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“ HELLO-ALGO
> .git
> I8 .github
v codes
c
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dart
go

o java
javascript

(v vvv v vy

)

python
chapter_array_and_linkedlist
chapter_backtracking
chapter_computational_complexity
chapter_divide_and_conquer
chapter_dynamic_programming
chapter_graph
chapter_greedy
chapter_hashing

(v v VvV VYV VY

chapter_heap
>
& heap.py
& my_heap.py
& top_k.py
> chapter_searching
(R > chapter_sorting
0 > B chapter_stack_and_queue
> OUTLINE
> TIMELINE

¥ Pmaing I Lotests ®OAO

BITRIBRETE TIE RS N=2F,
B &
B

\

EVIPAY

yabEER FEACH B, mifE

%0 Git Graph

PR GFEIRSE, TES IR SRR 20

2 hello-alge
@ my heap.py X
codes > python > chapter_heap > @ my_heap.py > ...
vnupriver Code"""
if _name__ = "__main__
# WME AT
max_heap = MaxHeap([9, 8, 6, 6,

print("\niAFIRIEHEF")
max_heap.print()

# IREUETATTR

peek = max_heap.peek()
118 print(f"\n#R7zHN {peek}")
PORTS GITLENS PROBLEMS OUTPUT DEBUG CONSOLE

~/Dow/helle-alge main > ||
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git clone https://github.com/krahets/hello-algo.git

42K, IRBA] DATERE 0-4 FRAIA. B,
G

hello-algo

# hello-algo

main ~

i “Download ZIP” 151 B4 NEUASE46 L,

(I Unwatch 312 ~

Gotofile Add file ~
Local

B3 Clone
HTTPS SSH GitHub CLI

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

[ Open with GitHub Desktop

Open with Visual Studio

[} Download ZIP

7,5, 2, 1,

Ln 118, Col 29 Spaces:4 UTF-8 LF {§

<> Code ~

DO 0o

v D © ®o -

4, 3, 6, 2])

TERMINAL

Bash +v O @ - ~ X

Py base 18:18:47

Python 3.10.13 (‘base': conda) &3 (@ Prettier [}

AT, WREREE, WATEKL I3,
GitHub ¢/, WMRE&%E Git,

A PO AR a2 e A G

SRFGTEA I B
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REXIFE R

Python C++

% W Q

J V# Go Swift Js >
binary_tree_bfs.py

def level order(root: TreeNode | None) -> list[int]:

# Mtk

I, MNRTR
queue: deque[TreeNode]
queue.append(root)

= deque()

# Miatt—1 7R, BTREFEHF

res = []
while queue:

node: TreeNode = queue.popleft() # PABIHIBA

res.append(node.val) # fR7FETiAME

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

f node.right

return res

is not None:
queue.append(node.right)

EFHRA

# BFFRAB

IBITIRYS, a1 0-5 FoR, X T IREARE SR AREI ARG ER,  FATTAT DAE R codes SCAFRA
KR B VR B AR ZE R N TR,

IEREER LET ¥

0 hello-algo

Code Issues 1 Pull requests 10

chapter_tree

# krahets

array_binary_tree.py
A
e RS
a
binary_search_tree.py
binary_tree.py

9 binary_tree_bfs.py

binary_tree_dfs.py

B 0-5 AAGHLS X R AR S

PR T Az T, MIRIE X FF Python fABSRIRIRMLIETT (BT pythontutor SEBE), 401& 0-6 FirR, R

A DU AR BTG A9 “RI BT SRIETILE, WS RAAIRHRITIERE;

DI ELF R SR

B

Hello 3%
Ego# Mz
B %18 miswE
B Bom HHREDE
db B3| MIBEH
B Baf MEASHE
41 ¥

42 #BE

43 P&
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45 S
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FR WOE MER
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0B
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S ENE HE
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1 #EE BE
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41 #A

PR IEVERVERY

WA S “2RWE", P

A% 0 Oe

( g krahets/hello-algo

[ @ 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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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. AWTEENE 1. P8 2., BEERIPIEEFRN r FTUEA Ik,

FRERHEFEROMFHT

EFREN: RIEE—HEEEEN ¢ BT B

EFHSE:
1. BIFFRAM—HIEL, ENEFSE n
2. B8F r & n &8, FLHREFEBS

Step 1 Step 2
|
—HTBL —HBL

EFRSR: EFRSRE:

1. BAFAANRKBIN—FRBL, RAEFER t 1. BAFANKPINHTBL, RASEFEL p

2. BF r 7 t §08, EIHREFESS 2. B8F r £ p [FiL, FUCHRRETFEES
Step 3 Step 4

e
—¥ M
EFHRSE:

1. BFFANKBIN—HIEL, RAEFERE 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 .

BB R R R AT Bk, e NIRRT AR

FRHEFE FHERF
5 (/s ~ * 2 (A5 ~
*d Y o . A )
SV NS e
Ll [ ] N 32 @
N BN
FHFF
- 5 Ve 5 2
N 5 Cn 5 2
SN {8«
v -
5 5 2
5 5
< - = 2

1-2 $hwHEp PR

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,

ok wn e

NENUE L 31 st EE/NIETH, 17T, 57t 10 7T, 20 7t

MAETH R R 20 78, FAR 31 — 20 = 11 7%,
MFI R ANET R AR 10 7T, FR 11— 10 = 175,
MRIZRANETFFERRR 17T, #R1—-1=07C
FHRERE, 7TEN204+ 10+ 1 = 31 75

PLE 5t )

e Ao

P migin = 1T
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31

= 11 = 1 =)

-20 -10 -1

K 1-3 famikFidiE

FEU LSS, BAHF P ARG ATERRFAES OXATRERT R 62
Ko WNEIRGHSRIENAESR, ZKMTEAR LR 200" Jik

INBEE—TER, REIRFUT, JUPATA AR RORE S AT RIR, THREALR HIME SR TR E e
KBRS EEE NS, RIS EEEH CPU A GPU HUTHIE, IXME—K, Tl IBtAEHAE G Hh it Al
AN L, DIEEAETT SRR R 2% R,

RASE] T RATHIERE T

<? QUSRORBAREER, BE, BEAM 0 BEHREESOIRE /IR, 1HRSHE PiE, AR
w 51 SRNG5S RIRRI AR

1.2 FiERfta

1.2.1 BEENX

A% algorithm ) J2AEA PRI A RO E R —HAE S SR EV R, B RA TR,

- IEURRARARY, B TE TR R AR e o
- BARTY, REMEGRDE. WRMAEZER T EN,
- BLBESEMERE X, EARRMARIZTRET, fbaaZmE,

1.2.2 PHREGMENX

MBSt data structure) ZHENPHAMEEEIEN 77K, BT ER,

- ZREARED, UHETEING,
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- BAERBRERATREDUE, RSEEURTIR. A0, WBR, EHTEE.
- REERTE SRR RZEER, DERIESR0ST.

BURSHI B R — A s R, QSRR BSHE T, TR RS — I e 2, T2
M

- EERMET I, ERARISIFIMEREECE L ENERE, (HE T ER I AR,
- BT RER, R TEFEERGEE, HETRELAERINTEH,

1.2.3 HEEMERZNXF

A 1-4 iR, BdRGSH SEIRSENSS, RES, BERIE N =177,

- BARESHREIRNE G, BARSH OV EIRRME T A ER R, DAGRIERIRRITT IR,
- RIRRBUREH A ERNSE G, BURGSWA S (UFEBIRER, S8RIEA eV E M,
- RIREHE AT DE T AREIRESA S, EHRITRCRATREMHZEIRR, RS ERBUREZ b,

BE—RIURFES

MR ANE T
N ‘ ¥ L
—_—
input algorithm output
HiEsH

data structure

RIS IFREREIE
S MaSERIR S &

1-4 BURSHSHEIERIRER

BARA S RIEMANE 1-5 FURIIPHEERIR, —BRR, BRTESTZFHEZIN, A TRAA RIS,
BA WL — D010, FUREAIE A SERIB IR,
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K 1-5 HREEFIR

PRI BRI B DR R AR 1-1 e

® 11 RBIRE SRR PR

RS SEE  PEEAR

LN G ESEENIAVN

BAtir BRARALIEK, BIHIR RN ERTTHE
CRES ERARP R EARESH — RIS 3

it K PR

ERSHRE, BURGHSRIERM TREIESH, R, A5 IR T 2 M RETE S r L

(r) IR R R R
w TESEPRITIEN, BATEE XK Bty 58K oy “BiE", HAARFERIN LeetCode
BREH, Khr RIS ERHRES AR mRIATR,

1.3 &

- BIAEHRAESHIEAE, HAREBAAIRAESRERAN, Shrtk, BOIELEAAEHER TIFS
IR, FDARORA TS A R/ N AR
- BATHEEES S EREEME R, ZoEREERAR T omia M EERIREAE,
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- BRI RE S AR ERARFERLL, AR RIRE S H T NSRS,

- BEMERERNP AR LR IUORE, B PHERICE ATE R4 iiERE,

- RIRRAEA BRI A AR DR E [ — A5 2 B P 3R, RSS2 T EAL R AR i EERY
757K

- BURGE SERRENE, BURSHRRIENEA, MERRBIREZEERSER,

 BATAT DR BARSS A 5 IR O PRRRUR, BRIARIGREEE, BRI IRAER: T N FRREIESE,
PHEERBIREI BRI W%,
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“hello-algo.com

@ B AL AT AT R IR T R A 23 T
v EH A MEN 15 S EIXN D EIRARR, FHEMHERIRRTTZ,
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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

- WRIEeR: BRISTEERRE,

- 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, HECAHERRMAPA S TR, BEOHAC B 25 AR MERE,  HRnER G RN, Bk A 19iBfT
I R EE % B A (BAES — BRCE AR RN, AIRESEARRIMIREE R, XEWE A T ZAE AL
e BTN, SEiH-FIgReR, miXR AR,

—7iH, ROt RIMAIERFER IR, M ABIRRERA, FRSRIHARRER, B, FEHA
BEER/NY, B A RSITIE ELRTS B A, MEM ABIERECRN, Mg RATsea e . Fit,
TREFWRIIE R, BANTEZMK SRR ALEE, X ZEFEFARRI TR R,

2.1.2 EighH
T SEPRMN AR KRERRYE, R FATAT DA B AGEE — S T BRI AL RIE R, XMl 377 EA AR
H THREE 24 94T asymptotic complexity analysis), R T2 24E 547 1,

IR ST RES R B RTR IS T AT TR AN RN 2= M B R S A BHE KO N2 IR BiR 7 BB R
AN, BB T I ERIN RAE MIRRE KRS, XN E RO, FRATTA] DU 73 o0 =4 ROR PR
- “ETRIFIASEREIR” S BIXE N TR 2 4% time complexity ] #1 [%3[A%& 24 space complexity Jo
- “BEE BRI NN RS B R R T E B TR S BRI Z W R,
- “INTAFIZ RGBS FORE RE ST OGENAR BTN RIS A AR R E, TR RS E
W) “HRIg”,

HEAE B il 7 SRR IS TR B, ABAE DU RPN 5 T
C BN TINAIAE, A EERIER TRTRIBTT A,
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- ERT DA B R S RERRR, TR REE R P RRIATERE.

«7 GUSRARAT B2 RS RN R, AL, FNREESET N4,

SR BN T — G RIRRCRE “BRR”,  (ETRATTAT DA B AT 3 SR P 75 OB i A 2 ] B
IR, X EEARRIE R Z RIBRER,

SRR MUEMS, N TFE A RELRMR, F IR RS, WX PNAEEE, EREHATREAK
EETENBIENMANINE, R, HENTHER N AR s RTRRIR RN, XE DL 2 A HIa T A
22 A E O

gr BRIA, HEUURERA S SRR S RIEZ R, JONERETHENIHIP I T R, DAERENS 72k i
TR B 7 hT

2.2 FEK5E)3

FERES, EEPTEMESRRE LN, B5EREMTEEMEX, B, MRS 2R 2R 2 2
JEZ A, WAVER T R AERE PN EE PITESS, RIMMEARREFERIg: JEAL #A,

2.2.1 &R

N&fiteration) B —MEESHITHREMEFSHIZHIZE, EERF, BFRIERHL —ERREF P EEHRITH
BefeY, EERXNFRAAEIL,

1. for &IF

for fEINERH WANERIPAZ —, EEERSCANEIRICRBINE

PUNBREGET for TRIALELTSRM L + 2 4 - +n, KMLREAZE res idx, FETERZ, Python
H range(a, b) XtMAJIXEIE “ZEHATT B, MNANELEEN a,a +1,...,0 —1:

// === File: iteration.cpp ===

[* for fEIF */
int forLoop(int n) {
int res = 0;
/] BWXRM 1, 2, ..., n-1, n
for (int 1 = 1; 1 <= n; ++1) {
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

PENEL, WIAKSEST, 7RSS AR,

THEFRATH while TEIARSEIARKM L +2 + - +n:

/] === File: iteration.cpp ===

/* while BIF */
int whileLoop(int n) {
int res = 0;
int i =1; // VRKERGEE

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

res += i;

i+ /) BNRHZE
}

return res;

while TAEREL for IEFRARY E IS H B, 76 while TR, FRATATDAE % b 45 0028 & A9 4R AL FH B T 40

B%O
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BT DL TS, SRS § AGAOMET I, KRS AT ) For TEFRICEL:
// === File: iteration.cpp ===

/* while f&If (FXREH) =/
int whileLoopII(int n) {
int res = 0;
int 1 = 1; // ¥BLKEHETE
/] TEIRRM 1, 4, 10, ...
while (1 <= n) {
res += i;
/] BEHTE
1++;
1 &= 23
}

return res;

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

3. IRERER
SRATATAE— MEFRE IS 55— MEFRESH), FIHEA for TE5F V-
/] === File: iteration.cpp ===

/* WE for 1EIF */
string nestedForLoop(int n) {
ostringstream res;
/] ®F 1=1,2, ..., n-1, n
for (int 1 = 1; 1 <= n; ++1) {
/] &% j=1,2, ..., n-1,n
for (int j = 1; j <= n; ++j) {

res << n(n << { << ||, " <<j<< ”): ||;

}

return res.str();

K 2-2 B EIEIRFRENE R,
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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

%07 recursion ) Jg—AEIRRNG, BT LI B SRR, © 3 EAEMNE.

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,

MR LUTRES, BT FVAHEE recur(n) , BEAIBAZERR 1 + 2 + - + n BIHHA:
// === File: recursion.cpp ===

[* BT */
int recur(int n) {
/] BLEZHE
if (n == 1)
return 1;
/] & B)IEA

int res = recur(n - 1);
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/] VA REILER

return n + res;

& 2-3 JB/R T IR AIE VI A2,

AT 8" Bt 93
recur(n) return n + ((n-1)+.+2+1)
| A .
recur(n-1) return (n-1) + ((n-2) +..+2+1)
recur(4) return 4 + (3+2+1)
recur(3) return 3 + (2+15
} e
recur(2) P return 2 + (1)
l LR —/
recur(1) return 1

2-3 SRAIREHIEIH SRR

AN AR, RG0S BRI R, BEIREE T MiRhoe 2R A 84 R R R S 6
X,
OB PR MR, MRERIO IS, AR e B IR, HENE S5,
O P R R AR, KRS N MG T, X T A A A R
B RN TR SRS NI TR, SR AU 2 1E A AR EATHY),
DA ERSRAIEHONE], A f(n) =142+ +n.
- ORI IR BCRAITRE, M 18IS n, SEHRTRAERE, BIRRE f(n)
R BIEA N T f(n) = n+ f(n—1), RIF GEITHY) SR FE, AERAER £(1) = 1
2k,

1. A%

BITRBER OO B BN, RIS FOTRR RSN, DFiERERA R, 1A bk A A R 5,
XK SN 75 RIS R

- PR B SCBURER A R ERR D RS B X, EEREBORMEA SR B, #H
M LB ACE IFE SN AE 22 Ml
- SBUTVA A RS AR BN TR DRI I Y EEARER AT 353 SR
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N 2-4 FoR, EMAZIESARET, FINFE n DARIREREITEE, EHEEN n .

AT “@" Bt 93

recur(n)

|

recur(n-1)

|
|

EERE recur(4)
! }
recur(3)

!

recur(2) P

} IR
recur(1)

B 2-4 B RTIRE

FESERRA, GRiEiE S RVFRRIREE R R A IR, RIS AT RE S B B IR

2. @&

HEBATE, WSRABAEIR AT R G — DA ATIEBVAPE, %R EOR] DAt i as s deiiifl, e as
AR b SIEACH S, IXAMEDLEAR Ny TR #I tail recursion o

- @B HREOREE) E—BRREEYE, FEASHITRE, HERSAFERT L —BREAN LT
o

- RIBIA: 3BT VE R R BOR B AT ARG — R, XEWE REOR PR E—Bn, TSI T H At
BrE, RIERGTHRT L — 2RI LTS

DU 142+ 0, JA AT DR A res WHIBERL, MTTSLBURISIT:
// === File: recursion.cpp ===

[* B&Y3 */
int tailRecur(int n, int res) {
/] BLIEZH
if (n == 0)
return res;
/] EB&)3iEA

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

BRI TIE RN E 2-5 FiR. X ELEIERBVARIEIE I, P BISRAERIERI T RO AN FIRY,
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- OHEE: SRR 7 FERETHRTE, SRIREEEE BT ORI,
- RIEB: SRAHRERAE “E#7 RIREPHITH, 97 R RFREEERE,

AT “&" mE “7”

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

recur(n-1, n) l retTurn N+.+5+4+3+2+1
l retTurn Nn+.+5+4+3+2+1

recur(3, n+...+l5+4) retTurn N+.+5+4+3+2+1

recur(2, n+...+l5+4+3) retTurn N+.+5+4+3+2+1

recur(1, n+...+l5+4+3+2) oy retTurn N+.+5+4+3+2+1
| wisg |

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

2-5 RiBIFERE

(r.) THER, iRt RSBk, Hlan, Python BRIAASHREIEIFMAL,
w KRR R BOR RIEIAE A, (98 R] RE 2B E bl th A

3. &3

SAEE “IE7 HXEEREN, BEEEHIEARR B EMEN, AEEMS 5, P LR
Hiflo

(,) BE— N EPIREEH0,1,1,2,3,5,8,13, ..., KREBFINE n M

RLPIACREINE n MEFHN f(n), HIEWILIL.

- BB (1) = 0 f(2) = 1,
- BB R AIR, B f(n) = f(n— 1) + f(n —2).

FEIOBHER RMEATIEITH, KA MR NI, RIS HIEA R, A fib(n) BIA] {52251
ZHHNE n DT

// === File: recursion.cpp ===
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[* ERARRERG: BT *+/
int fib(int n) {
/] BLIERMF f(1) =0, f(2) =1
if (n==1 || n==2)
return n - 1;
/] #YFEA f(n) = f(n-1) + f(n-2)
int res = fib(n - 1) + fib(n - 2);
/] BREIZR f(n)

return res;

MEE LA EACRS, BATHERENIEITTEH TR RE, IXEWRE NN T WA AR S, WE 2-6 A
TR, IXFEARNEITEA T L, RE&EEE BN n 19 NEVIM recursion tree

f(n)

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

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

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

B 2-6 HIBIRELELH I IR

MARBLER, BIAEBLT KRB ENF R FEEEN, XM RRIEEREE,
- WNEEMEE, @R fr, B 6, SSIRIRE VRS R RA RIS R e AR N ] T I AR R A
777K
- WBUREHIAEE, BARREGAIERER, WAERIHEXRE, FRyEMHERES Ao eS8 T
o

2.2.3 BENE
BEEDL A, W 2-1 FR, OERFDBITESTI, MERERIE M A AR,

®2-1 IEEBEAR R
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IER peE|
KT TEEAGERY BREOAH E &
"
IR ReEREHE R, TR EOE AT RO BOE R 27 AT
WFEfE E R EE RN T2 A SRR A AT RE R R AR ]
A
EHE ERTREEIEAMESS, BN, ATt ERTFRE M, Wi B E FSE, g,
il 4 GL

<7 QSRUREE DA S N AR IR A, RIDATEIRSE AR ETEERE S,

M2, ERFBIAERAGHLNERRIE? DLERBIAREONE, SKARIEERBIAN “7" BT, KRR
& R AR FH B R SR bR R R SE ARHSRATIRAERY, XM CAEHURI SRR “Je NG s s 7] 1,

HE B, PAAART A HRMESET XA RTE LR TS R ETIR R,

1. 3 SEBIAMAN, RAXE AR EO0ZEEOMEORRIED, AT ERRE R R, S8
IR [l R
2. W HERBGERPITIFREIRE, XM AR BN “TARAR” ERER, KR ATRR R AT IR,

It BRATTAT DU —A™ S R BoR B TR IT 0, TR VT A IR A

\

// === File: recursion.cpp ===

[* EREARIEYT */
int forLoopRecur(int n) {
/] R EXRREIN R FRA R
stack<int> stack;
int res = 0;
/] B BEA
for (int i = n; 1 >0; i--) {
[] B NRIRIE ARIR E”
stack.push(i);
}
// V3 REILER
while (!stack.empty()) {
/] B “HARIRE IR 937
res += stack.top();
stack.pop();
}

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

MEE DA R, B AOENUE, RIEZEREMER T, REEANEIERZHE T A DAL,
HA—EERXAE, A UM RRE,

- B ERUARRS RTRE SEAIME DARRAR, RIIRPEE
© NTRER IR, BHURSTE RARRIT N A] REER R,

Bz, BEEROERIBITROE TR MR, EgIESCEerh, DM E RIS HRIE R SE R S IER 7T
REXREE,

2.3 HiaS&*E

BTN TR AT DAELVL EL TR S BREBTR TR . an R IBATTABMERA TR — B ARG HTIB TIN TR, R IRl R0 ?

1. Wi e, BiEEAIE,. WEES. RENES, XEREHSTMARNIBITHER,

2. VEAESAF AR RIS ITIN M), BIADMIIEIRAE + R 1 ns, RIEHRME « FE 10 ns, FTENHRAME
print() FE 5ns &,

3. GEiHIS A TR, R FTE BRERIPBATINN SR, IS NS T A,

Bande PL MBS, S ABEREARANA n

/] EEETFEET
void algorithm(int n) {
inta=2; //1ns
a=a+1; //1ns
a=a*2; // 10 ns
/] &% n &
for (int 1 = 0; 1 < n; i++) { // 1 ns , BHREERIT 1++
cout << 0 << endl; // 5 ns

}

MR LT5E, ATUSRIEIERIZITIN DY (6n + 12) ns

141410+ (1+45) xn=6n+12

HSZPR |, SEiFRIARISITIN BIASBRABS, Ht, FOIARmER MmN EsTFadE, HAE
EREESIARKE G LisfT. Hik, BANMERSMERERBITIN G, X4 G iEH R 7o
1:38
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2.3.1 SitEdiEtgiEss

I TRV E 2% E D MG tt B AR BRI TIN G, e REIa 1T IN WG4 B0 22 RIRgR K

“INTEE RS XTSRS, TATES — TR DA, B AR RN n, BEEAES

A, BFIC:

/] BiE A EERE: BEHM
voild algorithm_A(int n) {
cout << 0 << endl;
}
/] Bi% B MBS RE: ZIEM
void algorithm_B(int n) {
for (int 1 = 0; 1 < n; i++) {
cout << 0 << endl;
}
}
/] B% ¢ MNREIERE: BHM
void algorithm_C(int n) {

for (int 1 = 0; 1 < 1000000; i++) {

cout << 0 << endl;

}

B 2-7 @R T DA E =N RIRER BN TR A 2
- BIRARE 1 AMTERME, BRI REIARE n RS K, BAPREEIRIN RSN “H

- BIK B RATEMRIERENEIA n X, BIRKISTNRIBEE n BIRELMH K, BRI RS 2R

AR,

- BIR CFPRUTENR(ETRZAERA 1000000 X, BRI ERK, HESMALERA/N n X, Fitc
AR TR 42 2% A0 A RHIRD, 190 “EER,

BiE C - H¥M

1000000

BEETRTE

Bk B - SR

10
5
/Mm
0

] 1 2 3 4 5 6 7 8 9

BNBIER N
n

K 2-7 Hik A, BHI C IR AN Kika 25
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BT BEIEGUHRIRANSI TR, I AR AR AT TRAE R e ?

- NS ARERESS ARG RIERCR, BN, ik e MIBITIN R BLMIE K, 1£n > 1 INHEE A E8,
£ n > 1000000 R ELSRTE c 18, FsL b, HERABIR N n KR, B2EN “HHH” EE
—EMT “EERT R, XIERN R KBS

- IR AERHERT R ERME, 2R, 137 e R RIS IR TN R KB Ie, |W
WETER R 2% oA, FRATTAT DARRT B R BT A T SRR BTN RO R R “ BN IRD ™, MRS
HHRBREBITI RIS Aoy “THHRERERES", XA RGEEER AR T

- IR A )RR, fln, RERE AN C N RIS AR, ESPRs TR R ZH1R
Ko AR, RERE NNREREL &, EEMABIERN n B/ N, BiEsMEMTHEEC, £
IXEAFULR, BAMRAECUE RIS 2 AW RIRBCR AT K. S, REFELRRE, 301
RBIFHIEIRRCR A R HH BT .

2.3.2 HERARA LS
B —TANKRNN n HIREEL:

void algorithm(int n) {
int a=1; // +1
a=a+1; /] +1
a=a*2; [/ +1
/] &% n R
for (int 1 = 0; 1 < n; i++) { // +1 (BREWMHAIT 1 ++)
cout << 0 << endl; /] +1
}

RAERIR R R — DR TRABIE RN n R, 188 T(n), WAL RS RIS

T(n)=3+2n

T(n) R—ReE%, BLHTHISITIN R ERG KES LR, [KIE RN RS 28R RN

BTATRLMEM N AEZZIL N O(n) , EMEEFSHOY TR O 125 big-O notation ), FREE T'(n)
1) T B3 asymptotic upper bound ],

I RS A E TR BRI “BIEEE T (n)” WG B3R, CEAIRIECEE X

() LR
\ EAAEEIE ¢ IS8 ny , WENMTHEN n > ng, 96 T(n) < c- f(n), WATAN
F(n) BT T(n) —MHDE LR, 128 T(n) = O(f(n)) .

e 2-8 AR, HEENE FABESH—NEE f(n), #1524 n@RTIRHFARN, T'(n) Ml f(n) &L TAER
ARG, PURZE— DB ¢ BIFEELG
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c-f(n)
T(n)

HR (e ne

/

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

4 n>n, B, $BEH c-f(n) = T(n),
EtaiAA f(n) & T(n) N—PALELR,
igA T(n) = o(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

void algorithm(int n) {
inta=1; //+0 (KI5 1)
a=a+n; //+0 (5 1)
/] +n (%35 2)
for (int 1 =0; 1 <5 *n+ 1; 1++) {

cout << 0 << endl;
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}
// +n*n (3515 3)
for (int 1 = 0; 1 <2 * n; 1++) {
for (int j =0; j <n + 1; j++) {
cout << 0 << endl;

}

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
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HEIRERE
T(n)

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

BINBHRAN
n

2-9 H DLAII TR 2 2R

1. =M O(1)

W RIRERE SMABIE RN n ToX, BIAREE n BT,

fe¥t o(2n)

5B 0(n?)
145 o(n)
H#PF 0(logn)

BB o(1)

MiEE

MEES.

TEDURER#h, RERIEEGR size WRERK, EHTHSMALIEN n K, FIHNRERETN O(1)

// === File: time_complexity.cpp ===

[* B */
int constant(int n) {
int count = 0;
int size = 100000;
for (int 1 = 0; 1 < size; 1++)
count++;

return count;

2. %M O(n)

LRIER R FECEAD TR ABUE R/ n EMGGIIE K, SelERE e B2 0E A

// === File: time_complexity.cpp ===

[* MR */
int linear(int n) {
int count = 0;
for (int 1 = 0; 1 < n; 1++)
count++;

return count;



B2 SREDH hello-algo.com 34

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

[* &R GEHERE) */

int arrayTraversal(vector<int> &nums) {
int count = 0;
/] ERRBSEAKERIEL
for (int num : nums) {

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.cpp ===

[* FEFHH */
int quadratic(int n) {
int count = 0;
/] ERRBESHAKERFHXR
for (int 1 = 0; 1 < n; i++) {
for (int 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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&% n &

&% n & & n &
1R

0 @ @

BB S A At iE) 88 2R EE B {El R A EE
B¥M 0(1) LM o(n) EAB 0(n2)

(] RE—itmme

B 2-10 WM, LRMERFNF- 75 B [ 2 2%

DUEHE R, SNEIEERATT 1 — 13k, WEEFMAITn — 1 n—2, .. 20 13, T n/2 %,
WIS ZER O((n — 1)n/2) = O(n?) :

// === File: time_complexity.cpp ===

[* EAM (BaHE) */
int bubbleSort(vector<int> &nums) {
int count = 0; // IT#iEs
/] SMER. RHEEFEXER [0, 1]
for (int 1 = nums.size() - 1; 1 > 0; 1--) {
/] RIER: BRHFXE [0, 1] PHSRATRERIEZXENREGIHH
for (int j = 0; j < 1; j++) {
if (nums[j] > nums[j + 1]) {
/] X% nums[j] 5 nums[j + 1]
int tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
count += 3; // TTEXREE 3 MNETIRE

}

return count;

4. 188 O(2")

VAR AR RIS EI R R AR WIRIREON 1 MM, ARAEER 2D, ARMRE
TR AN, DULSEHE, 2R n R 2" DI,

[ 2-11 FI DA R AL T A RS RE, WREREN O(2") :
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// === File: time_complexity.cpp ===

[* FEEPN (BIFSRIL)  */
int exponential(int n) {
int count = 0, base = 1;
/] ARSRY—7A=, FEEH5 1, 2, 4, 8, ..., 2°(n-1)
for (int 1 = 0; 1 < n; 1++) {
for (int j = 0; j < base; j++) {
count++;
}
base *= 2;
}
// count =1+ 2+ 4+ 8+ ..+ 2"n-1) =2*n - 1
return count;

b=
BE—HHZ

M
L
E:].” [:]." [:}.” E:]." [:}.u Ej .

HRIBFEE (BNRERNTREH)
20 + 21 4+ 22 4+ _ + 201 - 202

B 2-11 FEE I A2 A

1k

// === File: time_complexity.cpp ===

[* FEERET (BBYIZIM)  */
int expRecur(int n) {
if (n == 1)
return 1;

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

BEH
TRYE
20

21

22

2n-1

a2
e o(2")

N
Pl

FELPREES, TERETHE MBS R, BlanE UM T, KB —h =, & n ROREE
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TERM S AR R IR, 5545 (BAER, BISE) PIHURE . N TEIRMREECRII M, TR A
AIREAZHY, TR S SR S O BRTR T RO,

5. 3k O(logn)

S8R, R T ARSI AEOL. BRMABIERN N n, BT ESRLERE A,
HARFRRECR log, n, BT 2" IR BREL.

[ 2-12 I FARFSEHL T “BAeAmE L 1, AEZEY O(log,n), Mtk O(logn) :
// === File: time_complexity.cpp ===

[* EEY (BFEI)  */
int logarithmic(float n) {
int count = 0;
while (n > 1) {
n=n/2;
count++;

}

return count;

BANBEEKERA n sEEE 1 1

£ |~

s

HEIRERE BiE]E A E
log,n + 1 %&b 0(logn)

~

(]

[y

B 2-12 AR I A1 AR
SRR, Bt BT IR, DU T — RSN log, n KRR :
// === File: time_complexity.cpp ===

[* EREY (BYJAEIM)  *+/
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int logRecur(float n) {
if (n <= 1)
return 0;

return logRecur(n / 2) + 1;

X BT T RRISHEIES, AT A2 O EONRET MEREE, el KRR, 2
AR T H B A A I TR B2 2%

O O(logn) MIERBUZZ/D?
7 ROV, “—2o m” WM AERER O(log, n) o M@ EHIRAR, AT
SEIEAANFRE. AHERN RS A

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

WL, JRECm ATDAEATEN S A AT N, RIEFATEE X EIRE m, K%
W E#EH O(logn) o

6. ZMEXEM O(nlogn)
MR IR EEIA R, REBIRNREEZE 2510 O(logn) f1 O(n) o AHAEGATR:
/] === File: time_complexity.cpp ===

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

return count;

& 2-13 Jor TR BRI AE T T e XM —RARRIEEEE N n, MIEE log, n + 12, Kt
FE AN O(nlogn) .
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EEMNIZERE
n 1=n
Zx2=n
## log,n+1 B
% x L = 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.cpp ===

/* BASRRY (ZBYIZIR)  */
int factorialRecur(int n) {
if (n == 0)
return 1;
int count = 0;
/] M1 ASEE A
for (int 1 = 0; 1 < n; i++) {
count += factorialRecur(n - 1);
}

return count;
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EEHN RN
DRHE TRNE
n n
n-1 - “ee n(n-1)
n-2 n(n-1)(n-2) - #£n B
1 n!
2HTINARY (AIRKENT S8E) 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.cpp ===

[* ER—NEEE, TER {1, 2, ..., n}, WEWITEL */
vector<int> randomNumbers(int n) {
vector<int> nums(n);
/] EREEE nums = {1, 2, 3, ..., n}
for (int 1 = 0; 1 < n; i++) {
nums[i] = 1 + 1;
}
/] ARG L RFENF
unsigned seed = chrono::system_clock: :now().time_since_epoch().count();
/] BENITELE TR

shuffle(nums.begin(), nums.end(), default_random_engine(seed));
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return nums;

}

[* B3R nums FREREFE 1 FRTERSI */
int findOne(vector<int> &nums) {
for (int 1 = 0; 1 < nums.size(); i++) {
/] B7tE 1 EEALE, AEIRENEISERE 0(1)
/] & 1 AR, ABRENEERE 0(n)
if (nums[i] == 1)
return i;

3

return -1;

(A BEIARGR, TROTESERRP R/ (AR R IS 28, DRSS SV TER /MR A HEAE, AR AR
—ERNE S, MR E NI, FRELA T AR E AR, LRITA DU B

M ERRBIFT AT tH, 220 TS A R N O A UL T PR IR, XA L B
AR/, BRSO TROR, ML T, AN IS A8l DA LSS A R LA A B R i
JEIR, O iDSRET,

TR, FRATAT LA 2 M ST B SR 1 RO TS, et LR, T AL T AL
f, TRIILTEEE 1 HBE R S OB E A0, A0S VA R VO R K /2,
IS 24N O (n/2) = O(n) .

(R FRNE A, RTINS AR LN, AR ST I IEE A R IR RO,
FERCRITL T, TR T3 38 TR 2 1R 2 A B MR AP

)  Hituitvas o

\ TR O 773t FRIR L, TR 3 M SRR A 6 20, (AT 2
EE, SRRSO, EA BRI YRR, B CTHINERE O(n)” 1%
iR, A H RN O (n) .

2.4 FEERE

M= E 4% space complexity) FTH&E % G HNFEZ RIREE SR E L ARG KES, XMESS5N
RIEAEAEFRL, HFEE “BiThR” iy “SHNEZR,
2.4.1 HZHEXZ(aE

RIRAEIBATIE AR A i T PN A7 23 1R R 20045 LR LA,
- FAZEE: T EEIRA R AR,



B2 SREDH hello-algo.com 42

- RN AT EREEIA S TSR R R, MR R I SCEEUE,
- FHEEE TR EIR A A

—REOLS, SREAENGIHEER "R Ik TRHEsE,
B ] DO — R =00,

- EERYE: ATRERERSTEEPSAE R, TR HR%
- ARWZEE] TR A A R T SR, ARG R N AR S AEAR VTR B — MR, BREL

RS, ARz R S PR

- fRRRM: AT REEEIRFES, KRG EE R,

TENT —BAEF R MR R, BABEFE ST A8, B Mg B =37y, & 2-15 for.

BEER TERERENSIEE

AL

4 )
B8 HFEEiE it =28
HAIE TR iR
e
goeia

K 2-15 HIAE AT

FRAESA T :

[* SERE */
struct Node {

¥8

int val;
Node *next;
Node(int x) : val(x), next(nullptr) {}

[* BREL *+/
int func() {

/] BATHREERIE. ..

return 0;

}

int algorithm(int n) { /] BNEE
const int a = 0; /] BEEE (BE
int b = 0; /] EEFEE (RE8)
Node* node = new Node(0); // EFfiE (WR)
int c = func(); /] tkmiz=iE GRR®RE)
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return a + b + c; /] BEHHEEE

2.4.2 WHAX

A AR R SN S A REORIR, ARG SN “RIEER" By “RERIZAON,
T I A 28 R 2, RIS TR AL, X R R N4 R — TREPE R, kA T4/
WRAE T SR 0 RSP 22 I
WAL R, BESHEARRY R AREE Y.
1. BUREMASIRANE: Y n < L0R, 28N O(1) ; HYn > 10 K, ALK nuns &
i O(n) %2, FILEEZREZEN O(n) .
2. DUERBITP I IEN M DI, RERETERTRIG—(T200, S O(1) 220; 4¥AMKEE nuns
i, FRREAT O(n) %5, HILEESREREN O(n) o

void algorithm(int n) {

int a = 0; // 0(1)
vector<int> b(10000); // 0(1)
if (n > 10)

vector<int> nums(n); // 0(n)

TEIEREeD, TEEESE Mz m], W5 LA A:

int func() {
/] BATELERE
return 0;
}
/* 1&3F 0(1) */
vold loop(int n) {
for (int 1 = 0; 1 < n; i++) {
func();
}
}
/* 3BY3 0(n) */
void recur(int n) {
if (n == 1) return;

return recur(n - 1);

BRI%K Loop() Ml recur () MIKTEIE 2R O(n) , (HZSAIE EAMF,
- BREX loop() FEMEIRHIAA T n X function() , B AN function() ARIRMEIFFRER T HMizsE], Kt
HRERENH O(1) .
- JBHEE recur () BT 2FINAZLE n ANARIREIW recur() , MfidiF O(n) MIRmi=SE,
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2.4.3 FERFER

BRABIER N n, B 2-16 R T H WS EE 2R (M= HED o

O(1) < O(logn) < O(n) < O(n?) < O(2™)
HHET < WEE < LB < FI < 155G

B o(2")

F5B 0(n?)
ARFZERN 146 o(n)

HEE 0(logn)

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

BNEHEA)
n

2-16 DL A A 2 A

1. B O(1)

HEIE LT RE GBI n TRIFR, T8, MR,

BHE o(1)

MEER. MIEE

TEERAE, (EMEFRA RG0S elR A R S ATAAE, EEAT ISR, BIAZR

BUSHIZ, =g O(1) :
// === File: space_complexity.cpp ===

[* BEER */

int func() {
/] BUTH LR
return 0;

}

[* BE */

void constant(int n) {
/] BE. TE. WREA 0(1) =g
const int a = 0;
int b = 0;
vector<int> nums(10000);
ListNode node(0);
/] ERHNEESA 0(1) =i\

for (int 1 =0; 1 < n; i++) {
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int ¢ = 0;
}
/] TERARRERER SR 0(1) =iE
for (int 1 = 0; 1 < n; 1++) {
func();

2. %M O(n)

LMERTE W T L REGES n BUELAIEE, B8R, R BB

// === File: space_complexity.cpp ===

[* MR/

void linear(int n) {
/] KER n BEAESA o(n) =iEl
vector<int> nums(n);
/] KEA n BNFIREA o(n) =iE
vector<ListNode> nodes;
for (int 1 = 0; 1 < n; i++) {

nodes.push_back(ListNode(1i));

}
/] KEA n NIRERSA 0(n) T
unordered_map<int, string> map;
for (int 1 =0; 1 < n; 1++) {

map[i1] = to_string(i);

G 2-17 R, EREEDSIFREN n, BIRINLE n DARIZER 1inear_recur() L, H O(n) K/h

AR [F)

// === File: space_complexity.cpp ===

[* IR (BUFEIN)  */
vold linearRecur(int n) {
cout << " 3®BYI n = " << n << endl;
if (n == 1)
return;

linearRecur(n - 1);
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AT “#” mt “3”
linear_recur(n) return @
linear_recur(n-1) return 0

BITRE l’ T

n ’ T
linear_recur(2) return @

sz

1 s T
linear_recur(1) return @
RECERERRGREN n el ERE
H#65H 0(n) B9EEMIZE1E] LM 0(n)

2-17 BFRET AR LR 2 A A

3. E5K O(n?)
IR E DL, STREES n BOFTRR:
// === File: space_complexity.cpp ===

[* R */
void quadratic(int n) {
/] “H#FIREA 0(nr2) =i
vector<vector<int>> numMatrix;
for (int 1 = 0; 1 < n; 1++) {
vector<int> tmp;
for (int j =0; j < n; j++) {
tmp.push_back(0);
}
numMatrix.push_back(tmp);

i 2-18 Fow, IZEREAGEBINREN n, FEESDBIAREPEOGL T M, KE2HIN n. n— 1,
201, ESKEN /2, FHEKLSH O(n?) 26:

// === File: space_complexity.cpp ===
[* FAM (BYFEW)  *+/

int quadraticRecur(int n) {
if (n <= 0)
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return 0;
vector<int> nums(n);

cout << " BYI n =" << n << " B nums KE = " << nums.size() << endl;
return quadraticRecur(n - 1);

A nums KE AT “& ALt ‘3
( n ——+ quadratic_recur(n) return @
n-1 — quadratic_lrecur(n—:l) retuTrn ']
BEARE l’ T
n 9
!

1

2 ~—— quadratic_recur(2) e return 0@

lr Zb&e 1
L 1 ——— quadratic_recur(1) return @
ES MBI LT — A, B RER PEIERE
1+2+ .+ (n-1) + n = n(n+1)/2 E5M 0(n2)

2-18 YA R AR T B s (R B

a. 188K O(2")
FERN LT U, WLEEIE 219, RHCH n B TN B AR 27 — 1, R O(27) 25
// === File: space_complexity.cpp ===

[* B (BILHZXM) */

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

return nullptr;

TreeNode *root = new TreeNode(0);
root->left = buildTree(n - 1);
root->right = buildTree(n - 1);
return root;
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ZEMNT RSN
Zﬂ
21
N\ N\
22 - Ha B
SN N N TN
anl
FiE T aNE BEERE
20 + 21 4 22 4 ... 4 201 = 2naq a8 o(2")

2-19 il — R AL RIFE R 23 TR B e

5. 3 O(logn)
SENH T MaEE. Glan)3tHer, MAKERN n A, SERITEEE M SR 5 0, R
= logn W38, #H O(logn) Bz,

O R T U TR, MA—DIERE n, BHNAEN [log, n] + 1, BIXNEFRFHKEN
[log,on) +1, Ht=HEREN O(log,,n + 1) = O(logn) .

2.4.4 WEBtial55sia)
FARIE R, SR B AR 6] 2 B RN 22 ) 2 B BN AR B, AATFESERRIB R, RN RAL A A1 S
IR RN 23 ) 5 2% o o AR TR

BRAVRI 1) S 2% R 3 7 ZE AR T B MU E A AR, R ZIFR. BATPRAIE PN A7 28 RDRERTH RTR B TIRE Y
REEFRN “ PSRN )75 ez, WIFRA DA Rl A 7,

R B BUR T HATEB BN TTH, ERZEIENT, NRSEEES, Kt DI AR E”
HRER AR, S22, EEERERRIELT, iz REREhIEREE,

2.5 Ihes

1. ELER

ERER e T

- IR S RRCR R M B BRI B D E I FEbR.
- BATA] OB BRI IEAG RIRRCR, (B DAHPRINAFA S0, HSFE KRBT R R,
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- BRI AT AT BRSSPI RS, e RIEH TRrEBIT TG, BB REIREAREE
MU N HIRCR

Hof i) 52 20

- IR A T R SRR IS T IN RIBE R R A SS, AT DUA RO BIEROR, BRI LE R RA]
REZSRY, ANAER ARIEUE R Nal N T 2 R EEARRIN, TEBAS IO LU e 5

- RZENREREFAR O FESFRR, NNVEEENL FR, RIS n B8EELHN, BERE T (n) 1
W,

- RN EERE AL, ERGIHREEE, AEHINENL LR,

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

- BEERMIN W2 AR EE, TR SMARIRN AR, NASRES NRE, &E FHNEE
IR, BAEN SRRV, B ABHE— AR ZW R ™ R A REs B R A .

YN AR A S IR TAAE R LR N R RIS TRICR,  RARIT SR A EE R, TN
A 2 o TR G T N B 0 1 AR SR & 5 AR,

BRI

- RS REAERROTIN A E A, TR RE L A R R = 1 KA.

- RIRBITIRRTRIAEANE SRR VAR, EESRE WS, EEELT, MASERAGA
BRI RREE, BRI EEEE. R RIS 22, H ARz (8 5 (A A R
Al =R/

- BATEE AR EREDAERE, NS RIEERZR ABIENRZIBTINZ T2 R E 2,

- WA R 2 MERIEHESIE O(1). O(logn). O(n). O(n?) 1 0(2") %,

2. Q&A

Q: Ei#AmZRERER O(1) 14?

Hig b, B@HESASRERER MUEE O(1) o ANd#R2EmEES (BIfN Java, Python, Ct++,
Go. C#%5) ASCREZNMMLEREH, FIEHIAMVZRERER O(n) .

Q: BRI TRXM AN ARIBERIX AR 42
"% function ) AT DABZMSZIAT, FTESEEILAEEE, (75775 method) 5—PXRKHE, RN EE
LVRERNR, BEWR SRRSO &S BRI T B,
TN DU LR WA e TR S BRI,
- CIHEREEAGERS, RAEANRIBES, FTAIEEE. BEEAATLOELQEEHIA (struct)
RIS AN REatE, 58P SCIBRAY B B = T BRI 5 TP T ik,
- Java il C# BHEIANRIGIEES, R O7i%) WHEENEDEN D, FETTRNTREOT
e, OAEHIb e b, AREVIRIRE LB &,
- C++ #l Python BESZRIIRERSE (8D, HdFmmax Rz U5k,
Q: EfiF “H WA R IR SRR 52 o5 H s TR A 4R /N2
ANE, ZERRRZEZAERE, HRMEEKES, AR &2 B4 RN,
BRI n = 8, IRATRER K IMEFARINLRAIE S MBS WA b, IXZRNSRIEEE S — MBI, AR
BBV R4 2] — ML B AT IE RGP
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FESKBRA, BB TNE R ARTER N TER “HHIT SRR 2D, FrbA—BRICE (U E AR RERE n = 8
Z PR BT n = 8° MRUAET, XNHMKBERERLEST,



F3E HEEM

hello-algo.com

@ Rt R an R — BIFS & T 2 FE AU HESE,
v CONBIRIE AT TR, RIS DR AR hER,
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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,

SRS H eI BERES D
ot 5] < 2
array tree s \ P \
ﬁgﬁ — —_ —_— —_
linked list —

push I/I ™~
i = graph o /
stack -

pop
FASY - & 2
queue - - heap ¥\

pop push

hash table value

BEE {k“ & 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



HI3E HELH hello-algo.com 53

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 01 02 03 04 05 06 07

0x0000

0x0010
0x0020 n

0x0030

0x0040

AERESE AR 0x0012 , SEMIE

B crwmm=ia  sEnmes oxoo2s , s [EY)

K 3-2 NTFEL. WNERSEL ATFENE

@ EfFUHAARYR, A7 L E Excel FASRE—MALAIZREL, SSPRAERI TOENLHI LR 2, ¥
w NMhE=EE, NAEER, RAFALEL BRI A S

NFRFTHREF I E IR, SRR MER &K, WJCRsH R RN 7, R
SRR BRD, WEERTR —EEREERIR, i, BTSN IRE AN ST RIRRA
W17 ; ARG DIESREEI A A3 R], IR 2 Fnide F BB A A RO AT RE S A7 I 7E 0 BREI N AF A3 TR A

aniE 3-3 Fior, PUEREsH R ¢ BERAE H EILNARINA RT3, Ao miEse s mAE i () o aas i)
il (BER), VIERSSHIMRIZIRE TRARRIVIR], SE#T, SEMISEEROE IR, R ERES A AE I TR R A 22 (A
RT3 T B EANIR

EGTiETEhE YRS EEfE

TEAEAE B TF =S (Bl R SR A ERERNNETEZ SN

aaaan

R FHERE | spmans
B #enannsea mawaEs | OREZE
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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

ETHAHIIRBIREBIR “FSEIRGEN", XEWE BRI EG IS KRR AT, AR B,
BT HER LI BRI WAR “SASEHREN", REBAREENGILE, 77 DHERRF IS TR HK
JEHEATIAEE

(r) QUERARER S PV BRES A B R R A TRIE, BB N —&, RS RIBAT A,

3.2 BEREESRE

SPSAT B REIERT, FMSEESOR, BA, MU, 8E, 3D BRAIERMPN, REXELIEIHA
e, EENTHR b A FMEA R R IIA K,

EABPIRIAE CPU ] DL EEGHTIBR R, EREPEREWEH, FEEREITLR,
- BEECKTY byte, short. int, long,
- FEBEEA float, double, FTFHRT/INEL
© PR char, TR REMIESHNTR. MANESEERERSE,
- AARER bool , AHTFRR “B7 5 “&7 A,

FEABARRR L R R E TR, — D EIGIE 1 HRS, e K S B IRMER S, 1
=3 (byte) B8 HAF (bit) 41k

FABERR A A BUE TG BT H 5 R AR/, R E A Java 6l

- HHCKA byte (5 1 7 = 8 HAE, ATDAZOR 28 MCT
- EMCRAT int 5 4 7 = 32 A, ATAEROR 232 NIeT

R 3-1HI28 T Java FRAMEABHRRRIAG 5 2 H, BUETEREFIBOME, HRSTTICICHEE, KEELRRD
A], TREN AT DB ERK AL,

* 3-1 EEABHRISAIN & P2 A AT EUETE

it HE SHzE BIME BAE BRINE
Y byte 157 —27 (—128) 27 —1(127) 0
short 2 FH —215 215 1 0
int 477 —231 231 1
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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%,

/] ERZTMERIRLT R IA L EE
int numbers[5];

float decimals[5];

char characters[5];

bool bools[5];

3.3 #Fwtg *

@ A, PREGTE X TS HRIEBET, WIERIRI RA REURSBEARINAE, A DUepkid, <5
w FIEN R T F I,


https://en.cppreference.com/w/cpp/language/types#Properties
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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
IR E{iLoh,
FHFFRE (AR
0000 0000 0000 0101 =t 1111 1111 1110 0011
EREBREM En 1
0000 0000 0000 0101 63 0000 0000 1110 0100
EMHNED. kB, HEES HINERID. kB, HMEEERR

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

A sign-magnitude) BAKEM, HEE—LEREME, —7mH, AHNENAREERNTIEHE, FlafE
FRTHE L+ (—2), SRNERE -3, XERZANT,

1+ (—2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

N TRREDERE, HRENEINT TR 1 s complement], WMSRBATIFER RS FARA KRS, FHAERIG R
1+ (—2), REHERMNEREGREEE, WAEEIERER -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

S —F, RIGBAEIERTE A, FtHE—25I 7T T 2" s complement, F{17ek
MEE— T AFMIERD, S, AMER L2

—0 — 1000 0000 (J545)
= 1111 1111 ()xHH)
= 1 0000 0000 (M)

TEM B RASEERL LN 1 27788k, {H byte UMIKE A 8 i, FILEHEIE 9 AT 1 2¥EEFH. 1
g, MERMSA 0000 0000, SIEFFMMGHIFE, XEREEMIFRHREE—IE, ENFEX
MG IR,

TR fG— MEER%: byte RRYEUETEELZ [—128, 127], ZHSRM— M —128 ZAaSRIME? &
MERS, XA [—127, +127] ARIATAREEEE X AR, SRR, JF ELRRFIRNMD (7] DAEAH
At

AT, A% 1000 0000 —AHI5b, EIFEAMNMR G, RI\ELGTTE BAE IS H R
0000 0000, XBARFEN, FAZEBITET 0, CHMEMIZEE S, HETB XA IR
1000 0000 183 —128 . FEhRL, (—1) 4 (—127) fEME FRIHELRE —128 .,

(—127) + (1)

— 1111 1111 (J#4) 4+ 1000 0001 (J5ih5)
= 1000 0000 (sz#3) + 1111 1110 (StH)
= 1000 0001 (#MH) + 1111 1111 (k)
= 1000 0000 (*~4)

— —128

RATRECALIN T, LA HEEHZNEIZE, XRRE N EEEL: HHRYIARR R g 3 2 A
TIRIBRBEH, XRE NIRRT THAMZE (Feanskik, FRIENRIE) KU, REPFSCIlER B
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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 KEN 4 bytes = 32 bits

TS S $B¥UL E SEAL N
DBBesn00C A
b3 b3 b,3b, b,
HFULRR, 7% R4 |EEE 754 45, &I RIRYEF A
S5=0 val = (-1)S x 267127 x (1 +N)

124
22+273 = 9.375

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

R 3-2 R, $REAL B = 0 M1 B = 255 BARIRE X, MTFRRE, KK, 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 &

FASCII 13 2RI ZAFE, HeFh American Standard Code for Information Interchange (3£
EbrEE B d) . e 7 AL R (—DEWHR 7 6D R —DFR, REZREBRR 128 A
R4, W 3-6 fivR, ASCI HEEESCFRA/NG, 5 0~ 9, —EhRsiFS, DA —LE8it 505
(WA TR RIZR ) o

itk it FH X it st FH it it R it i | FH
@ 0000 0000  NUL S 33 0010 0001 ! 65 0100 0001 A 97 0110 0001 a
1 0000 0001  SOH 1R 34 0010 0010 C 66 0100 0010 B 98 0110 00l0 b
2 0000 0010  STX EXCFE 35 0010 8011 ] 67 0100 0011 c 99 0110 0011 c
3 0000 0011  ETX EXER 36 0010 0100 $ 68 0100 0100 [ 100 0110 0100 d
4 0000 0100  EOT R 37 0010 0101 % 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 0010 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 P T 42 0010 1010 * 76 0100 1010 3 106 0110 1010 j
10 0000 1010 LF T 43 0010 1011 + 75 0100 1011 K 107 0110 101l k
11 eooe 1011 VT SEEG 44 0010 1100 s 76 0100 1100 L 108 0110 1100 1
12 o000 1100 FF mms 45 0010 1101 - 77 0100 1101 " 109  o11e 1101 m
13 oooe 1101 <3 B 46 0010 1110 5 78 0lo0 1110 N 110 olle 1110 n
14 0000 1110 s0 TR 47 0010 1111 / 79 0100 1111 0 111 o110 1111 °
15 eoge 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 a1 50 0011 0010 2 82 0101 0010 R 114 0111 0010 r
18 000l 0010  DC2 a2 51 0011 ee1l 3 83 0101 0011 s 115 0111 @e11 s
19 000l 001l  DC3 a3 52 0011 0100 4 84 0101 0100 T 116 0111 0100 t
20 0001 0100  DC& e 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 EHER 55 0011 o1il 7 87 0101 0111 W 119 o111 eill w
23 0001 0111  ETB MR 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 0011 1011 ; 91 0101 1011 [ 123 0111 1011 {
27 oool 1011  ESC (i) 60 0011 1100 < 92 0101 1100 \ 124 0111 1100 |
28 000l 1100 Fs ST 61 0011 1101 = 93 o010l 1101 1 125 o111 1101 }
29 @00l 1101 Gs HER 62 0011 1110 > 94 0101 1110 2 126 0111 1110 ~
30 eool 1110 RS BRI 63 0011 1111 2 95 0101 1111 _ 127 @111 1111 DEL
31 ooel 1111 us BT 64 0100 0000 a 96 0110 0000 :
32 0010 0000 sp &

3-6 ASCII #4

ST, ASCII MXRERSFRIEL, BEH AN 2RI, LT —MEERRRELIE SN TEASCIL) F7F
%o EAE ASCII /Y 7 55k BY R 8 iz, REBFIR 256 DARIIFHF,

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
BILFAD. PEEZRRESRET 1980 &7 1T [GB2312) F/F5E, HUGRT 6763 MYF, HAIME 71X
FHITH RSB TR

SR, GB2312 JTLIEACHER > FE W FMER T, TGBK) FAFEELE GB2312 MG oy BAERIN, vkt
T 21886 ™NMYNF. 1F GBK WAL /7R, ASCII FAHEH —NFEHER, NFEHERAEDNFET R,
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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

MUnicode) MIHSCEFRN “Gi—5”, B LREAYN 100 Z 5 MR, BB THEERIEE NN TFIFMAGR
—HIFRRZ T, R A —FE PR A R A MIE 5 S, D R g R AN R T 7 A A LAY
[,

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
KER 1 FENEXTH
1 00000000 01101100 e
(BE o)

1 00000000 01101100
o 00000000 01101111
-} 01111011 10010111

- KER 2 FENDXER
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 BEHATHOE 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 —
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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" &=,
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F45 FASHER

==hello-algo.com

BRSBTS R — 3 R SE AR s
BEHARE ST HES, BDEN. BERIIREHRIIBEAL, ERNIEE B B R T %% 2 1A,
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4.1 4

M4 array) JB2—FgMBdRa, HAHRRBATTRAMEEESMINE SR, AT TRERATH
REFRNIZTR TR5] index), & 4-1 R THEHR T EZMSM 7677 K,

— FREBARRTEE B RERN
TR
element
- ¢
array
sﬁgl e 1 2 3 4
index
[ caiih]s

. 00 04 08 12 16
memory location

ATAREFEZE

DL BHENRNTFEE

B 4-1 BeEE 57T

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.cpp ===

[* WaEEE */

/] FiEfERLE

int arr[5];

int nums[5] = { 1, 3, 2, 5, 4 };

/] FEEELE (REFIERZIE)

int* arrl = new int[5];

int* numsl = new int[5] { 1, 3, 2, 5, 4 };

2. bRl
BEHTCE WA EIELINGFEZ A, XEWE B CEZ2NANE LI EE RS, SEBANGFHE (5

TLRNAAHAE) FFEANTTRIRS], BT DUEAE 4-2 R AN ESRNZT RN FE I, B
IFZITR,
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o e |
TE®Sl o 1 2 3 &4
Rttt 00 04 08 12 16

TTRKE - 4

FRAEIEL - BAREML + TRKE « TERE|
(BT (RS E)

Bl REAERS 3 ARTRENEFMLE
012 = 000 + 4 x 3

4-2 BAHTTRRINFEHIE TR

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

FEBEHAVIRTTRAER @3, BT PAE O(1) I RINBENLY; FEEH TR — 1N TT 2,
// === File: array.cpp ===

/* BEHlipETER */

int randomAccess(int *nums, int size) {
/] EXIE [0, size) FPENIHEN—EF
int randomIndex = rand() % size;
/] REGHREIRE TR
int randomNum = nums[randomIndex];

return randomNum;

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 -
0 Eﬂi)%:r‘cﬁﬂ; EEY '
880800

nums[4] =ms[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.cpp ===

/* TEEEHMZES| index MEANTTE num */
void insert(int *nums, int size, int num, int index) {
/] BZE5| index UKZEWNFIETERGEHEI—(L
for (int 1 = size - 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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fElIpRTER

88000

nums[1] = nums[2]

BRMER

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

nums[3] = nums[&]

sRERE, SAERTRUEH 1,
KETTE 4 BERN, TAHEENR

& 4-4 BEHMIER TR
EER, MBRCERERE, FRAREBNITESESE “TEX 7T, MURIMEAREEBRE,
/] === File: array.cpp ===

/* MBRZES| index HITTE */
voild remove(int *nums, int size, int index) {
/] 1BFR5| index Z/EMFIBETTEMAIBEI—IIL
for (int 1 = index; 1 < size - 1; 1++) {
nums[i1] = 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.cpp ===

[* WA */
void traverse(int *nums, int size) {
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int count = 0;
/] BEERS|EHEA
for (int 1 = 0; 1 < size; 1++) {

count += nums[i];

6. BHxE

AP ERIEETRT LRI, FRAWITRER G, 5 CRCN B R RS
KON R LM R A, P DA B ESIRERAR N "R,

/] === File: array.cpp ===

[* EHAFRERIEETE */
int find(int *nums, int size, int target) {
for (int 1 = 0; 1 < size; i1++) {

if (nums[i] == target)

return i;
}
return -1;
}
7. FEHA

FEERNIRGIGE S, R URIESAH Z JGRIAGFEZRZ AT R, MWmMEEZ ety R A &, FItE
REHGIEES T, BHNRERAZER,

RRIAIA B AR, WFEFEY —DNERIEH, RS EEETRRRE R B, X2 —1
O(n) H#lE, EBLRARRIIBN FIEREFERN . R RAR:

/] === File: array.cpp ===

[* T REAKE */
int *extend(int *nums, int size, int enlarge) {
/] WEE—1M BRERREA
int *res = new int[size + enlarge];
/] BREAPNFRETEEHFIHEA
for (int 1 = 0; 1 < size; 1++) {
res[i] = nums[i];
}
/] BRARF
delete[] nums;

/] REW RERHTERAE
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return res;

4.1.2 ¥EAMK=5RERYE

AR RSN E RN, HuREAME, XMEEESFENERER, R UAAREFER
ARSI B ERCR

- RRRCRR: B VBRI TIESIINEER, TCAUERSMUSERI T,

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

- AR HUIMEBETTRN, HRAUMUSINEE, IER% A7 HE A HAEERE, A& B s
17 RIETH IR SR BRI T IR

EL R if R —ENT)8, HAFERLNRRME,

- ABRAGMERBERIE: SEBAHAPITRR LN, HASMBRRERERHRENTTER,
- REANE: BAEVGBREREREE T, VASATRERITAEIRE R, TR,
- MR AREEH LRI NE LR, A RE A HREIR SR T,

4.1.3 #HAMRBNVA

HEH 2 — AR HH WARBEREEN, BN e RE R H, WAl TSl S E 2 R s,

- BEOLYIM : GUERIRAVAEREN LI — 2R E AR, B2 AT DUREE g, FHAER—MREUFS, IRIERG15CH
BEN AL,

- HIPAEER : BRI R AR SRS, PORHT, 1P, o B RS EE R
H EAT,

- AR UHEEPREER IR MICRN, A UEABA N EIR, RN TR E
ASCIT RHBRES, WIAT AR50 ASCIT W {EME MRS, X R AT AR REH B B B

- BLERES MaEMgrhREMSR TR, B KEZRIEERE0sE, XEdEEE DB R
R, R P2 I 28 G A2 P i B 6 FH B B8R 454

o BURSTHSEBL: BEHATDAUR TSRk, PABI, MRfRaR, i ESEEBURS, Hln, EREEERERORK
bR b — 4 48,

4.2 §ER

NEFZRZATERFIARTER, £ MERNRFUSTIMNE T, DRNEZRAEBVEENTFSL, &K
TIHITE, FESEHRNEZ USSR, TS EEHARRE RN, WA RETCIRR ANt KA, it
I RER ARG TR BL R 1

MR linked list) 2 —MdtEdRaity, HAmSg M TRBR M NRNER, S0 1 AEE “5107 M,
SIFHCSR T R — DT B, 3@ R DA AT S A2 R — D

HER A RS2 mm] A BB E N AL, BRI i e £,
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R

linked list

0-90-0-0-0--

BE TR
HE s|A (&sh

T
node

FHEERNNEZEEIHRN

.

4-5 BEREN G

A AREFZE

FHEERE | speana
thenmies | REZE

MEE 4-5, BERIHAMPAMZ TR node) MR, BN RMEESWIEHE: TR “E” Fifsm s —

WIS

HERIVE DT RPARN KR, R RERN BT R

- B RfEAZE ‘27, BAE Java, C++ # Python #1453 5I#%12 9 null. nullptr 1 None o

£ C. C++. Go f Rust FXHHEHANESH, bk “SIH” MAZEHCN “feEt”,
WP FTR, BERT A ListNode R T RLEE, ERIVMREE—D5IH (F8EH). FIEHREIERET, B

FLLBALG B 2 RN,

[* HERTI RLEME */
struct ListNode {

int val; /] HRE

ListNode *next; // A T—T REVEE

ListNode(int x) : val(x), next(nullptr) {} // H&E&Ek
I

4.2.1 ERFERIEE

1. #ahER

HNHERID NI, BB BN E N T RNE, B PR R ZRNGIHXR. WEhERE, &
AL AT DANBER AL it A, 383 5 I HIFETE next ARIXVTFIFTE 19 Mo

// === File: linked_list.cpp ===

[* FIEHHER 1 -> 3 -> 2 -> 5 -> 4 %/
/] MEHENTR
ListNode* n@ = new ListNode(1);



B4E BHSHER hello-algo.com 74

ListNode* n1 = new ListNode(3);
ListNode* n2 = new ListNode(2);
ListNode* n3 = new ListNode(5);
ListNode* n4 = new ListNode(4);
/] HHETRZENEIA

nO->next = ni;

nl->next = n2;

n2->next = n3;

n3->next = n4;

HEHBR R — 2R, FRAEH nums fU5 703 nuns[0] Fl nums[1] 5%, MiHERE 2 MHSZAYT SO R K
o FBRATTE RS NS AERERIACRR,  bban DL E ARSI RER T IC/ERER ne .

2. fATIR

FEHERTHEATRIER A S, WA 4-6 AR, BIRBNVEEMHBRIH DT A 00 Fl n1 ZHHBA—DHITTH P,
WRBREMAT RS (FED HWnr, RSN O(1) .

M, fERHPEATRNNAEARER O(n) , EREH R TRREREIR,

ﬁ ;
no nl

P.next = ni
EI< P 5@ n1

B ./
FERERTA n0 A1 n1 ZEBATE P o i

n@.next = P
B4 no i@ P

Bl 4-6 FERAEAT RURHBI
// === File: linked_list.cpp ===

[* TEFERNTR n0 ZEEATS P */
voild insert(ListNode *n0®, ListNode *P) {
ListNode *n1 = nO->next;
P->next = ni;

nO->next = P;



B4E BHSHER hello-algo.com 75

3. BT =

s 4-7 FoR, ERERPIERT S MAER T, R@SE A NARGIH (R Bl

IR, REEMPRRIEEHIGT A P 2GR n1, (HSCFR L@l R CATTRYIRE P, XEKRE P T
SAHBETIZER T,

P
nd.next = nl
7]_‘@] Bl no $8@ nl
EERPHFETS P
no N nl
P

MibssERE, B2 P HAIEMA nl ,
BELERECELELRE P,
HERITART R P EHMER

4-7 HERRMMPRTY A

// === File: linked_list.cpp ===

/* BIBRRERMTR n0 ZENEIMTE */
voild remove(ListNode *n0) {

if (n@->next == nullptr)

return;

// n® -> P -> nil

ListNode *P = n0@->next;

ListNode *nl1 = P->next;

n0->next = ni;

/] BHRAF

delete P;

4. HETHR

TERER P SRR BRAE, W E— ST, RelIRTAZE O(1) WA T VT ISP R RTE R, BERIIAR
K, FRFEEEMKT AR, BAFRE, HEREERT A WRRN, VIR i AN A
Hi— 14, BINEZEN O(n) .
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// === File: linked_list.cpp ===

[* AREERPERS|N index BUTIR */
ListNode *access(ListNode *head, int index) {
for (int 1 = 0; 1 < index; i++) {
if (head == nullptr)
return nullptr;

head = head->next;

}

return head;
}
5. ERTR

WEER, ERHAEDN target AU, HIHIZ T RAETERTPHIIRG, IR DETLMER, R~

7N
// === File: linked_list.cpp ===

[* TERERPEREN target WEDTR */
int find(ListNode *head, int target) {
int index = 0;
while (head !'= nullptr) {
if (head->val == target)
return index;
head = head->next;
index++;
}

return -1;

4.2.2 ¥H vs. §ER

R 4-1 B4 T BAHMBER IS IR ROFX e THROERCR, T EN R RAE S UTA IR, R R

FHIRAERICRth IO 2 AR R

K41 BEAHSHERIIER T

e R
hiET N EEENEEE pani (et
REYR REAAZE ARG R
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#5 B
WTEReR  EREANTED, HAREREE TEERNES
yiEE  O(1) O(n)
WIEE  O(n) 0(1)
WEE  O(n) 0(1)

4.2.3 FRERER

i 4-8 i, B ULHOBEFRR AL AR = A,

- PAREES: BRI MRS R, SABERATT R SEMFER N — SRS IR, BT E

M RIAET R, FRE— DT RRNET A, BT R None

- IMERER: AR RARERAVET AFEFELT A (BRMHRED, WESI—MINPRER, EIMPRER

R, R R AT DAL ST R

- R SRmMBERMLL, MERERICR TN AEG . ABERATT RUE RN & fa a4k
Tl (PP R) MR R (B sD W5 (et ARRT AR, WaiERERRTE

P, ATCAEAMAS T IaE e, (EAH Rt th R b S 2 R P A

[* WEPERTI REME */
struct ListNode {
int val; /] TRE

ListNode *next; // IEME4T =AVIEH
ListNode *prev; // ISMEBIIRT mAVIEEH
ListNode(int x) : val(x), next(nullptr), prev(nullptr) {} // &R

FrER

singly linked list
0-0-0-0-0-

IR

circular linked list

0-0-0-0-0

MR

doubly linked list

e — Q- Q—@—Q—0

4-8 H MBERANSE
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4.2.4 fERBENHA

BAABEFOE T, BASILL I 2% B S R S5

- BeSEBNII: LR AT BRI (R A BER A —ImiE AT, ERBLUH TG AR, WA, i AR M
TERER M —ImiEAT, MBRIRIEIERERM S — it T, ERIME et RE, X RIAS,

- TR RESHILR RIS PRI R R —, %R, A RITTRA SIS E— MER
':':‘O

- B AR FOREN AR AT, R RN TRES — MR CER, BERA I ITRERR
TG R R AE R HABTH

MAERF TR ZPOEE AT — MG — NT R R,

© RBURSH: FLANTELLRM, B R, ATV R A, XA DU AE T R R ME
AT U5 SRSEIE,  RIATF XA HERR,

- PSR AEM DTN AR, P R TR IR IZEN, N ST AR R B AE AP I R BT —
JE— WL, AN HER AR M (SIX MR E 215 faT B

- LRU R%: &Ik (LRU) Rk, BT EREKE LR/ ERREEE, PARSHFPRIEG N
FARMBRTY silo IXHH A A XA BER AR H 51E,

INEBER TR L HIERER 5, R RSB IRE

- IR RRERPHRERIE . ERIER ST, WA REEERIEZ A WK CPU MR, EREXN—
FAREHATIEIN, RPN T — DN R, SR AZERN, CPU SIS~ — M, XAhE
MR AT DUEIS PR R RS,

- BURGONX ;. ERERRRMN XA SKLBLT, AT AP EER, LRAIEEI, MR, B
TATRE ST R DRI F N —NIMEER, DAESCICSERR T

4.3 FIE

HI% list) B—TMHRIVEIRESMS, ERTRVEFES, KRTTRR, B, i, ERAE 7
FHRE, TTOUEMFE S ERRIRBIRIRIE, 53A] DT RER sl S,

- EERRARIDEE IR, HEGRrR &SR, I H T ARESEST A
- BN RTREM AR, HhHTHREANZE, REREEE—NEERERGIHSIR,

SEEHBALBIIRN, REAZERMRE SEEIRALATERS, X2 E N8 TR e R =
fefitZ DEE, ATHEDOERESIERIFIR KR, A RER/D, WIRATRETCEMEERATRR, HRETK, N
RGN 2 HTR B

R, BATTRTDAMER T30 %02H dynamic array) SRIEBIFIER, EHR TEANSTER, H AT
DIER s T R TEh ST A

Kb, VPB AR S P RObR AR B FI R S T A A 9B,  BI4n Python HRY list . Java A9
Arraylist . Ct++ Hff vector Ml C# FFHY List 55, 1EFE FRAVIFIEH, FATRHE “FIR” 1 “ShS8EA”
R R HIHE S,
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4.3.1 FIRERIRE

1. asI=R

BADEREM “TCHHRE" N “BHIRE" XML

/] === File: list.cpp ===

/* ¥IaEIER */

/] BEE, C++ F vector EIRAHIAR nums

/] TARE
vector<int> numsi;

/] BwKE

vector<int> nums = { 1, 3, 2, 5, 4 };

2. bRl

FINFRA T R, FrTPIE O(1) IRINYTRIFERTTER, R R,

/] === File: list.cpp ===

/* IBRTTER */

int num = nums[1]; // AAIZ5] 1 &KTE

[* EFTTE */

nums[1] = 0; // B¥R35l 1 "BITEEFHN 0

3. EASHIRTE

MR THE, F1FRAT DL BRI S MERT R, EFIRERRMITRENNEERER O(1) , ERAFMER

TERIIRCRI S BAMR, NRAEREN O(n) .

/] === File: list.cpp ===

/> EETIE */

nums.clear();

[* ERERMITE */
nums . push_back(1);
nums . push_back(3);
nums.push_back(2);
nums.push_back(5);
nums . push_back(4);
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/* TEFREEATTE */
nums.insert(nums.begin() + 3, 6); // 7¥=3| 3 WFEANEF 6

/* MibRTTE */
nums.erase(nums.begin() + 3); /] HBRZER5| 3 mTHE

4. EBRHHIER

S5¥H—FE, FIRTUARIERS W, el LERET &R,
/] === File: list.cpp ===

/* BERSIBHYIR */

int count = 0;

for (int 1 = 0; 1 < nums.size(); i1++) {

count += nums[i];

}
/* BEBHYIRTER */
count = 0;

for (int num : nums) {

count += num;

5. BHEFIR

B — DI nuns1 , FRATTA] DORF HLDHE SR AIZR I .
/] === File: list.cpp ===

[* BHERADIIR */

vector<int> nums1 = { 6, 8, 7, 10, 9 };

/] BFIFR nums1 BHEE nums Z2E

nums.insert(nums.end(), numsl.begin(), numsi.end());

6. HIFEFIR

SERSRATE, BAMER AR RRE A B AR “Z0EH” M WEH" Jik

/] === File: list.cpp ===

/* HEFFHIR */
sort(nums.begin(), nums.end()); // HFfE, FIRTEMNEIKRHET
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4.3.2 HIREY

U2 mEESNE THIR, Bla0 Java, C++. Python %, TNIWLBILEETR, SANSENLEHIERS
5, BINPIGA AR, §AEEEE, RO AT A& P IR T3,

N T IR PR TR BB, BAIZALI — MR ZRYIR, G = E AR,

© YRS R RN EEIBEHIRE R, EAORBIT, BATER 10 fENPIA A R,
- BEER: AR size, FITICRIIRLHITTREE, FHHEBETRBARMPRECNER, RiE

e s, BATATUERAIRERS, DANFIWTR S TREY A,

© PHERUR: EREACTENYIRERCH, WFRZEHTY A, Jolia) Ao — M ERIEd, B

HHTEEHMIFTE TTR RS SN R, FEAREIT, BATRUE FUCRHEBEY A 2 2 A 2 4,

// === File: my_list.cpp ===

[* FIRSE *+/

class

MyList {

private:
int *arr; /] A (FEYRTR)
int arrCapacity = 10; // FIRA=E
int arrSize = 0; /] FIRKE (HaixE#E)
int extendRatio = 2; // BXHIRY BRIEEK

public:
[* ¥&EHEE */
MyList() {

}

arr = new int[arrCapacity];

[* WHTTE */
~MyList() {

}

delete[] arr;

[* FBFIRKE (HFixRHE) +/

int size() {

}

return arrSize;

[* REVFIREE */
int capacity() {

}

return arrCapacity;

/* BRITTE */
int get(int index) {

/] REIMRHT, WHEE, TR

if (index < 0 || index >= size())
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throw out_of_range(" Z3[#RA");

return arr[index];

[* BETE */
voild set(int index, int num) {
if (index < 0 || index >= size())
throw out_of_range(" ZE3[#EFR");
arr[index] = num;

}

[* EEEHRMITE */
voild add(int num) {
/] TEHREBHASMN, LT BSVE
if (size() == capacity())
extendCapacity();
arr[size()] = num;
/] ETEHE

arrSize++;

[* TEREHEANTE */
voild insert(int index, int num) {
if (index < 0 || index >= size())
throw out_of_range(" Z3[#R");
/] TEHREBHASMN, LT BSHE
if (size() == capacity())
extendCapacity();
/] BFE5| index URZENTHEEBREE—IU
for (int j = size() - 1; j >= index; j--) {
arr[j + 1] = arr[j];
}
arr[index] = num;
/] EFTEHE
arrSize++;

}

[* MERITE */
int remove(int index) {
if (index < 0 || index >= size())
throw out_of_range(" ZH3[#HR");
int num = arr[index];
/] BFR5| index ZEHITTRERARITEE—IL
for (int j = index; j < size() - 1; j++) {
arr[j] = arr[j + 1];
}
/] EfTEREE
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18

}

arrSize--;
// REIEHBREITTE

return num;

[* FIRT A */
void extendCapacity() {

}

/] FE—NKEHNREA extendRatio fERVHIERA
int newCapacity = capacity() * extendRatio;
int *tmp = arr;
arr = new int[newCapacity];
/] BRELATRNFRBTEE G EIF A
for (int 1 = 0; 1 < size(); i++) {
arr[i] = tmp[i];
}
/] BRAREF
delete[] tmp;

arrCapacity = newCapacity;

/* BHIRERN Vector ATHEN */

vector<int> toVector() {

/] EERERKEEENNSIRTER

vector<int> vec(size());

for (int 1 = 0; 1 < size(); i++) {
vec[i] = arr[i];

}

return vec;

4.4 WESEE"

TEARZERIFIN T, FATRN TEAMBERIZ AR B BRI BIRLH, ENoBIRT “E8FE” M
“IRUEAET RS,

KPR b, PIPRESEAROR R B TR N RIR AR RE IR, T i SRR 7 AR IR PR RE

4.4.1 HBNEFELE

RN ERE =M FM#EIRE: 8 hard disk). TF random-access memory, RAMJ., [4&77

cache memoryl, % 4-2 JBR e HEHENLIRG PR A BFPERER Ko

® 42 HHENRFIERS
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(5

[N

Bt

Mg K7 iEEdE, G RIERSL

5 NI AL
LILEVER S RIS AP S

baii

WK, TB S
%, JLEEJLT MB/s
fEE, JLEBELT/GB

il

P F N

S
&

Il A7 4 ST AR P A IE
FEAL BRI
LIEENE S CTEEES S

BN, GB 451
ik, JL1+ GB/s
28, JLTHEILEIC /GB

B VIMREETES, B CPU
ViR A AL
LIEENE S ETEEES S

JEH/D, MB 4
FEH B, JLtEJLE GB/s
AEH 5, BE CPU TR

AT U B R GRS N A 4-9 FRII S AL, BREEUT & 85 UM ) (7 i I & A e, &
BV, BARBE, X2 BROIGEITIFIEEZ, maEitEIRE RN TR R BRI R,
o WEEDERABENAEEUR, BT, NEHRNEIBENHEE2EL, RETNEAKIAFEEESEE, Hix, N7F
I RRASRIE R L 65, XS T A 25 T3 Mo
C RN EBRHEEEMEDIIET. BEE L1, L2, L3 BFENRERSH A, HYBRSTSZK, 5 CPU
Wl 2 R P REE B 20, AT SBEARE I R, TR REREE, EYHERT, Z2BR
RIS R R AR Z AR A A

CPU
L1 Cache
L2 Cache
L3 Cache

&=

EE BE
-

B 4-9 HEHFIERS

<7 RN REZREHAIL TIEE, FRMEA=F Z FARED-TH, SR L, XA i
w FAETRTE TALOUs, EZSRIBAEAR R BRI FIRG] 2 R P

R, BERA TR REAE, W T IR AR e T AR PRI, 2247 W 17 6if
SEVIMNBIERTES, DIEEEFBITReR, =#HAME, WRHHEIRAESIE1T,
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nE 4-10 FioR, EREFIBITH, SdEs WEEHIRREINGF S, 4t CPU HE/MM, &7 B CPU Y
—#kor, BN MNEINEEGE, 4 CPU Rt miE BRI, WM EERTEFRIHITRER, WD
IR HTPAF HEA

p —>
r — — —

l
l
2

4bP3% Z1F Wiz i

CPU

K 4-10 WS, WM ZRIEEE S

4.4.2 HIEGHRNRTFRE

TENFE AT, BEHMBERS E G MEMERTE,

—J5H, WFRARK, HFE—RNEAGERZ RIS, BRI BRI EET AT R maoth A
2, BEHRTTREHEHS, ANFREHIM SRR T RS A (Fakh), Rtz RReRE &, R0,
BT E— RV EL R B HNES SR, XATRESENFIRSE, By A thl EAUIM I AR 23 A SAR
MEZ T, S8R TR NRALEATAS N ECA R, SRt T ORI R TG,

H—J7H, 1ERFIBITH, BEEREPIESRINNE, DRNFRER RS SBOREE, MMSEANFER
MRRCER AR, BHBTHESKFET K, AR SBAFRR L. ik, BERIITTRR D HUFER,
FESE TR A S EREE, ER S FEPFR AL,

4.4.3 PIRGHINERTFHE

ZAf BRREZEREE BT AT, HELRFRG S, ERFPITERE HEEECEZNEM. BTRF
REAR, HEEFMHE—/ N ME T REEdE, Ktk CPU ZIA R EIR AERF R, sakE TR
feRanH cache miss), M CPU AMSA IR LR R B 7 T 7 250

BAR, “GArARmD” @D, CPU BFEBIRIIRERMES, A EREthatilar, FOTK CPU WELF I3k
BRI LLBIFR ) [ 47 a3 cache hit rate), X MBI KRR AFIE,

N T RATREIREIE SRR, fr 2 RIA N EURMEA LS

©BRAHT: BB TR SINEEGE, TR AR T AL, LT RN TR, AT
Rt = R

- FRIOHUR: ACERER 2RI BRI RS (BIARIGRiTal, EE S KBTI RISE), FEARMER E X
R E R 2 H, MNMRT a2,

- WA MR DEIRGIR, AR ERREREEE ] REE It S, Fit, RIS
fals, WSEBHEMNEERE, PaemmathR,
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- WmRERTE: AR D EARRT ], A EAEARARTRERAR A REFHR BT, A7 X — B, @i
RE IV M RBUE R M ar

Khr b, BEMBEFMN RN FBCR R AR, TZARBELNT L5,

- AZEE: BERTRWEHTTR SN ERE S, SBEFTERNNEREERE D,

©OBRAHT: BEREUR T RUENGERL, MRER TR B, EmEE TR T .
- FRIOHURY: B EEBERAVEIR T R R “RIWINTE”, RIRSTE A 515 R B S,
- MR BB B ER PRI A, RN EEERT A 25 A AT RERIR 7 ),

ERTTE, BEHRAESIEAG PR, RILEERESeE DM TR, XESERREIRNEN, %
T S B RS A T B A2 00U,

REERNE, MEABCRIFAEREBA AN O PAML TR, SSORM A Fri B isaattg, MR
PR AT RRDUE, BN, BEHMBERAATDASCHL “4” BdRgit (F—EXWngd), EellEm T AR
758

- BRI, AT TR TR SRR, ROV EAR B T & AR ERCRAREL YT R AT RE
71, RO UR TR E S N B I —E RN,

- WEREIRRAERE R, SSRGS, ARRIBUARNEDAE T, A2 TRERIIMAEIN &, #ERAEDS
KR BRI B E T NAFRIARIRR 7, Bt 7 8y & A BB,

4.5 N

1. EREH

- BRI BERSEN, A AEREBARE T BN PRI g7 3K SR A A B
SRR, P R R S B AR

- BESGRENLTIAL, S HNERD s (ERARIBROTR IR, G E KRR,

- REROEN ENG I (FEED) SR RAE A SRR, HAT AR TR R (B R RRAR, o
MW, HIRREFRRI S s e, IMPRER, TIAHER,

- HIRRMSRHEMERRTTR A RS, EEETISBAHSEIL, CRE TR, FRATDAR
G NEN

- FIRATHIRIETE = T EAHRSS Y, EATRE BRI N7 AR,

- FEFPIBITIN, BUEEEAAMEENGE T, BEHRHRE SNSRI, TRERNITEAF R L3R
o

© RAFIES AT, PO DAK 2 Al Jey B P A (R R SR MESF BdE B, o CPU $R Bt PIEEER I,
BERTHEF TR,

- HTEABAERNEFMPR, RIWEEE ERERE S kPRSI, MRS BAT K7
SIS SR,

2. Q&A

Q: BEHFMETERR DR REIEE b, RIS TR SR AT 2 (R 2 A A A
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TG AERR _ERIHE EREHE AR E SN R E N, BURIRERCRE AR —8, A, MRS K R
A, IS LA ANE A

1. JECATREECE . R — B/ NINTE, SECHRIFEes Bah5e; mMENEENE L, 7] ILEREF3)

DO, ERGWA1. RFit, HE ERECRIRE AR VRS A _ErE,

2. K/NBRHI: ARNTEREREDN, HERI RN —RESZ IR TR N, RIS INE & 78 KT,

3. RiEME: AR EREEHPN RN EERIERNTE, M EREEE R NA] DRI TN BhASHE
Q: N LBEHEDRMEFRAIRITER, MIERER AN A RV RS A0E?
PERMT AR, TWAZENENSIH (85 R, SN AR DIEEARRIEIEGE, 140 int, double,
string, object %%,
X HE,  ERAH T RN AU AR, XA R T B WS &R RBOG Mo T B2 B, Flan, FEHFRRE
& int 1 long FAPEAY BAANGTESHIEH 4 779 18 &1, MNMARHAUTARTERERET, BN
BAHBEE THM TEKE,

# TEAFMIE = BARFLE (BxRERFEL) + TRKE * TRERSI

Q: MBR ARG, BETHEA P.next 54 None NE?
AMES P.next WATDA, MIZBERIAEE, MLTTRUBLEIETRESASERE P T, XEKRE AP ELA
MBERAMBR T, BEAT AR P FEMIME R AN FE R P2 AR R
MEIREIK A EE, NT Java, Python, Go A Bab K EIKALHIIE S KL, 195 P 2 [EIE
RTBEVEERATNSIH, MAZ P.next E, 7E C Ml C++ FIBETH, BAIFEFINREIT RN,
Q: TERERFEAFMBRERIENIR A EZEZ O(1) . HEMMZAEFZE O(n) WK RERITE, 8T
LINAEZEARARE O(n) 1B?
MERAEERICE. FMBRCE, NEEREMHSTE O(n) . 2, B3R O(1) MR eT DATE H At
I ESEAREE, filan, XNARAFE S ERTERSCE, FAI4Er— NMefr L BZ&4RmL TR, BT A, BIX
AN SRR O(1) .
Q: “BERE N SEMTT th, IRIEETEAE T Mg R S RTINS ? SRR R ES S
me?
BREERRENRR, ERFRRTERE LRGN T 0,

- ANFIZEBURYS A S 2B AEANEIRY, LR int. long. double FHSEHIIN 52 4,

- FREFEE S RIS R /IMB IR R ER G N ARIFINRE, K2 8 Fiial 4 71,
Q: TEFIFRKEBIRMITRERANNZIZIES O(1) ?
WERRNMT RN BHY R E, WFRELY BYIRERMN, RASHIEHHNANE, HRIEYIRNTE T
s %, XEHMER RS R ER SR O(n) -
Q: “FIFRMHBIN AHIE & TP ME, ErRESEERNEFER RS, X B2 EIR I IERIMY
B ENAEE, KE, AR SIWNELD?
XHEMZREIRSE T EEMN A HES Y —FH, YIRESIEE—MIGEKE, BN —ERTEHX2Z,; 55—
JiHE, NTRIERZEY S, VA —RIEUA—DREK, ki x1.5, XHE—k, hSHMRE2=0, B8
HWARESE R EA,
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Q: 7£ Python H#Jiaf n = [1, 2, 315, X 3 DTRAMILZHER, HEWGMLn = [2, 1, 3] TKH
BN ITRE id FFARESH), T2 AR n PRIMHR, IXLETTRIHEANESE, JR2 n IEREEH?

BanIEFIRTTEBABER T A n = [n1, n2, n3, n4, n5], JEHEEH TIX 5 N RN RS EAEGEENTF
b, R, EE—MHIREKS], BAUHARTAE O(1) I PERECT RNTEIbE, AT 7 IR IR B2 5
KR EN B AR T RIS, TR R B

SWZIESF AR, Python FRIEFMEEIRNNR, FIRPFERNARETAS, MRMETHISIH,
I, BANSEZIH DN BAHFRAHERR AR~ id, I HIXER R AL TCESE,

Q: C++STL HHY std: : list EAXH T WARER, HIFE—ER/EH EAELHE#RE, 2AN2EN
At 2 RRMENE?

—JimH, BAMEEEERERBHLBEL, ML A AR, EEARDERA,

- FEFE: BTSN TRERFTEMNESMYES (— MR TEI— MR, —MHTE—1THR), il
std::list iBH LL std: :vector ¥ 5 HZ(H],

© BRIEAKRI: BT EUE R RIESLE, R std: : list M EBLERIRHREHE, —RIE T, std: :vector
HITERES AT,

77, EE A RER A 0L R T AIE, ARSI 2 M g 1E 5 12 LAY stack T queue ,
MmAFFER,

Q: WA res = [0] * self.size() #fE, =T res B NITES| FMEFEIRYHIIENL?

ARe, BogMHSE XN, BINwa 453 res = [[0] * self.size()], WIZXSIH T FHE—
HIF% [0] o

Q: FEMIBRYT M, FTEWITIZT RS HIGE T R Z AR5 a2

MEIRA SRR (8D AR, AFOTRARER, RERIEREFIZEE EMRMT, MR
JEE, WITEMZe, WREMEW. WRAMIT, BIREMERT SORBIER R, A4 ESEIEET R
HIPAE R



Q

F58 5N

FRANF B, RSB HERA
M 3 AMRRIE NG R A SE B R

hello-algo.com.

89
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5.1 %

M stack) 2—HNEfEE NG HIZE LB,

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 ik
stack push(5) push(&) pop() pop()

ll o S/

B

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.cpp ===

[* Mgatte */

stack<int> stack;

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

[* IHERINTER */
int top = stack.top();

/* TEHE */
stack.pop(); // FTiR[EAE

[* REVRBIKE */

int size = stack.size();

[* FITRE AT */
bool empty = stack.empty();

5.1.2 #¥pscI|

NTERNT AR TALE], BRI E DM — M

HOEIE SN Ja AR, PRI REAEARTRA NS ER TR, AT, BEHANBERER Al DAEAE R AL B AR
MERTCE, EEEal DAMOA —RhSZ BRI B s B %, Hf0idin, FRATATLL “BRill” B sk aRkait o ok
BefE, BEHXINRBIREEAT SHARHE,

1. BTFH#RNIH

(o FHBER SCBIARIY,  FRATTAT DARFRER A KT A AR T, e T AR

i 5-2 Fow, T AKRERME, BATVAFRROTRBATERKE, XA mEmATTERIOY @A, T
HARERME, HFRSLT RONBER AR HBRET AT
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N
h(4)
B -
A l ] i HER 9
- | ) (2] 8
EREMESE a
. o RMA ° n
3
" rux () "
| Step 1 \ E Step 2 |
Hitg
pon() BT
ssx (@)
a EEERESR @
g HIMEIAE o\
B
\", rux (@)
[ Step 3

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

[* BFRERIIMBIE */
class LinkedListStack {

private:
ListNode *stackTop; // BEkT=fENRIA
int stkSize; /] ZRNKE

public:

LinkedListStack() {
stackTop = nullptr;
stkSize = 0;

~LinkedListStack() {
/] BHERBRT S, BRAT
freeMemoryLinkedList(stackTop);

[* FREVERIKE */
int size() {

return stkSize;

RELHZER
FIRMAE

¢

RBHE <@

BER 4
ARINEERLED
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/* FIBFRETHE */
bool isEmpty() {

return size() == 0;

[* N% */

void push(int num) {
ListNode *node = new ListNode(num);
node->next = stackTop;
stackTop = node;

stkSize++;

[* Witk */

int pop() {
int num = top();
ListNode *tmp = stackTop;
stackTop = stackTop->next;
/] BEARF
delete tmp;
stkSize--;

return num;

[* IAERRITER */
int top() {
if (isEmpty())
throw out_of_range(" #%HZ=");
return stackTop->val;

[* 3 List ¥R Array FHiR[E */
vector<int> toVector() {
ListNode *node = stackTop;
vector<int> res(size());
for (int 1 = res.size() - 1; 1 >= 0; i1--) {
res[i1] = node->val;
node = node->next;

}

return res;
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2. BETFHENIH

(SRS BURIN, FR TR UKL FE R AR T, A 5-3 s, KRS HERRAR 5 BRI E 5 FE
TIER SMIREE, RREAREN O(1).,

A
push(4)
B - mamRen =
N 1 ]H’ﬁ | ERE enn
EECRENA R g g EELRENA
SRR L )
- | 8 - |
n AR n ‘ HRE
I — -
Step 1 \ Step 2
iz
pop()
BRBaRTE
a EECRENA R
g HSERAR
" R
| step 3

5-3 FET R SCEIARHI AR HI AR E

BT A RBITCER AT RE S TR IR R WTHISE N, R FATT AT DAREFH S EA, IRt T B AT AL B 7 Tl
PAR 7l RS -

// === File: array_stack.cpp ===

[* BETFEHATINE */
class ArrayStack {
private:
vector<int> stack;

public:
[* REUARIIKE */
int size() {
return stack.size();

}

[* FERRERE */
bool isEmpty() {
return stack.size() == 0;

}

[* Nk %/
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void push(int num) {
stack.push_back(num);
}

[* Btk */

int pop() {
int num = top();
stack.pop_back();

return num;

3

[* IHEEINTTER */
int top() {
if (isEmpty())
throw out_of_range(" HHAZ");
return stack.back();

}

/* 1R[0] Vector */
vector<int> toVector() {
return stack;

}

5.1.3 FEFSCIRATEE

SCRFRAE

PARPSEELER SCRAHOE SR IR, BEHSEBIRINSCRREN LM, (HIX TR 7RIS Gk, Rt —
AZHE

I 3%

FERT RN, ABH AR BRI ERE R D RCAF RESE AN F T, BARGFIERGFARINY, R
IR KM, WRANNBHBHA R, 2RT AIH, SBORRABRERNNRSRELH O(n) -

TERTHERRISCII, BERIP AR RIE, A LAY ANBCRE R F -, B2, AMERFFRE
AT RN GIHESAEE, BRIRCRMN B, AN, WRABTTRAGIRE T ANE, AR E L)
GEIEP IR, TR RRER,

R ERTR, MRS HAIRER TR EEARHE RN, B4 int 5L double , FRATIATDUF H DA TRESIL,

- T RSB AN RCR 2R, (T AR IR, FI PR E &,
- BT RERRSCEIRIR AT DIR AL S RS E RURCR R I

Kl &

FEWHAMRINRR, RGERNIRD “WIaAR", WA RAREBHERFRXR; HH, ¥ Ayl 2l
SERR (BN 2 %) TP AN, VP AENARDATREE LSRR R, Fitt, TR fEER—
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SE S RTRBE

SR, HTFBERT TR EHME O TEEr, PBLRERTY RLE A2 MR,
gi b, FATIARERT St WERP SEELEAN T & NAF, T Z e BATR DU T 04

5.1.4 XpHEEINA

- PINEEPPRSIB SR, BOPPRRET S RABE. SSTRNTITHRIM DT, WY E— Rk
FINKR, AR TR DOEIE IR IR AR R E] E— D 0T, JEiRBRESChr B2 AEPIT hikk, aSRERIN 3

FHEIRFIRTHE, AR MRAL & LI,

- BERPAAERL, SRV RN, REMSEARTRIN— ML, FTICRE S0 BT UER EiE
BRE, TR IEHERT BES ARWHAT AR R, T L [E1RT B 2 AN AT T iR A

5.2 BA%I

"BAI queue ) & —FUgEIE S AJC MRS EBdRaimt, B8 S, BRAIRL T HEABRR,  BIFRAT A

INNBRBREREE, AL BAFI KR NB AN BT

i 5-4 Fow, WATRBAFISKERFROA “BAE”, EEFCN “TAR”, RATTTRIMANRERIFERIEN Y “ A",

BREAE TCRAIRIEN N “HIBL7

BAZY A

queue PDD()

BAE f
i |

Ak | /
R

ANBA NBA
push(5) push(&)

& 5-4 BPABIRISE AN SE R

5.2.1 PASIERREE

PASIRG B WARAEANER 5-2 R, REERIE, NAGWEES 77 IEARA]
AR T iR a4

HIBA
pop()

PPN
Ae=

/

ARAFE, FAEHRAS
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% 52 PABIBRAERCR

Ik R

I i) &2 2 2

push() TEEABN, BUETRBINZERNE
pop()  BAETCEHIEBA
peek() THRIBAE ITE

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

SRIVTFT DAL 456 PR 2 P B EBA B
// === File: queue.cpp ===

[* FIERATI */

queue<int> queue;

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

/* BB TTER */

int front = queue.front();

[* JTTERHBA */
queue.pop();

/* REATIRKE */

int size = queue.size();

/* FIBTBATIR B AT */
bool empty = queue.empty();

5.2.2 PAFISEIR

N T RIS, BT LR EdRaiA, A DIE—WAinoTR, HaES —mMERTR, MRS Ta=

Ko

1. BEFH#RMNEH

G 5-5 Fiw, BATATDARFEERAY “SKAT 7 M "B " 258y “TAE™ F1 “FAR”, BUERNEARTEIN

T, BAEDRTIBR T
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BHR &
RINERERE

- PE (?\ ;:,B:n(:.) K 9}
wn | a o 8 f?
8 2 ]
a EELRRSR (2) 2 ] ERTRRSR ©
HSRIHIAT TSR SIATY
an | e res (@) g [ l<
me RH& 6
Step 1 [ step 2
oy
pop() BIBRETIR
sz (@)
5 ]
a ERTHEER (2)
a FHIVRIMABATI
o
A
Step 3 J

Kl 5-5 FETHERIIABASIA ABNHIBAIRAE

DA 2 HI R SE IS A AR
// === File: linkedlist_queue.cpp ===

[* BFRERIIMAIATG */
class LinkedListQueue {
private:
ListNode *front, *rear; // ks front , BT M rear

int queSize;

public:
LinkedListQueue() {
front = nullptr;
rear = nullptr;

queSize = 0;

~LinkedListQueue() {
/] BHERBRT S, BRAT
freeMemoryLinkedList(front);

[* FREXBATIRIKE */
int size() {
return queSize;
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[* FIBRBATIR T AT */
bool isEmpty() {

return queSize == 0;

/* NBA */
void push(int num) {
/] ERFSREARM num
ListNode *node = new ListNode(num);
/] MIRAFTIAZE, WSk BETNREBERAZTR
if (front == nullptr) {
front = node;
rear = node;
}
/] MRAFIARRT, WEZHRRNEIETRE
else {
rear->next = node;
rear = node;
}

queSize++;

[* HBA */

int pop() {
int num = peek();
/] BIBRET =
ListNode *tmp = front;
front = front->next;
/] BRARF
delete tmp;
queSize--;

return num;

/* IHEPAETTER */
int peek() {
if (size() == 0)
throw out_of_range(" BAFIAZE");

return front->val;

/* BEEREWMA Vector FiR[E */
vector<int> toVector() {
ListNode *node = front;

vector<int> res(size());
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for (int 1 = 0; 1 < res.size(); i++) {
res[i1] = node->val;
node = node->next;

}

return res;

2. BETFHAMNEH
TEBEHPT MR E RN RIS RN O(n) , XEFEHARIERCREAR, R, FATATLLSRA LR85
2R SIX AN A

BATT AERH — 12 & front 5N E TR RG], HEF — N LE size H TIERAINKE, & X
rear = front + size, XMARITEHMN rear FEMNETTEZ G T —MIE,

HFMiE, BAHPRESIEENERXBN [front, rear - 1], SFHRIERISZIL A EWE 5-6 AR,

- ABNBRPE: B ATTEMESS rear B4, FHIE size BEHN 1,
- HPAERME: HFH front BEAN 1, I size BV 1,

FIDAERI, ABAFH AR RS LR T — e, INRERESN O(1) .

front jEMMNFIETE 1. itHRIEH rear
rear EEMFIETE + 1 2. BTEARME rear &
rear = front + size 3. size D
N
o push(4)
front > front »
HA T TAFHERE IR
size = 4 size = 5
ERTREHA ERERESA
IR AT TSP RIMAPAT]
A T rear > 4 rear >
MR .
Step 1 . Step 2

1.3 front B 1
2.4 size BA 1

HBA
pop()

EEREREHRA
FHIPRMAPATI

Step 3

5-6 T ELHSLHBASIHI A BN H A SR

TRATRER R I — NI FEANMTHEAT ABANAIEHRARIS A2 R, front #1 rear #RIEMIAFEEN, HEMBNSHARE
TR JCIRARERRS AN 1o TR IR, FRATTAT DARF B A 5 AR "R



H5E ST hello-algo.com 101

XTI, BANFTEIL front 3L rear FERUS A AN, EIZRIZEE LAk S0E . X R IR
AIDOE “BURIRIE" RSB, AR RTR:

// === File: array_queue.cpp ===

[* BT ERATRINAICAGY */

class ArrayQueue {

private:
int *nums; /] BFEEBATITEREA
int front; /] BAEfEst, EEMETTE

int queSize; /] BABIKE
int queCapacity; // PAFIBEZ

public:
ArrayQueue(int capacity) {
/] a1 ER
nums = new int[capacity];
queCapacity = capacity;

front = queSize = 0;

~ArrayQueue() {
delete[] nums;

[* REBATINEBE */
int capacity() {
return queCapacity;

}

[* FREXBATIRIKE */
int size() {

return queSize;

[* FIBRBATIR B AT */
bool isEmpty() {
return size() == 0;

/* NBA */
void push(int num) {
if (queSize == queCapacity) {
cout << " PAFIE#H" << endl;
return;
}
/] IHEEIES, HERAEERS] + 1
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/] ETEVRIRELEI rear ELUTEHRERIFEEEILE
int rear = (front + queSize) % queCapacity;
// B num FHRINZEPAE

nums[rear] = num;

queSize++;
}
[* HPBA */
int pop() {
int num = peek();
/] PAEEStRAES—I, SEHEEE, NiREIE A KE
front = (front + 1) % queCapacity;
queSize--;
return num;
}

/* BRIAE TR */
int peek() {
if (isEmpty())
throw out_of_range(" BAFIAZT");
return nums[front];

}

/* BEEBEENKA Vector FiR[E] */
vector<int> toVector() {
/] ERE K EEENNSIRTER
vector<int> arr(queSize);
for (int 1 = 0, j = front; 1 < queSize; i++, j++) {
arr[i] = nums[j % queCapacity];
}

return arr;

18

DA LSRRI AR SR B RBRIE: HREA AL, FAT, IX D AIEREROR, FRATTRT DAR B BN 3h A5
H, MISIAY BALE, A R A DA B 1T,

PIRISCILRIN PLES e S5tk — 2, TEAEER,

5.2.3 PAFIEBIL

- W, WYIE TS, ITHREIMABRSIY, RS S SRR AL FE A R AIT R, AR —
[, JEMRINSARFRITER, SRR AR5 2 RSO A,

© BREDEI, EIRELI VOREET WRERSR, HIANITEINLAIESSBAS, )T I RIS,
PABITEIX £z 5t R DA RO 4ES AL RIS o
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5.3 WmEPBAT

FERNZIH, BATBEMIPR L AR TR eAE R B AT R, W& 5-7 s, TXUAIRAS double-ended queue s #2
T EER RGN, SVFESL R TIC RIS I R,

MFBATI FAENBA PAETHIBA
deque push_first(1) pop_first()
-]

PAE \ /
HBA ABA E.

a 2 o0 @ B

AR
AT e 0

[ |

BARE "

FARNBA FPARE HHBA
push_last(4) pop_last()

B 5-7 REBASIE A E

5.3.1 WREPATIERIR(E

XEIRABI ) FRARAEANSR 5-3 FvR, BRI 75 IR MR T ZEARAE T (6 T O R 18 5 R A

% 5-3 WIEBAFIHRIERR

TiiE% Erip TR 2 2%
(1

push_first() WICRRMENE O(1)
push_last() RHEFMENE O(1)
pop_first()  MHFRFAEITTHR O(1)
pop_last() JHIBRBAEE TR O(1)
peek_first() ViABAE TR 0(1)
peek_last()  ViiABAEILE 0(1)

[FIREH, FRATAT DAEREGE AR 5 b C SEELA A AIA S 2E :
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/] === File: deque.cpp ===

[* FIEUEFAT */

deque<int> deque;

[* TTENBA */

deque.push_back(2); // HINZEAE
deque.push_back(5);
deque.push_back(4);
deque.push_front(3); // HIMEE
deque.push_front(1);

/* iERlTTE */
int front = deque.front(); // PAETTZ=
int back = deque.back(); // PAET=

/* TTERHRA */
deque.pop_front(); // BAEITEHFA
deque.pop_back(); // BARITEHPA

[* FREREFIBKE */

int size = deque.size();

[* FIBTWEPATIRT AT */
bool empty = deque.empty();

5.3.2 WmEPAFIZZI *

XEIRABI A SEEL S BABIZRAEL, AT DA RE R B 1 R IR B R4t A o

1. BEFNE#ERHER

[ b — TP, BRATIE A B BERRSCIURAS, KD a] DG (b HBRSL T s QW R BAIRAE) FIAE

R RUGBSIHT T 5L O BLABAERAE) o

X EIAAITI S, SKECFIEEERAR AT DASAIT ARAFIH BASERAE . $00iiisd, XA RS R BB 55 — AN FR 75 1]

RURAE. Ditt, FRATRA “WABER" (E A SR R EBHEE5H,

N 5-8 Ffow,  BATTREMFIHELR AL AT s A A EI BB BN EMIBA R, - [ A S ERLLE P i R R AR

TR EIRE.
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FUINA B 4
i push_last(4) FNERERRS
i 1 l e KR Py @
#ik AR
ERTIENER © - ] ERRMENANE ©
o HSPRIITRURIAF] o FSPRIAITAAT
it s O °

- rex (@)

| Step 1 | Step 2 |

B 1
ARINE R BBRRTR

UN-PNUN BARHHFA

push_first(1) £TR @ pop_last() (TR @

g o o
a EEERBWEHER @ a EEERENEER @
o FIMRIAILEAT o HSMRIAINAIAT
(5 ) rex (O
rex (@)
[ Step 3 ] Step &4
AR
pop_first() MIBRSL TR
xs (@)
EESHRNAEE @
o FIMRIA AT
rex ()
Step 5
5-8 FETFERSTEIA A AF A PN H A E
SEEHES AT R R :
// === File: linkedlist_deque.cpp ===

[* WAERTIR */
struct DoublyListNode {
int val; /] TRE
DoublyListNode *next; // G4k Sfs5t
DoublyListNode *prev; // BUIKTI 5385t
DoublyListNode(int val) : val(val), prev(nullptr), next(nullptr) {
}
3

/* BETFWEFERLIAIIN ARG */
class LinkedListDeque {

private:
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DoublyListNode *front, *rear; // kTm= front , BT s rear
int queSize = 0; /] NEPAFIRE

public:
[* &R E */
LinkedListDeque() : front(nullptr), rear(nullptr) {
}

[* WA E */
~LinkedListDeque() {
/] BRERMRT R, BHRAE
DoublyListNode *pre, *cur = front;
while (cur != nullptr) {
pre = cur;
cur = cur->next;
delete pre;

/* FREXWAPATIRIKE */
int size() {

return queSize;

[+ HIEREMFIRERE */
bool isEmpty() {

return size() == 0;

[* NBA#RAE */
void push(int num, bool isFront) {
DoublyListNode *node = new DoublyListNode(num);
/] EFERAE, ML front 1 rear #BIEM node
if (isEmpty())
front = rear = node;
/] BRENBAIR(E
else if (isFront) {
// ¥ node HRINEFEFRLE
front->prev = node;
node->next = front;
front = node; // EHkT R
/] BRENFAIE(E
} else {
/] ¥ node FRIMNEFEREED
rear->next = node;
node->prev = rear;

rear = node; // BHET R
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}

queSize++; [/ EHFIKE

/* BAEINBA */

voild pushFirst(int num) {

push(num, true);

/* BAEBXNPBA */

vold pushLast(int num) {

push(num, false);

[* HBIRIE +/
int pop(bool isFront) {
if (isEmpty())

throw out_of_range(" BAFIAZT");

int val;

// BAEHBAIRIE
if (isFront) {

val = front->val; // EELTHE

/] BBRAT =

DoublyListNode *fNext = front->next;

if (fNext != nullptr) {
fNext->prev = nullptr;
front->next = nullptr;

}

delete front;

front = fNext; // BTN

/] BAELHBAIR(E
} else {

}

val = rear->val; // EEETRE

/] BBRET =

DoublyListNode *rPrev = rear->prev;

if (rPrev != nullptr) {
rPrev->next = nullptr;
rear->prev = nullptr;

}

delete rear;

rear = rPrev; // BFET R

queSize--; // EFRAIHE

return val;

/* PAEHPBA */
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int popFirst() {

return pop(true);

/* BAERHBA */
int popLast() {
return pop(false);

/* HRIBAETTE */
int peekFirst() {
if (isEmpty())

throw out_of_range(" WMEPFAFTIAZT");

return front->val;

/* HRIAEBTTE */
int peekLast() {
if (isEmpty())

throw out_of_range(" WmEPAFIAZT");

return rear->val;

}

/* REIZNARFITED */
vector<int> toVector() {
DoublyListNode *node = front;

vector<int> res(size());

for (int 1 = 0; 1 < res.size(); i++) {

res[i] = node->val;
node = node->next;

}

return res;

¥5

2. BTFHENIH

Gl 5-9 AR, SR T EEHSIASIZEAL,

BT AT DAfE FH R R R SEHO ET RS
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front iEEPAFIETR 1. itHRIES rear
rear EANFIETE + 1 2. BTERME rear &
rear = front + size 3.isiza DN
BAEBA
AR push_last(4)
&ﬁ l &a front > PAFIHEE front > BAIIHKE
size = 3 size = 4
a RETIREFSA a REEIMRREFSA
a I RMAMFATI a FHIMRIAMEAT]
;{5 1 l :ﬁﬁ rear > rear >
MR
[ Step 1 ] Step 2
1. % front B 1
2. BRRME front & R .
3. 4§ size B 1 1. % size HME 1
BAETABA PAEEHHPA
push_first(1) pop_last()
front >
1 1
g BAFIEE BATIHKE
size = 5 size = 4
ERERREARA n ERERREARA
a PRI A AT B HIPRI AT
l Step 3 ] Step 4
1.3 front Ei¥ 1
2. % size A 1
LIN=F::1UN
pop_first()
front > BAFIHEEE
size = 3
2 EESEERREIFRA
a FHSPRAAT AT
‘ Step 5

5-9 BT EAH SEBIA ARSI B9 P H A A5 A F
TERNAIESCEREA |, ARG “PAE ABR” F0 “PARBHIRN” R i%:
// === File: array_deque.cpp ===

[* BFIRREASSIAIN ARG */

class ArrayDeque {

private:
vector<int> nums; // FAFEENAPATITTZRREEA
int front; // BAE¥EE, fEAPAETTE

int queSize; /] NEPATHEE

public:
[* MERE */
ArrayDeque(int capacity) {

nums.resize(capacity);
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front = queSize = 0;

}

/* FRERNEPAFINEE */
int capacity() {

return nums.size();

/* FREXWAPATIRIKE */
int size() {
return queSize;

}

/* FIETEPATIRT RAE */
bool isEmpty() {

return queSize == 0;

[* BRI RS */
int index(int 1) {
/] BT EGRIBELRIMEA 5 EHE
/] H 1 BSEARNE, BRI
/] H 1 AL, ERES
return (i1 + capacity()) % capacity();
}

/* BAENBA */
void pushFirst(int num) {
if (queSize == capacity()) {
cout << " WAEPAFIEH" << endl;
return;
}
/] PABESHRES R —(L
/[ BITENRIRVESSIL front IS EAALIBEEIZIESD
front = index(front - 1);
/] & num HINENNE
nums[front] = num;

queSize++;

/* BABXNBA */
void pushLast(int num) {
if (queSize == capacity()) {
cout << " WMAPAFIEH" << endl;
return;
}
/] TTEEES, EMABZRS] + 1
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int rear = index(front + queSize);
// & num FRINZEAE
nums[rear] = num;

queSize++;

/* BABEHIRA */

int popFirst() {
int num = peekFirst();
/] PAEESREE—IL
front = index(front + 1);
queSize--;

return num;

[* BAEBHEA */

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

return num;

/* AEIAE TR */
int peekFirst() {
if (isEmpty())
throw out_of_range(" WEBAFIHAZE");
return nums[front];

/* BRIAETTER */
int peekLast() {
if (isEmpty())
throw out_of_range(" WEPAFIAZE");
/] TEERTEZRSI
int last = index(front + queSize - 1);

return nums[last];

[* REFRARFITED */
vector<int> toVector() {
/] AR BE R KESCRE N IR TR
vector<int> res(queSize);
for (int 1 = 0, j = front; i1 < queSize; i++, j++) {
res[i] = nums[index(j)];
}

return res;
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5.3.3 NPT

XAIRASIFREAR SRS RIZAR, Rl En] ASEBUX R BIFTA BH5,  [RIRHRESE il B

TATALE, BRI W S i (SR II: REUR B IRE IRE push Bk, A58 pop SKILM
Wo 2R, HEEFIRFTIRAIRGI, RIS SREEERPE (BIAMRFRIE 50 27), AR KT
50 I, BXFFREEARIE (BNE) TAITHIBRIRCE, HEICTASEBLIZIIRE, P s ZAERDN A AFIR AR, 15
ER, W7 RBDEEIRE RN G N, FUZX ARSI RERS SN R TG SK I — LRI NE .

5.4 g

1. EREH

- MR AEIE e NG H IR AT RS,  REE B s Rk LB,

- AEMTRRCRTTH, ARSI BEARSAFIReR, BES AERES, BIRABSRERNAEARE S
HUEO(n) . ML, HRAVBERSIEA ENFEIRREM,

- AERARERTTH, ARSI ATRE S B E AR R IR SR, HFR R, BERT RS A
A BT R E R,

- BRBIE—RIE S A\ S R M B B ai i, (R AT DO IS B s BE R S, £ I TRI R 23 RIS
HXsEE b, BASIRYSEIE 5 RTA A AL

- KAAFIZ — R EAE B i B ARSI, B SR VFE IR TIC R AR PR o

2. Q&A

Q: NIVEERHIRTIE R IRZ A2 A HEREL?

I ERATRTIE S IRIREA BT L2 “8” BRI, 2 s —SHT DU, U RPN EART; 24
R E IR, % T R MARTREE o 5 F XA BAS AT AT SR — L HIMEAE, IXDE “IXABAS”
EH S,

Q: fEHME, BERERBHET RHINAE?

RGBT EEAFEE T R, WATERBANF, G2aAFHEME, Java fl python FFIEF A BN
WAL, AR ZE TR, 1 CH G RRETFHREBAT

Q: WG R MEPHERE T —i2, ERHREMHA?

KA AS R A SIS B MRPHE T i, BRIV + BIIRNEH, Rt a] ISCIik 5 S
RIFE R, FFH BRI,

Q: ¥ (undo) FIHEEH (redo) EAKZUMn[SZELAY?
R MR, F A FTREE, 8 AT .
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1 AP PIT D RE, BRXDRIEEAKA, HEZEHKB,
2. HAPHIT W7 I, MR A TSR RO RIERE, FHRHEARB .
3. YHPHIT “IBEH” N, MR B REHRIEHIRGE, FFRHEEARKA
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O FEFENUER A, IGRRFA— ARSI E R ER R,
w fADE AT AR S, MR APOEERE 5 AR E 45,
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M7 hash tabley, X#r MK, CiBIEH key 51E value Z ARG, SKIIERHITRER, B
Kiis, BAIABRRDEA— I key , WATPATE O(1) I PZRECN RZAE value o

iE 6-1 FR, A5 n NEA, BNYAERE “WaT M ST NIEYE. REBMNHRESH WA
F5, RENAES” FERIIEE, WATCARAE 6-1 Ui ARk L,

BHR

hash table

BA—TES key, TN HE value
IRERPEORENREIEZRER 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.cpp ===

[* MammE +/

unordered_map<int, string> map;

/> TROIRAE */
/] ERERFRMEET (key, value)

map[12836] = " /NBR";
map[15937] = " /NIB";
map[16750] = " /NE";
map[13276] = " /NE";
map[10583] = " /N\EE";

[* BIIRIE */
/] EIRERPEANE key , 5EIE value
string name = map[15937];

/* MBRIEIE */
/] ERFBRPHIBFEEX (key, value)
map.erase(10583);

U&7 2 =R AR D 77 2 DT BET L Ji 7 SR ik 7 (B

// === File: hash_map.cpp ===

[* BAKER */
/] BHEEXN key->value
for (auto kv: map) {

cout << kv.first << " -> " << kv.second << endl;

}

/] EREREER key->value

for (auto iter = map.begin(); iter != map.end(); iter++) {
cout << iter->first << "->" << iter->second << endl;

}

6.1.2 MFERELAITY

ARBIAESANT :

BB ERAERNEL, PO —PMBADREMIRAE R, FEEHED, BITPRBEAHTRSEN AN T
bucket), BMHAIFME—DNRERN, Kitt, ZHRIEPUZIE] key XAV, FFAEMAFIRI value o

WL, WHREET key B AN RLAYAAIE? JXR2IEIL M7 AL hash function SEIRMY, Fa 7R EREAI1E 2R —
MR BN ZE RIS B — NN 2, FERR TR, BASEZE key , W RZATERM (&
HRGD. HANGH, FA— key , TATIAT POBRI G BAEIFE1I% key XL BAEN 72 BEH P9 17 B0 B

BN key, WA R EIEAE > A DAUR
1. @S HEAE AL hash() HEERIBTRE,
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2. FWEmENTEE BEHKE) capacity BUR, MIMIREUZ key X MW AJEEH 25| index .

index = hash(key) % capacity

B, BATIATDARIAT index FEMG AR R AT MM, MTTERE value

REUHKFE capacity = 100, MAA L hash(key) = key, FISEHEECH key % 100 , 8 6-2 DA key 25
1 value B MBI, /R T IEA R TR R,

BN key

ED—
e

-

DAL T — M sia iR, H,

// === File: array_hash_map.cpp ===

[* BEEXT */
struct Pair {
public:
int key;
string val;
Pair(int key, string val) {
this->key = key;
this->val = val;

)8

[* BETFHALIINIRER */
class ArrayHashMap {
private:

vector<Pair *> buckets;

=3l b

key value

12836 ; “/hIg"

37 15937 | “/hiB”

PE R
key %100

16750 | “/h&"

13276 { “/INE"

83 10583 | “/hEg”

v
. . S
. . wee . e . ven . . e

S value

— &3

—&3
— &3

(BMERRE—MEER)

B 6-2 M R 1 B

BT key Fl value BEERR—12K Pair , DAFREE(EXT,
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public:
ArrayHashMap() {
/] MEKEEE, 85 100 M@

buckets = vector<Pair #*>(100);

~ArrayHashMap() {
/] BRRF
for (const auto &bucket : buckets) {
delete bucket;
}

buckets.clear();

[* PETERIEL */
int hashFunc(int key) {
int index = key % 100;

return index;

[* BEIERIE */

string get(int key) {
int index = hashFunc(key);
Pair *pair = buckets[index];
if (pair == nullptr)

return 5

return pair->val;

[* AINIRAE */

voild put(int key, string val) {
Pair *pair = new Pair(key, val);
int index = hashFunc(key);

buckets[index] = pair;

[* MHBRIRIE */

voild remove(int key) {
int index = hashFunc(key);
/] BHRAEHENR nullptr
delete buckets[index];

buckets[index] = nullptr;

[* FREFREREX */

vector<Pair *> pairSet() {
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vector<Pair *> pairSet;
for (Pair *pair : buckets) {
if (pair !'= nullptr) {
pairSet.push_back(pair);

}

return pairSet;

[* RENFRERE */
vector<int> keySet() {
vector<int> keySet;
for (Pair *pair : buckets) {
if (pair != nullptr) {
keySet.push_back(pair->key);

}

return keySet;

[* REFREE */
vector<string> valueSet() {
vector<string> valueSet;
for (Pair *pair : buckets) {
if (pair != nullptr) {

valueSet.push_back(pair->val);

}

return valueSet;

[* FTENIRFHR */
void print() {
for (Pair *kv : pairSet()) {
cout << kv->key << " -> " << kv->val << endl;

¥8

6.1.3 BMERREY B

MR EE, WMAREBEIERRRATE key M AHIHIA 2 [RIMLET EIECEHFTH 2R 5 A A 23, Tk A4

IR THtsmE. Fit, PRE E—@ e “SANmAN AR BT
T EIRRBIFHIG AR, AR key IRFAAHFI, IEA BRERET HES ROMFE, B0, &if

12836 #i1 20336 HUPPMEAENT, FRATSH):

2%
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12836 % 100
20336 % 100

36
36

WE 6-3 Firr, MM ESIERA TR— 1SR, XERBANM, BATE IR AN AT [F — i H A R
N THEF W28 hash collision .

AN key #=35| o b | itH value

key value

mEmR

36 —|-|KPEEL

o v |G| —— gy

(7S
A& 50 16750 | “/hE” \
“hkn

76 13276

“ s

83 10583

“))\Rg"

6-3 TR IR AI

AT, BRHREEn BK, 21 key PELEIR—MAFPEMERUEUT, oo, Fitt, AT
WY A RIS AR,

Gl 6-4 B, ¥ ARTHEEERT (136, A) FI (236, D) KA, ¥ &EMHRIFER,

BEREE - 100 MERNE 2 4 BERSE - 200

MERH key % 100 » AEEHK key % 200
#5| key value e key value

( : ] MaEmR .

36 236
36

". IE "'
)

13

[y
w
(<))
a "- a

[y

w

(&)}

!

50

150 550

183 783

ugn

ee .

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 &,

MK ¥ load factor) BMARK—DNEEMS, HENGHEFNTTREERDMEERE, HTHERA
hRAFEAZE, WHEENERRY FMAE S, FIUE Java i, S0ERTER 0.75 i, RAZKEG
WY A ERIEH 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

TEFRGEIRT R, B MRIGEFIE— M RMEXT, T8Nl separate chaining) K NMTREHATER, K
BHEXNENRERT R, HITHE LA MR BERT B AR R — i8Rk rh, & 6-5 R T — Pkt ak e 7 R 1)
5155

=3l M R (BENBREN)
00 —— —

sistitat . AN L |

BMREFEE R,

HaamErRTE 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,

- BWHITE: BA key, EUBHEEIGSEIMRS], BIRITIMBEERSLT R, REEFTERIFX L key PIE

TR EPREAE AT o
© WCE: E/uEE A REBOA RS A, RERT R (BMEXD) BRINEIRER A,
- MIBRIEER: ARYENGAY RIS YT MRERSLHR, 0 I BER AR B AR 1 RO R E IR,

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 .

- EASIER GISEE) RBRER, MMEIRAE, EXMRET, Bmk () 82,
MR,
DURSBI STy A%, STN TR 2 I, ROV RT EEIFEN 2 £

// === File: hash_map_chaining.cpp ===

[* SETUHIULIG AR */
class HashMapChaining {

private:
int size; /] BEXNEHE
int capacity; /] BWHERBE
double loadThres; /] BRI BN HAHEFSE
int extendRatio; /] T BEE

vector<vector<Pair *>> buckets; // H@%i4H

public:
[* MEFE */
HashMapChaining() : size(0), capacity(4), loadThres(2.0 / 3.0), extendRatio(2) {
buckets.resize(capacity);

}

[* WMFEE */
~HashMapChaining() {
for (auto &bucket : buckets) {
for (Pair *pair : bucket) {
/] BBAE

delete pair;

}

[* METEREL */
int hashFunc(int key) {
return key % capacity;

}

(SN
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[* BEEF */
double loadFactor() {

return (double)size / (double)capacity;

[* BIRE */
string get(int key) {

int index = hashFunc(key);

/] BN, &HXE key , MREIXE val

for (Pair *pair : buckets[index]) {
if (pair->key == key) {

return pair->val;

}
}
/] BRILE key , MIRE|Z=FRFE
return "";

[* BIRIE */
void put(int key, string val) {

/] BREETFEIHREN, RiTTS
if (loadFactor() > loadThres) {

extend();
}
int index = hashFunc(key);
/] BhtE, EBEIETE key , MEHIML val HiR[E
for (Pair *pair : buckets[index]) {

if (pair->key == key) {

pair->val = val;

return;

}
/] BEFXZ key , NIFREIRMEREES
buckets[index].push_back(new Pair(key, val));

size++;

[* MIBRIRIE */

void remove(int key) {

int index = hashFunc(key);
auto &bucket = buckets[index];
/] BtE, MARIEREEX
for (int 1 = 0; 1 < bucket.size(); i++) {
if (bucket[i]->key == key) {
Pair *tmp = bucket[1];

bucket.erase(bucket.begin() + i); // MEMIFREES
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delete tmp; /] BRAE
size--;

return;

[* TBRER */
vold extend() {
/] BEFEREAER
vector<vector<Pair *>> bucketsTmp = buckets;
/] MEkY BEHHFIEHER
capacity *= extendRatio;
buckets.clear();
buckets.resize(capacity);
size = 0;
/] BEEMNREERRESEMEER
for (auto &bucket : bucketsTmp) {
for (Pair *pair : bucket) {
put(pair->key, pair->val);
/] BBAREF

delete pair;

[* FTENIRER */
voild print() {
for (auto &bucket : buckets) {
cout << "[";
for (Pair *pair : bucket) {
cout << pair->key << " -> " << pair-sval << ", ";
}

cout << "]J\n";

1

EEENE, MRERRKN, TR O(n) B2, HINTTRUSEEREIN “AVL B> B8 “¢0HRB, i
KRR N R 2B AL O(logn) o
6.2.2 FFuk

TP 4L open addressing ) ARSI ABSMIEESEA, MR “Z AN KBS R, HKIN7TRE
LOAREMEIRN, P75 RN Z IR 5
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N DAZRMEIRT B, TSI AR R A AL

1. ZiEEN

ERMEIRINR A 178 2 K R MR SR RMEATIRI,  HAR 75185 B G i RA PRl

- BAJCR: EREAREEOHREMRS, HRBMANCATER, WA RAERELEEN (P RKIEFEN
1), BRI, KooRmAH,

- BHOTER: HRMEAE, WERHERD KA TSN, BREKER MR, &IE value HI
Al AESRIEEISA, W ERTRAERA RS, IRE None .

B 6-6 o TIPS AL (RIEEIRID Ia A RAVBEER 70 A, ARYBILIGT REL, H/e AR key AR
SRR, TS LMERM, EMNAHRIRAAEAE AR DA R RIM .

#3| o |
20 <

FinFak 01

LRI, HKA 1 02
76 <

M7 KA key % 100 77

ERRAIHEER key .

SR EIAT TR

B 6-6 JHHTHE (ZMEIRID e RABER 2010

SR, LRPERINA S “REMAR T, BIRRE, HEHTESRE AN ERK, XEESAE R LR
REJATREMERUR, MM — P EfIZ A BRRMEAE K, TEBORIEIER, REASECUMESIRIEEA L.
EREERE, BOIARAETL SRS R EEMER TR, XZ2EAMERTR I EBAEN A — D2

None , TMIHAMTLRM, LMRMBZTMMSIRE, KX FRTTREICIEEHIRE], FFa]
RERFNIXETCRAEE, WE 6-7 R,
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=3l |

00 <
01

02

76 <
HipRcE ZkE,

MEAERIEZ THTET

78

6-7 {ETIRSHEFMIBRTR S BRI A S

N T RRUGZIAE, AR AR THHER lazy deletion) Hlfl: B REEMEFHERAERTE, MMM —
ANHS B TOMBSTONE SRFRICIX /M., 7EIZHLEI R, None F1 TOMBSTONE #RfCEZ34H, #F Al LUK BEX, (HAFE
F, ZRMEARIZ] TOMBSTONE i B iZdksim i, KAz N A GEIETEAE BB,

SRIM, BBUIMIER AT E NG i RATEREIRIL, X 2R N EHIRIMBRIREE &7 4 — DMBRFRIC, B TOMBSTONE
Asghn, PR, FOWEIERN AT RER Zpkid 21> TomBSTONE A REERE HFRTT R,

A, FEELMEFRNAIC BRI E D TOMBSTONE RG], HKEREIN HARTE S 1% TOMBSTONE A2 Hif]
B IXFEI AL R S IR E R EIRITER, TR R S AN E GRIEEG S HiLim, M
AR LB HRER,

AN SEEL T — M S Wi PREIT S E (MR SR, b 7 BEse o th il ARG R A as |, 3T
R BB P, SRS BE RN, [F2SL ks,

// === File: hash_map_open_addressing.cpp ===

[* FARIUEHER */
class HashMapOpenAddressing {

private:
int size; /| BENH=E
int capacity = 4; /] BEREE
const double loadThres = 2.0 / 3.0; /] AT RNAHREFRE
const int extendRatio = 2; /] T BEEH
vector<Pair *> buckets; /] TEEA

Pair *TOMBSTONE = new Pair(-1, "-1"); // MIB&+IRIE

public:
[* ¥EFE */
HashMapOpenAddressing() : size(0), buckets(capacity, nullptr) {
}
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[* WHETE */
~HashMapOpenAddressing() {
for (Pair *pair : buckets) {
if (pair != nullptr && pair != TOMBSTONE) {

delete pair;

}
delete TOMBSTONE;

[* MEEEEL */
int hashFunc(int key) {

return key % capacity;

[* EEF */
double loadFactor() {
return (double)size / capacity;

[* R key WEHEERS| */
int findBucket(int key) {
int index = hashFunc(key);
int firstTombstone = -1;
/] &R, HER =R BkE
while (buckets[index] != nullptr) {
/] EBEF key , REFHAERSI
if (buckets[index]->key == key) {

/] BEZEBE T RERTIE, NRRENBHEZRSIL

if (firstTombstone != -1) {
buckets[firstTombstone] = buckets[index];
buckets[index] = TOMBSTONE;

return firstTombstone; // REIFBEIERIEES|

}

return index; // R[EIHHZ5|
}
// IBFBEIREMIRIRIC

if (firstTombstone == -1 && buckets[index] == TOMBSTONE) {

firstTombstone = index;
}
[/ TTERES|, HidEZNRE LS

index = (index + 1) % capacity;

}
/] & key FFTE, MRERMAES]
return firstTombstone == -1 ? index : firstTombstone;
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[* EIEHRIE */
string get(int key) {
/] #BR key WHHEERSI
int index = findBucket(key);
/] EXRFREX, WRENE val
if (buckets[index] != nullptr && buckets[index] != TOMBSTONE) {

return buckets[index]->val;

}
/] BERENAEE, WREZEFRTH
return "";

[* TRIRME */
voild put(int key, string val) {
/] HREREFEIHREN, TS
if (loadFactor() > loadThres) {
extend();
}
/] BER key MRS
int index = findBucket(key);
/] EXFREX, WEE val HirE
if (buckets[index] != nullptr && buckets[index] != TOMBSTONE) {
buckets[index]->val = val;
return;
}
/] EREXNREFE, WRIMZREN
buckets[index] = new Pair(key, val);

size++;

[* MIFRIRLE */
voild remove(int key) {
/] BER key WHHFHRSI
int index = findBucket(key);
/] EXREFBREX, NERRITCESE
if (buckets[index] != nullptr && buckets[index] != TOMBSTONE) {
delete buckets[index];
buckets[index] = TOMBSTONE;

size--;

[* T BRER */
void extend() {
/] BERRER

vector<Pair *> bucketsTmp = buckets;
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/] Maky BEHHFIEHER

capacity *= extendRatio;

buckets = vector<Pair *>(capacity, nullptr);

size = 0;

/] BEENNREERRESEMEER

for (Pair *pair : bucketsTmp) {

if (pair != nullptr && pair != TOMBSTONE) {

put(pair->key, pair->val);

delete pair;

[* FTENIRER */
voild print() {
for (Pair *pair : buckets) {
if (pair == nullptr) {
cout << "nullptr" << endl;
} else if (pair == TOMBSTONE) {
cout << "TOMBSTONE" << endl;
} else {
cout << pair->key << " -> " << pair->val << endl;

¥8

2. FHHEN

SETTRISG S AERMZEAL, #RRIT IS HEA R WK —, SRR, P75 R E A Sl — 1 [E
TERPE, TRBNE “HRIMREEI T PR, B, 4,9, ... 9,

IR E S EA DM,

o7 RINE I BRI RO 7T B, I AR IR SR SR AR
R 2 BOS R EOR SR AL E, A B T IR AR 1S AN A,

SR, T IRIE AR SE SRR,
TR GFAEREINR, AIFLEALE L HAA S H A 5805 .
TP R, P RMATREASRINEENIE R, XERE ISR AN, PRt aTsE
LV E,

3. BRWBE

WA B, 2R ITEMHZ NI f1(x). fo(x). fa(x). ... BATHRN,
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CHBATEE: BIRTEE L, (v) WIS, MR fy(x) , DU, ARSI RR AT,
- FHOEE: RIS ERONE R, ERRE AR RNIRE; 25 A O R
FER, WHIRFRPAFEZER, WIED None .

HSEMRMMELL, Z2RGHTTEAZ T ERE, B2 NEHEEST RGN R E,

@ THER, JTRSEHE (PRI, PRI 2R GT) e REF(E “NREERMIFRITR" 1Y

w B

6.2.3 HIZESHNER

FAPGRAETE S R T ARG A RELBURES, 2 LT,

- Python ATk, T8 dict (8 hRETIECHTHRM,

- Java RA#EAMIE, B JDK 1.8 DK, 4 HashMap WEEH K EIRE| 64 HAFRKEIXE| 8 IV, HERSH
ML B AR T EE TR M RE

- Go RAEAME, Go UER MARZ NG 8 MNMEEXS, BMHARNEZ —MRHHA, HkEHMmLZ
B, ST IRRERISEEY BIRE, DIFRIEEE,

6.3 BRERZE

RPN T WA TR 2200 AR BRI A s AL B 75 7, SR CIe B IF SIS R e, BN RECRIE
WA 2] DA R W SRINE 7 AR, WSk DA g .

QRIS TARE, WBTRRAIERRNIS AR S, WE 6-8 FiR, X FheHibiasisk, MARNI N
EXR S HAES IS, RBIRAEEIRR; RZENO NATE B M E 2R — M b, RS 2R
t=E O(n) .

SE IS AR

RERER:
T REN IR HESMEP
BHEIEZ~E 0(1)

—— —_— — —> —s

REFER:
BEMNSHOHELRMEF
EEZRE 0(n)
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K 6-8 M RIERERN S RERN
BN A T DL IR B ONE . I R T DR, et RIam(E, A K

index = hash(key) % capacity

MELLEAK, HEHERAER capacity BTN, WMWK hash() JUE 7t E, HEMOUE 7 ENER AR
RPEI AT Lo

XERE, T RIS R Z AR, BN S REF N EHERFEIL hash() BT E,

6.3.1 BMEFZNBRG

AT SEBL BRI BUMR AR R EURSE, IR RIEN B A DU MR R

- et X TMRERA, IERERNMGL AR, XA RE IR R 2 ] R,
- BeRm: HHERTAERS RN ZE W, HEITHEUD, IR RAS AT,
- Ao I REIAN R REN S R ERT R, IS, IR AR,

Kk b, MAEEER 7RI DURTLBIGAR, 7 2N AT HA ST,

C WA N TR P EENLE, RIUEE A EREAMER T RIASCER, TR EED G
fHo HHMANEEN, RGN MANEHEITRERE, KR5S EERGHEEITHEL, MRMHE T
e, AB2ETERAL ) IE.

- BIRSERER R BE R0E )T A] DA RERRIR AR E R R0 1R AT DA T T SRR IR
BAERIGTAE, H5REWEINIEREEI T, WERMFILES, ARAREEREA e,

MNFEMARERN A, N TR MG RERES SR E A TR, BhRETRERSESSRNLZ L
Ritto

- Bt JorREId e A (E SAE O T R A BRI EAE R
- PIREEE: SCSREREIN D ARFEBIEA, ESEIRE AR ERH,
= VAR NG GV B 2 € el DA < = R N R =

BIER, W07 5 “bilEr:” RMAMNIOME, Fe S A i R iRk, BN, 7EREHL
BN key &, MFEE key % 100 A] U5 A, AMZaREEL TR, FraEmAHEER
key AR HARHHE, [RIEEFRATTAT AR 2 H PG 73 (B A HEHE FT A key ,  MATTTRBAR RS

6.3.2 MFEFIZEILT

G RIERRIHE MR EFRIFZRROERAE, AN TREZRASIR, RILAER L
BHERARER,

- MRERRA MR ARIEE TR ASCIL fSREATARNN, RS RIS E A AT (E,
ORI FIRBRIERRREZRNE, SRR, R DT ASCIT R EIG A E,
© REIGT: CREABIERN & T REN R R E RS MR ET.
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Jiekema A RN FATRY ASCIL A B E|— NS ES, SRR ATE SN MG A EHE T IR R,

// === File: simple_hash.cpp ===

[* DERRTE */
int addHash(string key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (unsigned char c : key) {
hash = (hash + (int)c) % MODULUS;
}

return (int)hash;

[* TERE */
int mulHash(string key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (unsigned char c : key) {
hash = (31 * hash + (int)c) % MODULUS;
}

return (int)hash;

[* BREEFE */
int xorHash(string key) {
int hash = 0;
const int MODULUS = 1000000007;
for (unsigned char c : key) {
hash ~= (int)c;
}
return hash & MODULUS;

[* NRERIRFE */
int rotHash(string key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (unsigned char c : key) {
hash = ((hash << 4) ~ (hash >> 28) ~ (int)c) % MODULUS;
}

return (int)hash;

WS IR, RIS RIER B — P #EUE X KRB 1000000007 B, DARRERIG T E7E S IERTERIN, (EIF

BRI, N2 ZSR X PO, B8 Ui S BUB R B2+ 2.7 12— M E BRI,
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Jelithigsie: ERIRBURME B, vl AR Kb PRUEIR AR 5 504t RN O 5 HAt AL
B, AT DARD R EUSHR VR T AR A R IR, AT SR E 7 v 2%

BT, IRIEFA DAL M BEL, BT DAL 3 B8BR, IRAFTE ] DA 3 BRI key BT HIIRESE] O,
3. 6 X=IETE,

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, ... }

GEREA key TRUFREIRXMPEEZRBENLAR 0, IBLMGAERLS IR SE, WTANERR R, BlfE, |
R modulus BHLNEIEL 13, HIT key Fl modulus Z HIANFIEALIEL, KA HIIB A EAE S ME SR
2 Tto

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,... }

ERHAIRE, WERAECRIE key RRENIISI AR, RIS PEEE GBI NBREE AT DA, e T#REm
HES S AT HINGT{EL 124 key BIIMRAEESRANE HIPERS, X S HEEE A 5 IR EIAR,

BMEz, FAEFIEBEIERE, X PR RER, DRATREHPRAMIME, ETHamE
TRHIRS

6.3.3 ERNMERZE

AMELRIR, DA AR IR EIEE L “HE55”, ImmieH IR RG A BIEMIL I BiR, fHlan, Bk
Sl R, R INTENS A S B A A e TR X o WA M BN AR AT ER, XA RES BN 75 i 2e,
FE5 [l — ez 42 R L,
TESZfrrh, BATEE S H—REIBF A, Hlgn MD5, SHA-1. SHA-2 #1 SHA-3 %, ‘BAITA] LUHEE K
JE£ (A NS LB 2 e E R IS A (E L
=ML Dk, B BRI R S AL RS R, — R N RS IR THIE R Bk MERE, 5 —
ERT RN R B E N T SHRE R EILENZ 2 E R, 3R 6-2 /R TESLIRN A H WIS Bk,

- MD5 1 SHA-1 EZ2R# IS, KL elssz e,

- SHA-2 R%|H ) SHA-256 BEZ e mAE Lz —, ARSI GRG], FittHBAESRZ e

DAz ESR IS NG ER
- SHA-3 #H%% SHA-2 SEBUFR EAR. HHENCRE S, (HHEAI{ B &SE AN SHA-2 &5,

*6-2 WWHIGHREIE



How IAMHR hello-algo.com 134

MD5 SHA-1 SHA-2 SHA-3

R 1992 1995 2002 2008

fi]

LETfARg 128 bit 160 bit 256/512 bit 224/256/384/512

& bit

A BE B% (-9 (-4

%

Z2%E R, EPisGh i, BRI & =

% ai

A EWGEH, MATEEREER  CHFH MELEHRZZRAE, FES%  WH TR SHA-2
&= &

6.3.4 HIBEMIILHE

PATRE, WA RA key ATDUREEEL, /INEELTATERSF R, IZIE SEE S X BRI RN E
MR, AT HEBRRRPIFAZRS, DL Python A, FATTATLAVAA hash() BRECR T RAREHERA
M A {E,

- BB /RERIG A ERURHA S

© IFRERT TR E T EROVE S, ANBREETR BT,

- NG RERN KPS PR TR, RERXERmREHSER, S8R —RAHEH,
- NREETEE T HAA A R, B ES N R TTIE, KT AE G E,

@ THIER, ARAEE SN BB E R RBEE 755,

// === File: built_in_hash.cpp ===

int num = 3;
size_t hashNum = hash<int>()(num);

/] ¥ 3 BRFEEN 3

bool bol = true;
size_t hashBol = hash<bool>()(bol);
/] FRE 1 REHERN 1

double dec = 3.14159;
size_t hashDec = hash<double>()(dec);
/] VER 3.14159 MIMSZ{EN 4614256650576692846

string str = "Hello E3%";
size_t hashStr = hash<string>()(str);
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/] FRFE “Hello BX” MIMAFEEN 15466937326284535026

/] £ C++ 1, AE std:hash() EHERBIEEENBRFETE
/] BA. WROMBETEFTERITEN

TEVFZmIEIE ST, RAATZENRA ENIER RN key o RINFATRSIR GHEEAD) 1F0 key, 251
RONEREZAN, ERNEREDRE2SE, RITMIEERTRTHEREFEH valve T,

BRAEXR (FLERT D AR R R 2R, (HER MG, 0 PR A X G IS A {0 2
TR, B RN ERLE T3Ml, HERNAFIIEAZE, BRETRZAZR,

AORIIRATRE R IEA R G s TP, HHRBRER RN, X2EN Python R SERRE
ahiny, B FAFHRIGA B —AREILNEE (salt) fH. XAMETER] LA ARG Ik HashDoS %Ki, 7
REN L2,

6.4 INES

1. EREHR

- Mk key, WATRAENSEE O(1) MIAMEINE value , XORIEMH R,

- BRI E A, TRIIREA, PR AR A 7 R,

- AT key WREDEAIZE ], ATV BARHEAKIR value o

- AR key ATAETEL AT RSURSERIMOSAL K3, SREAE BRI, RIS WA NS
Fhgs,

CRTRERMA, BRI T, FH T OB AR RO BRI T, SR Ak
{l, TR BRETTRIRA,

- T NI T R T SN IR DURSOR, R T RTINS AR, AT RIS T R A
44 1E,

- GBI N TR ONEER, KITE ST R AR — MR, AT, BRI K AR
R, T DABI A R R 2T SRR B AR

C TFREHEE S RIS T s, MR E S K, BAURREEMIRTEE, BAS R
8, ZUITS S AN BRI TR, MR MR T AR 5 T, (H % MR BB T 452
Ho

- RRIGRE SRR T RRIIAT R, B, Java (6 Hashmap R HIEE, [ Python () Dict 5
FTF ML,

- {EITRR, ROFERT R AR, SRR TR, BT, W67 SR RX
FU ORI MR %R

C RTERBERAATEIE N, DU AR I MG, IR TgE,

- HE RS EIRERE MD5, SHA-1., SHA-2 f1 SHA-3 %, MDS5 & ATk 52 ¥, SHA-2 FH
Tz RO 5L

C GRRE SRS SRR BT, TR RS, B R, AR
w4 R ATIATRIN,
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2. Q&A

Q: WHEMINE AL A TR O(n) ?

YT oS P EIN, R RN EERESIRME O(n) . YWBRFEBIRIHEF LRI, FRIREILK
B, RPN, NRSRER O(1) . FAIEAREESNERRFRRN, BEIIIN RS RER
O(1),

Q: Nt LAMEAMBAEE f(x) = x We? EHEMAZHMET,

£ f(x) = z WBWEECR, SANTRNMME—RRT], XSBEAEN. A, @A REFIZA T
B (B KRE), NI RE RS — P AR K B, HAIES, IR B2 — MR
RS2 IR E — MRS, FFREE O(1) &R,

Q: MAMBVIKELBUREA, R, XMW, ENFLRERULLETE &lE?
B, MmRINREeERES, EEERRERT ., BREAEHS 2 NERE,

Hk, RREREMEA R PN RERZR T 1R EIRERERS TEAH R AR A2 2% N o A B s R S
W, 2@ e R E R, KR ENIGRREOTETRZEITH, RS2 BOTE R,

BJh, WMARINEEREATRERE S, BINTEREA I, FRATTREE BE R B LL B rh T B ERIRAE,
RAIRILE O(n) I A1 XU

Q: ZRIATHEAREEEMERITRAIEFEND? bRic )y CMHERAY 2 X RE A A 5?2

ZRIGABITRFHER —F, TR SHEREA A REERMIPRT R ARG, FEEIARCHBR, frid oy EMiPR
AUz A AT ARHREE . HRFeRimA MG R R, JF HIEEG A EEEREIbRIc oy EMPRAIA B, %A E AT DL
BOFrTERE M IXFERELRE LRI RATRIF FIAZE, XRERUEMG AR R A 23 R FH %,

Q: N 2T, EBITTRIIN RS HBLIG A hRle?

AN (GBI IS 77 PREER BN S AN BEERT, &I key APLHS, IXHUARRAMRAR MR, Kk, LRl
REMRIERUCBOE R RARIR A N &R, EERENERTEN SO BBk 1k,

Q: N2 R A RENS R ARG T h2E?

W 7 PR AR B Je — AR RN B K n B (BGR), b EVE SRS NEE N, £ A5, Mk
& n RAEZAE, T key MMAIRSG [BATRERZEL . FICEER —MRIIZD key , FEI BJERIRES WAL
FIZ A, TSI A PRI R
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O SRAMFEA T, IR, SRR,
v EREARI T BRI AT,
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7.1 =X

FZX# binary tree ) Z—fIF& Mt EdRaity, R “HIL” 5 B ZRIRERSR, AT “—noh="
MIiaiZ . SHEREM, “XWIERBITRET N, 8P TRESE. 271G G 79 851 H.

[* ZXT R +/
struct TreeNode {
int val; /] TRE
TreeNode *left; [/ EFTmigH
TreeNode *right; // AFTSigs
TreeNode(int x) : val(x), left(nullptr), right(nullptr) {}

AT REERANSIH GBE), o2aliEm TE 7175 left-child node 1 T4 7715 & right-child node/,
IZ R IR AN T s TATT AL parent nodel o M4 E — D X RN, FATRZT AT
T R S H DA AT s BRI IZ T s T/ 71t left subtree), [RIFEATTS T4 78 right subtree .

FE X, BRMYT 0, FARA T R & 1 REE R i, aniE 7-1 R, WERREE TR 27 R
TR, WHAFWRMGFTRDAE R 4" 1 “W9R 57, EFag A 4 LHEDUN SIE R,
HTRE R 5 MELUR T R RAIR,

4 ) RN

binary tree

|
H:V ﬁﬁ.ﬁn

i aFH

ANV
Vivivi

7'1 5&%‘){_\:‘;\ ?‘_’ﬁ‘)—sj—\:‘;\ ?‘*X\T

7.1.1 —“XMERARIE

T XY EFIARTEINE 7-2 FR.

- T root nodeJ: M T = XMTRZAIT A, AR H,
- TH-i 5 leaf node: &E 71 M1 A, HFMNMEHIFER None .
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- [ edgey: ERWADTT R, BITA5IH GEE).

- WRFTER) TR level): MIREGEN, WY RRFEZEN 1,

- R TR degree): TRHY T RAVEGR, £, EAUBEEREZ 0. 1. 2,
- XM T height): MARTT RUEIRIEM 11 R A2 R AR,

- TR TRE depth: WRFTREENZT ST A AR

- TR TR height: BRI RURIZAM-T (817 R A2t BUIL R ECR

i di
[

¥ s
7 I
"
=

SN N | 2,

/| [ /)

B
I §

i
N

7-2 X WRE RS

@ THER, BANEFER “mET N WET E O "l RaR R, (B S E s AT RE
w SRHIE SO "R RV, FERAMEILT, R EERR N 1,

7.1.2 ZXRMBEAIRE
1. sk =Xi

SRERHKEL, BHIeHa R, REEESIA (68D,
// === File: binary_tree.cpp ===

/* MR */

/] AT =

TreeNode* nl1 = new TreeNode(1);
TreeNode* n2 = new TreeNode(2);
TreeNode* n3 = new TreeNode(3);
TreeNode* n4 = new TreeNode(4);

TreeNode* n5 = new TreeNode(5);
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/] HMETRZEN5IA (&%)
nil->left = n2;

nil->right = n3;

n2->left = n4;

n2->right = n5;

2. EANSHIBFHR

HREREML, 15 Al A\ S INERT m0r] OB B SRR, B 7-3 28 T — B,

HANTR TBRYS
nl.left = P nl.left = n2
P.left = n2

B 7-3 £l A SR T A

// === File: binary_tree.cpp ===

[* NSRS */

TreeNode* P = new TreeNode(0);
// T nl -> n2 FEHEATS P
nl->left = P;

P->left = n2;

/] BRI = P

nl->left = n2;

@ REERERR, AT RARERUE XK I IZRAH, TMERT 08 % B wE PR
- TRNHFE TR B, £XRE, BASHERETZH —ERIELE2mN, DSSIE
KRR X HIHERIE,
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7.1.3 ER_-RiFER
1. BE_XWH
N 7-4 FoR, (522 XW perfect binary tree) A R I S#s o2 &, E5226 U, M5 510

BER O, HARFATAIERR 2 HMIEEN b, TSRS 2" — 1, RIRRERIRREER,
ST E RS R AN T R

(r) THER, EHRSCEX A, SERTME AR Tl =S .

w
SER_XH
perfect binary tree
(t2 AR A i)
FRE RRTS mER R
7-4 SEE XK
2. BEXH

W 7-5 FR, 582 XM complete binary tree] RERKEMNTTRAEEK, HRKETRRERL
H7E,

LR

complete binary tree

REETRELRRE, EttETNREWIER
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7-5 FEETXH

3. TR

i 7-6 Fiw, 52— XX full binary tree) PR 179288, HRFTAE T SEA DT M.

b

full binary tree

FIETRNESRA 0 = 2

7-6  SEl— XM

4, FH R

GnkE 7-7 FoR, TP — XA balanced binary tree ) FHYEREN RREFRHAIG FRIEY S E 2 Z I 4HEAR

g1,

EH—R

balanced binary tree

VTR EFNRE - GEFHEE = d
M PH_XNPFAETREHE |d] <1

7-7 VA X

7.1.4 —XH0Ek

K 7-8 R T — X BRARSEA 5B EEA . Y — BT SO, JRF] “SER XM, AT

AT R A — U, ZRHRICN “BERT,
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- ERXREEEENN, ATDASE AR X ia” L.
- RERNIR S — MR, STURIEEE NRIERIE, NRERERMELE O(n).

7N )

4
[\ /
4
ittt / Bibei
TETXRI 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,

XM W 7T AR R R, BT, R A i R

7.2.1 BFiER

WE 7-9 Fow, TEFIET level-order traversal ) MITEEREZE BT XA, HES—BEERMNERG
BRI 377 1717 R
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BErwliAR LET [T B/ E breadth-first traversaly, t#k T REEL/EI% R breadth-first search,
BFS|, BT —H “—E—REmsNT R WZEEiRT 7R

T EfR @R

BFEBRE (=7 @ i)

Acerereerareesanensanes 1, 2, 3, 4, 5, 6, 7

K 7-9 “XWHERFESD

1. fUEEsEH

TR @ ) RS SR, PASIENE “JeHESCHY” BRI, RO s i R
ORI, P TS e AR — B, SEBARRGAN T :

// === File: binary_tree_bfs.cpp ===

[* BE&H */
vector<int> levelOrder(TreeNode *root) {
/] WEMLEATI, MART =
queue<TreeNode *> queue;
queue.push(root);
/] MEE—"15%R, BFREFEHFS!
vector<int> vec;
while (!queue.empty()) {
TreeNode *node = queue.front();
queue.pop(); /] BABIHBA
vec.push_back(node->val); // RFTSE
if (node->left != nullptr)
queue.push(node->left); // AEFTENI
if (node->right != nullptr)
queue.push(node->right); // AFTEAA
}

return vec;

2. EREDH

IMIEAEHN O(n) « FTA T REVIR—R, @/ O(n) WE, Hibn s,
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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

MR, 57 ARG B E T R EE DT depth-first traversal J, AR R LSEE R depth-first
search, DFSJ, BT —H “JeEZIRk, FHEIHkSS 1& T 77

& 7-10 JEoR TR = ORI TR AR Seim P i AR B, PRI SC P s g2 Se 6 T bR — SIS A" —
B, N REKBR=MIE, oA NATRE R, S S R

def dfs(root: TreeNode):
" RIRE SR

A if root is None: return

g @ BpniR AT
dfs(root.left)

@ EisiRAEFiH, MFHREFR
dfs(root.right)

® EETFHBMENR, HBGEE

REREEE 7 Ok,

HiFFER (E @ AARTR)
1, 2, 4, 5, 3, 6, 7
HFER (£ @ 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. E3sEH
RS RIE R BT IS5 :
/] === File: binary_tree_dfs.cpp ===

[* BB */

void preOrder(TreeNode *root) {
if (root == nullptr)

return;

/] BRIRER: RS -> £FH -> AFH
vec.push_back(root->val);
preOrder(root->left);
preOrder(root->right);
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[* HEEH */
voild inOrder(TreeNode *root) {
if (root == nullptr)
return;
/] BRIRER: EFH -> IR -> AFH
inOrder(root->left);
vec.push_back(root->val);

inOrder(root->right);

[* BF&H */
void postOrder(TreeNode *root) {
if (root == nullptr)
return;
/] AR £FH -> BFH -> RER
postOrder(root->left);
postOrder(root->right);

vec.push_back(root->val);

@ LSRR WA IR TR AL, AR IS A] LB TR

B 7-11 JeoR 7P P — R AR ITEARE, HAlaoh 3™ F1 037 BADSEEEs L.

1. 8" FRITEFTTIE, BRI T — N R,
2. “I77 FoREBORIE], RRYFTTTREETIFEE,

#: mFe #: mFRe
13: LB 1a: e
HEE ( ® W)
1 1, 2
N
@ -e
| step 1 | Step 2
7 B TR B R
i 13: FEEH V3: rEE

HIFFEH (7 @ SAIATIR)

1, 2, & 1, 2, 4

‘ Step 3 Step 4

HIFF8R (7F @ 45T

HIFFBH (F @ A4i5ETR)
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s

i#: ETE
13: @ EELH

HIFFEH (7 @ SiAIATIR)
1, 2, 4, 5

#: TR
3: B LEEH

HIFER (F @ LiHiETR)

Step 6

#: aTEE
V3: L EE

HIFFBR (F @ 4i5ETR)
1, 2, 4, 5

#: MR
A: B EEH

HIFER (7 @ 45T

1, 2, 4,5, 3 1, 2, 4, 5,3, 6
l Step 7 ] Step 8

B TR #: mTRE

3: @LEE A @ LEEH

[ Step 9 ]

HIFEH (7 @ AT
1,2, 4,5,3,6

Step 10

HIFFER (@ LinET)
1,2,4,5, 3,6, 7

#: mFRE
3: EEEH

HFER (£ @ AihETis)
1,2, 4,5 3,6,7

Step 11

K 7-11 #iFE s

2. ERESH

INFERER O(n) @ FTA Y R —R, A O(n) N,
BREREN O(n) : FEREHBIT, BIRDRACVEERN, BITREIXE n, RELH O(n) Bz,
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7.3 ZXRHART

TERERFOR T, “XWIFAERTTN T A TreeNode , TR MBI FREHAHER, - THERRTH
XM AR

2., FATIRETS FIEEHR TR X IE? A 52 HEr,

7.3.1 RERFTEZXM
ot — ME RN, A —MREE XMW, BATEMRE T SIZREF iR NIF 7 E— DA, e
AT RERAS B ME— AR &S |,

IRE R i R, BRI DS R ARG IS FHRRIIZHE B AR": HENERRI DN,
WZVWRIAEFNTRRTIN 20 + 1, AFNRRTIN 20+ 2, B 7-12 R T &N RRT | Z FFIBL <
Ao

7
%mﬁl//f\\\
//1\\ //2\\ WEEARS: i

BRI K F

PV PL L s

BFTRATESl: 2i+2

7 8 9 10 11 12 13 14
fERBART XY

TEFS 0 1 2 3 456 7 8 91011121314
BRFERF

A 7-12 SEE-NHMIBHFIR

M%&TMﬁ@ﬁé?%ﬁ¢MEﬁo%iﬁ%$mﬁgéﬁ%5 BATTHAR AT DA gt A ORI R e R A2
() IR

7.3.2 RLEEZXH

FER XR— DRI, A SR EE A EVFZ None o I T BRI FHIH A ZIXLE None , [l
IEBRATTCIEAUE P FISRAED None VBB AL E, XERE FAEZ R METHIERTT & %27 %
B,

Nl 7-13 FioR, A —PRARSESE XM, EIRRMEBEHFRR T IREARA.
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ZFT (B4E) TEME—RRLE =R

WeAFEl 0 1 2 3 4 56 7 8 9

a1 [2]3 4 [6]7[8]o12]15)

B 7-13  Z R 2 B 2 i — SO T REE

NT R, FRATTRT LA IBAE R D 5 b e sV S A None o A1 7-14 iR, IZARALFE)S, 2
i 1 Fe Ak a] DAME— SR XK 7o BB anT :

[* ZXWBEERT */
/] EB int BAE INT_MAX FRIZZE{I
vector<int> tree = {1, 2, 3, 4, INT_MAX, 6, 7, 8, 9, INT_MAX, INT_MAX, 12, INT_MAX, INT_MAX, 15};

ZFTI ($EH) MR T AN

BRI 012 3 456 7 8 91011121314
BFERF3

=i

K 7-14 (FERA W EEHER R

EREARNE, e - XHERIES I BADRIGR. RIIsEe — XMATE X, None RNBIfERIIKZ HEEH
RINCE, BIBLFTA None —i2 HBRAEIZ RIS AR S,

XERE EABEHIOR 22 X, RTDLEISIEERTE None , BRI, 18 7-15 S H T — Bl
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BRERFT (88)

EAREREH
RERCE e

BRFERFY ($4E)

8880800000

7-15 584 " XWHEEH TR

DA SCEL 7 —RRE TR AORH XA, B4 DU LR,

HERTR, REME, £ (B) Fia KRG
RN, e, Bl BRrEEmhEsl.

// === File: array_binary_tree.cpp ===

[* BEART TR XL */
class ArrayBinaryTree {
public:
[* & E */
ArrayBinaryTree(vector<int> arr) {
tree = arr;

}

[* FIRBE */
int size() {

return tree.size();

}

/* FREVZRE|A 1 TRHE */
int val(int 1) {
/] BRSIMR, WERE] INT_MAX , RREML
if (1 <0 || 1>=size())
return INT_MAX;
return tree[i];

}

/* REYES|A 1 TRENAEFHRNERS| */
int left(int 1) {
return 2 * 1 + 1;

}

[* FBERS|A 1 TRNEFDBRIERG +/
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int right(int 1) {

return 2 * 1 + 2;

[* FREES|A 1 TRIXTRIERS] */
int parent(int 1) {
return (1 - 1) / 2;

[* BFER */
vector<int> levelOrder() {
vector<int> res;
/] BEXEmhEA
for (int 1 = 0; 1 < size(); i++) {
if (val(i) != INT_MAX)
res.push_back(val(i));
}

return res;

/* BIFFER */
vector<int> preOrder() {
vector<int> res;

dfs(0, "pre", res);

return res;

[* BB */
vector<int> inOrder() {
vector<int> res;

dfs(0, "in", res);

return res;

[* EFER */
vector<int> postOrder() {
vector<int> res;

dfs(0, "post", res);

return res;

private:

vector<int> tree;

[* REMFEEH */
voild dfs(int 1, string order, vector<int> &res) {
/] BERZELL, MiR[E
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if (val(i) == INT_MAX)
return;

/] BiF&A

if (order == "pre")
res.push_back(val(i));

dfs(left(i), order, res);

/] FEF&H

if (order == "in")
res.push_back(val(i));

dfs(right(i), order, res);

/] EFER

if (order == "post")
res.push_back(val(i));

7.3.3 iR5RRY

CXMBIBEH RO R EE A P MR

- BRSNS R, NRAF YT, ViS5 s ek,
- ATEAETRE, BT E A,
- FRVFBERLYI AT A

SR, BRI E— /IR

- AR EESNF R, BIANE S R I KA,
- R SR A B N S B R ARSI, R,
- XA EAER R None I, B SR REUREILERMR, 2RI AR,

7.4 —X¥EFR

N 7-16 AR, [ = XA9ZRM binary search tree) /& AR &M

LW TRYA, ZEFRdira T SrE < R R 00E < AR irE v RRE.,
2. EEWRRE, AR SRR, RIFERERE &M 1. .
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—RigFhH

binary search tree

K 7-16 — AERM

7.4.1 “XEEWMBVIRE

BAT X R E N —1 2K BinarySearchTree , FHAB— P GZE & root , fEFMTAYIR T mi,

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,
-+ Hicur.val = num, VERAEREIEART A, BREEIEPRIFIRENZTT A
R e e=-gmprEnsa @

() ) () @®
VAN VAN
AAAR AARARA
0000000 0000000666

Step 1 Step 2
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EREFRPERTR E-RERRPERTR

AAAR NLOD

Step 3 Step 4

7-17 ZXAREW AT RURHBI

X AERM ARG S EIRERN TR 2, #RAHERR 1B 0, TE R 2 — A
EE, YRR, A O(logn) NHL, REEELT:

// === File: binary_search_tree.cpp ===

[* BRTR */
TreeNode *search(int num) {
TreeNode *cur = root;
/] EFER, 3T REHkH
while (cur != nullptr) {
/] BWTRE cur HEFHA
if (cur->val < num)
cur = cur->right;
/] BEWTRE cur HNEFHE
else if (cur->val > num)
cur = cur->left;
/] HBIEAT R, BRHER
else
break;
}
/] BEIBfRT R

return cur;

2. fATIR

B MMEREATTER num , O TOREF SRR R < MRTR < AT BOMER, EARERARE
7-18 firrRo

1. HEREANE: SEBEREML, MRT A, RIS RUER nun FIA/NEREIAE MER, H

FE AT R (EJIZE None ) INBRHITEER,
2. TRIZALEMAN R WAL R num, BZT BT None RN B,
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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.cpp ===

[* BANTTR */
void insert(int num) {
/] BEWAZE, WEARTS
if (root == nullptr) {
root = new TreeNode(num);
return;
}
TreeNode *cur = root, *pre = nullptr;
/] EFER, BT RERkE
while (cur != nullptr) {
/] HREEET S, HERE
if (cur->val == num)
return;
pre = cur;
/] BENUEE cur BIGEFIAR
if (cur->val < num)
cur = cur->right;
/] ENUEBE cur BNAFA

else
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cur = cur->left;

}
/] AR
TreeNode *node = new TreeNode(num);
if (pre->val < num)

pre->right = node;
else

pre->left = node;

SERN AR, FBAWRER O(logn) NFL,

3. MBEH=

JtE XM EREIEART A, FREHMIER, SRAT AL, FMNTEBIEEMRREEmE, —XER
PR “ZE i < IR < T AOPEBTIRT S, BRI, FRARIE BEARTT i 79 8’ 7200 112 =
RGO, BT L AR s A1

N 7-19 PR, HAEMBRT AR O I, FoRZT AU, A DAEENER,

E-sEEmEEE @)

00000000

cur

1. BREWRSS cur v e cur B 2. BEREMER cur BIF

FHR¥E =0 #1177 pre.left = None

B 7-19 EXIERMHPMERT A (RN 0)

Gl 7-20 FiR, UAFMHBRTY AV ED 1IN, REARINBRY RO 0y H 7 R AT
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E-REERTIRTER (©)

v WA cur B 2. ¥ cur BIEAETFER

P4 e
Lo LR LT (L FHRHE = 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

E- g EE (O E-xgRnTEssE @

Y . f\
@\ 1. BHREMRTEA cur . 1. EREMRTSE cur
A A

/\ © A cur WFHAKE - 2
@ o™ 2. MBTR cur SA=H:

@ &j f @ j J»\ /0\ (1) &R cur ERFBEHNEETSR nex
D € @@@é@ 000000

A

l Step 1 ‘ Step 2 J

E-xEERTRsE O E-xigEmrnER O
= |
\ 1. THRBREA cur

v TR cur WFHRNE - 2

1. ERHBRTSR cur

v A cur MFNABE - 2

2. BIRTR cur FH=ES: Y © 2. BIRRTA cur DR=H:
(1) & cur EHFERNESTR nex (1) &R cur EPFBHNELTIR nex
(2) FEZXMFRIIMFRTR nex (2) XMW nex
.
00000

(3) ¥F= nex ERATH 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.cpp ===

[* MBRTI = */
void remove(int num) {
/] BEWAZE, BERFHRE
if (root == nullptr)
return;
TreeNode *cur = root, *pre = nullptr;
/] TERER, BIHREBkE
while (cur != nullptr) {
/] HREERERT =, BRHER
if (cur->val == num)
break;
pre = cur;
/] FRBRTRE cur HNAEFHE
if (cur->val < num)
cur = cur->right;
/] FHBRTRTE cur BIZE T
else
cur = cur->left;
}
/] BEREREFET R, WEEHRE
if (cur == nullptr)
return;
/] FUSEE =0or1
if (cur->left == nullptr || cur->right == nullptr) {
/] BFTEREE =0/ 1 B, child = nullptr / ZFH=
TreeNode *child = cur->left != nullptr ? cur->left : cur->right;
/] MFRT S cur
if (cur != root) {
if (pre->left == cur)
pre->left = child;
else
pre->right = child;
} else {
/] BB RARTS, NEfMEERTSR
root = child;
}
/] BBRF
delete cur;
}
/] FURHE =2
else {

/] FEFFEAF cur B F— 1 TR
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TreeNode *tmp = cur->right;

while (tmp->left != nullptr) {
tmp = tmp->left;

}

int tmpVal = tmp->val;

/] BAMIPRT = tmp

remove(tmp->val);

/] F tmp BEH cur

cur->val = tmpVal;

4. PEFEHERF

i 7-22 fioR, OB RGO — R — A7 AT, Mo SXAERREE AR <R

TR < AT FIRNER,

REREE X ERM TR, SR N — MR, A H—PNEZEER: X

BRI

A b i e BB, FRATIE = SR R 5 8RR O(n) IR, TEAURATHIMNOHE TR 1E,

TEH =R

Z IR FERFY

TERAF

PFIERE,
TRE @ AHEAiE

7-22 ZXAREMHI R P P

7.4.2 “XHEFEWBIME

’ - ~ “
R NS
'f 'l \~ 5..
. ' % S
r ) r [y
N I [l
! ] ]
! N
h [l [l
s AV A AN 2, &, 6, 8, 10, 12, 14
’ PN VA AN
v [/ 1\ N M T\ % /
4 1 H . A . N
J ) . " ’ 1 H ~,
. . I 7, A ) N \~
L | 4, A N £y
[ I 1 \
\ ;1 H |I 1
L)

AR, BB EE B IR, MR 7-2, AR RMAR TR (RN (7] 2 2% AT
A, BARE Beiirat. RAERIEIN, IR ESPREARR RS, B = AR AT
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R 72 BASHERMERERYT L

TP AR

#HLE  O(n) O(logn)
AR O0(1) O(logn)
MEREE  O(n) O(logn)

FEHARTROUT, —XHURREUE P 1Y, XAA] BAE log n 1B EBRERT /.

SR, AHERBATHE = SHER MR AW R AFIRIBR T L, ATRES B XWIRIEONIE 7-23 FIRAVBER, IXHF%
FHRIERIIN B E R E BRI O(n) -

4
A p
[\ )\ /
4
T TR 4 B RiEFR

7-23 T XIEEMIE(L

7.43 “X¥EFMERMNA

- RERGHHZHRRG], LHEREIER WA MPRERE,
- VRN R IR R R RS
- AT EEREER, DA RIS,

7.5 AVL#$*

15 “HURMY SRR HRE], SN NRIMIRRIES, — SRR R, T,
TR ERII L 25RO (log n) 46 O(n) &

G 7-24 FioR, S RIRIIBRTY R 0E, XM AR R E IRV EER,



O ) hello-algo.com 161

@ @ BT 5 BRRTE 3 @

oo

EfE Bk
R ZE=—Ri R

[ 7-24  AVL STERBRTY UG & AR L

G, FEE 7-25 FURR5E3E R ARl AP N RS, BER TR AR, A ERIRCERI R R A
FHko

o [
@ @ HBATA 2 @ @ BATE 1
o

By iBf
SRR H FH—X EE—X

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” HH@H T TAVL #f 1o IESCHIEAIRNA T —R5HRAE, WERIERSESIAMIERT <5, AVL #f
AR, MRS SAHRIERII 2 R E R O(logn) il #ANIESL, 157 ZAM BTG M & BER
PERIZ R, AVL B REAGAORT I BdE SR e RE, BRI A ME.

7.5.1 AVL PERAKIE

AVL WELR — SHERN, U@ -l — SO, RN R IX 8 SRR AR, R air oy Tr — i
M balanced binary search tree],
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1. PREE
T AVL S B IR ERR IR BT s, R R IR E T s8R0 height 255

/* AVL BT */
struct TreeNode {
int val{}; /] TRE
int height = 0; /] TREE
TreeNode *left{}; // EFT=
TreeNode *right{}; // AFTm=
TreeNode() = default;
explicit TreeNode(int x) : val(x){}
IH

TREET BIENZTT R EARIZH T AR, B T M E, TERITEERRE, MR
AU O, T RREEN —1 o BATRATEM D TREE, 725 TR R s i m

// === File: avl_tree.cpp ===

[* KRBT REE */
int height(TreeNode *node) {

/] ERREEA -1, HEREER 0
return node == nullptr ? -1 : node->height;

[* BEThREE */
void updateHeight(TreeNode *node) {
/] TEREEETESFNEE + 1
node->height = max(height(node->left), height(node->right)) + 1;

2. BRFHREF

TRy I F balance factor & XN RUVZE TR E A TS,  [RINBUE 2319 R0~
Th 0 o BANFERRFRICT V- T RIS RER R KR AL, 75 (eS8 :

// === File: avl_tree.cpp ===

[* REVEEERERF */
int balanceFactor(TreeNode *node) {
/] EURFEERFN 0
if (node == nullptr)
return 0;
/] TREERATF = EFNEE - EFNEE
return height(node->left) - height(node->right);
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(r') BEOPEAITON f, W—#R AVL REERET AR PR FEme -1 < f < 1.

7.5.2 AVL BihEs%
AVL W STET “Hefs” R0E, ‘EREASTE ARSI — SR i i e A IR0 R, ey s min g
5, BRAEVL, BEESIRVEREREORRR “SUSEM WPERR, WA EREN PR U,

PATRPHTR FAaHME > 1 AU RO “REGT 7 ARIET KRBT ORI, B R PRt HE
e, Jealea e, Sellefatiie. N HIX L ek B,

1. Ak

N 7-26 AR, TRCRTEEET . WEREDE, —XRAHE N RZ 1A 37 TATREIZK M
TRORTT R TR, RIZTT 000 node , HZAETTRICH child, $04T “HhE” #ff, selithes, T
TREF-, I EAROREE AR R AL,

N 7\
. S - BALEABNT R £
/ /mde BIRTEIZA node
G WEFHREN child
/ : /[hﬁw
Step 1 Step 2
\ i BERE: / \ N RIERE:
enzrs —(§))
1. Bl child #E&, % node FAlEs /[[13\ 1. Bl child W, % node MAhEss
5
PN 2. M child #RMAT node HfIE
0 BN
/éhil}\ * IR, EFHERRETE
ode

Step 3 Step 4

7-26 HhERIES R

WE 7-27 AR, Y5 A child BEFT A (G0 grand_child ) B, BEELGHEFHRIMN—%: ¥ grand_child
YE4 node FYA 715 i,
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K 7-27 F grand_child B heslE
‘AR R MIERAIE, KPR L FREEI B SRR, RS TR R:

// === File: avl_tree.cpp ===

[* BTERIE */

TreeNode *rightRotate(TreeNode *node) {
TreeNode *child = node->left;
TreeNode *grandChild = child->right;
/] LA child AES, ¥ node MGHEHE
child->right = node;
node->left = grandChild;

/] BFRTREE
updateHeight(node);
updateHeight(child);

/] BB EFRERT =

return child;

2. EhE

MR, GHERZ & LIRS — XA “BifB”, MITRERITE 7-28 FoRi) “ZEhe” 1#1E.



O ) hello-algo.com 165

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 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.cpp ===

[* FEHERIE */

TreeNode *leftRotate(TreeNode *node) {
TreeNode *child = node->right;
TreeNode *grandChild = child->left;
/] LA child ARS, & node MIZEhed
child->left = node;
node->right = grandChild;
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/] BFRTRRE
updateHeight(node);
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”,

7 child $#4T @ 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. NefsR0ER

& 7-32 R P RPR S G L 5 RIRRBIBR XN, Al ER A e, Seiebgatbe. Jorlea/ohe. 7ohe

WA

FoIhE
=22

FhahE
=73

ke

& 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 ST P, AR RN
/] === File: avl_tree.cpp ===

[* BITHEEEARIE, R FNERRE TS */
TreeNode *rotate(TreeNode *node) {

/] FFEXT 5= node HYFHIAF

int _balanceFactor = balanceFactor(node);

/] =R
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if (_balanceFactor > 1) {

if (balanceFactor(node->left) >= 0) {
/| e
return rightRotate(node);

} else {
/] FEhREETE
node->left = leftRotate(node->left);
return rightRotate(node);

}
/] Efmk
if (_balanceFactor < -1) {
if (balanceFactor(node->right) <= 0) {
/] Ehe
return leftRotate(node);
} else {
/] FaEREER
node->right = rightRotate(node->right);
return leftRotate(node);

}
/] TR, FTher:, HiRO

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.cpp ===

[* FATE */
void insert(int val) {

root = insertHelper(root, val);

[* BIFENT R GEBNIEE) */
TreeNode *insertHelper(TreeNode *node, int val) {
if (node == nullptr)
return new TreeNode(val);

[* 1. BERBANIEHEATR */
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if (val < node->val)

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

node->right = insertHelper(node->right, val);
else

return node; /] EETRAREAN, BER[E
updateHeight(node); // BT maE
[* 2. PITHERRIRIE, ZTFHENMETE */
node = 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.cpp ===

[* BBRTR */
voild remove(int val) {

root = removeHelper(root, val);

[* BUAMIBRT R B E) */
TreeNode *removeHelper(TreeNode *node, int val) {
if (node == nullptr)
return nullptr;
[* 1. BT RHMER */
if (val < node->val)
node->left = removeHelper(node->left, val);
else if (val > node->val)
node->right = removeHelper(node->right, val);
else {
if (node->left == nullptr || node->right == nullptr) {
TreeNode *child = node->left != nullptr ? node->left : node->right;
/] FHEHE = 0 , BEMER node FRID
if (child == nullptr) {
delete node;
return nullptr;
}
/] FHREE = 1, BEMBR node
else {
delete node;
node = child;
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}
} else {
/] FRREE =2, WRPFBHN TN RMER, HAZTRBRIsTHR
TreeNode *temp = node->right;
while (temp->left != nullptr) {
temp = temp->left;
}
int tempVal = temp->val;
node->right = removeHelper(node->right, temp->val);
node->val = tempVal;
}
}
updateHeight(node); // BT AEE
[* 2. PITHESSIRIE, ERTFHENMETE */
node = rotate(node);
/] REFREIRT =

return node;

3. EHTR

AVL BT RIS ZHERM —8, 7R,

7.5.4 AVL R8BI

- HENEERTLEER, IS T RER, (RS E 7 5.

- AT HREIEETIRTIRG.

- CLERREVFZ ML AVL B SESZRGH, IX 2 RN EL SRR AP 45 PEARS BERR, 1R £ b e A\
BRTT U R R B AR A D, T s R VR P R B

7.6 NG

1. EREH

. gimméﬂlﬂ%’%ﬁéﬁlﬁ%ﬂ MSIJL R NRIEE. B X RS MERNME
B, AR T SR T

: XJ‘?_WFXJ‘EPE’J%/I\%‘)%, Hie (Z’i) TR U N BRI AR N T R B 2E. () F

© XMBIRRARTBCAEIRTT A, M AL B E b SEMRESE,

- XHIRIAM, T REE AT BRI SRR AR T IR
B LH) R 7858 X, sE e OB, SEI — SORTRIT 8 OB, 538 = XOREE SR BLAR AT IR
&, MHERERMERRZERE,
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© SXRATDUHEBERR, TR R EN R IR HES, HARIERT RS T R Z AR
RGOS RR LB

C SXMRE s BRI, BT RSN R RN, s
IEBABIR S,

- BRI, ERED EETRENCER, ENAIT SUESIURSL, mBRaks:” fenri, |
5 FH IR RS

- SRR - MES T REREIES N, KA, mARMERRERN FE A O(logn) .
Y IR AOVEERN, BRTNAERERHLE O(n) .

- AVL B, WFRPHE = SARRN, I e R ORI AFIRHBR T S AT AR R 18

- AVL WHUBERSRIE IR A e, Zohe. Jorhefahe. Je/ehemnahe. fEmABMPRT S5, AVL S
MR TS T IR LR AR, (ERTE R &2 P14,

2. Q&A

Q: MTHA MWK XM, A mEFRIMRT SHREARZ 0 15?2

T, DY@ TR @R 2 SO G EE”,

Q: “XMFREEA SR — M —ERIELE N, KB “—ERIE" faftale? o] DIERNBRIR T
TR PR PRI ?

EXALRRERZB, ERTT SR =R EOUCEE,  Hrh AR O R T 2 N ERA T R,
Q: HMft2 DFSh XA, . Ja=Flire, 25aH2mE?

S e B R R, Bir. B, Bl =M X T, BT AR eS8 — R

T FRREE R, FIINE_XERMT, HTFHEARNGE EFTRE < BTAE < AFTARE, Wit
BAMTHEZR I — R — &7 WIEGOsm, el DIKEE R sz,

Q: HHERIE RIS T 5 node. child. grand_child Z[AIZRZR, HF node AT mifll node SRR IIERE
AFEBYEIL? et e g T2

FAV R E N T A R B XA B, A5 @18 1F right_rotate(root) f& AU F M AUAR T, R
return child JR[EIFER: < JEHIFRIFRRTT o FRIBINRT RATHACT R BIEROR T X R HOR BUE 52, A
J& T e R E L,

Q: 7 C++ 1, R4 private fl public H, XA HAEMTLEZRIL? AL EW height() EKEHI
updateHeight() FRELS HIHLAE public 1 private HlE?

FTEEHFENMERGE, MRAERERNTMEH, Bl private o Fla0, P s#kE A
updateHeight() /B A R XM, BHEMA. MEREEFIFI—5, T height() BRI SEE, KT
vector.size(), [RIHIZEK public PAMEFH,

Q: nfa \—2H i ANBHEAT I — MR = W REM? IR R R N REE?

SR, MR Y75 CAE T AR RS Y build_tree() JTIAHEAH, BTRY AL, RITEES
R NEdEHy, AR ROTRE R A, BB T IXAREORT DU RE FE PR UEAR 1) 11
Mo

Q: 1t Java i, FIFERNELES—E M equals() J7ik?
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£ Java W, X TEAEIRRM == AT N DNERIEZ OGS, X ToHA, WA SH) TR
2 NGl

< == AR ZEELIEAE NN, BEMIERNGTHRAE 2 SHEE,
-+ equals(): AR LR DNRIMER BHE,

R, WESRERT HefE, FRATN % equals() » #AMN, 1@ String a = "hi"; String b = "hi"; WILATLAY
FRFEREFEE T REEH, EfHsmE—1MN%R, FEWr DA a = b REEEH N FRFERNNE,

Q: IEEMRAEBIEIRR AT, BAFIHE R 2P 12
SR, BINESE h = 2 M0, s = 7, MRETAER 4 = 20 = (n+1)/2,



173

@ et IS, EEER, PSSR
w JRE PR L iR B ¥, T A e T LB SR B SR R NHIR 7S
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8.1 i

HE heap ) J&—Muli RFFERARIEE XM, EZAI NMMER, 4K 8-1 fir,

- [N min heapl: AR AAE < HF95 s0ME,
- KW max heap: LR AME > H 7157 mA9E,

N N
/N SN SN SN

L)L L)L)

E “meIXW B 2 ‘TN B
EETENE < EFTSNE EETINE > EFTINE
TR KTt
min heap max heap

K 8-1 /INTiHES KT

HEFE N TE 2 I — DRI, Bl DU RE,

C RIRET RS AR, HAMZEAN S AEE,
- B O BIRRTT AR “HETR, KRR RS AT RO “HER,
© ONTRIME ONTAHE), HETTTER (IR REREKR (RN B,

8.1.1 ERYEAIRE
FEIGIR, VFSRRIES IR TR priority queue , X —MHRINIREH, & XA
(R B

SKhr L, HEEHE T BRI, RIEHEN S TR MR BV AR SEBAA, M F R,
FATATLAKE “IRIERASN” F0 “HE” BAEEMHIERSHE, Ktk ABXWERMIEEIX D, G—FfE “HE

HERTH FIRIEULR 8-1, J5TRA TR ERIEHmAEIE = RIE,

* 8-1 HERUIRIERCR
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T3tk iR iNEIF=FiN
push() JEEANHE O(logn)
pop() HETTC 2R Y HE O(logn)
peek() IRMETIOTER O TR [ /NHE T A SRR [ 7IMED O(1)
size() FREUHERY TE R AR O(1)
isEmpty() HIWrHE RS O(1)

FESERRML AR, ATTRT DA ERE(E i 5 1R AEAHESE (BROLTERASIZE) o

RUTHFREIETH “WNELRHES” F1 “MREVNEFN”, FATA] LB IR B — 4 flag BB Comparator
KL UNTHET 5 OCRTE” Z RIS, AR ATR:

// === File: heap.cpp ===

[* IR */
/] PsaN T

priority_queue<int, vector<int>, greater<int>> minHeap;

/] IR HEARTE

priority_queue<int, vector<int>, less<int>> maxHeap;

[* TTENE */

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

[* IREUETRTTE */

int peek = maxHeap.top(); // 5

[* TR EE */

/] HHETESEE—TMKRENHFS
maxHeap.pop(); // 5
maxHeap.pop(); // 4
maxHeap.pop(); // 3
maxHeap.pop(); // 2
maxHeap.pop(); // 1

[* FREUER/N */

int size = maxHeap.size();

[* FIBTER B RT */
bool isEmpty = maxHeap.empty();

[* BNFIRFEME */
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vector<int> input{1, 3, 2, 5, 4};

priority_gqueue<int, vector<int>, greater<int>> minHeap(input.begin(), input.end());

8.1.2 Ry

CEER SRR TIE, 75 A H O/ e, FRAR R A/ N EHIMEGY (BN, #F > i <)o
PLEBATIEE AT DAE AT,

1. BHFHESRE
X BT, e XMARRIE S ABERER, HTHEER —ME e XK, RIBATRER A
RAFHE,

LE B R X, SRR AE, RIMRET RE SR B, Y s feEhE RS WUt 25X
KRS,

W 82 Fim, RS, HETHAMRIIN2 + 1, AFHEMESIN 2 +2, RIUANEIN
(i —1)/2 (TR, HREIIMAN, FRET T AR,

HERIZIELSH ERMESH (REEH)
H 2—1R “meIXW” A KA ®E TR

# o 1 2 3 5 9 10 11
R ﬂﬂﬂﬂlﬂﬂ.ﬂﬂ
(i- 1)/2 i 2i+1 2i+2
S
xﬁ,.a“ BE gg g?g
BT RS MRS RIS e

K 8-2 HERIFR G171k
BATAT DAKE R 5 [ B il b B, 75 e S :

// === File: my_heap.cpp ===

[* REAEFTHRNERS| */
int left(int 1) {

return 2 * 1 + 1;
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/* RENGFTRIES| */
int right(int 1) {
return 2 * 1 + 2;

}

/* KRBT HRES| */
int parent(int 1) {

return (1 - 1) / 2; // A TFERK
}

2. hiRBgTRITE

HETTCER B — X AURRTT A, a2 HIRATE TR

// === File: my_heap.cpp ===

[* IFRBETNTTR */
int peek() {
return maxHeap[0];

}

3. TENE

HETCR val , BATECRHINMEMER, WINZ)E, BT val ATRERTHERHAMITER, HERRILSFATRE
CRESR, DRIBETR ZE S AT A BIIR Y RB 2 LS, XD RIEEAR Y THE(L heapify .

FEMAHET R, WEEDITHE., W& 8-3 R, FATHEHEAN YRS HRT RAE, nFEANY
REER, WHREMZZi, REREPITIHIRE, WERZETEEHPISA DT R, EREERT Se08 2T

AZHA T RN EE

« h
T #A @ Nt
(</ \>T Cé/ \és

ZRIERT
WART

EEEEDEECEEER step 1

N

G 0 \
°/ \,40 e/ \é Tigﬁ)\:ﬁﬁhﬂﬁﬁ&ﬁ
S
000000
0000D00008000 ez
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TR @ Nt
1. BHR 7 FNERRE
2. MNEETR#HTHEW (Sift Up)

il @ Nt

1. BHR 7 FNEHER

2. WEETG#THA (Sift Up)
v R 5 < PR 7

o RRFEHR

v PE5 s BR7

s3] (000008000080 step 4

HR @ N
1. RBER 7 FNERE
2. NEETR#THEAY (Sift Up)

w5 Ne

1. BHR 7 FNEHER
2. WEETm#THA (Sift Up)

v PBR 6 s BHT v A6 s WRT
o RRFETR
[sten s | 0808000 step 6 |
HR @ e HA @ e

1. ¥H= 7 FNERR

2. MWEETR#TH#W (Sift Up)
BRI > TR

~ FRATRIR

1. BHR 7 FNEER
2. MWEETBHTHEL (Sift Up)

v R 9> BR T

w7 (000000000000 En

HR @ M

1. ¥HR 7 FMERE
2. MNEETU# T (Sift Up)
HUTRE, BRAENMERBEIEE

0 W D 0 step 9 |

K 8-3 JERAHEN IR

R RUEEOY n, WM O(logn) o HIELATA], HECBIERTER L EER 20 O(logn) , JTERAHERR:
eI 2R O(logn) » AREBIN RATR:

// === File: my_heap.cpp ===

[* TTENHE */
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void push(int val) {
/] AT R
maxHeap.push_back(val);

/] MEZET#EL
siftUp(size() - 1);
}

[* MW= 1 TR, NERETEL */
void siftUp(int 1) {
while (true) {
/] KRBT E 1 IR =
int p = parent(i);
/] B “BERTR 3 “TREMEE” B, LSRN
if (p < 0 || maxHeap[i] <= maxHeap[p])
break;
/] ZIEFTIR
swap(maxHeap[i], maxHeap[p]);
/] TERmE L

i1 =p;

4, fTNTRMM

HETTT R 2 — XRAURTT R, BIIRETTR, MRBNERMIIRPMERE TR, WA XRPATE TR
KR KAEZ, XRFESEEME R TR ELRWNE, N 7 RERDITTRRTIHZS, HATRM L
TS,

1. ZHHETOTRSGHFTTR IR A5 BT R)
2. ZHGEUE, RHERMIIRAPR GER, mTeasck, Rtshn EMPREZERIHETTTR) .
3. MR RUTSE, MIEIRITTHEL.

G 8-4 FivR, “MIRENHEL” FHRIETTIYS “PIREBHEL” Mk, Bl TR mAIES B D715 =
EIEATLERR, REORRY 70 i SR st AR TR AT IR, BRI M [ OB 2 e B 9
PR

////gl\\\\ ETERLE ////gi\\\\ TR
/o\ | e/e\ /0\ /0\ 1. BETTRSHRTRTHR

Q0 0 ¢ (] © 0 0o o
L04 ALA
00000 00000

[s[e[7[s]7 s ]2 s [« s [e]2]5] Step 1 QT EEEEEETa Step 2



HeE M hello-algo.com 180

SEMTRLE SETMTTR LIS

1. FEMTRSHETRETR
2. HHUFIESERTE

1. BEMTRSHRTRETR

2. HMBIMRTTER

3. MMER#THAL (Sift Down)

v TR 5, 8, 7, TR 8 |A

[ step 3 0LODDEEEEEEE Step 4

SETMTRLIE SETRTTR LS

1. FBEMTRSHETEZR
2. W UFRBERTER
3. MTRER#THA (Sift Down)

v TR 5, 8, 7%, TR 8 &K
- BTN 5 5TR 8

1. BEMTESHERTRZIR
2. SR MFIRMERTR
3. MIRER#HTHK (Sift Down)

v EHR 5, 6, 7, HA 7 &K

[ step s oouoooaosoooe step 6 |

TR SETRT RS

1. EMTRSEETRIR

2. HHMEEERTR

3. MTRER#{THK (Sift Down)

v EWER S5, 6, 7%, A7 BA
- RRTR 5 5TR 7

1. SEMTRESHRTRTR
2. SHHMFIERETE
3. MTREE#THEW (Sift Down)

v ETHE 5, 3, 6 1, R 6 |A

Step 8

TR LS TR LS

1. BHTMTRSHETRR
2. B YFIEMERTR
3. MIRER#HTHM (Sift Down)

v TR 5, 3, 6 1, TR 6 BA
- RN 5 5TR 6

1. BEMTRSHRRTRTMR
2. S MFIESERTER
3. MIREE##TEW (Sift Down)

EUTRE, RAENMRISEEE

000000000800 sten 9 000000880000 [step 30

K 8-4 HEWUTER HHE IR
SICREAMEREREL, HETUT R HHERERIN RS 2 EH 8 O(logn) » ARESIN RAR:
/] === File: my_heap.cpp ===

[* TTEREE */
void pop() {
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/] FI=RE
if (isEmpty()) {
throw out_of_range(" HAZ");
}
/] KRBT RERAHTR (RRETRS5ETR)
swap(maxHeap[0], maxHeap[size() - 1]);
/] MIFRT =
maxHeap.pop_back();
/] MTRZE Y
siftDown(0);
}

/* M= 1 FFia, NIRERHEL */
void siftDown(int i) {
while (true) {
/] FITHE 1, 1, r FERANTR, 124 na
int 1 = left(i), r = right(i), ma = 1;
if (1 < size() && maxHeap[l] > maxHeap[ma])
ma = 1;
if (r < size() && maxHeap[r] > maxHeap[ma])
ma = r;
/] BTR 1 RAREKS 1, r @R, WEREEHEWL, B
if (ma == 1)
break;

swap(maxHeap[i], maxHeap[ma]);
/] B T

i = ma;

8.1.3 MMERKNAA

- PRSBSOS SE A e A BRSS 1,  HBANH AR RN R 2 2% 2509 O(logn)
, TEEBRIER O(n) , IXEEBAEERARE SR

- HEHbE: g —dAEdE, BT DU EN T, R AR TICR HdERE, MM EIE 74
i SR, FATNEH S —ME AR 7 NS BEr 7, TR0 “HEHTT E,

- BRMURRI K AER: RE—NEMAEIRR, FINt2—FER R R, BIanE s T 10 FE
TENTAIEEE, I ECE AT 10 AR A5,

8.2 FBIfEHR(E

FERLEROUT, B EMH— MR TR D, XN “EHERE,
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8.2.1 {BBEHINIEIZIEIN

BATEROE D, RERHIIER, KIOHFEDNTTRIT “AHERRE", BeRTRMINEE R,
MIZTCRPIUT “WRET” HEfL,

Y —PNITRAME, HERRERN— BT SR MIRENRARE RN = X, Bt “H kR
FiER,

RITREE N n, BPTLROAERIEGEH O(logn) IR, FIHIZEHET LN S 259 O(nlogn)

o

8.2.2 @M (LI

Kk b, BATA] DASEEL— RN S HE T TR, AR,

L. RAERFATATCRIEEA SIS E e, R HER PR RIS 2 2 o
2. Pl (RRP@PRIER), RO IEHTT R HIT “ TR RHEL

TG, PR ROV R PRV R — A SN . TR E R, RHER (A
SR A,

ZFrOE B i, RO IZAERES CRIE L AT R TR FELR SENTHE, XA S /T R 2
AR,

EFHAE, HTHNRERA PR, BRI S, Tk, W MUEIrR, &5
—MNEMT R RGN R, FATWETT A E 7 AT HE(

// === File: my_heap.cpp ===

[* MEFE, RIBRNTIRER */
MaxHeap(vector<int> nums) {

/] BHIRTRRE RN

maxHeap = nums;

/] EEERH TS UMY EMPAE T =

for (int 1 = parent(size() - 1); 1 >=0; i--) {

siftDown(i);
}

8.2.3 EXES

N, FATPRZE AR S R TR RV A

BTSSRI AR v, TR (n+ 1)/2, HoR /N R, RIS
MR (n— 1)/2,
- AENTECHELARR, AN R EIN 1 , TRIRARRRUCEON — U log n .
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¥ LRFEAESE, AISR A RN R ESN O(nlogn) . MHIXAMEREFIFAUEN, FAEMNEEG
H B E SRR RBRIZ S T TRE W R

B TOREADREATE AR o TR R, BRAE— MR E S n . WEN h iy "8k
B, BB RS RATER T,

HramE FETRNE
(EMERRAERRE)
h — 20
/ \ 1
- h-1 S— 2
SN N |
e | [ J—— 2
VIV IYE
e h=3 S 23
1 2h-1
(FER, HE=mER 0 0 e 2h

K 8-5 SER_XMHIHET MR

i 8-5 iR, TRl “MIZERHEL” AR T B S A EE RS, MZEEER 1A
7, [HitE, FRATATDON&RH “ 8@ x WAEE” KM, [T R AR B S,

T(h) =2h+2Y(h—1)+2%(h —2) + -+ 20D x 1
fefal EATEEB A BFIENIR, el T'(h) A2, 155

T(h) =2h+2'(h—1) +22(h —2) + -+ 2" x 1
2T(h) =2'h +2*(h—1) +2%(h —2) + - + 2" x 1

GRS, TS 2T(h) B LR T(h), AIf:
9T (h) —T(h) = T(h) = =200 + 21 422 4 ... 4 2h—1 L 9h

Wigg EX, KT (h) 2—MELREY, rTERERRMAR, SRR REAREN:

1—2"
T(h) =2 —
(h) T b
:2h+1_h_2

= 0(2h)
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W, WERN b WREXMT EREN 0 =20 — 1, 58E5E RN 028 = O(n) . DAL
R, FANFIRIFFEHERIN TSR O(n) , ER &R

8.3 Top-k ialEA

O HE—MERN n NEFEHA nuns , 1EIREIEEHAF TR £ DNTE,

TR, BAVC PR LB BRI, B AReRE SRS,

8.3.1 FHiE—: BHi%EF

BATAT LU TR 8-6 FIVRIY K 507, mBIFESHIREGE 1. 2. ... k KIWTE, NEERERN O(nk) .
HTEFGERT k< n W8N, BRY k5 n ESEHERN, ENASRE-RAET O(n?), N,
nums ; BRERSEATE

) =—wen=m 1 Anz

DB #-suzs 2 x7x

DD #=wnas s xnx
8-6 WHFHEAM k NTE

O 4k =n, BATTLIGERBERFY, NS0T “EEHE” Bk,

8.3.2 Fi#EZ: HF

aniE 8-7 Fiw, FATA] DA B nums SEATHE?, FHEEIEAILH & DNITR, WAEREN O(nlogn) .
B, %Ik I IR T, FNBERMAFTHERE b DITRAA], 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 k= i

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 [ 7] ]:]2] s (RO
i i
1. &R0 k DEENE 1. BE0 k DTENE
" ZXMERE
BART
heap @
l Stenks Step 2 J

k=3 ﬁ]ﬁ k=3

nums naa nums 1(7
A oo fanaa
i i
1. #E0 k DNTENE 1. B k NTENE
ZRHRE

2. M# k+l DTEFEHI
v YR > HINTR

BART

e (@00

[ Step 3 Step 4

FRF L ATTTR A

sm (@)

ZRMRT
WART

i)

ZRWRT
WART

wr (@300
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= 0 - 0
nums ..aqa @ nums ..Bqa @ @

i i
1. 89k AREAE 1.8 K ATEAE
o = R = T
2. ME kel TTETEN 1+ = ”zz_T 2. ME kel ATEEFHEN & 5 ”zsz
- =
© UNTE > RE © HAEE > BTWRE
- RATRLE heap - AR heap
RUMTENE
[ Step 5 ] Step 6

k=3 !tm k=3 *m
o 0 © o

i i
1. %8 k MRENE 1. #0 k MERNE
2. ME kel NTEFAKIE t _xwfm 2. ME kel PTEFIAKIE k] ‘mem
BART WEART
v METE < BTTE v MTE < BIMTE

[ Step 7 Step 8 J

‘s |
6 o

@AM, BE heap BIE]
ZRRERT

BART

«»

Step 9

Kl 8-8 HETHEFHE AN k M=
BIAEGT :
/] === File: top_k.cpp ===

[* BETFHEERARRAN kK MR */
priority_gqueue<int, vector<int>, greater<int>> topKHeap(vector<int> &nums, int k) {
/] FIa1/ N T
priority_queue<int, vector<int>, greater<int>> heap;
/] BEARE kK DITENE
for (int 1 = 0; 1 < k; i++) {
heap.push(nums[i]);
}
/] ME k+1 DTEFE, FREENKERN k
for (int 1 = k; 1 < nums.size(); i++) {

/] BHERTEATHIUTER, WRHTTRL®E. HaiaiR N



HeE M hello-algo.com 187

if (nums[1] > heap.top()) {
heap.pop();
heap.push(nums[i]);

}
}
return heap;
}
BAEHITT n SAMERMHYE, HENRAKERN b, RENRAE2RER O(nlogk) . ZITIENRKRE, X4

kBN, IWEEZEER O(n) 5 4 kRN, NEEXREAZET O(nlogn) .

SN, BITIRER T AASEARRIE R EABTIIABEER, BATa] DAFS4EHENRI TR, ML
BRIk DNTERAIEhASE T

8.4 Ih&t

1. BRI

- HERMRE R X, MRIESCLAE R O RTIHERT/NiHE, K ON) TERHETTR 2R () B,

- ARIEBNAIRE SUZHRA HBA LR BIBAA, 385 (5 I HER S

o HERE FRARAE RO BN R B 2R EAE . TR A O(logn). HETRTTRAHE O(log n) R RIHETR
& O(1) %,

© EESXMHERIESHEEHROR, EIIRATE R 6B R A

- HE(LERVER TR HERIME R, AR HER A E R A= I 2,

- n DNTCEIFRERIN A AR MR O(n) , AEHE &SR

- Top-k B—MEMEIARM, v DUEREBIRSH SRR, NRZREN O(nlogk) .

2. Q&A

Q: BE&EMN “HE” SNEFEER “HE ZR—MEg?

MEARE— S, FURRETHE “HE, HRYLRGAE MR SIS R — 2, P Ea T
A DAME RV ERAF B RE. 2R Al AR R —E BAUHENTE, AT REa0 RAMEEHF R 25, X EHE A
HHREN, BFRERBOXENTT, DUIEAFE, SRR, SERNFREENER T EEEE, &
AL ATRER S BUAAF R AN S faE- <5 Al



hello-algo.com

fEAMRIES, BATGR—DNA, BICEE A WA,
RN SHE, XK ERRIMLE E B MR AEN,

A

188
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9.1

& graph | Z—FAFLMEEERS Y, B TTHUR vertex) 1 114 edge ) dHil. FATAILLRE G #IZHIFTR N
—HR V f—di8 E %S, WRBIER T — P& 5 NS 7 ZR8rE,

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
AN o
2 AN
Y
R o
(EEXR) (5B%XFR) (RMEXR)

ERZiEEHERS, BAMttRAER

o1 HER. . EZRKRR

9.1.1 EMERARBSKIE

iR G BEA 77, Al TEAE undirected graph) 1 A E directed graphJ, & 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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ZmEE BHE
(aFx7m) (aB7m)

K 9-2 HrESEHE

RABATA TS 2 7, "5~ NEEiEE connected graph ) #1 Ei%@E disconnected graphy, &
9-3 FRo

C ONTHEEE, WENTREE, AT HR AR,
- TAREEE, WEATRR, 2OE D TRICIEENE,

SERSE

o—©o

EEE FEEE
(PR TR EET35) (FFAETMERAT3)

& 9-3 EEESAREEE
FAVERT DUOIATR “RE” L&, MIMSENE 9-4 firiy TEXE weighted graph . HIANTE (E&HR

1) FETFWEH, RGERMEIL RN FR IR Z AR SRERE”, XRE M2 st DU A AER R
o
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\ : 0.88
‘\‘ - \ N
0.5
0.3
FTANE 5NE
(FREILZEM) GHEENERM)

9-4 HMESTAE

EEREH & AN A,

- T4%8% adjacency: MM TS Z RITEEILMNER, FROXPTUS “A88E", 1EE 9-4 v, TR 1 IIABEETH
FOATIA 2, 30 5

- TB&1% pathy: MR A BT B S I AP FIFR M A B B 1 “B812”, 12 9-4 Hh, 4%
Al 1-5-2-4 BT 1 IR 4 B— 5812,

- T degree): —/MHRIHERILE. NTHMAE, TAE in-degree) Fnf Z/DFIBFRMIZIUR, TH
J& out-degree ) FnE Z/DFUMIXTN TR,

9.1.2 BEIMRT

BRI H AFoR 7T NS “ARERE” N AR, DU TE BT 2441,

1. SBHERERE

BEIRTUSEE N n, TRBEHERE adjacency matrix) fEH—1 n x n RPREMERERE, S—17 )
RE—TA, FEMTRARE, B 180 RN TR Z AL SR,

e 9-5 R, RABEFENE M, TWSIEA V , BAFERTTR Mi, j] = 1 2R V] 210 V]

2R, K2 M[i,j] = 0 Zrmlis M,
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TREEIR 0000
[} 1 2 3 4

E]

@ @ o o 1 1 1 o
11 e, 1 0 o
@ 2 1 1 e, 1 1

@ @ 3 01 0 1 8 1

SPIRERE
graph adjacency matrix

9-5 ERIATEAMERR

R RE BA DU R

- TURARES B SHIE, RSB X ALt REATE L

- RTFEAE, BT, BRI X LR,

- REABEEFERTTTERM 1A O B o E, MR RRA A,
P ABFEHE R R BN, BATTRT AEHE T MR R TR DRGSR I S R R RBCR R, AR 2%
B O(1) o AT, MEREMZSREARER O(n?), WiELHKRZ,

2. BiER

M{f#%R adjacency list) A n MEFRRFRE, HRTHFORTUL 8¢ MERNNTURL ¢, HPEET
ZIURHIFTE BTN (SIZTUAERITRD o B 9-6 R 1 — MR AR A7 B Y R H7R B

R SEREREENAEIRR

©0006
:
©
©

0-0
3

K 9-6 ERAERETR
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AFEFRAFME IR AR, THARREOEH N T n? , Wt EEI T, A, E8ERPTEE
e I RER R E TR, A R R AN AT R AR

WZE 9-6 , ARHERLEH SRR “RitHL” TERERIRL, TR T RT AR R 7 B R AR AL RCR,
Hetu e KN, 7T DUKFBEREE(L  AVL WSReT b, M RERM O(n) fi/k% O(logn) ; J&A]
DR OGN ) 204 O(1)

9.1.3 EIRNERRA
N 9-1 R, VLIS RGEAT DA EISREE, S 6 ()t AT PAZ L g B 2L ] 3,

% 9-1 PRSI WAYE

i 34 B e
Mg P FRRA TBHELF SR
HhEREREE Wi S RAEEE N R A

ENIEER 2K BARRETESINER  TREPUEHE

9.2 ERIEGIRIE

B EHRIERT 0o xt “I07 BOBRCERIN “Tis” AO3RME. 75 “QBRAERE” F1 “QBER" MAFTRTIET, %
BT BN,

9.2.1 ETF4BIEEMAIIIN

HE— D TUREE N n T, NSRRI ST K 9-7 FrR.

C RMEIMRR: e ARBEE N P BRSO, G O(1) MWL i FRTEmE, KRR
B BT AN 75 IR

VM LESREERERERI R SR — 1T 51, FEAEREL0 BVAT, M O(n) MWL

- OMBRT: LEARBERERE RS T 5. SRR T i FIRDAFIR 2, T (n — 1)2 e
“Ffe LRE)”, MR O(n2) B,

C WM fEA TS, WA n TAGIE vertices , BT O(n) BHA; WAL n x n K
INFIAREEAERE adiMat , HEFH O(n?) W,
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max @O0 00 TEFIE 0000
#=3l [} 1 2 3 4 #=5l 0 1 2 3 4
o 1 ] 1 [ 0 [ 1 1 1 o
MHaHE s @-0
1 1 [} 1 [} 0 1 1 [ 1 0 [}
2 /] 1 /) 1 1 2 1 1 ) 1 1
3 1 0 1 o 1 3 1 [ 1 (] 1
4 o [} 1 1 0 4 0 /) 1 1 /)
, HEIER & SBIEIERE
Step 1 Step 2
e © 0000 e 00000
#®l o0 1 2 3 4 #l o 1 2 3 4 5

o0—o oo 10 oo T
@‘@’@ EnonE @‘@.®

; SHBERE
l Step 3 ‘ Step 4 J

mrEx @O0 00

3l

0 o mrsTR € e
° 2 1 1 0 1 o

4 o o o o o0

[ Step 5

B 9-7 AREEMERIRIGGIL. HMA. e T
DA 2 2T QB R P s [T A SE ARG -

// === File: graph_adjacency_matrix.cpp ===

[* BFIFEFELIMNTEESE +/

class GraphAdjMat {
vector<int> vertices; /] TRFIR, TERKR “TMRE", R3lINER “TNRER5”
vector<vector<int>> adjMat; // 4FiZEERE, 175REIMN “Ti=ZE5]”

public:
[* ¥ERE */
GraphAdjMat(const vector<int> &vertices, const vector<vector<int>> &edges) {
/] AT
for (int val : vertices) {
addVertex(val);

-

~
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/] AINA
/] EAEE, edges TTENKRMARS|, B vertices JTTRESI
for (const vector<int> &edge : edges) {

addEdge(edge[0], edge[1]);

/* REUNSEE */
int size() const {

return vertices.size();

[* AT */
voild addVertex(int val) {

int n = size();

vertices.push_back(val);

/] TESPEREFERARIN—IT
adjMat.emplace_back(vector<int>(n, 0));
/] TEPEFEFEFARIN—5

for (vector<int> &row : adjMat) {

row.push_back(0);

[* MHBRTRER */

void removeVertex(int index) {
if (index >= size()) {

throw out_of_range(" TNMRAETE");

}
/] ETNRFIRPIEIZZRS] index BITR
vertices.erase(vertices.begin() + index);
/] TEBFEREFMIPRZRS] index BYIT
adjMat.erase(adjMat.begin() + index);
/] TEPEFEFEFMIERZRS] index BY5
for (vector<int> &row : adjMat) {

row.erase(row.begin() + index);

[* A *+/
/] BE 1, j XN vertices JTEZERSI
void addEdge(int i, int j) {
/] F5BR5BELIE
if (L<0 || <0 || 1>=size() || j>=size() || 1 ==
throw out_of_range(" TNS=ATEE");

»Ap
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/] EEREER, SFIFEREXTERBEIR, BUHEE (1, j) == (3, 1)
adjMat[i][]j] = 1;
adjMat[j][i] = 1;

}

/* MiBRIA */
/] B 1, j WM vertices JTHRZERSI
void removeEdge(int i1, int j) {
/] TR S5HEELIE
if (L<0 || <0 || 1>=size() || j>=size() || 1L ==73) {
throw out_of_range(" TAmATEIE");

3
adjMat[i][]j] = 0;
adjMat[j][1] = 0;

}

[* FTENSRIERE[E */

void print() {
cout << " THRHIFTK = ";
printVector(vertices);
cout << " {BIFFEPE =" << endl;
printVectorMatrix(adjMat);

};

9.2.2 BEF4BiERAYCIY

RIEME TSSO n, JBEEO m, WRTRAEE 9-8 R J5 TR LB SR,

VI ETREOR B BE AR VR EITT, 5 O(1) WAL, PRI, F7 AT E R A
AR,

COMRRL: TETUEON BB A MRS Y, B O(m) B, FETERIE, AR
IR,

C WU TEARBERARVRIN—NER, FEEETN U M EER S S, A O(1) B

- OMRRT: TEFEAAREER, MRS SIS AL, M O(n + m) B,

- WG TEARBER QIR n NTIAGT 2m 498, 5 O(n + m) I,

MR SEMAENFERR M= SERRAEENFERR
— \ MiakE | D> < \ A - | @D
WER 3] |ER

Step 1 Step 2
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Mm SEMRAEENFAEILR

. : o—-0-0 i i
. P o Py =
C —Q \\ i @-© 00 @ (s /‘\ s @
| o 0-0-0-0-0 | o
/ﬂ\___4¢,v///) C’ GD*QD*GD <ﬁ\___—‘”x///A
- A4 @ é ® -’/ A4
S A 4
H WER ]
Step 3 Step 4

@ @\ T €)

Step 5

[ 9-8 ARECRAIMIGIL, BEMED., ST

DU /BRI SI, XEEE 9-8, SLhRfidH PLRAFEL,

MR SERMREENAERR

0—-0-0
o0
0-0-0-0-0
0-0-0-0
0—-0-0
o

-

T T ISE BRI, DARSAHEARD, BAIEMSIFR GhEHA) RAERER,
TERIGFR FORAFIBERILR, key NTURSER, value MIZTURHIRBILTARSIFR (HER),

TN, BAHERIER B E vertex ZERFTRIUN, IXFEMAVREDR : (RS WRIERE—+E, HSIRRTIKRX
DR, BB ZERPRR S0 « TS, WFTREHENER, BIERT « R 1, 8K

RARe TIAR RN A ZME—HY Vertex SEBI,  MHIBRIE— TR 2 Jamt To A sh HoAth T

// === File: graph_adjacency_list.cpp ===

[* BETFBERLMNTEEE */
class GraphAdjList {
public:
/] PR, key: TN, value: ZINSAYFRHE SBIETNSR
unordered_map<Vertex *, vector<Vertex *>> adjList;

/* £ vector FIfRIEET = */
voild remove(vector<Vertex *> &vec, Vertex *vet) {
for (int 1 = 0; 1 < vec.size(); i++) {
if (vec[i] == vet) {
vec.erase(vec.begin() + 1);
break;

R T o

aVINNY
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[* ¥EFHE */

GraphAdjList(const vector<vector<Vertex *>> &edges) {

/] FIIFRE TR

for (const vector<Vertex *> &edge : edges) {
addVertex(edge[0]);
addVertex(edge[1]);

addEdge(edge[0], edge[1]);

[* FRENNSREE */
int size() {

return adjlList.size();

[* AIA
voild addEdge(Vertex *vetl, Vertex *vet2) {

if (!adjList.count(vetl) || !adjList.count(vet2) || vetl

throw invalid_argument(" ARTEEINS");
/] FIA vetl - vet2
adjList[vetl].push_back(vet2);
adjList[vet2].push_back(vetl);

/* MR */

vold removeEdge(Vertex *vetl, Vertex *vet2) {

if (!adjList.count(vetl) || !adjList.count(vet2) || vetl == vet2)

throw invalid_argument(" RIFFETRS");
// BBRIA vetl - vet2
remove(adjList[vetl], vet2);
remove(adjlList[vet2], vetl);

[* AT */
void addVertex(Vertex *vet) {
if (adjList.count(vet))
return;
/] TEBEERARARIN— MR

adjList[vet] = vector<Vertex *>();

[* MIFRTRS */
voild removeVertex(Vertex *vet) {
if (!adjList.count(vet))
throw invalid_argument(" ARTEEINS");
/] TEBFERPBFRTNS vet XLZATEER
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adjList.erase(vet);

for (auto &adj : adjList) {
remove(adj.second, vet);
}
}

[* FTENSBIER */
void print() {
cout << " §BIER =" << endl;
for (auto &adj : adjList) {
const auto &key = adj.first;
const auto &vec = adj.second;
cout << key->val << "

printVector(vetsToVals(vec));

9.2.3 RENLL
WEFSE n AR m 508, 7 9-2 W bb T ATEEER RER AT R AN RSCE R 22 R R0R,

% 9-2 AWHEHE S A RAT L

WRERE AR (HER) AR (BAR)

upREEE O(1)  O(m) o(1)
o o1y o) o(1)
s o) O(m) on)
FNUE Om)  O(1) on)
WIS 02 Om+m) O
WiEzEEA  O(n?)  O(n+m) O(n+m)

MEER 92, BLPAREER (IBHR) HINARNERS B RBERRE. EKR L, (AR AR RReR E
i, AR KB ERERETR], Z25RE, WRIEMEARILT “Di R E” A0, LRk ik
R VA N 1 E el T D)

9.3 EMER

MIRERRIRE “—X 2" XA, MENEGESNEBE, ATDUFRRNMEER “2N2” KR FHit, FTRTE
BRI — MBI, AR, DA Dh PR i P ks s i — Fieke Bl
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PRI 7 2 N S R BRI i # e, AR DT 77 A el o ikl T ARSI ) f1 IR SiE
Pilo

9.3.1 ["Efi%kiERh
V- EEAR S 5 — R HE SOE a7 5, MWIEAY IR, RV BRI, FF— 2R RS

ke W& 9-9 AR, ME EMTRHA, Bz R E MR, RGN — DB FTA AR
IR, DA, EERTETRTIRSEE,

ERr-ERkiER (BFS)

PATR AR ek,
MIERGE. EREY KRR

BRAFFIR
e, 1,3,2,4,6,5,7,8

B 9-9 EREIEE

1. BEIm

BES J@H HEBIASIRSEE, BT AR, IAFIEAR “JeASeth” BIPER, X5 BFS HY “Hikfiz” Y84
SFrHfifFE T,

1. F P aaTi A startvet MABNG, FHFFEIEIR,
2. EMEFARIREIEAH, SHANETRTFICSIN, RERZ DU R A U A ZIAS R,
3. TRV IR 2., EEIFTH TSI R SE G 45 R

T DB BB, BATEEE—NATR visited HI T S EHLIL
// === File: graph_bfs.cpp ===

[* FERSTER */
/] ERMZERRRTE, MUERBUEEINSRIPIAE BIETNS
vector<Vertex *> graphBFS(GraphAdjList &graph, Vertex *startVet) {

vector<Vertex *> res;

/] BER, AT iCRERKAREHISR
unordered_set<Vertex *> visited = {startVet};
/] BAFURF3EIL BFS

queue<Vertex *> que;
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que.push(startVet);

/] M= vet MR, BEHFEEHETAEINR

while (!que.empty()) {
Vertex *vet = que.front();
que.pop(); /] BAETRR A
res.push_back(vet); // iBRiARITN=

for (auto adjVet :

if (visited.count(adjvVet))
continue;

que.push(adjvet);

visited.emplace(adjvet); // tRidZInmE#iAIE

}
/] RETNSERFS
return res;

AR, O ARIE 9-10 SRANTRPERE,

EHFF res

graph.adjList[vet]) {

/] B EARIGIERY TR

BFR visited

(o®000
st 3 ]

A (E)) I, AT

1. BEMRMNERDFS res
2. REMREFE BEMRAIT
APBA que FHIIA visited

B N
BFHR visited

o )

Step 1 |
HHFT res
CI) )
BAFI que
000
- o

ma () ], SHAGTUTEME

1. BEMRMNERFT res
2. RZMREFTE PEMRAIT
ABA que FHMA visited

M () M, SHAGTUTRME

1. RZMRMNERFT res
2. RZMREFE SPEMRAIT
ABA que FHIA visited

EHFS res

@

BAFI que

1)

—

HPA

BER visited

000

‘ Step 2 |

HHFF res

PN

(000

BAFI que

000

-—

HEA

BER visited

(o0e000

Step &

PN
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T () I, AL

1. BEMRMNEDFS res
2. REMREFEPEMRAIT
ABA que FHIOA visited

M () I, AT

1. BEIMRMNEFRFS res
2. BETRREFTE SPEIARAT
ABA que FHMA visited

0—0—0
A 4 A 4 A\ 4
@ PN P
\ex ‘\o,/ \e/
00—
A 4

T () I, AT

1. BEMRMNERFT res
2. RBEMRMFAEBRTRAIT
NBA que FHPIN visited

BHFF res

(0000 ]

BAFI que

000

HHBA U

BFHR visited

(0oe00000 |

(000000 ]
00

BHER visited

(00000000 |

£
(00000000 |

S que
o

BHR visited

(000000000
Step 9 ]

= PAZI que HZ,
~ FERE], SERBH

ma () I, SHAGTUTEME

1. BZMRMNERFT res
2. RZMREFE SPEMRAIT
ABA que FMA visited

M () M, SHATUTEME

1. BEMRMNERFY res
2. BEMREFREETRAAT
ABA que FHIIA visited

o—0-—90
N 4 4

TR () WM, FHATUTIRE
1. REMANNEFF res
2. RETAHAA SRR

ABA que FHMA visited

BAEFS res
(000000000
BAFI que

BER visited

(000000000
X

B 9-10 Ry RIS eim 7 4 3R

<7 )R CI P e S o 2

HHFS res
(00000 ]
000

BER visited

(00000000 |
[step s

(0000000 |
00

BER visited

(000000000 |

[step s |
(000000000
BASY que

BER visited

(000000000
Step 10 |

w AN, TR ST I R R i A RN, i 2 A 1 S T 3 W
FEVFRHERHTAL, DA 9-10 D, THAR 1. 3 BTSN Al PAZS R, T0R 20 4. 6 BT RIS
] DU R,
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2. ERESH

I A P OS2 AR —1%, S O(|V|) W 7B AR p R, i TR e,
IR S W77 2 v, (6 O(2| E|) W) stk O(|V] + | E|) i,

DBRERE: FIE res, AR visited, PAFI que TIITNREERZ N |V, H O(|V]) =M,
9.3.2 FEMTER
IEILTe P — ML B BIE, JoB vl pHml Sk 75 5, A 9-11 FvR, M2 BTk, Vilnl

SRR AN BETUR, BERVEFIRCKNIRE], FHMRSGERIRSHIRE, DU, BEE USR5
o

11 10
H B RERICERS (DFS)
2 3
13 a2 # ? LIRS JoiShA,
° EBAEE, BAENKAEE,
] BUlkste - BERRER
e BFHETIH

9,1, 2, 5, 4, 6, 3

K 9-11 HEIREICIEDT

1. BEIm

XA SERVRSKERR A ARETEE R E TIB IR, 5 e EE, fEREEnT, A
MBI — PR visited KICREHPIFAITUL, DOBGEE VA T,

/] === File: graph_dfs.cpp ===

[* REMFTELHBIRKE */
void dfs(GraphAdjList &graph, unordered_set<Vertex *> &visited, vector<Vertex *> &res, Vertex *vet) {
res.push_back(vet); // I2FRiAETHS

for (Vertex *adjVet : graph.adjList[vet]) {
if (visited.count(adjvet))
continue; // BRI BEIFIDMIINS
/] BRI =
dfs(graph, visited, res, adjvet);
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[* REMFTEH */

vector<Vertex *> graphDFS(GraphAdjList &graph, Vertex *startVet) {

/] TRIBFHFS

vector<Vertex *> res;

/] MER, BT ERERBREHNINR

unordered_set<Vertex *> visited;

dfs(graph, visited, res, startVet);

return res;

RS 7 SRR 9-12 R,

HRBEARE I NHE, FonITa 1 — IR 75 K 5 R T
HEERARFE ) LW, FoRHIBINTIRCSIRE, [T IR R E,

N IIRERRE, EUCRE 9-12 SRMAGEK, EHEI (FHEE ~K) 84D DFS g, S
BYATTIEMNIT R, AIRHE A,

- -
? ©
00

Step 1
1
) ~
oo
3

© 090

a
4

Step 3

EHFF res

(@ )

BMHER visited

o )

SEHEREL:

BHFT res

o000

BRER visited

CLL] J

R
serms () sasma
BB

©0—©
©
©—©—©0

Step 2

o000
o o
o

Step 4

BAEFT res
200 |
BBR visited

(00 )

R

s () parEmR
wiaEms @)

BHFT res

(0000 \

BRER visited

0000 J

A
sarTis ) parEmR
asEms ©
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BHFF res

(00000 |

BHR visited

(00000 |

e
sarmms () poamEms
s (@)

BHFT res

(000000 |

RER visited

(000000 |

EHRE:
e () asma
s @)

EHFF res

(000000 |

BHR visited

(000000 |

AR
s ) wrEsEmABEST
Rrsem, BaEms O
suete - BeEmEms (0

Step 11

BHFET res

0000000

BER visited

(0000000

EmE:
= ) wrEsEmABEST
RitsxaE, rEms ()
s () mittisE, wRmEn

B 9-12 ERIHEIL el )T B

BHFY res

(00000 |

BBR visited

(00000 |

R
s () wFESEmAEE SR
mitssEmE, mrzEms ©)

EHFS res

(000000

BRER visited

(000000 |

e
s ) wrssEmsEESR
RikgosEe, EAEms )

BHFY res

(0000000

BBR visited

(0000000

BENE:
s ) warmmn
amsmms ©)
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7 DRBEDL et 3 F 51 2 75— 2

w SrrEitiew e, RERSeE A A Z R, AE R, SemEmR 75 AR
AR LA, BNRREETRRIE ] DUERHTEL, #RIREIL &,
DA B, MR — 7 —B" =W =6 K —=H =W 2RRETE. .
e, ENRRT =fimitsedk, AimX=%#488E TREMIewE T,

2. EREDH

WA T TR 2RI 1k, M O(|V]) W BT 2k, M O(2|E|) ki
SRR O(|V] + | E|) WL

SWSZE: §IF res , G757 visited TAHRIEEN |V, BIIREEAN V], ERER O(V|) 2
I\Hj(]

9.4 Mg

1. BB

- BIETURAAAER, 7] AFRR N —H TR — I R 5

- METERERR (BER) MniaxkiE (), MBXR (B) BAEENEHE, RimENEH,

- BREEZEATTRNE, EEEPRERTUE AR, ANERNSROE SN EL R,

- AREFEMERERERIORE, 81T ) RE—DTUR, FEFTTRARE, A 180 HRMATRZ
[AIAIAETE, ARV e I & 2R L RBCR IR, HaS A S %,

- ABERMEMZ MNERRFORE, 50 DMERN NI ¢, HPEE DZTURRIRTA WL, BRZFRM
AT ABRIEFEE AN A2, (Hi TR ERREID, I RBCRER,

- HATERPIVEERIS KN, A DU HEHONL B eG 3R, AT E R,

- WRIRBBRAE N, AEEFHAILT DA AR R, SRR T DA R s e,

- BT RS EIICRSE, WML, HIPREREE 5,

- BB —RRR, Rkt P e T B — AR 1

- BRI, REY KRR, @GS,

- BRI E R M E IR, o EN ERIARE R K, HETEIRLIL,

2. Q&A

Q: BRRAIE SRR FAIIERIAFA?

AR AR EARIE S RARE A—BC Jig "B —Maps”, mhschioe “Bige— s
H1” o DARRSESCRRIESC: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

FEASLH, RPN — DY, AR DIRFE . X BRI TR 2 AT REFF R 2 5016, It
e 45 ST AR O B — R A
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Q: IREEEFREXEIIRE I EHR?

FEAREEE S, MR, 2O NGRS, whIEEEE&EEREZ MEA, PO 2E
HIRTAEE ) &

Q: FEAMERA, “SIXNUAERFTA TR BT 2 & A 25K ?

AU R, (BAESCRRR A, ARERR ZHLIRTEE MUNRHE?, LA MRS s Ina IR e, B Z IR
RERNNFSE, XFEABITPOEE A EAMIE” AT,
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FI10E #¥€F

o

BRI FREGE WAL AR AvE, SR AT DAPRIEBTE 5 b

B IRERE A RERE — DR BRI E R,

HREARANER,
XA IR,

©
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10.1 —9&EH

FZ7#&+K binary search | 22— T IGRISHI SRR RER, EFMHEBIRHRFE, SR —FER
e, HEEREERTREERXE NS NI,

(,) BEMNREN n B nuns , TTRIZMNEIRIF HEZ EAE S, EEBRFHIREITTR
L target FEIZBEHFIIRT . HHHAAEEZIZTR, WIRE —1, R~HEGNE 10-1 FiR,

ERHRERTEA
nums

WABFHA nuns , EIRXBERTE target = 6

10-1 = &SRB

A 10-2 FiR, B|AVeWAtksEt ¢« = 0F1 j = n — 1, pilsAEEHETTEMEITR, RERIXHE
[0,n — 1], HER, HESERAXE, HESHMEERS,

Rk, IEHATLRRI,
L WRHERS I m = [(0+7)/2], Hb | | RRA IR
2. HIWr nums[m] A1 target FIK/NRER, 2B R =RE N,

1. % nums[m] < target I, ViAH target fEIX[H [m + 1, ] #, HEHHITi =m + 1,
2. ¥ nums[m] > target i, BiRH target ZEX[Al [i,m — 1] H, HHITj=m —1,
3. Y nums[m] = target B, WEHAERZE| target, AMIREIRS]I m

HRANMIEEMLR, BRXARLR4/ N, HRE 1,
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35|
31 @i
3 26
n 1
6 8
m§1‘3 H
#l o 1 2 3 4 5 6 7 8 9
N

-
-

Wak i, j DREAHAETR. BTR
RERTAXE [1, j]

Step 1 Step 2

1
P, e B
TE L m 1
=:anll
®l 0 1 2 3 4 5 6 7 8 9
A Aa
i jom
BR=SER:
1. 8RR m = (i +3) /2
2. = nums[m] > target
Step 3 2 BT § = m - 1 HIVNERRE Step 4
_ e 2in
= :onl
#l o 1 2 3 4 5 6 7 8 9
m i j
BF_—HER:
1. {HEHRE m= (i +3j) /2
2. ~ nums[m] < target
Step 5 o BUT 1= m o+ 1 GNERKE Step 6
: : ‘ ‘
= 1 omfl
#l o 1 2 3 4 5 6 7 8 9
N
m
EF=HER:
1. HEARE m = (i +3) /2
2. = nums[m] == target
~ EEIFES| m

Step 7

10-2 = ESfE

31

23 26
o 15
i 6 8

=t anl

#® o 1 2 3 4 5 6 7 8 9
N A A
i m j

RF=—SER:
1. tEPE m= (L +3j) /2

3l

di
b
s> Bw
o
o [ e
I

S TN

EF ST
1. HEFR m = (1 +3j) /2

RS ER:
1. #8HER m = (1 +j) /2

EFEREACE, BT M j &R tnt 22, Rk + 5 nIRESEI int JUAHUETER, O 7 ik s KRB,

A VERRAAR m = i + (j — 1) /2] Fitsr,
S TTIRNCs

// === File: binary_search.cpp ===

/¥ ZHEH WAKE) */
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int binarySearch(vector<int> &nums, int target) {
/] MEANEAXE [0, n-1] , B 1, j AFHERAMAEETER. BE
int 1 = 0, j = nums.size() - 1;
[/ B, SERXEATRBEE (H 1> j BAT
while (1 <= j) {
intm=1+(j-1) /2 // HERRRS n
if (nums[m] < target) /] WIEREA target EXE [m+1, j]

i=m+ 1;
else if (nums[m] > target) // ItiBERI%EE target TEXE [1, m-1] H
j=m-1;
else // ¥EIB#RTE, REHZES|
return m;
}
/] KXEBIBEFTR, RE -1
return -1;

WRISEAE R O(logn) = TE—/MEFRH, IXIE4GN—F, FILHERIEN log, n .
SIS ZE R O(1)  $55F i 71 j (B EOIVAAL,

10.1.1 XE&RRAE*

BT EERUARIS, #RAKARRES ST K, 209 [0,n), BELREEEAS, LR
REEGE S, EUFRAT, K [i,]) i = j A2,

AT AEET ORI A A MR DRER — B A
// === File: binary_search.cpp ===

[* ZHEH (EREHFXKE) */
int binarySearchLCRO(vector<int> &nums, int target) {
/] MR AERAEFXE [0, n) , Bl 1, j DFAHERAEAETTE. BtER +1
int 1 = 0, j = nums.size();
/] B, HERXEHSIHBE (H 1= j BAS
while (i < j) {
intm=1+(j-1)/2; /) HEHRRES n
if (nums[m] < target) // BRI target EX[E) [m+1, j) A

i=m+ 1;
else if (nums[m] > target) // ItIERIHEE target TEXI[E [1, m) A
j=m
else // #&EIBiTTE, REHZES|
return m;
}
/] RKxBIBWFTR, &RE -1
return -1;
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niE 10-3 AR, EMMXEZROR T, —0&EREIRIWGEL. BIRREANX R & A B,

BT KX FoRAR AL RO SOAX R, BIE e 4 ffaEt § 25N X IR Rt X AR
Mo XFEEAR S, Kt —BEECRH “WHAXE” 5T,

E |

® 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10
i ERARSEsES j i kEhResas HORTEZESE  j
EERE: WHAKE [1, j] EEEE: cRaFKE [i, j)
Mykfeisst: 1 =0, j =n - 1 iatkisst: i =0, j=n
BIFERIESEM: i > j BIFEIEREMG: 1 2 j
EEEBRE: i =m+ 1, j=m- 1 BPEERRE: i =m+ 1, j=m

10-3  MRPIXTRIE X

10.1.2 RS RRYE

oy EARAE I TRV R 75 T AT A Fe 4 RO PERE

BRI TR RCRE, FEREURRR, ME A R A4 B B, B, S8R AN n = 220
B, AR 220 = 1048576 %A8HF, 1M AN log, 220 = 20 #HEHA.

© SR ERTIEARINE I, AR TREGIIINERNEREE (BIHRREDR), o0&
[Al

R, ZoEPGHEEMTIrAEER, EEAEDITER,

- ZOBEBRUER TAEREYE. AWMABIETTE, N TERSaERMET T, SAEKL B
HP BN R EREERE N O(nlogn) , HE&MEBM —H&EREE S, N TMEMATRNT R,
WA, FERTRMAZREME, NEHEAREN O(n), WRIEE BRI,

- ZERCGER T, BT R ARESH) TR, mAeRERHHAITERERT MR
IR, RIHANIE S A 7 R s T HER ST R BUREE .

C NIRRT, SRUEERMEREE M, ELMET, FRAE 1 HWHRCE; ME_DEKF, FE IR
A, LIRBRIA, 1~ 3 UCHIWTRAE, 1 ik (83K, 34~ 6 MNEITiflE; Bk, SEEREE n BUNN,
LM BRI L = &R,

10.2 ZHEHEBAR

ZBERAMGTHTERERTER, A TRRIF 2R, IR B TR E,
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10.2.1 TEETEMNER

O BE—NEKEN n EREEH nuns F1—DNICE target , HEAARTFHEEELE, I target
- AL nums 1, HAFRFEGE R, P EFEITE target, WEIEARIELTT, 1EIRE
NG target TEEEHH IR S, REANE 10-4 Fir,

nums

BAR fN\ target

nums

MANEFHE nuns , BiFTE target = 6
M target BEANRZESIH 2

10-4 =5 E PN SR BIEHE

GFRARE M B S AN, R DU A AL,
Bl —: SEAHPEE target I, AARKRIIBOZZTRIRS]?

A H B R target i AZIMHE TR AL, XEWEFIEAL target Bt 7 JFK target N E, thrtz
Ui, HBAHMT target B, WARMIRESIEZZ target &S],

M8 MEHAFRIETE target Y, AW N ICERNRG]?

W—H B S ERIEE: 2 nums[m] < target I ¢ 883, XEIREFEH i ERAKTET target HITERE
I, [, 6% j BRAEMV/NT ST target ML REIL,

R =GN —E G ¢ fRIAE AT target KIJLR, j f6AE N T target KITR, HIFHBEA R
target I, FHARGIN ¢, RBSURAR:

// === File: binary_search_insertion.cpp ===

[* ZREREAR (EEETR) */
int binarySearchInsertionSimple(vector<int> &nums, int target) {
int 1 = 0, j = nums.size() - 1; // #BENAX(E [0, n-1]
while (1 <= j) {
intm=1+(-1) /2 // HBPFIRS n
if (nums[m] < target) {
i=m+ 1; // target EX[E [m+1, j] &
} else if (nums[m] > target) {
j=m-1; // target X8 [i, m-1] &
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} else {
return m; // % target , REEAS m
}
}
/] RHE target , REHEANS {1
return i;

10.2.2 FHEESERTZNBR

O £ E—BEat b, MUEBE AT REE S EE TR, HRAL,

BIREHAPTFEZA target , NFIE —HERAGEIREIHA— target BRG], WL ZcEN AL
LIRSS S E 2 target,

A HERE B e 2 A RIR AL, AN EE R PR —A target INER5, #1205 [EiETE 10-5
FIoR 20 SRS,

1 PUT =&, FEHEE 1 target MRS, N ko
2. WNFR3|EIHs, e TSMEN, SEREIRIAR) target IR,

target

T

x ,.*\ PP

1. BB ERIEE—T 6
2. BRMERIIBEDON 6

10-5 SMEEREE TR

77k AR, (HHASERMEER, RENEERERN O(n) . LHHAPFERLEEN target N, %77
TERERRR,

WEERRE S ERAE, WE 10-6 iR, BARERREAL, SREHTEFERS m, FHW target f
nums[m] FIR/NRZR, 2R PA R TR,

© Y nums[m] < target B¢ nums[m] > target B, HRHIRIZEIKE target , RIMRAEIE 7 &ERVYE
/NXERSE, MANmAEFRSEER < Fl j 1) target SEIA,

© Y nums[m] == target B, WiFH/NT target MTEEXIA [, m — 1] H, FMHRA j = m — 1 k48
/NX R, MTifERRER § /T target BCETRIA,
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TETERE, @ TR /CION) target , j IEAIET/IT target AR, KIBERT] i #RIHA N,

15}

10

: 3
T | [

%3l

s 'Br

Mt i, § HAEAREETE. BTE
mERTAXE [i, j]

Step 1
15
12 []
10
6 6 6 6 6
gl 1
> im
®l o0 1 2 3 4 5 6 7 8 9
A Aoa
i j m
RS ER:
1. EARE m = (i +3) /2
2. ~ nums[m] == target
Step 3 A BT § o= m - 1 GHINERRE
15
12 []
10
is 6% 6 6 6
3] ]
m& L[ i
#l o 1 2 3 4 5 6 7 8 9
AoA A
m i j
BR—DER:
1. HEARE m = (i +3) /2
2. ~ nums[m] < target
l Step 5 A BT i o= m o+ 1 BIVERRE
15
12 ]
10
6 6 6
wE 1 H
#=l o 4 5 6 7 8 9
A oA
j im
B =S EH:
1. HEARE m = (i +3) /2
2. ~ nums[m] == target
Step 7 A BT § o= m - 1 BIVNERRE

157
12 ;
10
6 6 6 6 6
gl
ninr |
#l o 1 2 3 4 5 6 7 8 9
A A A
i m j
ER_SER:
1. HEHa m= (i +3j) /2
Step 2
15
12 []
10
6 eis 6 6
~alllf
o S |
SlCR BN |
#l o 1 2 3 4 5 6 7 8 9
A A N
iom j
EF=ER:
1. H®EHa m= (i +3j) /2
Step 4
15
12 []
10
%5 66 6 6
3] |
iR ‘1‘7§ |
#l o 1 2 3 4 5 6 7 8 9
Aa
im j
BR=SER:
1. HEHa m = (i +3j) /2
Step 6
15
12 [
10
6 6 6 6 6
3
b ‘1‘*
#l o 1 2 3 4 5 6 7 8 9
»
i
- FEREREHN i< j
~ BRHTS 1@, BEIHS| i
Step 8

10-6 o ERERETTRAVHA RH D IR

WA RIS, HIWr5r3Z nums[m] > target fll nums[m] == target FYHRIEMEME], [RILHEA] AE T,

RIELGHIE, BAMHERAT LRI S A R T, RO HOZ B SENTR R, Al et s gy,
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// === File: binary_search_insertion.cpp ===

[* ZHEREAR (FEEERR) */
int binarySearchInsertion(vector<int> &nums, int target) {
int 1 = 0, j = nums.size() - 1; // #BEWNAKX(E [0, n-1]
while (1 <= j) {
intm=1+(-1) /2 // HBPFIERS n
if (nums[m] < target) {
i=m+ 1; // target 7EZX[E] [m+1, j]
} else if (nums[m] > target) {
j=m-1; // target X8 [i, m-1] &
} else {
j=m-1; // BNMNF target WTEEXE [1, m-1] &
}
}
/] REFEAR 1

return i;

@ ATTHIEEE AR Fik, AX4EBEA LTI “ERETT Fik

BHBKRE, Zo&ERCAEstRaiat « 7 j 2aliE R A, HiraTsER —MEARITR (Pl target ),
WATRER—MIeREE (BN T target KITTER),

FEAMTRIIEIA — 0, 48%F < M1 j FBHANELICBOERI B iR, 2%, EMERRIKEIE R, sEiidia
L,

10.3 “H&EWBR

10.3.1 EHELR

@ BE-DKEN n FHFEH nums, HAATREGUSEEITTER, HREBHA RLE—DILR
v target (UR5 |, HHAPALEZZITER, MHRE -1,

B2 = EPARA S TTIE, MREW)E ¢ f8hRA— target , RIECEIRIGA AR FREERRA 4
target &5,

Z A BRI SR LI EIR SN, EER, BEHPRREAE S target , IXAENATRES LA TN
R,
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- EASRG] B,
- JGZE nums[i] 5 target AMHEZE,

SER| DL WAL, BERORE —1 Bia], AR RTR:

// === File: binary_search_edge.cpp ===

[* ZRERRE— target */

int binarySearchLeftEdge(vector<int> &nums, int target) {

/] ENMTEHK target FUHEAS
int 1 = binarySearchInsertion(nums, target);

/] FHEF target , iX[E -1

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

}

/] % target , REZESG| 1

return i;

10.3.2 EHRAOR

M2 E SR A target WE? BREAERT AR B, BHAE nums[m] == target TR NAYTEEH I 4E

Bl BRBIEILAERS, A 48R A AEITR,

NHEBA R E AN T

1. EREHREALR

Kk b, BATAI DA AERRETTRBRECREXRATTR, BIRTEN: FEREA A target #LNE

B — target + 1,

N 10-7 R, EERGERUE, fEE @ fRARA 1 target + 1 (WIRAFLR), 1M j fEARA —1 target,

BEIRIEl 5 BEWT,

target = 6

nums

sHeE—T
target

EHREE—T
target +1

Ffit

EHEE—
target
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10-7 HEBRGUR BN AER LD T
BEE, REMHASZ ¢, FHFRERHER 1, WmkS j:
// === File: binary_search_edge.cpp ===

[* ZREHRERE— target */
int binarySearchRightEdge(vector<int> &nums, int target) {
/] BUAEKRRE— target + 1
int 1 = binarySearchInsertion(nums, target + 1);
/] i EBRARA— target , 1 IEABMNKT target HTH
int j=1- 1;
/] K¥LE target , &[ME -1
if (j == -1 || nums[j] !'= target) {
return -1;

}
/] % target , REZ3]| j

return j;

2. BUAEHRTR

BATHNE, YBEAEE target B, &K1 Ml j 2o5FERE DNART. /N target FITE,
Klitt, @& 10-8 Fir, AR DAGIE — MNP A EER TR, A TEREGLR,

BERBE— target : o] AL NEER target - 0.5, FFRMEFEE 7,
EHEA D target : AJDAERIL ALK target + 0.5, FHIR[EFEEN 5

target = 6
wes [LJEIQEEF@EIEE]
;4 ;i
B &k
target-0.5 target +0.5
Fih Fih
EHREE—T EREE—1T
target target

[ 10-8 RESILFEMANEDBITR

RIS, DURMRESER,
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- HRTEBAEAE SN, IXERE AT DRI A BEAH A E
- BIMZITESIANT /N, A AR R R IR & target BONTRREEEE! (Python TE4EN) .
10.4 PEFERILEERR

FERIFEA, BATTH B R RS BON G A S POR R RN A, BB — DN RIRER A
BRfigE

(r) Y5 —NEEEUEAH nums FT— DN HFRICE target , EEEEHAER “F1” N target IR NIT
L £, HREIENEERS], REEE—MERIA],

10.4.1 £14FE: MUBYEE(E
ZRERBEIFERRENAS, WE 10-9 iR, BAFE—TNMENEN, fEERA AW NEENFZES AN
target, firxe, WHIREIE(TNES],

target = 13

nums =

EHFIEEES, HBFMA
target FVASER[D

10-9 ZeMEEBCRIEMRECZ AN

BTN RTR:
// === File: two_sum.cpp ===

[* FiE— BAKE */
vector<int> twoSumBruteForce(vector<int> &nums, int target) {

int size = nums.size();

/] FEER, FEIEZREN 0(n 2)
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for (int 1 = 0; 1 < size - 1; 1++) {
for (int j =1 + 1; j < size; j++) {
if (nums[i] + nums[j] == target)

return {1, j};

}

return {};

TR RS 2R O(n?) , ZEREAEN O(1), fEREURR NIEFFEN,

10.4.2 MEFHEEHK: LISSEHRETE]

FIEMB—MNaRmE, BEX AN BEITTRNTTRRG BINENEE, SHRHIITE 10-10 FimrPE,

1. AW target - nums[i] BEEMAET, HE, MWERRERXMNMITRIRI,
2. RFEE(EDN nums[1] FIZRST] 1 BRIIEIG AR,

target = 13

o : [

[ ey 8 ] b
map =
value %3

BHA nums

© 13 - 2 = 11 K7 map P
-~ BTE 2 Hh#E map
Step 1

Step 3

target = 13

1 )
‘ A

i
-a8 =
map =
value =3l

BHBE nums

© 13 - 7 = 6 fE£ map H
~ BTE 7 Fh# map
Step 2

target = 13

ws - (@OOO
:
i

|: - g } ﬁi
map =
value 1 =3l

BHEA nums

v 13 - 11 = 2 7£ map
~ EETRAGHRS [0, 2]

& 10-10 #HBhIG AR KERELZ

KRB TR, (T B EIERRTA] :

// === File: two_sum.cpp ===

[* FET HBRAER ¢/

vector<int> twoSumHashTable(vector<int> &nums, int target) {
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int size = nums.size();
/] HBhRRER, TEEREN 0(n)
unordered_map<int, int> dic;
/] BEREX, BESEREAN 0(n)
for (int 1 = 0; 1 < size; 1++) {
if (dic.find(target - nums[i]) != dic.end()) {

return {dic[target - nums[i]], i};

}

dic.emplace(nums[i], 1);
}
return {};

T PRI 7 A B I 2 O(n?) B2 O(n) , KIBHRTHEITR,

T REGEF—MMIIE R R, BHBEERERN O(n) . REWIL, 7RI IN 2335058 0 h 1,
Pt ERA SR R

10.5 FiNHEFEEEX

MERET searching algorithm ) ATIERIRLEH (BIanfkd, #ER, WEkE) FFER—-P—HlERTE
FAFHITTR,

ERBIRAMRIE IR 2 DU ML,

- IE I BAREHIE N HbR TR, BIANEE, BERR. AR 5
- FINBIEHA G R BIR SR CRER, SRPOTRER, FI &R B EHR SRR
EIKF,
AHERBL, XA R EAERTI A E T A, RIEREEN T BRI AR, AT, 3]
K MEMRGIMAVIA, HEH A IERE,

10.5.1 #HiEE

2R FE L BRE RN TR R E M BT R,
- CERMHERT G TEEHM BRSNS, EMNEBIRAIR —ImIT s, BATIROTR, EHEKE
HARTCREENA S — il G I8 HAR TR M 1k,
C ARG ERT 1 REMIER” RERIR B PR RS, AR M T KT IR =
R, BT , REUCRRMRNAET ROTER, 1 —RIEEREL, AR
fhig e, EEE e MRS,

FEROILAR R HEREL, JEA RSB RS BN RS .
SR, MRBIEINMIE RSN O(n) , Hrhn cREcs, FIELSIREERI S T IERERZE.
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10.5.2 BHiEMNiEHE

EEMERA BRI R AR (BlnE R R RIERE, s motE i B Rt R,

- ST EERT MREERERE ISR, PUER TEE.
- AT ERRT MR R REIEN B R EEEE O ED S, TSI R,
- PR TERPERIREEH (BN SRR, FET AT RUESRPRIEHERR T L, AT AL HARTT R,

KRR SRR, IS AT O(log n) #% O(1) .

SR, FERANX AR TR EON BRI T AR, BN, o &R E T A THER, e AR
E AT LG BRIMNOBURLEAY, 4R IX B RRAGHE T 7R E A MO R0 2 TR T

@ HIEMERBIEF IOV ERERE, BRH TR EBIRaarb PRk R oo,
-
10.5.3 {8FF5IEEN

RN n B—HEE, BATTCAERLEMER, &R WEER BRESREZSMITIENTERER
TER. HMNTTTER TAEFEEINE 10-11 iR,

£4iE% o(n) MEEX 0(1) A key #if value
key [ 5N S
54k 3 Ak E42]
—9#EH 0(logn) W& 0(logn)
E-XERNP
EFHBERT R

A

RIESIEE RS MERXIE

K 10-11 ZAPfE2R5ER

IR URTTIRR B ERCR SRR 10-1 R,

# 10-1 EIREERCEEX L
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LRMHER TR AR MG AR A
EHITR O(n) O(logn) O(logn) O(1)
AATTR 0(1) O(n) O(logn) 0(1)
MHERITER O(n) O(n) O(logn) 0(1)
Livlesls| O(1) O(1) O(n) O(n)
Hm st / H7 O(nlogn) #Ht O(nlogn) TR O(n)
YRR S A TeF? fFp fFp ToF?

RREIRANEREIR T EIRA R, BREEZER, PdR&i S EHiRs,
&MHER

- JERMERYE, TAUETEEETSE IR R, RNBA T ER —IREE, IR 2HA =5 AR R E A
AR T FE S M FE AR AN TRE 2B K

- EHTHRER/NOEAE, HIEGE N RS A SRR,

C ERTEERERCREGS R, ROV AR E SR TR TR e,

R

S OERATREAERRIEI, BCRRMRRE, RENFEZREN O(logn) .
- BUERARRET R, BN EREH TR EE SR A A
- RNERT @SBRI R, ROV A B R TR,

WA AR

- EENEREREERIRESHT R, PENEESREN O(1) .

- NEGHREARFEIRSGEEERNT R, AR RICIRLET BIRA 7.

© XIS TR R ORI A PR AL PRI O (R M A s, BRI PERE S (LK

- NEEEIR R KRIIED, RIS R T LN R EARE A R, Mt R e i it
AE.

PR

- JERTEEREEE, OV RN R BUE BRI,

- EETREGEA PR E AR R,

 TERPSUEINT SR AR, ISR ATRE AR, NRIERESEE O(n) -

- H{EA AVL eel B, M THRERTTE O(logn) BER FRAEIETT, (A4 RT- SR E S 88 I
SN

10.6 /h&E

© S EREEEIRRE I, B EIRE S AR KRR TER, BERMABIEE R, HAX
1& T B e T B ST B R S A
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- R E R SR R R, RMHOSOE T TN, I (R AR AR
SERFERN, HREEAMEL, TABIR TR, (ERREZE O(n) K.

- IRTREER, MR ) AR TR, AER R SR R R R E AR, IR
=E5, WIAEZREAE O(logn) H% O(1), IEHFEEMBTIMURLS,

- i, RANEEAEGRAR, BRIEAEER, ORI E RS AT BRI, MRS
G T

C RPHSZIE T VISR, BB T AL HF ISR AT A HOER T 2
SRR EL A ISR s S T A B WP AT SR 2 M KB S R

L BT AR R — R R (TN RIS, A IS AR EE A O (n) %8 O(1)



225

F11E #HF

(r) HEFP LA — R LA R I BETRTARL,  (EFRATTRE DASE i 7y sUE R 5 AL PRES
w TR E AT, REERIIEHS, SR T8RS SRR,
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11.1 HIEHEZ%

HEP 5% sorting algorithm A Fxt —HEHRIZ IR E A THY, HFRIEAE ZINE, BAE
PR B RERS BB RO AR, AT AL,

A 11-1 FoR, HEFRIARAEEREA ] DU RREL. TR FATET AT ERSE, e RO RN AT AR R 5K
BE, WEFR/N T ASCIL RGBT 5% H & R,

BRBF X NHF B
20800800 90O8ooocooa

BRFHFHFFRS

CIEDECICIED = ENEDEDCID

IR E XN HF 7 &

GO0O00G Ooococooo

B 11-1  Edfm SRR R R B

11.1.1 P EE

BT BRI ERNN RS RER, HERREdEis> (NREREPREEIEEN . X
TAREGERAEN, BITRREEUNEL,

AR B E S, TR ) s R B ERERESLBIHEE, TCAUBBI AR, TN
o WHBOUR, iR e, sImEEmEDR,

RoEtE: TREfhy) ERAHEE, HETREBEHP AT A% L,

REHF R 2P R IR R, BIRBITE M EFER AR, 58 155 2 510512 A
iy, FEIXAEOLT, THEREHF) PIRESBUM ABURRIA P ikk:

# 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)

BIENE: TEIEN T ) BN RS E S A B, RIRENRERE, RENFERE, PN
AR EFH A TE 2,

H IS N AR BRI OUOR TG, AR RZEN W E A2 T PN R B 20T, WIHF BRI ERE T
PEREFTRES L, DRI N DB s Tan R e FE I TR S AL T A I R A0, TR IE e

ROIET IR AT IRIHE ) fRitE0sBrT (<0 = >) RAMTTRIERT, Mz
¢, BILRMNFAEREN O(nlogn) . M HEEHF ) AMEMLEIZER, NHERENXOn), 8
HIE AR

11.1.2 IBBEHIFEZ

BT, b, RUE. IEFEERNL, EHITELF. B, €5 NIEMARKIGRA D ERTERHERIHTETE.
I, FEIEREHE R RUART, 7R AR B R SO A R SRR UE

TR, BATRIERZESBAHP R, HET LR 2 RIER JLEk s T 204

11.2 #&FHF

NESEHER? selection sort) RYLAERBAER B8 TR —MEH, SHRMARHF XENERER/NITER, KHE
BEIEHEF X AR,

REEHRI RN n, ERHEFRRIERENE 11-2 For.

L WIaIRAESR, FrETCREAHT, BRHY (RsD XA [0,n — 1],
2. EHUXE [0,n — 1] PE/NER, FHSRG] 0 °McRcit, e, B 1 MTREHR.
3. JEEIXTE [1,n — 1] s/ e s, BHERI] 1 ARITER S, 5eUa, B 2 NMTReHF,
4. DUHEHE, 21 n — 1S seiius, Bl n — 1 M eReHT.
5. (RB—MNIeRULERRATTR, AT, KIEBARF 2N,

B 1 0sE: 8B 1 R

BHKRAFXE, EERTR nuns[k] BHFRAFXE, EERTRE nuns[k]

ZB/TR nums[k] FRAFXENENTHE nums[i]

Step 1 Step 2
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KHFXE

nums

B 2 wiEE:
EHARHFXE, %ERITR nums[k]

Cstep 3 |

KHFXE

nums

¥ 3 wiEE:
BHARHFXE, %ERITR nums[k]

Cstep 5 |

RHFXE

nums

B 4 Wik
EHRHFXE, #ERITHR nums[k]

sten 7 |

RHFXE

nums

# 5 R
BHARHFXE, $ERITR nums[k]

s

Step 11

Step &

Step 6

Step 8

Step 10

KHEFEE

TRHF (RR—NTREAAF)

11-2 EFHEF PR

ARG, ATk RICFARHF X RN R/NTER:

RHFXE

B 2wk
BHRAFXE, EERNTE nums[k]
TR nuns[k] FRAFXERENTR nums[i]

RHFXE

B 3wk
BHARAFXE, EERNTE nums[k]
TR nuns[k] FARAFXERENTR nums[i]

FHEFEE

nums

B 4 Wik
BHRAFXE, #EERNTE nums[k]
TR nuns[k] FRAFXERENTR nuns[i]

KHFE

-

nums

8 5 Wik
BHARHFXE, #EERNTE nums[k]
TR nuns[k] FRAFXERENTR nuns[i]
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// === File: selection_sort.cpp ===

[* EFEHE +/
voild selectionSort(vector<int> &nums) {
int n = nums.size();
/] MBI REFFXEN [1, n-1]
for (int 1 =0; 1 <n - 1; 1++) {
/] WEF: HERFFXERNRNTER
int k = i;
for (int j =1+ 1; j <n; j++) {
if (nums[j] < nums[k])
k =3; /] BR&NTENRSI
}
/] Bz&haRSREFXENE N TR

swap(nums[i], nums[k]);

11.2.1 Hix4$

RSN O(n2). AEEIERIHEY: SMEFREE n — 1 8, H—0MRMEFXKEKEN n, SE—4#
HIARHEFF I IR 2, EIHAMEFR RIS n, no— 1. ... 3. 2 SINTEEF, iy C=lnt2)
- MERIEN O(1), JEHHER:: $55H 0 B 8 FREO0 NI,
- ARERHE: W 113 R, TCE nuns[1] F ATAENSHE 5 EAHSRTRIGID, SEMERH
[G52-Z N

FHFIE

oo
RITE—IIERE

FHIFIE

B0 0o
TRE—RIERGE,
AR 4 BERIERETHE

B 11-3 R IR R A
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11.3 BaHF

MEit2HER bubble sort ) JEIdIESM LR S 2 AR TT R KBRS . IX DR G T MRRER T2 T —#F,

ESY: KE ZA=Riuke 35 28

N 11-4 FoR, B ISR AT DA TR S HUR e W R ST aaTa a3, MRIREEEH A TR K
AN, TR ETER > TR M A R, RREITTR SRS EI A R R i

nums °o°o°o

FHRARE—H R
TENNSEREFRIELL

~ DEEDEE®

(st
nums gqeoea

MEZGBHESTER:
v EORER > GARR
o BRI TR

Step 3

nuns 060°°0

MEEGREHESTE:
v EBRER < BATR
o HHRTE

l Step 5 J

Step 7

11.3.1 E&imiE

nuns Q‘egeo

MEEGEHESTE:
v EAnE > BTk
o B ITER

Step 2

nuns Qeoaeo

MEZEGEEHESTER:
v EARER > BATR
o BT TTE

Step &

ceooé§

MNEEGEHESTE:
v EBRER > BATR
o BRI ITER

Step 6

KIE IKE
nums oeoooe

WH n-1 MRS

BHZERSE,
BARERT HAE

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. BEROR, MERn — 1 DATERIT "B, K IOrRZRE IR E,
3. UMK, i n — 1% “Hilg” 5, #in — 1 KECEARPEHE IEmAIE,
4. {CRIE— P ITRBERR/IVLR, AT, BT 2K,

“E&II*E”

- 000000
0oDooo

HiTE 2 ®ER

- 0

MITE 3 RESR

a0

MITE 4 BEE

0800

AiTE 5 BEE

- 008000

TRHAF ®R— T TELAHF)

MiTE 1 ®ER

B9TTE

11-5 B

BRSNS
// === File: bubble_sort.cpp ===

/* BiEHF */
voild bubbleSort(vector<int> &nums) {
/] IMEIR: KHFXEA [0, i]

for (int 1 = nums.size() - 1; 1 > 0; i1--) {

/] RER: BREFXE [0, 1] FRNRATEXREZXENREGH

for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]) {
/] X nums[j] 5 nums[j + 1]
/] XEBFRT std::swap() KX

swap(nums[j], nums[j + 1]);

11.3.2 EMRKL

SRHEFFXE]

[o,

[o,

[o,

[o,

[o,

[o,

5]

4]

3]

2]

1]

o]

BAVRE, RER “Bil” PERAMITEMGERIE, WRHC AR Y, ATERHRMEZR, K, A

DA AN —MREAL Flag RETMIXARENL, — BBz RLR AL,
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G, LR AR 22N T 2 BRI I R 2R 0 O(n2) 5 (E2480 \BRe 52 2 R, ATk
SRR 24 O(n)

// === File: bubble_sort.cpp ===

[* BaHE (nEMh) */
void bubbleSortWithFlag(vector<int> &nums) {
/] MBI RHEFEXIERN [0, ]
for (int 1 = nums.size() - 1; 1 > 0; 1--) {
bool flag = false; // #IMBILARENL
/] RER: BRHEFEXIE [0, 1] PHEATERREZXENRGIH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]) {
/] 3% nums[i] 5 nums[j + 1]
/] XEBERT std::swap() KX
swap(nums[j], nums[j + 1]);
flag = true; // IERXHTE
}

}
if (!flag)
break; // Lt# “BE” RIREMTE, HiEHkY

11.3.3 HiEsE

- REREEN O(n2). ENENIEF: 5 BN RBIEE KRR n — 1. n—2. ... 2. 1,
BATH (n— 1)n/2. 1EBIA flag HALIE, SEEM RIS AL O(n) .

- SEAEZE R O(1), JEHEHBT: 15610 A GERIREOCIMIEN AR L,

- REHDY: BT IR dBsINSTE R,

11.4 ENHF

Ml AHFY insertion sort) 2 MR RAHEFEE, CHTIERES TaRH—aIhr IR ERE 0L

BARUL, BAMERFFXHEZE PR, oo 5HAMEHF XRFTTRE—EARD, R
ZICREAZIERMAA E,

& 11-6 Jeon T BEHA A TTRIHRERAE, BHEMETTRN base, FANFERMBEIRERFIF] base Z HIIFTHIT
RIEEREEI—AL, AR base WIEZ HARRS I
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nums[5] = nums[4]

Be& 3 AR nums o, N
N N L TERRR
BRI E T AREBH—f ) 2
;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, 5]

11-7 f@AHEF AR

ARBIRESANT :
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// === File: insertion_sort.cpp ===

[* FANHEF */
vold insertionSort(vector<int> &nums) {
/] 5MER: BHIETEREN 1, 2, ..., n
for (int 1 = 1; 1 < nums.size(); i++) {
int base = nums[i], j =1 - 1;
/] RTEF: 3 base HWAFIEHEH W EHLE
while (j >= 0 && nums[j] > base) {
nums[j + 1] = nums[j1; // & nums[j] mAFBN—IL
3--3
}
nums[j + 1] = base; // ¥ base IR{EZ|IEHIE

11.4.2 EEiS4

- WRERERN O(n?), HIEMHT: fEREHR T, BUrEAREIFEER/E L — 1. n—2, ...
20 TR, KAEE (n — 1)n/2, WILRREZREHR O(n?) . EIBEIHEFEARN, HARIERIRRL
ke MHABHZE AT, BAHHTERIRENAERE O(n) .

- BRERER O(1), WHHbT: 485 ¢ f j B FEEOO NSNS E

- REHEE: ERAREERES, ROSKTRBAZMHETRNEGM, AU ENRIET.

11.4.3 {HENHIFRRE

FAHEF R FEZE R O(n?), TEAIERE: S PR F N RE 2% O(nlogn) » REMAHEF
RRTTRI S 2% s, HAEBUR RIS, mAHD I E i,

XA G ERIEE TN 0 RIS EEIE RO, P73 O(nlogn) MEDETE T HIAK
WSRO S, AR S 2 T R e, TIESERREVI, n? Fl nlog n MEUE HAEE, HAJEAR
SN, SRR TR SRR DUE R

Khr b, WEHEES (B0 Java) RINEHFFEECRA THANNY, RECEEN: XTR&EHE, RAET
SHAERMHHF R, BIanpuEy; N TEREH, BRERmAHT,

EORF I, AR A IR RS 248 O(n?) , (HAESZBRIGNR, $AHER I 550%
Fea TRy, 1EADITEE,

- B AT TR, TEMB DR R, A 3 N EITHRE; WAHEE T TRIRESL
B, N 1AEHITRiE, Bk, BRHDEr RO RE R L AT E .

OEBHEF AR RN RERERN O(n?) o UURGE LIRS AFIEDE, BAHDTIEH ik
BHIPBCR E .

IR AEE, RN AT 2R,
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11.5 REHIF

MPEHER quick sort) B — R T ARISHIHEF R,

N

=17

R, Mz,

PIEHE R OERER “THIERI ", HERE: RPN TR R, /TR
RUTTRBEIHAEM, AR TEBEETTRBEIHAM, BARKE, IHIXI RN E 11-8 Fror.

1.

A iR /e T R E N EERL, WAL NMEEE LRI 5 o allda e R,

2. WEMER, EFRAER L G) 2RSS PHERELCR () BITR, KRR ITR,

3.

v

Step 1 B
left right
v v
- (08088
A A
i b
def partition(nums, left, right):
s
i, j = left, right # B nums[left] Has
while i < j:
while i < j and nums[j] >= nums[left]: # MEAERENNFRESNTE
j-=1
while i < j and nums[i] <= nums[left]: # MEBGHREIATFEEROTE
i+=1
nums[i], nums[j] = nums[j], nums[i] # XFPTR
nums[i], nums[left] = nums[left], nums[i] # BEEBTRERFHANDIAE
return i # EEEERIRS|
Step 3 BN
left right
v v
el o [ [o]-])
A A
i bl
def partition(nums, left, right):
RIS
i, j = left, right # LU nums[left] HEs
while i < j:
while i < j and nums[j] >= nums[left]: # MERARE NN FRERNTE
j =1
while i < j and nums[i] <= nums[left]: # MEMGREIATERERNTE
i4=1
nums[i], nums(j] = nums[j], nums[i] # TREFN TR
nums[i], nums[left] = nums[left], nums[i] # BEAMTRERTFHRANSIREL
return i # EEEEHMRS|
Step 5 BHEH
left right

i)

def partition(nums, left, right):
RIS
i, j = left, right
while i < j:

while i < j and nums[3] >= nums[left]:

j=1

while i < j and nums[i] <= nums[left]:

i+=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

~ 000000

LU nums[left] AEE
MEBERE NN TFRERNTR
MEBEREPATFRERNTR
TP TR

BEESZRERFHRANSIRE
BEIEEHAFS|

Step 2

Step &

Step 6

BER
left

nums

def partition(nums, left, right):
e
i, j = left, right
while i < j:

while i < j and nums[j] >= nums[left]:

j-=1

while i < j and nuns[i] <= nums[left]:

i+=1
numsfil, nums(3] = nums(3], nums(i]
nuns(i], nunsileft] = nums[left], nums[il
return i

Y34
left
v

TEIATE B 2., HE LM § EERHELE, RIEREESCIHREND TR 7 FH ik,

right

#

#

#

#
#

B nums[left] HEEH
MEREREMNTFEESBITR
MEBEREPATRERNTR
TR

RREBRERTFRANSFE
EEEAERHRS|

right

v

.q!pag]

1 J

def partition(nums, left, right):
[

, 3 = left, right

while i < j:

while i < j and nums[j] >= nums[left]:

j-=1

while i < j and nums[i] <= nums[left]:

i4=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

rtition(nums, left, right):
g

i, j = left, right

while i < j:

while i < j and nums[j] >= nums[left]:

j-=1

while i < j and nums[i] <= nums[left]:

ie=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

#

#

#

#
#

#

#

#

#

B nums[left] HEEH
MEEERENMNTFEESHNTR
MEBEREPAFREMTR
AP D TTHR

RRESIRERFRANIRE
SEEE MRS

Bl nums[left] REER
NEHERE NN FRESNTR
MEBEREMATERBHITR
XA DT

BEESZRERFHRANSIRE
OISR
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Step 7 BN Step 8
left right left EE¥ right
v v v v v
. .
- (00088 - (00008
A ) o
j 3
1 1
def partition(nums, left, right): def partition(nums, left, right):
RRS RS
i, j = left, right # B nums[Lleft] JEmMH i, j = left, right # B4 nums[left] S
while i < j: while i < j:
while i < j and nums[j] >= nums[left]: # MERARE M\ FRERNTR while i < j and nums[j] >= nums[left]: # MAMAREMNFEESNTR
5= g gl
while i < j and nums[i] <= nums[leftl: # MEMAREMATEERNTE while i < j and nums[i] <= nums[left]: # MEBEREMATEESNTE
i+4=1 i+=1
nuns[il, nums[3] = nums[31, nums[i] # AR nums[i], nuns(3] = nums[3], nums[il # REFEIR
nums[i], nums[left] = nums[left], nums[i] # BEEMCRERFRANS AL nums[i], nums[left] = nums[left], nums[i] # BREBTREFRTHANSIRE
return i # EEREHNRS| return i # EEEEEES|
Step 9
BN
v
el [ ][ ][]
EFHE HFHE

‘RIS TG, REMTRN
EFHAERTER < BEY < AFHRAERTR

11-8 M7 20 3
LRI e, RS =50 78, Bl A8, Bk “ErBAEETRE <&
R < AFEAHERTR". B, BAHETRATBHZM D FEATHT,

@ P HER 9 7 6 R
w W SE 3173 B SR PR A — M B O HE P (P R A N R R R 1A)

// === File: quick_sort.cpp ===

[* TTEXM */
void swap(vector<int> &nums, int i1, int j) {

int tmp = nums[i];

nums[i] = nums[j];

nums[j] = tmp;

[* HEXID */
int partition(vector<int> &nums, int left, int right) {
/] LA nums[left] F9EHEHK
int 1 = left, j = right;
while (1 < j) {
while (1 < j && nums[j] >= nums[left])
i--; /] NEBEREHRENMNFEESRNTER
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while (1 < j && nums[i] <= nums[left])
Lt+; /] MNEBAHRENAFEESRNTR
swap(nums, i, j); // REXBEPTE

}
swap(nums, i, left); // REABIRERFHANS FL
return i; // REIEEHNZEES]

11.5.1 EERE

PRIgEHE P AR AN E 11-9 Fro

L &, MEBAMT R “THED”, SRR THANG T8,
2. g, MAETEHNG TEADAIEFIT “HERD",
3. FiBusIH, EREFEEHKEN 1 INZIL, MRiEBEN T

|
- 00080

FREE

B0 EEEE

RIS

B BATFHART “HEXS

#IAEFHA CBRATRE - EETRAKEN 1 BAL

BIRTSERR SR A HEE

1 2
YRI5 MY FeRl 43
2

g | gk ST

11-9 PudHER e

// === File: quick_sort.cpp ===

[* BRERHERE */
void quickSort(vector<int> &nums, int left, int right) {
/] FEAEKERN 1 IR IE#E)T
if (left >= right)
return;
/] HESD
int pivot = partition(nums, left, right);
/] BAEFEAE. EFEA
quickSort(nums, left, pivot - 1);
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quickSort(nums, pivot + 1, right);

11.5.2 EEiS4

- NAERER O(nlogn). HIEMHDT: fEFHIER K, HERIZHNEHELEN logn , BEPIIENE
W, BAMER O(nlogn) MR, 7ERZEMEILT, SIS MRIERS KN n BOEERI 72
KEHN O M n— 1 MR T84, ’IBAEEGAE n, SEPNBIRECH n, BAER O(n?) K,

- BRERER O(n), FHHDY : E@ABEHZE2EFHN T, BRRZERITRE n, #H O(n)
i A, HEFP B E R TE B BT, REBBEINIE,

- AEREHEE . R RG22, FEERRTRER B E R T RAIA M,

11.5.3 REHF AT AR

MAFR ERERER th, POEHEFERCR T H N 2 BEA —ER LS, REPEHFR PN RIS RES “HFHE
RO CHERERT M), EDEE POEHEERRSCR e, EEA DU REL,

- B ERE DU BRI BAVGRAEFNRERFE2E N O(n?) , WHIDHHITRE, B4R
ZHEUIBOT, POEHTRELE O(nlogn) KN RIE 24 R8T,

© RAMERIRCR S FEPUTIH SRR RER, RPN FRANEE %A, R R RAIRERE
Ho Mg “HEHER” XEFRFEBRRATIFITR, MMERZX R,

C ERENWRARBUDN: £ ER=MEES, PR, WRE, SR ERERD, X5
AT L CEiEHET E AR,

11.5.4 EEHRK

P HE e DRI RIBSCR AT RERES, 28— PHSmB T, B ASE R 2 2RF, BTHAInERE
RIETCRIENEER, I2ENEXID MG, SESREirE iRkt SEAETEHRE N n — 1,
ATBAHRKEN O, HGEA X, FRIEEKDEHRE DT B KERN 0, 2IERIGKRRL, s
B “BinHF" faeir.

N RERGIXAEOURE, BT AL SER 53 vp S ME RN IBGR I . B4, FefiTn] PAREHLIZR — 1
TLRIENEEMER, AT, WS AE, BIREERIAFAEREEE, BERIANRINAT.
FETENE, WEESEWEERIZE “ThRENET . I REA T ORI 514 i — DR AR B,
AR 2 PRIEHE PP B RRAT PR T RES 1

N TP UGHE, BATRUAEBAPIER=pkmR (B VEANE,. B, PRULR), IHRIX=Aik
TCRAPPABA AR, Xk, FER “BEAAK/MBARKR” BIREREERIEIE T, SR, BABER A
VEHUE 2 e, I — SRS RIAIARME Y, RAIXFTIEG, MRERESLE O(n?) MHEREAK
R

RBIESNTR :
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// === File: quick_sort.cpp ===

[* BB =MEETTRAPIE */
int medianThree(vector<int> &nums, int left, int mid, int right) {
/] WRMERFEEERE LA
/] BEMUWA 0r0=1~1=0,0r1=120=1
if ((nums[left] < nums[mid]) ~ (nums[left] < nums[right]))
return left;
else if ((nums[mid] < nums[left]) #~ (nums[mid] < nums[right]))
return mid;
else

return right;

}

[* HEXS (ZHEFE) */
int partition(vector<int> &nums, int left, int right) {
/] ER=MEETRA PR
int med = medianThree(nums, left, (left + right) / 2, right);
/] BHRUMRIRE AR AR
swap(nums, left, med);
/] LA nums[left] FEHEER
int 1 = left, j = right;
while (1 < j) {
while (1 < j && nums[j] >= nums[left])
i--; /] NBERERENMNFEAERNTER
while (1 < j && nums[i] <= nums[left])
Tt /] MNERBKENAKTFEERNTER
swap(nums, i, j); // EXFHENTE

}
swap(nums, i, left); // REEFIREMFHRAN S R
return i; [/ REIEEHRRS]

11.5.5 RE#&Jakik

TESSERA S, HORHDFAIRE S RS, Dise 2 RO ASCELA I, I i FAL K m
SO SR MRS A K O (078 TR m — 104G TR0AL, XSk 5 — RV AT >
FOFERIBEE SN (RRD—NTER), SRR RS 0 — 1, AR O(n) A/ MRz,
N T IR R RR, Tl SRR Se iR, FERPA TR K, DOR BNy T4
TR, TR T K RS n/2 , RISR T AR ORI i logn , MITHHR2E4S
EZRERILE O(logn) o RS RAR:

// === File: quick_sort.cpp ===

[* REHEE (BE)3fmk) */
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voild quickSort(vector<int> &nums, int left, int right) {
/] FEHEKER 1 AL
while (left < right) {
/] PHERIDRME
int pivot = partition(nums, left, right);
/] FWEADNFEAPBIRI N HITREH
if (pivot - left < right - pivot) {
quickSort(nums, left, pivot - 1); // @FHFEAEFEA

left = pivot + 1; /] RIRFHFXEA [pivot + 1, right]
} else {

quickSort(nums, pivot + 1, right); // @®I3HFEHFEA

right = pivot - 1; /] RERRHFXEA [left, pivot - 1]

11.6 FAHHIF

MAFFHER merge sort) B—FET 2ERIBIAFEZE, WEE 11-10 Fospy “Xn” M “G3H" B,

L XIrBirEe: B IBEITARWEHER BER M AL 0T, R KRB A HET W8 5 R A A HE e
2. AIFRTBL: HTRAKEN 1 NRIERIY, JHAETH, R A M MR E PRGN —
KIAFPHH, EEEH,

M B

) mgEA
HIEF

- BHHE

B 11-10 AFHHERERIRI 5 & FFHTE
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11.6.1 BEEHE

i 11-11 Fow, KRB IR R A s 8] b s ) 0 A A 5L

1. HHREESHP R mid, BEAXID A TEH (XH [left, nid] ) FHEFHH (XFA [mid + 1, right] ),
2. BARTHE 1., EETEAXRAKEN 1 &L,

“BIHHER WERETUR L T BANG TR N~ M E R, FEEERR, WREN 1 T8 ET

meE

[ Step 1

[ Step 3 ]

l Step 5

[ Step 7

#ERS <

Efi&EsH

#ENS <

Ei&H -

#EAS <

EMEH <

EEH -

mEEE

R
EJ12 40

. g

Ed1 40

&g

T

B2
EJ1 40

, AFFHEARRE T EAER A PR,

Step 2 |

( Step 4

Step 6

Step 8

EEYS <

EHEH -

BEAYS

EMEH -

#AYNS <

EHEH -

#EANS <

E#EH

BEZE
(7]

AR
EJ1= 40

etk
KRG

fREA
bR
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BAYNS <

l Step 9 Step 10

11-11 JHFHER B

WER KB, VAFFHE 5 = SR P D i I U 2 — 2,

- PP ST, EBIAA T, mRIEEEART R,
VPEHT: BT, MEING TR, RELEEIF,

H I HER B SEBAn AR RS AR, TETER, nums UGS IFIXEY [left, right], T tmp AR X [A]
[0, right - left].

// === File: merge_sort.cpp ===

/* BFHEFHEAMEGTFEHA */
void merge(vector<int> &nums, int left, int mid, int right) {

/] EFEAKEN [left, nid], BFHAKEA [mid+1, right]
/] QVE—NIGEEE tmp , AFEREHENER
vector<int> tmp(right - left + 1);
/] ¥IE A FEAAR A F A RIRRIA RS
int 1 = left, j=mid + 1, k = 0;
/] BEAFHATETERN, #ITHRHERNNTRERFIRIELAH
while (1 <= mid && j <= right) {

if (nums[i] <= nums[j])

tmp[k++] = nums[i++];
else
tmp[k++] = nums[j++];

}
/] BEFEANEGFEANTRTEE ST IR EEH
while (1 <= mid) {

tmp[k++] = nums[i++];
}
while (j <= right) {

tmp[k++] = nums[j++];
}
/] BIEEEE tmp RRITTREFIEIREE nuns AU RZX 8]
for (k = 0; k < tmp.size(); k++) {

nums[left + k] = tmp[k];
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}

[* VAHHE */
vold mergeSort(vector<int> &nums, int left, int right) {
/] BIEH
if (left >= right)
return; // HFHEAKER 1 BHEIEE)T
/] XI2BNEE
int mid = (left + right) / 2; /] &S
mergeSort(nums, left, mid); /] BFEFEEA
mergeSort(nums, mid + 1, right); // I3 GFEA
/] EFME

merge(nums, left, mid, right);

11.6.2 EiEisE

- B ZEN O(nlogn). TEEHERHET: KI5 4 log n BOBIAR, SR &I IR R
Wn, EHAEKNEEZEYN O(nlogn)

- SAEZER O(n). IEHHEY: JEIIERRER logn , M O(logn) A/NKEMZS, AR
SEHRBRCISIL, 5 O(n) K/ NUBHNE,

- Rl fESIRTRE, SRR R R,

11.6.3 §ERHIF

MTRER, VST A Rk AR BN, W BLRRERHDPESS SRS O(1) .

- KRB ATDUER] BT B BT SRSSEIRERI o TAE, A A ) 6 A AR A,
© AIEREL: fERERT, TRIEMERCEERACES I (EED) RIRTSCE, REEFHME CRMADEE P EE
RAEHN-DRAFHER) TCHOIEIIMER,

BRSNS a2, AT L T LA A e R T2 5T
11.7 HHF

Or BERATIHG, TEWRE e “HE “E,

THEHEF? heap sort) @& — i THEEHRSH LB @A RiL. BATAI IR HELFER “EHERIE
“TURHHERRE" KIHEHE

L. BONBCERFENNTiHE, T iR/ VTR AT HET,
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2. AWAAT HIHERRSE, RUGCREHETTER, BIRREIWNERHF IS,

PALETT IR BARAIAT, ERFEME— MM R HATTER, HEGR M, bR, RATE R
— RS AL AR SC BT o

11.7.1 HERiE

REAHNKEN n, HEHFPRITRAEINE 11-12 Fr,

L BN RTIME, SEn, ROARTTRATHER,
2. BHEDOTR (B—MIER) SHETER (BE—ITIER) . sy, #RER 1, BT

REEML,
3. MHETRTTERITAA,

4. PEIMAITES 2. PRI 3. Do TERR n — 1 %2)5, BRIl diiim.

MIRENERAITHE(LIRAE (sift down), FERMELIE, HERTPMERGEIEE,

@ Kb b, TTRHEMEREHRAES 2. PN 3., REZ 7 - PHHTRIPE,

s

o 6 O

000
SEMZRWET
SEHBLART

~ (08000
BTE BERE
| step 1 ‘

/@\
6 o
doe

mwngn Eﬁ#[ﬂ

.ﬂﬂ.ﬂﬂ]

Step 3 |
0

e ©
400

HIEHER EHIFEE
Bﬂﬂ

Step 5 \

SHIF

1. WABURFHEME

2. EFRMEPRERATE
(1) ZHETMTESHERTE
(2) MTRERHITHEN

SEHEF

1. MINSCAHERE

2. ERMEPRIBATE
(1) ZHETRTTRSHERTE
(2) MTRERHTHA

SEHIF

1. WINSAHEE

2. BERMEPRIBATER
(1) HETMTRSHERTR
(2) MNTRER#THMW

Y
)

N

(-}
(-]

BIGRYEE BT
nums {ﬁnﬁ

Step 2

o,

-
@

000
EMERXE EWEEH
- 00000

Step 4

@@@

*ME&EH amgzn
w HODO0O

Step 6

SEHE

1. WABUAHRIE
2. EFRMEPRERATER
(1) ZWETMTESHERTE

SEHF

1. BWABEAFHRIE
2. fEFMEPREBATER
(1) RETRTTRSHRTE

SEHF

1. MINBEAFERIE
2. EFMEPRERATER
(1) RBBETTRSHERTR
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e o
000

BNERKE SHFXE

- (BEO0008

kStep7‘
6@@

000

KWE#EH BHIFXE
- 00800

[ Step 9 |

-]
o o
000

BNENRE BHEFERE
— 00000

| Step 11 \

SEHEF

1. WNSCAH RS

2. BRMEFRIUBATER
(1) ZHSETRTRSHETR
(2) MTRERHTHA

SEHIF

1. WINSAHEE

2. BERMEPRIBATR
(1) HETMTRSHERTR
(2) MNTRER#THMW

SEHEF

1. WINBAAH RS

2. EFRMERRIBRATR
(1) HEMTRSHERTR
(2) MTRERFTHEN

<’

e o
000

HNERRE SHFXE
s [HDO000

Step 8

o
e o
0060

ENENKE EHFXE

B N
- 00800

Step 10 |
BHFXE
- (00800
Step 12’

SEHF

1. BWABURFHRIE
2. BEMERREBATE
(1) RETRTTRSHRTE

SEHF

1. MINBEAF R
2. fEFMEPRERATER
(1) RBETTRSHERTR

SEHF

1. BWNBEAFERE

2. EFMEPRERATR

(1) TR SHERTR

(2) MTRERRFHTHEN

3. FR—ATEREFVE, HF5ER

K 11-12 HeHER A58

FERBDSEIIrR, BAMEM TS “HE” BRI MIRZE FRHEL sift_down() HIEL, (EERRZE, HTHR
KESFEERBURATRNE/D, FRBITTRES sift_down() RERIN— M KESE n, HATHHEHENY
HTEROKE, AU RATR:

// === File: heap_sort.cpp ===

[* EREKEA 0, NTE 1 FFE, NTRERENR */
voild siftDown(vector<int> &nums, int n, int i) {
while (true) {
/] TS 4, 1, r PESRANTS, 127 na
int 1=2*1+ 1;
intr=2%*1+ 2;
int ma = 1;
if (L < n & nums[l] > nums[ma])
ma = 1;
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}

if (r < n & nums[r] > nums[ma])
ma = r;
/] BB m 1 BAEES| 1, r R, WEndkstd, Bt
if (ma == 1) {
break;
}
/] IRFET R
swap(nums[i], nums[ma]);
/] TEIRE A

i = ma;

[* HEHE */

void heapSort(vector<int> &nums) {

/] BERAE: EARH T RUIMIEMPIE T R

for (int 1 = nums.size() / 2 - 1; 1 >=0; --1) {

siftDown(nums, nums.size(), i);

/] MERIEERRATTER, BF n-1

for (int 1 = nums.size() - 1; 1 > 0; --1) {

/] BT RSREEHTR (RIEETESETR)
swap(nums[0], nums[i]);
/] VARTSARR, MNTRERHTHEWL

siftDown(nums, i, 0);

11.7.2 EiEise

11.8 HHIF

- IWNEERERN O(nlogn). EAWENHET: EHHEEMGH O(n) NE, MHEFRHREURKTTRINHE
2N O(logn), HIEHRn — 148,
- BMERERN O(L). FHHbE: JLMEHERMH O(1) 22, TTRAHAMEMIRERZ LR -
AT,
- ARy ERHUETUT R TTRN, HETRAAXAIE R R,

AR LR P SRR T “B T R IR, B8N EEETT R AR N R, MR H P EIER
NS RETHEER O(nlogn) . #EFK, BATRERNUM “GELLBRHIFRIE", ENIRIN B A AT DUS
FNEMERT

kT bucket sort) Z7riGRIEH)—NMAIN H, EiEE IR E L BAR/NMIFPEINE, BN — 5

JETEE, REdE PRI BRI MR AR, EEMRNE D AIPITHY, REEIRMIIUT R ATE BdE &
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#O

11.8.1 HEHIE

FE-MERN n B, HTREEE [0, 1) WIFRE. MHEFRmRmE 11-13 Fir,

1. WAtk kM, K n ANTRSECE kM,
2. MM APITHT OXERAGEE S NINEHFEED .
3. TR NEIRRI T & FH 45 3

TR AR

nums

i
buckets

HEEE (o, 0.2) l0.2) 0.4)  [0.4, 0.6) [0.6, 0.8)  [0/4,1.0)

¥
I S S

11-13 tferRLRiiE

AN AR

// === File: bucket_sort.cpp ===

[* 1EHEERE */
void bucketSort(vector<float> &nums) {
/] MEk k = n/2 M@, FTERESMENE 2 &R
int k = nums.size() / 2;
vector<vector<float>> buckets(k);
/] 1. BEBATRNEEEZMED
for (float num : nums) {
/] MNBIESEER [0, 1), A nun * k BREIEIZESISEE [0, k-1]
int 1 = num * k;
// & num FRODERE bucket_idx
buckets[i].push_back(num);
}
/] 2. WEMRRITHRE
for (vector<float> &bucket : buckets) {
/] ERREHFRE, WaLBRREMtHIFEE
sort(bucket.begin(), bucket.end());

BHEE, BEHF
S ECEIF AR AR

e MES R
HATHIE

FIRERIRF
BHER
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/] 3. BAWEHER
int 1 = 0;
for (vector<float> &bucket : buckets) {
for (float num : bucket) {
nums[i++] = num;

}

11.8.2 B4

WHERIE ) TAC B A BARRRIEEE, BN, BABIREE 100 HR, HTERERG, REWNFILE R
PEMEFTR RS, L, A DRREEERE 2K 1000 A, RED AN M THEY, B R RG I

- NREERKEN O(n + k)« RTRES MAN T2, BLAFEMRARCREEN 7o BIHF
SAMRE O(F log ) WTE, MHFEAARMER O(nlog ) MR, 2% & EEERR, IR
JEWEIT O(n) . GHERNFEBAIFERMMTE, /£5% O(n + k) NH,

- EIERHEE: fEREE R, FTASEREECE — M, BHEFZAER O(n?) I,

- BRERERN O(n + k). AEEHEHET : FEMED kMRS n ARSI,

- MR R AR BUR T HEF A TR IR ST,

11.8.3 MNEISCINFIY 53 EC

e N R A S LT DUAE] O(n) , REHETRTRIS B AR, FOySEirEBdEEErzg
B A, BN, BAEER G E BRI B S IZTSTE R 2R 10 M, ([ERE M2,
8T 100 JTERYER 2, W& 1000 STHYAER Do ERTSIXEEEI 20 10 4, S IMP RS SEZEER
ESC NS

NSEBFEI L, AT PASE IR —ARE I L, RIS 2 3 MR, srlcsete)n, PR widh
BREMIMARSRNT N 3 T, HEFARPRCRBER AR,
G 11-14 forR,  IXFUTIEARR B2 IR, BAR2IE T R ER TR, S, A —ERHE
FREARER N 3 M, BRI 75 R RE Ba R R R T B
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BmiE
BIERISER
S — g5y 20% 15%
MigXiE #HIESEE
HIEE — 15 100-500 >500 <10 8%
_ 10-20 13%
) . e 20-35 12%
18% 35% 12% 35-50 10%
50-100 12%
<10 1o¢5u __50-100 100-500  20%
>500 15%
10-20 20-35 35-50

& 11-14 BRI

QUERBATHRATRIE AR AR 340, W] DURIE BRI B B R R 0 k. (B ERRR,
BARDATHA—E T LR, AT DURIEEERESR ROR AR AR A A T B,

N 11-15 AR, BATBRISE R AR M IEZAS 04, SXAERL a] DA BRMIREE (Rg IXTR], AT R P25 23 e
FBMAH

HEEE

0.4

. ¥
0.0
+oo TR

‘ ﬁ@ﬁﬁ@@

frigseE <3 3~10 10~25 25~80 80~200 >200

K 11-15 MRIERER A0 K94

11.9 it¥HIF

MHEHET counting sort) I Gilt TR EERSLIHET, 8H N T EEEEH.,
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11.9.1 {EAEM

FekE — AT, BE—DNEEN n BEEH nuns , EHPR CEER “AEGFEEEC, HEHEFEIRR
FRUNE 11-16 Fimmo

1. W, HEHEPREARET, IChm, REAUE—DMKEN m + 1 5B counter o

2. 1#iB) counter Giil nums I EELFIIHBLIREL, HA counter[num] XN EUF num BTHELIREL, Giit 75k
R, HFEEF nums GRYFETECTN num), 4K counter[num] #4411 BIA],

3. HITF counter MANRIIRZARER, FHHYTHERFZCEH)TI T, # Tk, FA1ET counter
MRS HBLR BN BRI EEN nums BITAT,

FHIFBA nums

B nums HETEKFHHIR%
W counter[num] £& num AIHIRE

® M) o0 1 2 3 4

S8R counter

. #EFf counter , FI¥F
| _ RBHIURBGAAN nums BRE]

SRMA nums

11-16 HEHEF R

B0 NR:

// === File: counting_sort.cpp ===

[* THEEE +/
/] BRI, TERTHENR
void countingSortNaive(vector<int> &nums) {
/] 1. FITEARAITE m
int m = 0;
for (int num : nums) {
m = max(m, num);
}
/] 2. FEHEEFHOHIRE
// counter[num] XF& num AYHILRER
vector<int> counter(m + 1, 0);
for (int num : nums) {
counter[num]++;
}
// 3. & counter , BFRITHRENELEH nums
int 1 = 0;
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for (int num = 0; num < m + 1; num++) {
for (int j = 0; j < counter[num]; j++, i++) {
nums[i] = num;

}

O TR SAHER IR

w MR R, BT LR HH 7 AT counter BIEDNRF M — T, K5t
RSB RS DT RO BRI A, ABE, THEEH M AR
A — P Rel

11.9.2 TEILWM

MOREERTRELIL T, WK AEHE RN S, LidPEE 3. ST, RIS ASIR 2R MmN SR, Bl
PR O RO R) M T, m EIRE LR RS IS rHE P &5 5,

ARG A BES 2R BRI HE P45 R ? FATE i counter 1Y “BIZRAN", WAL E N, R5| 1 ARIRTZRT
prefix[i1] HFTHHAT 1 NMTEZH:

prefix[i] = Z counterf[j]
=0

RSB X, prefix[nun] - 1 fAFILH nun FEGE B res MG — RN RGL, XMEE
EHREE, ROVESIRFRITS N ITRMIZ PSS BRI M B, 2Tk, FME)7E R nums 1)
BATTER num, FEFRRIEHFHITUATI,

1. R num SEAZA res IIZ G| prefix[num] - 14k,
2. DRI prefix[num] B 1, MMREI FURE num RS,

wERE, B res PRUZHHFHFIIGER, B&IGHEH res BEFEEH nums BIF], & 11-17 JBR T 5281
B imAR,

¥4 nums R4 nui

ims
e - (EO0000000

BF num 0 1 2 3 &4 #HF num e 1 2 3 &4

s coner (E)E)EDEDED wa peri (EEIOIEIE)
WEF nums HFHENRFHIHIVRE t# counter WIBIZM, iBH prefix
counter[num] X% num KHIVRE prefix[num] - 1 €% num 7 res PREF—RHIMZES

Step 1 Step 2
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num
v
= - (000000000
) B s —

BF num 0
B prefix unn
(counter)

FIFFER nums FEISADITR num , SR
1. 3% num A res W%3| prefix[num] - 1 &

2. PHIZH prefix[num] B 1, MTEEITRKE nun MES|

[ step 3 |
num
v
¥4 nums
HRBA res
HF num 0 12 3 l;
was e (OO0
(counter)
EIFFER nums FEISADITR num , SERIT:
1. ¥ num A res WF3| prefix[num] - 1 &
e 2. SHIKM prefix[num] BF 1 , MTIEEITRKE num W3]
| Step 5
R¥4A nums
LRHA res
BF num 0 1 2/ 3 4
wan e (OOO0
(counter)
HRAREBHIE, HEMRITRER
Y res FRRBEHFHLR
[ Step 7 }

THEHE R A SEEARER AN R R :

// === File: counting_sort.cpp ===

[* THEE +/
/] STEXI, AHENR, HEEREHR
void countingSort(vector<int> &nums) {
/] 1. FIHEEERAITTE n
int m = 0;
for (int num : nums) {
m = max(m, num);
}
/] 2. FIHEEFHHIRE
// counter[num] X3 num AYHILREK

vector<int> counter(m + 1, 0);

11-17

v
F¥4 nums nnnun
[ [ [ [ []]

LERBA res

BF oum 0 1 2 3 &4

B prefix anan

(counter)

BIFEFH nuns FESNTR num , SHEHAT:
1. % num A res W3] prefix[num] - 1 &

2. SBIER prefix[num] B 1 , MBI TRKE num MZ5|
[ Step 4 ]

num
v
F¥4E nums nnannaa
S80888D08n
/ ' ~ - -

HERBE res

HF num

WIS prefix
(counter)

EIFBFH nuns FRSNTR num , SHRAT:
1. % num N res WFE3| prefix[num] - 1 &

— 2. SEIBA prefix[num] ER 1 , MAIEETREE nun M%3]
| step 6 |

SRBA res

R4 nums nnnnnaannn
[o]

BFoum 0 1 2 3 &

BB prefix nann

(counter)

4R res ExFHAE nums BIF]

‘ Step 8 ‘

PP R
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for (int num : nums) {
counter[num]++;

}
/] 3. R counter RYRIZA, 1§ “HIUREC ¥ifH “BRs17
// Bl counter[num]-1 & num £ res H&G—RHEIMHZES]
for (int 1 = 0; 1 < m; 1++) {
counter[i1 + 1] += counter[i];
}
/] 4. BIFIER nuns , FEITHREBENGRIHA res
/] IR NEE res ATIERER
int n = nums.size();
vector<int> res(n);
for (int 1 =n - 1; 1 >=0; i1--) {
int num = nums[i];
res[counter[num] - 1] = num; // ¥ num MEEIMNNZERS|4L
counter[num]--; /] FEIZGABER 1, BETRRE num BIFRS]
}
/] FRERHA res BEFEEEA nums

nums = res;

11.9.3 Bzt

- IWERERN O(n + m) © W8T nums FETT counter , HBHALIER A, — RSN R n > m,
W AT O(n) .

- BMERERN O(n +m). EFHHT: E8TREZHI0 n il m BI%EH res fil counter

- FEHT: BT res MIHFITTRANUTZ MNAAE" 1, EILEFED nuns 7] DUBSCEESETT
RZEMRENOLE, MmSRBREH T, bk, 1B/ nums AT DUSEERPHEFSE R, H55HR
EARRRE M,

11.9.4 BRI

BRXE, FUFSEGHEHFIEETY, (oad gt 8Eminl DS mHEp. 2Am, RS
HIRT B AR AR O 4%

e S TR DU R, AR HR T HA SRR, R ORI R v] DUy R R sy, R
FEHARS P ARERR B N ITE R Z AR K NK R, BlaH, X FRE e B8, nJPURS a8
b=, KRBT HAAONIER, Hr e m e m X,
HEHDFIEN T8 BB EIRE R BN, tean, 15 BRREIF m REERK, B2 &G A 22 A,
i n << m i, HEHFER O(m) WiE, AIGELL O(nlogn) KIHEF BIRIEEE,
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11.10 E#F

EAE T, EIER TR R n BOKEBEREE m BB, BORRRAIFEEN n = 106 2%
BHATHY, Mi¥S R4 8 T, XEWESIEREE m = 10% K, MAHEHFRES RN
fEasial, TR PT DA I AR DL

FEHUHF radix sort) WROEES HEEHF —2, EEdSHH M ECRCIHE, A, FEEHEF
BT B AL BENEHRR, RO —AHETHR, AMSEIRLRIHF SR,

11.10.1 HLRiE

DA SEARA G, BT IRIOORS 16, mehrEss 8 i, EEHFRImEWE 11-18 Frr.

1. WAk =1,
2. XS kAT WEEHNT. seala, BARSRIES kA WNEIRHER .
3. K kI L, RIEIREPEER 2. RBER, ERIFTEEHEFE SSRGS R,

HABEA nuns . SULEE, H WS 8 i
M K = 1 HIFE 1 M RS 2 fi % 3~7 fi -
10546151 35663510 35663519 190546151
35663510 88906420 88906429 30524779
42865989 10546151 82060337 34862445

34862445
81883077
88906420
72429244
30524779
82060337
63832996

63832996

81883077
82060337
42865989

30524779

34862445

81883@77
3052471793
42865989
6383299%

K 11-18 HEEdFE LR

35663510
42865989
63832996

72429244
81883077

82060337
88906420

TNHEHFHAESER, T d RIS o, BRI kAL xy, , TR DR IHRE AR
x
T, = LFJ mod d

Hep |a| FRWE R o 1A FEAE, T mod d Fmxt d B (BUR). X TFS58dE, d = 10 Hk € [1, 8]

(e

AN, FBAITRE /MG D, 2 ] DR 8 1958 K AL THER
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// === File: radix_sort.cpp ===

/* FREX5TE num B95E k i, EA exp = 107(k-1) */

int digit(int num, int exp) {
/] &N exp MHE k AILLBSRELHESMITRENAAITE
return (num / exp) % 10;

}

[* HEHEE (R3B nums 5B k fIHEE)  */

void countingSortDigit(vector<int> &nums, int exp) {
/] TEGNLCERER 0~9 , EEEKERN 10 HNiEHA
vector<int> counter(10, 0);
int n = nums.size();
/] Fit 0~9 FEFRIHINRER

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

int d = digit(nums[i], exp); // ¥REX nums[i] % k fiI, i2A d

counter[d]++; /] GitEFE d BIHIIREL
}
/] KBS, ¥ “BIADE Bl “BElR57
for (int 1 = 1; 1 < 10; 1++) {
counter[i1] += counter[i - 1];
}
/] BIFER, REHENFAITER, FETHREN res
vector<int> res(n, 0);
for (int { =n - 1; 1 >=0; 1--) {
int d = digit(nums[i], exp);
int j = counter[d] - 1; // FEX d 7EFAHHES] j

res[j] = nums[i]; /] BEBITRENRS| j
counter[d]--; /] % d BEBER 1

}

/] FEREREBEEFEHA nuns

for (int 1 = 0; 1 < n; i++)
nums[i] = res[i];

}

[* BEHE +/
void radixSort(vector<int> &nums) {
/] REEANRATTER, BTHERAME
int m = *max_element(nums.begin(), nums.end());
/] ¥EBMEAE S AR &R
for (int exp = 1; exp <= m; exp *= 10)
/] WEBTENE k URITIHEHE
/] k=1 ->exp =1
/] k =2 ->exp =10
/] Bl exp = 107(k-1)

countingSortDigit(nums, exp);
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@ P2 ARG I 4EiHE R ?
w SR, e SRR F RIS R 2Bk, AR R ras

a<b, MHE RHFLER a > b, LB ILHIGEFRIAE IR, HTEF
AALSedm TARAL, IR R IS HE R R P HE S Lo

11.10.2 HiXi5

BT TR, BEHEPE T RUETEEEBORRIE O, (HATHE R BRI n] DARGR M E B R, HAE
BORREIS K, BN, T2 ORE & (R EE0F, OV HAE kK, ATRESERHE 2% O(nk) > O(n?)

o

- INMIERER O(nk): REIERE n. BN d Bl BREC k, WINE AT HEHFEA

O(n + d) W, HEFERTE & GrfE O((n + d)k) W, SERECR, d#k SERED, HREZ
Eegar O(n) .

- BEERERN O(n + d). EREHDY : STHHEHIFHER, BEHPrHRZEBRKED n fl d A res

K1 counter o

- R M EEEERER, BEHET AR, ST ARER, ST ICA RIS SRR

HraiR,

11.11 /&g

1. EREH

- BiEHREE S BRSBTS, WA — RS ARSI AR A, FATTA] DR B e

FO B IR R B 2R (AL 5 O ()

- AP SRR ARHEE XA N TR EAZ AP XA IERACE, ARy, BAMAHTH

IS AR O(n?) , (T RTTRARE/D, RIAE/ VR R HER AT 55 s 8 S0,

- POEHEE R T IR B ST . IR, A RTRERFIEE IS R ZE AR, SEIHE

BEESILE O(n2) o 5I\FBCEOR AR BN ER I BT DAV ISR 2 (L AR, R0 77 2 LI 2
MR BITTREE, K2 E L] O(logn) .

- VR R RIS FE R AL, SRATL 7RG, EIFFHET A, HE R R A A

4, =R RN O(n) ; ATHEFFRE R E 2R UL O(1) .

- MHEEP RS =R BdEO. MNHEEIS IR ERFEMAIL T IRk, EH T EIRRRRK

WML, AHER B S HE AE T X BdE it T2 70 B

- G R AT R MR, EREE SR R RBOR LB T E I TR R R

BAEEEA RIS, I HESREIRRENS F AN IE R,

- BAGHE BT R A RSB EEHE R,  ERERE R RS N B E AR
©ORHBRI, B EIKRE AR, BARRCR, RE, U IER EEM R AT, 1E

NHABARESA I EIE A, A M SRR RN e AT X 25k fh, TESCPR A, AR
RIESR R ERIE R B HE R R,

- B 11-19 X T ERHEFRIERRCR, REME. st PR B &R P,
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B iEE SEERE
B Ty B - REY it BiEmE ETHER
#EHE  Om)  Om)  Oom) o) | iHEER RN FEER W
;Eg—z:f)ﬁ | EEHFE | om) o(m?) o(m?) o(1) B Bt E5ERT bt
fRNFF O(n) o(n?) o(n?) o) B B BiER Wit
HiEHE | O(nlogn) O(nlogn)  O(n?) Ologn) | dFfam o P~ Wi
aﬁﬁi | V33HF | O(nlogn) O(nlogn) Ofnlogn)  O(n) BE FEM EEER R
##F | O(nlogn) O(nlogn) O(nlogn) o(1) JEaE it FEER Mo
B O(n+k)  O(n+k) o(n?) O(n + k) RE FEFH Ei&R E[3d2
tﬁgt(;:ir% HEH#FE | O(m+m) On+m) On+m) On+m) | HBE R EEER dER
EHHF O(nk) O(n k) Oo(n k) O(n +b) RE R FEEM AR

e
BHF, k OEsE
£ i L ‘ R, m IR
E#AFR, k DEAL, KIEHD b A

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?) .
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F12E 94

O MERABOZ 2, B —IREIF R B S s A,
w DGR T — PEENFEL: MREBME, —UEARER.
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H12E MG

12.1 988
M43 divide and conquer), @SRRI, B—RIEH ET % WAYE ARG, 4010085 5T 879,

B “27 w7 WP
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

ra (RS

RNFRE

- (BHMER)

B 12-1 JAFFHER R Ta R

12.1.1 N{EIHIBR S 4R

— MR E S A EMRR, B USE T L HIEREE,
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
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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

DEEoEEaE

BiaAF
0(n2)

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,



B12% A hello-algo.com 262

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 R “HWHER" o, BATRER BRI 2 BCR 2 M, AT A RRHE R (55 70
BENRETT, EREHEEHER,

AN

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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@ BE—DRKEN n WEFEH nums , HFPFTATTRAZME K, EEHTTE target .

WASEFEE, B TEAGRK [4, ] MBI TFREIES £, 5) -
BUERIE £(0,n — 1) Jfedass, by FH LT 4 2k,

1. HEHERKN [i, j] R m, RIETHR RN,
2. WIRARBUEIR N — 09 TR, RN F(i,m — 1) 5 f(m + 1, 5) .
3. (RS 1. 05 2. %, EEHE target SIX I NAIIEN,

12-4 JEoR TR H 0 BEHOTR 6 MaEE.

oy (DE0000S000
"
s (D00 |
m

«» D000 )

A
m

BREREFTE 6 WHFSIH 2

K 12-4 ZorEEIRITRE
TESBUREGHR, BATEI— MR dfs ) ORI £(i, ) -
// === File: bilnary_search_recur.cpp ===

[* ZHEK: B (L, j) */
int dfs(vector<int> &nums, int target, int i, int j) {
/] EXiEAE, KRLTBFRTE, WiRE -1
if (1 >3 {
return -1;
}
/] HEHRRERS| n
intm=(1+3)/ 2;
if (nums[m] < target) {
/] BIAFER f(m+1, 3)
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 */

int binarySearch(vector<int> &nums, int target) {
int n = nums.size();
/] KRR (0, n-1)
return dfs(nums, target, 0, n - 1);

12.3 =X e

(r') HBE— R X WHIETE T preorder AT inorder , 1E MM R, IR[E] — X
- IR R RIEZ Y EEEEN YA (K 12-5 FiiR).

BiFFIBH
/ \ BER-Ri preorder
hiFiERH
inorder

12-5 5% — XA REIEEE

1. FEREET RS EEE

[ R EUE LA M preorder #1 inorder AG%EE A, J2—PNELAYRSME R,

- 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,

- FRSURMNIH: L RGO IS, ENZ R A 2%, AR TRIN, BAITRFERE
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
1497R

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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FR FAE preorder HHRJZS| FHAE inorder FRYZES|[X[H
17 ) 1 [1,7]
T i+1 [[,m —1]
ESER ) i+ 14+ (m—1) [m+1,7]

HER, AFMIRTERIIPN (m — 1) &0 Rl s’ @ileEar 12-7 8ig,

o
eorce: | EDEIEDED
A A A

@ @ i i+l i+1+(m-1)
PFFER

in;Zdéj ||='|lilllillill|il

o O v s

B 12-7 MR RMZEA FRIRT X ARR

4, XFBEI

KT R o (0RR, Bl BB — M T hmap JEAABEEC tnorder FhIE 2 E125 U
// === File: build_tree.cpp ===

[* HEZXK: 929G */
TreeNode *dfs(vector<int> &preorder, unordered_map<int, int> &inorderMap, int i, int 1, int r) {
/] FRXEANZELLE
if (r - 1 < 0)
return NULL;
/] AR =
TreeNode *root = new TreeNode(preorder[i]);
/] A n, NXISEGTFH
int m = inorderMap[preorder[i]];
/] FiRE: ¥ T
root->left = dfs(preorder, inorderMap, 1 + 1, 1, m - 1);
/] FRE: WEAFH
root->right = dfs(preorder, inorderMap, 1 + 1 +m - 1, m + 1, r);
/] REIRT =
return root;

[* WRIXH */
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TreeNode *buildTree(vector<int> &preorder, vector<int> &inorder) {
/] WEKIEFER, Z6#E inorder TTREIZRS|AVBRSS
unordered_map<int, int> inorderMap;
for (int 1 = 0; 1 < inorder.size(); i++) {
inorderMap[inorder[i]] = i;
}
TreeNode *root = dfs(preorder, inorderMap, 0, 0, inorder.size() - 1);
return root;

A 12-8 feor T - XKMATE SRR, SN RRER T ET AR, mEsa GIAD 2ER
B o2 NP UK S ebe VA S

preorder aa @

inorder na
— |
Step 1 Step 2
2] ])
2]

/ 3 9 n preorder

O, gog. -

B

[ step 3 [ step 4

preorder [ 3 9 2 n 7 @
inorder (95§92 17 @

[ Step 5 | [ step 6
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/ / 7000 -
/ @ inorder
@ 3 9 2 1 u preorder @ @

9312“ rrrrrr

Cava § 7 | 501 ] 3 &= EB

[ step 7 | [Steps\

- )
. gopoa

3 = EZB

Step 9

B 12-8 HHE AR

FNEIHEREN AR R]T preorder MIH &) inorder BRI 4 RATE 12-9 AR,

preorder aa
inorder na

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, BATIR AR 73 i SRS

@ BE=MMET, WA BRI Co EIIRET, H¥ A LEER n DNEE, MM ERITZIRM

INEIREINGRHES N, FRATTAESS B X n DEBBEET ¢ £, FREFEMNIERFEA
22 (AN 12-10 FR). fERShIEERE R, F5Zsy DL,

1. BEHREM AR F TR, S — AL T TR
2. BIRHRER D) — P EE,
3. /NEIELIIN ZIN TR Z b

AL L

BFAEEZEM A BHE C

J_J_ﬁ

12-10 G RIEURE]

O OF

)

BAMERED @ MDUERE I f() . Bl £(3) R 3 DR A BEIZE ¢ IIGEIE TR,

1. EEEFER
i 12-11 fow, AR f(1), B RA—DEERN, BITEEEZEM A= c B,
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~ L1

i@ f(1)

l Step 1

L Ll4

R (1) WSR:
HiERESM A BHE C BIF

Step 2

12-11 #AH 1 ARl A fig

i 12-12 fiow, TR f(2), BRSAPAEERN, b EnmehES R b, R

B RS2,

L. Jof EHE/NEE ABE B,
2. BRREEMABEC,
3. wIER/NEEM B BBE o

a1

i £(2)

Step 1 \
A B (4
R £(2) HSE:
1. SN A BHE B
2. BAEISEM A BIHE C
Step 3

R £(2) WER:
1. B NERMN A BRHE B

Step 2

A B C
R £(2) SR
1. %NEEN A BHE B
2. BAEEM A BHE C
3. BEEM B BHE C
Step &

K 12-12 #ER 2 BIa] R

R f(2) RERRRTEEE Dy R s MAE ¢, Hi, cFOVERE. B FOBEMAL,

2. Fial@SHE

MNTEE f(3), BIRYE=ABEERN, HREMME kT —L%,
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:
A f(3) 1. BEAEEM A BEHE B
Step 1 | Step 2
A B [ A B c
fBR £(3) WSR: R £(3) HFSW:
1. BWIERM A BEHE B 1. B EZM A BEHE B
2. BER—NERZM A BRHE C 2. BRR—ESM A BRHE C
3. BEIEZM 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,
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Fia f(n-1): & n-1 MESEM A BEE B

) 4
FIEE £(1): #$HR 1 MERM A BIHE 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.cpp ===

[* Boh—E&E */
voild move(vector<int> &src, vector<int> &tar) {
/] M src TIEPEE—NEZE
int pan = src.back();
src.pop_back();
/] BEEBRN tar Tng
tar.push_back(pan);

[* RERSGEIEIRR f(1) */
voild dfs(int 1, vector<int> &src, vector<int> &buf, vector<int> &tar) {
/] & src RFT—EE, WEEEHBT tar
if (1 ==1) {
move(src, tar);
return;
}
/] FiEER f(i-1) : ¥ src TNE i-1 NEEMEBE) tar %3 buf
dfs(i - 1, src, tar, buf);
/] FEE f(1) : ¥ src FR—NEREE tar
move(src, tar);
/] FiER f(i-1) @ ¥ buf TAZ i-1 NEEMEER) src BE tar
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dfs(i - 1, buf, src, tar);
}

[* REBXGEERE */

voild solveHanota(vector<int> &A, vector<int> &B, vector<int> &C) {
int n = A.size();
/] & A TRER n NEREER) B $E C
dfs(n, A, B, C);

GniE 12-15 AR, DOESERITE RN n BB IAR, &0 AR —DF R, SR —NTER dfs()
BREL, FIENMIERE R O(27), BHEXREN O(n) .

) D ) G D D @D G

K 12-15 DA E RN )4

(r') DUESERER H —MEERE R, EHEVERN—DFEE, BENE RS aET, B
w J 64 DMRINA—HIE RS, AR aEE, WIEEERE — RS ERCER
M=%, XMEFREEH,

SR, BV MBI —k, MILTETE AL 264 ~ 1.84 x 1012 #, &%) 5850 1Z4F,
EIE T IAE R FEAER G T, BTRA, WE X MEVZER, BAINIZATFEHEOHER
HBZIR,

12.5 &

- HAR R WREIRRIT R, W () fig (B3 MABTEL, EEETIRIAKRI,
- AR SR IGRIEREARIE A FIERESM, FRER SN, FREES 5.



B12% A hello-algo.com 275

- VT R I RIS A SR, HOR T R K o S R R, BRI N T RN
wREATF, MMsERHET.

- BIATARBGERE R DARTTEIRRCR, —J7H, 2GR TR, 5—JiH, 2aEaEMNT R
GEHIFHATOLL,

- SHARER] DURIRVF BRI, )2 N TR SRR, R B,

- MERTRNER, AEMERICRER. NAERER O(logn) MIERALE R ZHET ARG
i,
ZEBR ARG S — NN ], EAER T BRI T SRR, BT DO
THAKH =B,

- AR SOREG R, AR (BRAIRED AT DARI o A e RIS TR (R, X AT DA R
73 il 2k A PR i P 2R 5 | X TR R S B,

- AEDOERERIEA, — RN n BREETRT DA o3 A AN n— 1 BT AT — DRSO 1 #95-[A)
il AZIF AR = dle, RIS S 2R,



276

$F 135 [o]i

=) 4

(r) BATNFEIRE FRIRRE, ERTHEATER L a] REIE 2 A X,
w [l ) BAERATREW BHTT4R, AWK, RERENET R H .,
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13.1 [EHE%

Mal#5 1% backtracking algorithm | J&—MNEid 75 2 KRR 751, ERR0DERER N — PRGN
ik, BIERIARRRNRRTSR, SBREMIRUNREHICR, EREREIREEE 201 1A a] RERVI%ERE
RN 1L,

I RRE R R “REICER” KiEhsm, £ "X B8, BOURRINF. FRRERET
AR TR R, TR, BN &IAE — D a5 7 iR SRR R TR,

r 18—
Q ZE IR X, MEERIFIOSRATEEN 7 A, IEIR BTSSR,

XTI, BRATTHG I PR AR, FEHIR AT R AER SN T, B, MPROZT R AEIAZE RS res
Z e A ARSEEANE 13-1 F1 DA NI AR

// === File: preorder_traversal_1i_compact.cpp ===
/* BB BIE— */

vold preOrder(TreeNode *root) {
if (root == nullptr) {

return;
}
if (root->val == 7) {
/] 1BRAE
res.push_back(root);
}

preOrder(root->left);
preOrder(root->right);

REHEER

BIFFIEH — X,
FIEREN 7 TR

Al I8
£ @RTR

B 13-1 fERTFEI PR R
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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,

7 Pl —
Q B ERITEEN 7 B R, TR MR S BhX e 12,

TEBIR— SR EER |, FRATIFRZAEB— D FIER path IDRUI A AT U8R, HITRIZEMEDY 7 897 s, )
Sl path HIRIIELERIIR res o WHFEMRIE, res HERTFIVFUEATA IR, KW RNAIR:

// === File: preorder_traversal_ii_compact.cpp ===

/* BiFFER: fIEZ */
void preOrder(TreeNode *root) {
if (root == nullptr) {
return;
}
/] =it
path.push_back(root);
if (root->val == 7) {
/] 1IBRAE
res.push_back(path);
}
preOrder(root->left);
preOrder(root->right);
// &
path.pop_back();

FERR SR i, BATE R Y BT SR N path SRICFRIE(R; e “HDNR” A, BAIFEERIZTT M
path Hgfith, PAMREARZIAZ AR,

ML 13-2 Fonfidis, AT DS IAMENRERON “RiE” 5 “WE”, WA RIEL A,
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£id: BIWH, BHRE
EB: HERS, RBEE

Sl RIEH, BRRS
ElE: RERTS, RHEE

£ BIEH, BRRS
ELE: HERT, RHEE

£id: BIWH, BRRS
EB: ERE, RBORE

S BIEFH, BIRE
EE: RERT, RHEE

Step 10

ik BITBFH, BMRE

EB: RERS, RHEE

path = [1, 7]

BEER 7, WERERNEER
res = [[1, 7]]

£id: BITBH, BARS
EB: tRERS, &BORE
path = [1, 7]

res = [[1, 7]]

i BIEH, BHRS
BB RERE, HBEE
path = [1]

res = [[1, 7]]

ik BITBFH, BMRE
ER: RERS, RHEE
path = [1, 3, 6]

res = [[1, 7]]

8k BIBER, BHRE

EhB: RERES, RHEE

path = [1, 3, 7]

BETR 7, WEREFNELR
res = [[1, 7], [1, 3, 7]]
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Sid: BITERH, EMRS
ER: WERES, RECEE
path = []

res = [[1, 7], [1, 3, 7]]]

Step 11
B 13-2 ZiA5[EE

13.1.2 5%

SRR B A EOE S — e N LR, AR E AT “BIE

7 s —=
Q YR RIEME N TR A, IERERT SR SR, HFERBERP RS
iR 3 s,

NT R A ELHRGEE, BT EABMBTERE: RS ES, FHBEHEN 3 BT, WHRANERE, A
MEHLR, B NATR:

// === File: preorder_traversal_iii_compact.cpp ===

/* BB fIE= */
void preOrder(TreeNode *root) {
/] B2
if (root == nullptr || root->val == 3) {
return;
}
/] =it
path.push_back(root);
if (root->val == 7) {
/] 1IBRAE
res.push_back(path);
}
preOrder(root->left);
preOrder(root->right);
// [EiE
path.pop_back();

“BIRC B MERIERNARE, E 13-3 FoR, EERERES, A R TR LR IER S
X, WRIFZIERE IR, MRS TEEE,
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B BEER 3 NTESNRANRE

B AR IR S X HE R (A
MR FHEZR IR

K 13-3 MRIELIR AT

13.1.3 fEZRMES

BTk, BRI “=0K, BHR. 39K REMMERIRRLR, $RTHADAE .
TELLMHEZRAD Y, state FRMIAIYATIRE, choices FR YIRS T AT DUB AR

[* EIMEENESE */
voild backtrack(State *state, vector<Choice *> &choilces, vector<State *> &res) {
/] FIEEs AR
if (isSolution(state)) {
/] 1IBRAE
recordSolution(state, res);
/] REBHEIEER
return;

}
/] EAFEERE
for (Choice choice : choices) {
/] Bit%: FENEER RS
if (isValid(state, choice)) {
/] =it MHRE, BERRE
makeChoice(state, choice);
backtrack(state, choices, res);
/] EIE: HEEERE, MERZANRKE
undoChoice(state, choice);

BEROR, FAETRERRIRMBERAIE =, K state I mUBTIER, % cholces N Y a1 AL 17
RAE TR, 452R res BEEIIR:
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// === File: preorder_traversal_iii_template.cpp ===

[* HIMTHETRESR T B */
bool isSolution(vector<TreeNode *> &state) {

return !state.empty() && state.back()->val == 7;

/* IBRME */
void recordSolution(vector<TreeNode *> &state, vector<vector<TreeNode *>> &res) {

res.push_back(state);

[* FIESTERET, ZEREEE */
bool isValid(vector<TreeNode *> &state, TreeNode *choice) {

return choice != nullptr && choice->val != 3;

[* BRRE */
voild makeChoilce(vector<TreeNode *> &state, TreeNode *choice) {

state.push_back(choice);

[* MERE */
void undoChoice(vector<TreeNode *> &state, TreeNode *choice) {

state.pop_back();

/* BIEE: GlE= */
voild backtrack(vector<TreeNode *> &state, vector<TreeNode *> &choices, vector<vector<TreeNode *>> &res) {
/] BERENE
if (isSolution(state)) {
/] IBRAE
recordSolution(state, res);
}
/] BAFA LR
for (TreeNode *choice : choices) {
/] B WEGEEREEEEE
if (isValid(state, choice)) {
/] Bt MHEE, BERRE
makeChoice(state, choice);
/] #HITF R
vector<TreeNode *> nextChoices{choice->left, choice->right};
backtrack(state, nextChoices, res);
/] EIE: HEERE, MERZANRKE
undoChoice(state, choice);
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RIEEE, FATEREMEN 7 7 UG ROIZR SRR, RILTEAF IR R Z G return IHAIMHER, & 13-4
XL T PR B BUNER return IEAIAUIERISHE,

BREE L

ZibgEs o
Q. et
(e}
#2 return #if% return
BRMBEERE, FTEASIEHR IERMBETERE, HEHER

B 13-4 {RE SR return AERE XS L

A L L TR 5 B ARG SR, T ML MR AR Se T B AR BASMBIG, (@AM LF, SEhi b, W2
[ 990 ) R ] DALE SHEZR AR, Tl 1B MR ER MR 2 X state Fl choices , FFSCENAEZEAHA&A 771
Eﬂﬂo

13.1.4 EAARIE

Y IR TR R, AR — RENHEIEPE FARER S X, FH R G =45 X NoRfl, a5k
13-1 FirRe

®13-1 H LR IEATE

415 X il =

i (solution) fREHERBRESLINEE, FHEE -2 AR AE S 7 A LR & RIFTE 12

AIFREAMF ARG RIS REIR AT TR S, BEH BRI AIET A3

(constraint) FEIR

IR (state) REFRABAER —NZIPER, EEESMERN LS HRT AR, B path 17555
TR

Eahy SR BRI AR E RS ARIRE, M BAnNAE B T, B Sk path,

(attempt) RS, IR, KMERE MR I s HME RS R T
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215 X plE=

B [LEFESEE AR LR A AFRIGSE, AT el SRR, JEENE 3 1
(backtracking) &S, [EIF| E—PIRES TR IEER, HEORE

ELY5 BIRCRARE MR R R e TE R R R B EEDY 3 I AN, NIRFRSHE R

(pruning) BRIRETTIR, PITREIEERRCR

<7 I, R, IRSSERESRIERRY, fE0i6, B s, soOFRIRPEAE Y K.

13.1.5 iE5RE4

[T AR b2 —FR B S R, IR TG AT RER AR 7T B BB 8 SR, IR TR
S AE TREAS R BN T AT RERIMRER 77 %6, T B7E QTR BIRHRIE R, BARESHEE,

SR, TEALFEARIREER % 5 2% )R, LIRS TR REXE DU 32,

IR A AR S PO R T FTRE, N 2 T LUK B S e
S AR ARG (PR, T ROMBIERS), HURILARS, %
TR ATRELBIHRA

BT, [PSEIL DA A UL PRI R (ERRU T e R FASE R, i1 T Ek
BEERE AT AT RCR, RICTRAIS AR AT REIE T, (ERRMI T, B AL,
HIURIRCR LT TR,

UG RS R R A RRIE E, TN I

C R (BB S| A SRR, T LIRS TR A RO B 2.

13.1.6 [E];¥#EY(5IRR

[ SRR T TR R VE 2 AR AR AN, 25U 2 AL 20 & (LA
TR XA AR RE R R E SR AR TT %o

- AR AR -NES, SREHATERTRERHTIAH A,

© TERMAE: AE-DMREN DN, KERGHATEN B 75,

- DOREEREL: 450 =R TR — BRI/ RIRY IR, BRI B S — AR A2 h 2 55 — A T,
FRABER— RS, HARER KBS NS b,

LI e ML XA H AR R R e A LR AR RO

- nBiE fEn x nESE ERE N TR, FEEMNERGE,
© BOH: 9 X 9MIRIRSHIEAR T 1~ 9, H1EET. BYIRMEN 3 X 3 FREHHTAESRE,
- BEARE: HE-NERE, HaPCRaasERENTEERD, ESHEMSTSEEARE,

AR XL R EARRTE— D G2 A PP ERE 7 i B2 55 P E B BRI e
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- O-1HHEME: A AR NEE, $ME N ENER, ERETEFERRGIN, %
B IR S E R R,

- RATREIAEL: E-DEF, N, RATE R RRIR A A, SRR,

- ERREIAE: BE—DEAE, KBRS TR, BFEHREREREN DR Z REEIHE,
R, dTHSHE MRS, RHARRIERTTE,

- 0-1 E Rl A G s S UIMEOR, DO @RI AR,

- RATRZE D E AN NP-Hard (A, H A A B RIAM IR R IR,

- RKHEUZ EE PR — DA, AT SUORTRSE B A URTORME R,

13.2 2H5lin)R

EHEA SR PR AR — DN, ERE SRS TE — MRS W — DT R) BT, X
HHARTTRAIFTA ATRERIHES .

R 132 52 T LA RIS, LS5 AN M AT HES

% 13-2 HHIRA

LTINS e FrEHEZ

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 THETEMER

«) BA—DEREEHA, HPAESESTR, REFTAATRERHE,

ML R, AT DA RS FRAR SR — RYNEREIIEE R, FIRB ALY [1,2,3],
RNV 1, RS, BEERE2, WG [1,3,2], FRFREH — MR, ZEdksssili
i+,

MEEASEIAEE, REES choices BMABAHFTRIFIAILR, KA state ZHE HATCBIEFEAITTR,
HER, BPTRASIFPIERE IR, Kt state PIIFTHITTRAM %2 ME—,

GniE 13-5 FR, AT DLRHE RIS RR RIT B —#RIE RS, BRI ARG ATIRES state o MRTTRUT
th, SN —RIEFRENAM T, BT RES R — DB,
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choices = state =

F—IIERE

BEREE

BIERE

13-5 2RISR

1. EERIFEHE
T EMEN TR APOEE R, BB ESIA—MA/REEH selected , HH selected[1] 7R choices[i]
R EMNER, IFET TPl FEEHERIE,

- TEMHIERE choice[i] 5, FATTHLKE selected[1] W{E N True, R EEHIESE,
- BITIEREYER cholces B, BRIEFTA EH0EREAIT A, BNBTAL,

G 13-6 A, RIZFERAE —FLIERE 1, B4R 3, B=40ukik 2, WIREAES ok 1 197
X, HEH=HIHRITR 1 TR 3D,

&0

,L AkTERN 1, 2, 3

Bt 1 @ )
5 Q
o _l

B HREHEENTER 1

HEoRERE 3 FlakmiR 2, 3
BE o
e

HEERERE 2

HREREENTTE 1, 3
FFEETEN 2

K 13-6 2HAIBIRRHA

WEEE 13-6 BB, EORRIEEHBRZSFAR M O(n™) WhE O(n!) o
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2. 1Xfgscm

B EERZ)E, BATRIAT ARSI R B s” T N TR, ARSI
R RIS REL, TR EMRITLE backtrack() HRECH:

// === File: permutations_1i.cpp ===

[* EIESE: 285 1 %/

void backtrack(vector<int> &state, const vector<int> &choices, vector<bool> &selected, vector<vector<int>>

< &res) {
/] BEREKEFTFTEHEN, iERfE
if (state.size() == choices.size()) {

res.push_back(state);
return;
}
/] BAFA LR
for (int 1 = 0; 1 < choices.size(); i++) {
int choice = choices[1];
/] R RAGTESEETER
if (!selected[i]) {
/] Bl HHEE, ERRES
selected[i] = true;
state.push_back(choice);
/] #HITF R
backtrack(state, choices, selected, res);
/] ELR: HEEERE, MERZANRKE
selected[1] = false;

state.pop_back();

[* 285 T */

vector<vector<int>> permutationsI(vector<int> nums) {
vector<int> state;
vector<bool> selected(nums.size(), false);
vector<vector<int>> res;
backtrack(state, nums, selected, res);

return res;

13.2.2 FEEEFTENENR

@ WA DREEE, BArbReRSEETR, REFrAREERHS,
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BB N [1,1,2] 0 AT HEXSWAES TR 1, RIOWHE A 1IEH 1,
i 13-7 iR, _EIRTTIRAREIHSIE —F 2 EE K.

choices = state =

F—RIEE

RN RN B

& 13-7 EEH
LU APREE HESIE? B, FEMEB—NamR, EENHYIS R TEE, RIMXFEHARTE
e, R EEHFIIS R D XA B E, MSEEATIIIFETE:, IXAEnT DUl — 3R A EIERER,
1. HESETHEER

WIEEIE 13-8 , (ESR 40P, JE£F 1 sl TSN, EXPIANERE S FAE R HE R RN, Fit
RIZAE 1 3R,
FIBE, TESS—AOERE 2 25, SRERERI 1A T MATTERE S, FI MR e 1 3L

MABEE, B HR R —5RERED, SRIEZMHER TR IOERE— X,

choices = state = [?

FIIEE

BRI

BRI

K 13-8 EEHAIBIR;
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£ bR R A |, FA15 IBAE R — R R ITE — MR R duplicated , AT ICRIZAEHELZEIR
HHTTR, HREETRIE:

// === File: permutations_ii.cpp ===

[* EREE: £H5I 11 */

void backtrack(vector<int> &state, const vector<int> &choices, vector<bool> &selected, vector<vector<int>>

o &res) {
/] BEREKEFTFTEHEN, iERiE
if (state.size() == choices.size()) {

res.push_back(state);
return;
}
/] BAFAERER
unordered_set<int> duplicated;
for (int 1 = 0; 1 < choices.size(); i++) {
int choice = choices[1];
/] B FATEEERETRE B TATESEREFEEE TR
if (!selected[1] && duplicated.find(choice) == duplicated.end()) {
/] Bl HHEE, ERRES
duplicated.emplace(choice); // IEFREF IR TEE
selected[i1] = true;
state.push_back(choice);
/] #HITF R
backtrack(state, choices, selected, res);
/] EIR: HEEEE, MERZANRKE
selected[1] = false;

state.pop_back();

[* 25 11 */

vector<vector<int>> permutationsII(vector<int> nums) {
vector<int> state;
vector<bool> selected(nums.size(), false);
vector<vector<int>> res;
backtrack(state, nums, selected, res);

return res;

BT EWM Z A EAMEE, W n NoREA n! #HF (Fr3) ; fEIdREGRN, TEEHKEN n 195
%, fH O(n) WE, FENBERER O(nln) .

BRBIFREA n, HH O(n) iz, selected i O(n) 2, F—NZI&EZIHEE n 4> duplicated,
i O(n?) =, FEEREZREN O(n?).
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3. WFEIRHLL

WHEE, B selected Fl duplicated #FF T BIA:, EHFE R HARAIE,

- EAEEIE: BNMEREEFHEA— selected , BiICFEMEMYAPRESFREMLE TTE, HIEHZ
BER N TCERTE state HEE I,

- MHFCEE: BREEFE (E AR backtrack B #ELE— duplicated . BiCRIEEALR
W (for fEIR) FRfLenR Ok, HIERARMRIFAES TR APEFE—IR,

B 13-9 JeoR 7N BIRR PFR ARG, TR, MR RURER R, MR BT SRS
AN A R — N HES

o S
g_q\\ 2
BEEE— <
WtHITR [1, 1, 2] [1, 2, 1] [2, 1, 1] Lot e

13-9 MBI R RTER

13.3 FEMin)E

13.3.1 TEETEZNER

@ 87 — MEBEEH nums FI— D EARIEREL target , IHHHITEFIRERA S, (EFHETH
w TLRMET target . HEBAHATLEEITLR, FNITRAIPIERZ R, 15 SIRIZIR X
LHE, JIRPANESEEAS,

fan, HASES {3,4,5}) MEAREEE9, BN {3,3,3},{4,5} . FEEEUTMAL

SR AT AT IR Y R R,
C FERRXSTEIE, A {4,5) F1 {5,4) BT,
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1. ST LHTIRE

KELT2HFIRR, BT A F SR A4 RO R R — R R, HEEPI AP SN TR
7, HITEMET target N, SR TFRICRELERYIK,

M5 EHAIMEAREE, ASSEE PR e n] DIERRUGER, KIHTAER selected fi/REIFKILRIT
RN OPOER, FATR DO EHFIIERH T/ NMEEK, W12 A2

// === File: subset_sum_i_naive.cpp ===

/* EIEE: F&EM 1 */
void backtrack(vector<int> &state, int target, int total, vector<int> &choices, vector<vector<int>> &res) {
/] FEMET target B, iCRfE
if (total == target) {
res.push_back(state);
return;
}
/] BRFREEE
for (size_t 1 = 0; 1 < choices.size(); i++) {
/] R BEFEMEE target , MIBkTZIERF
if (total + choices[1] > target) {
continue;
}
/] =i R, EHTEN total
state.push_back(choices[i]);
/] #HITT R
backtrack(state, target, total + choices[i], choilces, res);
/] EIR: HEEEE, MERZHKRE
state.pop_back();

}

[* RBFEM 1 (BEEEFE) */
vector<vector<int>> subsetSumINaive(vector<int> &nums, int target) {
vector<int> state; /] K& (F%)
int total = 0; /] FEM
vector<vector<int>> res; // &RFIE (FEFIR)
backtrack(state, target, total, nums, res);

return res;

AR A B (3,4, 5] MIEFRTR 9, MlgsR N [3,3,3],[4,5], [5,4] « HRREIHEH T HARAY
9 ¥, HHEPFIEREIN 7 4,5 M1 [5,4] .

KRR NR IR X IS T Y, SR AR sy, W& 13-10 AR, Joik 4 J5ik 5 55tk 5
JEiigE 4 AR, AHXRIR 5o
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choices = FTRHM
target =
R
JTEM >9
BRI O

B

K 13-10 FHEERSEAIE

NTERREETE, —MERABEENEIRIIFET R, HIXDITIRBCRRAK, AW R A,

- HBAHTERRZ, THREY target BN, #REBRZERRNESE 75£,
- TR D) RFEAFFEREN, TETHIFRE, BIERSAEP R ITRIRR,

2. EETFEY

BATH B RS R E BB T R, MRIE 13-11, BEE FREEUARIF ST RN AR,
BN LA~ E oL

1. Y —RRME RO RNER 3 AN, KERCEXMNTRNETE, 0 (3,4, ... ],
2. ZJa, HHERIER AN, WEETRMIEN 3, RONZIEREN TS 4,3, . ] F15 1. SPER
Mr&ExEeEs,

FEHEREET, F—RANEEERMNERIE RN, KIS § 7 S8 AR,

1. BOPNEIERE 35, AURTE (3,5, ... ]

2. WIPHCIERE AT 5, ARTHE [4,5,...]

3. EHREE S, WE SNEPNE 3R A, ENTES,3, .M [5,4,...] 5% 1. HHE 2. Hof
R THRe 2T,
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choices = aa

Bk Bl 3
MEBEEFE

B Bod 3,4
BREETE

F&=  [3,3,.] [3,4,.] [3,5,.] 2 [4,4,.] [4,5,.] 3 4 [5,5,.]

~ — ~—

EEFHE EEFH ERTE

B 13-11 ARDEREF S B EE 74

BERE, BEMANSAL 1, 2g, ... x,], BIRRERPODERTIN (v, 2, ... 2; ], WIEEERS
REIE 1 < 1g < -0 < iy, , NRREFINERFIHRZENER, M243E,

3. %M

WEBNZITRE, BN AL AR start , FITHSRBHEAS. SHIHER 2, )5, e T MR i I
i, SRR DAL IIIE i) < iy < - < d,,, MTHEETHRE—,

BRIt Ah, BABEXRREST T LA I,

ETF R HE 2R, S nums HEF, TEIRIFTE LR, Y EHE target BTEESRIGIA, RH
e EE LA, HTEM—aBid target .
BEILEMAR total , JHILLE target EHITIRIERGLHITEAM, Y target FT 0 BHES#E,

// === File: subset_sum_i.cpp ===

/* EIEE: FEM 1 */
void backtrack(vector<int> &state, int target, vector<int> &choilces, int start, vector<vector<int>> &res) {
/] FEMETF target BY, iERfR
if (target == 0) {
res.push_back(state);
return;
}
/] BRFRE%EE
/] BtRZ: M start FEEH, BEREEREEFE
for (int 1 = start; 1 < choices.size(); 1++) {
/] B—: EFEMBY target , MEIZELEREIF
/] FRERANBACHRF, EOTEEKR, FEM—EBT target
if (target - choices[i] < 0) {
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break;
}
/] =ik HEE, B target, start
state.push_back(choices[i]);
/] #HITF R
backtrack(state, target - choices[i], cholces, i, res);
/] EIR: HEERE, MERZARKRE
state.pop_back();

[* REFFEM 1 %/

vector<vector<int>> subsetSumI(vector<int> &nums, int target) {

vector<int> state; /] RE (F5)
sort(nums.begin(), nums.end()); // % nums #H{THIF
int start = 0; /] BHAEEIAR
vector<vector<int>> res; /] ERFIR (FEFIR)

backtrack(state, target, nums, start, res);

return res;

F 13-12 ROV R [3, 4, 5] FIEBRTER O HA DA A P R L A2,

M target
choices = a FrafEsE T~
target =
BIREE
fo
BREE
B— g - e
TEATE 3 BRER FC
#id target EEFE

13-12 550 1 B2
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13.3.2 ZEESETZNBR

O 287 — MEBEEH nums FI— P EIRIEEEL target , IBHHITERIRERVA S, (EFHAETH
w TERMAET target . FrEBAIlRER ST HEE LA, e RHAPIER KR, HBIFRP A
RENXEAS, FIRFANUSESHS,

HET B, ARSI SRR, K5I THINE, filn, aEd (4, 4, 5] fIEFRTR
9, MIARBRmEERN [4,5],[4,5], HHTEEFE

ERRIX M E R RS TR P B KRR, 1R 13-13 , B HA =R, HAmANEy
, AR EENEERS X, NmtES 78, FHE, SR 4 bR EEE T,

(4, 4,.] [4,4,.]

ESTHE

13-13 HETLRSFEWELE 75

1. HERRH

NP, AT LRI e R — b L REHOERE IR, KISy TR EHF
[, BIHMHSETTREGEAHNE, XEREERLERT, HAATRSHAEDTRMASE, MR e ek
T, RtEZEPNS SR,

SRR, AERE A B R Rk — X, Fiafz, BAIBATDRIAZ R start RS IZLAH: 4
eSS z; J5, W N —HMRG1 i + LITEmAEED, XAERERPRES 74, Ml tERIEFTR.

2. REEEM

// === File: subset_sum_ii.cpp ===
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/* BIMEE: FHEM 11 %/
voild backtrack(vector<int> &state, int target, vector<int> &choices, int start, vector<vector<int>> &res) {
/| FEMET target B, IEFRF
if (target == 0) {
res.push_back(state);
return;
}
/] BEFREEE
/] BT M start FiaiEHh, B#RERESEFE
/] EIR=: M start Fai&H, BEESREFER—TTE
for (int 1 = start; i1 < cholces.size(); i1++) {
/] B—: BEFEMBE target , MEZELRBEF
/] XRENBACH R, EOTEEKN, FEM—EET target
if (target - choilces[i] < 0) {

break;
}
/] B NRZTERSEOTERSE, RPEZERIREES, BERT
if (1 > start && choices[1] == choices[i - 1]) {
continue;
}

/] =5l MEEE, T target, start
state.push_back(choices[i]);

/] #HITT kR

backtrack(state, target - choices[i1], choices, 1 + 1, res);
/] ELR: #HEE, MERZARIRE

state.pop_back();

[* KEBFERM 11 */

vector<vector<int>> subsetSumII(vector<int> &nums, int target) {

vector<int> state; /] RE (FH)
sort(nums.begin(), nums.end()); // ¥ nums #HITHE
int start = 0; /] BHAEIER
vector<vector<int>> res; /] ERIR (FEIIR)

backtrack(state, target, nums, start, res);

return res;

B 13-14 Jeor T8 (4,4, 5] AR 9 WIEINEAR, LS ruRisi s e, IR ER S RIS RALS
G, BfRRMERERE, DURAMBIEERIEZ A TR,
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choices =
target = i

ERIEE Bm
EE—R ST
& ERBEREE—R A
-0f ;o
& | BBRER
(x;?o [4,5] EETE
HE=
. RAUES
TEEATEE aadaiticidn
B target

K 13-14 F&F 11 [Eid 2
13.4 n 203

@ RIEEFRRBATIN,  2J5r] IR SR 1T, —HIsl—&#& BT, B n MER
w = n x n RN, SIREGHTE 25 Z RSB B HER0T R,

ME 13-15 R, M n = 4K, HEETDERSINAMR, MEIEENMAEE, n x n ANEEEE n? M
T, BT RIESE cholces » TERNMEEEIEREH, HERSEARWHA, SRS
IRA state

) | ) |

L3
€

€
€

| |

K 13-15 4 Ej5inEnfE

13-16 J&R T AR =N AIHEEME: BARIGAREFER 1T, 5, FW—FnMek b EREEAZE, X
FRE R FXT LR\ RO Ak | Fih
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AR —RHRBLE
7

REEREREARSM

FREFER—IT — X}

-
s

X
X

x| x| x

X X

FRER—F  FRER—THBELE

& 13-16 n 2JERIBAILIHRFEF

1. FTHRERER

SEHEEMEERNTEE Y n, RRBRMNESES—MES: BRI AR RwilE 455,
WYL, BATRTDERBOZITIE RS : WNB 1T, ARTRE - T2E, BEERE T4,

B 13-17 ARl 4 2R REEZATIREERE, ZEERE], & 13-17 UIT 78 TR HB—MERD X,
H ERF AT LIRS F IR 77 SERHEAT T 398

] L8] W W
BESE 117
(&18) (&18) (&18)
W | W] W [T ]
BES 2 & W] W]
[ w W W[ w ¥
} W i W W
HWEE 3§ = = |
v W —[n] W
W W [ W[ [ ] [ ™ ¥
4= W W ]
] [

13-17 BITIHE RN

MARREE, BITBCERBGES] ¢3RN, ciih 7R —THIZ N RIENATE R
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2. S5 ALEEHE

N TWRINAHR, AT AR —MKER n B/REEAH cols IERB Y2 EA ER. EEBRIVERE
B, FAET cols KA EERIFIRTEIR, FFAERIMIFEESERT cols FRE,

A2, GOAATAR N AR AR RIE? AL FP MR FHITTHIR T N (row, col) , W FERE RS B0 LK,
BATEIIZ ALk LA TFRATRSIBSIR S [#ESE, BN ALk LA 71 row — col MfHE .
kW, WREMETIRE row, — coly = rowy — coly , MEMT—EMER—ZFEXN AL E, FIAX
i, BATTDMEBNIE 13-18 FRIIEA diagst ICRELFEN ML LREE 25,

[FE, ML LA R row + col RIEEME, FATR AT DMEBIEEH diags2 SRALFRION fi£k2Y
W

BRIMBLE
B2ERER

['n-n-]

cols
ERIIEBEER

13-18 ACFRAILTHMINT FAALRLTR

3. #BE;m

HER, n4EHFEF row — col WFEER [—n+ 1,n— 1], row + col M7EEZ [0,2n — 2], FiLAFX
FERFIS FEMIEEE N 2n — 1, B diags1 1 diags2 MIKEH N 2n — 1,

// === File: n_queens.cpp ===

/* BEIMEE: n Bl */
void backtrack(int row, int n, vector<vector<string>> &state, vector<vector<vector<string>>> &res,
< vector<bool> &cols,
vector<bool> &diagsl, vector<bool> &diags2) {
/] SHETFREITH, iER#
if (row == n) {
res.push_back(state);

return;
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}
/] BHFAEZ!
for (int col = 0; col < n; col++) {
/] TTEIZETF IR B E R ALERIRAT ALk
int diagl = row - col + n - 1;
int diag2 = row + col;
/] BIRR: RARFZEFRRES. ERAZ. RNBLEEFEEER
if (!cols[col] && !diagsi[diagl] && !diags2[diag2]) {
/] B BEEREEZET
state[row][col] = "Q";
cols[col] = diagsi[diagl] = diags2[diag2] = true;
/] BMET—17
backtrack(row + 1, n, state, res, cols, diagsl, diags2);
/] ELR: BZt&FIME NI
state[row][col] = "#";
cols[col] = diagsi[diagl] = diags2[diag2] = false;

[* Kfg n Bl */

vector<vector<vector<string>>> nQueens(int n) {
/] MaK nxn KANRUEE, Hep Q' ARERF, '#' ARZEML
vector<vector<string>> state(n, vector<string>(n, "#"));
vector<bool> cols(n, false); /] ERIIBREEER
vector<bool> diags1(2 * n - 1, false); // BRTIMNAXLETEER
vector<bool> diags2(2 * n - 1, false); // BERAMNABLALEEEER

vector<vector<vector<string>>> res;
backtrack(®, n, state, res, cols, diagsl, diags2);

return res;

BATIE n IR, BEINLIK, MANEATERETE n. n—1, .0 20 1 DiERE, KR MERE
M O(n!) o SEhRL, HHEXARLRIBIRRENS RIESE MERT W, KRR RMREEIT LN 2 %%
J&,

B state i O(n?) 250, #(4H cols. diags1 fll diags2 Esfiif O(n) 2, BMABITHRE N n, HH
O(n) Heizsil, [Fitt, SRERER O(n?) .



13 % [E hello-algo.com 301

13.5 /&

1. BB

- BIEEAR U 5 2R, B RS R T IR L el 7 ok ST & SRR, fEIERIERE A, B
JRZAFRIENICSE, B RS R eOE P 5E R4 H,
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TR RS

- [ REGE A S 2 NIRRT TSR R, BYRAT DARATAT SR AL BRI, K
IETRTHERR,

- [l TR T AT A TR AR R (RN 2 TR 2 (A, 2 A JUfe Rl s SR mT DU R R R ok, (B1EAE
TSR T = RO AP IR TR

- 2RI S ERRAEESITTRIATA P RERHS, TS — M RIER N TR R S POEE,
SIPE E R —TCRAER D X, WRE N ITRAPOEE X,

- AEEHIRRET, INRESHEEEE TR, NRASRSHANEEAS, RINFELFMEETRES
ferp HREBOERE—IR, XIEHAEBI— DA 2R L,

- TEMPEIER HSRESE R G PRIV EAMER TS T8, REAXDTTRNT, MEREES
WP EER, AR TR, BAHERWRTRETEETHR, HiRE N EERIERE K
WA, MITRE R S TSR AR R 0 SO TEIRL

C R TFFEMEE, BHPAHSTRSTEREERES, BNFHEAHCTHPRRTESE, B ARTELR
TLRE AAHFSIIBIARL, MM CRAHSE TR HBEBOE —IK,

- n BERESEIER n NEERERI n x n RSBE ERTE, ZRE 25 MM \ICiEBE
Tio HBILTREMFAITLAR, SIZIHR, EXAEIIOT ALLIHR, Nl RITLIR, BATRRAATK
BHREE, RIEG—ATHE T 25,

- HILIFHIS FALRETRAIAL BT SR, X FAHILTR, BAIHA— M RIE RS ARG ARG, M
TERIER RIS TR E AT, NTRMELR, ROEIHNDELRDHNICFIZE, KSAL LR G
2F; MRETHAERIR—E B A% BTl THIRT I,

2. Q&A

Q: /B FRARITIRIEII R
SRR, EIWE R “ERRIET, THEAEGR A TR

- [PETREEE TS, A, FE