:

=3

T It V| f1=:VE| (= lmr V)

119 PEHET R
// === File: quick_sort.ts ===

[* REHE */
quickSort(nums: number[], left: number, right: number): void {
/] FEAKER 1 IR IEZE)T
if (left >= right) {
return;
}
/] HEXSD
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const pivot = this.partition(nums, left, right);
/] BIFEFEAE. HFHA

this.quickSort(nums, left, pivot - 1);
this.quickSort(nums, pivot + 1, right);

11.5.2 EiEisE

- NEEZRER O(nlogn). AEAMERHEE: EVIER T, WEDHNEHELCN logn , BEHH
EIEHECA n, BWAMEH O(nlogn) N, fERZEWENT, SHRIEIRI BRI n K]
SHREER O n — 1M TEA, HEEEEEAE n, SEPNERECY n, BRER O(n?)
TR

- BHERER O(n). RHHDT : EMABHZ2EFIHERT, BRREZRTRE n, £H O(n)
s al, Her B E R A R BT, RIGBIEIME.,

- ARREHE . EWEDNRE P, BERRTRES P ERFTTRIA M,

11.5.3 REFEHFEAHT AR

MEFR ERLRER h, PRIEHEFERCRITHENIZEA —ER IS, REREHFRFEINEERES “FHHE
B “HEHERT MR, EDE R POEHEERIRCR S, EEA TR,

- IR DU BERIRS:  BAPORHEFEIERER T E 2 E R O(n?) , BEAHHEFRGE, EE4K
ZEIEHUR, PudHEFRETE O(nlogn) BN HE 2% E FisfT,

©OBRAHEMRCRE: ERUTIHERIRIEN, REAPREBED FRAMBRIZRSE, FTiRTRIRRE
Fo Mg “HEHEF” RXEBERFEBRAIFITR, MMkZiX R,

© BRERRHBEARUN: £ ER=MEES, s, WRE, HRERENREER D, X5
AT e BT E AR L

11.5.4 BEEH#KKL

P b A 2\ PRI RBSCR AT RERIS, 28— PHSmBlF, BRIRMmASE R 22T, BTHRINERE
RACITCRIENFMERL, B AE s iln, Bt S e i, SEETEAHRE N n — 1,
AFEAHKEN O, B RE, SRR EHE D FEARNKEN 0, 2IERIEKRR, s
BN “BiEHR" AL OIER,

N T RERGRIX RO, AT DAL SR 53 rh BB ORI ilan,  FA1TR] DABEH LI — 1
TLRIENELMERL, AT, A, FIRENERIAFARRIEIEE, BERIANRUNATE.,
RETERZ, WEESERLERIE “RENIEC . RIS O R S — DR I AR,
A2 PO HEF IR TSR AT RES L

N T PG, BATATEEAH A ER = Meke R CBF VBANE., B, PRTR), IR =1 ik
TCRAIPABAE R, IXRE—ok, B B/ MBARKR” BIREREERIEIR T, 9K, FATER A
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VEHUE 2 RIETCE, DU — IR E AR, RADXFOTIRE, WRERESEE O(n?) MERAK
B,

RIS T :

/1

=== File: quick_sort.ts ===

[* R = MEETRAVPAIEL +/

medianThree(

DE

}

nums: number[],
left: number,
mid: number,

right: number

number {

let 1 = nums[left],

m = nums[mid],

r = nums[right];
[/ m7E LA r Zi8
if ((L<=m& m<=r) || (r <=m& m<=1)) return mid;
[/ VI n # r ZI8
if ((m<=18& L <=r) || (r<=128&% 1 <=m)) return left;

return right;

[* BEXD (SHEBE) */

partition(nums: number[], left: number, right: number): number {

/] EE=MERTRI IS
let med = this.medianThree(
nums,
left,
Math.floor((left + right) / 2),
right
)
/] BRI E A R i
this.swap(nums, left, med);
// LA nums[left] J9EIEER
let 1 = left,
j = right;
while (1 < j) {
while (1 < j && nums[j] >= nums[left]) {
i--; /] NEREHRENMNFEESRNTER
}
while (1 < j && nums[i] <= nums[left]) {
i+ [/ NEMGERENATEERNTE
}
this.swap(nums, 1, j); // KXW NTER
}
this.swap(nums, i, left); // BEEHRERFHAN S RE
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return i; // REIEEHNZES]

11.5.5 EB#Jakik

TERLEEA T, PEHbP T RE S M, DUE A PR ARG NG, BT FEAHREN m
FRMH LRI T A RN O A TREHMKE D m — 1 G T8, XEWES—R1E AR
RIREEAEAE RN (OB —A T R), BIARIEEREE n— 1, HNFEZESH O(n) K/ E L,

T BRI BB, FRATAT DAERERE S Se s, HERR A T K, (ORI T 5
I, TR TR KBRS n /2, BRI AR BT R AT log n , MTiKHR2ESS
AT O(logn) o FRREIFHIR:

/] === File: quick_sort.ts ===

[* REHE (BEAML) */
quickSort(nums: number[], left: number, right: number): void {
/] FEAKERN 1 BHE&LE
while (left < right) {
/] HEEXD1RE
let pivot = this.partition(nums, left, right);
/] FEDFEAPBIRI NPT REH
if (pivot - left < right - pivot) {
this.quickSort(nums, left, pivot - 1); // ZBIAHFEAEFEA
left = pivot + 1; // RKRFKXHFEXEA [pivot + 1, right]
} else {
this.quickSort(nums, pivot + 1, right); // E)AHEAEFEA
right = pivot - 1; // RFIRFXHFXEAR [left, pivot - 1]

11.6 FHHIF

JAFHHRE (merge sort) B—FET ERIBIHFEZE, ©WEE 11-10 Fospy “XIn” M “GIF" B,

L XIoBirEe: JES BT ARWHER BER N AL T, R KB A HE P R 40 R 28 2 B HE e
2. HIFRE: ST EEHKEN 1 NIEXy, THEEH, RS AAM NMEUERE FEEHEH I — PR
KIEFHEL, BEE4R,
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11.6.1 BHERIE

PEEEEEEE

s RIDHER

329

- B

B 11-10 VHFHEFRIXID 5 aFFI R

QN 11-11 Fow, XU BB AT R RRIE A B R s 0 o A

1. HEBHP E mid, BAXISETEEH (XA [left, mid]) fHEFEEH (XA [mid + 1, right] ),
2. BHABPITS B 1., ERETHEHAXBEKERN 1 KKIE,

“BIHME WERETUR £ T BANG FEHEHF N~ M EFEE, FEIER, WKREN 1 FH8ETT

meE

Step 1

[ Step 3 |

EIARS

pEEE

R
31240

L r e
EJ12 40

, AFFHEARRE T EARR A PR,

=

[ Step 4 ]

etk
1= 40

%R
LR
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#IARIS - #BIA%S -
R AR
e e
EaH - EMEH -
| Step 5 Step 6
#ANS - #ANS -
] &2
KibFH p-dl+ 303
E#EH < EHEH -
[ Step 7 ] Step 8
#IEARIS - #BIAYS -
[P
Edl= o0
EaH - EMEH -
[ Step 9 [step 10

11-11 JHFHER B

MR, VAFFHEFP5 — SO i e i 3 3 U e 2 — B

- Rl SR AT, FEITA T, SRR EART A
VPFHbT . BT, mENG TR, RELHEIF,

HHHE R RSB AR AR AR, 1B TER, nums UGS IFIXEN [left, right], T tmp AR R X [A]
[0, right - left].,

// === File: merge_sort.ts ===

[* BHEFHAMEGFHA */
function merge(nums: number[], left: number, mid: number, right: number): void {
/] EFEAXERN [left, mid], AFEHAXEHN [mid+1, right]
/] BIE—NIGEEEE tmp , BTFEREHENER
const tmp = new Array(right - left + 1);
/] MR FEAME FHANRIRERS]
let 1 = left,
j=mid+ 1,
k = 0;
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/] BEEFHATMERTERN, HITIRHER/NNTES TG EAH
while (1 <= mid && j <= right) {
if (nums[i] <= nums[j]) {
tmp[k++] = nums[i++];
} else {
tmp[k++] = nums[j++];
}
}
/] BEFHANAFEANFIRTREESF IR ELEH
while (1 <= mid) {
tmp[k++] = nums[i++];
}
while (j <= right) {
tmp[k++] = nums[j++];
}
/] FIaEtE4E tmp PRITTRERIEIREA nums RIS XE]
for (k = 0; k < tmp.length; k++) {
nums[left + k] = tmp[k];

}

[* VAHHE */
function mergeSort(nums: number[], left: number, right: number): void {
/] EIEEMH
if (left >= right) return; // HFHEKERN 1 HLEIEEI
/] RISDFEE
let mid = Math.floor(left + (right - left) / 2); // HEHS
mergeSort(nums, left, mid); // 3#BIIEFEUA
mergeSort(nums, mid + 1, right); // ZB/FAAFEA
/] BHINE

merge(nums, left, mid, right);

11.6.2 EiEisE

RIS ZEN O(nlogn). EEEMHT: RIAFEREN logn MBI, BEAHILRER
Hn, FHSARFEZZEN O(nlogn) .

- SSREREN O(n). IREHERE: WIREN logn , 5 O(logn) A/NGMEER, SIFHRIER
S EEAII, (E O(n) A/NGBISNE,

- RSEHNY: EAIRLER, MS TR R R,

11.6.3 §ERHIF

MNTHERR, AR T R R R A B0, WBLRBERHPFES I MEREMILE O(1) .
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- KRB ATDUER] “IEAT B BT SRSSBIRERI > TAE, AT ) 6 A B A A,
© AIEREL: fERERT, TRIEMERCEERSCES I (EED) BIRTSCEL, REEFHFME RN EE P E
RAHN-DRAFHER) TCHOTEIIMER,

HAASCIANTT LR 2%, AR A] DA RS BRI T2 5

11.7 tHIE

Tip
PIBEARTIRD, TEMRORE A5 “HE ",

HHEF (heap sort) &Mk THERHREH SRR A7 Rk, BATA] DA H B EE R @ HEHRIE"
“TURHHERRE" KIHERE

1. AN/, A iR/ VTR T HET,

2. AWTHRAT HHERRSE, RUGCSRHHETR, RIS NEIRHF RIS,

PAETTIREIRAIAT, EFREME— MMk R HATTER, HEGRTEA M, SRR, WANER -
— A AL SC BT o

11.7.1 EERE

BRI n, HEHEFRORAEINE 11-12 R,

L OB RTIME, SEUn, BORTTRATHER,

2. BHETOTR (B 1R SHEOTR (BE—1MITR) . liys, HrIRKRER 1, BT
=EEML,

3. MHETRTTEFFER, MINBNRHITHEIRIE (sift down), SERUMELIS, HERMEBISEIBE,

4. TEIMATE 2. DHIEE 3. Fo B n — 1 42)5, BIRISERAl i,

Tip
KPR b, JTRHMHRERREEE 2. DME 3. F, RAEZ T - PHEHTTRNPE,

s i
/ \ / 1. AR / \ 7 1. BABEHRE
© 2. ERNERRIRATE
N RRET (1) TR SRR
EOERER  BHFEE
PCTE
nums > B
\ j - :
TR SRR

Step 1 Step 2
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o060

NERXE EHFRE

~

l Step 3

0
© ©
o060

BHERKE EHFXE

A

[ster 5

O
© o
000

BHERRE EHFRE

© o
000

BNEREE SHFXE
—

(s

000

HNERRE EHFXE

s

nums

SEHIF

1. WNSAHEE

2. BERMEPRIBATR
(1) HETMTRSHERTR
(2) MNTREER#THMW

SHIF

1. WABURFHERME

2. ERMEFREURATTR
(1) ZHETMTESHERETE
(2) MTRERHTHEN

SEHIF

1. WNSAHEE

2. BEFRMEPRIBATR
(1) HETMTRSHERTR
(2) MNTRER#THMW

SEHIF

1. WABURFHEM

2. BRMEFREURATER
(1) ZETMTESHERTR
(2) MTRERHTHE

SEHIF

1. WINGAH RS

2. BERMERRIBATR
(1) HETMTRSHERTR
(2) MNTRERH#THW

000

ENENKE BHFXE

Is N

nums

e o
000

EREKE BHIFKE
— A

@ ©
000

HNERRE EHFRE

nums

‘ Step 8 ‘

000

SENERKE BHIFXE

nums

Step 10

0060

EHFXE

nums

‘Step 12‘

SEHF

1. MINBEAFERIE
2. EFRMEPRERATR
(1) ETRTRSHRTR

SEHEF

1. WABERHEE
2. BFMERRERATE
(1) ZWEMTRSHERTE

SEHF

1. MNBERFERE
2. EFMEPRERATR
(1) ETRTRSHEERTR

SEHF

1. WNEAAFHERE
2. BFMERRERATE
(1) ZWETMTRSHERTE

SEHF

1. BINBEAFERME

2. EFMEPRERATR

(1) BETRTRSHERTR

(2) MTRERETHA

3. BR—IRRLFRE, HFTR
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B 11-12 HeHEr D3R

RIS, FAER 75 “HE” SRR AT R sift_down() B, EHFEERE, HTHER
KESFEERIURATRETE/D, FHBITFES sift_down() REGRIN— M KESE n, HATHHEHENY
HTERORE, AU RAR:

// === File: heap_sort.ts ===

[* ERKERN 0, NTE 1 FFE, NTRERENL */
function siftDown(nums: number[], n: number, i: number): void {
while (true) {
/] HIETTR 4, 1, r PERANTS, 124 ma
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]) {

}
/] BTR 1 RAREKS| 1, r @R, WEREEHEWL, Bt
if (ma === 1) {
break;
}
/] ZIEFTIR
[nums[1], nums[ma]] = [nums[ma], nums[i]];
/] TR T

i = ma;
}

[* R *+/
function heapSort(nums: number[]): void {
/] EEMERME HEURRMT R LMY E MR E T R
for (let i1 = Math.floor(nums.length / 2) - 1; 1 >= 0; 1--) {
siftDown(nums, nums.length, i);
}
/] MERREEATTER, BF n-1 %
for (let 1 = nums.length - 1; 1 > 0; 1--) {
/] RMBEHRERAHTR (RRETRS5ETR)
[nums[0], nums[i1]] = [nums[i], nums[0]];
/] VIR RS, MTRERHITHE

siftDown(nums, i, 0);
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11.7.2 EES4

- INMEREN O(nlogn), IEHENHT: EHERIEME O(n) WE, MHEHHREUERA TR HE
ZEH O(logn), HIEHRn — 1%,

- BEERER O(L). by JLNMESERMEHE O(1) 2, TTRAMEIR R R R -
BT,

- ARy ERHUETUTRMHER TR, HE TR AIE ] R,

11.8 HHiF

AR LR P SRR T “B T A R, ENNEE EEETT R AR N R, M H P EIER
INEERETIEBER O(nlogn) o # K, FATRHRNUM “GELRHDTEIE", ©NIRIN B E AT DUS
FNEMERT

#@HE (bucket sort) ZIHARMGHI— DN, il IR E L BA R/ IINE, xR — 5
TEVOH], IR I, A5, EEIRNERDBIAITHY ;. SREHLImEIINT /A SR &
¥

11.8.1 HEHLimiE

FE—MKEN n B, HTREUE (0, 1) WHERE. MHEFERmRmE 11-13 Fis,

1. FHA kA, K n DITRECE] kM,
2. MM APTHEY  OXERAREE S INEHFEED .
3. TR MBI & 45 R

53 ECEIF REYAE P

ittrivaull(0 5] 050 .52 Jo.05 Jo.57 053]0 91 [0 750 15 0. JEE PP RE T 0

1% HEMED
buckets HTHR
BFBE [w.zl,“"‘ 0.4) [0.4, 0.6) [a.a',. 0.8) [m’/’é/,i.m)

“ / RERRRIRE
' BHER

¥

X Y & 4 )

K&l 11-13 MHEF SRR

(NELR N
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// === File: bucket_sort.ts ===

[* BHF */
function bucketSort(nums: number[]): void {
/] Rk k = n/2 M@, FTHEIEESMENE 2 &
const k = nums.length / 2;
const buckets: number[][] = [];
for (let 1 = 0; 1 < k; 1++) {
buckets.push([]);
}
/] 1. BEATERSREIEMET
for (const num of nums) {
/] BWNBIECEEA [0, 1), A num * k BREIEIZRSSEE [0, k-1]
const 1 = Math.floor(num * k);
[/ & num FRODEHF 1
buckets[i].push(num);
}
/] 2. WEMRRITHF
for (const bucket of buckets) {
/] ERAEHFERE, BB EMHIESE
bucket.sort((a, b) == a - b);

}
// 3. BHREHER
let 1 = 0;

for (const bucket of buckets) {
for (const num of bucket) {
nums[i++] = num;

}

11.8.2 s

MHERPIE ) TAC B A BRI, Bian, MABIREE 100 AR, HTERERG, RIENFILE R
PEIERTA EdE, R, AT DCREHE TR 1000 M, RE sl METHY, RIERHEREH,

ISR O(n + k) @ ELREAMEN TG, A MRAKITRERN 2, BT
AR O(% log ) i, WHERFFTAREEER O(nlog %) Wi, YHEEOR k HBEAIM, Iinsiz
EEMREFIT O(n) » &I RNFEBHFERATE, 2% O(n+ k) M, EREHTF, ik
SR M, B RER O(n2) WL

- SRERIEN O(n + k). JERORHR: FEAEE kMR n PRI,

Y R SR BT R TR R O RE,
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11.8.3 YNfAISCINFEIY 53

WHEP BN R E A RIS ERTDUAE] O(n) , REETROCRIINMEEIE D, FovLhrEdEEdrg
B5 AR, B, BATEEREE ERIFTH SO eI 2 ECE] 10 M, ER RIS 1A,
KT 100 JTERYAER 2, @& T 1000 STRYARR Do FHRTASIXEEE 20 10 4, S MR RS SEZEER
FEH K.

NSRBI EE,  BATAT PAYEIRE — S RBIH 7 Lk, R dimis sty 2 3 Miirh. JrBCseten, PHERSh
BRI R 3 T, HEFAMPRCRBERRBE,
N 11-14 AR, IXMOTEA B BB AT —BNEIAR, BARZIEM T RRERATRE Y, SR, AR EE
FREURER N 3 M, BRI 75 TR Bda R R R T B

EmiE
-_— BIERIRHER
BUESH — 65y 20% 15%
) MigXia HIESEE
" T
HEE ——C1p0 100-500 >500 <10 8%
10-20 13%
20-35 12%
18% 35% 12% 35-50 10%
- 50-100 12%
<10 _-10:50-.  50-100 100-500  20%
- : - >500 15%
13% 12% 10%
10-20 20-35 35-50

B 11-14 %I

QUARBRATHRATRIE R AT AR AR 340, W] DURBEBAR IR i B B R R B s 0 k. B ERERR,
BARDAHA—EFLERES, AT DURIEEERER mOR H AR AR B A T B,

i 11-15 AR, BATBRIEE R ST AR MIEZS 040, SXAERLA] DA BEMIREE (kg [XTR], AT 5 P-4 23 e
FBMA
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HERE

0.4

0.1 \

+o  EmRiTE

—

’ @@@ﬁ@ﬁ

hiEsEE 3~10 10~25 25~80 80~200 >200
B 11-15 MR 0 X 74

11.9 it¥HF

HHEF (counting sort) JE ST T REE R SLBHEF, 185 N T REEA,

11.9.1 HEASEM

FekE — AR, BE—DNKEN n EEH nuns , BT EERE “AEGEEC, HEEHEE AR
A 11-16 Az,

1. B, BRHEFRAERT, I m, REAE—NEKEN m + 1 5B counter

2. {88 counter it nums HAEERIIHIRIREL, HA counter[num] X N ELF num FVHEIIIREL, Gt 71k
R, HFEED nuns (BEYRTECTFN num), 5K counter[num] $5/0 1 BITA],

3. T counter MHNRIIXAR T, WY TFMEHFZELHFY 7, BTk, BB counter ,
AR B2 BBV INEIR BT nums BITAT,

fFHIF%4E nums

N C R nuns FEHERTOHIRN
N W ' counter[num] XX num BYHINKER
=3l (BF) o 1 2 4

Bf counter , EEK=E

‘ . BERMIVREIEN nums EDE]

LRYA nums
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K 11-16 HEFEFRE

(LR

// === File: counting_sort.ts ===

[* TTEHEE +/
/] EREM, TERTFHENR
function countingSortNaive(nums: number[]): void {
/] 1. FIHEARKTE n
let m = 0;
for (const num of nums) {
m = Math.max(m, num);
}
/] 2. FHEHRFHHIRER
// counter[num] X3 num BYHILXREL
const counter: number[] = new Array<number>(m + 1).fil11(0);

for (const num of nums) {

counter[num]++;
}
// 3. & counter , FFEITHREBENFEEA nums
let 1 = 0;

for (let num = 0; num < m + 1; num++) {
for (let j = 0; j < counter[num]; j++, i++) {

nums[i] = num;

}
}
}
TR S5 AR R

MIHEFRIAEE, AR DR TR AR R THEE counter BRI DNRS I — M, KotitEE
RSB RS DT RS A, ABLE, THEEHPT M B REEE TR — DR,

11.9.2 TEILIM

AOATRE ATRERIL T, AURMABIRRM R, ERSER3. MR T, B ABIE RN R, 8%
MREaR TR CRAUBURZR) MR THE, M ERRIEHRES R IIH T4 R,

A2l A REAS 2R AR HE P S5 5RIE? BATE SETHE counter 1Y “RIZANT, Wi E X, 5| 1 ABIRTZEA
prefix[1] FFHHAT 1 T E M

prefix[i] = Z counter(j]
=0
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AR X, prefix[nun] - 1 fAFRICH num TEG B res MG —RIBIR S, XMEE
EHKHE, ROVBEEIFRENS N ICRMIZHBIAES RN M E, BTk, BAME7ET 5 nuns 1)
FATLER num, FERRIEHHRITUATR D,

1. %% num BEAEUEH res RG] prefix[num] - 14k,
2. DHIZEH prefix[num] B/ 1, MIMFE] NXGE num FIZES(,

wPERE, B res PRUZHHFHFIISER, B&IGHEH res B EEH nuns BIF], & 11-17 JBR T 5281
Burr i,

s e (@0000000OC = (000000080
' / =

A\

BFnum 0 1 2 3 4 BF num 0 1 2 3 &
suna e (@OOOG wew e (@OOOD
(counter)
BFH nuns FHEIHEMEFHHIREK HH counter RIBIZA, 2% prefix
counter[num] & num AIHILRER prefix[num] - 1 €% num 7% res FRE—RHIMNE3|
l S3p o ] Step 2

num

,
= (000000000
e [ [ [ [ [I[[- wwa - (HEOO00E0E0

R nums

/ l/ N 4 ) ~ /‘//
/// P ////,, e -
BF num 0 1 2 3 &4 BF num 0 1 2 3 4
was e (OO0O was vee (DOQDOO
(counter) (counter)
EIFER nuns FRISNTE num , SHRRIT: EIFER nums FRSNTE nun , SRHAT:
1. % num A res WH3| prefix[num] - 1 & 1. % num A res W%3| prefix[num] - 1 &
—_— 2. LHI%A prefix[num] BR 1 , MWBETRKE num BIZR5| — 2. 2EI%A prefix[num] B 1 , MWEEITRKE num BYZ5|
| step 3 ] Step 4
num num

:
= o (OEB000000
el [ [ [ [ [ [-]:] [« el [ [o] [ [ [2]:] [«

R nums

/ e
s g

Vg — /) -
BF num 0 1 2 3 4 #F num 0 1 2 3 4
wen e (@EOOD wan v (@EOOD
(counter) (counter)
FIFFER nums FEISADTTR num , SR BFER nums FRSNTR nun , SRHIT:
1. % num A res W%3| prefix[num] - 1 & 1. ¥ num A res WHK3| prefix[num] - 1 &
2. SHIEM prefix[num] BF 1 , MTEETRKE num 25| ) 2. SBIER prefix[num] B 1 , MTISEITRKE num MZ5|
Step 5 ] Step 6

= (000000000 = QO0ODO0D00
= - (1000000000 s (1000000000

BF num 012'3"1.' HFnoum 0 1 2 3 4

BISM prefix uua WIS prefix nnn
(counter) (counter)
HREHREHIE, HRRIRER LR res BERMA nums BPA]

ItEY res FREEHFHNER

| Step 7 Step 8
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K 11-17 HEGEES %

TR R SEBARRD AN SR :

/1

/*
/1

=== File: counting_sort.ts ===

HHEHE */
TERU, THFENR, HERRERF

function countingSort(nums: number[]): void {

/] 1. FIHEARKTE n
let m = 0;
for (const num of nums) {
m = Math.max(m, num);
}
/] 2. ST EHRFAIHIRER
// counter[num] fXF num BYHHILREL
const counter: number[] = new Array<number>(m + 1).fil1(0);
for (const num of nums) {
counter[num]++;
}
/] 3. K counter RVEUEM, R “HIURE ¥y “BRs17
/] BN counter[num]-1 & num 7 res FRE—XEIMHIZS|
for (let 1 = 0; 1 < m; 1++) {
counter[i + 1] += counter[i];
}
/] 4. BIFIER nuns , FRITREBENGRIHA res
/] R HEA res BFIERER
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 MEEIFNZES|L
counter[num]--; // SBISMER 1 , BEITRKE nun HES|
}
/] ERERBA res BERIA nums
for (let 1 = 0; 1 < n; 1++) {

nums[i] = res[i];

11.9.3 Hixis4

WEERER O(n +m). FEAENHE: WRIET nuns 1B counter , #REEFILRIER ], —ARIH

MR n>m, NAEXREET O(n),

ZBEERER O(n + m). JEEHHT: E8) 7 KE25108 n fl m B9 res Fl counter .
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- REHEE: BT res FEFETTRIIFE R “WAHRE" B, FILEFED nuns AT DR %R T
RZ RN E, MR ERET. bR L, EFEF nuns WA DUSEEMAHETPEER, HEER
EAERRE .

11.9.4 FiRE
EFXE, fRFSHAHEEHEFIERIGE, (OB S B AT DA E R HE R, AT, (B
T BT B S AR R A

THEHER LU TR SRR, A5 AR R T HoA SRR AR, 7R S ORI L R v] DA oy e sy, FFE
FERARI P ARER S N IT R Z AR RN R BN, X TS REERBEEA, I DURRa iy
b=, BRSO, Hpsesamm X,
HEHDFIER T BE BB EIREE BT, i, £ BRREIF m ARERK, SN2 S22,
i n < m i, HEHFEH O(m) WE, ATRELE O(nlogn) HIHEF BT,

11.10 E#diE

LA T U, SIS TEER n BOCBEIRTEE m BN, BIRRINFREN n = 100 M
BHHTHER, M¥5E—A 8 Ay, XEWELIREE m = 10° WK, MHAHEEHET TR EARA
fradin), TEECHE P AT DARE GIX MR DL

HHHF (radixsort) RUZLEES THEHIE —2, @RS MOk, R, EEHF A
BB ANEHERR, RO —AETHY, WM EIRZRIHFEE R,

11.10.1 E&iRiE

DREESEAE A, BT HIRRAIRS 16, SEho2ss 8 A, HEEHIFAFRZE 11-18 Fir,

1. WIstEhiEk =1,
2. MHESHIE kAT “HEBEEET. EilUE, BERSIRIES kL WNEIRHE,
3. R kN 1, NEIREER 2. REUEA, ERIFTAAAHER US4 R,
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TNHEFHAESEI, T d RIS v, RS kAL x, , TR HREAR:

BWAEEE nums
Matk k = 1

B OHEE 1 0 HEE 2 i

10546151
35663510
42865989
34862445
81883077
88906420
72429244
30524779
82060337
63832996

35663510
88906420

10546151

63832996
81883077

82060337
42865989
30524779

35663519

88906429
82060337

72429244

81883@77
30524779
42865989
63832995

»

BALbsHE, HEF

HFE 8 fi

®3~7 M AHHFER

11-18 EHdrRERiE

x
Ty, = LWJ mod d

10546151

30524779
34862445

35663510
42865989
63832996

72429244
81883077

82060337
88906420

He |a| RARIF RS o 1A FEEE, 1 mod d Romxt d BUR (BUR). X T#5%dE, d =10 HE € [1, 8]

o

A, FATFHRZ/NESE B, (52 AT DRI IS kAL THET

// === File: radix_sort.ts ===

/* FRBYITE num BIE k i, EA exp = 107(k-1) */

function digit(num: number, exp: number): number {
/] BN exp MIE k AILLBSEELRESHITRRNARAITE
return Math.floor(num / exp) % 10;

/* HEHHE (RIE nums 3 k IHE) */
function countingSortDigit(nums: number[], exp: number): void {
/] THEINASEEA 0~9 , ALWFEEKERN 10 BiFEA
const counter = new Array(10).fil1(0);

const n = nums.length;

/] %t 0~9 SHFHHILRE

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

}

/] REVEH, & “HIMAOE” Bk “HAERS

const d = digit(nums[i], exp); // ¥RBY nums[i] % k fi, i2H d
counter[d]++; // RitEF d BIHIRER
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for (let 1 = 1; 1 < 10; 1++) {
counter[i] += counter[i - 1];
}
/] BIFER, BIERARITER, BETREN 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; // 3REX d TEERAFHES| j
res[j] = nums[i]; // REHRITRENERS j
counter[d]--; // ¥ d ¥ ER 1
}
/] ERERBERIA nums
for (let 1 = 0; 1 < n; i++) {

nums[1] = res[i];
}

[* BEEHE +/
function radixSort(nums: number[]): void {
/] REEAANRATTR, BTHERALER
let m = Number .MIN_VALUE;
for (const num of nums) {
if (num > m) {
m = num;
}
}
/] ¥EBMEAR S AR &R
for (let exp = 1; exp <= m; exp *= 10) {
/] WEHATENE k URITIHEHF
// k=1 ->exp =1
/] k=2 ->exp = 10
// Bl exp = 10~(k-1)
countingSortDigit(nums, exp);

It 2 AR 4aHER?

RSP, E—Rr S ST FRIEER, 20R, RS —HFEI R a < b,
M —HHFPER a > b, LB AIEREIIE 8 R, B TRFI&MALLEHRE TR
iz, BIERIZISEHRF A B &L,

11.10.2 HZi54E

T IR, B IER TR(EEERCRRIE I, HRTHE R BIR ] AFGR M EE AR, HAL
BORRERL K, BN, T2 8ORE & (R80T, OV HAE kK, ATRESEURHIE 2% O(nk) > O(n?)
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- INMERER O(nk). FEAENHT : SEIRER n. BdEH d #Hl. SR0ECH k, NIXHE—AH
THEEHEFER O(n + d) BE, HFEE kAER O((n + d)k) BE, BEERT, dFf k&
BN, BREZEBER O(n) .

- BMERERN O(n+ d). FEEMHDY: 58P HER, 8T FZ2EIEKEN n M1 d FI%EH res
F1 counter .

- REHby: YirsdEERER, EEdErthRE; YirEd R ARER, BEEHEFE A RIS 2EMT
HeF45 R,

11.11 /&

1. EREH

BB S A AT E A S . B TR MR RS BHRRTR ], TR 17T DUK B
[ BB N )5 2R B (AL S O(n)

RN AR K AN E B A CH X MRS, M. BAEAH
AN O(n?) , (EHTFATTRIEEERD, FIRLE NGER ATHER (E 5P v,

R R T I RSB, FERERIAR, A TR I E R S R, SR
REEHIE O(n2) o 51N RCECE ISR BN 5T DA GRS (LIRSS, 075 7T DU
M D IEITTREE, S5 2SR A (L] O(logn) .

IR AR RIS I SRS, MR T 4 IAME, TRV, HE SR o
, EERER O(n) ; AR E 2T U E O(1) .

B A SAGE: SURAH. RIS R, SRAABT SRS, B TR RRA
ORI, AR (55 BEE T BT TR 4L,

R R R — N, I SRR IR RS S . TGS A TR R A
B E AR, 3 LB RBIR Ao ETe,

- A BRI R SIS, SRR T N R A

C R, BT ERE R, BERNCR, R, UL EERE S R, AT, I
REMCRLAIRIILIE —RE, Y — Ry SEIARE S R R AT I 4 P, (ESRRRC T, Bl SRR
SR ATRHE R 2B MU HE 5004,

C 1119 MH T ERHPFEAIORCR, BRI ER EE R,
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IS A SRR
B Ty B - REN poesicds BiEmlE BT
wEHE  Om)  Oom)  om) o) | iHEE RN FEER W
;Eg—z:f)ﬁ | EEHFE | om) o(m?) o(m?) o(1) BE Bt E5ERT bt
TRNHEF O(n) o(n?) 0(n?) 0(1) BE Rt BI&EL 5439
RIEHEF | O(nlogn)  O(n log n) o(n?) O(log n) e i EEER Wi
zﬁﬁi { V33HEF | O(nlogn) O(nlogn) Ofnlogn)  O(n) BE R EEER R
#HF | O(nlogn) O(nlogn)  O(nlogn) o(1) JHaE it FEER Mo
#®HF | Oon+k) Om+k)  OM)  Omn+k | BE FEH FEEN IR
tﬁgt(;:ir% WHSHF | Om+m) Om+m) On+m) On+m) | BE R EEER R
BE¥HF Ok O(n k) O(n k) O(n + b) RE FEEM EEEM JEEEE

T, | b
BHEFR, k CAEEE
£ i L ‘ HEEFT, n HIETEE
EHIFD, k RBATH, KIBH b h

K 11-19 fHpEENE

2. Q&A

Q: HFEEREEEMN AN N 20FEmN?

ETF, BATERRERT RN ENB I THER, flan, AL SR NEE, BIIAELH—
MNERHE T St THET, 152 (A, 180) (B, 185) (C, 170) (D, 170) ; PN HEHITHF. H
FHEFEZEARE, FILTEE53] (p, 170) (C, 170) (A, 180) (B, 185),

AIDARER, 224 DM C N ERZE T, RN EREWEBIRT, mMiXERIMNAFEERN,

Q: MHEXISH “NEFAEER” 5 “MNEEAER” T AT AR ?

AT, BBRATARCIHTCE NIRRT, Wt “MNEEEER” B “NEFAER”, XN EL R E W,
BAIRET— TR,

MEE=XI5 partition() MG —H B Ht nums[left] Fl nums[i] o FEACHLSG, FEMERUEINRITTEER <= B
WAL, IXEREOR G — 5 2 i nums[left] >= nums[i] BARAL, BIZTRATSE “NETEER”, oS
PAZN L FEECE KT E, WSE 1 == j WBEEEEA, BEBIIHE nums[j] == nums[i] > nums[left], &
P, I ERE P R ES I — A R R T BB oo, SRR 58,
BNEIT, AEREH [o, 0, 0, 0, 1], RE “NEMAER”, WESEEEN [1, 0, 0, 0, 0], X
MEERIEARIERT,

HIRANEE—TF, MRBAES nuns[right] WFEMESL, IRAELG OISR, wHe “MESHEEK,

Q: XTREIEIFMM, N LEREHRERIEIE TR E RN logn ?

JBIRE L Y AT AIR BRI T RS E, BRI BA TR R BN 5 AR 5, EREEIAM
&, A RBEEANTFEHKERAKNESHKEN Y, REREEN, —BN—FKE, RARKHIEITR
JERR logn o

B R GE R B, AT T RESIESHIB T K ERRIEE, REBR AN, n—1, ... 2. 1, &
IHREN n ., BIBIFM AT DOEE G X FE v B,
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Q: MBA P TCRAMEN, POdHE IR R 2% 2 O(n?) 152 ZA /b BELX FE 150 ?

B XTFIXAEDL, AT DA SIS IR R BRI =R AT T RTERMERL XA TR
JVNFFIRTHIME 2 EIZSTTET, MATTR AT, N BT sE .

Q: HHER IR 0 E 4418 1202 O(n?) ?

BEWMT, FrETERAER— M, GRRARA— O(n?) BHkHIRXEETER, Wi e fE
W O(n?) .



258

F12E 94

Abstract
MR ZIR R, B —IREPRRERE & S o A,
DMHAZ R T —NEENESL: WERMGE, —UEIAHEE S
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12.1 988
4334 (divide and conquer), SFRTIIAY, B—FhdEm BT % WIEEER, SMaEE TR, [
5B R AR,

Loy GUBBY : IR R P e DA, BB ER RN TR 22 Ok,
2. i (BRIFRED . MERMRRIR/ N T REOTA, ARETUR 7 BRI AR T &I, AT i )

HIfiE,
e 12-1 AoR, “VAFFHEET 2 oERISH AN 2 —.

L. gr: AR E A (R I A8 (FRED, ST AT —MTR G FiRE),
2. 6 WEETHS AR TEAE (FRIERWR) T, WMEEIERFRESE (R .

PEEEEEEE

roa (RSEER)

BFiAE

- (B

B 12-1 JAFFHER R Ta R

12.1.1 N{EIHIBR S 4R

—ANARBUEEIE G A TARR, JEHE AT LASE DU LA R,

L. [l LA TN R] DA R SR /N, SRABIRG IR, DARCRERS DAAHTR] 75 208 T AT R 79
2. FRIBRMNIN: FRIBZ MAES, DA, TR R,
3. FRERT DIETE: R RS R R S 7 AR SR,

BAR, VAHHEF R DAL =AW,

1. FSITDAO: st RRIED X M8 (FRED.,
2. FRISURMNIE): DB A DRSO THE R (AR A] DUSSZ TSR .
3. FRERRAT AT MDNER A (FREBRE) ATLEH N —MEREH (R



128 38 www.hello-algo.com 260

12.1.2 @I EIRFAE

SHEAOUT DU R RS, e DIRTHRIARCR, RS, PudHir, A3FHER. i
PR TiEeRs, B, MAHFER, SUREVENINA T E R,

Mo, BAIAREERR: Mt 2smianl ERTPRRRCR, HIRZBERMTA? #im, KRmE A2
TR, ORI, R AR S O SR R, X)L RISCR A 20 L B R R ) R o 1 2
XA R A] ARG AT T S 75 TR I 18,

1. #REHREMRL

DL “EEHEE o, EAE KN n ARAEE O(n?) M. BIRRIHZIEE 122 BRI R,
BAM A NP TAEL, RIS TEE O(n) M, HFSNTRAEE O((n/2)?) M, &IERN
FREATE O(n) W, BAERFEREN:

2

OM&{%PX2+W):O¢%+QM

DEEoEEEE

BiaHF
0(n?)

DEEEEERE

Bk o(n2) Ei& 0(n2/2 +2n)

K 12-2 RIp¥eHmTEN B iRy
TR, BANHRUTIAERX, BGRB8 72 jiA o R e S8

2

n2>%+2n
2
nZ—%—2n>0
nin—4) >0

XERE S n > 41, RoErREBERE Y, HIRBeRMIEE . HEE, XInJErIN RS2 ETRR T
Jikh O(n?) , HREREHINEBINENT,
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P, WERBATHE A AW PSSR A A, B T B AR DT RS IR e ?
IXFURRSERR Bt IR, INEEZEHN O(nlogn) .

A, QERBMNZEBEILNRD A, RIESEFK0 0 kADTEEAE? ZXAMERS “MHr” IR0,
EFFEAHFEREYE, it ENEERET ISR O(n + k) .

2. FHTHEMRK
BATALE, I RE T BV EARNZR, L@ E T IOFTROL. R, s7a A AT AR IR
EEARE, EHRTIREREIIFFITRL.

FHATIAE A% B AR BN U 2K, ROV AR GER] DARI AR 2 A7 (Al d, SN SE o HMI A T R
TR, AT D S AR RTIB TR AL

FRANTERE 12-3 Rl “HHER" o, BAOTRAIER IR VI ECEIS MRS, WIRER AT A AR B HE PR SS 70HL
FHMIREIT, EREEAHER

TTE

K 12-3 MHEFRIFFTIR

12.1.3 98ERKA

— 77, iG] ARRIRRVE 2 22 LR AR,

© FEREGE RN ZEIRE SR R RIS, SRIE R PRI B RN, BRSO
TR XS o

- KBEEERIL: a0 Karatsuba Ji%, BRAEEEGRE 2N LB NI SRIEFIINTE,

- JEREIRTL: BN Strassen B, BIRIERERIE DN 22D/ INERE ROSRIERI AN,

- DOESEEL: POESE TR AT DUBIE AR, X2 U IR SR R .

- ORMESREXE: - DFAI, AERATEH AT R TR, IB2ZN DR R — DR KA
Wi Al AT AR v B AR, (R BhIAHHER BT SR,
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i, SHAERIEMEERAERE M SRRz,

© s SoERRRAEFEAMNFRRGIE S IEE Sy, AERE HAMES R TTRE LR,
ODUEHERRIR—FIX 1A, FFAERIR X A AT R B = 70 B4

- VDR ATTRKEN S, A,

- POEHER . PRIEHET RIEE —NMERE, REEBH NN FRE, — DB TTR AR E D,
o —FRAHRITCR LA R, AR ER AT AR 0180, EETHANFE T IR,

- MR WP A BB R D BE 2O, RER S IRNETTRI T, &ERS MR
TERMIXE, MMRE— MRS,

- B BN SRR, AVL B, Z0RM, B, B+ WEE, BEAIRIEER. EARINERSE SRR DAY
THE RIS I

- e HERRPRIRESE A TR, HARMRCE, A MHERAIHE(L, SCRR_EESRE S T rTRR) AR,

- A BRBHRIFAERNMAING, (BRERARIIRERTT REHEN A T riasks, flm, st
AR EER PR OV LB, DR ERER,

FLAVEH, iRl “EPgios” RTERA, SRR S BER .

12.2 9812 FEER

TAEZE, FREEDNHAK,
C RANER: CEOBFRIESHIIL, HEERER O(n) .,
- EIERHEER: TR B SUYRSERIS B, R A A O(logn) #%E O(1)
Sai b, W2 O (log n) ISZREE TR RIETSARIGIBUN, (B0 — S E AR,

© S ERNE PR EBAHPERERTER) AN (RS — R BT
), XM —-ERSEEEH sl R E B Rt R 1k,
- BRI B, TEIERRL AVL B, SRR T, SRHRERN RS 2R E S O(logn)

o

o BRI HAREEN TR,

- ISR PR "o EPOBTHOR R R (TR T AR T (TR — T &
£, X R TR AT R KL,

- FRSURMNIN): £ ERT, SRR DR, EANSZ H AT R,

© PRSI EIE: o EREEER - MEETR, RINARER FRIEEHT S, HF R
SRR, BRI 2 R NS RO

IMAREMS TR THERIR, ABERENRIELRGL AR —MED, MG R 0T BUHERR— %
i,

1. BEFSaERN=—28H

FEZRINETH, &g TR 020 KB, BIERMET G GBI KRELHE,
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Question

HE—NEEN n WEREAH nuns , HAPTE TR MM, EERICE target

WSS, BATKHERIXI [i, 5] M B FIREIEH £(4, 7) -
DB £(0,n — 1) Witass, Sl L FBET s 2k,

1. WEERXE (4, j] s m, RIEEHRR—FERXE,
2. BBVARMBALRN—FHF R, "T8EN f(i,m — 1) 8 f(m +1,7) .
3. TN 1. BRI 2. &, EHEKF target sIXH = MHRMEL,

B 12-4 JRoR 7B o EBOTR 6 RriaidE,

s (BE00000000
¥ oa
f(o, 3) ann 12 15 23 26 31 35]
I 2
f(2, 3) [1 3 on 12 15 23 26 31 35]
A

\ 4

REREFTR 6 WHFESIH 2

K 12-4 —p&EEREIRERE
(ESRBRTG Y, Bl TP — MBI R dfs () RoRARIEL (i, j) -
// === File: binary_search_recur.ts ===

[* ZHEH: B (L, §) */
function dfs(nums: number[], target: number, i: number, j: number): number {
/] EXiEAE, AREBRTE, WikE -1
if (1 >3) {
return -1;
}
/] HEHRERRS] n
const m =1+ ((j - 1) >> 1);
if (nums[m] < target) {
/] BAFEE f(m+1, j)
return dfs(nums, target, m + 1, j);
} else if (nums[m] > target) {
/] BAFER f(1, m-1)
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return dfs(nums, target, i, m - 1);

} else {
/] #EBtrnE, REHRS|
return m;

}

}

[* ZaEHK */

function binarySearch(nums: number[], target: number): number {
const n = nums.length;
/] KRR (0, n-1)

return dfs(nums, target, 0, n - 1);

12.3 19 Riin)eR

Question

B XWMWETF DT preorder M FiE)T inorder , TEMAAEEE XM, JR[E] — R IR

o BRSO ERAEESNT A (WE 12-5 Fir).

BiFFIER
/ \ B preorder
HhFiER
inorder

12-5 5% — X RGIESE

1. AR BRI RRE

JR A E M preorder K inorder #%: XA, 2 — NI SGRE,

- PSR PAS R MIRRIA VI, FRATTRTDORE R RIREKI 7 N[ R M 7e 14, MR T4,
IbE—S 8 OIAHARTT S TN TR T (D, AR AR A BA LRI 751%, HHK

DNENFR (FRED, BEERFENFR- (2R Lk,

© FRISDRMNIR: TG RO E NN, e ARA R, ERAETHIN, RIHTXE

PR 3 D AT 3t P PR 5 2 TR B R e A5 TR TR B

- FREREAILAE T — BRI TR TG TR (PRI, BATHEAT DR e IBERERYT 5 L,

S E i P R AR
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2. RIS FR

MRAE LA B3, IXIER AT CAGE A o3Ik R, (B I@EIE i35 preorder FIH)F3 M inorder SRR 72 ¥
P T RE?

HRAEE X, preorder 1 inorder #RA] PAKI S A ="1NE657

- HiFED: [ RTR | AFW | BFW 1, BB 125N 319217 ],
- R [ EFW | RTR | AFW ], GIANE 125N 9131127 1,

PAEEESE A, BATA] DOEEE 12-6 ARy EG 21K 7345 3R,

1. ARG EITE 3 BT mE,

2. BEBAIRT E 3 7F inorder FIYRS], FFZZESIAE tnorder XIS AL 91 3 | 127 1,

3. tRYE inorder RIS R, SISAE TRAIE TWAH SEE 2RI 8 1 F 3, MIA ¥ preorder XI53H
(31912171,

BHRRAMRTR

AifFiERH  preorder

(:> ERIRT ARG
@ @ HFER  inorder n FE—

: 3MER
EFHE
197R

HiF#FE preorder nna

12-6 £ R ik A AR i P & o

3. EFTEiRFiXial
RIECAEXI 2 751k, BIMELEEMR Y, K7W, A 7WAE preorder il inorder IR GIX T, ik 11
RIXLERG[XE], FATFEMEB L NMEH T &,

- R HIR AR SAE preorder YRS E N i o
- KRR AIRTY KAE inorder EYRGIIEHN m o
- B AREIRAE inorder FINRBIXAIEH [1, 7] o

N 12-1 fr, 1@ DA B2 RIA3RRIR T 5 AE preorder S|, PAN THTE inorder AR G( X [H],

R 12-1 AR SR T RT3 P A PR e il 7 R A 2R 5 |
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R 5AE preorder YRS

FHRHE inorder FHYET| XA

EEIL} i
T 1+1

PR i+ 1+ (m—1)

[Z,7]
[l,m —1]
[m+1,7]

HER, AFMIRTERIIPN (m — 1) &0 Rl s’ @ileEar 12-7 8ig,

O i~
preorder

hFFER
inorder

- Doan
A A A

i i+l i+1+(m-1)

2 806
A A A

1 m r

B 12-7 MR RMZEA FRIRT X ARR

4, XFBEI

NTRAERE m BRER, FAEB— DB R hmap RFGEEEH inorder HITREIR S HIMLES :

// === File: build_tree.ts ===

[* HEZXK: 929G */
function dfs(
preorder: number[],
inorderMap: Map<number, number>,
i: number,
1: number,
r: number
): TreeNode | null {
/] FRXEATELLE
if (r - 1 < 0) return null;
/] MRHKIRT=R
const root: TreeNode = new TreeNode(preorder[i]);
/] B n, NIIXDEATFH
const m = inorderMap.get(preorder[i]);
/] FilE: ¥ T
root.left = dfs(preorder, inorderMap, i + 1, 1, m -

/] FielE: ¥3EH Fin

1);

root.right = dfs(preorder, inorderMap, 1 + 1 +m - 1, m + 1, r);
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/] BREHRTI R

return root;

/* HWEZXM */
function buildTree(preorder: number[], inorder: number[]): TreeNode | null {
/] TIRNMRER, 748 inorder TTHEIZESIAIBRET
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;

A 12-8 R TR KRB RE, BN RRIER T 987 AR, mEsL (5IR) BIER
RS R Spog e LhE AVAIN

R 3 [o[2]1]7]
inorcer ([E)ENEDEDED @

preorcer (3 (@12 (177 @
inorcer ({3 (1 (2 (7 .

— o o
Step 1 Step 2
sreorcer (E)E)EDEDED
inorcer (EJENEDEDED /
39 a preorder
@ inorder
— o o

preorder [ 3 |9 2n7
inorder ([93° (9127 @

Casa J 70 | 701 ] 3 = EB

[ Step 5 ] [ Step 6
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/ / 000 -
/ @ inorder
@ 3 9 2 1 u preorder @ @

9312“ rrrrrr

Cava § 7 | 701 ] 3 & EB

[ step 7 | [Steps\

- )
. gopoa

3 = €3

Step 9

B 12-8 HHE AR

FNEIHEREN AR R]T preorder MIH &) inorder BRI 4 RATE 12-9 AR,

preorder aa
inorder aa

preorder 392 1 7
inorderal% 12 [7

preorder ([ 3 | 9 297
inorder | 9 | 3 nz 7

B 12-9 &R RBHRIRI 4R

R BN n, WHALE— DR (BUT— MBI dfs()) A O(1) I, It S AR 5 A%
R O(n) .

G R AE# inorder TERFIRGIMIMLN, BAEREN O(n) . EREBNT, B XRHBMAOVEERN, #
HREIES 0, EH O(n) KFIEbERE, FSAZRERERN O(n) o
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12.4 BB

FEVAFEHE R AR SRR AR, AT i 1] 0 T AR A S [ — 7 (AL, RTINS T 5 1]
A, AR AR 7 AR

Question

HEZMRET, IER A BRI Co IR, T A LEE n MRS, BN LRI NZIEMNNEIRE
G HE, FATNESS R ERIX n DMEZBEIET ¢ b, HREFEMNNEEF A2 (@nE 12-10 Fr
TR)o TERBBNRAIZRRISARA, FFEESF DA RR,

1. BEEHREM—ARAEF TR, S —HRAE T TR
2. BIRARER)— R,

3. /NEELL N ZIN T R Z b

ALl

Y #EEESEM A BHE C
A B C

12-10 NG RIRRE]

BAERED @ RDUERE RS f(d) . Bl f(3) RN 3 DR A BBIE ¢ FITUEE TR,

1. EEELFER

e 12-11 fow, WTRE f(1), BRYEE—NESN, ROTEEZM A 3= c iR,
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-~ 1l L1l4

R £(1) WER:
BEEBESM A BHE C BIF

A f(1)

Step 1 Step 2

B 12-11 AURON 1 AR
i 12-12 fow, TR f(2), BRSAPAEERN, b FEnme /b ESER B b, R
B RS2,

1. ¥ EmfNREMN AR EB,
2. BEREBMNABE C,
3. ER/ N NEEMNBEEC,

al l Lil

AR £(2) WSRE:
A £(2) 1. B)NESM A BRHE B
Step 1 ‘ Step 2
A B [4 A B c
@R f(2) WER: RR £(2) WSE:
1. %/EEM A BIHE B 1. 0EEM A BEHE B
2. BAESEM A BHE C 2. BAEEM A BHE C
R 3. % )EEM B BHE C
l Step 3 Step 4

K 12-12 BB 2 BTa) R

fRFREL f(2) B RERTREE R WA REED s MABR c. Hi, cHNERE. B FRNEMHL,

2. Fial@ES R

MR f(3), BIRYAE=ABEERN, HREmMmME kT —L5®,

ROVEHE f(1) F0 f(2) B, FRAFRATRI M SE AR REREE, 1 A DERRIPA B S A 1 — V08, TR 12-13
FREI R, XA =Rt A B2 ¢ T
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1. 2B NENME. ¢ WEMWHE, KM TNEEMABESB,
2. Ff A HBRIRE—DEEMM A BRBHIE
3. @ CONHEIRE. ANRMNAE, FRDMEEMBBEC,

A B
R £(3) WSR:
@ f(3) 1. BEAPERM A BEHE B
Step 1 | Step 2
A B [ A B c
fER £(3) W] R £(3) WSW:
1. WP ERMN A BEHE B 1. B EZM A BEHE B
2. BER—NEZM A BHE C 2. BRR—ESZM A BRHE C
3. BEIERZM B BHE C
Step 3 Step 4

B 12-13 BN 3 [ RI-BAE

MR EE, BAHEHRE f(3) Q5 APAFRE f(2) —AFRE f(1) o 7 RINX =47 5,
JRIAEIRE 2 S 2RO, XA AU ARSLAY, T E MR LS,

2k, BATALREE R 12-14 FrR B ROGEE IR 16 SR KRR f (n) 35 AR f(n—1)
FI—FRE f(1), FH42RE PRI R ouX =1 A,
1. ¥n—11MEBEB cCMNABESB,

2. ¥FEs 1 ANEEMNABEEBEBE C,
3. Bn— 1P EEMEANMNBBEC,

HTFXFA TR f(n — 1), o SO PRI, HEAFR N T8 f(1). 1 (1) 1
WRTHIN, HF— BT,



128 38 www.hello-algo.com 272

FiadE f(n-1): & n-1 MESEM A BEIE B

) 4
FIEE £(1): #$HR 1 MERM A BEHE C

[RiEE f(n): & n TEEM A BEE C

FiaE f(n-1): % n-1 MESM B BEHE C

12-14 fROIOEE TR REAY 73 16 SRS

3. AExEm

ERIEH, BATEH— N EITEEL dfs(1, src, buf, tar), ERIMERREHA: src TEEHY ¢ DNEELEBhE
1 buf 812 B st tar :

// === File: hanota.ts ===

[* Boh—E&E */
function move(src: number[], tar: number[]): void {
/] M src TIEPEE—NEZE
const pan = src.pop();
/] BEEBRN tar TR
tar.push(pan);

[* REBSGEIEIR f(1) */
function dfs(i: number, src: number[], buf: number[], tar: number[]): void {
/1 & src RET—NEE, WEEKEBE tar
if (1 === 1) {
move(src, tar);
return;
}
/] FiEER f(i-1) : ¥ src TN i-1 NEEMEE) tar %3 buf
dfs(i - 1, src, tar, buf);
/] FiEE f(1) : & src FR—NERZE tar
move(src, tar);
/] FiER f(i-1) : ¥ buf TAZ i1-1 NEEMEE) src B3 tar
dfs(i - 1, buf, src, tar);
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}

[* REEEERB */

function solveHanota(A: number[], B: number[], C: number[]): void {
const n = A.length;
/] B A TRER n NERER) B $BE C
dfs(n, A, B, QO);

QN 12-15 AR, DOASERISTE R RGN n BBV, &1 AR DR, MR —NTER dfs()
B, BENRERER O(27), BREREN O(n) .

B 12-15 UASE R 3 U 4

Quote

DORIE IR B — N BN, EHEEN—DSFEE, BEMNE=ReRNEatEs, Pk 64
MR —HE B, BEMANEIEE, MIMEEERE — MEBSERTENIR—ZI, X
JLE S S

SRTT, BREERSBIEREEEN—R, BHEEAL 20 ~ 1.84 x 101 B, &4 5850 124, imini@
TN FH ARG, TR, MEIXMETRER, FAINVIZATFEHR O TR HER,

12.5 /&t

- IHAR R WM EIRRIT RS, W (D) fis (B WARTEL, EEETIRIARI,

- HAWTR S RIGRIERBARIE A FIRES , FRER G, FRRES &),

- VAFHHEE RIS A SN F, OB TR R R 0 N E R T, BEIHRF N ITRNIT
WEREEH, MMTERHEF.
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- SIAD RIS ERE AT DARTHEIRRR, — 77, ARG TEEE; 5—77m, MEEAMTR
AT,

- oIAREA] DR 2 BIRANE, ) A TR SRR, AR

- MHERTRENER, AENERIRER, NEERER O(logn) MIEREIREH ZHT /ARG
e

- ZOBEBRSIGRIGH S NN, EANEER T REN T EIFRP B, AR U@ S
HAKH =&,

© FEMEE OB A, AR (D AT DA A e TR A (R, X AT DAsEId R
5 3 A PR e 3 P O 2R 5 | X TR R SE B

- AEDUESERIEA, — DD n @RIERT DA 2 AR n— 1 B9 7 RIS — SN 1 5 [A)
o AL AR =7 R, BRI 1S 2R,
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$F 135 [o]i

Abstract
BATANERRE R RUIR RS, TERTEAYIERS b nT sE 1B 2 R R,
B R IEBATREW ERFLE, Akrzl, RZRFEFEHINE A,
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13.1 [EHE%

[C&% (backtracking algorithm) J&—Hulid 55 2R MR R RY /715, BRI OEAZ N — MRS H
K, BNEEERENRITE, MBEEMMANEHICS, BEIREIMEEE 2 7 ArE vl GERIEEEED
TFARBNFRN 1R,

MR ZUEE R “REMAEER” KRBTSR, £ ““XR =9, BOHRERFE. PFRERED
HE T IR R, 8k, BATHAFFBIAE— N e, B8 7 R R TR R,

ol —
RN, ERIFICRATEEN 7R A, TEIRET RS,

XTI, BATET @R, FEAIBS AT S RER SN T, B, WRIZT RAEIALE RS res
Z o AR ARSEEANE 13-1 A1 A M AR:

// === File: preorder_traversal_1i_compact.ts ===
[* BB BIE— */

function preOrder(root: TreeNode | null, res: TreeNode[]): void {
if (root === null) {

return;

}

if (root.val === 7) {
/] iERHE
res.push(root);

}

preOrder(root.left, res);

preOrder(root.right, res);

REMFER

BIFFIE =X,
HiZRER 7 HUR

Al I8
£ @inRTR

13-1 {ERi R T A
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13.1.1 ZiX5[ER

ZFR DR 2 e, RFDVZRIAEERR RN 2R “27 5 “BIR” MER, YRR RY

FEFIB RSN IS TR ST BT IR S 2 e SR AR, B AGH E— PRk, R EZ AR,
SRH A AT REATIE R,

AT, PiAE T REAAR R X7, M [ E0R AR R return MIFR “[AHR”,

EREIHIE, PIEFFAUNRISEEBORE, NiFERaX—d, BT IR — R,

il —
FEZ SRR ATEER 7R AL, IR B RN YT R 2,

TEBIRR— SR BRI, FRATTFREAEBI—DHIER path LR VIR T B2, HVIRIEMESY 7 89759 s, )
Sl path HIRIELTRINK res o WHFERG, res PRIFIVHUEHTHE MR, (AW NRTR:

/] === File: preorder_traversal_1ii_compact.ts ===

/* IR GlEm= */
function preOrder(
root: TreeNode | null,
path: TreeNode[],
res: TreeNode[][]
): void {
if (root === null) {
return;
}
/] =it
path.push(root);
if (root.val === 7) {
/] 1IBRAE
res.push([...path]);
}
preOrder(root.left, path, res);
preOrder(root.right, path, res);
// [EiE
path.pop();

FERR SR i, BATE R AT SR path SRICFRIE(R; WiE “MNR” A, BAIFHERIZIT M
path H5iHh, PAMREARZIAZ AR,

WIERIE 13-2 Frosiid e, AT DA 2B “Bilt” 5 “HRY”, WANREL9EE,
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£id: BIWH, BRRE
EB: ERE, RBEE

Sl RITEH, BRRS
ElE: RERTS, RHEE

£l RIEH, BRRS
ELE: HERE, RHEE

£id: BIWH, BRRS
EB: RERE, RBORE

S BIEFH, BIRE
ELE: RERT, RHEE

Step 10

ik BITBFH, BMRE

EB: RERS, RHEE

path = [1, 7]

BEER 7, WERERNEER
res = [[1, 7]]

£l BITEFH, BARS
EB: tRERS, &BORE
path = [1, 7]

res = [[1, 7]]

Sid: BIEH, BRRS
BB WERE, HHEE
path = [1]

res = [[1, 7]]

£ik: BITBFH, BRE
ER: RERS, RBEE
path = [1, 3, 6]

res = [[1, 7]]

8k BIBER, BHRE

EhB: RERES, RHCEE

path = [1, 3, 7]

BETR 7, WEREFNELR
res = [[1, 71, [1, 3, 7]]
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Sid: BITERH, EMRS
EiB: MERS, HKEE
path = []

res = [[1, 7], [1, 3, 7]]

Step 11

K 13-2 Zi{5EE

13.1.2 B
B 2 EN R0 3 1 & — Dk S AN RS, SR ERETT T “90E:,

Pl =
FE XM ERATEED 7 AT, TEIRERRT RENX T RS, FFERBRETP AR ESEN 31

N TR LA ELHREN, BANRERMBIBaR . ARERERES, F82EN 3 ;W A, WHEANRE, A
WEHER, A TAR:

// === File: preorder_traversal_iii_compact.ts ===

/* BIFER: fIE= */
function preOrder(
root: TreeNode | null,
path: TreeNode[],
res: TreeNode[][]
): void {
/] B2
if (root === null || root.val === 3) {
return;
}
/] =i
path.push(root);
if (root.val === 7) {
/] iERHE
res.push([...path]);
}
preOrder(root.left, path, res);
preOrder(root.right, path, res);
// [EIR
path.pop();
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“BIR” R MNERIERIAIE, E 13-3 R, (RIS, Ml DI TR SRR R
X, WRTFLITRNZER, MG TR,

B BEER 3 MTEANRANRE

BB RIERH TR X HIERTE
MR FHEZR

& 13-3 ARIELIRAAT BT

13.1.3 1EZRMES

BTk, BANZLCREIING “29K80 [HR, 39K REMAERIRRER, SR HRaSRE M.
FELAMERMRSH,  state FURBIITSATIRA, chotces R RTIRAS T AT DARKLH AR :

[* EIREENESR */
function backtrack(state: State, choices: Choice[], res: State[]): void {
/] 2SR
if (isSolution(state)) {
/] CRfE
recordSolution(state, res);
/] REHEIER
return;
}
/] EAFAERER
for (let choice of choices) {
/] Bk FEmEREE & E
if (isValid(state, choice)) {
/] B R, SRS
makeChoice(state, choice);
backtrack(state, choices, res);
/] ELR: HEEE, MERZARVIRE

undoChoice(state, choice);

FER, TATETHERAMRMBRGIE =, R state NIRRT, £ cholces N H T AT
R FIR, 4528 res BEEIIE:
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// === File: preorder_traversal_iii_template.ts ===

[* HIMTHETRESR T B */
function isSolution(state: TreeNode[]): boolean {
return state && state[state.length - 1]?.val === 7;

[* IBREE */
function recordSolution(state: TreeNode[], res: TreeNode[][]): void {

res.push([...state]);

[* FIESTERET, ZEREEE */
function isValid(state: TreeNode[], choice: TreeNode): boolean {

return choice !== null && choice.val !== 3;

[* BEHETRE */
function makeChoice(state: TreeNode[], choice: TreeNode): void {

state.push(choice);

[* MERE */
function undoChoice(state: TreeNode[]): void {

state.pop();

/* BIEE: GlE= */
function backtrack(
state: TreeNode[],
choices: TreeNode[],
res: TreeNode[][]
): void {
/] REZRT R
if (isSolution(state)) {
/] 1IBRAE
recordSolution(state, res);
}
/] BAFEERE
for (const choice of choices) {
/] B BEEEREEEE)
if (isValid(state, choice)) {
/] B MR, ERRES
makeChoice(state, choice);
/] #HITF R
backtrack(state, [choice.left, choice.right], res);

/] EIR: HEERE, mERZRRES
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undoChoice(state);

RIEER, BAERENESN 7 07 UGN ISR, TR I # R 2 51 return IGMIER, & 13-4
FEE TR B EMER return IEAJAVIE 2SR,

EREE
mirex (@

1R#E return #p% return
IEREGERE, THA4RIER IERMREFRE], HEER

K 13-4 LRI SMER return AERISFER B
M EEEE TR 07 ARG S, FE T AR AR SC Bl B AR RSN, EXEA M LF, Shrl, W%

1] AR ISR R RO, FRATT R FARIE BA AR E X state I choices , FFSRMUMEZRHI&ANTT %
HIET S

13.1.4 EAARIE

T EBEWH AT EIR R, AR — N EEERE R AREN S X, HBREIE =25 0 RoREl, sk
13-1 Ffirro

®13-1 H AR IEATE

A T X Bl =

fi# (solution) — MRRIREMERIERMFIER, AlRER PN RYRETA 7 B2 R R B

LIRS AR R IR T TR &, B BRPARESTE 3
(constraint) TBI;
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i Y =

K& (state) REFRAEERE—NZIREY, OFECLHER YaTCURAE SR, B path 15 R5I%R
pri s

ZIK ZER MR AT IR R AR, M BATRAE () 71, WA path

(attempt) kR, BERURE, KAV HIWrT R EE RSN T

EIpES [EIRAEIBEIAN R LR A MRVIRSH, BEEAEM  SREM AL SR RIR, BEIEN 3 1

(backtracking) HiFESE, EIF E—MRES TRINZIEEER, KHRE

1153 SRR ARYE IR PRI A R A A e R IR HIBRMEDY 3 YT AN, WRFIAkEg R

(pruning) FRIZITTIE, PR RRR

Tip
R, R, IRSSEMES RN, 216, B, siSMXL OFREPEAE Y K.

13.1.5 R=5RRH
[EIEEA TR B — R RS R A, TR ATE AT AR R 77 2 B SR I S IR, X R 160
S AE T REMSHRBIFTE FTRERIMR R T 2, T BAESBISTRRE R, BARESNRER,
SRIT, (EACFR R ER & 2% R RN, TR B I TRCR T REME DARE 2.,
O] EEEE S RIS S MR A ATRE, I RIS 24 A] BUSEIHE RN SN TN,
- 23] TERRIAE A R SRR Y RTIRAS (BN 1R. TR B YIRER AN, 23

TRATRERLIFRA,

RIMEEant, I TEAT SR e P R ) AN 24 S 2 P B AR MRS e X TR LB AR, pR T i Tt g
LR PRI AE BRI, TR IRATT 60N Fr A ] RERIE B TIE . EIXMIBOLT, REER MR,
T LHICERAE T A A,

- BB RRIERIME A ST AR, AT R I AL A
- Ak AR EEREET I LRI EE M THE, WML R A Al /e A B BRI AL,

13.1.6 [E];¥#EY(5IRR

[l ST AT F TR R VP AR R AN, SR 2 AR AH & L e
FRME: XA H AR REN R SRR R TT 2o
- AL RS, REHFTEATRERHSIA &
© TEMEE: BE-PMRAM—DERMN, HERSHATERNERNR T,

C DOBSSIEL A AR TR — RIS N R R, BRI M — AR PR A5 5 — R,
R A — NI, ERREN KA NI b

AP Ry RS e e IENISE syt s M VAR SEA e S RER)
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- n 2iE fEn x n EE EREn NREE, #EEMNEARHE,
© Bl £ 9 X 9 MIRHIEAR T 1~ 9, SR, BAIRED 3 x 3 FRIHHIET AEE,
- EEGEE: AE—-NemE, AROHBESERNENEER, EEHBTEHEAR,

AR XL R HARRTE— D G2 A PP ERE 7 i 52 55 1R 1 BRI g

- O-1HHME: AE—-HYRN—INEE, 80N E SN ENER, ERETEAFRRGIN, &
BV ES S ER K,

- RATRIERL: fE—E, AN DREER, TiRITE B R R OUEIR R R, SRR,

- ERKBIAE: HE—DTAE, KERRKEeTE, BFEPIEEN DR Z FEEUHEE,

THER, ANTH2HSIARE, FARRIRRTT R,

01 HRMEEE SRR, DUREIE &R R,
- IRATRIE D EAAH NP-Hard A, iR A B BB RIA S,
- KUV EE R — DA, aT A SUORTESE B A S URTR R,

13.2 £H5lin)E

EHEA BRI TRR — N RN, ERE REAE MRS (N M TTH) B, K
HHEATTRIIFTH ATRERIHES .

R 13-2 512 T LRI, S A KA M AT HES

£ 13-2 2HRA

PN 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 THEFRENRER

Question

WA DREEEAH, HPAESEERR, REFTHATRERHE,

MIEEIER R, AT DA SIS FAR SR — RTDEREIZE R, IR [1,2,3],
RPNV 1, L3, REERE2, WSS [1,3,2] . EIRERHEE —MERE, ZEMkeiH
fthiZk %

MEARHIAEE, RIERS cholces BMABAHTHIIATLR, K state ZHE HATCHOEFENITTR,
HER, SPITRARVFHIERE X, Bt state PIIFTHTTRAN IZEME—,
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Qs 13-5 FvR,  BATTAT DRRHR SIS AZ RIT R —BRIB IR, BEP AR AR BTIRAS state o MRTTRUT
f, S —RRIEREENAM AL, BT RN B — N HES

choices = state =

SH—IIERE

13-5 ZHRAIREI R

1. BES%ES
T KN TCE RPOERE— IR, TATEET A — M /REEUEH selected , A selected[1] #2718 choices[1]
TR EMNER, HET TP FEIRHRIE,

- TR RE chotce[i] )G, FRATHEEF selected[i] MRME AN True , RFEEHIERE,
- IBIEREYIFR choices I, BRI FTE BRI A, BIBIEL,

QI 13-6 A, RIS —FIERE 1, 5B 40ie 3, =Rk 2, NWIREAES IRt R 1 17
X, FEH=HIEITR 1 TR 3 03

e

l AAETEN 1, 2, 3

Rttt 1 @ ) a_ |
_ IR ERERNTE 1
BEIREE 3 Flm&EnER 2, 3
B o
i
F=WERE 2

HREREENTR 1, 3
FREHETER 2

K 13-6 2HAIBIRRHA
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WEKIE 13-6 K3, WITREIEH SRR O(n™) BNE O(nl) .

2. REEEm

ES

5=k
g

// === File: permutations_i.ts ===

/*

EEL: 2HF 1 +/

function backtrack(

DE

}

state: number[],
choices: number[],
selected: boolean[],

res: number[][]

void {

/] BREKEETTEREN, BRHE
if (state.length === choices.length) {
res.push([...state]);
return;
}
/] BOFREEE
choices.forEach((choice, 1) => {
/] Bk RARATEEERETER
if (!selected[i]) {
/] B R, ERRE
selected[i] = true;
state.push(choice);
/] BT —REE
backtrack(state, choices, selected, res);
/] ELR: BEEIRE, MERZRIRIRE
selected[i] = false;

state.pop();

1)8

[* EHF 1 */

function permutationsI(nums: number[]): number[][] {

const res: number[][] = [1;

backtrack([], nums, Array(nums.length).fill(false), res);

return res;

PEFEEZE, BAA DEMERAME P “EBES" T N TR, AT RIMSCIIE
RIS DR, TR ENRITE backtrack() R
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13.2.2 FEEFTENER

Question

BN DEERE, BAPaRERESHE LR, IRMATE AEERHS,

B AR [1,1,2] . T HEXAFHAAEE LR 1, RIEE A 1ien 1,
W 137 FiR, AT ARSI LR S .

i i 2

BERE

_—

B SRS

& 13-7 EEHA

M2 RBRELRIHIIE? RERH, FEME—ME/RES, ERAHISSRTRE, AMIXAEHA
e huHE, PUNERREEHSIHER D R RE, MSGERTHRADFIAEE, Xkl DO — IR RIARCR

1. BETHEEH

W 138, {EF—terh, JEHE 1 sihe 1 RSN, (XM NERE 2 FARNPTEHYE R BN, it
REZE 1 97k,
I, (RS —E00EER 2 25, R 1M 1 thar R B, RIS A 1 97,

MARBLEE, B HARR AR —EED, RIS MR BHERE—IX,
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choices = state = [?

B <
B—EE
TEEES 1 ST
DOR#EFE—R
BER
ﬁ%iEW1
QRI#ERE—R
BoRER

13-8 EEHSITIR

2. %M

£ b — MR AR AR b, BB BAES —IEEPITE — PMRTES duplicated, ATIERZIEHELE
TR, FRESTRIE:

// === File: permutations_ii.ts ===

/* EEE: £H5 11 +/

function backtrack(
state: number[],
cholces: number[],
selected: boolean[],

res: number[][]

): void {
/] EREKESTFTEHNEN, 2RE
if (state.length === choices.length) {

res.push([...state]);
return;
}
/] BHFAEERE
const duplicated = new Set();
choices.forEach((choice, 1) => {
/] Bk AATEEEETR B TATEERFERE TR
if (!selected[1] && !duplicated.has(choice)) {
/] B R, ERRES
duplicated.add(choice); // IBRIEFTIHNTRE
selected[i] = true;
state.push(choice);
/] BT —REE

backtrack(state, choices, selected, res);
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// BLR: #EHEE, MEEZERE
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;

BIRITCERMM Z B EAMHEE, W n DTREA n! MHF () ; EICRERN, TEEGHKES n /9%
%, fEH O(n) WiE, FERBERER O(nin) .

BRARBIHREA n, i O(n) iz, selected i O(n) 2, F—NZI&RZIHEA n 4> duplicated,
i O(n?) =, HEEREZREN O(n?).

3. FMEIRILE

HER, B selected F1 duplicated T EIR:, HWER HIRAME,

- EEERNE: BMEREEPHAE D selected , BICEAZYFPRSHE ST TE, HIEHZ
BERFANTCETE state PEHEHEHI,

- MHFCEWE: BRIEE (F AR backtrack B #ELE— duplicated . BEiCRIEEALR
W (For E3R) HRMFLE TR EW0ER S, HIEARRIFES TR RPuEFE—IR,

B 13-9 R T BIBSER ARV RGE R, R, MR AR — kR, MR B SR 2 b
AN A R — RS,

HE&EH— <
ST [1, 1, 21 [1, 2, 1] [2, 1, 1] HEEH= $
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B 13-9 MRETEZR I AT

13.3 F&EMin)E

13.3.1 EESERENRER

Question

A — D IEEEEELAH nums F1— D BEARIEEEEL target , IEHRHFTARTRERVA S, HISHEHRITEMN
ET target ., BHEHHTLEE LR, BNITRTUBUIERZ R, EUAIRFREXLEHS, FIRS
ANEEEEHE,

fan, HASES {3,4,5) MEAREEE9, BN {3,3,3},{4,5} . FEEREUTMAL

SR A T AT IR R R,
C FERRXSTEIE, A {4,5) F1 {5,4) BR—A T,

1. SEZLHTIRE

ROIF2HES R, BATA] AR TN BSOS RS N — RVERNE R, HAEREIEPSENER v
7, MILEMET target B, U TEICR R R,

M5 2HFI AR RIRE, ARSI SRR e n] DIJERRUGER, K TCAE) selected fi/REIFRKILRIT
REE RS, AT PO ST/ M B, PR EIRE Y -

// === File: subset_sum_1i_naive.ts ===

/* EIE.: F&EM 1 */

function backtrack(
state: number[],
target: number,
total: number,
choices: number[],

res: number[][]

): void {
/] FEMZET target BY, iBRE
if (total === target) {

res.push([...state]);
return;
}
/] BAFAERE
for (let 1 = 0; 1 < choices.length; i++) {
/] Btk BFEMEBT target , MPhdiZiEE
if (total + choices[i] > target) {

continue;



13 E (Al www.hello-algo.com 291

}

/] Ei: MEERE, FHTEM total

state.push(choices[1]);

/] #HITF R

backtrack(state, target, total + choices[i], choices, res);
/] EhE: HEEE, MERZARKRE

state.pop();

}

[* RERFEM 1 (BEEETHE) */
function subsetSumINaive(nums: number[], target: number): number[][] {
const state = []; // RE (F&)
const total = 0; // FE&EM
const res = [1; // &RIIK (FEFIR)
backtrack(state, target, total, nums, res);

return res;

mlL_EAADH AEEA (3,4, 5] MEFRTR 9, WML [3,3,3],[4,5], [5,4] . RREIHEH T HHRAY
9 W4, HHPAEEERN 8 (4, 5] M [5,4] .

XER R R AR X I TR, SR TSR iy, W& 13-10 AR, Joik 4 J5ik 5 556k 5
JEikE 4 BRI, AEXRE — 2R,

choices =

target

SERIEE

A 13-10 THEERSEAR,

NTERREETE, —MERABBRNERIFGET RE, EIXDTTIRBCRIRAK, AW R,

SEAHTRRZ, JUHRZEY target BN, EREBESEREBHEE 75,
P rs (D) WRRAERFEN, TEEHFRH, BB RN TRIRFE,
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2. ESFEER

BAE BRI A B BB T R, MRIE 13-11, EE TR UARRI T L T RN AR,
BN LA B oL,
1. YRS RO RNER 3 AN, KEROEXMNTRNETE, 180 (3,4,... ],
2. ZJG, HERRERE AN, WIS TARRIEENG 3, BEONIZER AT (4,3, . ] FIE 1L PR
Mr&ExEeEsg,
FEERIES, G ZANERRRMNEEIGHER N 2N, FIEEAR 2 BRI,

1. BIPNEIERE S5, AURTE (3,5, ...]

2. RIPIHCIERE A5, ARTHE [4,5,...]

3. EHEHEVERE D, W TRRINEL 3R 4, ENTE (5,3, FI[5,4,...] 5% 1. B 2. b
BRI THEs2 2T,

cvoices - (DD

B Bt 3,4
BRESTE

Bk Bt 3
BREETSE

F&  [3,3,.] [3,4,.] [3,5,.] 3 [4,4,.] [4,5,.] 3 4 [5,5,.]

EEFH EETH EETH

B 13-11 AENEFNF SERIEE 75

RERT, BRI (11, 0y, .., 2], IBRUBRARIEETIN [z, 2, .o 2, |, R
TEWE 1, < iy < < i, , FWREAIIGERFII2ERES, BYIE.

3. fLEBEm

NRINZEIRE, BAWIIGMH AL R start, FITHoRBHEGER, SMHERE v, )5, BE MRS ITE
Whio IXFEEIRT ARIERE AL 0 < iy <o <idp,, ATIPRIETERME—,

BPRIEEZ S, BABEXSRESHEAT T DAR I L,

- TETFEHEERAT, SEREEA nums P, TERDIFTAIERER, SRR target RELERETRIGH, EN

JEI T EE R, HFEM—E#IT target o
- BEILENLE total , WIELE target EHUTIHIZCRSITICEM, 4 target FT 0 iR,
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// === File: subset_sum_1i.ts ===

/* EIEE: F&EM 1 */
function backtrack(
state: number[],
target: number,
choices: number[],
start: number,
res: number[][]
): void {
/] FEMETF target BY, iCRfR
if (target === 0) {
res.push([...state]);
return;
}
/] BRFREERE
/] Btk M start FiEERH, BEEREEFE
for (let 1 = start; i < choices.length; i++) {
/] B—: EFEMBE target , MEZELERBEIF
/] FRERANBACHRF, EOTEEKR, FEM—EBT target
if (target - choices[i1] < 0) {
break;
}
/] =ik %k, EH target, start
state.push(choices[1]);
/] BT —REE
backtrack(state, target - choilces[i], choices, i1, res);
/] ELR: #EEIRE, METZAIRIRE
state.pop();

[* KEBTFEM 1 */
function subsetSumI(nums: number[], target: number): number[][] {
const state = []; // K& (F&H)
nums.sort((a, b) => a - b); // ¥ nums FEH1THIF
const start = 0; // BAECIES
const res = [1; // &RVER (FEHIR)
backtrack(state, target, nums, start, res);

return res;

&l 13-12 AR e 8t (3,4, 5] FIEFRICER 9 A\ LA /5 AR IR [E g A2,
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M target

choices = FRGHEE
target =

B

E=REE

8t target BERFE

B 13-12 78/ I [Efidf2

13.3.2 FEEETENER

Question

ZHTE — DN EEREEEIAH nums FI— D EHFRIEREEL target , IBHRHEATARIREMNA S, FSHEHRITEM
ET target . HEBMARERSHEEILE, BNLEAAPIERE R, EIIRFERIREIXLEH S,
HIFRPAN S EEHE,

FIEET L, AR T R S AT, XS TR, i, e (4, 4, 5] RIEhR T &
0, MBI ES [4,5],[4,5], HITEEFE,

IEOX R S IR PR TR P 2 R, (£ 13-13 /, SB—fRdtE =ik, HAm NN
, SAEMANEERERS, MmbESFE; [, FRHNMDS 4 B EEE TR,

choices =

(4,64,..] [4,4,.]

ERETSE
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K 13-13 HETESHNWEE 78

1. BExES

NP, BATTHR LRGBS R b HREBOERE IR, LISy TR EHT
[, RIHMHSETTREVEAHBE, XERE RS, HHATRGHEDITRMAS, MR e CagiE
I, WtEZPNS SETTR,

SItFER, AR A B R Rk — K, Fizfz, BAIBAT DAL R start RS IZLAH: 4
R o, Ja, BB T —HMRG1 i + LITEAEES, XAERERPRES T4, bt ERIEFTR.

2. LM

// === File: subset_sum_ii.ts ===

/* EEE: FE&EM 11 +/
function backtrack(
state: number[],
target: number,
choices: number[],
start: number,
res: number[][]
): void {
/] FEMET target B, 1ERME
if (target === 0) {
res.push([...state]);
return;
}
/] BAFAERE
/] BT M start FFiaiEHh, B#REREEFE
/] ER=: M start Fiai&H, B#EESIRER—TTER
for (let 1 = start; 1 < choices.length; i++) {
/] Bitg—: BEFENEBI target , NMEZEERREIR
/] XRANFACHFF, BUTEEKR, FEM—E#BT target
if (target - choices[i] < 0) {

break;
}
/] BRI NRZTRSEOTERSE, RPEZERIREES, BERT
if (1 > start && choices[i] === choices[i - 1]) {
continue;
}

[/ Zid: MHEE, B target, start
state.push(choices[1]);

/] HITTI Rk

backtrack(state, target - choices[i], choices, i1 + 1, res);
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// ELR: #iEE, MEZERE
state.pop();

}

[* KERFEM 11 */
function subsetSumII(nums: number[], target: number): number[][] {
const state = [1; // K& (F&H)
nums.sort((a, b) => a - b); // ¥ nums FH{THE
const start = 0; // BAECIHES
const res = [1; // &RVKR (FEHIR)
backtrack(state, target, nums, start, res);

return res;

& 13-14 JE/R T84 [4, 4, 5] FIEAROTE 9 WEIINIRE, IO ESPURMBIEHRME, IR IERS SRS
&, HRBEMERERE, DM TR,

choices = B
target = i

ERIEE M
EF— RS
- O R & ¥ H
-1
& BRER
%ﬁk (4,5] EETE
HE=
FhYES
k- : =
STEMTEE ERAATR
B target

K 13-14 0 11 [ e

13.4 n 2P

Question
AR E PR RN, 2Er ARG5S AL —1T7. —Fls— &R LT, 47%E n MERI—
n x n ARNUHE, FEMEBRTE 252 BJeEE R TR T %R
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N 13-15 R, M n =4, Ha UMM, WEIETERMAESR, n x n A/NMNOEEE n? M
T, B TITERIESE cholces » TERNMRE EERERER, HENRSEARWA, S PMZIREET
IR state

W W

W W

— —

K 13-15 4 E)5iREnE

B 13-16 R T AR = DNHREM: BARIRARAER 1T, F—5. F—Fmk b ERERNE, Xt
FAZI N FX LR\ RIS A £k [ Fif

FEEER—RMBLEE REERBRELRRN

i
1

REEER—T X ﬂ*fﬁ'[ I !

<
N
N
<
X X, - B I e A iy
v N s -
i S 7 7
5 N
X X, ”1”’7‘?”*””’
i -

FEER—F FEEEFA—THALE

K 13-16 n E/GR@BHAREMSF

1. ZFTHE R

S2RHEEMEERTEE Y n, FEERMNESER—MEe: BHEETRar A RwiE -4 25,
WL, BATATDERBOZITIRE RN : WNB—1TITE, E8THE -T2, EERE T4,

B 13-17 ARl 4 2R SRR TREL R, ZEERS], & 13-17 UIT 78 TR HP—MER D X,
H BRI LIRS 1 eI R 7T ST T 398



13 E (Al www.hello-algo.com 298

5 (T T [T
HEE 177
(4188) «//////:;77‘?::-\\\\_ (4488) (44188)
W W W w7
BEE 2 7 (] F
| 1] |
W W W o[ [W "
- | W ) w
HEE 3 17 T [
;‘ W] {
W w W L
- ¥ W ¥
HME®E 4 17 W W W ]| W
(] 1] W

K 13-17 ZBITHCE R

MARBEE, BITREREGES ¢ 3ErER, eis 7 R—THIlZ D 2RNITEER D S

2. SISHALHERK

AT RRANLIH, BATAT DRI — NN n BRI cols ILRB—HIREH RI5, EBRRENE
i1, BANEE cols KEH BEHIFEITIR, HERPIPIEER cols KR,

Tip
HIER, EREREANT A B, HPTRIIN LR, SRS NERE R,

A2, GUAATAR N AR AR RIE? A FP MR FHITTHIR TN (row, col) , e FEREH RS B ALK,
PAVEIIZ ALk LA FEATRS RS RS [#ES, BIFN AL LA 71 row — col MEELE,
WHLRW, WERHMEFIHE row, — coly = rowy — coly , WENT—EIERI—FKF ALk L. FIHZ
B, FRATATDAMEBIE 13-18 FRIUEA diagst ICR LR EN AL LB EH 25,

IR, UM% BRI R FH row + col RIEEME, FAIFMEMATDAEBIEE diags2 KRBT kL)
o
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BREMBLE
RERER

)

cols
BRIIBEEFHER

13-18 ACFRAILTHHMIN FALRETHR

3. AExEm

HIER, n4E5BEF row — col WTEREE [—n+ 1,n — 1], row + col WEEIZ [0,2n — 2], FibAZEX
FERIIRS AR EEER N 2n — 1, BNEU4H diags1 fl diags2 HKEH N 2n — 1,

// === File: n_queens.ts ===

/* BEIMEE: n Bl */
function backtrack(
row: number,
n: number,
state: string[][],
res: string[][1[],
cols: boolean[],
diagsi: boolean[],
diags2: boolean[]
): void {
/] BHETFREITHN, iERHF
if (row === n) {
res.push(state.map((row) => row.slice()));
return;
}
/] EHFAEF
for (let col = 0; col < n; col++) {
/] BT X N A E R F AR Fa Lk
const diagl = row - col + n - 1;
const diag2 = row + col;

/] B RRFZEFAET. WAL RNALLEEER
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if (!cols[col] && !diagsi[diagl] && !diags2[diag2]) {
/] B2 BERREEZEF
state[row][col] = 'Q';
cols[col] = diagsi[diagl] = diags2[diag2] = true;
/] MET—1T
backtrack(row + 1, n, state, res, cols, diagsl, diags2);
/] EhR: Bz FImERT
state[row][col] = '#';
cols[col] = diagsi[diagl] = diags2[diag2] = false;

}

[* Kfig n B */

function nQueens(n: number): string[][][] {
/] B nxn KBIEE, HAh Q' ARER, '#' ARZ(L
const state = Array.from({ length: n }, () => Array(n).fill('#'));
const cols = Array(n).fill(false); // 1BERIIEETEBER

const diagsl = Array(2 * n - 1).fill(false); // BRENAZLETEER
const diags2 = Array(2 * n - 1).fill(false); // BRANAZELETEER

const res: string[1[]1[] = [1;

backtrack(0, n, state, res, cols, diagsl, diags2);

return res;

BATIE n R, FBESNAR, WNE—TERE—AT2IE n. n—1. ... 20 1DEE, A O(n!) N
o ISR, TR HIAERE state HIRIE res , EHERIEFER O(n?) WE. Fit, SBNREEZER
O(n!-n?), Sh5 b, HRIEXALRLRI ARG KIBG MER SR, R8RSR ERER T A LR E

$eH state ] O(n?) 25, #(4H cols. diagsl fll diags2 Esfdif O(n) 25, MABIAFRE AN n, FH
O(n) teiizsil, Wik, SHERERN O(n?) .,

13.5 /&

1. BRI

[ RIEABUR I 281%, ISR R AT IR B AL S eie P R SR & S5 IR, R RIERE S, B2
JRFEMFRIMRNIC S, EEIEITE e e a4 R,

EIE R RS R UK S EE M 2. BRI RR ISR, SERAR 2
LFERAFRIIGOUN, RS E— 2P pikeks, IRMZIZAIRRE, FHSZHER, =il5 mREmM
NI TR RS

[ 303 ) e 5 22 N TRGRAE, BRI TSI Bk, BTRCT MR AT AR R 5L, K
TEFRTHERR,
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+ (IR 3 S A] AR R R (R R AR 2 (R, S AR IR R SR AT DA [l SRR R, (B
TAAERR T i R A IR TR

- IR S EERAEE S ITTRIATE FTRERHES, TS — M RIER DT R R S0,
ST R R — T RAE R 0 3, MRS NITRAPOEE X,

- AEEHRPRET, EREAPFEREE TR, NRASERSHIESHY, RINTELRHETRES
erp BB —IR, XIEFEB— DMIam &R &KL,

- TEMPIER HRRESE RSP ERENN EMERN TS T8, £ AXDTTRNF, MEREES
WA LR, AR 7R, BAERMRTRESEETHF, HiRE N EERIERE 1N
WA, MIMTRERE R TR AR R D SO TIIR

C NTFTRMAE, SHPRHESTTREAERERG, BNMHEHCHFRIRTESRM, W ABrELT
TLRE ISR, MIMTHCRARSS TR i HBEBOEF —IK,

- n RIEMAEEEIHE n NEERES n x n RS ERTTR, ZRTE 25N RITCEBE
Tio WIMFBIILTR A AITAR, SILIR. EXNAEMU LR, NREITLHR, FAERAAT)
BHREE, RIES—THRE 25,

- HILIFRIS A LRLTRAIAL BT SR, X FHILR, B — M RIERE SR G ARG, M
TRETHRIRE T REER XN TRAERLR, BOMEM MR ANIERIZ T, KLk EREGFE
25, MERAETHESIR—E @) NALESTHERITIIRT IR,

2. Q&A

Q: [ELFRAFEIHFEIANIRR?
BHRE, B “RIAREET, mEAEGRE - “TEY

- [PEEREEE TS, A, FEIREHNN AR —, RIEEEERAE RN,
- OBAMEEREILT TR FRETE, FRATRORE. B shSR GETZeEa)
i,



302

Abstract
IINEIC TR, TLHE A K,
AR/ N B R IC SR BRI SR, — 5405 | R AT M g o A @R R 4R =2 o
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14.1 ##HRzHEHL

&M% (dynamic programming) 2 —MEZEMNEEEX, BR—IMES N —RYE/NNF -, I
I 7 T R R R B R, TR ME SR IR R,

EARTH, BIIN—ASHFIBATF, AR EMRNEWRE, WREhaSHESFRE, FEPS
TS BASHLRIfE

JerEEH
BE—DIE n BEORERE, FREEPRTDLE 1 el 2 B, 1ERA 2/ 075 58] DATEE RT3 ?

i 14-1 FoR, XF—A 3 Birkksd, HHF 3 #ioy Sa] DUEEIRET,

BEM® n= o 1 2 3 4 5 6

MTetsE 3 Miigssts 3 MAE:
0>1>223 , 05233 , 0>1->3

B 14-1 JEZIZE 3 Ay )y e

AT B AR K AT RACE, AT DA R E I IR o5 2 al R, BACRT, RIEMEB RS — 1%
IR ERERR: Wb, IR L 1 BEk 2 [, S ENAREER IR R 7y AR 1, A
THTERI R HBIAL, A FAR:

// === File: climbing_stairs_backtrack.ts ===

[* B */

function backtrack(
choices: number[],
state: number,
n: number,

res: Map<0, any>

): void {
// HIEEIZE n PABY, HREEM 1
if (state === n) res.set(0, res.get(0) + 1);

/] BHFAEER
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for (const choice of choices) {
/] Btk RAVFHIE n B
if (state + choice > n) continue;
/] B MEHERE, ERRES
backtrack(choices, state + choice, n, res);

/] =&

}

[* Tetts: [ */

function climbingStairsBacktrack(n: number): number {
const choices = [1, 2]; // EIEBMELIE 1 MigE 2 B
const state = 0; // MZE 0 MFFIATE
const res = new Map();
res.set(0, 0); // fEF res[0] IERAHEK=E
backtrack(choices, state, n, res);

return res.get(0);

14.1.1 Fix—: BHiEE
[ RS AN B HOS [RIBUHAT iR R, R KRB E— RV TR, did I sss:, R
O] RER iR,

FRATTRT DAZE 1M P 73 AR £ FE A X TR, IRTEREE o B3t dpli] M5 E, B4 dpli] 2RI, H
R Rk

dpli — 1],dp[i — 2], ..., dp|2], dp[1]

TR HEEE 1 ek 2 B, RIS @ Bkt b, bR aTRESGESE ¢ — 1 Fekss ¢ — 2
b HANTEDL, FATHREMEE ¢ — 1 Bl ¢ — 2 Briamss ¢ b

AL A A — N E TS TERIE ¢ — 1 B REUM LIS ¢ — 2 By REORS TR ¢ i sy
8., AW

dpli] = dp[i — 1] + dp[i — 2]

XERETENCRAE IR, S DT R RS ER R, SRS a] DU+ PSRk, & 14-2
JeoR TIZIBHER R
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dp[5] =dp[3] +dp[4] =8

dpl4l=5 /-

dp[3]=3 .

B n = 1 2 3 4 5 6
AR dpln] = 1 2 3 5 8 13
NI N

K 14-2 FFEREEIBRERXR

Tl T DR A A B EI RGBT, D dp[n] JEIAS, SV — AR SRR A N
A, EEEARN TR dp(1] A1 dp[2] WHEE, b, BN TREIRE S, B dp[l]) = 1.
dpl2] = 2, FRMEEIE 1. 2W5 5 1. 2 FoTE,

MZELARARES, ERIRIEEA RS EE TR R, (HEMEE:
// === File: climbing_stairs_dfs.ts ===

[* R */
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;

}

[* TeHEtH: #ER +/
function climbingStairsDFS(n: number): number {
return dfs(n);

}

Bl 14-3 JRrR 7 BRIV, N TR dp[n], HIBEAMEEREN n, NRERSREN O2"). 1§
e TR R, RBNMA—DHERE n, WXEABRIEFRZH,
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dp[9]

dp[é] dp[7]

dp[7] dpl6] dp[6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[4] dpl4] dp[3]

RREMMBINFEABESFiAA
SHEEERERESN 02")

[ 14-3 TEAKBERTRIEITR
W 14-3, $EEORIOIN IS 2R “HA TG 800, G140 dp[9] BHM#N dp[8] #1 dp[7], dp[8]
oM dp[7] A dpl6], PIEHEE B dp|7] .

DACZRAE, FRIEFA S/ NIES TR, FFIMMEs R B, B0 HH RS IR EIX B 1
Al L

14.1.2 AE=: idiZigs
N TIRFFEERCR, BMNA A RS R EBGEE —R, it, AT — D mem RICFEEA
TR, FAE I ER R B I R,

1. S ERHE dpli] W, BAVFEIERE nen[1], A2 S,
0. MEREEIE dpli] I, TRTEATEHMN nem[1] SIREE R, TR A LB 1% T I,

RN SR
// === File: climbing_stairs_dfs_mem.ts ===
[* BIZHEER */

function dfs(i: number, mem: number[]): number {

// B dp[1] # dp[2] , EREIZ

if (1 ===1 || 1 === 2) return i;
/] EFEIER dp[i] , MEEREZ
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);
// IER dp[i]

mem[1] = count;
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return count;

}

[* Tertts: 1212z */

function climbingStairsDFSMem(n: number): number {
/] men[i] 1IBRMEEIE 1 MPAREE, -1 AKRERER
const mem = new Array(n + 1).fill(-1);

return dfs(n, mem);

WIERIE 14-4 , didicebilG, A RS MERRE TR X, NREREREE O(n), XZE—1E
KHT KEK,

nH
) HEER,
B EiEE

,///\\\\ BizgRAENEEEREN 0(n)

ERFEEEFRERBHRITE—R

$
Qo
v

14-4 LA RN RO A

14.1.3 &= wh&MR
IO E R R “ATHERE” BI75TE: BATMERIE R A FHE, 3Tk T A B R i N T
A, BEEROCANE/NFRE (), 25, @ EhE E U 1 R A, 7 A S .

2R, ahBRRRE—/ “IREDB” 197515 /N RBRIETHE, SRR ER T FENE, |
XXyl ) s

TSI S ENERE, R RTERENERSE, AR, oMU H, BTeat—
N dp KAFEFRIEAIRE, e s 7 5ICIC AR R T mem HIRIFYICRAEM:

// === File: climbing_stairs_dp.ts ===

[* TeREE: SR */

function climbingStairsDP(n: number): number {
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if (n === 1 || n === 2) return n;
/] et dp R, AFEEFIRRERVAE
const dp = new Array(n + 1).fill1(-1);
/] YIEIRES: Fugs/ N Fiel R
dp[1] = 1;
dp[2] = 2;
/] REFEE: NBUNFIRIRUE D KRR A F 6] 7R
for (let 1 = 3; 1 <= n; i++) {
dp[i] = dp[i - 1] + dp[il - 2];
}
return dp[n];

] 14-5 #4801 DA EAUE R P TIE AR,

T T Y T Y TN
~ 7 ~ 7 ~

Miatkas:
dp[1] = 1, dp[2] = 2

REFBHE:
dp[n] = dp[n-11 + dp[n-2]

MAERESTTE, HITRERE, EBERASHELE

14-5 TEREEBRISN SIS
SRR, SR RS BESRIIR R ERRERT B, R IR B — > A A
NAHRH R R AR, AN, TEREAH AR ARASE SR S RTFTAERERBRNT AL @ o
IRIELA N, BATRT PURSS s S AU B B R,

- R dp BN dp &, dpli] TR 1 KBTI BRAOA,
KR NT R AR B 1 AT 2 BREEE) FRAATIARE.
- AR dpli] = dpli — 1) + dpli — 2] FRAREEB SR,

14.1.4 =ZjaEififk

MORIEERERI T, WMT dpli] R dpli — 1) M dpli — 2] FK, FEEAIICHER —A A dp Kf7
BERRE ¥ BIME,  TA RN R RERTHERT AT, AR R AR:
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// === File: climbing_stairs_dp.ts ===

[* TetEss: =EMALERIBISMR] */

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;

}

WA BTG, HFEE TR dp SIS, R A M O(n) KE O(1) .

FERNASHRIFE S, HEPIRSEEN G AT AE R MRS A R, XA AR RE L EATINE, Eid “FRdE”
KITEANES I, XA RIRLBEI R R R s “RahBE”,

14.2 EhaSHLRY i)

FE b=, B TSR AMARE L 5 A R SR AR SR AR, SKRw b, 7 [l e —Rid
AUSRRREES, 1EMG. ShASM (Rl A EE RO ],

- MERFIBE VAR JFE R R o 2 MH BN R AN, EE RN TR, AR RS A
iR, BERASEI R,

- BN R TEIA ME, B50RRIENEEXR, AT AU A EARER, £
SRR S I 2 E & 1 A,

- SRR A EDR 5 28 AT A rTRERTRE, @ BTEGR e AL AR 93 R AR — &
SRS BT, BATTRT PR B N RSP R Z BT 7 P SIE A — D7 R,

2R b, SIASHKIE SRR RS, EAMUESESTRE, TEERINEREE: BRTEl. 1T
JE R,
14.2.1 RAFEN
AT TERERS I RS VRS, (2 B IE & BRI PS5 HHE &,
TeRkRE MR
BE—ERS, IREHTIE 1 e 2 1, S—Wsks LEE — DN IEREE, RRIRIEIZEM

PR TR BT AT, A — D IETUREEEE cost, H cost[i]| RR(ESE ¢ MEMTEN HIIRAMN,
cost[0] JHim GEIGRD . HHHREDFEN 2 DM A RERIETHE?

i 14-6 iR, A% 10 20 3BV 2510y 10 10, 1, WMETERIZE 3 B/ MU 2.,
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BEEME n = 0 1 2 3
£t cost[n]

n
(S
[y
[y
(]
[y

ML 3 P E 3 #aZE:
0515253 , 05253 , 05153
HA 0123 (NI, BRNAH 2

Kl 14-6 MEZIZ 3 v/ MU

VE dp[i] ATEEISE i B HIR, BFS i BATAEM i — 1 Wei — 2Bk, it dpli] RATaE:
F dpli — 1] + cost[i] 5% dpli — 2] + cost[i] « T RATRERD AT, Tl IR BRI E P NITE—

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

IXFEAT DAS | AR U T2 i S it Pl A B DA DA~ D) e LR 1SR )

KRB TAREA R FEH: BATNEAFRIE R dpli — 1] fl dp[i — 2] P& ERIA—, FFH
EATR RN dpld] BIRAHR,

Mz, E—TTRITERERER H A A R FaNE? BRI ERERETT 8, B2 —MHERE, EnR
—RhEE: ORBRATTREE", BOTRIMLI, SR8 EBURIERE0N, HREraiiizBltR
T BEnMERTEEESETE N — 1S n — 2 MEATFEEE M, R, sIUFEunmeess
AR, AR 2 H ARRE Lo

HUBRAS RS /TRE, DAROOIGIRES dp[1] = cost[1] Fl dp[2] = cost[2], FRATREAT AESIZhASHIRIFCAT:
// === File: min_cost_climbing_stairs_dp.ts ===

[* TeRtmsm/ MU . chSFK */
function minCostClimbingStairsDP(cost: Array<number>): number {
const n = cost.length - 1;
if (n===1 || n===2) {
return cost[n];
}
/] Mak dp R, BTFEHEFIREARE
const dp = new Array(n + 1);
/] RIS TR &/ F iR ERYAE
dp[1] = cost[1];
dp[2] = cost[2];
/] REFEE: NBUNFIRIBE D KRR A F 6] 7R
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for (let 1 = 3; 1 <= n; 1++) {

dp[i] = Math.min(dp[i - 1], dp[i - 2]) + cost[i];
}
return dp[n];

B 14-7 &R 1 DA B RIS AR,

cost[1] cost[3] cost[5] cost[7] cost[9]

mﬁ?“————”/: m;;“~———"’<: min
cost[2] cost[4] cost[6] cost[8]
aiR:
dp[1] = cost[1] , dp[2] = cost[2]
R&wBLE:

dp[i] = min(dp[i-11, dp[i-2]1) + cost[i]

14-7 et MO RIS
R AT DT, AR, RS EN O(n) % O(1) :
// === File: min_cost_climbing_stairs_dp.ts ===

[* TetEthe/ MM FEMR RS */
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 TRE#%%
TG BB AR RS G AR S SR —, HE R A — AR, SRR
HuaikASE X, iS5 ELNEIRELX,

DATCREER RN B, aeikas 0, ERERHINE ¢ + TRURES 7 + 2, 205 Rigk 1 Brpk 2 25, et
IXPARIERERY, FATCHERIRES « ZATAVIRE, BT ¢ FUASRIA R,

SR, AN SRFKATATERE B ANEAIN — DR, THOURA—FE T o
LR TE RS

BE—NE n LR, IREPATDAL 1 Fireld 2 B, [HABEESMEERE 1 B, A2 DRy %
A DATEZIALTH?

GniE 14-8 Fiow, TE_E38 3 {38 2 Ml 477558, HANES =Bk 1 FH077 AR LA REN, RIBEEF.

BT RREESFRE 1 M,
FELtAE 051523 HEF I

BEM¥® n = 0 1 2 3 4 5 6

et 3 MiEmHas 2 MR
05253 , 05153

K 14-8 HLHRERNSE 3 WY REE

TEIEED, G LR 1 B Lokh, ARA TSRtk 2 . XK, T RAE T Y wiA
& CHRMPTERBIIED BrdoE, WA —MRE (L—SeRiERBmED A%,

RAER B, IR R R T R, RS ER TR dpli] = dpli — 1) + dpli — 2] 53T, EH
dpli — 1] (RFALRBE 1 B, EEFES TS LRk 1 B LRI 7E, T T ileLs, RITmA
HE dpli — 1] BB dpli]

Wi, BT RRAE KA [i, j] Fora e « IEE LBk T B, Mg e {1,2). HRES
T SUEROX S T LBk T L BIER 2 B, Bl TaT AR 07 4 A A S M TR,

M eBRT 1, bR SRR 2 I, B dpli, 1) FREEM dpli — 1, 2] K,
C MR T 2R, b b —SEETHEERE 1 BBk 2 B, B dp[i, 2] WA dpli — 2, 1) 8 dpli — 2, 2]
K,

& 14-9 AR, TEZESCR, dpli, j] R (i, 7] XL 58 N IRESHAE TR
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dpli, 1] = dpli — 1,2]
dpli, 2] = dpli — 2,1] + dp[i — 2, 2]

THEZESMLRE 1 BN
FEltiZTm S E
dpli-1,1]

dp[i,1] dp[i,2]

dp[i-1,2]

dp[i-2,1]
dp[i-2,2]

149 FEZIRTHIEHERR
22, 38E dpln, 1] + dpln, 2) BIAT, Fi#2 FREIESIE n 77 RS
// === File: climbing_stairs_constraint_dp.ts ===

[* TELIRICHERS: BIASHIEI */
function climbingStairsConstraintDP(n: number): number {
if (n===1 || n===2) {
return 1;
}
/] Mak dp KR, BFEFHEFREARE
const dp = Array.from({ length: n + 1 }, () => new Array(3));
/] RIS TR/ F iR RTAE
dp[1][1] = 1;
dp[1][2] = 0;
dp[2][1] = ©;
dp[2][2] = 1;
/] REHEE: NBUNFIRIBUE D KRR A F 6] 7R
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];

£ EHERIRBIF, TR ZEERTE MRS, RIS OB KA E X, (1 i S i e
TR, A, FEERBAAIRREERN AR,
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JEREAE 55 Wehs A hk

BE DA n RIREES, (REPATDLE 1 Be#E 2 [, b STeRN « Bk, REEENIIESH 21
Fiv L LRERSY), ZJaPiASeERAS SEVFRkEISE 24 B b BIGn, mOPRECAIBREITE 20 3Lk, Wz
JERRANREBEEIZS 4. 6 Bt Lo I8 2/ DR 50T DAUTREIRETH?

FEIXANFE A, NRBRERAOIE BT RIRE, BN —IRBRERE S AE E mpBTes LI ERERS, FHRImAK
AUBRER, X TIXZEAIE, SRR DAL,

Kb b, WEEROHSIARB BINRITRIAED AR TCER . AN TIXERE, BANER SR
FIHEAMTTI%, BlanE & IR, BERR, safe¥ I, mAER BRI R 1S 2] AR 8 i (LR

14.3 mhSHRI RS B

EWTIAE TSNS FER EEARFE, 452 ORI RGP NS A 1R,

L. qAfar by — A e R AN 2 B A AL ] L2
2. RIGSAESMXIPEZMITAEAT, e A2

14.3.1 [RIRAHIER

BEPRS, RN REESES T WE, BRI, eI, R giERIE S AR,
SRIM,  FRATRME A TR HEA B SR X e, (R FRAT T TR, SR ) 53 & (A [l
W (%) Mok,

TGS PR DL D BUE 3 . “OSRRBRY”  SXF Rl TA] DA PR T S5 AR HR, e — T R
—MRK, BFRERR - DREFY,

HAgTEYL, RIS S PR RS, B REE — RINREGER, AR BRI R, @
AT DAGE A (1R AR

FEMCEA B, S RENE A — 22 A oI,

- MEEERK (N 8w () FRiifbmit,
- IERIRSEER R — ISR, YRR SRR, I H— MRS S HABRIRSFEISHER R,

MR, AFfE—L “RRoTI,
- ISR EARZ R AT E Al RERIARR TR, TIANE R LR,
- ERA A EIHPH S RIRHE, F&2REIEARRZ T %,

QIR — IR R R SRR, FEEAARONIIER “Iau”, AT DURIR B R — D EhSIKIRR, FF7E
KSR RIEE,
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14.3.2 [AEEKRFTS R
BNASHL A fige i A 2 R TR M BRANME R T A R, (EIE S EE DA N AR AR, & SORTS, #ar
dp &, HESFREERRE, WMEbRENE,
N T BB R RSB, BAMEH— MR “ e/ NgER™ SR,
Question
HE—Dn X m B 4EMHE grid, MR DNRITREE —MEEBE, RRZEITEIRN,

Plas NAZE Ef Boeieoniin e, SIRARER FEERERsI—8, HEEENEG MK, 1ERE
MEE_EAEIG TS A iR N AR

B 14-10 Jos 17—, 4078 AR HY B/ NIRRT 13 6

s

1 3 1 3 3 1 5
2 2 4 2 4 2
5 3 2 1 5

4 3 5 2 4 3 5

BNEERIA 13
WMREFEN 19252322312

B 14-10 f/NETERUR ISR

B0 BERRIYSE, @SOS, WmifFEl dp %

ARG — S A A BTAG T I R ok 25, MM RTS TIATRIE A [, 5], WIFT ks
i, BEIEN i+ 1, 5] 8 [i, 5+ 1] Eil, RANESTRIMFIREIFHALE, &N (i, ).

ARAS [i, 5] RIS TR MERAA [0, 0] 21 [i, 5] O MNEEERT, B8 dpli, 7] .
b, FATHEE TR 14-11 BRI 4 dp 560, HRF 5% grid HF.
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j o+l
1 3 1 5 dp[e,e] dple,1] dpl[e,2] dple,3]
i 2 2 4 2 dp[1,0] dp[1,1] dp[1,2]  dpl1,3]
—
i+l 5 31 2 1 dpl2,0] dp[2,1] dp[2,2] dpl2,3]
4 3 5 2 dp[3,0] dpl[3,1] dp[3,2] dp[3,3]
grid dp &
SRARE: mAXRETE—R Fim@: WELAE [1, ] KSR
REEX: T7FS| [1, j] dp ®: R<5 grid #ARAER

Kl 14-11 REEXS dp %

Note

BNASHURIFN B AR AT ARE IR 3 — DN RSRPA, MRS H A JURE B, © N Y & IR R R
ERTEEE, HESTEBNGELR, REBARESE T MRS

BRSNS L —DF R, FAISE N dp ZREZMEIE TR, RS MR &
& dp RIN—DNEE, NARTEE, dp RRIRSHF AR EZ B BT,

B RHERIE A, S IR R

FFARE [i, 5], CHEEMN BT [i — 1, j] IR T (i, — 1] Bk, FERIETa4E%: 5k
(i, 7] I NSRRI (3, § — 1] BEBVINER RIS [i — 1, 5] B9 NSRRI e N — A B,

MRIELA L4, FIHEHE 14-12 FosrRSE S TR

dpli, j] = min(dpli — 1, 7], dpli, 7 — 1]) + grid[i, j]

1 3 1 5 dple,0] dple,1] dplo,2] | dplo,3]
2 2 AI 2 dpl1,0] dpl1,1] 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[3,0] dp[3,1] dp[3,2] dp[3,3]
grid dp &
KEwBHE:

dpl[i, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
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B 14-12 RAL T S5 IREEAL T2

Note

FRYEE A dp 22, B RSB SC R, HHE I )RR B 0 Re RA & i (7] @ ) B (LA
7%, BRI FEi,

—HIRAHRE TR TG, o] AR E R EHIRSER 1R,

B WIS

FEAR, SAEEATHPIRS R BEMNE A TDRTIRSER, AR E IR R REMEL EIBROIRASSK, HILETT
i = 0 FES j = 0 2R 5 M,

N 14-13 R, T ME TR EHEES T LTS TRk, BB IE IR R, SME
WEAAT, WIEREH S,

dpl@,e] dpl[e,1] dp[0,2] dple,3] dp[e,0] dp[e,1] dple,2] dpl[e,3]

dpl1,0] dpl[1,1] dpl[21,2] dpl1,3] dp[1,0] dp[1,1] dpl[1,2] dp[1,3]
S S S

R R R

dp[2,0] dp[2,1] dpl[2,2] dp[2,3] dpl[2,0] dpl[2,1] dpl[2,2]1 dp[2,3]
— — —

R R e

dp[3,e] dp[3,1] dp[3,2] dp[3,3] dp[3,0] dp[3,1] dp[3,21 dpl[3,3]
— —3 —
BRFG: MBLETEY REEBIRR: ERFEHIERE

14-13 JBAFHSIREHEBIY

Note

P EMAERNSHXIF T RIiE dp %, EEZEFH TR,

RESEB T B2 02 BARUEE T B Y B A ARRS, P AR H ) B /)N (R  ) fBR E 42 2 I
K,

IR LB, BAIELE A IERES Hal SIS, SRT0 ¥ (A1 o7 fif2 — NIRRT AR, (R4
“BIER — IR — BRI BN SEELE AR & B 4E ST

1. FiE—: BhigH

MRS [i, 7] FFIEHE3R, TSN MIIRES [0 — 1, 7] #1 4,5 — 1], FBIREEEE L FE,

- BIABEC RE 4, ] .

- JREUE: M [0, 0] 2[4, 5] M/ NIRRT dpli, 7]

- bR M0 =0 H j = 0/, J&ERA grid]0,0] o

COBE Y0 < OBl < O INRFIBE, HRHRERN 400, REAATT,
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SEPARRSAN R :
// === File: min_path_sum.ts ===

[* BNEEER: BHER +/
function minPathSumDFS(
grid: Array<Array<number>>,
i: number,
j: number
): number {
/] BERELABTE, WEIERER
if (1 === 0 8% j == 0) {
return grid[0][0];
}
/] EITHIRSIER, MRE +- K4
if (<0 ] j<0)({
return Infinity;
}
/] HEMEESE (-1, ) M (1, j-1) H&NBREAN
const up = minPathSumDFS(grid, 1 - 1, j);
const left = minPathSumDFS(grid, i, j - 1);
/] BEINEZEHE (1, j) HR/NRELN
return Math.min(left, up) + grid[i][]j];

[ 14-14 Z5H 7 P dp[2, 1] AR i@ s, Hh@ &S —SHEE e, HEE KSR grid MRS

RIS EE %
MR LB, JERES T RBIEED : A2 AR DO LM EEEE— ok,

wi2,0] BECEEEL G

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] EEFTE:

dpa PO ML BL2) 03T dplivy, 51 A0 dpld, +11 #HM dpli, 3]
dpl2,0] dp[2,1] dp[2,2] dpl2,3]

dp[3,0] dp[3,1] dp[3,2] dpl3,3]

K 14-14 FSIHRREBIIM
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FAIRSEA A PRIAARNERE, WA EAERG MAERTE m +n — 28, FIRENREREN
O2™™™) . WEER, MR ARB BRI RNEN, HENKMLE0 RN R R —fmEeE, Fit
KIS D —L,

2. HiEZ: iniZwig®xR
RAFIA—AIE grid 7 RTIICIZII nen , FIFICTRAE D FFIINE, JH5 AT TR
/] === File: min_path_sum.ts ===

[* BNEBEM: IBIZHEER */
function minPathSumDFSMem(
grid: Array<Array<number>>,
mem: Array<Array<number>>,
i: number,
j: number
): number {
/] BERELABTE, WEIERER
if (1 === 0 8&& j === 0) {
return grid[0][0];
}
/] BEITHRSIER, MRE] +- L6
if (1<0|] 3<0)({
return Infinity;
}
/] EEBIER, NEERE
if (mem[i1][]j] !'= -1) {
return mem[1][3];
}
/] AR AR TR R/EEAN
const up = minPathSumDFSMem(grid, mem, 1 - 1, j);
const left = minPathSumDFSMem(grid, mem, i, j - 1);
/] BRHEREE LA (1, j) WsRBEAN
mem[1][j] = Math.min(left, up) + grid[i1][j];

return mem[1][j];

N 14-15 Fow, FERIAICIZML)E, P FIRIERR R T HE—R, EIN RS 2B TR S, BT
RS O(nm) .
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Bk BEHER Bk R/5IEA

dp[1,1] dp[2,0]

o

14-15 2L ZRIB TR

3. FEZ: mhEmu
BT IEREBSN R, RS RAR:
// === File: min_path_sum.ts ===

[* BNERIERN: HASHIKI */
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];
/] REHE%: 817
for (let j =1; j <m; j++) {
dp[e][]] = dp[0][] - 1] + grid[0][j];
}
/] KE#E%: 'Y
for (let 1 = 1; 1 < n; 1++) {
dp[i][e] = dp[t - 1][0] + grid[i][O];
}
/] REHEE: HRITHT
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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B 14-16 R T /NSRRI R, HimDy 7RG, HIEsmEZRER O(nm) .
BeH dp KN noxom, IRBRERER 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

Wiatk dp &

RERE

0 o 0
0 0 0
0 0 )
0 0 0

dp ®
1 4 5
30->£ 0
8 o 0
12 o 0

dp ®

dpli, j1=min(dpli-1, j1, dpli, j-11) + gridli, j1

3 1
2 4
3 2
B] 5
grid

REEE

dp ®

dpli, j1=min(dpli-1, j1, dpli, j-1]) + grid[i, j]

3 1
2 4
3 2
3 5
grid

RERH

dp ®

dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]

3 1
2 4
3 2
3 5
grid

RERE

1 4 5
3 5 9
8 8 10
12-—»1& 0
dp ®

dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1

10

10

11

10

il

ail

Step 2

Step &

Step 6

Step 8

Step 10

3 1 5 i 4 5 10
2 4 2 3] o o 0
3 2 1 8 o o 0
B 5 2 12 0 o 0
grid dp ®
MeadeEsT dplo, j1=dple, j-1] +gridli, j]
MiatET) dpli, 0] =dpli-1, 0] + grid[i, j1
3 1 5 1 4 5 10
2 4 2 3 56>9 0
B 2 1 8 0 o 0
B 5 2 12 0 o 0
grid dp &
REFH
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1
3 i 5 i 4 5 10
2 4 2 3 5 9 11
Bl 2 1 8e>8 o 0
3 5 2 12 o o 0
grid dp ®
K&
dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]
3 i 5 1 4 5 10
2 4 2 3 5] 9 11
B 2 1 8 8 10e—>11
3 5 2 12 o o 0
grid dp ®
RERHB
dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]
3 1 5 1 4 5 10
2 4 2 3 5 9 il
3 2 i 8 8 10 il
3 5 2 12 11e>15 0
grid dp ®
REFH

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]
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1 3 1 5 1 4 5 10 1 3 1 5 1
2 2 4 2 3 5 9 11 2 2 4 2 Bl
5 3 2 i 8 8 10 il 5] 3 2 i 8
4 3 5 2 12 11 156->13 4 Bl 5 2 12

grid dp ® grid

RERH
dpli, j1=min(dp[i-1, j1, dpli, j-11) +grid[i, j] BES/EERNR 13
Step 11 Step 12

14-16 B/NEARFBIENSHIRINS 12

4. FiEi

4 5
5 9
8 10
11 15
dp ®

M METREEEIDN BRI TAR, RIEHEATAT AR — P B TBEDR S dp &,
THER, BV dp HEEFR —1THVIRA, FRDABRNTTCIEERIRIAG(L B SR, T e B T e :

// === File: min_path_sum.ts ===

[* RNEREM: ZEMRAEEISAL */
function minPathSumDPComp(grid: Array<Array<number>>): number {
const n = grid.length,
m = grid[0].length;
/] #Ek dp &R
const dp = new Array(m);
/] RE#E%: BT
dp[0] = grid[o][e];
for (let j = 1; j < m; j++) {
dp[j] = dp[j - 1] + grid[e][j];
}
/] RKEHER%: HR1T
for (let 1 = 1; 1 < n; i++) {
/] KEHE%: 57
dp[0] = dp[0] + grid[i][e];
/] REEH%: HR
for (let j = 1; j < m; j++) {
dp[j] = Math.min(dp[j - 1], dp[3]) + grid[i][i];

}
return dp[m - 1];

11

il

13
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14.4 0-1 5&[AE
HHREZ —NMEFFISMIIAITEE, 238K R LR ER A, HEARZER, #la0-1
HHEE, EeEtnE, ZEEUREE,
FEARTT R, BATISek R s i WA 0-1 4 &R,
Question
BE n AN, B MRNERR wet[i — 1] WEN valli — 1], MI—DEEN cap WEHR, &
M HARERE—IR, RITERRE S O R NRERAY SRR ANE,
MERE 14-17 , HTWERGE @ N 1 ITFETHEL, BERRGIM O FHEHHEL, Rty s ¢ NNV ER wgt[i — 1)
B valli — 1] o

ms EE fifE

i wgt[i-1] val[i-1] LaRE
1 10 50 ] cap = 50
2 20 120 Vo~
3 30 150 B — m
4 40 210 ¥
5 50 240 (Y

=mAME: 270

=INHER: # 8 BIANEE
HEF 50 HEAE

14-17 0-1 HERREIEGE

BATAT LK 0-1 HRIMEEE—DH n RUSEHBINSRE, T8 MEEE RRAFRARRRSE, Hit
T2 v L ik . R SRR BT,
AR EAR 2RI “TERES BAR FRERAYMAERRE”, IR Z — D sh SRR,
H—0 BEBHRNOUR, & RE, WmfHs) dp %
MNTEMIEKRE, NRAEE, BEERENE; BASH, SEARRN. HIEAERAE X : S
WE i MEEAECc, 1EH (i, .
RZS 4, ¢] MRHFRE N : A ¢ MIER RN ¢ RE R RIERIE, 129 dpli, ¢ .
RERMERZ dpn, cap], RRFEE—NRSA (n+1) X (cap + 1) B4 dp &,
B HRIhEIR T, miiES RS R TR
MEAMIHYE @ WUSRE, FIRIERT— 1 DMSRSRINFRE, A9 U PARRME BL.
© RN BRAEARE, RSN [i— 1,
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- BN BRARRD wet[i — 1], WMEEM valli — 1], KEEEN [i — 1, ¢ —wgtli —1]] .

ERATIRATER T AR T KB dpli, c] FTF AN « FURAPIE ¢ Pk E b
{ESE R —A.  He ] 5 RS TR

dpli, c] = max(dp[i — 1, ¢|,dp[i — 1, ¢ — wgt[i — 1]] + val[i — 1])

TERBIRE, 5 UMYRER wotli — 1) BHEIRT AR o, WHABEE AR,
S R RA PRI
TS TR O IHEAHMEN 0, B dp[i, 0] AT dpl0, ¢] #5F 0.,

YRR [i, €] M EFTROIRES [ — 1, ] FIZE EATHIMRES [i — 1, ¢ — wat[i — 1]] ¥Rk, @ FEE
FRIE I8 I dp RETHT,

IRHE LA B #r, BATEE DRI SLBL RN R, ICICRR, ShSRIE,

1. F&—: 8hig®k

ERAHEUZUTER,

- BABEC RE i, .

- IRDHE: TR dpli, c] o

C BIEEAE: AYRHEESEAR 0 = 0 REERRARD O, ZIRBEAFFIRENME O .
- BRC EYEIY) R EREL S ORIRAR, WA NRANE .

// === File: knapsack.ts ===

/* 0-1 HE: 8BH#ER +/
function knapsackDFS(
wgt: Array<number>,
val: Array<number>,
i: number,
c: number
): number {
/] BEETAREYMEEELHREE, WREINE o
if (1===0|] c ===0) {
return 0;
}
/] BEBRIEEAE, NREEFRIBRANEE
if (wgt[i - 1] > ¢) {
return knapsackDFS(wgt, val, i1 - 1, c);
}
/] HTERBANBRAYE 1 EANE
const no = knapsackDFS(wgt, val, 1 - 1, c);
const yes = knapsackDFS(wgt, val, 1 - 1, ¢ - wgt[i - 1]) + val[i - 1];
/] BREIFTHEEPNMEERNI—
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return Math.max(no, yes);

e 14-18 fir, HTEMRES P ENEFIEMAIER IS, FIENREEREN O(27) .

O
WERIAR, AZRIHAIFEES 7N, B0 dp(l,10] %, MYz, SHas
HEN N, HE T NSRRI REEZ,

=
ey
ot
s
fim
i
|

YRGS HaBE
dp[3,30]

BTN 3

dpi2,10] B B Ty

‘-’o,\%‘ EEHANE 2
dp[1,10] dp[1,-10]
BEBNDE 1

dp[e,10]

YRRS i 1 2 3 HEAEE cap = 30
YEESE wgt[i]l 10 20 20
afE vallil 60 110 120

A 14-18 0-1 T EMIERY 2 S 2 FRE B

2. Bk idizwigE

N T PRIEES TR —R, BAUEDICIZHNE nen SKICK FRIBHIMRE, H mem[1][c] XA dpli, c]

e

SIS SE, AR T TSR, HHR O(n x cap) . SHLRERLT:
// === File: knapsack.ts ===

/* 0-1 HE: iBIZHEER */
function knapsackDFSMem(
wgt: Array<number>,
val: Array<numbers>,
mem: Array<Array<number>>,
i: number,
c: number
): number {
/| EEETAREYMREEELHREE, WRENE o
if (1 ===0 || c ===0) {
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return 0;
}
/] EEBIER, NEHEHRE
if (mem[1][c] !'== -1) {
return mem[i][c];
}
/] EERIEERE, NWREEERBNE
if (wgt[i - 1] > ) {
return knapsackDFSMem(wgt, val, mem, 1 - 1, c);

}
/] TERBRANBANY@E 1 IRANE
const no = knapsackDFSMem(wgt, val, mem, 1 - 1, c);
const yes =
knapsackDFSMem(wgt, val, mem, i1 - 1, ¢ - wgt[i - 1]) + val[il - 1];
/] BRIHREIFEMS ZHNEBERII—
mem[1][c] = Math.max(no, yes);
return mem[1][c];

& 14-19 R 7RI R P HETRITER 73,

MaessS Ya5E
dp(3,30]

B ISR

dp[2,30] dp[2,10]

& of

dpl[1,10]

&
¢ = *
YRRS i 1 2 3 HEAEE cap = 30

YEESE wgt[i]l 10 20 20
wmafE vallil 60 110 120

14-19 0-1 H RIS RIE TR

3. FE=: whERR

EHASHRISEB_ ERUR IS I dp RIERE, RS THoR:

BERNIR 3
Wik pRER > HEEE

o= ETHEANIR 2

BEBRANR 1
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// === File: knapsack.ts ===

/* 0-1 HE: h&ME */
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)
);
/] K&
for (let 1 = 1; 1 <= n; i++) {
for (let ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ) {
/| EBIEERE, WAREYm 1
dp[il[c] = dp[i - 1][cl;
} else {
/] FEIEYGE | X RENRAE
dp[i][c] = Math.max(
dp[i - 1][c],
dp[i - 1][c - wgt[i - 1]] + val[i - 1]
);

}
return dp[n][cap];

Qe 14-20 fiow, N RIS R RIE R ER B dp K/NRE, Bl O(n x cap) o

a a A B = a & B
BE wgt HE val el oo 1 2 3 4 BEE wgt fifH val \N 0 1 2 3 4
wgt[i-1] val[i-1] [ 0 [} [ [ 0 wgt[i-1] valli-1] [ 0 0 0 0 ]
550
1 5 ¢ [) 1 5 o ] 5
2 11 * 2 0 2 11 * 2 [
3 15 (O 3 [] 3 15 - 3 )

REFH:

YEBE 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 %
Step 1 Step 2
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EE wgt fifE val e 1 2 3 4
wgt[i-1] val[i-1] 0 o 0 0
+550
1 5 ¢
2 11 * 2
3 15 - 3
R&#as:
dp[i, c] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 3
- a & n
EE wgt fiiH val e 1 2 3 4
wgt[i-1] vall[i-1] 0 0 0 L] 0
50
1 5 ¢ 5 5 5
2 11 * 2
3 15 (2 3
RS
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
l Step 5 ]
- - [ ] n
EE wgt fi{E val e 1 2 3 4
wgt[i-11 val[i-1] [} [} ] [} [}
1 5 ('] 1 5 ? 5 5
2 11 ¥ 2 5 11
3 15 (O 3
RS
dpli, ¢l = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
| step 7 |
a a & B
EE wgt il val e 1 2 3 4
wgt[i-11 val[i-1] 0 [} [ [ [}
1 5 (] 1 5 5 5 5
N i
2 11 2 5 1 16 16
3 15 - 3
R&s#as:
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 9
« a & @
BE wgt fiHfE val 3 c 1 2 3 4
wgt[i-1] val[i-1] [} [} ] [ 0
1 5 ¢ 5 5 5 5
2 11 * 2 5 111 6 16
3 15 (2 3 5 11
RE#B:
dpli, c] = max( dpli - 1, ] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )

[ step 11 |

- ] ] “
EE wgt i val e 1 2 3 4
wgt[i-1] val[i-1] [ [ 0 ) [} ]
#5501
1 5 ] 1 ) 5
2 11 * 2 [
3 15 - 3 0
REEB:
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 4
- a & “
EE wgt i val o 1 2 3 4
wgt[i-1] vall[i-1] [} 0 0 0 0 0
1 5 o 0 3 5 5 5
2 11 ¥ 2 0 5
3 15 - 3 )
RERB:
dpl[i, c] = max( dpli - 1, €] , dp[i - 1, c - wgt[i-1]] + val[i-1] )
Step 6
- = ] u
ER wgt fifH 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 )
RSB
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]1] + val[i-1] )
Step 8
- a & u
EE wgt i val e 1 2 3 4
wgt[i-1] valli-1] [ ] 0 [} [} ]
1 5 (] 1 ) 5 5 5 5
2 11 * 2 ] 3 1 16 16
3 15 - 3 0 5
REEB:
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 10
« & & @
BEE wgt fifE 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
RS

dpli, c] = max( dp[i - 1, c]|, dpli - 1, ¢ - wgt[i-1]1] + val[i-1] )

Step 12
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a) L] a & @B
EE wgt fMfE val el e 1 2 3 4
wgt[i-1] valli-1] [ [} [} [ ] [}
1 5 ] 1 0 5 5 5 5
2 11 * 2 [} 511 16 16
Ta—
3 15 ®© 3 [} 5 11 16 20
K&
dp[i, c] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 13

4. FiEi

& 14-20 0-1%

- = ] u

EE wgt i val N 1 2 3 4
wgt[i-1] valli-1] [} ] 0 [} 0 ]
1 5 (] 1 ) 5 5 5 5

2 11 * 2 [ 5 1 16 16

3 15 - 3 0 5 11 16 20

BERFIENRBAEENRANE 20

Step 14

@ IF—"I Hﬁﬁﬁlh\ﬂﬁUﬁﬁ

HFSMNRSE RS H E—TIRAE S, R FRATAT DU P MR E R, SamE2EM O(n?)

IKZF;%: O(n) o

—HEF, BRSO — DRSNS RUEIE? ST, SN IRSHUE B IE E77 sl BT s 4%
% SR, BIRHE DN, YIRS « TN, ZEEFEENTIRES « — 1 TRIRES.

NSRRI AT, AAE dpl, ], Je k37 dpli —1,1]

, TN RUCES 2 ERR RS 4R,
m% SR, WIASRAEES N, RS AT AT,

B 14-21 R TR TIE « = LATHRIESE ¢ = 2 7R, &

BE wgt fiHfE val

i

c

wgt[i-1] val[i-1]

1 5 [
2 11 *
3 15 (2

o
1
2
3

« EAEN
-

..I

an .
3 4
o 0
5 5

s ICHENEE

sen—rsona «» - (D EDEDEDED

M 1= 2 B, FIR dp PEREOR 1 = 1 MFTERR
| Step 1
- [} [ ] ﬂ
EE wgt ffiff val e e 1 2 3 4
wgt[i-1] val[i-1] [} [} [} [ [} [}
1 5 [} 1 [) 5.5 5 5
2 11 ¥ 2 [ + 6 16
3 15 (O 3 []
sen—rusna o - (D EDEDEDED
EIFERE i = 2 17, #TREEB
Step 3

~dpli — 1, — 1] frTREE b

5 1E Pt DA 3 9 DX 51

BEE wgt fifE val G

wgt[i-1] val[i-1] 0
1 5 ¢
2 11 * 2
3 15 - 3

o
o
0
o
o

N s |~ | B

«
N/

™ - .| B
l

[}
4
o
5

‘16

LR PR o [ s [ s [s Jlus]

BFEHE i =
Step 2

2 17, HTRERS

EE wst HE val e

wgt[i-1] wval[i-1] 0
1 5 () 1
2 11 ¥ 2
3 15 (2 3

+
o IR

o
o
[
o
o

w olu|B
U\SJ\E

e oo |B

rer—raand o - |{[E)IEEDEDEDED

BFBHE i =
Step 4

2 17, BTRERS
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] - [ ] ' ] ﬂ - [ ] " ] U

EE wgt ffiff val el oo 1 2 3 4 EE wgt i val e e 1 2 3 4

wgt[i-1] valli-1] ] [} [} ] [} [} wgt[i-11 valli-1] ] ] [} [} 0 ]

1 5 ] 1 0 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 [} 3 15 - 3 0
sen—rarma o - ((DEDEDEIED san—rarma o - (D EDEDEDED
BFERSE i = 2 17, #ITRERB STRIBHE, MA dp RENHRE i = 2 WAER
Step 5 Step 6

14-21 0-1 BRI SIXEAE
TERBSSEEI, BATUNFEEE dp B —4E ¢ EREMBR, F EICANIERE SO E s b RIA]
// === File: knapsack.ts ===

/* 0-1 HE: TEMMENEEL */
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);
RISt g
for (let 1 = 1; 1 <= n; 1++) {
/] BIF&H
for (let ¢ = cap; c >= 1; c--) {
if (wgt[i - 1] <= ) {
/] REFEYG 1 XFFHHEREWIRAE
dp[c] = Math.max(dp[c], dp[c - wgt[i - 1]] + val[i - 1]);

}

return dp[cap];

14.5 T2H 8@

FEATH, BAVeRBES - DERNECRE: 2280, B T7ReEr—fR6: TR,
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14.5.1 25 8RE

Question
B n MG, B ASNERR wgt[i — 1], MER valli — 1], M—DEEN cap WM, &
AP DEE R, R7ERE S OAE FEMRAYSNRRNME, ~EIE 14-22 AR,

ms EE {8 SaEE
i wgt[i-1] val[i-1] cap = 50
1 10 50 o <1 —
2 20 120 . x2 n
3 30 150 B
4 40 210 *
5 50 240 ()

RAME: 290

SRER: B—1 @ FE . BmAES
HEA 50 TRAE

14-22 sEeH AR RG]

1. EhEEHRBER

SERT BT 0-1 5 RLAEHER AR,  DXBMAE T ASBREIP Sh AR E R B

- AE0-1 HHWEEAE, SMYRmRAE D, FIR&  MNERE, JEEMAT ¢ — 1 DM rikeE,
- fESEEEEAET, SRS EERZICRE, RIERYIE  IRAE R, 9l BUAGT @ DinrbiEe.

EFE 2B WRERFE T, R (i, c] KL PRSI

- AN G 5 0-1 HRFEMER, BRI —-1,c.
C BN 5 0-1 HRFEARRE, HEE (i, c —wgt[i —1]] .

MR R TR :
dpli, c] = max(dp[i — 1, c|, dp[i, c — wgt[i — 1]] + val[i — 1])

2. K@M

Xt EEIERE H AR, IRESER A N — 12 1, HREE 80



14 % SN www.hello-algo.com 332

// === File: unbounded_knapsack.ts ===

[* TeEE: shISHR */
function unboundedKnapsackDP(
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)
);
/] K&
for (let 1 = 1; 1 <= n; i++) {
for (let ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ) {
/| EBIEERE, WAREYm 1
dp[il[c] = dp[i - 1][cl;
} else {
/] FEIEYGE | X RENRAE
dp[i][c] = Math.max(
dp[i - 1][c],
dp[i][c - wgt[i1 - 1]] + val[i - 1]

)
}
}
}
return dp[n][cap];
}
3. =Efif

T SRR N AEIOA BB RS ATk, B2 MRILIS ROZN dp FrhrRE— 1T T IER DI,
XS 0-1 §EIEAF . 1EEBIIE 14-23 SKRELEME A X,

o - a = “ - a B “
EE wgt A val e e 1 2 3 A EE wgt i val N 0 1 B 3 4
wgt[i-1] val[i-1] ) [) [} ] [ ) wgt[i-1] val[i-1] 0 ] ) [} ) ]
1 5 o 1 5 o o BERM 10 15 20
2 1 * 2 [} 2 1 * 2 o |
3 15 (% 3 ] 3 15 - 3 )

wer—raasa < = ([ IEDEDEDED wer—reana o - |([EI)EENEDEDED

WH i = 2 B, IR dp BIERENOR i = 1 WATENOR ERFBHE i = 2 17, #TRERS
Step 1 Step 2
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[ step 3

BEE wgt A val ~.C

i

wgt[i-1] vall[i-1]
1 5

o
1
2 11 2
3

@ ~e

3 15

sen—rarma o - (DD EDEDED

EFBHE 1 = 2 17, #TRERB

BEE wgt i val .C

wgt[i-1] valli-1]

s~ |®
olv|B
o - | B

sl o
= R

- N
= s
o N
o <grl
N
)

+11

s

sen—rarma o - (D EDEDEDED

EFBHE i = 2 17, #ITREEB

Step 4
) - a B n - a & " ]
BE wgt fifE val el oo 1 2 3 4 BEE wgt fifE val el 1 2 3 4
wgt[i-1] val[i-1] 0 0 0 0 0 0 wgt[i-1] wval[i-1] L) 0 0 0 [) 0
1 5 [ 1 5 10 15 20 1 5 () 1 ) 5 10 15 20
2 11 ¥ 2 [) 2 11 ¥ 2
3 15 ® 3 0 +11 3 15 @ 3 [
san—ruima o - (I 0 EDED sun-ruina o - (D EDEDEDED
; EFBRE 1 = 2 17, BITRSHS STRRERE, ¥E dp RENRE 1 = 2 WATENR
l Step 5 ‘ Step 6

14-23 seeE RETE = R R R SR 2

A SCPR LA &, AXFRRE AR dp RS —4ERIER :

// === File: unbounded_knapsack.ts ===
[* TREE: ZEMNKENEIEIL */
function unboundedKnapsackDPComp(

wgt: Array<number>,

val: Array<numbers>,

cap: number

): number {
const n = wgt.length;
/] #Ek dp &R
const dp = Array.from({ length: cap + 1 }, () => 0);
/] K&
for (let 1 =
for (let ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ) {
/| EBIEERE, WFREYm 1
dp[c] = dp[c];
} else {
/] FENEYE 1 XFHEENRAE
dp[c] = Math.max(dp[c], dp[c - wgt[i1 - 1]] + val[i - 1]);

1; 1 <= n; 1++) {

}
return dp[cap];
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14.5.2 FTHRMARIE
B EUR — KRS R R 3R, HIERZ AR, §ilan 2k w6 .

Question
255 n RS, 58 MREMNEER coins[i — 1], BARSEN amt , high e DLEE KR, A
REfS = Y BAR SR R/ DR MR, WERTTRE L BAnedl, WHRE —1 , REGNE 14-24 Fis,

HS mfE
i coins[i-1] BirEE
1 1 1 amt = 11
~ =
2 2 $
3 5 @ x2 /

ROETHE: 3
stiEtas: @+ © + ©

14-24  TER LA R B s

1. EHESMLBER

FEIL AT B E7E 2T WS — RGO, W% B A DU RIRR S AN R

- PHIERERT DAHE R, “YpshT MR CREMT. VAR MR “EmEE", “HEAR M CBiRE
: ﬁﬁ;ﬁbﬂﬂ}i, TERE B R BRI MINE, TR E R ML h R,
- EETEREER ANEE” FEAR TR, TEROBUER BT RE B SRR,

HP BERRINYSE, wORE, WinfdEl dp #

R (4, a] MBAYF R : Wi ¢ RIRET RERS 2 o M/ PREM B, 129 dpli, al

4t dp BRI (n+1) X (amt+ 1),

B IRINERIR T Es, dEmiE S ISR TR

A5 5E 2T QRERRS H R T RAEAE A TR ZE R

- REE R ME, EEFEHEHT max() FECH min() .
R R AR TR A, U AEE R AT +1 BIAT,

dpli,a] = min(dp[i — 1, al, dp[i,a — coins[i — 1]] + 1)

B W R AFERIR SRS
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YEREHON 0, B ErROEmEEN 0, BEFIFE dpli, 0] #%T 0.

YICHEMN, FIRBIER > 0 WBEREH, B2, NERSHEETTETE min() HEEEWBIRHIH
WIRTCRR, FA BB oo REREN], BILETHE dpl0, a] #ET 400,

2. 1Xfgscm

REFGRIEE S HARIR M 400 B, HEEMAEA int WEKRERRE, MXXESHEREEA: REH
ITREFFRY +1 1R IERREA A R H

Mk, BATRAET amt + 1 RERTCRR, FOWEL amt WEEMEERZ N amt . &EIRIERT, kT
dp[n,amt] BEFTF amt + 1, FHREURE —1, RELEZHERSH, RIS FHR:

// === File: coin_change.ts ===

[* BERSAIE: THESHK */
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)
);
/] KEHER%: 51785
for (let a = 1; a <= amt; a++) {
dp[0][a] = MAX;
}
/] WEE%: HRTN5
for (let 1 = 1; 1 <= n; 1++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] BEIERE, WAERED 1
dp[i][a] = dp[i - 1][al;
} else {
/] REFRED 1 XEMENRIME
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 2RSSR RE, Msees EREEHER AL,
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5 & & 6
®wS EfE h 1 2 3 4
i coins[i-1] 0
1 1 @
2 2 @ :
3 5 @ -
EhH#E n =3 BifE® amt = 4
MERRTA (n+1) x (amt+1) 8 dp JEFF
| Step 1 Step 2
s & & 8
E [ K 1 2 3 4
i coins[i-1] 0 M?X MAX  MAX  MAX
1 1 @ ! 1
2 2 @
3 5 @ -
RSB
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
| ster 3 | [ step 4
5 & & 6
®wS mfE h 1 2 3 4
i coins[i-1] 0 MAX  MAX M?X MAX
1 1 @ 1 2 | 3
2 2 @ - *1
3 5 @ -
RERB:
dp[i, a] = min( dp[i - 1, a] , a - coins[i-1]] + 1)
Step 5 Step 6
s & & ¢
HS [ K 1 2 3 4
i coins[i-1] 0 MAX  MAX  MAX  MAX
1 1 @ 1 } 2 3 4
2 2 @ 2 1
3 5 @ -
RERB:
dp[i, al = min( dpl[i - 1, al , a - coins[i-1]1 + 1)
[ Step 7 Step 8
i & & 8
wS EfE h 1 2 3 4
i coins[i-1] 0 MAX  MAX  MAX  MAX
1 1 ® 1 2 : 4
2 2 @ - 1 1 2
3 5 @ -
RERHB:
dpl[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 9

Step 10

5 & 6 6
ws EfE 2 3 4
i coins[i-1] 0 MAX  MAX  MAX
1 1 @ !
2 2 e :
3 5 @ -
WHHE n = -
MELETR max = amt + 1 . BFH 0
5 & 6
wS EiE 2 3 4
i coins[i-1] 0 MAX  MAX  MAX
1 1 @ : £
2 2 Q@
3 5 @ -
RSB
dp[i, al = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
5 & 6 &
ws EE 2 3 4
i coins[i-1] 0 MAX  MAX  MAX
1 1 e ! 2 3 4
2 2 ® - "
3 5 @ -
RS
dp[i, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
5 & 6
®s EfE 2 3 4
i coins[i-1] [ MAX  MAX  MAX
1 1 @ 1 % 3 4
2 2 @ 2 1
3 5 e -
RSB
dp[i, al = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 )
s & & &
ws EE 2 3 4
i coins[i-1] 0 MAX  MAX  MAX
1 1 e ! 2 3 4
2 2 e : 1 2 2
3 5 @ :
KB
dpli, a] = min( dp[i - 1, a] , coins[i-1]] + 1)
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Step 11

Step 13

5 & 6 6 5 & 6 6
wS EfE el e 1 2 3 4 ws EfE 0 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 e ! 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
R&HB: Ris#is:
dp[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 12
i & & 8 s & & &
wS EfE e 1 2 3 4 HwS EfE 0 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 @ ) 1 1 2 %
3 5 @ - ) 1 1 2 3 5 @ - 0 1 1 2 2
RERB: RERB
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1) dpli, a] = min( dpl[i - 1, a] , dpl[i, a - coins[i-11] + 1)
Step 14
5 & 6 6
ws mEfE 0 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ [} 1 2 3 4
2 2 @ : [} 1 1 2 2
3 5 @ - 0 1 1 2 2

Step 15

REEHERETANRIEHRE 2

B 14-25 FESRAER S SRS RE

3. FiEk

TR S AL R AE BT SN 52 2 B Al — 2

) ===

File: coin_change.ts

[+ BRI SEARUEHOEEAR */

function coinChangeDPComp(coins: Array<number>, amt: number): number {

con

con

st n = coins.length;

st MAX = amt + 1;

/] #Ek dp &
const dp = Array.from({ length: amt + 1 }, () => MAX);
dp[0] = 0;
RISt g

for

(let 1 = 1; 1 <= n; 1++) {
for (let a = 1; a <= amt; a++) {

if (coins[i - 1] > a) {
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/] BEIERE, WARERED 1
dp[a] = dp[a];
} else {
/] EFNRRET 1 XFHEENRIME
dp[a] = Math.min(dp[a], dp[a - coins[i1 - 1]] + 1);

}

}
return dp[amt] !== MAX ? dp[amt] : -1;

14.5.3 TR I

Question

Y57 n MR, 55 ¢ MEEMINEE coins[i — 1], BFRBEN amt , SHEERATAEE LR, W
BILHAREOE A S HER, ROANE 14-26 R,

wS mfE
i coins[i-1] BizEE@
amt = 5
1 1
2 2 g
3 5 (5)

EhASHE: 4
EhAESHR: + + + +

14-26 FE MR 1T R EIEGE

1. EHEEHIRIBER

T B, A E R AR, I TR 5 0 AR ARSIt 2 o VAL A BUR. T dp
FORRBRIH (n+ 1) x (amt + 1) - HE5RE,
SRR A 2L A MR S TR X B 524 T PR X PR A 2 B B 2 i, SRR 7R

dpli,a] = dpli — 1,a] + dp[i,a — coins[i — 1]]
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Y EFREHCN 0 I, JCAVERRALAIRE M IR 0 HARed, RIS ESIE dpli, 0] #Fatn 1. 47k

REMR, JokEMER > 0 MERSH, HEETHE dplo, o) #5%T 0,

2. X9t

/1

/*

=== File: coiln_change_ii.ts ===

BHEM 11 BB */

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;
}
/] REEHB
for (let 1 = 1; 1 <= n; 1++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EBIBERER, WAERED 1
dp[i][a] = dp[i - 1][al;
} else {
/] ENRRED 1 XFEMHFHEZH

dp[i][a] = dp[i - 1][a] + dp[i][a -

}
return dp[n][amt];

Fiahtk

2R AETR T SR, MRS e R a] -

/1

/*

=== File: coiln_change_1ii.ts ===

THEM 11. FEINKEREISIL */

function coinChangeIIDPComp(coins: Array<number>, amt: number): number {

const n = coins.length;

/] M3atk dp &

coins[i -

const dp = Array.from({ length: amt + 1 }, () => 0);

111;
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dp[o] = 1;
/] REEHE
for (let 1 = 1; 1 <= n; i1++) {
for (let a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EBIBEREH, WAERED 1
dp[a] = dp[al;
} else {
/] EFNRRET 1 XEHHEEZH
dp[a] = dp[a] + dp[a - coins[i - 1]];

}

}
return dp[amt];

14.6 ‘RiBIEE (0]

gmiEpiE, AR Levenshtein B, fEM 4T R A AR i MESOREL, @ AT EERARNA
SRIE = A B R D AR

Question

AN TERFE s Ml t, IRENG s #40 t iR R D giE 05

TRAI DIAE—DNFAF R T =R e MA—DER. MBR— DR BB E— 1T
o

QN 14-27 R, 4 kitten ¥l sitting WS 3 20, W5 2 IWEHURIES 1 RESINERLE; K hello ¥%
19 algo TRH 340, U4E 2 UOFHURIER 1 IRIMBRERIE,

il <[i]c]c]e]n] - 000080

]gm [gm lmm mm] 1&@ 1&&
(s[ifefefifn]e] [a]1]g]o]
(s [i[t]c]i]n]e] - (@080

K 14-27 GwiREE BRI RBIEERE

Zh R P 12 ) ] DATR ) SR ORI IR, . AT R T, —RRORER (—IRGmERIRIE) X R
—4i4,



145 FNSHN www.hello-algo.com 341

i 14-28 AR, EABRFHRIEAIEICS, BT R#R URAE HVF 2500, BA000 RN —FiglE, XER
EM hello #H#ZE algo HIFLHFATREIEIZ,

MRFEIHT A ER, A EFRERKET S hello FI A algo Z IHIHIERFEIIE,

S =

1428 ST URHER VR SR B

1. EhESMRLBE

B BHBRIYGR, @SORE, WmnifsEl dp %
B RRRFEN TR s AT IR,

B EAEGEBREAIRET, SR MBOZ T/, XA REME T, R ATH s f t BRI
nfm, FAEEEWFRERINFR s(n — 1] #t[m — 1],

C % sn — 1] F t[m — 1] R, BATAT ARG, EHE sn — 2] F1 t{m — 2] .
-3 s — 1] Rt — 1] AR, FROTETERX s AT RmE GEA. TR, B0, (SRR B
B AEIR, AT DABRIE AT, R e M,

WALRW, BAVETFITE s PEATHE—RRIRR (GRHRE), BIES s ¢ PRIERIOFFITAC 7174 428
o Bk, REI9YHILE s Fl ¢ sPBIEAIEE « FO5E J D, 18 [4, 4] »

ARAS [i, 5] REBIRGTIE: 9§ 5 BORT 0 AFAFESCY £ AT § A FRPRRINE Do 5,
i, EE RSN (1) X (G + 1) 4 dp %,
B SRR A, M S IR AR R

ZETIRE dpli, j], HNMARDNZREENRBIHTTRN s[i — 1] ft[j — 1], AIRIEANFEGmERED HE
14-29 PRy =FE 5L,

1. 18 s[i — 1) ZJEHIt[j — 1], WEATFE dpli, j — 1] .
2. MkR s[i — 1), WA TR dpli — 1, 5] .
3. 4 s[i — 1] B t[j — 1], WRATHE dpli — 1,5 — 1],
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HEREFM e
00000
(c[o]d]e] oal -

dpli, j] dpli-1, j]
# k Bifth e

0000 (b]o]o

(cJo[d]e] (c[o[d]E

dp[i-1, j-1]

B 14-29 FmiHER R AR LA

AR L, WIS RIL TS5 dpli, j] MRDHRESEET dpli, j — 1], dpli —1, 7] dp[i—1,j—1]
=EPRIRDIREDE, BN EARRIGESE L o XN MAIRSEAE 771N

dp[27.7] = mln(dp[l,j - 1],dp[2 - L]Ldp[l - 17.7 - 1]) +1

TEER, Msli— 1) M t[j — 1] HIEIN, Joogni Suisry, XAE FRRESHER 7N

B2 WIS RSN

IR EOSN, FEPECN 0, B dp[0,0] =0, %4 s h2HME t RN, BORESBET ¢ K
&, BIEAT dpl0,7] = 7o 4 s AAZE L AEN, SOdRESEET s (KE, BEY dpli,0] =i,
WIS R TTRE, 8 dpli, 7] HMETT. B75. 72 LTI, BRI P BB E P A~ dp REIAT,

2. K%M

// === File: edit_distance.ts ===

[* YRIBERES: THASHIE */
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
/] REEE: g57E%

for (let 1 = 1; 1 <= n; i1++) {

dp[i][e] = i;

}

for (let j = 1; j <= m; j++) {
dp[e][i] = 3;

}

/] WEER%: HRTH5
for (let 1 = 1; 1 <= n; i++) {
for (let j = 1; j <= m; j++) {
if (s.charAt(i - 1) === t.charAt(j - 1)) {
/] ERFRFESE, WEERKSIRFR
dp[i1[3] = dp[1 - 1][] - 11;

} else {
/] RVRETE = B HikR. BEX=MRENSORESH + 1
dp[i][]] =
Math.min(dp[i][j - 1], dp[i - 1][3], dp[i - 11[F - 1]) + 1;
}

}
return dp[n][m];

G 14-30 R, gl B )R ARSI A 5 1 R AR B 2600, AT DAB (RIS — > 4E W A 3
*'3:'30

l Step 1 J

RERB:

dpli, 3l

Step 3

. pooao
SNle 1 2 3 4 N
0 )
a - a -
a: a:
a_: a_:
s = “bag” t = “pack”
n=3 m= 4

MeatETT dplo, j1=3 . &% dpli, 0] =1
MEWRTH (n+1) x (m+1) B dp &

Step 2
o860
3 e 1 2 3 4 3 J
] '] 1 2 3 4 o
o (> I
a 2 2 a 2
B 3 3 a 3
RS
= min( dp[i, j-11 , dpl[i-1, j] , dpl[i-1, j-11 ) + 1
Step 4

w N ke

w N Rk e e

dpli, j] = min( dp[i, j-1] , dpli-1,

12 3 4

(p Q0] «]

,_\
~
w
=

+1

[P
NN

i1, dpli-1, j-1] ) + 1
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ooon

dpli, j1 = min( dpli,

RERB:

dpl[i, j] = min( dpli,

=1

RSB

dpli, j] = min( dp[i,

(s ]

dpli, j1 = min( dpli,

RERHB:

dpli, j1 = min( dpli,

[ step 13 |

j-11 , dpli-1,

j-11 , dpli-1,

j-11 , dpli-1,

j-11 , dpli-1,

j-11 , dpl[i-1,

31, dpli-1, j-11 ) + 1

jl , dpli-1, j-1] ) + 1

31 , dpli-1, j-11 ) + 1

il , dpli-1, j-1]1 ) + 1

31, dpli-1, j-1] ) + 1

REFB:

dpli, j] = min( dpli,

o]

RERH:

v s[i-1]=t[i-1] = ‘a’

[Step 8 ]

RSB

dpli, j1 = min( dpli,

&

dpli, j] = min( dpli, j-11 , dpli-1, j] , dpli-1, j-1] ) + 1

[step 12 |
R,
o
(5 Y
8 :
[ <
REHEB:
dpli, j1 = min( dpli,
[Step 14]

j-11 , dpli-1, j1 , dpli-1, j-1] ) + 1

~dpli, j1 = dpli-1, j-1]

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1
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- |
N
™
w - -@

w N ke

)

BERVEESY 3

Step 15

14-30 gwiREHE RSN

3. FiEfk

T dpli, ] B 77 dpli — 1, 5], %77 dpli, j — 1], 675 dpli — 1, j — 1] SHSMRH, TiE R
SFEUH LIy dpli — 1,5 — 1], BIFERTHTEEIRATHIEE dp[i, j — 1), KRR AT,

Jutk, BT DMER — MR leftup RE A LTI dpli — 1,5 — 1], W R FTHIEL TR _EITI#
AR S e el WA, AIERIERES. A RATR:

// === File: edit_distance.ts ===

[* YRIEEEES . =EMAMERIEHSAL */
function editDistanceDPComp(s: string, t: string): number {
const n = s.length,
m = t.length;
const dp = new Array(m + 1).fil1(0);
/] KE#E%: BT
for (let j = 1; j <= m; j++) {
dp[il = 3;
}
/] REHER%: HR1T
for (let 1 = 1; 1 <= n; 1++) {
/] R&ER%: 85
let leftup = dp[0]; // EPF dp[i-1, j-1]
dpfo] = i;
/] WEEH%: HR5
for (let j = 1; j <= m; j++) {
const temp = dp[j];
if (s.charAt(i - 1) === t.charAt(j - 1)) {
/] ERFREE, WEZBLILRFR
dp[j] = leftup;
} else {
/] RDEFESE = BN kR BEX=MRENRDFEESE + 1
dp[j] = Math.min(dp[j - 11, dp[j], leftup) + 1;
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leftup = temp; // EFATF—8E dp[i-1, j-1]
}

}
return dp[m];

14.7 ING

- SIS BT o0, B A T R R LR E R TR, IS RRCR,

- ABENREIRATE T, FrAshSHURIEEER AT AR [ (B TR, EEIM KRR
HE R, YRR @5 ALK, AT RERTA RS R 7 R, AR IEES T
AR IR,

- IR R AN RGBSR, M5 2 W RS MR — R B TRA R, A
i “HERKT —FE, BT HAPRS ML REIRE, EIHIROTA DAERR dp RE—DHEE, N
T AP 23 TR AR 2% JEE

- FIRE R AE A REER, G, S B EA AR,

- ISR KRR EE TR, ROLTE. TOER

 ARIR AR R AR AT DA T AR A R A SR, MIE s BA R A7 454,

- RN TR, HARRERRGZIEE X, MESERLmIAEIRSIER, wEHa L
A BEA TR, JoikE sl POE K R,

A

- HURER RIS —, BA 0-1 5., 22w, ZEETUFLM.

- 0-1 BHAIREE SONRT « MISEREN c HEEFRRANME. RIEARAE LB E LMRFR
R, AIRREIRIFEH, FHAREHIRESER TR, fEERted, m TR EMEUE L7 E 7R
T, RETREEFELIR, #RE ETTIRASEE 5,

- e AR AR S R BECR IO IR, RIIERE A MBS S 0-1 BEMEAR, BT
IRESMGFUE BT FIEZETT PR,  RIEAE = AL AR 24 I i i o

- BERSURNEUR R 2T B — DR, BAK RORT MEZONK RN MR, RIHIRAESE
FBorifErh i max() MO8 min() o AIBR “RNEE” HEARINER “BiF” B ERSH, KIS
M amt + 1 RFoR “TCiREH HARRET RITCR0.

- BERGUHAE 1T MR “E/DREmEGR” SOk “BEMASEER", IREHEB MMM min() 2Oy
RIBRF,

O L 2 )

- GRS (Levenshtein HiBS) FATFMRMINFIE B2 MGHILUE, HE XM — NFIFEEH—
SRR DR, GEHRECIER, MR, Bt

- GRS R AR K s BORT i AN ERCR ¢ IORT § TR R R D G R, Y
s[i] # t[j] B, B SRR TN, BIRR, BEL SN EEAIBIAORIA T, SR R R i
FLER SRR TR, T s[i] = t[j] B, JoAUmae s ai o,

- TEREERR, RSO L. A, ETRORE, DRI E R S TR S R T
W TR RS, il FRAVRI— MR A L TiRAs, ML S 52 4 15 (S O 1
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O, A AR AL S BT IE 3 7
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F15F A

HélcZalgo corr

Abstract
Ml H 2585 KIH ), BZIESR B & KR KT EE,
O IRISAE —FREC A sk, B SMREEE.




BI5E O www.hello-algo.com 349

15.1 FOEZE

ROEZE (greedy algorithm) 22— WAYMRRAIL AR R, HEABARZRLE AT MR, #
WY ATE R R LAIESE, HS0OM M B R LATRE, DHIEBRG 2R, 2ORRRE S HsiL,
FEVFZ SLPRAE A & TZHIN

FOLRIEISASMRIER A TR e, ez B E— SR A, HanEs s It a5, =
TAEREEAFE,

- B SRYE Z AT B A A REORE S R, I 25 7 (A A A kA F 244 1T T R
- ROLRBEARFELRRE, T —BAnithit T oo0Ess, AWgNRETEE, B2 R,

TApEIHE Ty TRPODEIRN TERM, XEECAE EeniE” s5hhagid, M
BV EFH AR,

Question
255 m RS, 58 MPREMNEES coins[i — 1], HARSEN amt , SR HA] LEE IR, [
R BAR SRR R/ DR m AR, WERTCREL BAnem, NHRE —1,

AR ZO LRI 15-1 FoRe 40€ BAREET, BANSLOHEERAR T HRHGT e imim, AEiEaaix
LI, BEEE BRSO,

B T RRERFATEREEHARSHNED

B 15-1 FERSLHAY ORI
SEIRAAS AN N R
/] === File: coin_change_greedy.ts ===
[* BEREEE T */

function coinChangeGreedy(coins: number[], amt: number): number {

/] 1Bi& coins ¥ABEF
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let 1 = coins.length - 1;

let count = 0;

/] ERFHITROEE, BITRREM
while (amt > 0) {
/] HEVNF BRBER RS ERIED
while (1 > 0 && coins[i] > amt) {
tosg
}
/] & coins[i]
amt -= coins[i];
count++;
}
/] BERLEETAZE, MWiRE -1
return amt === 0 ? count : -1;

TRAJRER AN HUBIY: So clean ! SOFEIRMHAHTRIERLARR 7 F R S A,

15.1.1 HORZENRRSERE

CODRIEAMUR B, SR, T HIEH PR WA, 0L LR, 2B MR/ NE{EH min(coins) ,
W OIE B Z EFF amt/ min(coins) X, NIEEZEN O(amt/ min(coins)) o XHESHRIREZER
IR ZE O(n X amt) /INT —NEES,

SR, TR MEEA S, FORPIFARIRSIRIM. & 15-2 254 T RA),

- 1EBI coins = [1, 5,10, 20, 50, 100]: fEIZREMAET, BEEE amt , FLOBEIEH AT DS RN
fi#o

- Bl coins = [1,20,50]: &% amt = 60, FULRIEHGERE] 50 4+ 1 x 10 B HAS, Hit 11
Rk, (HEHZSARIAT DR SR 20 4+ 20 4 20, X7 3 B,

- R coins = [1,49,50]: Ri& amt = 98, FULREIEHEERE] 50 4+ 1 x 48 sl A, it 49
Htgim, (MR DHRER LR 49 + 49, {455 2 #dEm.

Wmas Bir&H BLHERRAR NSRRI RN SR
(REpmIERR) (2RRIARE)

(D) 60 +@x1@ x 3
@ 98 +©x48 x2

K 15-2 SLRIRTCIEIR R AR A
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MR, N TEEAMAE, SUORRITERIERE 2R EIUE, HHERIEIEFRENR, EHEES
EEIESS Rl 27

—RAEOL T, SULBEIRATE R L PR P,
1. A PAGRUESREIRAM: SOORIRERMEI MEER R IUERE, FOvEEERLEm, ShSHRIE =R,
2. WIDARBENERURR: PO RIEERA A TR AT, M TREERMERY, SRR RIHEIE
HIRME, BEDAERRCRER BN A2 AR A,

15.1.2 SFOEEESY
IR AER T, A oMERRENE S DB LR ER? s w, OEIEEM A e BRI B &
fi?
M TSR, FOOETERE S E TR, H 3B A @y e ME R,

- SUDIERER: R YRR RGBA R SR e BRLER, SUOEEA RIS SR,

- RILTEN: RREB RIS TR &AL,
BRI TEMEARE ISR JBUHPNEY, XEAEER, HEFENE, —YEREPRMEFaEmaHA
FAE, {EARA] {5 B 0 O AR,

AN EEIRT ORI HINTTT %, BARERIHAE LR SR, Bk X TFHFSmE, D
EREE IR H

BlanFER e E R, A RRGEB R HHAS RG], X SOOI PEATIE Ny, (EIESCRIERERAR, W)
W 2 PR RE T 2 5 il DASE I SOOSTRR MY A R REFEAE AL B B8 Il ok 45 H — MBI AT A 2
=R, TAEDASS =R AR,

Quote

H—RIESEAE T —1 O(n®) INAIE 2«5, TRl — D mA &S 6 20O BIA R T
B B A

Pearson, D. A polynomial-time algorithm for the change-making problem([J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 FOEZEBELSE

SOL BRI R R R 72 AR =2,

1. W8 Hr: Ais SRR, ERRIRAE S U BFRRIA R AESE, X —PAE RIS AR
AW M.

2. e FULIRMG: FEANFIE S — Dt SU0IERE, XD IRIGRES L — DBV, &R
DAl

3. IEFPEIER: JEH R EIEREEA ORI AR LT 45, X ERA] REFR M ZIECAIERT, I
ANYAANIR B SUETR S

R SO DSR2 SRR PR O 3R, (BRI REFF A 5, TEAPUREE,
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- AR FODRIGHIZE TR, N T2 Rk, SO0RIEHRIRE, BilEd —SRMEES
ZGAETS o MX T —E kM, SULREE AT REIER R, XAME IR F 5 1 N A fRELss 5
RIKREN T

© HEEETUORIE AR EARRNE, LA THIME ORI SO0RE, F RIS RIB,T, RATRE
RILER 7 ARG TCRE . IXR BRI VORI IZ “HMEM” B, EXAHF R 2
— MR B,

NTRIEERTE, BAIRIZN SULRMSHEAT ™ ERECAER, & S RO R B AN,

ST, IERATEIERI MR ATREAN R —1F 5 Fe FE 1A K4, @ S semamiLR T L, —
DB RIUE S0 R,

15.1.4 BROEEHBEGI

SOLBIRH N TR E SUDIE MR AL T4 L,  DURAI2E T — L2 AR sU O BIR A

- MERERFAE: EREEHAS T, RORERE IS EIRILR,

- DXMIHEERDEL: R — 55, B MESE BN RINELT, REERRZERRATREZ LSS,
REFREOE AR R RHESS, A2 T0LEIR AT SRR,

C rBEEmE: G -Arai— N EER, RN ERRIEE YR, @REERAELHER, B
SMERR, WREBRANEREEN tbikm (ME / ER) B9, IATDRIRE —LEH T A DUSE]
AL,

- RELIENNEL: g —HRERITIE A, VRATDOET 2 IRESE, HIRIRE SR AR, BALESEH
ZHIARRERFSE, EFRRIRBUR A,

- EREHNY: EREHGE T IREE R SO R, EIREREN, BIRIEREHIR
RSN R EH, RERINERSRIHREEERE WHKE) &/,

- Dijkstra 5ik: &R —FRREAE IR S H AR TUS B B2 RS S0 O RTA.

15.2 SEE i)

Question

L n NI, B MIRINERN wet[i — 1) MER valli — 1], FI—DEEN cap B,
MR B — R, (HA] USRI I—3k oy, OrEMRISEEE R ILBITHR, RERES AR
THEESYRNRRNME, ~EIANE 15-3 Fimr,
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#S EE fifE

i wgt[i-1] val[i-1]

1 10 50 ‘ Tﬂ)\i% ﬁﬂg%
cap = 50

2 20 120 2 20 \

3 30 150 o u

4 40 210 * 30—

5 50 240 (Y

BAMME: 120 + (30/40)x210 = 277.5

Bfi5Z: HE~ . f 30 28 ¥ paEa
HER 50 HARE

15-3 380K B RS R B

IR AR 0-1 5 B AR EARR ML, IS S SR IR E ¢, BMEZRRETFEER MY
BRARNME,

ANAFIET, ALY —#7, & 15-4 For, BT POt Y5, g E R
EEBIR T SR

1 T, TERRER RS valli — 1] /wgtli — 1], FREIHME,
2. BB i, RN w, WEEMMOAOER w x valli — 1)/wgt[i — 1] ,

RS EE i AfifiE

A . i val[i-1]
i wgt[i-1] val[i-1] wetli-1]
1 10 50 5 ) S ¥an L Hanmn
ENER B E e E
2 20 120 6 _ alli-1]
v -
3o% e 5 . g - R
4 40 210 5.25 %
5 50 240 4.8 -

15-4 PyifE A EE FHIMNE

1. SERBRHE
BAEUAYRENE, AR ERER AN E R FRPIMGE, Bt rT e & 15-5 FiRay su0sK
8

L. Wi IR s AT E N S B A THER
2. WA, SHERTLOHER AN E RS P
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v

3. HRIREUARAL, WL FTY) A — R E,

HE EE fild  B{IHE
valli-1] IRIBEMIHHE

i wgt[i-1] valli-1] wgtli-1] MEIHEHES

2 20 120 6 2

4 40 210 5.25 ¥ P

1 10 50 5 ) RIEERMEE SR
3 30 150 5 B

5 50 240 4.8 >

15-5 7 80E W EHg o0 SR

2. XM

FBATESL T — N2 Ttem , DUMESY) A IR AN MEDHI THEF . FEEREH T O00NERE, M E BN Bkt I
IR [F] i :

// === File: fractional_knapsack.ts ===

[* & */

class Item {
w: number; // YImEE
v: number; // ¥I@mM{E

constructor(w: number, v: number) {
this.w = w;

this.v = v;

[x EEE: B+
function fractionalKnapsack(wgt: number[], val: number[], cap: number): number {
/] BIEYRYIR, BEHINEY: EE. NME
const items: Item[] = wgt.map((w, i) => new Item(w, val[i]));
/] REBEBAGINE item.v / item.w MBEIERFHTHF
items.sort((a, b) == b.v / b.w - a.v / a.w);
/] TERBCERE
let res = 0;
for (const item of items) {
if (item.w <= cap) {
/] BERREEFRE, WESRYREBENEHEE
res += item.v;

cap -= item.w;
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} else {
/] ERRBERE, WEHFEHN—EoE#HEE
res += (item.v / item.w) * cap;
/] EXFRIRAE, FULBREBEIF
break;
}
}

return res;

RN, EREWN T, BEEAENMRIIE, FIENHEREN O(n) , Hb n Wy,
BTG T — Tten 551, FIAREZERN O(n) .

3. IEH@t4IERA

RARAER, R x 2B ER &Y, ERERERGRARNMEN res, HIZMHALEW M x

[e]

MEMNT B EH R EEREREY M, SOV ERNYIN v . BTY8 v R MIMERS, KIS
BIEREME—TEKRT res . X5 res RRIUEFIE, BHREFHLAEEIN v,

MR MY &, AR DR S EAPE, BMEZ, AAAEE R R EERE, X
HH B0 R 2 A R

G 15-6 AR, AN SORePn d BRI B AN (B 20 16 1 — oK 4R B R AR A, U)o 250 (el im st ]
Ry “SRAEA BRI AT LR R TR, 31X 2 AT DA B ERATT AN LA A PR 0 Do BRI O A R0

MRACHHE
5.25 5 5
* ¢ & 9
YREE
40 10 30
50
Wl wozs

15-6 o BE ERERJLAERR
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Question

MA—DNA bt , BHNEDNTERR D EERRNEE, ZHPEERNER, DAL ENZ
B =3 (A A A B — D A28

AR RS TEEMREENFRRA (HR), HPEEHRENREROUE, 562N NERIEEEZERS
2%,

IETERA A IEBE NN ER, FRARNARNEERK, RERAKEE, REIGE 15-7 Fir,

iR

S B N W &~ 100N ®

15-7 wAHE M@ REIESE

AHEEEM N FERE R, FABRRE A BRERIRS], iKh (4, ] .
MEEE, ARSTRERMEE, HrhahEiove, 5ERMBIRINEEHERS 2%, RARN capli, j]

| WA HEAR:
capli, j] = min(ht[i], ht[j]) X (j — 1)

VALK n, PIMIRIGE SRR CREIED o C2 = 20U N mytity, liInl BLor i ik

ﬁ,Mﬁ*ﬁ%kﬁﬁ,wﬁﬁ%gﬁomq

1. AOEREE

I R Rk, NI 15-8 R, BUER—MRA [i, ], FlR 311 < j B heli] < ht[j]
L BRI,
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S B N W U 0N
pe—— <
EEsse——— <\

i RAER, j AKIER
WHIRE cap = min(3, 4) x (7-0) = 21

K 15-8 #IHEIRAES

QniE 15-9 Fw, FHBERRRERAR J rEmR @ SRk, WA SN,

XERRNERSNM § 5, BE j—i §EZ/N; MeElRERovE, FHitsERERE G IrohER) 88
AN (BENEH § RONRERD o

8

7

6

5 . -
. | :
3

2

. |

. |

() 1 2 3 4 5 6 7
MRS, BE—ER/
YHAIRE cap = min(3,3) = (6-0) = 18

15-9 [AINEEE KARGHIIRES

B, ARG MANRERR  , AAREEAFRER, FNERKEE —EZ/), HEETREIER B
SNIERREN @ ATRER R . BIANTEE 15-10 1, BahEia R,
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————— < \ad.

i

v
8
7
6
5
4
3
2
1
0

0 1

LUHIAE cap =

FABEER, BEREEEX

min(8, 4) x (7-1) = 24

& 15-10 MRS E FARES

P I AT AR SULSRRE . AR IL RS, [ PIR ARG, R YRR TR, EEMN

faEHHIE,

A 15-11 R 1 S0 SRS R TId S,

N

Step 1

iR

Step 3

S kP N W s O O N ®

S B N WS O O N ®

MateiEst 1, § , ERHTIBERE, FEREAME res =

0 1 2 3 4 5 6

LFAE cap = min(ht[i], ht[j1) x (j-i) = 24

BABE res = max(cap, res) = 24

FHAIRESTS, 485t M1 5 2 HIEEH M,

R APRSHA R capli, j], JHFENBARE R,
EEet @ MR j RO, FFRIERR A RSB —1%.
TEIMAITES 2. PFNEE 3. 2, EHE 0 Ml j AHIBINEEH,

iR

Step 2

KR

Step 4

S B N WS O O N ®

S B N W H O O N ®

WHIAE cap = min(ht[il, ht[j]1) x (j-i) = 21

BABE res = max(cap, res) = 21

b

v
o 1 2 3 4 5 6 7
LHIAE cap = min(ht[il, ht[j]) = (j-i) = 15
RABE res = max(cap, res) = 24
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v . v .
8 7 8 7
R 7 mR 7
6 6
5 5
4 4
3 3
2 2
1 1
0 0
[/} 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
YUHiAR cap = min(ht[il, ht[j]) = (j-i) = 28 WUHIAE 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 .
‘ ‘ ‘ !
5 RS
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
YRR cap = min(ht[i], ht[j1) x (j-i) = & YFIAE cap = min(ht[il, ht[j]) = (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
IREN
[}
0 1 2 3 4 5 6 7
v fEE i 5§ 488,
S0 - BRHRLMER, EERARE 28
N
15-11 BARAFENEH LR
2. K%M

R ERRZ n e, FRREREN O0n) .

N EL
B3N

/1

/*

=== File: max_capacity.ts

RABE: A */

function maxCapacity(ht: number[]): number {

/] MEk 1, j, EEDTIHERR
let 1 =0,
j = ht.length - 1;
/] RRABERN 0
let res = 0;

g res ERAEBOCVNIESNERE, FRBERERER O(1) .
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/] ERTOEE, EERIRESE
while (1 < j) {
/] BEAEE
const cap: number = Math.min(ht[i], ht[j]) * (J - 1);
res = Math.max(res, cap);
/] BREENFER
if (ht[i] < ht[i]) {

i +=1;
} else {
j-=1
}
}
return res;

3. IERRMEIEER

ZFRAZUL g R R, REDVERRSUDIERR S “BET LIRS

FEINTEIRTS capli, j) &, @ MM, j KR, A SUDHPKEEMR « mNBE—i%, 2S20E 15-12 Foriyik
B BT, RXERE Z R EIERUEX RS R

capli,i + 1], capli, i + 2], ..., capl[i, j — 2], capli, j — 1]

SEhiER
HEEEEEN ANl RN RN
caplo, 7] cap[1, 7]
s (S0 0k ¢
Ol | e ] e
cap[o, 6] caplo, 5] caplo, 4]

L e

cap[o, 3] capl[o, 2] caplo, 1]

K 15-12 BalmEi SFEENT FARES

ML, XERHOS RIRELR ESURR KR § PBSIaIRE, aTm&MELIEARNBRIR—E S
SEEREL/N. MR, WEBERIRSEAATRER &I, B eSS BT BRI,

DAL AR, BalEmRARiEe “2e” 1, SORIZAR,
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15.4 &KX TR

Question
LHE—DIEEE n, KEY)AEDWADERBEAIHN, KU EMmAEBENFENRKZEZ/D, WE
15-13 ffi7Ro

HAEE n , R max(ngxng xngx..xny 5% 0, g %xn,)

B 15-13  F AV SRR REUE X

BB n V10 m DR 7, HAPE 0 MRFIdn, , B

m

=1
AR AR SRIG T B T RO,
max(H n;)
i—1

PNTEEHZHR: VIDEE m MizZR, 80 n, MizEz/h?

1. FELKRIBRE

RAEZL, WAREBERFUEELLCEMIRMAE R, BN n hoE— T 2, METRFEED 2(n —2)
o BMTFZIRIG n FELLEL:

2(n—2)>n
2n—nm—4>0
n>4
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E 15-14 FoR, Hn > 40, YIt—4 2 JERRESER, REIRTET 4 FREEBERNIZESDIT

FODHRIE—: WRVIDTTRFEE > 4 AT, WLEHMIZRARLEY) 7y, RARYITTR AN 1, 2,
3 EX=RAF,

N
=
=
1
]

L n>4 B, 1EE 2(n-2) 2 n
RARENSARANEE 1, 2, 3 BF

15-14 Y5 S8ERAEZ K
ZOREEMANEFRRMN, £ 1. 2, 3X=EARFH, 2R 1EREMN, FAN1 X (n—1) < nfEK
37, B 1 ke SEBERE N
WE15-15 R, MUn=6K, 3 x3>2x2x2, XEKEVHE 3 Vs 2 #Hik,
TORIE . VI RF, RERNEERD 2, FAEA 2 B2 DIBEHCAMA 3, MRS KRR

Mo

HEE=ZT 2 B, HESEMEEAFEDT 3

15-15 &Y RT

Zi ERTR, FIHERLH DUR SO0 R,
L BMANEBE n, NHAKHYI AT 3, BEEREN0, 10 2,
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2. ROV O I, & n 2 3 IREEL, UL,
3. HREON 2, Ay, RE
4. MRECON 1N, HT2Xx2>1x3, HLMERE—3EHN 2,

2. KM

i 15-16 Fiw, FATEAVEL AR 2L, min] DA N ERIZRA2] 3 1M e, HEEIEERS
FIRED, HNA:

n=3a+b
HERE, NFn < 3WBFENR, “wHHRSH—N1, #I1 X (n—1),
// === File: max_product_cutting.ts ===

[* RAVIDR: Tl */
function maxProductCutting(n: number): number {
/] EH n <=3 B, RATISH— 1
if (n <= 3) {
return 1 * (n - 1);
}
/] FOHTISH 3, a A 3 BN, b ARE
let a: number = Math.floor(n / 3);
let b: number = n % 3;
if (b === 1) {
/] HRERN 1B, B3 1 * 3 Bk 2 * 2
return Math.pow(3, a - 1) * 2 * 2;

}
if (b === 2) {
/] HBREA 2 B, REHLE
return Math.pow(3, a) * 2;
}

/] HREA o B, FigbE
return Math.pow(3, a);
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R¥ b ats3

n=3xa+b

K 15-16 AV RTTI

o} TR 52 A FE VR TG i SR RSB T4, DA Python N, H FRIR TR A =Hf,

- IBEAF ** FIEEEL pow() N THE 2 O(log a) .
- ¥ math.pow() PIFBIAFH C BT M pow() BREL, HHUTIZAEGR, NMAEZREHN O(1),

Ak o M b FEAFEOUVNIEINER, FRBERERERN O(1) .

3. IEH@4IEER

HERARIEE, Rt n > 3 BIEN.

L By < 30 BRRMVIZ T RPEE > ANET o, Ia—Er] LG EARSRI R 2(x — 2)
MRS ERRIRI, XS RIET &,

2. VInliRARE 1 BRRIMVIDTTRAPFE-INET 1, Bae—Erl LEFHF AR I PEFH, DA
PRERIFM, XS5BT E,

3. VInTiRmBUEMA 2 1 REEMVIATRPUE=D 2, Ia—Er] IEHAND 3, FRAHER,
XERETE,

15.5 /&

- SOLRIREE T RO U R, HRER AR D ORRRT B RS R LA R, ARG 2R

AL,
- LRIRRIEAHME — DX DN BUDIERE,  BERRHERE U ALK — RSN TR, S ]
R AR

- DEEACERIE R, EEARESIFERCR, AT, S00E RN R 2 2% 5 R,

- AEFEGURAE S, NTREEMAS, SORIAR DRIEKEIRMLME; T 55— mH S A
2R, SLBEIRATREIEIRZRIME,

- EEMAORRRBAIREEA WA IR R R T A, SOOI ARR TV RIS
MR,
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- ORTFRE Z, SUOE R ERE R R, MR, IEWEIIA, GRS,

L ORRALAE LTS = FESH. FE LR, RN, o B ORI RS IR,
TERMELER R A 5,

- OYERTSELRIEE 0-1 T A0SR b, A VPCERIR—5, PTG AL R, 2SRRI
T T DA PR ME A,

AR VAT SR, REZREEN O(n?) , B S0 NS, RN, o
I E RS O(n) .

CAERKTID TR, BN SRR SO R > 4 SR RIS, RIS T
N3, REHEEREE, NAEARRATREHSBUNE, BHA 0(1) % O(logn) ,
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Fl16E MiF

A BN

- 16.1 ZREEIRNIR AL
- 16.2 —iEZZ2501F
- 16.3 RIERE


installation.md
contribution.md
terminology.md
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16.1 ‘RIZIFIERIE

16.1.1 & IDE

IR, F8H VS Code fENAMEHSTT LI (IDE), ilA] VS Code B, MRAEHRIERIUEREH
RERRASE) VS Code BT FERNIZEL,

Qa%w 010 % i

Visual Studio Code  Docs  Updates + Download

Code editing.
Redefined.

Download Mac Universal | .,
Stable Build

mac0s Universal
Windows x64 User Installer

Linux x64 deb
rpm

F#i VS Code =y
Run and Deblg BONCN Git Extensions

16-1 MWEM T#; VS Code

IntelliSense

VS Code AT REASRG, SFFRZEGIZESHIZTAIE, DA Python NI, %% “Python
Extension Pack” ¥ @25, BIAI#E# T Python fREGIAIK, 220 BaE 16-2 Ak,


https://code.visualstudio.com/
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Python Extension Pack vi.7.0
Don Jayamanne 7,005,466 % % % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable v Uninstall |~

This extension is enabled globa

DETAILS
Extension Pack (7)

REHRNT

A B P O AT autoDocstring - Python Docstring Ger

doc

! Install

|
j—ﬁf*?ﬁ% ython Docstring Gen...
@ Python
P

3

Jinja

Python Extension Pack

Install

= ] Python Extended 12M k4

&l 16-2 %% VS Code ¥ et

16.1.2 REESIIR
1. Python Ifig
1. FEJFZEE Miniconda3, % Python 3.10 BEEHRRA,

2. 1£ VS Code W82 python , %4 Python Extension Pack
3. (FJi%) fE@SITHIAN pip install black , ZREMIMHEAILTHE,

2. C/C++IFIR

1. Windows RAFELEE MinGW (AL E#F2); MacOS B Clang, LM%,

2. 1£ VS Code MHEH T HHIER c++, L% C/C++ Extension Pack .

3. ([ i%) 47 JF Settings TU [, #4 & Clang_format_fallback Style fX A3 4% = fb & Wi, R E B
{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach },

3. JavaIfig

1. R#EFFZEE Open] DK (AT E > JDK 9),
2. 1£ VS Code WHtFTHH 2 java, &% Extension Pack for Java,


https://docs.conda.io/en/latest/miniconda.html
https://sourceforge.net/projects/mingw-w64/files/
https://blog.csdn.net/qq_33698226/article/details/129031241
https://jdk.java.net/18/
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4, CH#IFIE

1. FEFFZEE Net 8.0,
2. 1E VS Code HIIEMH R IZFHI822 c# Dev Kit, 2% C# Dev Kit (FilE ),
3. WAl{#iA Visual Studio (ZZEE#f),

5. GoIfiE
1. F#EFFZE g0,
2. 1£ VS Code WftFHi 782K go, %2 Go,

3. PR ctrl + Shift + PIEHATSHES, #iA go, 1%FF Go: Install/Update Tools, RHAIEIHZ
$ERIAT,

6. Swift Ifi%

1. F#EIFZEE Swift,
2. 1E VS Code MU Hii7 182 swift, 2% Swift for Visual Studio Code o

7. JavaScript IfiE

1. F#EIFEE Node js .
2. (AM) 1 VS Code WG HTAHIRER Prettier , ZHMMHEALTA,

8. TypeScript IfiE
1. [A JavaScript MNEZZEEA B,

2. 223 TypeScript Execute (tsx) o
3. 1£ VS Code MditF AR typescript, %24 Pretty TypeScript Errors .

9. Dartfiz

1. Tﬁ#ﬁ% Dart o
2. 1£ VS Code HdEifF it 4R dart, %% Dart,

10. Rust iz

1. FHEHZE Rust,
2. 18 VS Code @A TR rust, &% rust-analyzer o


https://dotnet.microsoft.com/en-us/download
https://code.visualstudio.com/docs/csharp/get-started
https://learn.microsoft.com/zh-cn/visualstudio/install/install-visual-studio?view=vs-2022
https://go.dev/dl/
https://www.swift.org/download/
https://marketplace.visualstudio.com/items?itemName=sswg.swift-lang
https://nodejs.org/en/
https://github.com/privatenumber/tsx?tab=readme-ov-file#global-installation
https://marketplace.visualstudio.com/items?itemName=yoavbls.pretty-ts-errors
https://dart.dev/get-dart
https://marketplace.visualstudio.com/items?itemName=Dart-Code.dart-code
https://www.rust-lang.org/tools/install
https://marketplace.visualstudio.com/items?itemName=rust-lang.rust-analyzer
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16.2 —iEE858IF

HTEFHREN AR, B FE SRR mER, HERR, WREI TR, RHERM. WARRKE, X
FEL, R EA TS A GBS R, GBI TBIE, DARERE TR E U > B,

i #5266 AR GitHub ID KTEAR B, WUk PDF bty 0T A TRR, DU AT J5A X AT
FAZE TR

JFIRIIE )

YU B F R PR ENRIR R RN AR, RS AR AT .
MEARTHE, WA BRI RPEEE 28 H BTN,

1. RERGE

anE 16-3 AR, ARG EAEA “GEERT, AR DHEIE DU S ERE AR s,

1. i “GmiBEbR”, RIEE| “FFE Fork thaAE” KGR, 1H5FEIZRIE,

2. 1B Markdown XA, MENATREME, HRERRHRIEHSGE—,

3. ETUHERHIES B i, RJGsd “Propose file change” #%Hl, Tk, midh “Create pull
request” & BIAT & AIEE K,

o o0e

C—ELLDﬁ Hello 3% % R QEm O 'thf‘if' e{!:?a»‘g': 6k
Hello s 31 4t e H ‘ CE
B HoH Wx > : %5{#%',.:1"]5:}32 ) 311 mmenm: sestan
B #18 MiRWE > 302 ¥NREEH: SRS

8 W2® HWHESH N BRNBIBSHEERA. BER K WP BB W 4. B, SR SEED B
& E3E mEEn P RERT .

31 EIBLSHR

82 WAL 301 ZIEEN. Kt 5IREE

33 MPES T

34 THEE- THIERE , HERRIRIRERORT), T HBZE ﬁﬁﬁ&ﬂ&ﬁ%

WEERR; TiiEbih, SENTSH TARASS, NUAESERZRNRESS; BUSTS

38 S IR, RRT HANTERR,

B BaW MESER >

[ L B FRE, ERESHER R A AR, SHSHLREN, ERBEEARA LS
SIEF); FAREOIIER, ZRAMITT,

@ H6m BER >

N ETE H > - SIEMIBLR: WU, HE. BB DT R

£ WewE i > - SEEMEMIBEN: W, . B BER

oo B >

T B0 BF > SN AR

il ENE

= W2E DA > L2 L)

19 BIBE @K » . o SN TN
AT I - W W W

@ #5®m B > i
@ wieE WR > = B s
sEx@ b ed

16-3 DU gt 1% 5

B AR ERZEN, TREEIHTE [ssue BOFICH SREIARIE, A1 RRERRAHIFEHE A


https://github.com/krahets/hello-algo/graphs/contributors
https://github.com/krahets/hello-algo/issues
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2. RELIE

MREE GBS S HITRTE, AR REEIEREMRRIE S, VRXCENSSE, WATFELELL T Pull
Request TAERfL,

1. ¥3t GitHub, ¥ARBHIUL G4 Fork #IMAKE T,

2. WAER) Fork @EMTT, i git clone an R Q) b B A,

3. TEARMBATNACICE, FFE T2 8N, JuECRo R (ER T,

4, KRR M Commit, A5 Push EixfE G,

5. R EEMT, it “Create pull request” 41 BIA] & ihi B K,

3. Docker ZpE

1E hello-algo IREHX R, $UTLAT Docker iA, BIAILE http://localhost:8000 JjFIALIIH :

docker-compose up -d

{5t FH AR i <> R RT R 0 -

docker-compose down

16.3 RiEXR

& 16-1 FlIt 7 B IR EEATE, EHEEETLA.

- EBOCERTARIZSCNIE, DA R 5 SHR,
- BRI AL TAE A H ORI B AR R SO R RY LA AN,

* 16-1 BRI E A

English falfAHZ ELINEDd
algorithm CRPS [GHZRPR
data structure HdEatirg B RS
code (] PRI
file S RES
function ERI%L ESpay
method T3tk T3tk
variable IS SR

asymptotic complexity analysis —#ULEREDHT  WOTEREE 2T


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

HleE s

www.hello-algo.com

372

English far A=
time complexity I TR 2 e
space complexity a{FTE=F/5:-4
loop TR
iteration I
recursion #03

tail recursion FE#
recursion tree L RUAY
big-O notation KOs
asymptotic upper bound i R
sign-magnitude J5 g

1" s complement 2]

2’ s complement AN
array el
index Gl
linked list kR
linked list node, list node FERTT
head node KR
tail node A
list HllZ
dynamic array A
hard disk Tt

random-access memory (RAM) WfF

cache memory
cache miss

cache hit rate

stack

top of the stack
bottom of the stack
queue
double-ended queue
front of the queue
rear of the queue
hash table

hash set

bucket

Al
593
FAS
XXEIRAS
PAE
A2

e GES
UEGE S
L

Eihrpz

TR e P 2
A
Tl

JES AN

'

JE iR
KO "
Ll e
5t
L
—HE
el

K5l

SEAG RS
S5 RS B R
SHER,

FE iR
%l

B REfE2
TUES
RLIEAE
TREX
PRECR A
PREX AR AR
HE
HEA TE
HEAB IR
1751
(3
T50E
1151
MERAR
MRS
i
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English

hash function

hash collision

load factor

separate chaining
open addressing
linear probing

lazy deletion

binary tree

tree node

left-child node
right-child node
parent node

left subtree

right subtree

root node

leaf node

edge

level

degree

height

depth

perfect binary tree
complete binary tree
full binary tree
balanced binary tree
binary search tree
AVL tree

red-black tree
level-order traversal
breadth-first traversal
depth-first traversal

binary search tree

balanced binary search tree

balance factor

heap
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max heap

min heap

priority queue
heapify

top-k problem
graph

vertex

undirected graph
directed graph
connected graph
disconnected graph
weighted graph
adjacency

path

in-degree
out-degree
adjacency matrix
adjacency list
breadth-first search
depth-first search
binary search
searching algorithm
sorting algorithm
selection sort
bubble sort
insertion sort
quick sort

merge sort

heap sort

bucket sort
counting sort

radix sort

divide and conquer
hanota problem

backtracking algorithm
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constraint

solution

state

pruning

permutations problem
subset-sum problem
n-queens problem
dynamic programming
initial state
state-transition equation
knapsack problem

edit distance problem

greedy algorithm
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