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chapter_divide_and_conquer
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chapter_graph
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(v v VvV VYV VY

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

¥ Pmaing I Lotests ®OAO
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B &
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EVIPAY
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%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
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# 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
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REXIFE R

Python C++

def level o

# Mkl

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

= deque()

# Miatt—17IR, BTREFEHF?

res = []
while queue:

oe

% W Q

J V# Go Swift Js >
binary_tree_bfs.py

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

node: TreeNode = queue.popleft() # PABIHIBA

res.append(node.val) # {R7FETiAME

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

if node.right

is not None:

EFHRAR

queue.append(node.right) # HFTSAB

return res
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KR B VR B AR ZE R N TR,

IEREER LET ¥

0 hello-algo

Code Issues 1 Pull requests 10

chapter_tree

9 krahets

array_binary_tree.py
Y
e 7 RAREECHF
a
binary_search_tree.py
binary_tree.py

binary_tree_bfs.py

binary_tree_dfs.py
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Hello 3%
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[ @ EELETT

v] ER

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

return res

“*"Driver Code""

-
if

-

Visualized wi

__name__ == "_main_":
# MafmE

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

nums = extend(nums, 3)

print("HEERESRE 8

Edit Code & Get Al Help

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

)€ ZBENE

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

Objects ,ﬁ EEH

Global frame function
extend(nums, enlarg

Frames

extend

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

412 HENRSASEEE
413 HERREM

nums

[ 0-6 Python R AIM{LIa T
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BERE

BENDB RISERE FRRIESR
BB

ARt EmR ISt

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

K 0-8 RIRAF I

0.3 /&

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

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

- MNTEENT, EOENBRR-AANHERER, AIEFZEHK,

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

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

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

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

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

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

1. BT —FR s, EFEZNE TR, REETR N m,
2. MTAEPETRERT r LT m )5, FTIUHRTHATER >, SRS DEEFEE .
3. AWTEENE 1. P8 2., BEERIPIEEFRN r FTUEA Ik,

FRERHEFEROMFHT

EFREN: RIEE—HEEEEN ¢ KT TR

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

Step 1 Step 2
5
—H B —HIBL

EFRSR: EFASE:

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

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

e
—¥ M
EFHRSE:

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

Step 5

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

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

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

1-2 $hwHEp PR

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

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

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

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

FHRERE, 7TEN204+ 10+ 1 = 31 75

ok wn e
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BirE 31 L2 11 = 1 =» 0

EELH -20 -10 -1

TWENTY

\
TWENTY ||

Bl 1-3 timikZTidE
FEA LS, BAHF—PERBCEATE RRFANES (RATRERRIARI B M), REEE T rATRHE TS
Ko WEIRGHSRIENAESR, ZKMTEAR LR 200" Bik

INBZEE—TER, REIRFNUT, JUPATA IR RORE S AT AR, THRAR HIE SRR E N e
KBUREEHTEAEENGE T, FINSGS RS CPU 1 GPU BUTHEZE, IXFE—K, BATHEREIEA IS H Al
HRBIHRNLE, DUE @A77 U RS AP 2% R,

Tip
GRERIRNEIREEA, RIE, BN o EREMS RS R E, TERSHE TR, ARG ISIR
IBNBHREEH 5 BIAH RN

1.2 BiERHa
1.2.1 EZEENX

8% (algorithm) ZAEH RN AROUREE MR —HIE S BERIED R, RGN,

- IEURBARARY, B TS TR R AR e o
- BHRATY, REMERIRDER. WRMAEER R ENK,
- BLBEETERS X, EAHRRRMARIZITRET, fbaaZdmE,

1.2.2 BHRGEMEX

B (data structure) RIFEAFMHSFIFESIENTTX, BA MR ER,
- ZBEAHRED, DAEITEINT,
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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—RIIRFRES

MR ANE T
N ‘ ¥ it
—
input algorithm output
HiEsH

data structure

RIS IFREREGE
S MSERIR S &

1-4 BURSHSHEIERIRER

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



H1E PIRRER hello-algo.com 15

K 1-5 PREEFIR

B RTTRAIN B SR R ANR 1-1 Fmo

®1-1 REdRa SRR O PRERIR

BlRai 5 RE PRERIR

LN S ES/EENIAVN

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

it Rl PR

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

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

1.3 &

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

- ATHIEES S0 BEREEME R ZoBEREIAREL T amia M EERTREAE,

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

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

- BARSH SRR ERE, BURSHERIRNEN, MRRRBIRAIFERrSES.

© RATA] DR BREEA 5 RIER O PRERIAR, BRIRARERE, FURRITARAIERE 7T AR BURSE,
IR AV NN U DR VA RE S
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Abstract
B2 e i B A B P R S A S
Er IR ER 85 2RI EE EIRARE, FIRERHENER TR,
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2.1 EEMETHE

FERIRRAT R, BACEIER AR AN ZE T H A

1. $RBNMEIRE . SRR EAENUE A% A\ TE RN AT SE sthoR AT (R R [E Ak

2. PREAME: F— DA REF SRS, BN ERER AT R E %,
R, fEREMSARRIBIRIATIE Y, RIRBCRER N ERERM SN EEZRN e, CREREINH A4
}EO

- 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 IBigEE

T SZFRMN B A BRI SRR, R ERATAT A EAGEIE — S T FOR A BRI AR, XM 577 IR PR
FHMEE ZE S (asymptotic complexity analysis), RS ZE D4,
5% AT RES PR B LIRS AT A i AN TR AD 23 ) B3 R 5 i A B /N Z BRI E R EHEIR 1 A f A B K
NIRRT RN A2 MR RS, XN E SCREEH T, BATTAT DAL 53 9 = B RCR PR AR
- “INTRIFIZS AR 53RN M BTIBIE R (time complexity) FIZEISZE (space complexity)o
- BB ARG BWE S SRR M T BIRB TR S M AR R R Z AR,
- CINNRAIES R FORE RE TR RIS TN B S A S AR EARE, T2 N R B
KR g7,
EARNE IR T SERR AT TR B, ARIAE DU N7 T,

- RS TRAIAGL, AHSERER TS T A,
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- ERT DA B R S RERRR, TR REE R P RRIATERE.

Tip
GRRARAN BRI SBBIN R, TAUELD, BIRTERLEE RGN,

AL BANTRAE T —JCPHERIERCRE “FrR”,  BEHATTAT DA S AT B SR Al 75 B IRk TR 2 ) B3
IR, MHARREERZ R,

SRR MCEMS, N T RFE A REILRMSR, FIMEEAN RS, WX PNAEEE, EREHATREAK
EETENRIEM AN, R, HENMTNER N AR s RRRIR R, XE DL 2 oA HIa T A
ZE R L

Zr LRTIA, EUIRERA S SI BRGNS RIRZ R, JOMERE NP TR, DARERENSSE Rl
TR 7 hT

2.2 FR5=

FERES, EEPTEMESRRE LN, B5ERENHTERMEX, B, 1EM R R 2 R 2 2
JEZAT, BAVER T RAMTER RSB EEMITIESS, HIMMEARRREFERIa: ER0 #H,

2.2.1 #%

&R (iteration) B2 —MEEHRITHR MESHIIZEHIGH, fFIEH, BFEIEMLE ERRA FTEERITRE
g, BRI,

1. for &IF

for TEMVERHE WANERIE A Z —, BEERVERIEIRRKBINEER]

PAREREEET for TR TR 1 + 2 + -+ n, RMGERMEHZE res Id5%k, TEFEMEZ, Python
W range(a, b) MMHIXELE “AHEAH W, NMAEGEESN a,a +1,...,0—1:

// === File: iteration.c ===

/* for fEIf */
int forLoop(int n) {
int res = 0;
/] BRI 1, 2, ..., n-1, n
for (int 1 = 1; 1 <= n; i1++) {
res += i;
}

return res;

A 2-1 %K B AR AE



H2E HREDH hello-algo.com 20

LI it
i=1
B
=
i+=1 R

B 2-1 KA R A

ESRAT R B RO S A BER R/ n RIELE, SREBR “RIERR7, SLhr Lk, IRRIEAERERN
A “RIERRT, HXNBRRTE N TN 4.

2. while f&IF

5 for fEFARLEL, while fEIAMLZE —RSCINERAITTE, F while 1B, RFERAXTRERMS, WRA
HFRNE, WEARELIIT, & NIREEHRIE,

TNHEFAIA while FEARIIKFN 1L +2 + -+ n :

// === File: iteration.c ===

/* while f&IF =/
int whileLoop(int n) {
int res = 0;
int 1 = 1; // ¥BLKEEHETE

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

res += i;

v+ /] BEHTE
}

return res;

while fi§¥H L for TRIFHIEIHIBE S . £ while TE3AH, FRATTAIDAE fbis i 56 AR 28 BRI RI AR (LRI 8 37 20

BIAnfE A ARD R, SRR o AT, IXAIE O A AT ] for TEPRSEEL:
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// === File: iteration.c ===

/* while TBIF (FXREH) */
int whileLoopII(int n) {
int res = 0;
int 1 =1; // ¥RUFRHGEE
/] TEIRKRAN 1, 4, 10, ...
while (1 <= n) {
res += i;
/| BHEHTR
1+4;
1 “= 23
}

return res;

SRV, For TRERMAGICASSEMER 2, while DEPREMRLS, WHEHARA] DAKIENLEN, W A — 5%
AR (PR TR KR DU

3. BREMRF
Sl TR DATE — MEER RIS 5 — MIBEREEH, R BA For FEER AV
/] === File: iteration.c ===

/* WE for &R */
char *nestedForLoop(int n) {
[/ n*n ARNSEE, "(1, j), " WEFFEKEAA 6+10%2, MERE—ITTFF \o NEIM=(E
int size = n * n * 26 + 1;
char *res = malloc(size * sizeof(char));
/] B 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++) {
char tmp[26];
snprintf(tmp, sizeof(tmp), "(%d, %d), ", i, j);

strncat(res, tmp, size - strlen(res) - 1);

}

return res;

& 2-2 BIZIREEIAITARAE K,
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SMEER

2-2 RENEIRIFFEAE R

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

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

2.2.2 #3

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

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

MM A EE, B EEAES =PER,

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

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

[* 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) PP 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) Py

} 1
recur(1)

2-4 IR

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

2. @&

B2, WREEALEIR DR RG —P A TERHEE, WZRET DA dm it as sl R ae ik, REAES
AR ES5IEAMHY, B NEZEYT (tail recursion),

- @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

DL 1+ 2+ -+ 10 A, AT TFT LSS B res MOWBRMEBHL, TSR
// === File: recursion.c ===

[* 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 “&” mEt “3”

recur(n, 9) 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

Tip
TEER, WemiEass@Red A SR EIBEIAME, BN, Python BUANASIHFRE@IAMAL, KIRD
FERBUR IR, HIRATRESIB B M Hi A,

3. &3

MALEE A7 MHRRBEIAREN, @I AR BB EINE L. RS E NS, P “EEGI S
Hl,

Question

HE— DA E0,1,1,2,3,5,8,13, ..., KIZEINIHE n NMEF,
BRI AREEBINEE n DTN f(n), DEMDLEL,

- BB F(1) = 0F f£(2) =1,
- BEIREE A RO, B f(n) = f(n— 1) + f(n—2).,

TEIOBHER RMEATIEITEA, KAl MR LIRS, RS B, A fib(n) BRI 12 2EHK
RIS n DR

// === File: recursion.c ===

[* ERARRERT: w3 *+/
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int fib(int n) {
/] BIEFMH f(1) =0, f(2) =1
if (n==1 || n==2)
return n - 1;
// BIFEA f(n) = f(n-1) + f(n-2)
int res = fib(n - 1) + fib(n - 2);
/] BREIZR f(n)

return res;

—

X

BB 1 RTS, TRITHE BRI T ARG, RO M — A T RA A%, W1 2.6 7
7,

XEEARWNBETVE R 2, &G4 —RRZEEC n 3&Y34 (recursion tree),

f(n)

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

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

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

f(n-5) HOE))

B 2-6 IRIRELELHIIE IR

MWARBL LR, BIAERBLT KRB ENF R FEEERN, XM IaRIEEREE,
- WEIEAEE, #R HiE. B o6, sSIKISE 2 B RTA RIS B RE el Al A T xR
Ti 3o
- MWEHESHAER, BIARRKESCEEER, RAERAEKRE, FKOAErHERIES A6 B8 T2
o

2.2.3 FmENL
B EAE, WK 2-1 FoR, SRS, MERERNE M LA AR,

*®2-1 IEEBEAR R
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JESA 119
SKHT JEIRGER EREIE B &
2
IR ReREERE, JCREO0ETTH BHR R B S 27 AT
%
W HEE RN AR SABR B FH AT RE (R R R A AR s ]
H
EHE ERTRAIEAMES, IGEN, TR SR TR, W, B A [IRSE, REEEHRETE.
i a3 GLU
Tip

ANSRURETE DA S NN R, RIDATERSE KR ETEERE S,

Mz, BB EAE T 2NIERRRIE? DLEREBIAREOH], SKFEIBREEEIAR 77 BB T, XER
A BT P B R EUSR PR b2 5 SE ARHOR AN RY, IR TAEHLHI S %A “Te AR ISt ) 1,

R, AT M SR XIBARTECERTR 7B SR AN ETIR R,

L. 3 HEEARN, RAXME WK EONZE B EORRIEM, H TR R TR, S
IR [l R E R
2. VA: HRBGERRPUTHIREIR, XA VAR ERRR, TR AR BRI TR,

RItE,  BRATTAT DA — A R BR B AT R,  IREE I 5L (IR

M

// === File: recursion.c ===

[* ERIEREREYT */
int forLoopRecur(int n) {
int stack[1000]; // fEBI—1AELAREMEL
int top = -1; /] &INZE5|
int res = 0;
/] & B)FER
for (int 1 =n; 1> 0; 1--) {
/] GBI NIRIRET I B
stack[1 + top++] = 1i;
}
/] V3 REILEER
while (top >= 0) {
/] B HIRRET &I 37
res += stack[top--];
}
// res = 14243+...+n

return res;
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ME LA A, B AFAACONIENG, EEREMER T, REERANEIERZEILN AT LA,
EA—EERIXAEM, A LA RR A

- BRAUSAOACRD FTRE SE AME DAREAE, RIS 2=,
© ONTHEEE IR, ARIIRGEE AT AT R AR R

Bz, BEEROERIBITROET R MR, EgESCEerh, DM E RIS FHRIEESE RS ER 7T
REXREE,

2.3 BHaE&E

BTN TR AT DBV EL TR S BR TR . an SR IRATTABHERA TG — B ARG HTIS T TIN R, R IZ ARl R ?

1. Wi e, BEEAIE, REES. RENES, RXUERFHSTMARNIBITHR,

2. WSS RIRMEFT RIS TINE), BIANAEIRIE + T 1 ns, FEHRME « FE 10 ns, FTEIHRME
print() FE 5ns %,

3. G R RERE, R EIRERSATIN AR AT, IS ES1 T A,

BIantE LA B, F ARHERAN A n

/] EEEBETEET
void algorithm(int n) {
inta=2; // 1ns
a=a+1; //1ns
a=a*2;, // 10 ns
/] &% n X
for (int 1 = 0; 1 < n; i++) { // 1 ns , BREAEHRIT i++
printf("%d", 0); // 5 ns
}

MAEALTTE, FIDMSRISIARIZ TN DY (6n + 12) ns :

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

H5PR b, SHHRERSITINBIBEASPEIABS:, &, BAIARERHENEZTFaE, HE
ERBEESIARKTG EisfT, Bk, BRI SMERERNB TR, X4 GE TR 17RO
1:38

2.3.1 FitBFEEKESE

I B 2 2% E T SE AR RRISATIN ], MR BRI AT Tl 25 2 KI5

“IFRE KT X BRSNS, A TEE — MR AN CAREAR, B ABIR KN n, BEZAEE
A, BFIC:
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/] B A WESERE: BHM
void algorithm_A(int n) {
printf("%d", 0);
}
/] B% B MBTRIERE: &M
void algorithm_B(int n) {
for (int 1 = 0; 1 < n; i++) {
printf("%d", 0);
}
}
/] B ¢ WNEERE: BEM
void algorithm_C(int n) {
for (int 1 = 0; 1 < 1000000; i++) {
printf("%d", 0);
}

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

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

V758

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

N MR

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

RO TRV 2R RN A AEIR], (T5h “HEER

1000000

BiE C - H¥b

Bk B - SR

BB THYAE] 10
5 /Mm
0

] 1 2 3 4 5 6

BNBIER N
n

7 8 9

& 2-7 RIKA. B CHINFEKES

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

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

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

- IR AE A ERR RN, fln, RERR AN C (N RIS AR, ESFRaiTh R ZH1R
Ko [FIFE, REGEMNHEREL &, EEMABIERN n BN, BiEsMEMTHEEC, £
LG, BAMRMECCE R RIS 28 HIMT R SR SR, REFE LRRE, SR
SRBIPHIEIRRCR e R HH R,

2.3.2 HEARA LS
BE— AR n HIEEL:

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 (BREHIT 1 ++)
printf("%d", 0); /T
}

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

T(n)=3+2n

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

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

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

6T
EFAEIESE c IS ng , FENTRAER R > ng, HET(n) <c- f(n), WA f(n) &
T T(n) —MNE LS, 128 T(n) = O(f(n)) -

e 2-8 AR, HEENE F RS NEE f(n), #1524 n@RTIHFARN, T'(n) Ml f(n) & TAER
ARG, SUEZE—NHEIR ¢ BIREEG
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c-f(n)
T(n)

HR{E e

/

@ 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 (15 1)
a=a+n; //+0 (FI5 1)
/] +n (315 2)
for (int 1 =0; 1 <5 *n+ 1; 1++) {
printf("%d", 0);
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}
// +n*n (3515 3)
for (int 1 = 0; 1 <2 * n; 1++) {
for (int j =0; j <n + 1; j++) {
printf("%d", 0);
}

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

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

2. B HEREE LR

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

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

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

BERR T (n) R 24EE O(f(n))

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

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

2.3.4 FER¥EH

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

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
TR < WER < ZRMEH < SME < FIk < a8 < Bk
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E#ET o(2n)
E5H 0(n2) “ﬁﬁ
HTEIRIERE 1M o(n) g
T(n) i
4B 0(logn) it
==
=

BHE o(1)

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

BNHRAN
n

2-9 H DLAIIE TR 2 2

1. BHHO(1)

TR HIRFRE SMABIE RN n ToX, RIAREE n BT,
TEDUNEREH, RERIFEE size WRERK, ([HHTHSHMABIERN n LXK, FILNRERET O(1)

// === File: time_complexity.c ===

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

return count;

2. 414K O(n)

SN R RGN T AN BRI n DEMEZRIE K, SelEfa@ s e B EIE A
/] === File: time_complexity.c ===

[* MR +/

int linear(int n) {

int count = 0;

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

}

return count;

5 LR S I TS A EEST 0 O() | Fiek m Ay s ety
// === File: time_complexity.c ===

[* M GEHEAE) */
int arrayTraversal(int *nums, int n) {
int count = 0;
/] ERRBMESEAKERIEL
for (int 1 = 0; 1 < n; 1++) {
count++;

}

return count;

EERERE, FSABIERD n BSHRIEHABISRRRRBAE, eSS —Relr, 28 n kA
RN, B ARG, BEHKE n AEIERN,

3. K O(n?)

ST MR ERRA A TSR AN n A AR, 7 E S BE SR, SMNEIERAIAR
TEPRI IS 2R O(n) , BRI E 24N O (n?) -

// === File: time_complexity.c ===

[* FEFHMH *+/
int quadratic(int n) {
int count = 0;
/] ERRBEETEARN n BFEHRR
for (int 1 = 0; 1 < n; i++) {
for (int j = 0; j < n; j++) {
count++;
}
}

return count;

B 2-10 X EE 7R, BRI TR =R R R A,
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&% n &

&% n & & n &
1R

0 @ @

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

(] RE—titmme

B 2-10 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.c ===

[* EAM (BaHE) */
int bubbleSort(int *nums, int n) {
int count = 0; // IT#iEs
/] SMER. RHEEFEXER [0, 1]
for (int 1 =n - 1; 1> 0; 1--) {
/] WEIF: BRHFXE [0, 1] PHRATERIEEZXENREGH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]) {
/] % 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.c ===

[* B (BIREI)  */
int exponential(int n) {
int count = 0;
int bas = 1;
/] BREBR—SHNZ, FEEHS 1, 2, 4, 8, ..., 2°(n-1)
for (int 1 = 0; 1 < n; i++) {
for (int j = 0; j < bas; j++) {
count++;
}
bas *= 2;
}
// count =1+ 2+ 4+ 8+ ..+ 2"n-1) =2*n - 1

return count;

L L=
BE—HHA=

,( .{ l ,{ .l .L
[:]‘u [:]." [:}.” E:]." E:}.u Ej .

HEHRERE (BDEJAWHITIREHK)
20 + 21 + 22 + . + 2m1 = 2n-1

B 2-11 5RO R 2 2

1k:

// === File: time_complexity.c ===

[* FEEBN (BJIEIN)  +/
int expRecur(int n) {
if (n == 1)
return 1;

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

EREH
TRHE
20

21

22

2n-1

a2
s o(2")

FESLPRETES, a8 HBLT @R B, BlanE UM, HIEAM—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 LU TSI T “E4mas]—k" e, MEEAEN O(log,n), HigH Ologn) :
// === File: time_complexity.c ===

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

}

return count;

BANBEKERA n sEEE 1 1

£ |~

s

HEIRER piE]E A
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.c ===

[* EREY (BYJAEIM)  *+/
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int logRecur(int 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(logn) MIRBUZZ/D?
KL, “— 9 m” MMM EERER O(log, n) . MHEMBHRAR, HiTAUSEEA
ANFERE. MR A 2

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

WaRREE, JRE m A DTEAIE AR N, HLRMMBFE AR m , B ER
i2h O(logn) »

6. M O(nlogn)
LM BT EEIA R, BB E 2 E 25109 O(logn) f1 O(n) o MG :
// === File: time_complexity.c ===

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

return count;

2-13 JEoR TEMER BN AT e ZXMHE — BRRIEREE n, WIH log, n + 12, HILH
FE&EHN O(nlogn) .
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BEEMBEEH
n 1=n
Zx2=n
$# log,n+1 B
%x 4 = n
HERERR
nx (log,n +1)
I AR RE
1R 1R 1R
1 n=n

e

B 2-13  Zelhxt B A A2 2

&

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

7. BB O(n))

B el BB B AT R, S0 n NEAEERITR, RETAFRENHIITTR, 775880 N:

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.c ===

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

return count;
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E=3=10] EEN
PaE 6= HEME
n n
n-1 n(n-1)
n-2 n(n-1)(n-2) - #£n B
1 n!
2HTINARY (AIRKENT SHE) EERE
nx (n-1) x (n-2) x .. x 2 x 1 = n! FisEBH O(n!)

I 2-14 el I A2 2

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

2.3.5 RE. RiE. FYHEERE

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

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

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

// === File: worst_best_time_complexity.c ===

[* ER—NEEE, TER {1, 2, ..., n}, WEWITEL */
int *randomNumbers(int n) {
/] PEHERXAT (BIR—HTTKEA: AP TEHREN n, TEEER int )
int *nums = (int *)malloc(n * sizeof(int));
/] HEREERE nums = {1, 2, 3, ..., n}
for (int 1 = 0; 1 < n; 1++) {
nums[i] = 1 + 1;
}
/] BENITELEA TR
for (int i =n - 1; 1 >0; 1--) {
int j = rand() % (1 + 1);
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int temp = nums[i];
nums[1] = nums[j];
nums[j] = temp;

}

return nums;

}

[* BEIEEA nums FRERE 1 FRTERRSI */
int findOne(int *nums, int n) {
for (int 1 = 0; 1 < n; 1++) {
/] BitE 1 EEALERY, AERENEISERE 0(1)
/] BnE 1 EHAREI, RIRENEERE 0(n)
if (nums[i] == 1)
return i;

}

return -1;

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

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

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

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

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

2.4 FEERE

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

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

- AN TR AR A E,
- BN AT EEREIRESITEETE R, R, R E TR,
- FHEEE TR B A
—REOLS, SREAENGIHEER “EGEERT ik TRHasE,
G ] DA — R =00,
- EERYE: AT RERRISTEEPRSAE R, LR, NR%
- AR TR A A R B SR, RS UA F BRI AR S AEAR TR QI — MR, BREL

SRR, A2 R,
G5 TR RIRAGS, e s s A Rit,

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

BERR TEiEERENSITER

AL

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

B 2-15 RAE AR
UEES AV

[* BER */

int func() {
/] BATELRE. ..
return 0;

}

int algorithm(int n) { // AR
const int a = 0; // EEHIE (E=)
int b = 0; /| BEHE (B8)
int c = func(); /] tkmiz=iEl GARRE)
return a + b + ¢; // MR
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2.4.2 #EGE

(W AR BT T SN T A KB, RAHSG R G “SRIESOR” #60 “EERZ AN,
TSI A RRAR, SRABER NI E SRR, KRR AR R TREEEOR, (M
HRAE T NS R0 SRS P72 23 I R
WEELA R, s aZmh R AMES Y,
1. DUREMASIRME: % n < 10R, ZEAEN O(1); B n > 10 K, PHALKELL nuns &
i O(n) %2, FEILEEZERELEN O(n) .
2. DUSEISTTRIIVEIEINAE I : B0, FRFFERTRIG —1T.2 80, S O(1) %50 S¥IAMAEE nuns
i, FRREA O(n) %50, RILEESFEEAEN O(n) o

void algorithm(int n) {

int a = 0; // 0(1)
int b[10000]; // 0(1)
if (n > 10)

int nums[n] = {0}; // 0(n)

TEIBHRED, FTEEBESE WM, WIS

int func() {
/] PUTHELARME
return 0;
}
[* B REIEREN 0(1) */
void loop(int n) {
for (int 1 = 0; 1 < n; 1++) {
func();
}
}
[* BRANZTEIERET o(n) */
void recur(int n) {
if (n == 1) return;

return recur(n - 1);

BRI%L Loop() F recur () IUMTRIE ARy O(n) , E=AEREAR,

- PREL loop() TEMEIAHIEA T n X function() , HEHHY function() AR EIFHRERL T Az |, Ktk
HEEHRENH O(1) .
© JBVAKEL recur () EIBTTIIREF R FNTELE n DAIRE recur (), MIifidiH O(n) FIARMIZS (A,
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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")

5B 0(n?)
ARFZEAN 446 o(n)

HEE 0(logn)

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

BNEHEAN
n

2-16 DL A A 2 A

1. B O(1)

HEIE LT RE GBI n TRIFR, T8, MR,

BHE o(1)

MEES. MEEE

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

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

[* BEER */

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

}

[* BE */

void constant(int n) {
/] BE. TE. WREA 0(1) =i\
const int a = 0;
int b = 0;
int nums[1000];
ListNode *node = newListNode(0);
free(node);

/] BEFHRNTELA 0(1) =iE
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for (int 1 = 0; 1 < n; i++) {
int c = 0;

}

/] TERARRERER SR 0(1) =iE

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

2. %M O(n)

LR W T L REE S n BUEELIIEE, B3R, R BB

/] === File: space_complexity.c ===

[* BRFHR */
typedef struct {

int key;

int val;

UT_hash_handle hh; // &F uthash.h 32}
} HashTable;

[* IR */
void linear(int n) {
/] KER n B9EAEEA o(n) =iE
int *nums = malloc(sizeof(int) * n);

free(nums);

/] KEA n WFIREA o(n) =&
ListNode **nodes = malloc(sizeof(ListNode *) * n);
for (int 1 = 0; 1 < n; i++) {
nodes[1] = newListNode(i);
}
/] RERHR
for (int 1 = 0; 1 < n; i++) {
free(nodes[i]);

}

free(nodes);

/] KEA n NRERSAH 0(n) T
HashTable *h = NULL;
for (int 1 = 0; 1 < n; i++) {
HashTable *tmp = malloc(sizeof(HashTable));
tmp->key = 1;
tmp->val = i;
HASH_ADD_INT(h, key, tmp);
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/] REFERER

HashTable *curr, *tmp;

HASH_ITER(hh, h, curr, tmp) {
HASH_DEL(h, curr);

free(curr);

GNE 2-17 Fow,  EEREEDRITREEA n, BIFRNAELE n DARIREK linear_recur() B%, M O(n) K/

A AR M2 )

// === File: space_complexity.c ===

[* MR (BJIRI)  */
void linearRecur(int n) {
printf(" 323 n = %d\r\n", n);
if (n == 1)
return;

linearRecur(n - 1);

IHT:sﬁgv

linear_recur(n)

linear_recur(n-1)

BARE
n

!
1

linear_recur(2)

linear_recur(1)

l fib %%

bt

REEIFERBFREN n
HEA 0(n) HIERINEEE]

Kl 2-17 BV RR B AERIZRIE RS [ B 2

3. 58 O(n?)

FIIBE LT REREE, JTTREES n RFTRR:

mE ‘3"

return 0

T

return @

!
r

return 0

T

return 0

SiaERE
L£14B o(n)
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// === File: space_complexity.c ===

[* FRMH */
voild quadratic(int n) {
/] Z#FIREA 0(nr2) =iE
int **numMatrix = malloc(sizeof(int *) * n);
for (int 1 = 0; 1 < n; i++) {
int *tmp = malloc(sizeof(int) * n);

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

tmp[j] = 0;
}
numMatrix[i] = tmp;
}
/] REFRR
for (int 1 = 0; 1 < n; 1++) {
free(numMatrix[i]);
}
free(numMatrix);

N 2-18 FfoR, IZBREABIARE N n, FEENBIAREHEIGL T —MEH, KE2HI n, n— 1,
201, EKRER /2, FLEKER O(n?) 2H:

// === File: space_complexity.c ===

[* FHM (BYIEIM)  */
int quadraticRecur(int n) {
if (n <= 0)
return 0;
int *nums = malloc(sizeof(int) * n);
printf(" #Y3 n = %d FH nums KE = %d\r\n", n, n);
int res = quadraticRecur(n - 1);
free(nums);

return res;
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B nums KE AT & Bt “93”
( n ~——+ quadratic_recur(n) return @
n-1 — quadratic!Lecur(n—l) ret;Ln [*]
BARE l 1
" 1

1

2 —— quadratic_recur(2) R return @

1 LIk T
L 1 ~——+ quadratic_recur(1) return @
ES BT RPEINAL T — A, BRER SRIERE
1+2+ .+ (n-1) + n = n(n+1)/2 TAK 0(n2)

2-18 38U pRES AR A1 5 s TR SR 2k

4. 188 O(2")

TRET LT X, MR 2-19, BEOIn iy “WH— X" R8N 2" — 1, HH O(2") =M

// === File: space_complexity.c ===

[* B (BILH X)) */
TreeNode *buildTree(int n) {
if (n == 0)
return NULL;
TreeNode *root = newTreeNode(0);
root->left = buildTree(n - 1);
root->right = buildTree(n - 1);

return root;
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BEENTREHK
20
21
2 - Hnn E
A A Y A
2n-1
FiATREE DEERE
2% + 21 + 22 + .- 4 201 = 2na a¥H 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,

BREAE

AR S A0, TR L 5 P72 AR R K s 28,

IR AR R A A, A, R, BRI, ARG
oSl S T, B AR T S TR, MMz (AR 2], ECr bz 3 (02 I
B

R BB RS A A, AV AR N SRR S BTN 2 R 25 A,

-z A REIEHESIE O(1). O(logn). O(n). O(n?)#10(27) %,

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
K% (function) AJDABZMNZIAT, FTASEEIARAILE, 5% (method) 5—PXGKREL, #HEAILES
VARERIXSR,  REWE X SRR SLB 0 & RO R TR E,
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



B2 SREDH hello-algo.com 51

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,
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Abstract
LS AN [E — BIAS E T 2 AR HEZR,
ERABIENEFHLSRME TR, BIES AR A SRR,
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3.1 HELEHMnE

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

3.1.1 ZiE4EN: KMESIELH

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

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

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

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

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

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

push |/I ™~
i = — graph o /
stack -

pop

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

pop push

hash table value

BEE {key o & w}

3-1 SMEEdREi SRR

3.1.2 ¥PBREEN: EEE59H

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

00 @1 02 03 04 @5 06 07

0x0000

0x0010
0x0020 n

0x0030

0x0040

STENESE ARG 0x0012 , BEMIE

. BERESE ARG 0x0024 , SEMIE n

B 3-2 WfEsk. WTFaSHL A7 L

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

WFRITHREFP LR IR, SRR MERF & AR, WTCRsH R RN 7, R ngs
BEREENBD, R EERERRIR, i, Rk NI E AN ST RGRRE
175 GNSRER D IESRBREI A A3 R], IR 2 Fnide F B S A RO AT RE S A7 i 7E 0 BREI PN A 23 TR A

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

EGTiETFhE YRS EEfE

TEAEAE I TF =S (Bl R SR A ERERNNEZEZIEN

aaaan

AR e
B =ranpizeia sunAy | WA
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K 3-3 LSRG RS R

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

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

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

Tip

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

3.2 BHiERE

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

- BERAY byte, short. int. long,

- PEREBCERA float. double, FHTFFERT/INEL

© PRI char , ATRRSHIBESNTE. A SEERERNSE,

- fi/REE bool , ATFR “B7 5 “B HW,

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

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

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

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

R 3-1 EALARIAIN & 2 A AT EUETE

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

short 2 FH —215 215 _ 1 0

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

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

TR char 2 FH 0 216 1 0

7R bool 157 false true false

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

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

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

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

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

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

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

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

/] ERZTMERIRLT R IA L EE
int numbers[10];

float decimals[10];

char characters[10];

bool bools[10];

3.3 #Fwtg *

Note
EARTH, FREHE * FFESRRIERET, WRIRE AARSURR A, ol RS, FP5es
BRE 5 H RO,


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
BRRS s,
HHERFABE R
0000 0000 0000 0101 =G 1111 1111 1110 0011
ERBEEM EN 1
0000 0000 0000 0101 63 0000 0000 1110 0100
EMHNED,. kB, HEES HIMNERID. kB, HMEEERR

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

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

1+ (—2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

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

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

= 1000 0001 (J5h5)

— —1

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

-+0 — 0000 0000
—0 — 1000 0000

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

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

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

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

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

(—127) + (—1)

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

— —128

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

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

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

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

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

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

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

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

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

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

(14N) =(1+) by 27 C[1,2—27%]



3w BUEL hello-algo.com 60

float KEH 4 bytes = 32 bit

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

E
N

124
22+273 = 0.375

1x0.125x%x1.375
0.171875

3-5 IEEE 754 FrifE N9 float BB R A

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

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

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

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

*3-2 fRENIE X

RS E SN = 0 SEBIN £ 0 HHEAR

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

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

o

WUFEIE double HIRHIZEMLT float MFRTTIR, TEULAMEIA,
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3.4 FFRS*

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

3.4.1 ASCIl &

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

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

3-6 ASCII #4

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

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

3.4.2 GBK ¥f{&

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

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

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

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

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

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

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

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

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

1 00000000 01101100
o 00000000 01101111
-} 01111011 10010111

- KER 2 FENFXFR
it 01101100 11010101

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

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

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

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

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

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

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

FH Unicode UTF-8

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

& 01101100 11010101 11100110 10110011 10010101

BES 3 REN 1 BEHATHOS 2
RETHEER 3 T4 BEN 10

Kl 3-8 UTF-8 4wl

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

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

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

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

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

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

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

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

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

KPR L, HEEES NFRRmE TR — MRABIEE, BRFZRER,

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

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

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

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

HTLALERR, #ogREE SR T — S AR5 7T %,

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

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

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

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

1. BB

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

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

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

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

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

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

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

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

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

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

2. Q&A

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

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

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

Q: char KR KEZ 1 F1I5?

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

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

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

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

A XIRIRR RS ARG A B A sz s B2t AN (AR, BATTRA AN E SN & a+b = ¢
, HBAFKATIFR a /& b & ¢ B, AR b 2 a B ¢ BN

BE—Dn = 4 MRKERNZERE 0010, MBI NMUFEEER (RBEFSA), AR TRIE
o EmREM 1T 15 E):

0010 — 1101 — 1110
BAI2KM, FEEMAMERFZ 0010 + 1110 = 10000, Hmt2id, *M% 1110 25 0010 5] 10000 [
U, IXERE Lid “SEEURIGM 17 92k FRTHREF] 10000 mEh i R,
2, #ha% 1110 ] 10000 9 “#hET B2Z2/0WE? JAMRIRRT U “SelU=)ahn 17 1§2)e:

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

1110 — 1101 — 0010

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

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

EiRn = 4061, HalHE SR AR R
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Abstract
LS p ptH FLan [F] — 3% 2 S ik 6k
BUARREHESTHES, BB, PRI ESAL, ERRREE B i R Tik5E 2,
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4.1 4

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

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

00 04 08 12 16
memory location

AIAREZE

L BHENRNTFEE

4-1 BEAHE L HFETT

4.1.1 ¥EAERIRE
1. 3aEea

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

// === File: array.c ===
[* ¥IEEER +/

int arr[5] = {0 }; //{0,0,0,0 0}
int nums[5] = { 1, 3, 2, 5, 4 };

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

TLRNAHLAE) FIFEATCRIRS], BATAT PUEAE 4-2 R AR RASRZT RN FE L, B
VIZITT R,
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o e |
TE®Sl o 1 2 3 &
Rttt 00 04 08 12 16

TTRKE - 4

RRAEIEL - BAREML + TRKE « TERE|
(BT (GRS E)

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

K 4-2 BT RBIA bk TR

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

TEREH T FTRAERE &R, FATATAE O(1) NRINBENLYT M EEH PR EE— TR,
// === File: array.c ===

/* 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 -
8000 Eﬂi)%:r‘cﬁﬂ; EBY '
880800

nums[4] =m5[3]

:

BERRAX

= et (8000
‘ nums[3 nums[2]

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

(3 W1 ]s]2]5]4 ;}ﬁjgzig;—uﬁ 0 =%

nums[1] = 3

:

K 4-3 A ATTERRG

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

// === File: array.c ===

/* 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,



H4E BHSHER hello-algo.com

71

fElIpRTR

88000

nums[1] = nums[2]

BIRER

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

nums[3] = nums[&]

sehERE, SAERTRUEH 1,
KETTE 4 BERN TAHEENR

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

// === File: array.c ===

/* MBRZES| index HITTE */
/] FE: stdio.h HAT remove X#id
void removeltem(int *nums, int size, int index) {
/] 1BFR5| index Z/EMFIBETTEMAIBEI—IIL
for (int 1 = index; i1 < size - 1; 1++) {
nums[i1] = nums[i + 1];

}

BHKRE, BN SRERRIER LN,
- ISR BEHRE ARIMBRA N W E 2 O(n) , Hidn IEBEHKE,

- BIOLR: ATEAHNKEARZE, FItERATTRE, BHEHREERTREER,

- AR AT DIIaa e — D EAR KRS, HARTIE — 80y, IXPEERMARYEN, ZARRETR

g R W, (HIXFEMEIE RS N7 2 AR 2R

5. EBR#HA

FERZHHIEES S, FNBA] POEE RS e, el ERE RS PR TR:

// === File: array.c ===

[* BHEA */
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void traverse(int *nums, int size) {
int count = 0;
/] BIR5|BHEA
for (int 1 = 0; 1 < size; 1++) {

count += nums[i];

6. BHxE

AP ERIEETRT LB, FRAWOTRER G, 5 VTR B R RS
KON R LM R A, i DA B ESIRERAR Ny "R,

// === File: array.c ===

[* 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

FEERNRGIGET, RREURIESAHZ FRAEZRZ AT AR, MWmMEELZ ety R AR, FItE
REHGIEES T, BHNRERATZER,

NRIAIAA RS AR, WFEFEY —DNERIEH, RS REEETTRRRE R B, X2—1
O(n) BR(E, EEHIRRIIHEI FFFEFEN . L ~FAvR:

// === File: array.c ===

[* TTREUAKE */
int *extend(int *nums, int size, int enlarge) {
/] MR — M BRKERGREA
int *res = (int *)malloc(sizeof(int) * (size + enlarge));
/] BREAPNFRETEEHFIHHEA
for (int 1 = 0; 1 < size; 1++) {
res[i] = nums[i];
}
/] Maiy REN=IE

for (int 1 = size; i1 < size + enlarge; i++) {



B4E BHSHER hello-algo.com 73

res[i] = 0;
}
/] REY REHFEEE

return res;

4.1.2 HANRRERMRE

BAFBEESENNFERAN, xRN, MRS FEERER, RIa] DRI SRR
ABIREERI AR R,

- ERRCRR: U VBRI TIESIHINEER, TCAUERSMUSER T,

© SCRERELVI: B R VEE O(1) RN FHE TR,

- RAFIRERTE: HUIMEBETTRN, HFRAUMUSINEE, IER% A7 B B A HAEERE, A& B s
17 REETH IR AR BRI T IR,

ELE AT i R —IEW)8, HAFE LN RIRME,

- AAANSGHERRCRIR: SBAHP TR, WA SR RIERER N RERNTTR,
- REANZE: BAHEGRERERERE T, P ABEHFRER A SRS R Z0 8, TR,
- ZEMEREE: AREEHECRIANEBIL SRR, IR 2RI IR 2R T

4.1.3 ¥HABHMEINA

HEH T2 — R B WSS, BN e RE R H, Al TSl &M E 2 R aiig,

- BEHLYI : GSRIRAVEBEHLE — A, B2 R AR B A7 08, HAER— DB, RIaR515
BEN AL

- HiE AR BEHRHP AR RIRR T BRI, POy, TR, 0 ESEE  EAER
#H b7,

- AR AREPIEES IR BRI, AR E N EIRR, RN T2
ASCIT WSRIBRES, W AT AR50 ASCIT WS EMENERSG], xR HITCERAF A B X R B

- BLERES): MM RSN TR, B KEZRIEERBIsE, XEHEEE DB
PR, B TR LR N 258 e o s i 6 FH O BSR4 A

- BUREHSEEL: BEHATDUR Tk, PABI. MRfnaR, i ESFEBURS, fln, ERISEERRORK
bR b — 48,

4.2 §ER

N EEMERFIALER, £ PERNRGSITINET, TREIANEZR AR ENTSL, &
TIRITE, (FOEEEHRI N2 USSR, TS EEH AR KN, PE AT RETC IR LNt R AE S, it
I REAR A RIETEIL AR BL R T
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R (linked list) 2 —ARMEEURSH, HPENMTRERZR - MTRAR, #0108 “5I87 Mg,
SIFIESR T R — DT AL, @I B R AN A s A 2R — D o

HER AT RIS 21 A Ay BUF B E N AL, BRI P Hitk AU S,

FEERNAFETEZ I
HER

linked list

0-0-0-0-0--

EH TR
H 51A (ds8sh)

TR
node

A RAREZE

FERRE | ppsan
rtast | NEEE

4-5 BERE NG

MK 4-5, HERNHBALZETR (node) MR, BN RMESMIEGE: TR “E” FfE@E N7
R 57

© BERITE D RMIR A KT, RE—DNUAERRRN BT,
B RfemE “=”, BAE Java, C++ Fl Python #1453 5I#%12 9 null. nullptr 1 None o
f£ C, C++, Go Ml Rust FXXFHEEMVIBES H, LR “SIH” Mgl “f887,

GIDATRBEFTR, #ERTI A ListNode BR T EEE, IEHHIMAE—15IH (&), FIEEHRSIERT, b
R LB S E 2N,

[* BERTI REEMIE */
typedef struct ListNode {

int val; /] TRE

struct ListNode *next; // B TF—T=BVEH
} ListNode;

[* HESEE */
ListNode *newListNode(int val) {
ListNode *node;
node = (ListNode *) malloc(sizeof(ListNode));
node->val = val;
node->next = NULL;

return node;
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4.2.1 §ERTRIZE
1. sadksER

BRI NPIL, B PRSI RNR, SEPRWETRZRNGIHXR. B sEm)E, &
TTAE AT DANBER A SL T it 4, 383 5 IR next ARIXVTFIFTE 19 o

// === File: linked_list.c ===

[* VB EER 1 ->3 ->2 ->5 -> 4 */
/] DRI TR

ListNode* n@ = newListNode(1);
ListNode* nl1 = newListNode(3);
ListNode* n2 = newListNode(2);
ListNode* n3 = newListNode(5);
ListNode* n4 = newListNode(4);
/] MHETRZEINEIA

n0->next = ni;

nl->next = n2;

n2->next = n3;

n3->next = n4;

BAHERZE— TR, L nums 1S IC2 nums[0] A nums[1] &, TRERE B2 MHNIAY T SR A AL
Mo FRODEHF LW O ERERMCRR, Lban DA EARS A BER FTICERER no 6

2. ATIR

FERERTHATRIER A S, WA 4-6 AR, BIRBNVEEMH BRI DT A 00 Fl n1 ZHHBA—DHITTH P,
R BBEMAT RS (FED HWnr, RSN O(1) .

M2 T, EHRHPEATRINTEREN O(n) , EREER FRIRCRRR,

A ;
ne nl

P.next = ni
EI< P 5@ n1

= ./
ERETS 00 A nl ZEBATS P o m

n@.next = P
B no i@ P
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B 4-6 HERIHNTT RURHBI

// === File: linked_list.c ===

/* ERERIVTIA n0 ZEBATISR P */
void insert(ListNode *n@, ListNode *P) {
ListNode *nl1 = n@->next;
P->next = ni;
nO->next = P;

3. BT =

Qs 4-7 FoR, ERERPIERT R AER T, R@SEE A NARGIH (R Bl

HIER, REEMPRRIEEHIGT A P I2AEA n1, (HSCFR L@l tBERCLTTRVIRE P, XKEKRE P T
SAHBETIZER T,

nd.next = nl
Bl% no ¥8M@E n1

A A

no nl
A

wffl
EHRTHIFTR P

MikRserl/m, &2 P h#AfER nl ,
BilEHERBELELRE P,
HLERITART R P E#BER

4-7 BERMIERT R

// === File: linked_list.c ===

/* BIBRRERATR n0 ZENEIMTE */
/] EE: stdio.h HF7T remove Xi#id
voild removeltem(ListNode *n@) {
if (!'nO->next)
return;
// n® -> P ->nil
ListNode *P = nO->next;
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ListNode *nl1 = P->next;
nO->next = ni;

/] BRAF

free(P);

4. HEFHR

TERER P IV RRCR B, a1 E—5Pmd, BATAIDME O(1) W N REAPRERTR, FERUA
R, MEPFRENKT RHE, BrmEESN, EEEREIERT A Wddd, VimsERIE ¢ D1 RHREE

Wi — 14, BHRSIARER O(n) .
// === File: linked_list.c ===

[* AREERAPZRS|N index BUTIR */
ListNode *access(ListNode *head, int index) {
for (int 1 = 0; 1 < index; i1++) {
if (head == NULL)
return NULL;

head = head->next;

}

return head;
}
5. BEETR

WRER, ERHAEN target AU, Mtz RAERERTHIIRG HEREDETSMEER, BT

JING

// === File: linked_list.c ===

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

return -1;
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4.2.2 4B vs. BER

R 4-1 B T RAAMBERI S IR R b T HROERCR . BT E MR AR S A7 i s, TRl A Ao
FOHR VR AN, 2 BN 372 AARF R

*4-1 BAHSHERIIBERA

el B
TR MELRITEE s et
ARYE KR TR
MR RSN D, HaRREER TR SRS
vz 0(1) O(n)
WIEE  O(n) o(1)
Wi7EE  O(n) o(1)

4.2.3 BRHERER

G 4-8 i, H ULHOBEFER A A = A,

- BBER: RIRTHE AR EEEER, BARERATT RS S ENEER T T RS NI, AR &
NIRRT A, FRE— DT RRNET A, BT RFERZ None

- IBEER: RIS HEBERE T RREART A (FREMAR), WRE—PIPHER, PR
R, AR R AT AR ST

- OWEER: SRmMBERMLL, MERERICR TN AEG . IABERAT RUE RN B & e ek
TRl (P R) MR A (B s) W5 (et AT RAEER, WAiERER RS
P, AT DASAM 5 A0 D BE SR, (EAR M th 75 2 o FH B 22 B P A7 2 T

[* WEPERTIREMEE */
typedef struct ListNode {
int val; /] TRE
struct ListNode *next; // MBS mpVFEst
struct ListNode *prev; // i&8MEBIIKT mAYIEST
} ListNode;

[* HEIEREL */
ListNode *newListNode(int val) {
ListNode *node;
node = (ListNode *) malloc(sizeof(ListNode));
node->val = val;
node->next = NULL;
node->prev = NULL;

return node;
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HRER

singly linked 1ist

— — —a —_— —> NOone

AR

circular linked list

(@Y & & W]

WrER

doubly linked list

r— — — — —> None
None <— <~ - <~ -

Bl 4-8 H ULEERARSE

4.2.4 §EREBINFE

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

- BRI SR A PRERFERAE BE R A — I TN, BRBIH SIS R AOReIE, RRAL; i AHRE
FERER A — AT, MIBRERIEAERER A5 —umidtAT, ERBHICHIEHARE, KRB,

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

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

MABER F T F ZPEE AT — PG — DR R,

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

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

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

INEBRERE I THRESAMIRERNI R, URERFRI BRI,

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

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

FIR (list) B—MHRIBIREIS, EFRRTRAERES, FTRM. B% @, MERiEmn
FRE, TTOUEME S ERRIRBIRIRE, 5I3RA] DT RER sl S,

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

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

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

Shn b, VF2HPETE S PR R A 2 2L T B RY, #1140 Python HHY ist . Java H1HY
ArrayList . C++ H1HY vector Fl C# HHY List %, TE8E FORAVIHGH, FATRAD “FIR” F1 “BhS5eH” M
FERIINEE,

4.3.1 FIRERIRE

1. iak5IER

BAT@EFELH “TTHIaE” 1 “BEGE XWAMRIGEI Tk

// === File: list.c ===

/] C RiRHRENSHA

2. HATE
FIFAR_EREE, WA E O(1) WIEN M ESTE, SRR
// === File: list.c ===

/] C RRMHRERDTHA

3. EASHIRTE

MR THE, F1FRAT DL E BRI S MERT R, EFIRERRMITRENNEERER O(1) , ERAFMER
TERHIRCR S BAMR, NRAEREN O(n) .
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// === File: list.c ===

/] C RiRHRENSHA

4. ERYIE
AR, AT DRSS DT, A DL 4 T,
// === File: list.c ===

/] C RiRHREMNSHA

5. HHEIR
S MRS nuns1 , Bl AT UGB SRS RIS,
// === File: list.c ===

/] C RirRNEMNSEHA

6. HIF5IE
FERBNRAT G, TAMER DUEAERHRRREPEEEERN TR i D" Bk
// === File: list.c ===

/] C RiRHRENSHA

4.3.2 SR

TR mEIESNE THIK, gl Java, C++. Python %, BNIMSKBILEEZ, BNMSEBERIRES
F, BINPIE AR, §AEEEE, BOGER B rl A& P IRIEA T4,

N TINGEAFNE AR PR, B2 DRGSR, W =1ERKI,

COPRAR: R D EEREBEHA A R, ARG, FAThERE 10 (ENIR A R,

- BRI A NER size, MTIERVIRYATREE, FHEHETRMAFMERSEH 5, ARHE
s, AT UENAIRER, DKM S TREY A,

- PTENL: EEATRENYIRERCH, WHRZEHTY A, iR AERerE - N ERNKAE, Bk
SRTEBAHR T TR IR s ., ARG, TAIME BIRREEARY A 2 R0 2 15,
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// === File: my_list.c ===
[* FIRE */
typedef struct {
int *arr; /] BAE (FEFIRTE)
int capacity; /] YIREBE
int size; /] FIRKN
int extendRatio; // FIRERI BHIEE
} MyList;

[* HEREL */

MyList *newMyList() {
MyList *nums = malloc(sizeof(MyList));
nums->capacity = 10;
nums->arr = malloc(sizeof(int) * nums->capacity);
nums->size = 0;
nums->extendRatio = 2;

return nums;

[* ATHEREL */
void delMyList(MyList *nums) {
free(nums->arr);

free(nums);

/* REVFIRKE */
int size(MyList *nums) {

return nums->size;

[* REBFIREE */
int capacity(MyList *nums) {
return nums->capacity;

[* IHETTE */
int get(MyList *nums, int index) {
assert(index >= 0 && index < nums->size);

return nums->arr[index];

/* BFTE */
void set(MyList *nums, int index, int num) {
assert(index >= 0 && index < nums->size);

nums->arr[index] = num;
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[* ERERMITE */
void add(MyList *nums, int num) {
if (size(nums) == capacity(nums)) {
extendCapacity(nums); // &
}
nums->arr[size(nums)] = num;

nums ->size++;

[* TEREHEANTE */
void insert(MyList *nums, int index, int num) {
assert(index >= 0 && index < size(nums));
/] TEHEBHAEM, ML B
if (size(nums) == capacity(nums)) {
extendCapacity(nums); // &
}
for (int 1 = size(nums); 1 > index; --1) {
nums->arr[i] = nums->arr[i1 - 1];
}
nums->arr[index] = num;

nums->size++;

[* MBRITE */
/] EE: stdio.h HFET remove X$#id
int removelItem(MyList *nums, int index) {
assert(index >= 0 && index < size(nums));
int num = nums->arr[index];
for (int 1 = index; 1 < size(nums) - 1; i++) {
nums->arr[i] = nums->arr[i1 + 1];
}
nums->size--;

return num;

[* FIRTAE */

void extendCapacity(MyList *nums) {
/] FERER=E
int newCapacity = capacity(nums) * nums->extendRatio;
int *extend = (int *)malloc(sizeof(int) * newCapacity);

int *temp = nums->arr;

/] EIIBEIRR iR
for (int 1 = 0; 1 < size(nums); i++)

extend[i] = nums->arr[i];
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/] ERIBEUE
free(temp);

/] EFEEE
nums->arr = extend;
nums->capacity = newCapacity;

}
/* ¥EFIREHRA Array BTHTED */
int *toArray(MyList *nums) {

return nums->arr;

}

4.4 RIESEE"

FEABERRTN T, BRI TEAM BRI R BB E R BdRa, eMNosflRT “E8miE”
“OYBRAENE” R BEEER

SKBR b, PIBRESHIEAR R EOGE TR X AR A7 R RIRCR,  EMR N SRR P B AR PERE.

4.4.1 itBINEFEHELS

RN S =M AUR (512 & (hard disk). W7F (random-access memory, RAM), %&7F (cache
memory), & 4-2 JErr T ENHEHBEALR G IAE M aFPERER .

*® 42 HENRfEER R

(TSN [INEE3 A7

Mg K OESHE, BRERIERSL IS RNSTRRRFAIE PO ETINABETES, B> CPU
. XHEE FEALTH R £ VTRl A7 A9 B

% WREEIEARER LREVER S EEES S IEEVER S EEES S

15

wEOBK, TBHH B, GB 25l JEH# /D, MB Z5l

HE g, JLEEULT MB/s gtk JLt GB/s FEF R, JLHEIJLE GB/s

ks BfEE, JLEFHJLT/GB et, JLtHEJLEIT/ GB e R, B CPU FTHLIHA

FATTAT UK HH BN LA RSB R N K 4-9 FURH B FEEGEH B EE D & I8 TT0m A7 (1 A AR R, &
Bh, AR, IXFZ BRI AMER, T2 RSN TR RS E A R

- BEEDEDAINAA IR, Bt AIFTRRIEBUREN RS AR, FIERNES KSR, Hik, Wff
RIRRAR IR L%, IX A EE DAETH 25 T Mo
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- RAFRIRA RMEEEEDR . BEE L1, L2, L3 BRAENARZIH AR, HYERT2%K, 5 CPU
oL Z RIFY B B 2RI, AT S BRI RN, TTRVTAEIRE S, EHAHART, Z22EHK
HIRAFEER R A B, TR AR 2[R e - o

CPU

L1 Cache

< L2 Cache

“

K49 HREYUFIERSE

HE BE
k& HAt

Note
HENITEEZEIREMRIL T HE, FEMEA =& Z RGO FEH, SCbs b, XMBU S eEET
FiE T, BB SR BATHEAR R R BRI R Hl < [ A 1 R

SRR, REELA T RIS BB, A7 T I 7 B R 1347 e AC BRGNS, i 4 W T 17 (i
LWVIFNBIEHIES, DIREEFBITRER, =& HAME, WRHHEIRASIE1T,

GnE 4-10 FioR, fEREFIBITIN, SRS WP YIRIREINGF S, #t CPU A/, &Fa]LETE CPU R
—#kor, BN MPEINEEYE, 4 CPU Rt mid IR, MM EERTEFRIHITRER, #D

B IPIFE fci,
F 1’

& o _m_G

of = § — IR — j\

HE mEs

Shi2EE Z1F

CPU

K 4-10 WS, WM Z RIEEE S
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4.4.2 BIEEHWNRTERE

TENFRA A7, BEHMBERS B BAAMEMERIE,

—J5H, PFRARRK, HFE—RNEAGERZ MRS, BRI BRI EET R AT R st A
2, BEHRTTRREEHS, ATREHIMIZE RRAAERER T AR5 (Fakh), RIS RReRE &, 2R,
BATE IR B HESNFE R, IXATRESFBNAIRSE, By A th el ZRIM I AR 23 R A,
MEEZ S, BERDL R MR TR S ECAIEI, SR TR R TE M

ST, ERRFIBTR, BEEREHIESRINNT, SRNFRR R R SRR, S BNER
MRRCER AR, BAHBTHESKFET K, AR SBAFERR L. Mk, BERIITTRR DR,
FERERIIASMERR e, RS SFBNERA L,

4.4.3 HIRGHINERTFHE

ZAf BREZRREE BT AT, HELNFREG S, ERFPITEE HEEEZCEZNERN. HTRF
A EAR, HAEFE—/ MBI RAEdE, Fit CPU ViR R AERA PN, MR AEEE
KaH (cache miss), I CPU AMGAMIEERLARHT AAF AR ANE AT TR &,

BAR, “GArAmD” @D, CPU BSBIRIIRAR M, 2P R thatiltr, TR CPU WELFHRIER
EEHRHI LLBIFR B Fa = (cache hitrate), IXMMEFRIEH R BRI,

NTRAJREIREIE @AIRCR, 5ff 2 RIA N EURIMEALH,

©BRAHT: RSB TIEIE SINEEGE, TR AR T AL, LT AN TR, BT
Rt = R

- FRIOHUR: ACERER 2RI BRI RS (BRI, e KBTI FSE), FHARIER E ALK
R ERF 2 H, MR a2,

- AW JaERE: R DEARYIR, AR ERRLREEE ] REL It S, Eit, RIS
fals, WRBHEMNEERE, PaemmahR,

- IR AR DN BRI, A EIEARARR SRR A REFHR BT, A M — BB, @i
TRE BRIV M RBUE R Man

Khr b, BEMBERM RN R AR, TZABAELNT LT,

- AR BERTRMEETTR S AERE S, SBEFTENNAREERE D,

©OBRAHT: REREARE D BENGFSAL, MRAR TATIET B, RIS TR R E B 5 =,
- FRIOHURY: B BERAVEIR TR R “RIINTE”, RIRSTE A 516 R B S,
- MR BB B ER PRI, RN BRI A8 A AT RERIR 7 ),

BATE, BEHRAERNEAGRR, FCeEREdes e Tk, XESERREIARET, &
TEAH SRR A 52 X0,

TEERNE, @EABCRIFAEREBAERAN O P TR, SEPR A Frik IR atity, MR
R AT RRDUE, BN, BEHMBERAATDASCHL “4%” BdEgit (F—EXW4ngd), BellEmTAm
758

- FEMEREEIN, BATRBUR TR T B LIRA, EoOVERE T S r R ERCRMBENLII R AT RE
51, AR CUR TR BN B — E RN A3 R
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CARBHRRAER R, ShSHRE. AT NERE T, IR TR SRR E N SIS, HERAET
R R EBE o 87 0 T P RORRIER 3, I B 78y A =L AR T

4,5 Ih&

1. ELER

- BEHMBER R AR A RIBAREEH, o B AREBERAE T BN PR A7 i 753K 382 A7 BRI
RSB, B AR R S EAN R

- BEHSRREALTIEL, S HNERD; EREARMBRITRSERR, BAGHEKEARZE,

- EERIEE ENG I (B SIS AR A SR, HAT ARSI, HY SRR, &
RN, HURBERSR RIS ER, PR, AR,

- AR IS ERKTTRARFRS, EHE TSI, ERE TEAHRS, RNFTLAR
AR,

- HIRAHBURIESE & T BRI, (HATRESEE 2 AF 2 RITR PR

- BFIBIT, BdE R EAAMEENET, B R EE SRS RRCR, MHERNENZ M _EE IR
o

© RIFIEERAFAT. PO DAK =2 [l e B AN ()R SR MRS B AL, O CPU SR BEPORERE VI,
BERTHEF R TRCR,

- HTEABAERNEFMPR, FIWEEE LR E & EREEIRSN, NARYE BT R
A E %R

2. Q&A

Q: HUEHMFEEAR EMTEMEAESE B, X RRCR IS BRCR 2 S A 00?2
TG AERR _ERIHE EREHE A G EIE SN R E N, BURIRERCREAR —8, A, MRS R
A, IS LA IANE A

1. ECFREECR . M — B/ NINTE, SECHSmIFes Bah5e; mENEHENE LA, ] IEREH3)

oL, BERGEER . Fitt, H#EER BRI AR ERE,

2. KU/NBRHI: HePNAEAHAT D, HERI R IN—RESZ R TRl HINTR . AL 58 f0id & 77 il KRB A

3. RIEM: R ENBHPN KR NFEERIERNTE, MmN N] DRI T BhASHE
Q: AT ABEHZERMFRIRBNITER, MR ARIAHEFRSEEE?
PERMT AR, VAZENENSIH (85 R, SN AR DEEARRIEREREGE, 40 int, double,
string, object %,
G, ERZH T RN A BUBAHRIETIR, XA R T B WS & R IRBO BT BN B, BN, FEH R
& int 1 long PIAPERY BAANSTESHIGEH 4 770 M1 8 =11, HWNMAREAU T AR TERBEET, KN
BAAFHEE TR TERE,

# TERAFMIE = BARFBLE (BxRERFELE) + TRZKE * TRERSI



B4E BHSHER hello-algo.com 88

Q: MIBRT A PG, BETEP.next % None E?

ANMEZ P.next AT DL, MIZBERIIAEER, M1 REHFIETAEEAZEE P T, XEKRET R P EL
MEBERHMNER T, RIS s P FE AR RN 2 AR R = AR R

MBS SHEE (8 WAKE, MR EXER, RERIFEFNEZEZIEFMIIIT. MIREZER A
EE, WiAEmZe, BREMEW., WRAMFF, BEEMERT s EFE R, RATSFEmE4ET S
HINAZ[EIL

Q: TEBERFEAFMBREIENN S ZEZE O(1) . EEMMZ AEFZE O(n) WK RERICE, 8T
LN AEREARE O(n) IE?

MR EHITR, BMRTER, NRSREMRER O(n) . A, BRI O(1) 8MAIEE AT DAEH AR
M ERERBL, B, WEASNE & ARSI, B4 —MEHRRGZAERSLT A BT R, 8K
EASMEREERZ O(1)

Q: B “BERENSFMITX” i, REGREET SIEHE G — RIS ? BRI R AR S —
We?

ZoRBEUZENIOR, EEFRHEERIERMRE IO T 2T,

- ANFIZETURS AR S AR EEANFEIR, Eb40 int. long. double FASEHINT 5 %5,

- R R S RS B R/ MRAE T R E R SR N GmIEINR N E, K2R 8 FHEl 4 F,
Q: TEFIFRKBEBIRMITTREEANNZIZIES O(1) ?
WRBITEREHYREE, NFEELY BVIRERN, RESHIE-RHNNTE, HHERPIZRNTE T
Mzt %, XEHERRERERSZE O(n) .
Q: “HIRAVHBINA AR & THEHML AN, HulgESBE T NFEREIREE”, X EZ AR 2 faFyMY
P ERMA R, KE, AR SHMNELD?
XEMZERBEEEGMAES Y —7H, YIRESIEE—MIGEE, BIIA—EFEHXL%,; 55—
i, NTRIERET S, IE—MaSkU—1DREK, il x1.5, Xk, a2z a6, BllE
WARESERHE T,
Q: 1 Python H#J4atk.n = [1, 2, 3] /5, X 3 DICHRABBLZHEERN, B2V n = [2, 1, 3] 2K
EMENTEN id HAZES, e AR 0 FRMEE, XLETEMIEAES:, B2 n EZ2EEHT?
RaIEA| R E I EER T 5 n = [n1, n2, n3, n4, n5], EHEIEN FIX 5 D AWM BHEEENT
Bhb, ST, SHE—DHIRERS|, BAWIRATLAE O(1) BEPZRECT s AAE s, AT R 26 R 5 o
XA H PR R T A5, I SRS,
5WZIBE AN, Python HEF MBI ANG, FIRPEHENANZHERE, MENEF5]H,
I, BAISEZIM NP IHBEIRFRER — id, FHHXER TN TCAUESE,
Q: C++STL HEM std: : list EALLI T WMEER, (HIHG LB EB EANEABEREHE, BAZEN
B2 JRIRENE?
—75 T, FAVFEE SR HBEASIE D, mRAELERNAFHER, EFEEWDNER,

- AT HTFEDNICEFENNIINYREE (—DMHTRT—DEE, —MHTE—1TR), A
std::list BHE L std: :vector B 5 HZ A,
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© BREAKRI: BHTEUE AR BIESLTE, R std: : list M BAEAIRHREE, —MIEH R, std: :vector
I RE S B AF

77, R RERAE 0L R AIE, ARSI S M g 1E 5 12 LAY stack T queue ,
iMAERER,

Q: WA res = [0] * self.size() #fE, =T res BN ITES| MBI ?

ARe, BgMHSEIX N, BINwa 4553 res = [[0] * self.size()], WIZXSIH T FHE—1
HIZ% [0] o



F58 5N

hello-alge.com

90

Abstract
Fetn RS S, A Y EUGIETEHERA
M AR NG R NSRBI R,
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5.1 %

% (stack) B—HmNEfEL NG HIZE LM R,

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

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

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

ll S/

BRI

B 5-1 ARG AL

5.1.1 R RIRE

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

R 51 FRAIBRIERCR

PR o fif ) 2 2

push() TEEAM GFIEEID  O(1)

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

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

/] C RRHAEK

5.1.2 tXAYSEM

TR T R T, BATPRZE Dl — S

HOEFEIE NJE AN, PR REEARTRAMIN B BR TR, 28T, HEHMRERES ] AR E IR
ERTCER, RStEnl DAMOR —RhSZ BRI B s BE R, efiliii, FATATLL “fRill” B st aRAgE: » Jok
BerE, (EHXIMRIANE BT SRR,

1. BEFH#RMEH

(S FBER SRR, FRATAT DLRFER AL A ARTH, BB A AR,

i 5-2 FR, T AKERIE, BATATRTRMBABERKE, XM SEATTERRR Y Sk, mAT
HARRERE, TR N EER A IBR R AT

BSR4
ARINERERLED
s B
push(4)
o !
ST
A | T s . ( I
EELMEHER | EEERRHER l
HIMRA IR FHIERA I
! {
BHR | BER
RE
Step 1 Step 2
i?() MERETI R
S
|
EELH2ER i
FIRRAE
|
B¥R
Step 3

Kl 5-2 B THERIIMARKI AR AR E

PAN R 2T HER ST AR B QA
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// === File: linkedlist_stack.c ===

[* BETHRIINE */

typedef struct {
ListNode *top; // RkTRIFAKIN
int size; /] HREKE

} LinkedListStack;

[* HIEREL */

LinkedListStack *newLinkedListStack() {
LinkedListStack *s = malloc(sizeof(LinkedListStack));
s->top = NULL;
s->size = 0;

return s;

[* HHAgEREL */
void delLinkedListStack(LinkedListStack *s) {
while (s->top) {
ListNode *n = s->top->next;
free(s->top);
s->top = n;
}

free(s);

[* REVERRVKE */
int size(LinkedListStack *s) {

return s->size;

[* FIBTR R B RT */
bool isEmpty(LinkedListStack *s) {
return size(s) == 0;

[* Nt */
void push(LinkedListStack *s, int num) {
ListNode *node = (ListNode *)malloc(sizeof(ListNode));
node->next = s->top; // EFHFINT S355HH
node->val = num; /] EFTRINT mERIEE
s->top = node; /] EFIRIN
s->size++; /] EEtRAN

/* HRRINTTE */
int peek(LinkedListStack *s) {
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if (s->size == 0) {
printf(" HAZT\n");
return INT_MAX;

}

return s->top->val;

}

[* Wik */

int pop(LinkedListStack *s) {
int val = peek(s);
ListNode *tmp = s->top;
s->top = s->top->next;
/] BHRATE
free(tmp);
s->size--;

return val;

2. BTFEHAENIH

(P ECEH SEBARRS,  FRATTA] DURECEH R R ERE AT, AN 5-3 AR, A be'S kSR E oo 7l i 75 5 2H R

TR SMRTR, NREREREHN O(1) .

- PN
push(4)
#IR b mamR
Aﬁl ]mﬁ o
a ERTIRNA R a ERERERAE
a FIRMAE ° a FIhRMAEE
- | 8 - |
a HRE " (]
BE o o
Step 1 | Step 2
s
pop()
BIRRARTE
g EEERENA FE
FIhRMAEE
- |
" R
| step 3

B 5-3 ST EEH BRI N AR R

BRR &
rrx [) Fnsmars

BT AR TEER AT RES TRTF AW N, R BATT AT DAE R ShASEE, IXAERE I B 1T A BRE A A TR)

PNCERINGE
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// === File: array_stack.c ===

[* BETHAILINE */
typedef struct {

int *data;

int size;
} ArrayStack;

[* HIEREL */

ArrayStack *newArrayStack() {
ArrayStack *stack = malloc(sizeof(ArrayStack));
/] MU —IKREE, BRY B
stack->data = malloc(sizeof(int) * MAX_SIZE);
stack->size = 0;

return stack;

[* THAgEREL */

void delArrayStack(ArrayStack *stack) {
free(stack->data);
free(stack);

[* RENERIKE */
int size(ArrayStack *stack) {

return stack->size;

[* FIETR R B RT */
bool isEmpty(ArrayStack *stack) {

return stack->size == 0;

[* N#% */
void push(ArrayStack *stack, int num) {
if (stack->size == MAX_SIZE) {
printf(" &E#H\n");
return;
}
stack->data[stack->size] = num;

stack->size++;

[* RRIRITER */
int peek(ArrayStack *stack) {
if (stack->size == 0) {
printf(" &A= \n");
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return INT_MAX;
}

return stack->data[stack->size - 1];

}

[* Wik */

int pop(ArrayStack *stack) {
int val = peek(stack);
stack->size--;

return val;

5.1.3 FEFSCIRATLE

SRR

PARPSEELER SCRAHOE SR IR, BEH KBRS STRREN LI, (HIX TR TARE Gk, Rt —
AZHE,

TIPS

FERT RN, ABM AR BRI ERE R DAL RES N T, BARGFAERFARIN, R
. IR, RN EHBAAR, KLy AU, SBOZRABEENNAEREZN O(n) .

TERTHERNISCI, BERIP AR RIE, A LIRS Y ANBCRE R R, B2, AMHREFRE
AT RN GIHESAEE, BRIRCRAN B R, AN, WRABTTRAGE T RNE, AR E L)
AP ER, MR =R,

R ERTR, MRS HARIRIEI TR B EEARHE RN, B4 int BL double , FRATIATDUSHPATRESIL,

- BT UAHSTBIN AR ANPCR SR, BT AR M0RE, R FI8eRER,
- BT RERRSCEIRIR AT DR AL S A E RURCR R I

MR

TEWHAMRIIERN, RGERNFIRDI “WIaAR", WARAREBHERFERXR; HH, ¥ Ayl 2R
TEREER (BN 2 15%) MATY AN, P RENARERaRERHIIRTRR, B, JET AL fEEmR—
SE A2 AT B

SR, HTRERT TR ZHME TR, PBLRERTY RLE 2 MR,
g b, BATARER A E IR SSBLE AN B NAE, B BT 4T,

5.1.4 REBREWE
© IR R S IR SR, PR S B, S TR TR DT, W SRk St E— AN R T

IAER, IXFEBATR AT DO 5 R R E A2 _E— 0T, JRIRHER(ESEPR LR AEAIT R, R ZE RN
FHRIRFIRTHE, RN MEORAC S L,
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- BPPAER, SRR, REMSERRTSI— ML, HTICRE S0 BT UER. EiE
BRE, TR IEHER T BES ARWHAST ARRAE, e L (BT B2 ANEr AT T AR

5.2 BA%I

PAZ! (queue) J2—RiEIETC AJCtH UMM RARES I, B8 S, BRARRIL T HEATRR,  BIFRAT A
IMAAFIRERR, AL T-BASISLERH N B A BT

aniE 5-4 Fow, BATRBAFISKERFROD “BAE”, EEFCN “BARE”, RATTTRIMANRHRIRIENCY “ABL”,
PRENE TTRAIRIERC “HIBLT,

BA%Y A HEA
queue pop() pop()
BAE [

i | /

ABA T /

PAR

ANBA NBA
push(5) push(4)

5-4 BABIRISE ASE R

5.2.1 PAFIERIR(E

PASIASH WAL 5-2 FoR. REERRE, NRHmEE SRS RERBEMAR. TIELRMAS
AR TR a4

% 52 PABIBRAERCR

Jiikg ik I R A2 2

push() JCEABN, BMRCRFMENE  O(1)
pop()  BAEJCERIHEA 0O(1)
peek() ViMIRAE TR o(1)

BATTRT AE AR AE w2 18 = IR AIRASI K :
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// === File: queue.c ===

/] C RERHREIT

5.2.2 PAFISEER

N TRIAS, BT R EdRairy, Al DIE—SiionR, HaES —mMERTR, MRS a=

Ko

1. BEFH#RNEH

Qi 5-5 Fow, BATAT DR BERAY ST A "R B0 “BAET F1 BT, MUEIAR AT ERN

T, BUE SRR

_ "
- xR @ ;:Jpsn(n
)
B
i | a8 o a8
a8 X 2 ]
a EELHERR @ a EELHESR
o FIMEIITBAT é\ o TSR IIAT
)‘MI RBEE u
"R
Step 1 Step 2
HIA
pop() BbsE
5 %ﬁgxsg
a EELAESR @
FIRIANT |
: !
T
A GD
Step 3

5-5 FETHERSTIRAAE A RN BASR 1
DA 2 BRSNS B -
// === File: linkedlist_queue.c ===
[+ BFERTIHING] */
typedef struct {

ListNode *front, *rear;

int queSize;

BHR 4

RINEREREE

XHR

N
4

—@
-

,
_4

Y
A

0

\
_4
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} LinkedListQueue;

[* TEREL */
LinkedListQueue *newLinkedListQueue() {
LinkedListQueue *queue = (LinkedListQueue *)malloc(sizeof(LinkedListQueue));
queue->front = NULL;
queue->rear = NULL;
queue->queSize = 0;

return queue;

[* HAGEREL */
void delLinkedListQueue(LinkedListQueue *queue) {
/] BB R
while (queue->front != NULL) {
ListNode *tmp = queue->front;
queue->front = queue->front->next;
free(tmp);
}
/] TP queue LA

free(queue);

[* FRENPATIRIKE */
int size(LinkedListQueue *queue) {

return queue->queSize;

[* FIERBATIR B AT */
bool empty(LinkedListQueue *queue) {

return (size(queue) == 0);

/* NBA */
void push(LinkedListQueue *queue, int num) {
/] BRI node
ListNode *node = newListNode(num);
/] MRAFTIAZE, WSk, BETNREBERAZTR
if (queue->front == NULL) {
queue->front = node;
queue->rear = node;
}
/] SARAFTITAZ, W zTRRNAETRE
else {
queue->rear->next = node;

queue->rear = node;
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queue->queSize++;

/* TFRIPAE TR */
int peek(LinkedListQueue *queue) {
assert(size(queue) && queue->front);

return queue->front->val;

[* HBA */

int pop(LinkedListQueue *queue) {
int num = peek(queue);
ListNode *tmp = queue->front;
queue->front = queue->front->next;
free(tmp);
queue->queSize--;

return num;

[* FTENPAZI */
void printLinkedListQueue(LinkedListQueue *queue) {
int *arr = malloc(sizeof(int) * queue->queSize);
/] BENEERPEIEE$4H
int 1i;
ListNode *node;
for (1 = 0, node = queue->front; 1 < queue->queSize; i1++) {
arr[i] = node->val;
node = node->next;

}
printArray(arr, queue->queSize);

free(arr);

2. BETFHAMTE
TERAAP PR E RN EAREN O(n) , X2 FEHBIRIEBCRER. AT, BATATLERA L F5275
R SIX AN A

ATAT DAGE A — DA Front IR LRI, H 4D — DR stze BT IERIIIKE, EX
rear = front + size, EAMARIEUINY rear SHFARTHZIFH T — ML,

BTk, BdlrhmE R EUIX A [front, rear - 1], AFMRIERISLHLTIEWNE 5-6 i,

NBIRAE: K NTCRMRELS rear K514, I stze MMM 1,
HIBAIRAE: TR front 8A0 1, FHHF size B 1o

FIDAERI,  ABAFIHBARAEES LR T — X8R, WRERERN O(1) .
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front iEANIIETR 1. iHBRIEs rear
rear EEMFIETE + 1 2. BTERME rear &

rear = front + size 3. % size B 1

ABA
AR push(4)
front > front »
-‘HF)\I n AR EE n BB E
a size = 4 a size = 5
u EEER2NA a EEERENA
a FHYMRIAPATI a TSP RIMAPAT]
A I rear > rear >
ME
Step 1 Step 2
1.3 front B 1
2. size BA 1
HBA
pop()
a front > PBABIREE
size = 4
e EERER2HA
a FHIMRIMAPATI
‘ Step 3

K 5-6 HETEEHSIBABIHI ABN AR AE

IRATRE R AR I — NI . FEANMTHEAT ABANAILHRARIS A2, front #1 rear #RIEFAGREEN, HEMENEELALRE
FRIHRRTICIRARGRS AN 1o O T RERILIAE,  BATTRT DORFECEH AN & AR “FRREL”,

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

// === File: array_queue.c ===

[* BETHREATIBING */

typedef struct {
int *nums; /] BATFEENTITRAVERA
int front; /] BAETEET, EEMMETE
int queSize; /] E35Et, EEE + 1
int queCapacity; // PAFIBE

} ArrayQueue;

[* TEREL */

ArrayQueue *newArrayQueue(int capacity) {
ArrayQueue *queue = (ArrayQueue *)malloc(sizeof(ArrayQueue));
/] saER
queue->queCapacity = capacity;
queue->nums = (int *)malloc(sizeof(int) * queue->queCapacity);
queue->front = queue->queSize = 0;

return queue;
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[* THEEREL */
voild delArrayQueue(ArrayQueue *queue) {
free(queue->nums);

free(queue);

[* REXATINBE */
int capacity(ArrayQueue *queue) {

return queue->queCapacity;

[* FRENPATIRIKE */
int size(ArrayQueue *queue) {

return queue->queSize;

[* FIBTBATIR B A= */
bool empty(ArrayQueue *queue) {

return queue->queSize == 0;

/* IAEAETTE */
int peek(ArrayQueue *queue) {
assert(size(queue) != 0);

return queue->nums[queue->front];

[* NBA */
void push(ArrayQueue *queue, int num) {
if (size(queue) == capacity(queue)) {
printf(" PAFIE®\r\n");
return;

}
[/ ITEBAEIEE, EAPARES| + 1
/] ETENRIRIEEM rear T EAREZBSEIZILE

int rear = (queue->front + queue->queSize) % queue->queCapacity;

/] B num FHRINERE
queue->nums[rear] = num;

queue->queSize++;

/* HPEA */
int pop(ArrayQueue *queue) {
int num = peek(queue);
/] PAEEStREE—, EHdEER, WiREIZHHEKE

queue->front = (queue->front + 1) % queue->queCapacity;
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queue->queSize--;

return num;

A ESCEIRIBASS R B A JRIRE . HAREARIAE, 2RI, XD RIENKERRR, BT DUR R S Hoh sl 85
H, MmgIAT B, A A I BT,

PIRPSEELRON LS Ie S — 8, fEAEENR,

5.2.3 PAYIBRBIL Y

- ST, WY TR, ITRRMASIE, RGREE SAREIT BRI 8 X

A, MRS FRIT R, S AR TARIT R 22 EE R B Y A,

© BRFEHHEI, EMTREII JoREE]T IRERIR, BIASTENYLRIESS S, BT HIHESSE,
PABIHEIX L 47 53¢ m] DA Ut 4Edr AL BRI

5.3 mAPAFI

FERASI,  BATMXREMIBR LT R EAE B E AT R, 41 5-7 FoR, XEPATY (double-ended queue) 2
T ERAREN, VRSB AT e R RIS PR

WEmAFY

ik |

Ak |

deque

PAE

PAR

5.3.1 WREPATIERRE

lAM

| wm

PAENBA

PAETEHBA

push_first(1) pop_first()

PARBA BAEE HPA
push_last(4) pop_last()

B 5-7 MEBASIE AR

\

[

XXEIASI 5 FHEREAN SR 5-3 PR, BURRY )T I5RA44 FRTR ZARE T (0 A B 4 18 = R e
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%5-3 WABAFIHRIERCR

yipr<2 iR N EF=03i°
push_first() FLRFMEKE O(1)
push_last()  HCRBMENE O(1)
pop_first()  MIBRFAE TR O(1)
pop_last() MERBA BT 0(1)
peek_first() THMIPAEILE 0(1)
peek_last()  ViFIBAEILR O(1)

e, FRITF DAL AR 25 1 EL BRI FK:
/] === File: deque.c ===

/] C RiRHABEWRELAT!

5.3.2 WEPAFISEEL *

MEAF I SEBL S PASIZEAL,  w] DO SR S N R B B RS .

1. BEFWEEROELH
[N b — TP, BATIE I B A BEFORSCIMRAA, KD e n] DS (b HBRSL T s OWf R BAIRAE) FIAE
R UG EIHT T 5L O BLABAERAE) o

T ARSI S, SKECHTR AR AT AT A AFI HH AR, H0A0iliasd, XRAIRAS TR SIS — AR5 1)
RUIRE. Dhit, FRATRA “WABER" (E A SR R EBHREEH,

G 5-8 R,  BATPREBFIHELR AL UM T s A A EIBASI I BA EMIBA R, (] A S AL P i S AR AR
T REIIIRE.

IN=INUN BHR &4
e push_last(4) RNEERE
ne || e AR KR
HM NB N !
ERERENAER EREIEWAEE
FHIRIA AT i FHIRIANEAT N
PAR T l BAR RHR —
ABA HBA N
BAR RBER

Step 1 Step 2




H5E ST hello-algo.com 105

BHR 1 —
TRIERERKER BIBRETI R

U=PUN PAEEEHPA P

) Awa @ pop_last() Awa z%

g o fé
B ExEmEuamR o ERRIENAER 6
] NI TAAT] o FHIMRIA AT
© )
[
Step 3 Step 4 |
IR
pop_first() BB R
swn (@
1}
- ] EREAENAER )
o SHSPRIARAS] i
RHE @
| Step 5

5-8 FETHERSINAIASIAI A A AR E

KA R AR :

// === File: linkedlist_deque.c ===

[* WEERTR */

typedef struct DoublyListNode {
int val; /] mRE
struct DoublyListNode *next; // /E4*Tisa
struct DoublyListNode *prev; // BRI

} DoublyListNode;

[* FIEEREL */
DoublyListNode *newDoublyListNode(int num) {
DoublyListNode *new = (DoublyListNode *)malloc(sizeof(DoublyListNode));
new->val = num;
new->next = NULL;
new->prev = NULL;

return new;

[* ATHEREL */
void delDoublyListNode(DoublyListNode *node) {

free(node);
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[* BEFNEERITIMAIINEPAG] */

typedef struct {
DoublyListNode *front, *rear; // kT front , BT/ rear
int queSize; /] WABAFIRIKE

} LinkedListDeque;

[* HEREL */
LinkedListDeque *newLinkedListDeque() {
LinkedListDeque *deque = (LinkedListDeque *)malloc(sizeof(LinkedListDeque));
deque->front = NULL;
deque->rear = NULL;
deque->queSize = 0;

return deque;

[* HHHgEREL */
voild dellLinkedListdeque(LinkedListDeque *deque) {
/] BHFATR
for (int 1 = 0; 1 < deque->queSize && deque->front != NULL; i++) {
DoublyListNode *tmp = deque->front;
deque->front = deque->front->next;
free(tmp);
}
/] BHR deque £E#5{K
free(deque);

/* IREXPAFIRVKE */
int size(LinkedListDeque *deque) {
return deque->queSize;

[* FIMATIZ B AT */
bool empty(LinkedListDeque *deque) {

return (size(deque) == 0);

/* NBA */
void push(LinkedListDeque *deque, int num, bool isFront) {
DoublyListNode *node = newDoublyListNode(num);
/] BHERNANZT, ML front F rear #BFEMA node
if (empty(deque)) {
deque->front = deque->rear = node;

}
// BAE NBAIRIE
else if (isFront) {
/] ¥ node FHINEFEFRLE
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deque->front->prev = node;
node->next = deque->front;
deque->front = node; // Bk S

}

/] BRENBAIRME

else {
/] ¥ node RINEFERELP
deque->rear->next = node;
node->prev = deque->rear;
deque->rear = node;

}

deque->queSize++; // BEFABAGTIKE

/* BAENBA */
void pushFirst(LinkedListDeque *deque, int num) {

push(deque, num, true);

/* BAEBNBA */
void pushLast(LinkedListDeque *deque, int num) {

push(deque, num, false);

/* IHEPAETTE */
int peekFirst(LinkedListDeque *deque) {
assert(size(deque) && deque->front);

return deque->front->val;

/* HRIBAETTER */
int peekLast(LinkedListDeque *deque) {
assert(size(deque) && deque->rear);

return deque->rear->val;

[* HPBA */
int pop(LinkedListDeque *deque, bool isFront) {
if (empty(deque))
return -1;
int val;
/] PAEHFAIRME
if (isFront) {
val = peekFirst(deque); // EiF kT AfE
DoublyListNode *fNext = deque->front->next;
if (fNext) {
fNext->prev = NULL;
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deque->front->next = NULL;
}
delDoublyListNode(deque->front);
deque->front = fNext; // E#fikT =

}
/] BAEHEAIRIE
else {
val = peekLast(deque); // EEFEETRE
DoublyListNode *rPrev = deque->rear->prev;
if (rPrev) {
rPrev->next = NULL;
deque->rear->prev = NULL;
}
delDoublyListNode(deque->rear);
deque->rear = rPrev; // EHET S
}

deque->queSize--; // EHINTHEE

return val;

/* BAEHRA */
int popFirst(LinkedListDeque *deque) {

return pop(deque, true);

/* BAEHBA */
int popLast(LinkedListDeque *deque) {

return pop(deque, false);

[* FTENBATY */
voild printLinkedListDeque(LinkedListDeque *deque) {
int *arr = malloc(sizeof(int) * deque->queSize);
/] BEEERPBEIEE$4H
int i;
DoublyListNode *node;
for (1 = 0, node = deque->front; 1 < deque->queSize; i1++) {
arr[i] = node->val;
node = node->next;
}
printArray(arr, deque->queSize);

free(arr);
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2. BETFHENIH

s 5-9 FoR, SETEASCIASISEEL, BT AT DAE AR RSB ET A

front $EANTIETR 1. HERIEH rear
rear $EAENFIBTE + 1 2. BARRME rear &
rear = front + size 3.% size Bl 1
BAEXBA
AR push_last(&)
oy 1 a l X front > a MBI UFIKRE
size = 3 size = 4
EEFRRREFGA a EERERZRIFRA
] HSEAPEIAT B8 a HSRARRANF
NBA Bk rear »
AR .
Step 1 J Step 2
1.% front B 1
2. BREFME front & . .
3.4 size A8 1 1. % size ER 1
UN=PAUN PBARZHFA
push_first(1) pop_last()
g BABIACEE BABIKEE
size = 5 g size = 4
n EEERRREFGA a EERRZRIFRA
a FIPRMATFEATI a FIPRMATFAT
a
Step 3 Step 4
1. % front B 1
2.4 size BA 1
BAEHPA

pop_first()

BAFIHKEE

size = 3

. front >
B

a EETRRREFSA
a FSHERIFINEATI

[ Step 5

Bl 5-9 ETHEH A A BAFIAT N B H AT A
TERAFIEISEIREERE b, TR “BAE AR F0 “BAEBHHRN” A9771%:
// === File: array_deque.c ===

[* BFIREATIAN ARG */
typedef struct {

int *nums; /] PBTFEMENTITRRVERA
int front; // PAE1EE, IERBAETER

int queSize; /] E35Et, EEE + 1
int queCapacity; // PAFIBE
} ArrayDeque;
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[* TEREL */

ArrayDeque *newArrayDeque(int capacity) {
ArrayDeque *deque = (ArrayDeque *)malloc(sizeof(ArrayDeque));
/] #saEA
deque->queCapacity = capacity;
deque->nums = (int *)malloc(sizeof(int) * deque->queCapacity);
deque->front = deque->queSize = 0;

return deque;

/* AFHIRER */

void delArrayDeque(ArrayDeque *deque) {
free(deque->nums);
free(deque);

[* FRERNEPATINEE */
int capacity(ArrayDeque *deque) {

return deque->queCapacity;

[* FRENEBAFIRKE */
int size(ArrayDeque *deque) {

return deque->queSize;

[* FIETNEPATIRE AT */
bool empty(ArrayDeque *deque) {

return deque->queSize == 0;

[* BRI RRS] */
int dequeIndex(ArrayDeque *deque, int 1) {
/] BEERIRESEIEA B EARE
/] B 1 BIEAEEE, EIFKE
/] B 1 BEEALEE, BERES
return ((1 + capacity(deque)) % capacity(deque));

/* BABINBA */
voild pushFirst(ArrayDeque *deque, int num) {
if (deque->queSize == capacity(deque)) {
printf(" XEPAFIEM\r\n");
return;
}
/] PAEESHRES I —{L
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/] BEIEURIR(ERIN front LT EAALEREIZIESR
deque->front = dequeIndex(deque, deque->front - 1);
/] & num FHODEIPAE

deque->nums[deque->front] = num;

deque->queSize++;

/* BABXNEA */
void pushLast(ArrayDeque *deque, int num) {
if (deque->queSize == capacity(deque)) {
printf(" XEPAFIEF\r\n");
return;
}
/] IHEEES, EREERS + 1
int rear = dequelIndex(deque, deque->front + deque->queSize);
/] ¥ num FINEE
deque->nums[rear] = num;

deque->queSize++;

/* IAEAETTER */

int peekFirst(ArrayDeque *deque) {
/] hERE: WEFIAT
assert(empty(deque) == 0);

return deque->nums[deque->front];

/* iARIAETTER */
int peekLast(ArrayDeque *deque) {
/] BRIRE: NETIAE
assert(empty(deque) == 0);
int last = dequeIndex(deque, deque->front + deque->queSize - 1);

return deque->nums[last];

/* BAEHEA */
int popFirst(ArrayDeque *deque) {
int num = peekFirst(deque);
/] PAEES RS —{L
deque->front = dequeIndex(deque, deque->front + 1);
deque->queSize--;

return num;

/* BAEHEA */
int popLast(ArrayDeque *deque) {

int num = peeklLast(deque);



B5E RS hello-algo.com 112

deque->queSize--;

return num;

5.3.3 WmPAFIRZA

ARSI AR S RASIRNZ R, BRIt el ASCBUXME IFTE B 5, IR B2 S i B B

TATALE, BART W S i (SR REUR B IRE IR push Bk, A58 pop SKILH
Wo M, HEFIRFFIRAIRG], RIFET SREEEEPE (BIIMARVFRIE 50 22), SRR KT
50 I, AR EEARIE (BNE) TITHIBRIRIE, HEICTRSEBZIIGE, PSR ZAERDN I BAFIRAE A, 15
R, T R OZ R IEAR RIS E R E I,  URR A BAS BERS B8N R 75 sth S B — L2 ESMZ AR,

5.4 IhNg

1. ELER

- M AR e NS R ATEERESHS, @ B s Rk L,

- FERTRIRERTTH, ARSI AR RSEFIRCR, BETAEREF, BIRAMRENN BERER
HUEO(n) o HHZ T, HRIBERLIMEAFENFRENBEREM],

(2 R T, HR R SSHIRTRE SB—ERE A2 HIR S, (HREERRR, BT A S R

o3 LB TT R E R,

- BB — RS S A S R R 44, R AT DA B s B R R ST, R I TR BSRAN 23 [RI 3R
1P ol W | SEZ S o TP Y B4 NES T B LV

- ORISR — MR S E RIS, B RV E R TIT R A ISR R

2. Q&A

Q: MIVEERHIRTIE R IRZ A2 HEREL?

VTS IR IS IR IIREA T L2 “R7 BORBL. AP Ui — N, %ol A ERRI; AP
Rt EIRIGHIN, 0T = WARTAGH o (5 XA BB AT DATS (A S — 223N 1, IXNE XA A"
HET AR,

Q: fEHME, BERERMHET RHINAE?

ERIGERYHRZAE AT, WAFRERRNG, HZEAFHEME], Java fl Python FiE S A B
WAL, IR ZETFIRRAT; £ CH G RRETFEREBAT,

Q: WEBAFNR R MEPHERE T —i2, ERAIREMRA?

A SR AA S & BN MRPFE T —d, BRI + BIIRNEHE, R A] IStk 5 S
WIFTE R, I HERTE,

Q: ## (undo) MIHE (redo) EAKZUNMISTINA?
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FERMER, A TS, A T RAe.

L. BEMPITDRME, RXNREEAA, FETKB,
2. HRPHIT BT I, MR A FREH IR RIERE, FRIEHIEAL B,
3. HHPPIT “REET N, MR B R HHERITHIR(E, FERHEARA
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helle=algo.com

Abstract
TEIFENIHAEA BmRmE—IEENE B ER,
ELEIAIHERBE, M PAPEEE] AR E .
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%R (hashtable), XFREFIR, EIEITHELHE key 51H value Z RIATMLS, SCHEAAITRER, BRI
5, BAIAEmRPEA—DME key, WATLAZE O(1) I RIPEREON B FME value o

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

BHR

hash table

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

B 6-1 MafmRINHRIR

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

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

+6-1 JTLEEREXN

o HER AR

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

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

6.1.1 MBERTHIRE

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

/] C RRHAERABR

M RA =FE AR P REN . e AR E. BT
// === File: hash_map.c ===

/] C RiRtAERHR

6.1.2 MRFEFRE A
BAVEZEEFAREI, U —ANBEBRMIGTH, ERTRTD, ROV A2 MR E
(bucket), EAMEAITEME— MEIER, K, ZIERIEREEERE] key X RHIRE, FEAEMI-FIRE value o

2, WMITET key TERDA BLATAINE? X 2L FEER (hash function) SEIRRY, IGAREREEIMERZR—1
BRHI A ZE R 2] — MM 2 . ERFRERT, MAZSEZIE key, MtH=RZATER (B
RKIDo BAEH, WA key, AT BUEIIGT BTSN key X RHTEEDN FEBEH HPI 17 IAHLEL

BAN— key , MR ELEFES HLTIHRD,
1. BT FEAAREE hash() HHEEFIBRE,
2. KA AENAE BEHEKE) capacity BB, MMIREUZ key X M IEEH RS index o

index = hash(key) % capacity

BaJE, BATIRLATDARIAT index FEMG AR RAPIFIX MAIME, MTTERE value o

B KIY capacity = 100, Ma7i X hash(key) = key , BIFIGTEECH key % 100 K 6-2 Lhkey F5
il value #EZNBI, FeoR T HEF R ECH) TR EE,

BN key #35| e Wt value
key value
. - DT —— &3

37 15937 | “/hi”

RN '
— 50 —(RUYATARANN S
B . —E3
— 76 —| (PR ——-@

10583

“Npg"

!

(BTMERRE—TRE)
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DA 7 — Ma a2, Hr, FATE key I value FHEERR — N Pair , DAFREHERS,

// === File: array_hash_map.c ===

/* BEX int->string */
typedef struct {

int key;

char *val;

} Pair;

[* BETFHATMAIRER */
typedef struct {

Pair *buckets[MAX_SIZE];
} ArrayHashMap;

/* VOEEER */

ArrayHashMap *newArrayHashMap() {
ArrayHashMap *hmap = malloc(sizeof(A
for (int 1=0; 1 < MAX_SIZE; i++) {

hmap->buckets[1] = NULL;
}

return hmap;

/% HHIEER */
void delArrayHashMap(ArrayHashMap *hmap)
for (int 1 = 0; 1 < MAX_SIZE; i++) {
if (hmap->buckets[1] != NULL) {
free(hmap->buckets[i1]->val);
free(hmap->buckets[1]);

}
free(hmap);

[* AONRAE */

K 6-2 M bRE AR

rrayHashMap));

{

void put(ArrayHashMap *hmap, const int key, const char *val) {

Pair *Pair = malloc(sizeof(Pair));
Pair->key = key;
Pair->val = malloc(strlen(val) + 1);

strcpy(Pair->val, val);

int index = hashFunc(key);

hmap->buckets[index] = Pair;
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[* MUBRIRIE */

void removeltem(ArrayHashMap *hmap, const int key) {
int index = hashFunc(key);
free(hmap->buckets[index]->val);
free(hmap->buckets[index]);
hmap->buckets[index] = NULL;

[* RENFRERER */
voild pairSet(ArrayHashMap *hmap, MapSet *set) {
Pair *entries;
int 1{ = 0, index = 0;
int total = 0;
[* FUHBERRENHE */
for (1 = 0; 1 < MAX_SIZE; i++) {
if (hmap->buckets[i1] != NULL) {
total++;

}
entries = malloc(sizeof(Pair) * total);
for (1 = 0; 1 < MAX_SIZE; i++) {

if (hmap->buckets[1] != NULL) {

entries[index].key = hmap->buckets[i]->key;

entries[index].val = malloc(strlen(hmap->buckets[i]->val) + 1);

strcpy(entries[index].val, hmap->buckets[i]->val);

index++;

}
set->set = entries;

set->len = total;

[* FRENFRERE */
void keySet(ArrayHashMap *hmap, MapSet *set) {
int *keys;
int 1{ = 0, index = 0;
int total = 0;
[* FUHBERRENHE */
for (1 = 0; 1 < MAX_SIZE; i++) {
if (hmap->buckets[1] != NULL) {
total++;

}
keys = malloc(total * sizeof(int));
for (1 = 0; 1 < MAX_SIZE; i++) {
if (hmap->buckets[1] != NULL) {
keys[index] = hmap->buckets[i]->key;
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index++;

}
set->set = keys;

set->len = total;

/* RENFREE */
void valueSet(ArrayHashMap *hmap, MapSet *set) {
char **vals;
int 1{ = 0, index = 0;
int total = 0;
[* FUHERRENHE */
for (1 = 0; 1 < MAX_SIZE; i++) {
if (hmap->buckets[1] != NULL) {
total++;

}
vals = malloc(total * sizeof(char *));
for (1 = 0; 1 < MAX_SIZE; i++) {
if (hmap->buckets[1] != NULL) {
vals[index] = hmap->buckets[1]->val;

index++;

}
set->set = vals;

set->len = total;

[* FTENIGFHR */
voild print(ArrayHashMap *hmap) {
int i;
MapSet set;
pairSet(hmap, &set);
Pair *entries = (Pair *)set.set;
for (1 = 0; 1 < set.len; 1++) {
printf("%d -> %s\n", entries[i].key, entries[i].val);
}

free(set.set);

6.1.3 BENRREYA

MR EE, WBAREEEIERRRATE key MIRCHIHI A RIS EIECEH A 2R 5 AL A 2 8, ik A\
FAEEIE R THsmE. Fit, PRE E—@ e “SAMmAN AR RO
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KT _EIRRBIF AR BREL, S5 AN key GRNAHEIR, IEA REHH &5 B AHE, fln, ER¥EER
12836 F1 20336 I/ M2AERE, FRATSE:

12836 % 100 = 36
20336 % 100 = 36

WE 6-3 Firr, MM ESIEA TR— NS, XERBANM, BATEIZXFNZ AN AT [F — i H A R
HEFE R (hash collision),

BN key =3l | Hith value

key value

Lt

. 36 — [EREEIRIN W

@_’/ 37 15937 | “/hiB"

/ PR AR 50 16750 | “/hE" \
@/ key % 100 .

- =3

‘
"' I. I. ' '"
J

76 13276 | “iE"

83 10583 | “/hAg"

s
. . oo .

6-3 TR IR AI

B, BRHREEn BK, 21 key BELEIR—MEP AR, o, Hit, FRATTE
YA TR I AR

WK 6-4 FoR, ¥ ARTEMEX (136, A) Fll (236, D) KM, I ARG HEHK,

BERZE - 100 MERIE 2 i BRERZE - 200
HMEEH key % 100 » ISR key %200
#al key value #al key value

| PaFIhzE

- | IR
.
183 783

36

‘
'" Ha "'
s

136 136

150 550

“en

e e

I's
e .
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6-4 WBREBY B

RETEHAY R, WRERTARRITARES NEERRIREFIRRER, FEREEN, HFEBTRARER
capacity K28, HAITEZELIG A RBCREF I RITHRENIFECE, XE PN T FdEiHE
THH. ik, gRREIE SEE ST EWRIIGHRER, PiEMEy &,

fAHEF (load factor) BRI —PMEEMS, HE OWGHRITREERDMSE, AT EHERAH
RETERE, WHANRARY HFRME R, FIUNE Java i, S7EETEE 0.75 I, RASKGR
RITHEFIEH 2 %

6.2 MFH M

ETRE], @ERI PR EBEEA SRR T n, FIEEIE BRI AR, e,
AR AL, B E RN, WA 2 MU 2 R — RS
GRS SEE WL RIR, TEPAGH RN, 7oz, 5582 8Arhoen, B
TR RY R, BEEMRININIL. BIEEEEREAR, ERERKR, FARART AREH TR
W REERIZ SR ETT R, 0 THRFRER, BT DR DT 5,

1. BRI REAREER, Ay 2 nT DU HBIG 7 i R IE 3 A%

2. (AERLE, HISRARET BN, AT AR,

M T RAVEERI BT IR TR A “REHat” A “TPR S,

6.2.1 HEXihut

TERIEIE TR, B IARGEEE— MEEX, Uit (separate chaining) HENTTREEIONEER, K
ERENBER TR, FATE KA RIEEXN AR IR —8E R, B 6-5 R 7 — PRk a7 R A5
T

#=5| o e R (TTENEEY)
00 —— —

%itimht 37 ——> —> >

FMEFEE— R,

HAa&8mEARARTR o

IAFEEE key % 100 76

ERAMEER key

SREBFE PR .
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K 6-5 HEAXMHEIGRER

E T REA AL SRR MG A RAIRIE 7T IR A T AT 2K,

- HLR: B key, ZWIBFHREISEIRRS, RIRTGRGERLTY A, REEHERHF L key DA
FREAREEE XS

- OWMCE: EJCEE SR REOMRERCSLT R, RER TR (BYEX) ARInEEER T,

- BRI ARAENGTY BRAAIZE YT BER LIS, B I BER B H AR RO R IR,

HECHIHE A AE DU R R,

SRR RERG ST IR, EMH LB EIFE SR A7 2 A,
- BRCREE: KOy TR L ROk AN BT R,

AR ZE T UG A R AT ) B ST, RE R A

EASIR G R, MM, EXME R, ek BEd) UE2 M, M
R IR,
DUIRSEBE SIARRY A k. MREN TR 2 1, ROTERRRY B REEN 2 £5

// === File: hash_map_chaining.c ===

[* BERTR */
typedef struct Node {
Pair *pair;
struct Node *next;
} Node;

[* FERHbALEER +/
typedef struct {
int size; /] BEXNHE
int capacity; /] BMEREE
double loadThres; // f&R¥ BHAEHEFHE
int extendRatio; // ¥ &fZ%
Node **buckets; // T%#i4A
} HashMapChaining;

[* HIEREL */
HashMapChaining *newHashMapChaining() {
HashMapChaining *hashMap = (HashMapChaining *)malloc(sizeof(HashMapChaining));
hashMap->size = 0;
hashMap->capacity = 4;
hashMap->loadThres = 2.0 / 3.0;
hashMap->extendRatio = 2;
hashMap->buckets = (Node **)malloc(hashMap->capacity * sizeof(Node *));
for (int 1 = 0; 1 < hashMap->capacity; i++) {
hashMap->buckets[1] = NULL;
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return hashMap;

[* HHFgEREL */
void delHashMapChaining(HashMapChaining *hashMap) {
for (int 1 = 0; 1 < hashMap->capacity; i++) {
Node *cur = hashMap->buckets[i];
while (cur) {
Node *tmp = cur;
cur = cur->next;
free(tmp->pair);

free(tmp);

}
free(hashMap->buckets);
free(hashMap);

[* BETREL */
int hashFunc(HashMapChaining *hashMap, int key) {

return key % hashMap->capacity;

[* ABETF */
double loadFactor(HashMapChaining *hashMap) {
return (double)hashMap->size / (double)hashMap->capacity;

[* BEIWIRIE */
char *get(HashMapChaining *hashMap, int key) {
int index = hashFunc(hashMap, key);
/] BHAE, EKE key , MIREIFH val
Node *cur = hashMap->buckets[index];
while (cur) {
if (cur->pair->key == key) {
return cur->pair->val;
}
cur = cur->next;
}
return ""; // BEXRILE] key , NMLREIZFRFSH

[* BINRIE */
void put(HashMapChaining *hashMap, int key, const char *val) {
/] YABATRIREN, BT
if (loadFactor(hashMap) > hashMap->loadThres) {
extend(hashMap);
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int index = hashFunc(hashMap, key);
/] BHAE, EBINEE key , WEHHML val HiR[E
Node *cur = hashMap->buckets[index];
while (cur) {
if (cur->pair->key == key) {
strepy(cur->pair-sval, val); // BBEHEE key , MEHIME val Fix[E
return;
}
cur = cur->next;
}
/] BEFXZ key , NEREIRINERERLS
Pair *newPair = (Pair *)malloc(sizeof(Pair));
newPair->key = key;
strcpy(newPair->val, val);
Node *newNode = (Node *)malloc(sizeof(Node));
newNode->pair = newPair;
newNode->next = hashMap->buckets[index];
hashMap->buckets[index] = newNode;

hashMap->size++;

[* TBRER */
void extend(HashMapChaining *hashMap) {
/] BEREHER
int oldCapacity = hashMap->capacity;
Node **oldBuckets = hashMap->buckets;
/] BT BEREFRER
hashMap->capacity *= hashMap->extendRatio;
hashMap->buckets = (Node **)malloc(hashMap->capacity * sizeof(Node *));
for (int 1 = 0; 1 < hashMap->capacity; i++) {
hashMap->buckets[1] = NULL;
}
hashMap->size = 0;
/] BREMNREARRESERRER
for (int 1 = 0; 1 < oldCapacity; i++) {
Node *cur = oldBuckets[1];
while (cur) {
put(hashMap, cur->pair->key, cur->pair->val);
Node *temp = cur;
cur = cur->next;
/] BEBAREF
free(temp->pair);

free(temp);
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free(oldBuckets);

[* MIBRIELE */
void removeItem(HashMapChaining *hashMap, int key) {
int index = hashFunc(hashMap, key);
Node *cur = hashMap->buckets[index];
Node *pre = NULL;
while (cur) {
if (cur->pair->key == key) {
/] MARRIBREEERT

if (pre) {
pre->next = cur->next;
} else {

hashMap->buckets[index] = cur->next;
}
/] BHRAE
free(cur->pair);
free(cur);
hashMap->size--;
return;
}
pre = cur;

cur = cur->next;

[* FTENIRFER */
void print(HashMapChaining *hashMap) {
for (int 1 = 0; 1 < hashMap->capacity; i++) {
Node *cur = hashMap->buckets[i];
printf("[");
while (cur) {
printf("%d -> %s, ", cur->pair->key, cur->pair->val);
cur = cur->next;
}
printf("]\n");

LR, UHERIRKE, BN O(n) %, HINTTDHGHERIESN “AVL " B¢ “CLEB, T
2RI IS 2 (AL O(log )
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6.2.2 FrSFut

FFRFHE (open addressing) RE|AFSMUEERLH, M@ “Z YR SRACBIAT s, FNyR3:
SRR AR, 7T R 2 R 75455,

TR DASREERRN RG], BT HE ST R AR,

1. ZiEN

ZRMEIRTNR 17 20 KRN EORMEATIRM,  HAR 7785 B Ida i RA P AR

- AR BRI RERRS, HERIMNEETTR, WA RCERELMEN COFRIEHE N
1), EEEFTM, HTRmAHS,

- EPOUE: HRIUER/PR, WERHRESKEEE TR, BERHRERMITER, &E value B
A5 AnANEEISA, WA EMRTRAER R RS, IR[E None .

B 6-6 R TS HE (SMEIRID) WeF RAVBEEN 01, ARIBILIGR L, &ISMAMHRIR key #RR MM
SRR AR, THEE L ERM, SN IARIRAF B 1A PAS . N RIR

#3| o |
00 <
Fsht 01
LU, $KR 1 02
76 <
MEFRE key % 100 77
ERAERN key .
£k IR A T

B 6-6 JFRTHE (SRR MR AEE X 740

SR, LRPEERINA S “RIEMAR”, BIORV, BT ESHE OB, XIS E L AR
RETATREMEECR, M — P ez BRRHEA K, BACEMIER, &R SECEMELGRIERERA L,
ERERRE, BROAREAEIN SRR R ERMERTR, 2R AMERTR S ERHNT AL — D2
None , TH&EITLERM, LIERMENZEMMSIRE, FILEZEMZ SRTTRETITERRIIRE], RRa
REVRFIXLETCRAFE, WA 6-7 R,
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=3l L

00 <
01

02

76 <
MipRTE ZkE,

MEAERTEZ THTET

78

6-7 {ETIRSHEFMIBRTR S BRI A S

NT RSIZEE, FATAT DR MRS (lazy deletion) Hll: EAEZMNBFRPBERTE, mMEAH—1
5 5t TOMBSTONE SRARICIX M, TEIZHLHI R, None 1 TOMBSTONE HRAUFRZSME, #EAl DUB B B(ENT, EH AR
5, MRIR] TOMBSTONE B R iZ2ksiim ), BN H > Na] eI 1E 1 BEXS ,

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.c ===

[* FARIUEHER */
typedef struct {

int size; /] BEEHE
int capacity; /] MERRE

double loadThres; // &Y BHAFHEFHE
int extendRatio; // ¥ &fZ%
Pair **buckets; // 1@%H
Pair *TOMBSTONE; // FHIBR4TIE
} HashMapOpenAddressing;

[* HEIEEREL */

HashMapOpenAddressing *newHashMapOpenAddressing() {
HashMapOpenAddressing *hashMap = (HashMapOpenAddressing *)malloc(sizeof(HashMapOpenAddressing));
hashMap->size = 0;
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hashMap->capacity = 4;

hashMap->loadThres = 2.0 / 3.0;

hashMap->extendRatio = 2;

hashMap->buckets = (Pair **)malloc(sizeof(Pair *) * hashMap->capacity);
hashMap->TOMBSTONE = (Pair *)malloc(sizeof(Pair));
hashMap->TOMBSTONE->key = -1;

hashMap->TOMBSTONE->val = "-1";

return hashMap;

/* AFHIRER */
void delHashMapOpenAddressing(HashMapOpenAddressing *hashMap) {
for (int 1 = 0; 1 < hashMap->capacity; i++) {
Pair *pair = hashMap->buckets[i];
if (pailr != NULL && pair != hashMap->TOMBSTONE) {
free(pair->val);

free(pair);

}

free(hashMap->buckets);
free(hashMap->TOMBSTONE) ;
free(hashMap);

[* PEFEREL */
int hashFunc(HashMapOpenAddressing *hashMap, int key) {

return key % hashMap->capacity;

[* BEHETF */
double loadFactor(HashMapOpenAddressing *hashMap) {
return (double)hashMap->size / (double)hashMap->capacity;

[* R key MEAIEERS| */
int findBucket(HashMapOpenAddressing *hashMap, int key) {
int index = hashFunc(hashMap, key);
int firstTombstone = -1;
/] ZMERN, SR =B
while (hashMap->buckets[index] != NULL) {
/] EBE key , REFSVAIEHRSI
if (hashMap->buckets[index]->key == key) {
/] BEZENEE T MRS, NWRRENBHEZZRSIL
if (firstTombstone != -1) {
hashMap->buckets[firstTombstone] = hashMap->buckets[index];
hashMap->buckets[index] = hashMap->TOMBSTONE;
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return firstTombstone; // REIFETIFHIFEZRSI
}
return index; // R[EIHHZE3]
}
// IBRBEIRE MUFRIRIC
if (firstTombstone == -1 && hashMap->buckets[index] == hashMap->TOMBSTONE) {
firstTombstone = index;
}
[/ BRG], HidREENRE K

index = (index + 1) % hashMap->capacity;

}
/] & key FETE, MRERMAMNES]
return firstTombstone == -1 ? index : firstTombstone;

[* BEIWIRIE */
char *get(HashMapOpenAddressing *hashMap, int key) {
/] R key WNAHERSI
int index = findBucket(hashMap, key);
/] EREFIREX, WREFNE val
if (hashMap->buckets[index] != NULL && hashMap->buckets[index] != hashMap->TOMBSTONE) {
return hashMap->buckets[index]->val;

}
/] BEREFNREE, WRETFRFH
return "";

[* FINRIE */
voild put(HashMapOpenAddressing *hashMap, int key, char *val) {
/] St RERTEIREN, BTE
if (loadFactor(hashMap) > hashMap->loadThres) {
extend(hashMap);
}
/] BER key MEHEERSI
int index = findBucket(hashMap, key);
/] EIREFREX, WEE val HiRE
if (hashMap->buckets[index] != NULL && hashMap->buckets[index] != hashMap->TOMBSTONE) {
free(hashMap->buckets[index]->val);
hashMap->buckets[index]->val = (char *)malloc(sizeof(strlen(val) + 1));
strcpy(hashMap->buckets[index]->val, val);
hashMap->buckets[index]->val[strlen(val)] = '\0"';
return;
}
/] EREFNAFE, WRMZREN
Pair *pair = (Pailr *)malloc(sizeof(Pair));
pair->key = key;

pair->val = (char *)malloc(sizeof(strlen(val) + 1));
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strcpy(pair->val, val);
pair->val[strlen(val)] = '"\0';

hashMap->buckets[index] = pair;

hashMap->size++;

[* MIBRIRIE */
void removeltem(HashMapOpenAddressing *hashMap, int key) {
/] BER key WEHERSI
int index = findBucket(hashMap, key);
/] EIREFREX, NERRITICESE
if (hashMap->buckets[index] != NULL && hashMap->buckets[index] != hashMap->TOMBSTONE) {
Pair *pair = hashMap->buckets[index];
free(pair->val);
free(pair);
hashMap->buckets[index] = hashMap->TOMBSTONE;

hashMap->size--;

[* TBRER */
voild extend(HashMapOpenAddressing *hashMap) {
/] BEFEREHER
Pair **bucketsTmp = hashMap->buckets;
int oldCapacity = hashMap->capacity;
/] MEky BENIHEER
hashMap->capacity *= hashMap->extendRatio;
hashMap->buckets = (Pair **)malloc(sizeof(Pair *) * hashMap->capacity);
hashMap->size = 0;
/] BREMNREAERRZERRER
for (int 1 = 0; 1 < oldCapacity; i1++) {
Pair *pair = bucketsTmp[i];
if (pair != NULL && pair != hashMap->TOMBSTONE) {
put(hashMap, pair->key, pair->val);
free(pair->val);

free(pair);

}
free(bucketsTmp);

[* FTENRFHR */
void print(HashMapOpenAddressing *hashMap) {
for (int 1 = 0; 1 < hashMap->capacity; i++) {
Pair *pair = hashMap->buckets[i];
if (pair == NULL) {
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printf("NULL\n");

} else if (pair == hashMap->TOMBSTONE) {
printf("TOMBSTONE\n");

} else {
printf(" -> ", pair->key, pair->val);

}

2. FEHEN

SEF RIS LM ERMIZEA, AR ITFSHERF WRIE 2 —, AW, 77 RN E A Bt o — N E
TERE, TPkl “BRMIRESES” 5, B 1,4,9, ... %5,

SER R B BA DU,

- P IRES O R BT TR, I R AR R ) SR SR R
- PRSP ERREERER S NE, AT R 2 RIS E N A,

SR, P75 RIFHAZ 52 R/,

- BRTFERENR, AL B HAN B E A S .
© TR, PFTIRINAREA S RINEE NG R, X ERE BRI R 2o, F75 R tha] RE
TRV 2,

3. ZRRE

FGESY, SUAT LS NATER f(2) fo(2). fo(z)e ... EEFTHRDL

- WAJLE: ERHEE ) (v) M, W22 fo (), DUk, BRI HATR,
- BHOTER: EHFRRREREINE FEATER, ERIKEIEATRNIRE; FER S IAATE R
PR, ISR R AFAEIZITR, MHERIE None o

SRR, ZRERHRTTERDAERE, HZ2PMRAH RS RBINGIT R R,

Tip
THER, TPl GRIERI, ~F7 RN 22 R0GT) I6fm&AEE “AREEEMPRTR" AR,

6.2.3 RwIZIESHNEE

AP TE S R T ARG A RELBURES, T2 LMT

- Python RAFFHk, T8 dict (8 hREATIECHTERM,
- Java RHBEAMALE, B JDK 1.8 PR, 4 HashMap WA KEIXE 64 HEERKEIRT| 8 I, RS
R 2 BB DR T A R RE .
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- Go RAHENMIE, Go ME B MRS 8 NHHEN, B ARNERE — MR, S 2
i, ST IRERIIFEY A 5AE, DICRIERE,

6.3 BEHRZE

RPN T WA 2R A AR BRI R BTG 76, ARmTEIe B S abie 2 e ibat, M RECRUE
WA ] DAER A I IE T AR, miJeiiisl IR b R R A

RGNS TME, BAROMERENS2R S, WE 6-8 FiR, WXL R, AN TR
ERE P RAER D, RBREEWRER; REBI NG RENEEGERIE — M, NRE AR
t= O(n) .

HETUHnEIE TR

miERR:
REMTHDHES MEF
BfialERE 0(1)

.ee .o TS
w

mERER:
BENEHSHERMEFR
EfalEZ2E 0(n)

6-8 MaT M RIRER IS RERN
AN I A T OL R R B BORE . [BHZIG R R RSB, SEIH RIS TE, P S

index = hash(key) % capacity

ML EAK, HIEMHERR capacity BEER, WMWK hash() YO8 T HithE, HEMOUE THRENERT
RPHI A Do

XEWE, N TR RIZEMR, ROV ERNEPERRRIE hash() RUIRIT B,

6.3.1 MEFEZNER

NTIE “BERXAR” BRI R EERAER, IGRIEN g DL .
- OWEPE: STMHEIREA, MR EIANGL T MR XA RERORIG A R AT SRR,
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©OReRE: HREIRARENERENZ RS, HEITRRN, 16RO R,
- S I RRIEN S REN IS AR R, RIS, IR R AR,

KPR_E, WEREIERR T DU TSEIIGMmER, &7 T2 R H T Ay,

C WA N TR P EENLE, REUEE A EEAER P RIASCER, TR EED I
Ho HHAFRANENEN, REENMARNEEITRGRE, R5S5EMENRREEITIER. WRMFHT
e, AR E TR IE.

- BIRSERER R BE R0R 7T A] DA R BRI AR E R TR 10O AT DA T T SRR IR Y
BAERIGTE, H5REWEINIGRERI TR, WERMFILAS, BRABHEREA e,

TR ARERN A, TR MG RERES SR E A LR, BhREARERSESSRNLZ L
Fiko

R TEHE (R T AR T L
 GUREE: SRS OEREI A RRIRA, TR R
TR RN S BRI  T ERAT BN

HER, “W50h” 5 “PiRiEtE” RMAMNIEE, RS A e RN, 1A, FERERL
BN key &, MTREE key % 100 A] DU 5 A, AMZaRREL TR, FraE AR
key RS HHAERHHIE, [RIEFRATTAT AR 2 IS 7 (B R HEHE FT A key ,  MTTIRBAR RS

6.3.2 MBERZENIZIT

G RIARIHE MR EFBIFZRRNERAE, AN TREZRASIR, ROMLRERT L
BHIBAER,

- MERRA ORI TR ASCIL FSREATARIN, KSR E A a7 E,

ORI FIRBRIERIRRESRME, SR IR, R DT ASCIT M REMEIG A E,

© REIGT: CRRMABIERN &S T REN BRI E RS MR ET,

- R R TATR ASCIL A REME—NGRES, FIRER ZATE SN WA (R ThEs R,

// === File: simple_hash.c ===

[* NERRE */
int addHash(char *key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (int 1 = 0; 1 < strlen(key); i++) {
hash = (hash + (unsigned char)key[i1]) % MODULUS;
}

return (int)hash;

}

[* FERE */
int mulHash(char *key) {
long long hash = 0;
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const int MODULUS = 1000000007;
for (int 1 = 0; 1 < strlen(key); i++) {

hash = (31 * hash + (unsigned char)key[i]) % MODULUS;
}

return (int)hash;

}

[* BREPRE */
int xorHash(char *key) {
int hash = 0;
const int MODULUS = 1000000007;

for (int 1 = 0; 1 < strlen(key); i1++) {
hash ~= (unsigned char)key[1];

}
return hash & MODULUS;

}

[* TREEMGE */
int rotHash(char *key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (int 1 = 0; 1 < strlen(key); i++) {
hash = ((hash << 4) ~ (hash >> 28) ~ (unsigned char)key[i1]) % MODULUS;
}

return (int)hash;

MELI, BRIE R IR RE— R KBiE 1000000007 B, DAERIG R E/E S IERTER N, EfS
BN, N2 BRI PRBORUE, B Ui SO R B2 47 X2 — D AR,

Jelitigsie: ERIRBURME B, vl AR Kb ERUEIR AR 5 504t RN RO 5 HAt 7R L
B, AT DAIRD R EUSR VR I AR A R PR, AT SR E T v 2%

BAET, IRIGFA DAL (B, BT DA 3 B8BR, IRAPTE ] DA 3 BRI key BT HIRESE] 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, ... }

QUSRI key TRUFH RIZFNE ZHENEE 0, IRLMRTEM S LR, WmnERR s, BE, &

BRE modulus EHLNEEL 13, HIT key HI modulus ZIAIRFIEALIEL, HtHH G RES SRR
2 Tto
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modulus = 13
key = {0, 3,6,9,12,15,18,21,24,27,30,33, ... }
hash = {0, 3,6,9,12,2,5,8,11,1,4,7,... }

ERHRARE, WERAESCRIE key BRENIISI AR, RIS EEE S BIENBREE AT DA, e T#RERm
HES S AT HINGTR{EL 1124 key BIZIMAAE LSRN HIPERS, XS HIEE E A 7 IR EIAR,

BMEz, FATEFIEBEIEARE, XN PR R R, DR ATREHPRAMIMER, ErHamE
TRHIRS

6.3.3 ERNMERZE

AHERI, DAEN R T EIRE LR “Hess”, ARG R AR BAR. f1a0, BT
FEH R A, R ANTANG A A S BRAG A JCTA X 0 WA RMEIF AR R 47 6, IX A RES ARG A 2E,
FH 5l — L2z (A,
FESERRAR, BATEE SH— SRR RYE, F40 MD5, SHA-1, SHA-2 fl SHA-3 %, BT UHERK
JEE P A B e St B R R A (L
IE—MELDOK, W ERCAEARR AR SRS, —Ho R AN RS RS REIRIERE, 55—
I N BB ECN TS ERIGREEN L 2R, 3£ 6-2 R 1 EKFRN A A WG/ RIA,

- MDS5 1 SHA-1 EZ R IKE, BRI eI 2 e M7,

- SHA-2 R H) SHA-256 R Z 2HIGHRIRZ —, IRHIRIIMBEERR, HiHHESEL 2

VA ESNANE N
- SHA-3 HH#¢ SHA-2 FISEHIFH SRR, TSRS s, (HH At #E SR SHA-2 25,

*6-2 WWHIGHEIE

MD5 SHA-1 SHA-2 SHA-3
HEHIN 1992 1995 2002 2008
I
Wil 128 bit 160 bit 256/512 bit 224/256/384/512
i bit
MmNz L EZ R/ R/
%
ZeE AR, CHhsEh ik, BEERIIK & =
% i
v FH EWFEM, ATEEREEE CHFER IBEMRZ I, BFE%4 TR SHA2

= %
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6.3.4 HIBELGHBIEHE

BATRNE, WA R key ATDUREERL, /INEEUTATERSFEEREAL, JMfEIE S8 H S X BRI N E
AR, AT HAEBRARPIMAERS, L Python ufl, FATATLAVAF hash() BRECR TR AFEHE R
G A E,

- BB /RERIG A EPURHA S

C IFRERT TR RR A E T EROVE S, AXMNBREEETE ETY .

- TTANIBRERN KPS PR TR, RERXERmREHSER, S8R —BRAHEH,
- REETEE T HAF A R, B ES SRR T, KM T AL E,

Tip
THIER, ARGEE S RN B R E TR B E 77 IEA R,

// === File: built_in_hash.c ===

/] C KIBHEANE hash code KX

TEVFZgEIE ST, RARZENRA NG RN key o RINFBATRFIER GHEEEH) 1F0 key, 251
RIGNBREZN, R AEDBREKEE, ROTCIRER R E R IEH value T,

EAREESCI R (BANRERT D R R n[ 2R, (HRR I IR R M GRS A P 2 1k
TR, BMES RN E AL T2MA, (HERRFIEALE, IR ETRRANZR,

AORIIRATRE R AR G HisfTIRP N, FH ISR ER RN, X2FN Python R SERRS
i, S NFIFRIEREREIA — RPN (salt) {H, XRMEEERT AA R 1 HashDoS %, 1@7Hia
mEIRNZ 21,

6.4 INE

1. ELER

- B key, IETRAEMBTE O(1) MEANZERE] value , BRI E,

- WIS AR OER I, ARINBEEDR . WHEREEEDN R P WA A RS

- IEF PRECRE key BRETNEEHRS], TV AIX BARFHFARER value

- AR key AIRETELS I MAUG R 2RIV R S|, SHEWLSREE, XMIMEEAONIG
i,

- RTRETREK, IGFMRABERIET, Fir DOEE T AR RREMR IR R PR, SEAT A%
L, ARy FHRIERITHIR A,

- PR T XON IR R PR BB PRDAEEE, SO T ISR PRI B, WA ISR R R
ISESES

- RERHIALIEIS R DT RN EESR, KA TR IEER — MR, 2R, HRTKIMFERE
WRCR,  w] DOE I — 0 R R PR o 2L BT = R
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- PR RIS 2 DRI B G A PR, SR EE P K, BB AREMERICR, HAS ™ ER
%o ZRBAEHZMIGREEOTIRN, MHEREMRNERS AR %, B2 N BRmEEEN T itE
Ho

© ARYRFEE S RIT ARG AR EI, HlaN, Java i Hashmap £ FHEE UL, 1 Python f Dict R
PRI,

- AEMART, ROFERARRIEEARENE, SRR MR R, EENTP, BRERICNIZ
B FiR EEAN S R,

- IR RIREHE R KBRS, DA R RIERS T [ 5 A, D Ia TR o,

- HEIAEABREAEE MD5, SHA-1, SHA-2 #i1 SHA-3 %, MDS5 &M TR 52, SHA-2 HH
T 22N ST

- IARIE SR OVBERRRR N B R RIE, AT IHRIERETIMERS. @EELT, AR
xR IERIIEFT A

2. Q&A

Q: AT E e 4150 T2 O(n) ?

YT L EIN, BRRONEERESIRILE O(n) . YWBRFEEBIRIHF LKL, ARREIR
EHL, MRHECFN, NRSRER O(1) . FAIEAREESNENRREERN, WIS ER
O(l) o

Q: NtLAMERABAEE f(x) = x We? M ASHMET,

£ f(r) = x MWK, SNTRNNME—RMRS], XSEHEN. Rm, A EE T2
Al B K, KIS R R e — P AR B KRS, a8, W7 R B — MR
RS I 2 — NN, R O(1) WERR,

Q: MARIKZLIREA., R, XN, EAF2RER] U eTE mlE?
B, WBmRINRRERER, EERBRER T, WARAEMHEGS o AERER,

Hik, HBERE R PN RRCRE S 1o Q1R — D IIRERENS 7EAH R R &2 2% B T (o8 A B i e AR sk
B, HBGEH LR R E P, KR E AR RBOHEREITH, N EZE R E BITE A,

G, WA S R AT RE R A S, DI TERE S b, B TSRELE B 2 LT S R T RS 1,
PREBAZE O(n) I EIE R

Q: ZRGTAAREEZMERTTRIIEFEND? bRic MR 2 B RE P F IS ?

ZRIGABITRFHER —Ff, THRSHEEE A A RE M PR TR ATERE, TZmdbric bR, Fridoh SmikR
AZE IRl AT DARHRGE . S e R R, JF B AR W EERERIC ) CMPRAIAER,, %A B ] PA
BHTCRMEM, IXFEMEEREAR R T RAVRNFFIAL, XRERIEIG i RATE R =R,

Q: M AELMRNF, EHTTRIINES MBI RNE?

AR N 8 IS A7 PR SR E R AU BB, B key ANDLHAC, XLIGRAEMA IR, HL, ZRIERM
BRI BOE R KARIRE &R, EERENER R EN SO EIBk oy ik,

Q: N2 MG RY AREWS RAFIE T T E?
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HoE Mgk

W7 PR R B JE — AR RN B K n B (BGR), b EVE SRS EEN; £ 85, 2K
JE n RAE, T key MRS [BATRER AL, FICHER —MARIZ D key , T AEIRERH AL
FZAAE, I SEIE TR ISR %
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Abstract
SRAR W EM ), RIRHR, 7Rk,
CRNBAREI TR M ESNES.
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7.1 =X

—X# (binary tree) BRI ERLI, AR “HL” 5 EN ZEBIRAEXRR, AT “—oh =7
MIiaiZ . SREREM, “XWIERBITET N, 8P TRESE. 271G G 79 851 H.

[* ZXWTREEE +/
typedef struct TreeNode {
int val; /] TRE
int height; /] TREE
struct TreeNode *left; // EFT=igst
struct TreeNode *right; // AF T =igst
} TreeNode;

[* FEEREL *+/
TreeNode *newTreeNode(int val) {

TreeNode *node;

node = (TreeNode *)malloc(sizeof(TreeNode));
node->val = val;

node->height = 0;

node->left = NULL;

node->right = NULL;

return node;

BN EEERNSIH (85, 23HEREFT = (left-child node) F1BEFT = (right-child node), 1%
BERRRIXPN TR T & (parentnode) s M4 E— D XY s, FRATEIZTT T i E
PAR s BRI AR N %17 A F4 (left subtree), [FRIFEAIISAFH (right subtree),

FE X, BRSO, FARA T R S 1 REE R R, aniE 7-1 R, WERREE TR 27 R
T, WMHEAEFWRMGFERIAE R4 f NR5", EFRE WA 4 REDUR T RBREIR”,
HFRE IR 5 AHBUN T R R HIR
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4 ) RN

binary tree

E]7‘1 5&%/‘*{\ ?%aﬁ\ ?*X\j‘

7.1.1 ZXWERRIE

XA E A ARTEINE 7-2 FiR,

- RS (rootnode): AT ZXWTHER R, AT R

- HHE (leafnode): BA TR, EWMEEHTIFEN None o

-+ 18 (edge): EEMANT RV, BRI SSIH (B,

© RFIENE (level): MWIMRJEERS, RYTKFAEEN 1,

- TRME (degree): WRMTF RS, EXMH, ERNEETEERZ 0. 1. 2,
- ZXRHIBE (height): MR REIHIEH 7 SIS L EUR,

- REAVRE (depth): MR RENZT mFTETHIIAEE,

- TRIBE (height): MEEBHZ T BRI s BN & i 4R

2
BE -2

WA
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K72 ZXEIHERAAE

Tip
THER, BRATEFER SR M W Oy "SRR, (B M TR HE
SON SR RATEERT, ERXAES, SRR 1,

7.1.2 ZXREAIRE
1. MB=XH

SRR, EIoWae TR, REWESIHE (&),

// === File: binary_tree.c ===

/* MR */

/] AT R

TreeNode *nl1 = newTreeNode(1);
TreeNode *n2 = newTreeNode(2);
TreeNode *n3 = newTreeNode(3);
TreeNode *n4 = newTreeNode(4);
TreeNode *n5 = newTreeNode(5);
/] METRZEN5IE (8%
nl->left = n2;

nl->right = n3;

n2->left = n4;

n2->right = n5;

2. EANSHFTS

SHERIML, 15— Al A\ S NBRT m0r] OB B SR E R, B 7-3 28 T — B,

AT R BT =
(:::) nl.left = P nl.left = n2
A P.left = n2
ni
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B 7-3 & = AR A S HBR T

// === File: binary_tree.c ===

[* BASHEFET R */
TreeNode *P = newTreeNode(0);
// £ n1 -> n2 FEHEANTS P
nl->left = P;

P->left = n2;

/] MERT= P

nl->left = n2;

Note
FERERENZ, BAT ARSI XM RA RSN, bR 0@ E B RE MRz
FE W, Ak, XM, EASHBRER Z2H —ERIERC S 72T, PASSEE SRR L IERAE,

7.1.3 ER_RHAE
1. BEZIXW
A 7-4 FR, STEZXAM (perfect binary tree) FiE BRI AR 2 2EIH, fE5835 X, M5 s B

F0, HARAVET SN 2 BREEN b, W SUREcH 2" — 1) SERRENIERERR, R
Y B AR T WA RS

Tip
TEER, EFSGEXA, 5838 = A H SR #E Z XA,

RRRK
perfect binary tree

(AR R =)

PR BRI R AR

K 7-4 5EE_XH
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2. BEIXH

K 7-5 FR, 5e2=X4 (complete binary tree) REREENT SAPHEK, HREENSREFELHE
7o

LR

complete binary tree

BREETRELRR, HttETREWER

7-5 SEE XM

3. BB

WK 7-6 Fis, SEd—X# (full binary tree) BR T2 Ah, HBRFTE N SEBA NN F 19 Ao

SRR

full binary tree

FAETHREERA 0 5 2

7-6  SEl— XM

4, FEH -

WK 7-7 iR, FE XA (balanced binary tree) AR T sl B /E TR0 A5 -0 Y 150 2 22 B 46 {E AN
1,
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TH_Si

balanced binary tree

BHRE EFREE - EFHEE = d
MFH-_XNPFRETREHE |d] <1

K 7-7 SR

7.1.4 —XHpEk
K 7-8 /R T X WHBHARSER 5B EEM), Y WIS E T s BRI, JRF] “SER XM M
B A ERmE M, YRR “BERT,

- ERTXREEERNN, ATDASE AR X aia” L.
- BERNIR 5 — R, A TURIEEE MR, NAERERLE O(n) .

izttt
FEEZX

B 7-8 X ERESTH S RELGHY
R 7-1 R, (ERESHNRESET, R EEE, TR SEFRSINCARESWME,

R 71 ZXWHRES S RESH
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FER XM e
50 BRI AR 21 1
FER h IR R 28 1
B h R RS 2h T — 1 h+1

TREE n REEE log,(n+1)—1 n—1

7.2 ZXHHEH

MPPREER R MR, BE — Ak T RER AV EARA , RItHE D775 U@ fa 5 DI . 2R,
PRI RAR AT, IX IS I L I BER IR 7, TR BRI R BRI,

X R e T BRI, mik . R e e A

7.2.1 BFER

K 7-9 iR, BRF@H (level-order traversal) MTRERZEIRARZ 2k — XM, HEG—RIZRMNESIHR
G 373 T 79 o

ERiEAAR FET T ErL®H (breadth-first traversal), tHFR Bk (breadth-first search, BFS),
R TR/ “—E—ERSN R NZRERED T

IEf%EHn

¥ \
/ BFEE (%550 @ L5i)

NI T

K 7-9 “XWHERFEHN

1. K3

IR @R (B “PASN” SRSCE, BASEENE “Jeitiott” ORI, mT RIS O E R
AR, P TS Ja AR — B, SEEARRGANT

// === File: binary_tree bfs.c ===

[* BFEH */
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int *levelOrder(TreeNode *root, int *size) {
/* HHBHBAT */
int front, rear;
int index, *arr;
TreeNode *node;

TreeNode **queue;

[* HHBABAT */
queue = (TreeNode **)malloc(sizeof(TreeNode *) * MAX_SIZE);
/] BAFFESt
front = 0, rear = 0;
/] MONRT =
queue[rear++] = root;
/] MEE—15R, BFREERFS!
[* WHBNERAR +/
arr = (int *)malloc(sizeof(int) * MAX_SIZE);
/] EeRIgE
index = 0;
while (front < rear) {
/] BAFUEHEA
node = queue[front++];
/] RETRE
arr[index++] = node->val;
if (node->left != NULL) {
/] EFTHENK
queue[rear++] = node->left;
}
if (node->right != NULL) {
/] BF RN

queue[rear++] = node->right;

}
/] EFEHAKENE
*size = 1index;

arr = realloc(arr, sizeof(int) * (*size));

/] TERGHBEREAZS A)
free(queue);

return arr;

2. EREDH

WIS R O(n) = B ASREIT—, (8 O(n) I, Hrhn hiissdR.
ZWSZIER O(n) © (ERENHT, B UHHN, 565 B RR 2 8, TSI % I 77 1
(n+1)/2 A1, 5 O(n) %50,
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7.2.2 #iF. BF. BFEH

MR, w5, PG RFEREE T RERSER (depth-first traversal), WHGREMLIEER (depth-first
search, DFS), BRI T —& “JeERIRL, FHBIHLkL:” 19D 77

B 7-10 J&oR 7R R TR A SE i O TR B, DRI TC D5 S B R — SUR IS “H 7 —
B, RN REKIBR =MIE, oA AT, R AR R

REGIRE 0 O,

B 7-10 —XAERMATHTF.

1. fKE53Em
REN S RIE R BT IBA50
/] === File: binary_tree_dfs.c ===

[+ BFFER */

void preOrder(TreeNode *root, int *size) {
if (root == NULL)

return;

/] BRIRER: RS -> £FH -> AFH
arr[(*size)++] = root->val;
preOrder(root->left, size);
preOrder(root->right, size);

}

/* FEER */
void inOrder(TreeNode *root, int *size) {
if (root == NULL)

return;

def dfs(root: TreeNode):

" RIERE SRR

if root is None: return

@ EE iR AT
dfs(root.left)

@ EBisinkEFiH, MFHREFR
dfs(root.right)

@ EETHEEHiE, RBER

HiFER (F @ AiAiETHa)
1, 2, 4, 5, 3, 6, 7
fFER (F @ ipETHsa)
4, 2,5, 1, 6, 3, 7
BFER (f @ LiFnTa)
4,5, 2,6, 7,3, 1

. SR
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[/ AR AFH > BT S -> BFH
inOrder(root->left, size);
arr[(*size)++] = root->val;

inOrder(root->right, size);

[* EFER */
void postOrder(TreeNode *root, int *size) {
if (root == NULL)
return;
/] BEIRESR: EFH -> AFH -> RS
postOrder(root->left, size);
postOrder(root->right, size);

arr[(*size)++] = root->val;

Tip
RS R AT DR TIE LI, A G E /T LEATIHIR

B 7-11 &R TRl — O ANEITE R, Helady 37 RS AR

1. %" FoRITEHTTE, BRI RARTIE T — 1,
2. “I77 FoREBORIE, RRYFTTTREETIFEE,

57
B
A: fEEH
? & FERE (1 @ AR
1

& mTE
13: A LB

HIFFBH (F @ L4i5ETR)

1, 2
0606
| Step 1 Step 2
TRk B TR
. E: BLEEH 3: fLE
HFEEG (7 @ i) HERE (7 ® AT
1, 2, & 1, 2, 4

[ Step 3 ( Step 4
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s

l Step 7

Step 9 ]

2. ERESH

i#: ETE
13: B EELH

HIFFEH (7 @ LhiAIATIR)
1, 2, 4, 5

#: TR
3: B LEEH

HIFFER (7 @ 35iRTIR)
1,2, 4,5, 3

#: mTEg
3: BLEE

HIFEA (7 @ iAATiR)
1,2, 4,5,3,6

Step 11

B ETEE
13: A EE
HIFEH (£ @ AiAET=)
1,2, 4,5

#: M
A: B EEH

HIF@RE (7 @ WiAiETR)
1,2, 4,5,3,6

Step 8

#: mTEE
A @ LEEH

HIFFER (@ WiniETm)
1,2,4,5, 3,6, 7

Step 10

#: mERE
V3: L EEH

HIFER (£ @ ihETiR)
1,2, 4,5 3,6,7

K 7-11 #iFE s

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

T —
%mﬁl//f\\\
//1\\ //2\\ R T

BRI K F

PLILPL )L s

BFTRAESl: 2i+2

7 8 9 10 11 12 13 14
fERBARR XY

TEFS 0 1 2 3 456 7 8 91011121314
BFEmFS

A 7-12 SEE-NHMIBHFIR

WSt AU A Y TRER P RSN (RED . e BEETRER DI, RATER AT DOE e 2 50k
WRERE (B) F1R.

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 () TEE—RRLE =R

WeAFEl 0 1 2 3 4 56 7 8 9

a1 [2]3 4 [6]7[8]912]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 :

[* ZXHBERBRT */
/] R int RABEIMEZEAL, FIWERTRUEREN INT_MAX
int tree[] = {1, 2, 3, 4, INT_MAX, 6, 7, 8, 9, INT_MAX, INT_MAX, 12, INT_MAX, INT_MAX, 15};

ZFTI ($H) MR T AN

BRI 012 3 456 7 8 91011121314
BFERF7

=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)

EAREZR
MR A fE =

BRFERFY ($4H)

8880800000

7-15 584 " XWHIEEHFER

DA SCEL 7 —RRE TR AORH XA, B4 DU LR,

HERTR, REME, £ (B) Fia KRG
RN, e, Bl BRrEEmhEsl.

// === File: array_binary_tree.c ===

/* BERRR TR ZRINEME */
typedef struct {

int *tree;

int size;
} ArrayBinaryTree;

[* HEREL */
ArrayBinaryTree *newArrayBinaryTree(int *arr, int arrSize) {
ArrayBinaryTree *abt = (ArrayBinaryTree *)malloc(sizeof(ArrayBinaryTree));
abt->tree = malloc(sizeof(int) * arrSize);
memcpy(abt->tree, arr, sizeof(int) * arrSize);
abt->size = arrSize;

return abt;

[* ATAEEREL */

voild delArrayBinaryTree(ArrayBinaryTree *abt) {
free(abt->tree);
free(abt);

[* FIRBE */
int size(ArrayBinaryTree *abt) {

return abt->size;

[* FREXRS|A 1 TERHE */
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int val(ArrayBinaryTree *abt, int 1) {
/] BRSIMR, MERE] INT_MAX , RRZEAL
if (1 <0 || 1 >= size(abt))
return INT_MAX;

return abt->tree[i];

[* BFBH */
int *levelOrder(ArrayBinaryTree *abt, int *returnSize) {
int *res = (int *)malloc(sizeof(int) * size(abt));
int index = 0;
/] BEXEEHEA
for (int 1 = 0; 1 < size(abt); i++) {
if (val(abt, i) != INT_MAX)
res[index++] = val(abt, i);
}
*returnSize = index;

return res;

[* REMFTEFH */
void dfs(ArrayBinaryTree *abt, int i, char *order, int *res, int *index) {
/] BERZEAL, MWiRE]
if (val(abt, i) == INT_MAX)
return;
/] RIFIEH
if (strcmp(order, "pre") == 0)
res[(*index)++] = val(abt, i1);
dfs(abt, left(i), order, res, index);
/] RFER
if (strcmp(order, "in") == 0)
res[(*index)++] = val(abt, 1);
dfs(abt, right(i), order, res, index);
/] EFER
if (strcmp(order, "post") == 0)

res[(*index)++] = val(abt, 1);

/* BIFFER */

int *preOrder(ArrayBinaryTree *abt, int *returnSize) {
int *res = (int *)malloc(sizeof(int) * size(abt));
int index = 0;
dfs(abt, 0, "pre", res, &index);
*returnSize = index;

return res;
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[* BB */

int *inOrder(ArrayBinaryTree *abt, int *returnSize) {
int *res = (int *)malloc(sizeof(int) * size(abt));
int index = 0;
dfs(abt, 0, "in", res, &index);
*returnSize = index;
return res;

}

[* EFEH */

int *postOrder(ArrayBinaryTree *abt, int *returnSize) {
int *res = (int *)malloc(sizeof(int) * size(abt));
int index = 0;
dfs(abt, 0, "post", res, &index);
*returnSize = index;

return res;

7.3.3 R=5RRYE

CXAMHPEBEH SRR E A LU

- B IEIEIESIINAE SRR, MR, ViS5 iE ek,
- ATREAERE, BT E AL
- SEVFREALIE AT Lo

SR, BEAAFOR WA — = RR

- BAAFETREESNF R, RIRAE & R R IR,
- R R R EOE I B\ SRR ST, BRI,
© L XA AERE None I, BEHAP RIS RE FLERRAR, A TR A R,

7.4 —X¥EER

WK 7-16 Firk, —XIEEM (binary search tree) i & DA £

LS FRTA, ZETWAFHRIrE T SEE < IRTTREME < A e R RIE.
2. R RN, ATFRHUE AEERR, RIFERESRE &S 1.
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—RigFhH

binary search tree

K 7-16 — AERM

7.4.1 “XEEWMBVIRE

AT R EEE N — 1 BinarySearchTree , FEABH— AR ZE & root , FEAIMAYAR T i,

1. BT

ZEE HART R num , AT DURIE — SR AIMETOR AR, 8 7-17 R, BATAEH— PR cur, MZX
PIRIARTT AL root %, TEIAELEET RUE cur.val il num ZRIFA/NK R,

© #icur.val < num, UERAEFRT RAE cur UG FRA, RIEHAT cur = cur.right,

© % cur.val > num, BERHEFRTARTE cur IIEFRH, FHAT cur = cur.left,
© Ficur.val = num, BEIAEREIEAR TR, BEHEIEPAIFIR [EIZT o
aE-xgEmrERTR @) E-xgEATERTE (@)

Step 1 Step 2
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TEZRERNPERTR ERERAPERTR

W0 AT

7-17 =X AERWMERT JURE

— AR BRI 5 A BN TREE 5, REECHER L, IR RS SN — X
WE, M SURPPEIN, R O(logn) WAL, RBIFRRLT:

// === File: binary_search_tree.c ===

[* BERTR ¥/
TreeNode *search(BinarySearchTree *bst, int num) {
TreeNode *cur = bst->root;
/] TERER, #IHREkE
while (cur != NULL) {
if (cur->val < num) {
/] BT RE cur MAEFHE
cur = cur->right;
} else if (cur->val > num) {
/] BFTRE cur EFHA

cur = cur->left;

} else {
/] BB R, BRHTER
break;

}

}
/] BEIBFTER

return cur;

2. HAT=

HE—MMFEATCE nun , N TR I ERK TR < BT < G707 R, SAREREORE
7-18 Fliro

1. BIIEANE: SEFRBEIEAEC, MR AL, RIEYH SUER num BN RRTERT FEE, B
F@OEHAT S GBI ZE None ) IFBRHETEIR,
2. LEZNTEMA TR WAL 5 num , I S E T None N 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.c ===

[* BANTTR */
void insert(BinarySearchTree *bst, int num) {
/] BEWAZE, WEARTS
if (bst->root == NULL) {
bst->root = newTreeNode(num);
return;
}
TreeNode *cur = bst->root, *pre = NULL;
/] EFER, BT RERkE
while (cur != NULL) {
/] HREEET S, HERE
if (cur->val == num) {
return;
}
pre = cur;
if (cur->val < num) {
/] BAUBE cur HAEFHH
cur = cur->right;
} else {
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/] FENAEE cur HNEFHAE
cur = cur->left;
}
}
/] NS
TreeNode *node = newTreeNode(num);
if (pre->val < num) {
pre->right = node;
} else {
pre->left = node;

}

SERN AR, FBAYRER O(logn) MFL,

3. HFRTR

JEAE XM EREI AT A, ARREMER, SRATREE, BOTFERIEEMPRREERE, —XER
PRER) “ZEpR < AR < TR BOPERAT R, Bk, RATRE BT R R8s, 20, 12 =
FROL, RITXR R EIAHIBR TS Ao

i 7-19 Fow, HAEMIBRT RIS O I, FORIZW UM, A DUESEINER,

E-xEEnrRTER @

00000000

cur

1. BRERREE cur v Fm cur B 2. EEMER cur BIE

FH=8E =0 HIT pre.left = None

7-19 EXIERMHMERT R (RN 0)

Qi 7-20 FR, HAEMBRTT AU 1IN, RERINBR S s iy H- 5 s B AT



O ) hello-algo.com 160

E-REERTIRTER ©)

v HR cur B 2. ¥ cur BEAHETFTR

P4 e
Lo LES LT (0 FHoHE = 1 HAT pre.left = cur.right

7-20 FEZXAEEMHMIERT A (ER 1)

HREMIERT RS 2 I, BATCIRER MR e, MRRZEH DR 0L . BT ZAR SRR
ETR <R < HFRT BIME,  BIX AR DU RSN s R R

RSB N RA TR A (PREHN— D RD, NMBRRERZENE 7-21 Fr.

L. BREHHERY SAE s FEs” PR MR, 2N tmp o
2. tmp AOEE S RRIERTT SOROME,  FRAERTAFIBYIMIBRT AL tmp o

=g EE (O =R sE @

Y . f\
@\ 1. ERHBIREA cur . 1. ERHBIREA cur
- .

/\ o A cur WFHAKE - 2
@ o™ 2. MBTR cur SA=H:

@ &j f @ j J»\ /0\ (1) &R cur ERFEHNEETSR nex
D € @@@é@ 000000

A

l Step 1 ‘ Step 2 J

E-xEERTRsE O E-xigEmrnER O
0
\ 1. THRBREA cur

v TR cur WFHRNE = 2

1. ERHBRTSR cur

v A cur MFNABE - 2

2. BIRTR cur FH=ES: Y 0] 2. BIRRTA cur DR=H:
(1) & cur EHFERNESTR nex (1) &R cur EPFBHNELTIR nex
(2) FEZXMFRIIMFRTR nex (2) EZXWFRIIWERT A nex
Y.
00000

(3) #¥5R nex ERATR cur

Step 3 | Step 4

B 7-21 ESAERMPPRT R (R 2)
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MRS R E AL O(logn) IR, Hrp&ERAHMBRT RFHE O(logn) WA, FREXH 87 54675

FE O(logn) WE, REMELIIT:
// === File: binary_search_tree.c ===

[* MBRTI = */
/] BFSINT stdio.h , WWTEER remove XHEid
void removeItem(BinarySearchTree *bst, int num) {
/] BEWAZE, BERFHRE
if (bst->root == NULL)
return;
TreeNode *cur = bst->root, *pre = NULL;
/] TERER, BIHRERkE
while (cur != NULL) {
/] BHEERRT R, BEHER
if (cur->val == num)
break;
pre = cur;
if (cur->val < num) {
/] PR RTE root HIAFIA
cur = cur->right;
} else {
/] FHFRTRE root BIEFHH

cur = cur->left;

}

/] EERERET R, WEEHRE

if (cur == NULL)
return;

/] FIERRETN AR R FEEF TR

if (cur->left == NULL || cur->right == NULL) {
[* FHREE =0 or 1 %/

/] SFTHEAHE =0/ 1 B, child = nullptr / ZFHNR
TreeNode *child = cur->left != NULL ? cur->left :

/] BRI cur

if (pre->left == cur) {
pre->left = child;

} else {
pre->right = child;

}

/] BEARF

free(cur);

} else {

[* FUREE =2 %/

/] FRBFFERF cur WF—PHR

TreeNode *tmp = cur->right;

while (tmp->left != NULL) {
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tmp = tmp->left;

}

int tmpVal = tmp->val;

/] BFAMPRTI = tmp
removeltem(bst, tmp->val);
/] A tmp BE cur

cur->val = tmpVal;

4. FEFEHERF

K 7-22 R, —XWREEER A — R — A7 REHE, m o XEREHEE A7 a < i
T < BT BKNER,

XEWEE X ERWMPH TR RGN, BESMmAEN F— 1 /N, MmSH— P EZEER: =X
FEW &R T,

A b e B, FRATIE — SR TR IR EH BRI O(n) IR, TEAUEATHIMNOHE R 1E,
FEH =L

" -~ -—
g S, = ST B
| !
H o \\ VA AW 2, 4, 6, 8, 10, 12, 14
S aht AN 1/ TN\ Y,
VA 1\, R/ "s ) ’
S 3, ; Y 2 Noor . —
P N TR
' H : : H H 1
I‘\ @ o" “~_!'" “\.._.__f" .‘*..'-""

“““““

PR,
TRE @ AiAE

7-22 “XARRWHI P EE P

7.4.2 —XIEERBIME
HE—HEE, T BRI R/, WRE 7-2, YIRS THRIERIN RS 2% EHE
XN, BERE B SIERE, REESHRM. ESRMBREIENZ T, S YRR

SR,

R 7-2 WAHSHERRBICR
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TR SRR
#HTE O(n) O(logn)
mATE O(1) O(logn)
fiRcE  O(n) O(logn)

FEHAABOUT, ZXAERR/E FET B, XAEA] DAE log n BRIEFANEBRERET R

AT, AN THE — AR A A IR 25, FTAE S~ HE (LN 7-23 BRI, X4
FIREROI )5 2R 2B O(n) .

4
N P
/\ [\ /
4
Tt D ieT / BRI

7-23 —XIEERWIE

7.43 ZXREFWERMA

- RERGHNZRRG], KHEREIER A MERERE,
- RN R AR R B BAR S,
- AT FEEIER, DARREEA RS,

7.5 AVL ¥ *

10 ““ ABRA SRR HRE], fES U RIS, — ISRMATREE L R, (R,
A HRERI T E 25 M O (logn) 40 O(n) .

aniE 7-24 AR, S IRIMERT RERE, IR SRR E IR RER,
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@ @ B 5 BB 3 @

oo

=314 Bk
EH-R ZE=-Ri R

7-24  AVL WHEMIERY UG & 4238

G, FEE 7-25 FURR5E3E R ARl AP N RS, BER TR AR, A ERIRCERI R R A
FHko

o [
@ @ BATA 2 @ @ BATE 1
o

By iBf
SRR FH—Xi EE—R

K 7-25 AVL S{ESR AT R & ZEIR(E

1962 £ G. M. Adelson-Velsky #1 E. M. Landis 7£ it 3¢ “An algorithm for the organization of
information” AR T AVL#Y, IEXHRIRAIRNA T —RYHRIE, WERIERSASIMAIERT /U5, AVL B
Bk, IS AR RS 2 RRE O(logn) Pl BaapiEBE, 767 BN A THY N & e (e
M, AVL BERELAL ORI s R B e IR RE, BATREFHIN A E,

7.5.1 AVL PERAKIE

AVL BB — SRR, R P S, RN XN SRR R A TR, R — R — SRR

(balanced binary search tree),
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1. TEEE
HT AVL S MR ER B IRBCT sl mE, AR E T s8R0 height &5 &

[* AVL BT mEEtafE */
TreeNode struct TreeNode {
int val;
int height;
struct TreeNode *left;
struct TreeNode *right;
} TreeNode;

[* MEREL */
TreeNode *newTreeNode(int val) {

TreeNode *node;

node = (TreeNode *)malloc(sizeof(TreeNode));
node->val = val;

node->height = 0;

node->left = NULL;

node->right = NULL;

return node;

TREET BIENZTT R EARIZH T AR, R a7 (E, TERITEERR, MR
AU O, MAETRREEN —1 o BATRATEM D TREE, 725 T RBR SR s i

// === File: avl_tree.c ===

[* RTREE */
int height(TreeNode *node) {
/] EBREEAR -1, HEREER 0
if (node != NULL) {
return node->height;

}

return -1;

[* BT RaE */

vold updateHeight(TreeNode *node) {
int lh = height(node->left);
int rh = height(node->right);
/] TREEFTEESFNSE + 1
if (th > rh) {

node->height = 1h + 1;
} else {
node->height = rh + 1;
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2. TRFHRAF

TEMESEEF (balance factor) & X AT AW EEIREA RIS E, FIRE ST A0 E KR+
N0 BATFEEKEIRECT s R IS REE 2L AR AL, [ E e d i -

/] === File: avl_tree.c ===

[* REVEBRTF */
int balanceFactor(TreeNode *node) {
/] ETRFERFA 0
if (node == NULL) {
return 0;

}
/] TRFEEF = EFHEE - BFNEE
return height(node->left) - height(node->right);

Note
WA TR f, W—RR AVL P ERET S p R EweE —1 < f < 1,

7.5.2 AVL BihEst
AVL WEESTET “Hefs” #0E, ‘BREMSTE RSN — SR i i e A IR0 K, ey s s ik g
i, HAIEYE, TERRRMERERELRRE  TUUREM” TR, AR ETEN T R,

PATR-PHTR FAaRHME > 1 AU RO “REGT 7 AR KRR ORI, B R PRt AHE.
FENE. Setibefafeie. Jefehefatiie. NHEN T X e R,

1. AlE

i 7-26 IR, TR T, WREDCE, —XRAPE N RUZ 1R 37 FATSEAZK
TRV AR TR, RAZTT 00N node, HATFIRICHN child, YT “Glie” #E. ZElthes, 7
MRE-, I EAROR S = AL R AL,



hello-algo.com

167

l Step 1 ‘
\ “ERE R{ERE:
1. B child AE=, ¥ node MG
> BAHER
nit

o

@

node
Step 3 |

x
node

A
hild

Step 2

ERETH

o

A
node

Step 4

7-26 HHERIEDER

N\

N\

RAELGHFNE
BIRTIRIBA node
BEFHRIZH child

‘B HRERE:
1. Bl child XEs=, ¥ node mAHER
2. A child &UET node MI(IE

GHEERE, RFNERRETE

R 7-27 iR, 45 child BA T 1A G220 grand_child) I, FBEAEATETIRMN—%: ¥ grand_child

YEH node P T Ko

)
/ grand:ch:i.'ld /
o

FARE

o

& 7-27 A grand_child (94 ek

‘AT R MIBRARINE, SR R BT SRR, A R ATR:

/] === File: avl_tree.c ===

[* GHER(E */

TreeNode *rightRotate(TreeNode *node) {
TreeNode *child, *grandChild;
child = node->left;
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grandChild = child->right;

/] VA child AR, R node [RATNEH:
child->right = node;

node->left = grandChild;

/] EFmREE

updateHeight(node);
updateHeight(child);

/] BR[O EFRERT R

return child;

2. EhE

TR, GHERZ & LIRS — R “BifB”, MITREHITE 7-28 R “ZEhE” 1#1F.

AR @

& 7-28 FhiEtElE

[FFE, R 7-29 iR, MM child AT A (8N grand_child ) N, BEELIERRM—F: K
grand_child 2% node 451717 mio

@ P @ EHETE

‘o o
{ ) )

grandchitd \ \
©
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& 7-29 A grand_child (9 /E ek

R DAOER R, e e e 2 i LR BEFRI, SRR R P R TS DL PRI, ST xR
T, BAIAFRRAHRSEIEEHRFTER left BN right , KATEN right By left, HIRMSEIA
RSB :

// === File: avl_tree.c ===

[* FTHERIE */

TreeNode *leftRotate(TreeNode *node) {
TreeNode *child, *grandChild;
child = node->right;
grandChild = child->left;

/] B child AR, & node MZEhEss
child->left = node;

node->right = grandChild;

/] EFTREE

updateHeight(node);
updateHeight(child);

/] BREEEEFRERT =

return child;

3. SEhElahahE

XFE 7-30 Sl s 3, A 2 e sl A AR JCiA TR 2 S, IR SERAT child BT “/ehe”,
X node BT “HiiE”,

=N EN
o

# child 1T 3 node 1T
(child he / BhE

o

7-30 JokiEiEaTE

4. FHBERERE

N 7-31 AR, AT ERKE MRS, TEX child UT “HAE”, X node AT “ZEHE



O ) hello-algo.com 170

ERETH

7-31 SehlEE7Ehe

5. NefsRYEsF

& 7-32 RN RIS RIRRBE XN, SMBITRERAGHE. Joeliefaftle. Sehben/ohe. ol
HEES (N

oA hE FahE
aahE lREhE

& 7-32  AVL HH PR EL 16 O

QITRARAIR,  BATEIE A S 79 s AP R 5 DR v — M 37 sl B PR A 7 B IR SRS, R R 19
J& T 7-32 HEIIERE Do

*® 7-3 DURBERL IR ORI
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R RRPEE T FURRTPEER T R 7Tk
> 1 (Zfmit) >0 filie

> 1 () <0 Jetehiela e

< —1 (1w <0 TEliE

< —1 CHfmH) >0 Jetiliea e

NTETER, BAOTRIERAREE RN A TIXAEE, FAVRREXT SR KB Dl T ek, R

v R T, RS AN T PR
/] === File: avl_tree.c ===

[* BUTHEREAR(E, B THERME TS */
TreeNode *rotate(TreeNode *node) {
/] FRERTIsX node BYFMEEF
int bf = balanceFactor(node);
/] Efmid
if (bf > 1) {
if (balanceFactor(node->left) >= 0) {
=1
return rightRotate(node);
} else {
/] FEhEEERE
node->left = leftRotate(node->left);
return rightRotate(node);

}
}
/] Efmtd
if (bf < -1) {
if (balanceFactor(node->right) <= 0) {
/] Ehe
return leftRotate(node);
} else {
/] FhAhEEERE
node->right = rightRotate(node->right);
return leftRotate(node);
}
}

/] TR, TR, B

return node;
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7.5.3 AVL & RIR(E
1. EATS

AVL BT A BRE S R RRE TR EREL ME—RIXBIET, £ AVL WA G, METHHEE
MR RRBR R L ATRES L — IR e Bk, MNTBEMNXANTROTR, BN LT hiestiRee,
P B AR, A R AR

// === File: avl_tree.c ===

[* FEATE */
voild insert(AVLTree *tree, int val) {
tree->root = insertHelper(tree->root, val);

}

[* BIMEANT R GEBIRER) */
TreeNode *insertHelper(TreeNode *node, int val) {
if (node == NULL) {
return newTreeNode(val);
}
[* 1. BREBAIEHEATR */
if (val < node->val) {
node->left = insertHelper(node->left, val);
} else if (val > node->val) {
node->right = insertHelper(node->right, val);
} else {
/] BEETEAREAN, EFRD
return node;
}
/] BRTRSE
updateHeight(node);
[* 2. BATHEAEIR(E, Rz FRENMETE */
node = rotate(node);
/] REFREIIRT =

return node;

2. MBS =

KO, 7E = AERBEAIMIERTT 75 RS b, TR NRE TR TIe % E, AR R RS -,
(NELIRN

/] === File: avl_tree.c ===

[* HBRT = *+/
/] BF3INT stdio.h , WWTEER remove Xx#Eid
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void removeltem(AVLTree *tree, int val) {

TreeNode *root = removeHelper(tree->root, val);

[* BUIMPRTI R GEBIRER) */
TreeNode *removeHelper(TreeNode *node, int val) {
TreeNode *child, *grandChild;
if (node == NULL) {
return NULL;
}
[* 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 == NULL || node->right == NULL) {

child = node->left;
if (node->right != NULL) {
child = node->right;
}
/] FHEHE = 0 , BEMBR node FHRID
if (child == NULL) {
return NULL;
} else {
/] FHREE =1, BEMER node
node = child;
}
} else {

[l FURYE = 2 , WEFFERN TR, HRETRERIETR

TreeNode *temp = node->right;

while (temp->left != NULL) {
temp = temp->left;

}

int tempVal = temp->val;

node->right = removeHelper(node->right, temp->val);

node->val = tempVal;

}

/] BFRTRSE

updateHeight(node);

[* 2. PITHRESIR(E, RRFHENRMETE */
node = rotate(node);

/] REFMEVIRT =

return node;
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3. BEHTS

AVL R REBIRIE S AR RM —8, RN,

7.5.4 AVL R8BIz

- HYGNEER R, ST A, S =

- AT AREIR ARG RS

- CLRRRHR R DA SR, AT AVL B, LSRR TSR R R, F A S IR A
TR I BER B TR /D, 0 s b R B P B B

7.6 Ih&s

1. EREH

- SXPER RIS RARASAY, (AL (T MR, B X REE - MEMR N ME
B, BRI 1 S T R

C R TEXMPRENTR, HE (B) FRRNENERIMERRNZT SEE () Fif

© XMBIRHRARTERAERT A, M AL B E b SERESE,

- XHIRTIAME, TR AT R S R R T IR

© WA S XRREIE SR TR, e R SR SRR R, 5838 O R AR AR AR
A, MHERERLE R ZEIR,

- ZXRATDURBEAROR, TR R EN S G B S, FARIEACY RS T R Z A
RGBSR R R LIS

- SXMHERET R AT ERE R, BRI T “—EERINRT REE TR, S
AR LB,

- HIR. PE. ERE SR TREREER, ENEIT SUERIRSL, mEmaks:” fehri, @
{6 I RS

© SXAERME SRR TR E IR, HENK, HAMMERRERINRE 2 O(logn) o
YRR MOVEERI, BTN AEREZHEE O(n) .

- AVL B, BFRPH = SR, EIEd e B ER PR AE AN AFIHERT USR5 2R R -

- AVL WAhERRE e G, Zohe, Juhlefsaie. Jo/ehemahe. AR A5, AVL =
MIRIFITR I THEFE R, b BT 1k 2T 1

2. Q&A

Q: MTHRAE—NT A X, B m AR R AR EERZ 0 15?2
T, DY@ ERITREE T SO G,

Q: ZXMHPHIEA SR — B —ERIFR A EK, XEI “—ERIE" fa2le? ] DN BEIE T
TR B TR ?

EXAERREREG, MR SR =R RO E, R R R DA TR AT 2 D P BRI R
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Q: Nft2 DFS @l —XMAHT, H. FE=FRE, 250162 mH0E?

S Fdi e RN, /ir. BF. JEriie = XREH77E, BT R eS8 — M
TEMIFE I EE R, FINE RN F, BT HTRANIE EFPRE < RTRE < BF0RE, KHit
BATHEG “2 — R — 67 BREgamiimt, el DERSH BRI R,

Q: GHER F 2RI 5 node. child, grand_child Z[EIAIXR, HF node YA miFll node JERIIERE
ATBYEIL? AhetEE e~ EWs T2

AT EME AR R B IZX DR, A HEHRIE right_rotate(root) & N2 FHFHUMR T R, &
return child R[EIER: 2 JGHITRIFART Rle FREBIRRT RIS RIS R X R BOR [AUE 52, A
JBE T A e R4 L

Q: £ C++ 1, PREWERIST 2 private Fl public H, XA TAEMT2FERIL? N4 E WK height() KEFI
updateHeight() PKES HIILAE public Fl private HlE?

FTEEHFENMEHGE, WRAERERNIMEH, LT private o Flan, F - 55k iE H
updateHeight() /EX B R XM, BHEMMA. MEREEFII—5, M height() ViR SEE, RKOUTF
vector.size(), [KILIZER public PAMEFH,

Q: G A —ZH s ABURATEE — R = SHERI? AR AR R AR IREE?

SE, AR 77 IA B A RAES Y build_tree() F7ikHR &AM, BT AMNIER, RITEWS
R NEAEH T, AR ROTRE R A, BB T4 IXAREORT DUSORRE FE PR UL 1 -1
T,

Q: f£ Java H, FRHBEXNEE —EEH equals() F715?
£ Java W, R FEAEBIERA == AT RN ERBIERGHES, NF5IHKE, IS0 TR
AR,

© == ARHEERANZREREGIEMFE MR, BIENENEF A B GHER,

- equals(): FIRXTEEFI MR EE R B,

Rl GEREENF LB, FRATINIZE equals() » 7AW, 18I String a = "hi"; String b = "hi"; #JEELAY
FRFERE BT RE &d, EfHsmE—"MN%R, R P a == b REEEH N FIRFERNNE,

Q: IEEMSCEIERIRE A, AFIHE SR 20 12
S, BIRREE b = 2 M9, HE A = 7, MR AR A = 20 = (n+1)/2.
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Abstract
et 2 ILEED, BEERAR, BEESR,
JE R L U i IRER T, T e N LI 2 B S R AR 7
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8.1 i

# (heap) 22— RIERMAAIER XM, TEAJNMARE, K 8-1 Fr.

- TR (min heap): LR AIE < H7 S0E,
- KT (max heap): LR AMME > H9 SHME,

N N
/NN SN SN

L)L L)L)

2 ‘B2TXW B 2 ‘T2’ B
EETRNE <« EFT=E EETSNE 2 HFTaNE
TG P2
min heap max heap

8-1 /NTIHES KIViHE

HEFE N oE 2 I — DRI, Bl DURRE,

- RRETREEAIETE, HART R,
o BRSO EARTT SRR CHETR, RERZER SR BT RN HERR,
- OTFRTME ONTHE), HETOTER (R WERRKR &I K,

8.1.1 BEVEMIRIE
FEAEHMRE, 2 RmRIE S IREZMET (priority queue), IXZE—FHHRNEHELH, & X HEHBR
FeRHE BB

SCBR b, HEEHT T SEBOLERAS, RTHHER S T oea3E MR M BRI IETERAS, A F R,
BATRTLLRE “PEIEBASN” 1 “HE” BOESEMRIEIREA. HIt, AHNMERMRERIX Y, gi—MfE “HE”,

HERTH FIRIELR 8-1, T5TRA TR ERIEHmAE IR = RE,

7% 8-1 HERTHRIERCR
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T4 ik I P 2
push() YN O(logn)
pop() HETRTT 2R e O(logn)
peek() VIHETEER Tk /NI B A / /M) O(1)
size() FREHER) T R R O(1)
isEmpty() H b= A O(1)

FESERRML AR, BRATTRT DAERE(E R gmAE1E = TR HIHESS (BRILTEPAAIZE)

RUTHFEIETR “WNEERHES” F1 “MREVNEFN”, FATA] OB IR B — flag BB Comparator
SCEL NI 5 OCRTIME” Z [RIRER R, AL R TR

// === File: heap.c ===

/] C RIRMAE Heap 3£

8.1.2 MERYSEIR

DCEERRRTIE, 75 B H O NIE, HFRAR A AN EHIMTERGY (BN, 5 > B <).
SLEBEY I AT DAB AT

1. BNEFHESRE
X BN, R XAMHERIE A SRR, BTHEER MR TR, RIBATIRER B

SEABAFOR X, JTTRAETAE, RIMURTRE XK E, WRAREHEE RS I 2K
K

i 8-2 iR, /ERGI ¢, HEFWRNRIIN 2+ 1, GFWRNRIIN 21+ 2, KWENRIIN
(0 —1)/2 (MTHRR), HRFIBAN, FRH RN AL
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IREYZIRSH
W BER TRIUW

=3l

SRR (REEFHE)

R ‘B R®E TR

0 1

(i-1)/2
L

2 3 4 5 6 7 8
EEaEEEE

9 10 11

= (0 2o

i 2i+1 2i+2
T~
A EF BF
TR TR
BT B | PR SEEL TS AR

K 8-2 HEMIFRIRS1EE

Sl TFT A3 W A BRI, 75 ISR
// === File: my_heap.c ===

[* REVEFTH RS */
int left(MaxHeap *maxHeap, int i) {

return 2 * 1 + 1;

[* RBAFTHRNERS| */
int right(MaxHeap *maxHeap, int i) {

return 2 * 1 + 2;

[* KRBT RHRS| */

int parent(MaxHeap *maxHeap, int i) {

return (1 - 1) / 2; // A FEXEE

2. hiRBgTRTTR

HETOTER RN SO, /@281 3RAE TR

/] === File: my_heap.c ===

[* HEMEINTE */
int peek(MaxHeap *maxHeap) {
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return maxHeap->data[0];

3. TENE

#ETLER val,, BATETCRHEBMEMER. BNZ)E, BT val ATRER THEREAMITER, MR AT E

CARBER, IR ZEE BT RS R LS, X MRERAR L (heapify),

FIEMAHET JTTE, WRETSITHEIL, 10 8-3 R, TATHEHEAT R 5 H AW RIME, RAEAT
REER, WHRENMZe, REREIITIIRME, WERETEEHEHRS DT A, EREERT [e08 2T

I R EE A

5 0 [ N N

w50 Ne

#8 @ e

1. BHR 7 FNEHER

Step 1 ]

2. WEETR#{TH (Sift Up)

v PR 5 < BRT

@ N

1. BHR 7 FMEER

T

2. MEETm#{TH (Sift Up)

v PR 6 < BR7

s

wE @ Mt

1. BHR 7 RNERE

(sTaleleT7[sT2[aeaTel2] ]

[ step 2

HR @ Mt
1. BHR 7 FNERE
2. MEET#THY (Sift Up)

v HE S5 s AT

o RRFTHR
800000B0080D0 [step s

HR @ M

1. BH= 7 RNEHRE

2. MEZTG#TEW (Sift Up)
v HR6 < R 7

o SRR

(s [s [7 Te 7 Te [2[a [+ 3] ] 2] ]

Step 6

180
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0 w5 @ e w20 Ne
1. BHR 7 FNEEE 1. BH= 7 FNBHEE
‘ 2. MEETR#THK (Sift Up) 2. MEETR#THA (Sift Up)
v PR 9> PR T v ER 9> BR 7
@ o FHITRIR
(9]e]7]6]7]6]2]s]e]3]6]2]5] step 7 | (9] ]7[6]7]6[2]a]e]3]6]2]5] S50
w8 @ M

(5187 l6 17 eT2]a]e [ael2]s]

1. BHR 7 FNEER
2. MEER#THK (Sift Up)
EUSERE, ATUENEREIIEE

Step 9

Kl 8-3 JERAHENIR

R RUEECO n, WMEEEEAN O(logn) o HILATA], HECBAERITEREEERZ 0 O(logn) , JTEHRNHER:

TERMIN TR ZE R O(logn) o ARESATFFR:

// === File: my_heap.c ===
[* TERNMHE */
void push(MaxHeap *maxHeap, int val) {
/] BRINERT, FROZFMEAZTIR
if (maxHeap->size MAX_SIZE) {
printf("heap is full!");

return;

}
/] AT
maxHeap->data[maxHeap->size]

val;
maxHeap->size++;

/] MEZETBEW

siftUp(maxHeap, maxHeap->size - 1);

[* WIS 1 TR, NEETEL */
void siftUp(MaxHeap *maxHeap, int 1) {
while (true) {
/] RET S 1 IRTR
int p = parent(maxHeap, i);
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/] 8 “HERTR B “TREMEE” B, LREN

if (p < 0 || maxHeap->data[i] <= maxHeap->data[p]) {
break;

}

/] HRET R

swap(maxHeap, 1, p);

/] &R L

i1=p;

4, MTTERLiE

HETIOT R —XREIIRT A, BIPIRE TR, MRBANTERMIIRARPRETTER, A XMHATE T R
RIMRKAEZN, KRGS ME R T ELEWNE, N T RERDITTRRIIHZD, HATRM L
TRV,

1. HHMETTOT R SHEROTR R S a1 D,
2. ZHGEE, HERMIIRFER GER, mTeasc, RItshn EMPREZERIHETOTR) .
3. MWRTIRUTSE, MBIEIRITTHEL.

aniE 8-4 FR, “MBIENRHEL” BIRAETTIYS “IREDHEL” HR, AR RAES D1 R
EHHTELRL, RRRI 7T R SR R, SRRTE T IR, BRI -1 B I T i 7 A
IS5 R

= R
SETTR LS
/(/@\\\ 6/J1\N
(s} (7)) / 1. BRTTRSHEETRRR
«\X 1/} e ) \ )

LN SO0

ZRWERER

HITR L TR I -
@n.n.ggggaga‘g step 1 AEZEDIEODEEEH Rscenizll

/Q\ — .

y \ A

o’ o 1. FBEMTRSHETRZR 1. BEMTRSHEETRZIR
2. B UETRBERTR 2. B UFABEETR

6 ) \ (6 ) @» (6 ) © @ @ 3. MIAZESFHE (Sift Down)
j g é LJ v EWR 5, 8, 7 H, BH 8 BK
00000 00000

(s [o [1]o 7 [e [2 ][ ]2 e[} s (00000000000 (st s



COR hello-algo.com 183

SETMTRLE SETRTTR LS

1. FBEMTRSHETREZR
2. B UFRBERTER

3. WIRERG#TH#MA (Sift Down) ‘
v EWR S5, 8, 7 F, ¥R 8 Bk
. RBBR 5 5BR 8

S=ED CarDEEEEEEDE [ step 6

1. BEMTERSHERTRZIR
2. HHMBIRHETE
3. MIRER#HTHW (Sift Down)

v EBER 5, 6, 7, TR 7 ®K

ETMTRLE ETMTTREE

1. BEMTRSEETRR

2. B UFIAERTR

3. MIRER#THA (Sift Down)

v TR S5, 6, 7 W, TR 7 &K
- BTN 5 5TR 7

1. BEMTRSHRTRTR

2. SHHHFIHSERTER

3. MIRER#THEW (Sift Down)

© #EFR 5, 3, 6 A, i 6 RK

FEEEEEE Step 7 | ERER - R eE step 8 |

TR LS SETRTR LS

1. SEMTRSEETRIR
2. HHMEIEHERTER
3. MIIER#HTHK (Sift Down)

1. BEMTRSHEETRZIR

2. HMBIMHETE

3. MIRER#HTHW (Sift Down)
 ERA 5, 3, 6, A 6 BA

SERIE, §3
o RHRTEE 5 535 6 BTG, ATUENMRIGEIESE

w>] (OO0000000000 [step 10

8-4 HETHITER HHED IR
5ICRANHEROEARL, TR HHERERIN AR 2 0 O(logn) o RESA1RATR:
// === File: my_heap.c ===

[* TTEREHE ¥/
int pop(MaxHeap *maxHeap) {
/] HI=4038
if (isEmpty(maxHeap)) {
printf("heap is empty!");
return INT_MAX;
}
/] KRBT RERAHTR (RRETR5ETR)
swap(maxHeap, 0, size(maxHeap) - 1);
/] BRI =R

int val = maxHeap->data[maxHeap->size - 1];
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maxHeap->size--;
/] MIRERHEL

siftDown(maxHeap, 0);

// REBETNTER
return val;

}

[* W= 1 Fih, NIRERHEL */
void siftDown(MaxHeap *maxHeap, int 1) {
while (true) {

/] FIETE 1, 1, r PESRAKNTS, 1879 max
int 1 = left(maxHeap, 1);
int r = right(maxHeap, 1);
int max = i;
if (1 < size(maxHeap) && maxHeap->data[l] > maxHeap->data[max]) {

max = 1;

if (r < size(maxHeap) && maxHeap->data[r] > maxHeap->data[max]) {
max = r;

}

/] BTR 1 RAREKS 1, r @R, WEREEHEWL, B

if (max == 1) {
break;

}

/] IR
swap(maxHeap, i1, max);
/] TERE T

i = max;

8.1.3 MMERKNAA

- DRSEBAAN: HEIE (O SCIRSE A A BRSS 1Y,  HBARN AR RN (1 2 4% 2509 O(logn)
, TEEBNERMED O(n) , IXEEHRAEERAEE @R

- HEHEE: g —dEdE, BAOTA DU ENTEZ—DE, R ARHE I TICR HMERE, TS 267
. SR, FATEHE S —ME R NS B ?, T “HEHT” E,

- REERE) kA XN AR EIERE, [FRHE RN, BN R T 10 B3TE
PENTAEEAE, I ECE AT 10 AR S S5,

8.2 FEIER(E

FERLEAROUT, TR — NIRRT TR — D, XN “EHERE,
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2.1 fERYINMER(EIIR

BPATE QD HE, RIFEIVIE, KU DITTRIMT “AHESRIE", BYCRTRAINESER R,
MIZTCRIT “WRET” HEfL,

Y —PNICRAME, HERRERI— BT SR MRS RN — X, FitfzE “H B R
PR

RILEHEN n, BOTRMAHEREGE O(logn) NF, FEHIZEHETENNEERER O(nlogn)

[e]

8.2.2 &AL SE I

SKhR b, FRATA] DASEEL — R N i HE T R, e R,

L. BYIRF AR T E AN EIHES, A HER P B RS 2 2
2. PP (BRPERIER), RO IEHT GPIT “ TR RHEL

T AT UG, PR ROV R FREUB R — A SN, TR AR, RitER (A
R M,

Z R LOE B i, BROVIZAERES CRIE S AT R PR ELR SEN THE, XA ST RO 2
AR

EFUARE, BTHYRRAE TR, BHIETRR8R SN, Tk, Wl MUErR, &ia
—MNMEMT AR RGN REIRTT A, FATWETT A7 AT HE(

// === File: my_heap.c ===

[* MERE, RIBTIREE */
MaxHeap *newMaxHeap(int nums[], int size) {
/] FRETTENSE
MaxHeap *maxHeap = (MaxHeap *)malloc(sizeof(MaxHeap));
maxHeap->size = size;
memcpy(maxHeap->data, nums, size * sizeof(int));
for (int 1 = parent(maxHeap, size - 1); 1 >= 0; 1--) {
/] U TS LSMIEMPRE T =
siftDown(maxHeap, 1);

3

return maxHeap;

8.2.3 EXESR

i, BATPRE R R R T TARIIN T 2 A

RS ORI AR v, WU REOR N (n+ 1)/2, HoR /i R, RIS
MR (n— 1)/2,
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- FEMTRERHECAE RS, BT RRZHEAEIM TR, EIERIE B — XM & logn

¥ R EAESE, AISR A RN RE 2 ES O(nlogn) . MHIXAMEHEEFIFAUER, FWBMNEH
FEE SR RBURIE S T T2 TR

BERORBADIRIEATHE A UERII T R, 4 7R R, BagaE — M RBE N n . REN b I "5k
XB”, RS REE R IERTE,

TamE BETANE

(BMg R AIEARE)

h 20

/ \ 1

h=1 e 2

/N /N 2
RS |15, SR — 2

/N SN SN

h-3 23
1 2h-1

(5EE, HPamEAR 0) e () S— 2h

K 8-5 SE3E - XRIIE T e

A 8-5 FiR, TRl “MITZEJRHEL” AR T B S A EE RS, MZEEER 1A
7, [Ritt, FRATATDON&RH “m8ed x WAEE” KM, SRR AR B S,

T(h) =20h +2Y(h — 1) + 22(h — 2) 4 - + 200"V x 1
61 ERFEEI LTSI, Joks T(h) LA 2, (951:

T(h) = 2°h+2' (A= 1)+ 2%(h —2) + -+ 2" 1 x 1
2T(h) = 2'h+22(h— 1)+ 23(h—2) + -+ 2" x 1

IR, IR 2T(h) Wk LR T(h), ik
2T(h) = T(h) = T(h) = —2°h + 2" + 2% 4. 4 2" 71 4 27

Wigg bR, RIT(h) Z2—DEEY, FTERERARMAR, SRR REAEN:

1—2"
T(h) =2 —h
(h) =2—0—
=20 —h—2

= 0(2M)
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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

Question

BE—MKIER n WEFEH nums , IHIREEHAFRAN & NTE,

XTI, BAVCNBIREES A AR, T ERCRE RS,

8.3.1 Fi*—: EBHiEF

BATA] DU T 8-6 FIRAY K 5077, 7R HREGE 1. 2. ... k KRIEE, NEEREHRN O(nk) .
A BEFGERT k< n BER, BRY k5 n EEEER, ERNEEZAE-EAT O(n?), EFEN,
nums BHERRATTE

B) = wumz 1 Anx

DB =-wuzz 2 x7=

DD #=#uzs s <7

8-6 M FHEAH k PNITR
Tip

4k =ni, BMAUGEEZBOAERFS, WNENT G 5k

8.3.2 FiEZ: HIF

Qe 8-7 i, FATAI DAY nums EATHEY, FIREIEAILR & NITR, NAEREN O(nlogn) .
AR, ZITIE I RS T, BENBRMATRERARN kMR, AR ZEHF 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 [ [ [:]2] [ [ ]:]:]
i i
1. EH0 k DTENE 1. BE0 k DTENE
s ZXWERR
BART
heap @
l S & Step 2 J

k=3 ﬂ]ﬁ k=3

nums naa nums 1(7
A o0 fanaa
i i
1. #H0 k DNEENE 1. B k NTENE
ZRMRE

2. M# k+l DITEFEHI
v YR > EINTR

BART

e (@00

[ Step 3 Step 4

FRF L ATTTR A

sm (@)

ZRMERT
WART

ol )

ZRWRT
WART

v (@00
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= 0
nums ..u,a @

i

1. #E0 k DEENE
2. ME k+l DITEFEHE
v HFITE > BMTE

- RETTRE heap

‘ ZRWET
WART

[ Step 5 ]

~ 00080 o o
1

1. #E0 k MTENE
2. ME k+l DITEFAHE
v MEITR < BIMTR

‘ ZRWET
BART

v OO0
[ Step 7

k=3

~ (2088

@A, RE heap BIE]

Step 9

k=3

— @000
;

1. Bl k DTRNE

2. ME k+l DITEFIRHAIET
v YFITE > MR

- BRTIEE
RBERTRNE
[ Step 6
k=3

— ([@0000
:

i

-

. RET k MTENE
. ME k+1 DTEFEAIT
v YFITE < RMTHR

s

~

sm (@
o o0

‘ ZRRWRT
BART

8-8 HETHEI AN k TTHR

ZN/IRE LI

// === File: top_k.c ===

[* TTENHE */

voild pushMinHeap(MaxHeap *maxHeap, int val) {

/] TTRER

push(maxHeap, -val);

[* TR */
int popMinHeap(MaxHeap *maxHeap) {
/] TTEERR

return -pop(maxHeap);

ism
o o

‘ ZRWET
WART

ism
o o

‘ ZRWET
WART



COR hello-algo.com

190

[* IFRBETNTTR */
int peekMinHeap(MaxHeap *maxHeap) {
/] TTEREK

return -peek(maxHeap);

/* BXHHERITR */
int *getMinHeap(MaxHeap *maxHeap) {
/] BHFFRETENRHEFN res A
int *res = (int *)malloc(maxHeap->size * sizeof(int));
for (int 1 = 0; 1 < maxHeap->size; i++) {
res[i1] = -maxHeap->data[i];
}

return res;

/* EXHERITER */
int *getMinHeap(MaxHeap *maxHeap) {
/] BEFFAETERNRHFN res ¥4
int *res = (int *)malloc(maxHeap->size * sizeof(int));
for (int 1 = 0; 1 < maxHeap->size; i1++) {
res[i1] = -maxHeap->data[i];
}

return res;

/] BETFHEERIAPRAN k MTERE
int *topKHeap(int *nums, int sizeNums, int k) {
/] A/ T
/] AR BAOVEHERAEITERIR, M ARTERAE )T
int *empty = (int *)malloc(0);
MaxHeap *maxHeap = newMaxHeap(empty, 0);
/] RBEANE k NITENE
for (int 1 = 0; 1 < k; 1++) {
pushMinHeap(maxHeap, nums[i]);
}
/] ME k+1 DTEFE, REBENKER Kk
for (int 1 = k; 1 < sizeNums; i++) {
/] BEHBITTEARTHI TR, WISHTTRLE, SRR NS
if (nums[i] > peekMinHeap(maxHeap)) {
popMinHeap(maxHeap);
pushMinHeap(maxHeap, nums[i]);

}

int *res = getMinHeap(maxHeap);

/] BEBAE
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delMaxHeap(maxHeap) ;
return res;
}
SEERITT n BORRIE, HRRAKEN b, FHAEERES O(nlogh) . WomANREmReE, X

ke BUNE, B ZEER O(n) ; 24 k #okm, BREZE RS O(nlogn) .

SN, GITRER TESEBAERAE R R, EARTIMABIER,, AT DARS4E HENRITTER, ATSEEL
BRKH) k NTTERIEIASEHT

8.4 NG

1. ELER

- OMERR KSR TR, RIS T K TR, ke (1) TRHERMETE R U 1,

- ARSEBAFI T SR B N SE RN, A R AT S,

AR RO R LA S ) 2R A TEEAME O(logn). HETTEEHIE O(logn) RV FIHE
7% 0(1) %,

- el WRHERIES SRR, BRI B T .

C ORI T AP OER, 7E MR R (R a2 ),

C I 0 NTEEFRIERR A E 2R ML E O(n) , EHERL

. Topk B ANZSEANE, A LA FIHERGRL SR, RS 2R O(nlogk) .

2. Q&A

Q: HdESSHN “HE” SNEERR “HE” 2R MEEE?

PERNRFE— MRS, HRRIGEN “HE”, HENRANGE MR SISNE SN —E 5, BPEsTn
A DABE A ERAF BRI, R AT DUESR —E BATHENTE, HI T REUN RN B 2Rait, X dE A
HREN, BERERIOXENT, DB LN, TN, SR EBAE A TR I,
ML ATRES S BUAAF R AN B f et <5 )
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FOE

!
R

hello-algo.com

Abstract
EAEmIRIES, BIGEE— DN, SEEE A NRIOHEIE,
F—RIHIRSHEE, #BEIXTKE KIS E F B R ETE,
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9.1
(graph) 2—FAELMERIESEN, M= (vertex) Al (edge) @Ak, FrATAIDUEE G RN —

IR V Mi—Hid E &S, DURBIER T —ME 5 DS 7 388918,

V={1,2,3,4,5}

E={(1,2),(1,3),(1,5),(2,3),(2,4),(2,5), (4,5)}
G={V,E}

WK LB N, OB EEES N TRIISIE GEED, AT DS BB F— R R Tk A £
45K, WNE 9-1 R, MIERTERMRR (R MoraxRR (W), MEgRR (B) MAREES, HifsE

Y
* /\ .
] / \ ‘\\\‘///
Y
-2 "
(BHXR) (HRXR) (REXR)

ERZiEEHERS, AMttRAER

o1 HER. . EZRKRR

9.1.1 EMERARBSKIE

iR G BA T, Al hEm@EE (undirected graph) fIEmE (directed graph), 1 9-2 FirR.

- AETCAEF, BRI ZRIR WA ERRR, FInMER QQ Y “MFAKRR",
- tEAAEY, BEETANE, A — B A« BWATTARLRE TN, Bl e
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ZTmEE BHE
(ax7m) (am7m)

K 9-2 AmESEmME

RIEFTE TSR AEE, Al 0EEE (connected graph) MIIEEEE (disconnected graph), 4i& 9-3 filf
Ro

- OTFEEE, MR, ATARIAERERETN.
- NTAREEE, MNEITR R, B0 DR TEENE,

N

EEE IEEEE
(PR TR E2T35) (AT ET3E)

K 9-3 EEESAREER

BATERT IOILEs “FEE" &, MMSEANE 9-4 FiRiBE (weighted graph). BIANTE (EHRE)
EFWerh, RETRMHEHL RN R IR 2 MR “SRERE”, XM E M4t n] AR ERRR,

TANE BRE
(FrEIa%H) (hRANERM)
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B 9-4 ARESTANE

BRI & DU B AR,

- 4B (adjacency): YT Z [AIFETEIAEIERS, FRIXPITAR “SR%7, TEE 9-4 H, THAR 1 YR TR
HIA 2. 3. 56

- B&R (path): MW A BT B & HIM I FFIHF I A B B 1Y “BRIZ7, £8 9-4 /1, 4P
Hll 1-5-2-4 F2 TR 1 BITUR 4 B— 5812,

- E (degree): — N USIHANILEL, NTAME, NE (in-degree) Fnf 2/ &INTEMIXTUR, HE
(out-degree) FnA 2/ &I MNIXTTUSTE

9.1.2 BEIMRT

EH R 7T N QRN 1 “QBERT, DUNERI T A T2501,

1. SPiEsERE
RN AEE N n, $MEERE (adjacency matrix) #HH—1 n x n K/NHEERFRE, 8—17 ) 1R
F— DR, HMEeENRRIL, H 1880 RRMANTTUE Z RS FEL,

WIE 9-5 FiR, IRARHEERER M., TSN V | BBLMERIER M, j] = 1 R Vi) ST V]
D, R’ Mli, j] = 0 BRmIA R0,

mR%IE

#E o 1 2 3 &4

0 @ 1 1 0
\ 101 a 1 0 o
‘ ‘ / 2 1 @ 101
— 3 10 1 8 1

4 0 0 1 1 o

Trims
SBIRSERS
graph adjacency matrix

B 9-5 ERIATEIERE RN

WREHEFEEA AR,

- DURARES B SHHIE, RILARERER ALt REA TR L
- RTFERE, BT, BRI X SR,
- REAREEFERITTERM 1A O B E, WA Ron A,
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(AR R R PR BN, FRATTAT DAERE S AR R TR DASKIEGS, R s e R R RO RSeR R i, IR A
B O(1) o 4RT, BMEMZERERER O(n?), WNiFEHKRZ.

2. PIER

PiER (adjacency list) M n MERKFRE, PRV RFRIUR, 8¢ DMERN ML ¢, HAFEE 7%
TBUSHIFT A RFETUR,. (SIZTUSRERTTUR) o 18 9-6 R 17— Ml I AR RGR A BRI E R 7R B,
MR SHISEE A TS

e %
[ e« 533e

PiER
graph adjaceney list

B 9-6 BT RKR

ABERAUF ERFENIL, THLREOER /N T n? , RILEEMY 2R, AT, ENERPHEIE
i P RO BRI, DRI TRISCR AN AT R R

WIERIE 9-6 , RRHEREM GIMARPH “BEHHE” BRI, RIBEERAT Tt T DUR AR 75 3R RR,
FRAn Y BER A, AT DL REREE (L AVL SeRZLRBM, MIFPEINRREEM O(n) L= O(logn) ; 1A
DAIREREHNIRT R, MR AEREREE O(1) .

9.1.3 EIMNERMNA
N 9-1 FRs, Y2 IS 2GR AR ISR AL, A S Y R 0t T DAZA AL A9 1] - ]

*9-1 BSATE R WAYE

Wi b B -
HMzg HPE FRREA IBHELT I HERE
HERERES  whe i RRIREE RRLBREAHER

ENEER 2K BARREDTESINEMR  TRPUEHE
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9.2 ERvEiRF

BRI ERE R RT 0 0 307 BORRCERORT “TR” AOHRfE, 1E “ARREIERE" 0 “SREEER" MIRRRIT IR T, &

B AR,

9.2.1 BEF4BIFIEPFRYSCIN

SR TUREE N n BTEAE, N MERERISSELT S ANE 9-7 Fivr,
© WSIMBRINRRIL : EARAE AR B AR E AL BEIRT, (A O(1) Nl M2, FitkFE

I BE T 7 TN 32

WAL : AEATHAERE R BRI —1T—51, FF2ME 0 BIn], A O(n) NH,

- BRI R PR R ER— 1T — 51, MER AT I IR EI BN, FEH (n— 1)2 e

“lfe LREE”, s O(n?) B,

- WL B n TR, WAL n BOTILNESIER vertices , A O(n) INE; #I4GTE n x n K

INFIAREEHERE adiMat , FEM O(n?) KL,

TREFIR
® oo 1 2 3 4
o e 1 0o 1 o
E— MeatE
\\\\\\\ 11 0 1 0 o
/////// 2 e 1 @ 1 1
—— 3 1 0 1 0 1
4 e 0 1 1 o
3] BIRERE
Step 1
TR5IR
®E o 1 2 3 4
o e 0 1 1 o
1 HipRn EH-
\\\\\\\\ 1 0 o 1 o o
//////// 2 1.1 o 1 1
— 31 0 1 0 1
4 e o 1 1 o
3] BIRERE

Step 3

1\ BIBRTRR

Step 5

el
=3l

F W N ks

Step 2

TRFIR
=3l

wmms @

oo W N Rk e

Step 4
DI ()
#w o 1 2 3 &4
o o 1 1 0 o
11 0 1 1 o
2 1.1 0 1 o
3 0 1 1 0 o
4 o 0 0 0 0
ShiAERE

S kr B B o ©

© o r B o o ©

S & r & B, B

® o o B o & »

[ O N N~
S N

ABIEIERE

T N N
®© kB o B o kB W

BHERERE

S kB B & © &

®© o r B o o &

P
-] ] -] ) ) -] U'\e/
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Bl 9-7 AREEFERIRIMEIL. SN, BT
DA 2 BT AR AR R 2 R R A S A RS -
// === File: graph_adjacency_matrix.c ===

[* BT BBEAELMNTRE LA */
typedef struct {
int vertices[MAX_SIZE];
int adjMat[MAX_SIZE][MAX_SIZE];
int size;
} GraphAdjMat;

[* HEIEREL */
GraphAdjMat *newGraphAdjMat() {
GraphAdjMat *graph = (GraphAdjMat *)malloc(sizeof(GraphAdjMat));
graph->size = 0;
for (int 1 = 0; 1 < MAX_SIZE; i++) {
for (int j = 0; j < MAX_SIZE; j++) {
graph->adjMat[i][j] = 0;

}

return graph;

[* ATHEREL */
void delGraphAdjMat(GraphAdjMat *graph) {
free(graph);

[* ARINTRER */
void addVertex(GraphAdjMat *graph, int val) {
if (graph->size == MAX_SIZE) {
fprintf(stderr, " BEIMMaHE2EXARAE\N");
return;
}
/] BME n DR, HEE o ITHFES
int n = graph->size;
graph->vertices[n] = val;
for (int 1 = 0; 1 <= n; 1++) {
graph->adjMat[n][1] = graph->adjMat[i][n] = 0;

}
graph->size++;
}
[* BRI */

void removeVertex(GraphAdjMat *graph, int index) {

if (index < 0 || index >= graph->size) {
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fprintf(stderr, " TUERZRS[#EFR\n");

return;

}

for (int 1 = index; i1 < graph->size - 1; i++) {
graph->vertices[i] = graph->vertices[i1 + 1];
}
/] TEBFEFEFMPRZRS] index BIIT
for (int 1 = index; 1 < graph->size - 1; i++) {
for (int j = 0; j < graph->size; j++) {
graph->adjMat[i][j] = graph->adjMat[i + 1][]];

}
/] TEPEEFEREFMIFRZRS] index BT
for (int 1 = 0; 1 < graph->size; i1++) {
for (int j = index; j < graph->size - 1; j++) {
graph->adjMat[i][j] = graph->adjMat[i][]j + 1];

}

graph->size--;

[* A *+/
/] B8 1, j XN vertices JTRZES|
void addEdge(GraphAdjMat *graph, int i, int j) {

if (1<0 || j<0]|| i>=graph->size || j >= graph->size || 1 == j) {

fprintf(stderr, " HRFERHEE\n");

return;
}
graph->adjMat[i][]j] = 1;
graph->adjMat[j][1] = 1;

/* MBIz */
/] B8 1, § XMW vertices TTHEZHS|
void removeEdge(GraphAdjMat *graph, int i1, int j) {

if (1<0 || j<0]|| i>=graph->size || j >= graph->size || 1 == j) {

fprintf(stderr, " BARS|IBARIAEF \n");
return;

}
graph->adjMat[i][j] = O;

graph->adjMat[j][1] = 0;

[* FTENSBIEFERE +/
void printGraphAdjMat(GraphAdjMat *graph) {
printf(" TNRFIFK = ");
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printArray(graph->vertices, graph->size);

printf(" $BIFEEFE =\n");

for (int 1 = 0; 1 < graph->size; i++) {
printArray(graph->adjMat[i], graph->size);

}

9.2.2 EFMIERMTLMN

RIERE R TUEEOY n, JBEEO m, WRIRAEE 9-8 AR5 TR LB SR,

USRI AR UM N BER A AR AR ERNRT, fE O(1) I, FEy2EmE, B AR SR aRnm A
JITAIEIA,

- MHIRRIG: TR MR P A SO BR S, A O(m) R, TEMET, FTERNMERAD 77
[ETH32,

© WD TEATER RPN DMER, T USRS R, A O(1) WAL,

- MHBRT : TR AR, MG STHETRITER, 8 O(n + m) NiH.,

- VIR TESBERTIE n ATUAR 2m &3, - O(n + m) I,

Mm SEMRAEENFAEILR MR SEMRIBENAERR

@ a D A ‘
@—ie\/ M -0 @@ ,\ =200 0 -0-0
. e 0-0-0 | e 0-0-0-0-0
(3_@/ —0-0-0 00— ')/ 0-0-0
- ’ )—0-0 ) 0—-0-6
WER |ER
Step 1 Step 2
TR SERISRENFIETRR TR SZTRARENFTE TR
0-0-0 o-0
( : ) wmms= @ ")

4
~
Y

0-0-0-0

0-0-0-0

)— \\ w00 @
T - -
| »

]
AW

4 < )
00 0—-0-0-0 00 0-0-0
Al - 0-0 - A 6-0

PR E dExR

Step 3 Step &
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Wm SEMRAEAENFEILR

— wrTEs ©

B MR

Step 5

B 9-8 AWEARAIMIIAIL, ML, M

DU 2R RIS, XEEE 9-8, SEhRfid A BLNAFEL,

N T T EEIS BRI, PARSRHEARD, BAIERSIR GhIEHA) RAERER,
(ERIME T ZRORFBBIER, key NILRSER, value MIZTURIIBIEIARSFIR (HER),

5N, BAHEBRER P E Vertex KRRFTRIUA, IXAEMIVEER : RS MATEFE—FE, MIIRRTERIX
DR, AR ERMPRR Sy @ TS, WTREHEENER, BIERT i R 1, 8K
RAK. TAHSRE AN TS AR R ME— ) Vertex SEAI, BRI — T 2 JE i Fe el HM TR T

// === File: graph_adjacency_list.c ===

[* TREEIE */
typedef struct AdjListNode {
Vertex *vertex; /] Ti=R
struct AdjListNode *next; // EH#T R
} AdjListNode;

[* ERMMENEBTR */
AdjListNode *findNode(GraphAdjList *graph, Vertex *vet) {
for (int 1 = 0; 1 < graph->size; i++) {
if (graph->heads[i]->vertex == vet) {

return graph->heads[1i];

}
return NULL;

[* AINIAYEBNRER */
voild addEdgeHelper(AdjListNode *head, Vertex *vet) {
AdjListNode *node = (AdjListNode *)malloc(sizeof(AdjListNode));
node->vertex = vet;
/] K&
node->next = head->next;

head->next = node;
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/* MIBRIDTEBNRER */
void removeEdgeHelper(AdjListNode *head, Vertex *vet) {
AdjListNode *pre = head;
AdjListNode *cur = head->next;
/] TEERPHEER vet WUTR
while (cur != NULL && cur->vertex != vet) {
pre = cur;
Ccur = cur->next;
}
if (cur == NULL)
return;
/] B vet IRTI = MEERAMIBR
pre->next = cur->next;
/] BHRATE

free(cur);

[* BETFPEREMHTEEL */
typedef struct {
AdjListNode *heads[MAX_SIZE]; //
int size; //
} GraphAdjList;

[* HEEER */
GraphAdjList *newGraphAdjList() {

GraphAdjList *graph = (GraphAdjList *)malloc(sizeof(GraphAdjList));

if (!graph) {
return NULL;

}

graph->size = 0;

for (int 1 = 0; 1 < MAX_SIZE; i++) {
graph->heads[1] = NULL;

}

return graph;

/% HHEER */
void delGraphAdjList(GraphAdjList *graph) {
for (int 1 = 0; 1 < graph->size; i++) {
AdjListNode *cur = graph->heads[i];
while (cur !'= NULL) {
AdjListNode *next = cur->next;
if (cur != graph->heads[1]) {
free(cur);
}

cur = next;
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free(graph->heads[i]->vertex);
free(graph->heads[i]);

}

free(graph);

[* ERMENEBTR */
AdjListNode *findNode(GraphAdjList *graph, Vertex *vet) {
for (int 1 = 0; 1 < graph->size; i++) {
if (graph->heads[i]->vertex == vet) {

return graph->heads[1i];

}
}
return NULL;
}
[* WA */

void addEdge(GraphAdjList *graph, Vertex *vetl, Vertex *vet2) {
AdjListNode *headl = findNode(graph, vetl);
AdjListNode *head2 = findNode(graph, vet2);
assert(headl != NULL && head2 !'= NULL && headl != head2);
/] I vetl - vet2
addEdgeHelper(headl, vet2);
addEdgeHelper(head2, vetl);

/* MBRA */
void removeEdge(GraphAdjList *graph, Vertex *vetl, Vertex *vet2) {
AdjListNode *headl = findNode(graph, vetl);
AdjListNode *head2 = findNode(graph, vet2);
assert(headl != NULL && head2 != NULL);
/] HBRIA vetl - vet2
removeEdgeHelper(headl, head2->vertex);

removeEdgeHelper(head2, headl->vertex);

[* AINTRE */
void addVertex(GraphAdjList *graph, Vertex *vet) {
assert(graph != NULL && graph->size < MAX_SIZE);
AdjListNode *head = (AdjListNode *)malloc(sizeof(AdjListNode));
head->vertex = vet;
head->next = NULL;
/] ESEERAPIAIN— TR

graph->heads[graph->size++] = head;
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[* MHBRTRE */
void removeVertex(GraphAdjList *graph, Vertex *vet) {
AdjListNode *node = findNode(graph, vet);
assert(node != NULL);
/] TEBERPBRTNS vet XLZAVEER
AdjListNode *cur = node, *pre = NULL;
while (cur) {
pre = cur;
cur = cur->next;
free(pre);
}
/] BREMINEAER, BERFEESE vet B8
for (int 1 = 0; 1 < graph->size; i++) {
cur = graph->heads[1i];
pre = NULL;
while (cur) {
pre = cur;
cur = cur->next;
if (cur && cur->vertex == vet) {

pre->next = cur->next;

free(cur);
break;
}
}
}
/] BEMRZENTRAFEE, DUERTZER
int i;

for (1 = 0; 1 < graph->size; 1++) {
if (graph->heads[i1] == node)
break;

}

for (int j = 1; j < graph->size - 1; j++) {
graph->heads[j] = graph->heads[j + 1];

}

graph->size--;

free(vet);

9.2.3 RERLL
REFIE n DT m 5538, 3R 9-2 X EL T RBEEFERERI AR R AT A RCR A 2 R 2R,

R 9-2 ABFEIERE S AT RAT b
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WRERE AR (HER)  AWER (BARR)

HrEaaE  O(1) O(m) 0(1)
Eijibul O(1) O(1) O(1)
illzSul O(1) O(m) O(1)
FRINTI A O(n) O(1) O(1)
TR T2 O(n*)  O(n+m) O(n)
WEZERGH  O(n?)  O(n+m) O(n+m)

MERFR 9-2, LLPATER (BHKR) KINRRBCR G2 HARRI, (HXFR L, fESEEM P RERNRE
= /\ﬁﬁ—méﬂzéﬂlﬁltﬂﬁﬁ'ﬁﬁﬁﬁﬁf’ﬁﬂﬂTo LRAKE, AEMEMEAELT “DASRRN R ” AJEN,  mRRRER A
BT “DARF Rl TR,

9.3 E1ER

PHRRATZE “—X 2" BRR, MENBAESREHE, fJUFRRNMERR “2X2" KR, Bk, BT
ERE R — MR B, AR, P ss Dh PRt P ks s ) — FRE B

EIRIBRHR T 2N R R R LB i . A 7 77 SR o s ERSBHIRER B,
9.3.1 [ ERFKER
RS ei P e — R SO 5 3, MR, GREIRET M ERE DN, IR EMS

Pike WE 99 iR, ME EMTREA, &z is I E BT, Rl R — DI R A &8
PRI, DARRHE, BERE R 7EEE,

| BERr-EfifkiER (BFS)

| BATR SR AiEls,
HERSE. BEY KBRS

| BRI
0, 1, 3, 2, 4, 6, 5,7, 8

’9-9 K EARSLE T
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1. BEsm

BFS i@ H EBIASIRSEE, A RAR. AFIAEAR “Je NSE” MITER, X5 BFS #Y “HiiMiz” i8R
Sl T,

1. Fi P aaTi A startvet MABNG, FHFFEIEIR,
2. EMEFARIRHRIEAH, SHANETRTFICSRIN, RS TUR R A U A ZIAS R,
3. TRV IR 2., EEIFTH TSI R SEEE G 45 R

AT WL BRI, Bl TS NIAT % visited KDL 5 EL I,
// === File: graph_bfs.c ===

[* TRBAFIEEIE */

typedef struct {
Vertex *vertices[MAX_SIZE];
int front, rear, size;

} Queue;

[* HIEREL */

Queue *newQueue() {
Queue *q = (Queue *)malloc(sizeof(Queue));
q->front = q->rear = g->size = 0;

return q;

[* HBFABIR TR */
int isEmpty(Queue *q) {

return g->size == 0;

[* NBAIRE */

void enqueue(Queue *q, Vertex *vet) {
q->vertices[g->rear] = vet;
q->rear = (q->rear + 1) % MAX_SIZE;

g->size++;

[* HBAIRIE */

Vertex *dequeue(Queue *q) {
Vertex *vet = q->vertices[q->front];
q->front = (q->front + 1) % MAX_SIZE;
q->size--;

return vet;

/* REMRZEERIANE */
int isVisited(Vertex **visited, int size, Vertex *vet) {
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/] BREHRT S, A o(n) BE
for (int 1 = 0; 1 < size; i1++) {
if (visited[1] == vet)

return 1;

return 0;

[* T EMRFTER */
/] ERBEREKRTE, UEREBYEETNSRIPTAE (FHEIR
void graphBFS(GraphAdjList *graph, Vertex *startVet, Vertex **res
o *visitedSize) {
/] BBIFAFEI BFS
Queue *queue = newQueue();
enqueue(queue, startVet);
visited[ (*visitedSize)++] = startVet;
/] TR vet BER, BIREEIFRITAEINR
while (!isEmpty(queue)) {
Vertex *vet = dequeue(queue); // PAETHS A
res[(*resSize)++] = vet; /] IBRIFATR
/] BRZINRBIFTE BETN R
AdjListNode *node = findNode(graph, vet);
while (node != NULL) {
/] Bkid BARIEIE AT S
if (!isVisited(visited, *visitedSize, node->vertex)) {
enqueue(queue, node->vertex); /] RNBARIAIEIAYT AR
visited[ (*visitedSize)++] = node->vertex; // #Ri2ZIN=E#IGIE)

, int *resSize, Vertex **visited, int

}

node = node->next;

}
/] BBAE

free(queue);

R SR, O AR 9-10 RANTREERE,

. AEFSI = ]
° (i—@ - © 0o 0 T |
re O ) M5 que @ () @ M5 que

—0 o o 0—0 0 I w

BER visited e @ P — BER visited

1. BEZMRMNERFT res { @@@

2. REZMREPE SPEMRHAIT
l Step 1 ‘ ABA que HIIA visited

Mtk res, que, visited [@ }

‘ Step 2
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A () I, AL

1. BEM=MNERFF res
2. REMREFE PEMRAIT
ABA que FHIOA visited

T () I, AT
1. BEMRMNEDFS res
2. ETIRFTE SHETARAT

ABA que FHHIA visited

R () HI, FHATUTHRE

1. BEIMRMNEFFS res
2. RETRRAFIA PR AT
ABA que FHMA visited

TR () B, FHATUTRE

1. BERMRMNEDFS res
2. BETRRAFIE BETRRAIT
ABA que HMA visited

BHFF) res
(0@
BAFI que
000
-— -—
HHBA U

BFHR visited

(00000 }

BHFT res
(0000 ]
BAFI que
000
- X

BER visited

(0000000 |

(000000 )
PBASY que
00

BER visited

(00000000 |
[ster 7]

BHFFI res
(00000000 |
BAFI que

o

MER visited

(000000000

= PAFI que HZ,
~ FRERE, SERRiEH

A () I, AT

1. BZMRMNERFT res
2. BEMRBFEPRIRAIT
ABA que FMA visited

M () M, SHAGTUTEME
1. RBEZMRMNERFT res
2. HERMRNFEBIEMRAIT

ABA que FHAA visited

TR () B, FHATUTIRE

1. BZARMNEFRFS res
2. RBEMRBFE SR RHAIT
ABA que HHIA visited

o090

TR () WM, FHATUTIRE
1. HEITRMNERRS res

2. RBERRBFESELRAIT
NBA que HIIA visited

BHFF res

@PAQHgé,

(000000000

BAF que
HAA ABA

BER visited

(000000000

BHFY res

(000 )

BAFI que

000

HAA ABA

BER visited

(000000 ]

(00000 J
PAFI que
000

BER visited

(00000000 |
[step s |

(0000000 |
BAZI que
20

BBR visited

(000000000
[ster ]

BHFF res
(000000000
BAZY que

MER visited

(000000000
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& 9-10 KM B 3%

) BEDIL e ik 3 B e 51 75 W —2

M=o JTREALSEE N R R R AL WG, T 2 I TR) i T A T )i P W eV
fEEHTHEL. DAE 9-10 MM, T 1. 3 VT INT AT DASRHe, T 2, 4. 6 BIV5 Rt T MER SR
%,

2. EREDH

R AE: FTE TS A IEIA R, R O(|V|) Il BB AME A i, TR e,
RIS 2V 2 2k, O(2|E|) WAl SR O(|[V] + | E|) B,

BRERE: 1K res, K visited, FAF que HINTIREERZ N |V, A O(|V]) =M.,
9.3.2 REMTER
RO Yei i — AR E S, TR alE I ki 75, W 9-11 fiorR, WE EMTURHE, ik

LRSI RHETN, BEEFVURSKNIRE], HRSERIRSIFIRIE, DU, B EAE U 58
,ﬁ(}

11 10
14

ErFRERER (DFS)

2 3
13)f foa2 wifo BT HEEHE,
’ EBAARE, BEKAES,
5 LUt - EERRER
DL WERI%

0,1, 2,5, 4, 6, 3

K 9-11 HENREM IR

1. &M

XA SERVCLFRRE” R FREREE A TSR, 5T RE, ERE s T, ]
MFLEMHEY)— PR R visited KICREPIFAITUR, DOBGEE TR T,

// === File: graph_dfs.c ===

/* REMRZEERIANE */
int isVisited(Vertex **res, int size, Vertex *vet) {
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/] BREHRTR, £ o(n) EE
for (int 1 = 0; 1 < size; i1++) {
if (res[i] == vet) {

return 1;

}

return 0;

[* REMRTELHEBNRE */

void dfs(GraphAdjList *graph, Vertex **res, int *resSize, Vertex *vet) {

/] BRIFETRR
res[(*resSize)++]| = vet;
/] BTN R PR A BT =

AdjListNode *node = findNode(graph, vet);
while (node != NULL) {
/] BEE BARILIEAY TR
if (!isVisited(res, *resSize, node->vertex)) {
/] BAHE) TR
dfs(graph, res, resSize, node->vertex);

}

node = node->next;

}

[* REMRFEH */

/] ERAMBBERRRTE, UEREUEE NSRRI TR

void graphDFS(GraphAdjList *graph, Vertex *startVet, Vertex **res, int *resSize) {
dfs(graph, res, resSize, startVet);

R e SRR AR A 9-12 Fir.

HELARER N NEHE, FoRITE T — DHHE 75 K R U

MR A LW, FoRIBI TR CSIRE, [BIHE] T IR TR B
T IRERE, EVCRIE 9-12 SAME AR, ERPE (B HEE M) B4 DFS idfe, i
BITIRAINIT S ATHR[E,
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BHR visited

o )

SBHEBRER:

i @)

BHFT res

(000 )

RER visited

(000 J

EHMER:
sarTms ) posrEms
s @)

BHFF res

(00000 |

BHR visited

(00000 |

N
sarms () posmEms
sz (@)

BHFT res

(000000 |

RER visited

(000000 |

EHMER:
sarTs () posmEms
s @)

BHFF res

(000000 |

BHER visited

(000000 |

e R

s @) wrEsEmABEST
Rsam, BazEms O
sute - BeEmEms (O

Step 10

WBHFY res

1) J

BER visited

(00 )

BENE:
s () warEms
amsmms @)

EHFS res

(0000 )

BRER visited

(o000 |

ERMER:
AT € waEnR
amsmms @)

BHFY res

(00000 |

BBR visited

(00000 |

R
s () wAESERAEE SR
RitssEmE, mrzEms ©)

EHFS res

(000000 |

BRER visited

(000000 |

e
s @) wrssEmEEST
RikgosEe, EaEms )

BHFY res

(0000000

BBR visited

(0000000

BENE:
s () warmmn
amsmms ©)
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7 ‘ ¢ EIHEL:
s ) wrssEmABE s
Bt EsAEE, EHERSR
s () SAtER, BEREn

Step 11

B 9-12 EIRIREM S B

DRBE DL e it s B4 51 75 W —2

SRR, WIS AR MR, AR, JeEMR T R RAR AT
PA, BIARETISEIE ] DUERATEL, #RRIRE L Ci,

D@ A, ‘R —7E =57 E R =57 A - R 2pINNERE. TR ERE
P, efoR T =fumPitsedk, Amix=F#E TREILE,

2. ERESH

IR A FFE TUSE SR 1k, 6 O(|V]) B Fraasasiin 2w, 5 O(2|E|) ki
SRR O(|V| + | E]) B,

SIS §IF res , W75 visited MAHRIEEN |V, BIIREREAN V], EEH O(V|) 2
.

9.4 Ih&t

1. BRI

- BRSO, AR — TR — 4RI R &

- METERIERR (BER) MniaXR ), MxXR (B) BAE&NEHE, RimENER,

- ARERZEATTAYE, EEEPIERTURANE, ANERNE RIS ET R,

- AREFEREA R IORE, 17 ) KRBT, FEFTRAERE, A 180 RN TR
[FIAINETCIA, AREFERE A & SR ERCR R, (B2 SR

- AR NERORIORE, 5 0 DRERX NI ¢, HAEE T IR IR BT, AR
R TAEFEREE AN AR, (Bl THRZEREHERREDID, B FRERER,

- YRR TRVREROT K, A] DURF AR LD B BRI 7 R, TR THEIRICR,

- WEIRBAERIA T, BRI T DI AR R, RRERAEL T DA R A,

- BT RS EIISCRSE, W RM4s, HIPRERIE 5,

- BRI —RRR, AR R e D B — AR

- ERTETE DR A EE NI, BERYKEERTT, @ EAEBIAS S,

- ERRE S R M E IR, ol ] EN E RIARE R, HE TR,



IO hello-algo.com 213

2. Q&A

Q: FREAIE SRR FHIERIAFHI?

HFHER EARESRARNE A —8: g “BiER—MaFy”, mhsaig “BiRR— 1A
17, AN R ARIES: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

FEARSCH, BEPAN— DAY, AR — PR XREAMAN TR Z R REF 12 5RI0 5, It
(VRS S UL 90 A i IR

Q: REEEFRE XA IR EIHR?

FEAREEE S, MWREADTRHR, B0 PMRICEREE, whiREaEFHEREZ MEA, PoEhzE
HIRTA &I 7 &

Q: 7ERRRESR, “SRIUAAHER AT A TR BRI 2 & A ZK?

A DURAERF, (BAESEPR A, AIRER ZAE e SUNRHE?, HAMEIR TS AR By, BB IR T
RAER/ NI, XA BTSSR A ERRE” TR,
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FI10E #¥€F

Abstract
HEE—ARINER, BMSGFFEERBEMZ RSN, X DAPEBTE B ir.
TEXF IR ZIRY, F—RIREE RS2 — MR EEENEZE,
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H10E AR

10.1 —9&EH

—9EH (binary search) B Mk T IERIKH S RHRREE, EFAEBIRIA R, Sah—FRERTE
l, EEEERTREERX SN,

Question
LE—MKEN n BEE nums , TTERIZMWNEIRIRFHA BEAES , EEHIFIREITE target 1E

ZEATIRS, FEAHAEEZOTR, WRME -1, REENE 10-1 Fr,

35
31
23 26
15
12
6 B8
aE 1 3
#l e 1 2 3 4 5 6 7 8 9
fERERERT A

nums

RWANBFHA nuns , EHRERTE target = 6

10-1 = EHSURBIEE

G 10-2 flR, Bl ewltatetatt i« = 0f j = n— 1, pilfsmEEHE TEMEITR, REHBERXE
0,n — 1] . WEER, HESFRRHIXE, HOSHFEELS,

Bk, RTINS,
L HEHRRGIm = (i +7)/2], Hi | | RoRm MR,
2. HIWr nums[m] A target BIK/NRER, WA R =FE N,
1. % nums[m] < target i, ViRH target fEIX[E] [m + 1, ] #, HEHHITi =m+ 1,
2. Y nums[m] > target I, BiAH target 7EIX[A] [, m — 1] H, HHIITj=m — 1,
3. Y nums[m] = target B, VHPAARE| target, KEILIRMEIRSI m,

HRANMIEGETR, BRXARL29/ N, HERE 1,

| 8 | I
e SR i E 13
® 0 1 2 3 4 5 6 7 8 9 #l 0 1 2 3 4 5 6 7 8 9
j i m b]

RF=—SER:
WAk i, j HIEABREETR. BTR 1. #HBHRE m = (i +j) /2
mERTHXE [1, j]
Step 1 Step 2
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et ll =l anll
2 3
j

1 13
L= -m
#l o 1 2 3 4 5 6 7 8 9 #El o 1 4 5 6 7 8 9

A AA Aoa

i iom i m
EF=SER: EF=SER:
1. 8RR m = (1 +3j) /2 1. #HEHR m = (i +j) /2
2. ~ nums[m] > target

Step 3 w BT 3 o= m - 1 GNERKE Step 4

15 - wq, 15
= anl = sl
®l 0 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
AoAa Aoa
m i j im j
BR_DER: EF=HER:
1. itHm m= (1 +3) /2 1. HEHa m= (i +3j) /2

2. = nums[m] < target
S BET o= mo+ 1 GRMERKIE Step 6

Step 5

ey Nl
#w o0 1 2 3 4 5 6 7 8 9

WF=SER:
1. {HEHRE m = (i +3) /2
2. = nums[m] == target

« EEIFRS| m

Step 7

B 10-2 &k

R, BT fJ ER int 28, B+ j ATAEZEH nt FURINEUETEM, T kB,
A VERERAAR m = i+ (j — 1) /2] FHsrd,

KA RFR:
// === File: binary_search.c ===

[* ZaEHR (WHEKXKE) */
int binarySearch(int *nums, int len, int target) {
/] B NAKIE [0, n-1] , Bl 1, ] HAERHEAETE. BtR
int 1 =0, j = 1len - 1;
/] &R, SERXERNTBE (Y 1> § AT
while (1 <= j) {
intm=1+(j-1)/2; /] HEFSES m
if (nums[m] < target) [/ WIESNREE target EX(E [m+1, j] &
i=m+ 1;
else if (nums[m] > target) // ItiERI%EE target TEXE] [1, m-1] &
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j=m-1;
else // $%EIBtrmE&, REIHZES]
return m;

}
/] RILEIBMRTER, &E -1

return -1;

MR O(logn) + TEMEHT, XEEERG/N—F, BIIERRECN log, n .
TREREN O(1) - F55 0 F j (R EECR/ N,

10.1.1 RiERFRHE

BT EAAK S, #ROKEEREE FeRETE K, 28 [0,0), BEAREEAS, HbR
RUEES, ERRRF, K [i,j) £ = j MR,

RANAT A F %R BLEA R RE — 2 AR
// === File: binary_search.c ===

[* ZHEKR (ERABEFXE) =/
int binarySearchLCRO(int *nums, int len, int target) {
/] VB ERAEFXE [0, n) , Bl 1, j H3iEAKHEETR. Bxx +1
int 1 = 0, j = len;
// &R, YEEXEATHRBE (H 1 = j FAE)
while (1 < j) {
intm=1+(j-1)/2; /] HEFSES n
if (nums[m] < target) [/ WIESRAE target EX(E) [m+1, j) H

i=m+ 1;
else if (nums[m] > target) // ItiERI%EE target TEXE [1, m) F
j=m
else // #EIBMFTE, REHZRS|
return m;
}
/] RIZKFBRTER, RE -1
return -1;

aniE 10-3 AR, EMMXEIZOR T, —0&EREIRIWIGEL. BRI X AR & A B,

BT WX FoRAP AR R BOE SOAXTR], RIEEE faE « MEE § 46/ X RIATR1E R X AR
Mo IXFEEARA S M, HE—BERBCRA “WHAXE” M5,
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TE |

#3 o 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10
i ERLRNaEsas j i AEihREsES riaRFE5EE  j
EFEXE: WEAXKE [1, j] #EXE: c@aAFXE [i, j)
MeatkiEst: 1 =0, j =n - 1 iafkiEst: i = 0, j = n
EIFEIERMF: 1 > ) fRIFLEIERM: 1 2 )
GKERE: i =m+ 1, j =m- 1 BIKEHEE: i =m+ 1, j=m

& 10-3 FAPXEIE X

10.1.2 i 5ERRYE

o BEERAEIN TR 23 [R) 75 T A A BT B PERE

© AR TR R, (ERBRR T, ST IIN FE AE R A B I, MR n = 220
I, AR 220 = 1048576 %AAHF, 1M 2 ZHAH log, 220 = 20 #HEA.

© SERICAENE R, TR E AR RINERER (BlAaeREN), SoEEnE s
[Al

R, ZoAESOHEERTIAER, EEADINER,

- ZOBEBRUER TAEREYE. AWMABIETE, N TERZERMET T, SAE% B
HP BN R EAEERE N O(nlogn) , HEMERM &I E S, N THEMATTRITR,
WA, FERTRMATREME, NEEAREN O(n), WRIEE SR,

- ZOERCGER T, BT R ARESH) TR, AR TERERTT RHIRK
IR, RIANIE G I A R s T HER SR BUREE

C NIRRT, SRUEERMEREE M, ELMENT, BRHT 1 HWHRCE; ME_DEKF, {E IR
A LIRBRIA, 1~ 3 UCHIWTHRAE, 1 ik (83K, 34~ 6 DNEITilE; B, SRR n BUNN,
LM ERRIM L = &R,

10.2 —HEREAS

ZBERAMGTHTERERTER, A TRORFZZRMEE, IR ETRimA G E,
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10.2.1 TEETEMNER

Question

LHE—NEEN n WEFEEH nuns FI—DNITE target , FEHAGFEEE TR, I target AL
Hnums 1, HRBEHERM, BBEPEFEEITE target, WIHAZEET, HIRBEIHEHANG target
TEHAHFPHIRS ], REEE 10-4 FiR,

nums

BAS fiN target

nums

WMABFHA nuns , BIFE target = 6
N target MEARRSIH 2

10-4 = EPAH A SR BIEEE

FRARE A BT S AN, TR DU PN A,
g —: SEAHAPEE target I, HARNRIZOZZTRIRSG]?

L H B R target i AZIMHE TR AL, XEWEFIEAL target Bt 7 JFK target N E, thrtz
Ui, HEEHMT target B, HARMIESIEZZ target &S],

B8 HEEHAPAIFLE target I, AARZBNITRIRS?

P EEEREE: 5 nuns[n] < target I 4 B30, XERETEE ¢ FEAIRTFT target FITTREE
i, FH, et j BELERVNTET target FIITRFET,

R85 RN —E A 4 JEAE AT target AR, jIEAE NN target KR, B HBEHA RS
target I, fIARIIN . I FHTR:

// === File: binary_search_insertion.c ===

[* ZREREAR (EEETR) */
int binarySearchInsertionSimple(int *nums, int numSize, int target) {
int 1 = 0, j = numSize - 1; // #FBAINAXIE [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 FEEETENENR

Question
1E E—ap Al e rl RS EE TR, HRAZ,

P FEIEZ A target , NIEE 0 EHARRIREIEAF— target RS, MIEMEZTRN AL
RSB S e target,

0 H R BT R AR AL, AR R RSB P A —A target RS, ¥4 E@EILE 10-5
FRr R H 0 SRS B,

L PUT &R, [FEHEE 1 target MRS, BN ko
2. NR3I kTR, EfT&tieli, SRR target IFIR[E,

target

— OB

x _.‘\ Py

1. S=BERIEE—T 6
2. BEMERIIBREDN 6

10-5 SMEEREEITTRIFEAR

TR BN H, (HHASRMEER, RENEEREN O(n) o UBHAPFERLEEN target I, %77
TERRR R,

WEERRE S ERAE, WE 10-6 Fin, BAREREAL, SRETEPERTI m, FHB target M
nums[m] FIR/NRER, 2 AR LR o

- Y nums[m] < target B¢ nums[m] > target B, ViRAIRIZETKE target , KIMRAEIE 0 &ERAVYE
/NXRIEEE, MNmAEFEER 7 Fl j 1) target SEIA

- Y nums[m] == target B, WiFH/NT target TR EXE [i,m — 1] #, FHRAH j = m — 1 k48
/NXTEL, MNTEFREE 7 FUVT target RICERHEIE,
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TETERE, @ TR /CION) target , j IEAIET/IT target AR, KIBERT] i #RIHA N,

15} 15}
i 12 i § o M
i 10 i i 10
6 6 6 6 6 6 6 6 6 6
gl ] gl
*im > m
®l o0 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A A A A A
i j i m j
ER_—SER:
Mt i, § HAEAREETE. BTE 1. #EHRAm = (1 +3) /2
mERTAXE [i, j]
Step 1 Step 2
15 15
12 [] 12 []
10 10
6 616 6 6 6 616 6 6
gl i e AR {
= im ==l
®l 0 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A Aoa A A A
i j m iom bl
RS ER: EF =5 ER:
1. itHE m= (A +3j) /2 1. H¥EHa m= (i +3j) /2
2. ~ nums[m] == target
Step 3 LSBT G = m - 1 GIMERKE Step 4
15 15
12 [] 12 []
10 10
6 6 6 6 6 {6 6.6 6 6
5 1 1 1 5 1w i
= LN = o D
#l 0 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
AA A Aa
m i j im j
R ER: BR=SER:
1. itHE m = (i +3) /2 1. #HEHa m = (i +3j) /2
2. ~ nums[m] < target
| Step 5 LSBT A o= m o+ 1 BINERKE Step 6
15 15
12 [] 12 [
10 10
6 6 6 6 6 6 6 6
3
wE 1 b ‘1‘ M
3l o 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
Ao N
j im i
RE=SER:
1. itHE m = (4 +3) /2 v FHEEARME 1 < )
2. ~ nums[m] == target - BUH=SEF, EERS| i
Step 7 LT G o= m - 1 BIMERKE Step 8

10-6 o ERERETTRAVHA RH D IR

WA RIS, HIWr5r3Z nums[m] > target fll nums[m] == target FYHRIEMEME], [RILHEA] AE T,
BIEGnt, FRAMERA] DL S5 OR R, ROV EZ AR ANTEM, e s 4t
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// === File: binary_search_insertion.c ===

[* ZHEREAR (FEEERR) */
int binarySearchInsertion(int *nums, int numSize, int target) {
int 1 = 0, j = numSize - 1; // #FBHLINAXIE [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] &
}
}
/] BEREAR

return i;

Tip
ARG EE WHAXE” Fik, GX4ERRETUBTER “EHET ik

BHBKRE, Zo&ERclEst@atat « M j e R A, HirrTse2 —MNREARRITER (Pl target ),
ATRER—MNIeREE (BT target KITTER),

FEAMTHRIIEA — 0, 48« M1 j FBHANELICBOERI B iR, W2, EMERAIKEIER, sEiidia
FEfE L,

10.3 Z“HEHAR

10.3.1 EEiaR

Question
HE—MEKEN n WEFEH nuns , HPA[REEESEE LR, HREEHFHEL—1ITE target [
R5l, HHRAPAIEEIZTE, WIRE -1,

B = EPAEA S TTIE, MR ¢ f8MRAE— target , [REEIRIAASAR FREERRE A A
target H‘J%glo
BN AR A SRR LI BRI, IEER, BEPAREARE S target , XFEMATRES LA M
él:'j:%o
- EASRG] B,
- JGZE nums[i1] 5 target AMHEZE,
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2OBEIDA LRSS, BERERE —1 BIR], AU RAR:
// === File: binary_search_edge.c ===

[* ZHERRE— target */

int binarySearchLeftEdge(int *nums, int numSize, int target) {
/] FENTFEK target BIEAR
int 1 = binarySearchInsertion(nums, numSize, target);

/] KikE target , R[] -1

if (1 == numSize || nums[i] != target) {
return -1;

}

/] %3 target , REIZR3F| 1

return i;

10.3.2 &EHHLR

A AMAIEIR A — target WB? HEEN T RNEERGY, BT nums[m] == target [& FAYTEE LS
BE, TR EN, B4EaE T DAEATSEE,

NHEBA R ATEG Y 75

1. EREMEILRA
PRk, AT AR &SRR E T 2R ECRERR A TR, BTN BERRELG 1 target #{L A
/e — target + 1,

N 10-7 o, EERGERUE, f5E @ fEAR A target + 1 (WIRAFLE), 1M j fEAIRA —1 target,
BE3g Il 5 Bl

target = 6
nums
A A A
j i j i
EHREE—
target+1
Fin
EHRE—T EHREE—
target target

B 10-7 FERGOFEMPNEKIDH
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EEE, RERFEARR ¢, FEFRZERHER 1, MmkS 5 -
// === File: binary_search_edge.c ===

[* ZHEHREE— target */

int binarySearchRightEdge(int *nums, int numSize, int target) {
/] BUAERRE— target + 1
int 1 = binarySearchInsertion(nums, numSize, target + 1);
/] i EBAREAE— target , 1 IEAIBEBMNAT target MITH
int j =1 - 1;

/] KE target , E[ME -1

if (j == -1 || nums[j] !'= target) {
return -1;

}

// ¥% target , REIZE3| j

return j;

2. BitATHTR

BAVE, HBAHAEE target I, RZ M j 2o5HEHEE DT, /M target FI7TER,
Ktt, aniE 10-8 AR, BATA] DAgiE — MEHB AFERILR, HTERAERILR.

BEHBAE— target : A AL NEER target - 0.5, FFRMEFEE 7.
B EA— target : AJDAER L AT target + 0.5, JFIR[EHEE 7,

target = 6
w: (E00000080
;i ;i
252 %54
target - 0.5 target +0.5
Et St
EHEA—T BEREA—
target target

K 10-8 RESIAFEMAMNEBITR

RIS, DURMRUESER,

BEBAAAE SN, XEWRE BT DA A BARSE AT TR
EOMZTTIESINT /NG, AT P YR & target BONTEREERAY (Python JEiekah).
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10.4 MRFHLILERER

TERIERG, BATVE AR S A S OB T B POR PR RIARIN T S R, T M) — D BEIERR IR
IE%Z’ZO
Question

L5 TE — NEEEEAH nums FI—NEARTCE target , TEERHPIER “M” N target IR NICE, HIR
BIEMEAERS ], REUEE—MEEITT,

10.4.1 ZiEEH: LBFEHREE]

ZIRERBEIERRENAS, WE 10-9 iR, AR —TNMENEN, fEERA AW N FZES N
target, firxe, WHIREIETHNES],

target = 13

nums =

BAFFEEE, HEHMA
target WAAFNR[D

10-9 SMEAHRMME N
BT AR :
// === File: two_sum.c ===

[* FE— BIORE +/
int *twoSumBruteForce(int *nums, int numsSize, int target, int *returnSize) {
for (int 1 = 0; 1 < numsSize; ++1) {
for (int j = 1 + 1; j < numsSize; ++j) {
if (nums[1] + nums[j] == target) {
int *res = malloc(sizeof(int) * 2);
res[0] = 1, res[1] = j;
*returnSize = 2;

return res;
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}

*returnSize = 0;
return NULL;

WITERIN SRR O(n2) , g ZEN O(1), EASRR RIEREER,

10.4.2 MESH: U=ERETE

BRI —MNaRmE, BEX AN BEITTRNTRRG . BINELEE, FHRIITE 10-10 FsrIPEk,

1. AT target - nums[i] BEEMAES, HE, WERREIXMDMITRIRS,
2. RFEE(EDR nums[1] FIZRT] L BHIEIG AR,

target = 13 target = 13
nums = nums =
key TR key TR
map —— map = ————
[ we [N ] &3l { 1 | =5l
EHEAE nums BHBAE nums
© 13 - 2 = 11 R map © 13 — 7 = 6 £ map
- ¥TE 2 Hh#E map ~ & 7 HOE map
Step 1 Step 2
target = 13

nums =

=3l

EHEAE nums

13 - 11 = 2 7 map
~ EETRAGRS [0, 2]
Step 3

10-10 FBIMGTR FR M ECZ
SKHARIN IR, AXHEREIEARIA]
// === File: two_sum.c ===
[* BRER */
typedef struct {

int key;

int val;
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UT_hash_handle hh; // ETF uthash.h 3ZI}
} HashTable;

[* IRHEREW */

HashTable *find(HashTable *h, int key) {
HashTable *tmp;
HASH_FIND_INT(h, &key, tmp);

return tmp;

[* BRERTEREN */
voild insert(HashTable *h, int key, int val) {
HashTable *t = find(h, key);
if (t == NULL) {
HashTable *tmp = malloc(sizeof(HashTable));
tmp->key = key, tmp->val = val;
HASH_ADD_INT(h, key, tmp);
} else {

t->val = val;

[* FEZ HERER *+/

int *twoSumHashTable(int *nums, int numsSize, int target, int *returnSize) {

HashTable *hashtable = NULL;
for (int 1 = 0; 1 < numsSize; i++) {
HashTable *t = find(hashtable, target - nums[i]);
if (t != NULL) {
int *res = malloc(sizeof(int) * 2);
res[0] = t->val, res[1] = 1;
*returnSize = 2;
return res;
}
insert(hashtable, nums[i], 1);
}
*returnSize = 0;
return NULL;

TR A A AT 2 O(n2) B2 O(n) , KIEHETH

B

HI TR EYET — DMOMIG AR, FIRSRIERER O(n) o REWMIL, %75 TERPBRIRIN 2 808 6 R b1,

Pt e RA SR R
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10.5 FiNHEFEEX

WERBZE (searching algorithm) FIT{ERUESSM (BIANEEH, HER. WEE) AHER el A e RrEs
HHITTR,

R BIRAMRIE SRR 2 DU MK,

- E D BIRSHREN HbRT R, P, B RRERETE,
- FINBIRHA GBI SR ERER, SHRPOTRER, FI &R WA EHR = S IE R
AHIKF,

AHERBL, XA R EEAERTH A E T A, RIERREEN T RAPREGF AR, AT, 3]
RMEIRGIMATIN, EHra LR,

10.5.1 S|HiEE

2R FE e LRGN TR R E M BT R,

- MR EH T RAMBER S RIRS, EMNBIREHN TR, BIRITER, EEKE
HARTCREENA S —ua 5 A HE HAR TR M ik,

CTTEARSGERT 1 REMSER” RERIR B PRE RS, TSR M RT IR R
R, BTN R DT . R RMANAET RUTER, 1HE —RIEEREL, R
flbist, EEE P 7e B N EHRE

RIERI SRR B ATEL, TeA0 SR st BRI B A M BRE .

SRIM, MRBIRIN WIS N O(n) , Hrbn hcREcs, FELSR SRR SN TR,

10.5.2 BiEMNER

HIEN AR ABIRRR AR (BINEFME) RICEERIERE, s s RotE i B R,

- T ERT MABENA P ESIEERR, (OEHTEE,
- CIRTEIT MRS RRHEREIE BRSO B E X R, AT SE I R
- PR ERPE RIS (BN AR, H T AT RUESR PIEHERR T L, ATE AL H AR TT R,

RBIARMLRUR AR, INRIRAYERNAE] O(logn) 2 O(1) .
SRIM, AR R O BRI TR B, B, o BT E R BEH A THER, R A AR
AR T LA BN EAR S, AEPIX SR Sl th el SRS M I AL 2 TR

Tip
HIEMERRIEF POV ERER, BEN TR EBIRairbPuRk R bR,
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10.5.3 EFAHEIEN

RN n W—HEHE, BATRTDAERLMEER, Zo&ER WER BREREFSMTTIENHERER
TLR. B NITTER TAERERANE 10-11 FiRo

£14%18%F o(n) MBEEKX 0(1) ) key i value
ky 1 5 3 2 &4 7"9 2 8

1|(5|3|2(4|7|6

eRRR0Nn000 -~ 0000000000

5Lk |

ZHEE 0(logn) WEH 0(logn)
FoXEERG
EFBEMFT R

000000000 R

S~ N

RIEIER P/ MERKE

10-11 ZFEZRRRE

ERTURTT IR BRI ERBCR SRR 10-1 FR.

% 10-1 EEREEBCERMLL

MR T &L EEGEER
HHILR O(n) O(logn) O(logn) 0(1)
flAICR O(1) O(n) O(logn) O(1)
fHERTTER O(n) O(n) O(logn) O(1)
vl O(1) O(1) O(n) O(n)
HE st / He¥ O(nlogn) #Ht O(nlogn) #iaR O(n)
YRR S Er Terp =152 152 Terp

RRETRNEFEPR T EIRA R, ERIEEER, BURER S EHRE,
RMHER
- ERNELE, AU TEERETSE IR, RWBANMNFEER —REHE, B2 HA=F75 R B R AL P
AR 1R] EE e ME TR 2R AV IR RIS 22 B

- TG TR R INREERE, BRI AR A N ORI,
- JER TR ERREGS R R, RO AN TR E SR TR T MES
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ZEER

- IEATAREIERIEN, BRRMEE, HENREREN O(logn) .
- BdERARES K, BN EEEH R N 2,
- RNERT IR R, RON4ET A R AT R,

IS A AR

- EENEREREE R RSN, FENRERERN O(1) .

- NEAHEAFBIRSGEEERI R, RS RICTRGET B A P,

- NIRRT RIS A R AL BRI AR A s, BAAREORIITERES L

- ANESEIERERIEN, RO REFETINE FREAREE DR, Mt RaF &R

[\
HEo

- ERTEREYE, RO SRR BB,

- EETEYETA P BIEEGEE AR R

- TERPSHEINT R AR, A RRATRE A GUR, NRERESLE On) .

- A AVL LR, WIS THRIERTE O(logn) BCR FREIETT, (A4 R-F 8RR /E 8 &
ST

10.6 /&

A EEHAREERI I, RIS R YR K O T AR, TR ARIEE, HAX
S TR s T3 ST B A4,

R ISRESE PR R E (AR, SRS TREUEER, IR R AR (R
SETEAW, HXREAELT, TSR TR, (BRFE 2 O(n) B,

- IRTREER. WA O R T EAER T, TR RS R B E AT, R
WA 2T O(logn) B O(1) , EEH BB BSR4,

- SR, FRAREASGRA R, RNk, RURE IR R S T A, WS
SEIIE T

SRR T VS ERORAE; AT HOER T AL, HEFRROE; 1A B O A T A
SRR LT 2 VIR s O PR T e N TS 6 L 2 0 KT B A

- AR B R R — R IS ISR, AT 2 O (n) 1% O(1) .
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F11E #HF

Abstract
HEFP I an — 1R EL A ARk e B BETR AR, A TRE DABE Sty 7y AR 5 Ab AR
TR, RE 27 EHY, HiFpamBATER T EIRFNEER,
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11.1 HIEHEZ%

HF®% (sorting algorithm) HITX —HBHRIZ KT E I THS . HFEIREET 2N, FAERF
B B RE SR S RO R, ST ANAL B,

A 11-1 FoR, HEFRIARAEEREAI ] DU REL TR AT AT ERSE, HE RO RN Al AR R 5k
BE, WEFR/N T ASCIL RGBT 5% H & R,

HRBF X NHF B
20800800 908oooooa

BRFHFHFFRS

CIEDECICEIED = ENEDEDHCID

IR E XN HF 7R &

GO0O00G OoOococooo

B 11-1  Edfm SRR R R B

11.1.1 P EE

BT BRI ERNN RS RER, HERREdEis> (NREREPREEIEEN . X
TAREGERAEN, BITRREEUNEL,

i B, R H R R BRI, TeAUE BRI MBI, TN,
WHEAET, Rt rBdERiaR e, SITEE R E DR,

FOEPE: REHFAENHIFG, HSETTREBH AT A% AR,

REHF R 2P R AR R, BIRBITE — M EFER AR, 5 155 2 510512 A
iy, FEIXAEOLT, IEREHF AT S B AR APtk

# MANSIESIRBH B HFIFRY
# (name, age)
('A', 19)
('B', 18)
('c', 21)
'D', 19)
E', 23)

# RIREBIFREHFERRERHFIIR,
# £5Rh ('D', 19) # ('A', 19) BIMEWIBHRIE,
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# WANBIEREZHFENERER
('B', 18)
('D', 19)
('A', 19)
('c', 21)
('E', 23)

HIERTE: BIERHE RN S SR AR, BRENFERE, RENFEIRE, PN
EFF AR,

H I N R AR BRI OUOR TG, AR RZEN W E A2 T PN RS 20T, WIHF B SRR T
PEREFTRES L, DRIMA N D s Man R e AR TR AL T A I R A0, TR IE e

REIET IR BFHROHFRBIIEIZEN (<0 = >) RABTRIENIE, MR N,
MILRMNEEREN O(nlogn) . MAELLERHE AN LEIZHEAF, NREREE O(n) , {HHEAME
LERS B e

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

EEHF (selection sort) WY TLAEFEHIAEF A JTE—ME, SHMRHFXREIERR/NITTR, RKHK
FEH P XRARE,

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,

8 1 RsiE: % 1w

BHKRAFXE, EERNTR nuns[k] BHFRAFXE, EERTRE nuns[k]

ZHBTR nums[k] FRAFXENENTHE nums[i]

Step 1 Step 2
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KHFXE RHFXE

—

nums

i k
5 2 B B 2 B
BHFRHFXE, EERNTRE nuns[k] BHFAFXE, EERNTE nuns[k]

TR nuns[k] FARAFXERENTR nums[i]

Step 3 ] Step 4

KHFXE RHFXE

nums

5 3 B B 3 B
BHFRHFXE, EERNTR nuns[k] BHRAFKE, EERNTE nums[k]
Zg/ TR nuns[k] FRHFXERENTR nums[i]

Step 5 ] Step 6

RHFXE FHEFEE

nums

nums

A A
i k

B 4 Wi B 4 REEE:

BHKRHFXE, EERNTR nuns[k] BHFAFXE, EERNTE nuns[k]

ZERTR nuns[k] FRAFXERENTR nums[i]

Step 7 ] Step 8

RHFXE KHFE

nums nums

i k
5 5 RiR: B 5 BiEF:
BHKRHFXE, EERNTR nuns[k] BHFAFKE, EERNTE nuns[k]
/TR nuns[k] FRHFXERENTR nuns[i]
[ 83D O ] Step 10
KHFRE
nums
SERHF (RR— N TRERAAF)
Step 11

11-2 EFHEF PR

ARG, ATk RICFARHF X RN R/NTER:
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// === File: selection_sort.c ===

[* EFEHE +/
void selectionSort(int nums[], int n) {
/] SMEF: REFFXER [1, n-1]
for (int 1 =0; 1 <n - 1; 1++) {
/] WEF: HERFFXERNNRN TR
int k = 1;
for (int j =1+ 1; j < n; j++) {
if (nums[j] < nums[k])
k =3; /] BR&NTENRSI
}
/] Bz&haRSREFXENE N TR
int temp = nums[i];
nums[i] = nums[k];

nums[k] = temp;

11.2.1 EiEis

IRISEZIEH O(n?), JEENERHERE: SMEFRIE n — 148, S—RIOARIFXRKE  n, FE—5
AR IS 2, BIESAMERR RIS ny n— 1, ... 3, 2HBIESF, SkAmy -Unt2)
- AR O(1). BT $55t 0 BT j SRR EO IR,

TERGEHY: W1 113 FoR, 70# nuns[1] A ATREBEHR 5 HMSRTT R, SEPIERIHR

it e A2 P 2

kHFXia

oo
RITE—IER

FHFXKia

eocona

TRE—RIERE,
MATTE 4 PENUERET RS

11-3 & AR E R G
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11.3 BaHF

Bi8HF (bubble sort) JEITIESIM LI S A HAHBTTR LI, X DIEFERG IR AERE T2 T —FF,

ESY: KE ZA=Riuke 35 28

G 11-4 FoR, B AR ] DA HTC SRS ERAEL . W R ARG, AR EEE AR TR R
AN, TR ATER > AR M A W, RRRITTR SRS EI A R R i

ums °0°0°0

FHRARE—H R
TENNSEREFRIELL

~ DEE0EE

=
nums 09\0090

MEZGBHESTER:
v EORER > GARR
o BRI TTER

Step 3

nuns 060°°0

MEEGERHESTE:
v EBRER < GATR
o HRTE

l Step 5 J

Step 7

11.3.1 E&imiE

nums Q‘egeo

MNEEGEHESTE:
v ARk > BATR
o R ITER

Step 2
N
- 0000@0

MEZEGEEHESTR:
v EARER > BATR
o X TTE

Step 4

eQOQéb

MEEGBHESTE:
v EBRER > BATR
o RREBWITHR

Step 6

IKIE IKE
nums oeoooe

®H n-1 AEEREE

BHZERSE,
BARERTHAE

B 11-4 FIHTRHBRER S I

REAHNKE N n, BiRAFFRPERINE 11-5 frr.
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L B, XN n NICRIT BT, RBERERACRHEIEMAE.

2. 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 Ilflzkﬁ”

- 000000
ooDooo

HITE 2 ®ES

- 0

HITE 3 ®ESE

- a0

MITE 4 BEE

80800

AiTE 5 BEE

- 008000

TRAF ®R— T TELAHF)

MiTE 1 ®ER

B9TTE

11-5 B

BRSNS
// === File: bubble_sort.c ===

/* BiEHF */
void bubbleSort(int nums[], int size) {
/] IMEIR: KHFXEA [0, i]

for (int 1 = size - 1; 1 > 0; i--) {

/] RER: BREFXE [0, 1] FRNRATEXREZXENREGH

for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]) {
int temp = nums[j];
nums[j] = nums[j + 1];

nums[j + 1] = temp;

11.3.2 EMRKL

SRHERFXE)

[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.c ===

[* BaHE (nEMh) */
void bubbleSortWithFlag(int nums[], int size) {
/] MBI RHEFEXIERN [0, ]
for (int 1 = size - 1; 1 > 0; 1--) {
bool flag = false;
/] RER: BRHEFEXIE [0, 1] PHEATERREZXENRGIH
for (int j =0; j <15 j++) {
if (nums[j] > nums[j + 1]) {
int temp = nums[j];
nums[j] = nums[j + 1];

nums[j + 1] = temp;

flag = true;
}
}
if (!flag)
break;

11.3.3 HiEsE

- ORHEZRE R O(n2), EENHDY: &% BN BPISRAKERRI 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

HBAHF (insertion sort) E—FAIBRATHFRIL, R LIRS To) 8 —gI I A2 IEH A L,

Bk, BAMERFFXEEZE PR, iR 5HAMEHF XRRTTRE—ERD, R
ZICREAZIERAA 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]

K& 3 AR nums o, N
N N R TERKRR
BRI E T BREBH—{1 | |5
;ll.l..-n

nums[4] = nums[3]

BRTER [
#BERES |

11-6  BARIR NIRIE

11.4.1 EERR

FENHEF RV RR RN E 11-7 FoR.

L ISR, BEHRE 1 DR eemdF.

2. IEBEHRIE 2 DITRMEN base , FHMAZEWMAES, BN 2 MRy,

3. IEHEE 3 NITRMEN base , KHMARIEWMIE/S, BEHMN 3 MR CHT.

4. DASEHE, TERJE—4eh, JEBURIG —1NICRIEN base , HHMARIEWMIES, FifixiICHy.

EHFEiE

[0, o]
[o, 1]
[0, 2]
[0, 3]
[o, 4]

[0, 51

11-7 f@AHEF AR

ARBIRESANT :
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// === File: insertion_sort.c ===

[* FANHEF */
vold insertionSort(int nums[], int size) {
// MER: BHIFKXER [0, 1-1]
for (int 1 = 1; 1 < size; 1++) {
int base = nums[i], j =1 - 1;
/] WEF: 3§ base HWAFIEHEFXIE [0, i-1] PHEHUE
while (j >= 0 && nums[j] > base) {
/] % nuns[3] MAERERH—
nums[j + 1] = nums[j];
3--3
}
/] ¥ base WEZIEHIE

nums[j + 1] = base;

11.4.2 BHiESE

- WRERER O(n?), HIEMHT: (EREHER T, BUrEAREIFEER/LE L — 1. n— 2, ..
20 TR, KAMEE (n — 1)n/2, WILRREZRER O(n?) . EIBEIHFEARN, HARIERIRRIL
ke HHABAZEEAFN, HAHTEEIRENEERE O(n) .

- BRERERN O(1), WHHbT: 485 ¢ f1 j B FEEO0 NSNS E

- REHEE: ERAREERES, ROSETRBAZMHETRNEGM, A8 ENRI.

11.4.3 {EHENHIFBILE

AP EZRE R O(n?), TEAIERR: PPN RE 2% N O(nlogn) » REMAHET
RO RS2 A% s, HAESR BB OL T, SiAH @R E R,

XANEEC S REAE TN 0 RIS EIEIE KM, Pl H7X3E O(nlogn) MEDETE T 2IAK
WS, AR & 2 T R E, TIESERREVING, n? fl nlog n MBUE AR, HAEAR
i ESHIN, PR STTR RS DUE R

Khr b, WEHEES (B Java) RINEHFERECRA THAHF, RECERN: X TREH, RAET
SHARMSEHEF IR, BIAnPOEHy; NTREEEH, BREAmAHNT,

EOREHET, AR R S O(n?) , (BFESZRRIEIH, TAHE R 5%
He T iR mEssy, FEHTEE,

- BiEHE R TR, TEME—NIRNER, PN 3 N EITRE; MAHFETTRMES
B, 1 ADEITRiE. Fit, BINHDFRTHRTRE R LA HE S,

OEFHEF SR RN REREES O(n?) o UURGE AL AFINEDE, BAHDTIE S ik
PP RBCR T .

- MEREHEEAEE, RN T 2R,
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11.5 REHIF

PERHEF (quick sort) JE R T IARISHIHEF BIX,

BITERL, RATTZ,

PIEHE R ORMER “THIERI ", HEMRE: SR PR TR R, /TR
RUTTRBRIHAEM, AR TEESETTRBEIHAM, BARKE, HIXIRRAENE 11-8 For.

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.

Step 1 B
left right
v v
- (08088
A A
i j
def partition(nums, left, right):
R
i, j = left, right # LU nums[left] ¥
while i < j:
while i < j and nums[j] >= nums[left]: # MEAMERENNFRESNTE
j-=1
while i < j and nums[i] <= nums[left]: # MEBGHREIATFEEROTE
i4=1
nums[i], nums[j] = nums[j], nums[i] # XM PTR
nums[i], nums[left] = nums[left], nums[i] # BEEBTRERFHANDIAL
return i # EEEEENRS|
Step 3 BN
left right
v v
- (08008
A A
i bl
def partition(nums, left, right):
"UERIS
i, j = left, right # LU nums[left] HEfH
while i < j:
while i < j and nums[j] >= nums[left]: # MEEARE NN FEERNTE
§ =1
while i < j and nums[i] <= nums[left]: # MEMAREIATRERNTE
i4=1
nums[i], nums(j] = nums[j], nums[i] # SRERATH
nums[i], nums[left] = nums[left], nums[i] # SEEBZRERFHANSRE
return i # EEEEHNRS|
Step 5 BEY
left right
v v
-~ 00008
A A )
i
def partition(nums, left, right):
"UERIS
i, j = left, right # 5L nums[left] HEH
while i < j:
while i < j and nums[j] >= nums[left]: # MERARE NN FRERNTE
=1
while i < j and nums[i] <= nums[left]: # MEAGREIATFRERNTE
i+=1
nums[i], nums(j] = nums[j], nums[i] # SERERATH

nums[i], nums[left] = nums[left], nums[i] # FEERTHREFFRANHAL
return i # EEERESAFS|

Step 2 BEY
left
v
nums
i 3
def partition(nums, left, right):
SRy
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]:
i4=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i
Step 4
rtition(nums, left, right):
SRy
j = 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
Step 6 BER
left
v

uns

A

J
i

def partition(nums, left, right):
R
i, j = left, right
while i < j:

while i < j and nuns[j] >= nums[left]:

-1

while i < j and nums[i] <= nums[left]:

i4s1
nuns[il, nums[3] = nums[31, nuns[i]
nums[i], nums[left] = nums[left], nums[i]
return i

rigl

#

#

#

#
#

#

#

#

#
#

TEIATE B 2., HE LM § EERHELE, RIEREESCIHREND TR 7 FH ik,

ht

B nums[left] HEEH
MEREREMNTFEEBBITR
MEBEREPATRESNTR
ST TR

RREBERERTFRANS FE
EEEAESHRS|

B nums[left] HEAEH
MEREREMNFEEBHITR
MEEEREPATFRERTR
AP DT

REEBSRERFRANSFE
SEEE MRS

right

#

#

#

#
#

aooooo

BA nums[left] AEEH
MERERENNFRERNTR
MEBERE AT EEBBITR
SRR D TTHR

RRESRERFRANIRE
EEAERERS|
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Step 7 30 Step 8
left right left EE¥ right
v v [— v
A Y e\
- (0000808 - (00008
) \
A A
j 3
1 1
def partition(nums, left, right): def partition(nums, left, right):
RS RS
i, j = left, right # B nums[left] HERH i, j = left, right # B nuns[left] nEEs
while i < j: while i < j:
while i < j and nums[3] >= nums[leftl: # MGEAHEMIFRRBRNTE while i < 3 and nums[j] >= nums[left]: # WAMAREMNFERERNTE
5= 51
while i < j and nums[i] <= nums[left]: # AEEEREIATRRMKITE while i < j and nuns[i] <= nums[left]: # MWERGREIATERKNTE
i+4=1 i+=1
nums[il, nums[3] = nums[31, nums[i] # AR nuns[i1, nums[3] = nums[31, nums[i] # RHXRBATR
nuns[il, nums[left] = nums[left], nums[i] # WEEKERERTRANHFL nuns[il, nums[left] = nums[left], nuns[il # WEEHZRERTRANSFLE
return i # EEEEREORS| return i # EEHEEEES|
Step 9
‘ 34

nuns {aaa

EFHE HFHRE

‘MRS TG, RRMTEN
EFSAERTR < BEY < AFHRAERTR

11-8 X0

WX e E, RS R =8 T8, SR, A8, Bk “ETBEERTR <&
R < AFBAERITR". B, BIHETRATBHIZM D FEEAHBTHT,

PRIEHER I 72163
MR 0 B SR U K — DB A HE 7 TR B T R R DB B I HE e 1]

// === File: quick_sort.c ===

[* TTERM */

void swap(int nums[], int i1, int j) {
int tmp = nums[i];
nums[1] = nums[j];

nums[j] = tmp;

[* HEXS */
int partition(int nums[], int left, int right) {
/] LA nums[left] FEHEER
int 1 = left, j = right;
while (1 < j) {
while (1 < j && nums[j] >= nums[left]) {
i--; /] NBERERENMNTFEAERNTER
}
while (1 < j && nums[i] <= nums[left]) {
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i++; /) MNEREHRBENATEEHNTER
}
/] RIXFENTTR
swap(nums, 1, j);
}
/] BEEMIRERFHANS Rk
swap(nums, i, left);
/] BREIEEHRES

return i;

11.5.1 EEinig

PRIgHE R R ERAA TR ANE 11-9 FR.

LB, MEBART IR THRI”, RERHEF R AT BERN G T8,
2. g, MEFEHANGFEADAIEIHT "R,
3. FiBaIH, ERETFHEAKEN 1 INEIL, MHiEBEN T

- @00080 |

FREA
8 EHEE
mEERIS
ﬂ_ BAFHRART “HENS”
B FEHA BAETHA » HETEAKER 1 B&E

X BIFTSERl ¥ B HEF

THERIS THERS

8- @

wibgE [ &b#a s

EEEEEE \

B 11-9 PRdEHEF R
/] === File: quick_sort.c ===

[* REHE */

vold quickSort(int nums[], int left, int right) {
/] FEAKER 1 HEIEH)]
if (left >= right) {

return;
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/] HEXD

int pivot = partition(nums, left, right);
/] BIFEFEAE. HFHA

quickSort(nums, left, pivot - 1);

quickSort(nums, pivot + 1, right);

11.5.2 EEisE

- NEERER O(nlogn). HIERHNT: fEFER T, MERIZHNEHELCN logn , BEHRIENE
W n, BWMER O(nlogn) MRl 7ERZEMILT, SFHRISERIMRIERREN n BOEEHRI 3
KEHN Of n— 1 R TR, IDBIAEE0AE n, SERIENECH n, SUAGER O(n?) IE,

- BEERERN O(n). RHHDY : EMABEZE2EFIER T, BRREZBTRE n, A O(n) ik
Mz R, HEF R R AR B TR, ARASBIRIMN,

- ARl EWEONRE P, RERRIRES P EHF TR M,

11.5.3 REFEHIFEAT AR

MEFR ERLRER th, PRIEHEFERCRTENIZEA —EIH, REREHFRFINEERES “HHHE
R A “HEHERT MR, EDEE POEHEERRCR E S, EEADUTRE,

- HBURZERE U BRI BAPGRHEFNRER TG 2E N O(n?) , WHRIIFHHIFRE, BE4R
ZRIEBUR, PuEHEFRETE O(nlogn) WIS Z&E FIBfT,

COBRAHEMRCRE: EHRTIHERI M RIEN, REATREBEAD FRAMBRIZRSE, BT RIORREK
o Mg “HEHE” XRBEFREPIFITER, MMsZix—Rt,

- BNERREBARRUN: £ ER=MEES, R R, WRE, RERSERENEBER D, X5
SHEAHERT e BT E R RS

11.5.4 EEHRK

PRidtHE A 2k A\ TR RBSCR AT REREIS, 28— PHSmBI T, RRMABEHZE2R/FER, BTHRIERE
BRAITCRIENFNERL, B AEN R seiln, ES S e ehim, SEE TEARE I n — 1,
AFEAHARKEN O, WHEARE, SHRIHEKDEHRE DT EANKEN 0, 2IERIEKER, P
B B BaeiER.

NTRBEREGRIXAEOURLLE, BT AL SR 53 rp R RO ORI ilan,  FfiTm] PAREALIZER — 1
TERIENEMER, AW, WRETNME, BIRANERI BRI, MRMARRWAE,
FEERNZE, WEESEEERE “OhREHIEC . WRIRNTE X Do BENL R 5L i — R IR
AR 2 PRIEHE PP B RRATI PR T RE S 1o

NTE—BUGHE, BATADERATIER =" kR (BFHVBAENE, B, PRUTR), HRIX=/mRik
TCRAPABA AR, IXRE ok, B "B/ MBEARKR” BIREREERIEIE T, 9K, FABERT A



B11E HF hello-algo.com

245

VEHUE 2 RIETCE, DU — IR E AR, RADXFOTIRE, WRERESEE O(n?) MERAK
B,

RBIRESANT :

/1

=== File: quick_sort.c ===

[* EEN = AMEETTRIIPAIEL */
int medianThree(int nums[], int left, int mid, int right) {

}

int 1 = nums[left], m = nums[mid], r = nums[right];

if ((L<=m&& m<=r) || (r<=m8&m=<=1))
return mid; // m 7 L # r Z[8

if ((mMm<=18 1L <=7r) || (r<=18& 1 <=m))
return left; // L 1E m # r ZJd

return right;

[* HEXS (ZHENFHE) */
int partitionMedian(int nums[], int left, int right) {

/] EER=MEET R AIER
int med = medianThree(nums, left, (left + right) / 2, right);
/] RrP AR = 5 & A i
swap(nums, left, med);
// LA nums[left] FEEEK
int 1 = left, j = right;
while (1 < j) {
while (1 < j && nums[j] >= nums[left])
i--; /] NBERERENMNTFEAESRNTER
while (1 < j && nums[i] <= nums[left])
Tt; /] MERBRKENAKTFEERNTER
swap(nums, 1, j); // XFHENITE

}
swap(nums, i, left); // BEAHRILERFEHEMN D R
return i; [/ IREIEEHZES]

11.5.5 EB#Jakk

TERLEEA T, POEHbPTRE S Mg, DUE A PR ARG NG, BT FEAHREN m
FRMH LRI AR P AR KDy O RS TREHMIKE Ny m — 1 G T8, RXEWE S —R1E AR
RIREEARAE RN CURD—A T R), BIARIEEREE n— 1, HINFEZESH O(n) K/ E L,

NT PR RIA R, BATA] DIERRRIE I P 52 UE, M D FREHKE, DO BRI v B
T8, BTHREFREHNKREAZET n/2, FHXMITIERRRETREANET logn , MIMRRZESS
FIEZRERILE O(logn) . ERAFAR:
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// === File: quick_sort.c ===

[+ REAEE (BRJAMRE)  */
vold quickSortTailCall(int nums[], int left, int right) {
/] FEAKERN 1 &I
while (left < right) {
/] THERIDIRME
int pivot = partition(nums, left, right);
/] FEADNFEAPBIGI NPT RIEH
if (pivot - left < right - pivot) {
/] B F A
quickSortTailCall(nums, left, pivot - 1);
/] Fls=FHFXEA [pivot + 1, right]
left = pivot + 1;
} else {
/] BAHFEFHA
quickSortTailCall(nums, pivot + 1, right);
/] BERFHFEXEAN [left, pivot - 1]
right = pivot - 1;

11.6 AHHF

JAFHHRF (merge sort) B —FETIRRIBVANFEZ, WEE 11-10 Forpy “Xn” M G B
L XIS Ee: JEIEB A RITHER EEH A AL 0 T, R R A HE R (R 450 R 282 O HE e

2. BIFRE: LT EEHKEN 1 NEIERD, THEEH, RGN NERERNE R H N —

KIAFEH, EEER,
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11.6.1 BHERIE

PEEEEEEE

s RIDHER

329

- B

B 11-10 VHFHEFRIXID 5 aFFI R

QN 11-11 Fow, XU BB AT R RRIE A B R s 0 o A

1. HEBHP E mid, BAXISETEEH (XA [left, mid]) fHEFEEH (XA [mid + 1, right] ),
2. BHABPITS B 1., ERETHEHAXBEKERN 1 KKIE,

“BIHME WERETUR £ T BANG FEHEHF N~ M EFEE, FEIER, WKREN 1 FH8ETT

meE

Step 1

[ Step 3 |

EIARS

pEEE

R
31240

L r e
EJ12 40

, AFFHEARRE T EARR A PR,

=

[ Step 4 ]

etk
1= 40

%R
LR
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| Step 5

[ Step 7 ]

[ Step 9

#IEARS <

EEH -

#ENS <

E#fi&H -

#ANS <

B2
EJ1 40

R

T

Step 6

Step 8

[ Step 10 |

11-11 JHFHER B

MR, VAFFHEFP5 — SO i e i 3 3 U e 2 — B

- Rl SR AT, FEITA T, SRR EART A
VPFHbT . BT, mENG TR, RELHEIF,

JAFFHERF AU SZBLAN LR R FTR, 1EER, nuns BIRFEFF XA [left, right], T tmp BYXE R X [H] N

[0, right -

// === File: merge_sort.c

1eft] o

[* BHEFHAMEGFHA */
void merge(int *nums, int left, int mid, int right) {
/] EFEAXERN [left, mid], AFEHAXEHN [mid+1, right]
/] BIE—NIGEEEE tmp , BTFEREHENER

int tmpSize = right -

left + 1;

int *tmp = (int *)malloc(tmpSize * sizeof(int));

/] MR EFEANAFERAREKRERS

int 1 = left, j=mid + 1, k = 0;
/] BEGFHABEETEN, #THRHBRNNTREFZIIEI A

#EANS <

E#EH

BEAYS

EHEH -

#EANS <

E#EH

a2
LR

etk
LR
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while (1 <= mid && j <= right) {
if (nums[i] <= nums[j]) {
tmp[k++] = nums[i++];
} else {
tmp[k++] = nums[j++];

}
/] BEFHANAFEANTIRTRESF IRRELEH
while (1 <= mid) {
tmp[k++] = nums[i++];
}
while (j <= right) {
tmp[k++] = nums[j++];
}
/] BIEEEEE tmp FRITTEEFIEIREEAE nuns XX 8]
for (k = 0; k < tmpSize; ++k) {
nums[left + k] = tmp[k];
}
/] BHRAEF
free(tmp);

[* VAHHE */
void mergeSort(int *nums, int left, int right) {
/] BLEZHE
if (left >= right)
return; // HFHEKER 1 HLIEEI
/] RIIBNER
int mid = (left + right) / 2; /] ITEARS
mergeSort(nums, left, mid); /] BYAEFEA
mergeSort(nums, mid + 1, right); // #J3HEFEA
/] BHINEE

merge(nums, left, mid, right);

11.6.2 HiEisE

RIS ZE ] O(nlogn). FEENERHEF: XI5 EREN logn MEEITH, 2R MRS
N, EHEENEEZEN O(nlogn) .

SSRSERIER O(n). EHERE: WIRER logn , # O(logn) A/NOIBER, &FFRIER
TSRS, [ O(n) A/ NIBINE,

Bty EAIRTRE, HS R R,
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11.6.3 §ERHIE

MTRER, VST A Rk A A BN, WL RERHDPESS I E AR O(1) .

- RIorREE: ATDAMER AT B A7 SRSSNBERNI > TAE,  MIMAE 0836 AR .,
© AIEREL: fERERT, TRIEMERCE TSI (EED BIRTSRE, RIEEFFHE CRNADREE P EE
RAEHFN—DRAFHER) THOEIIMER,

HAASCIANTT LR 2%, A% A] DA PR BRI T4 5

11.7 HHiE

Tip
BRATIRG, IEMARES S “HE “E,

e (heap sort) 2 — MR THERHRSSH SR S B, FOTATDAIHCEAE R “H R iE”
TLRHHERIE” KB,

L HABAI RN NI, N B TR AT HE T

2. AWTRAT HHERRME, RUUCSRHHHETR, RIRIREIMNEIRHRF RIS,

A ETTEREIARAT, (BREMY— MMNER R RTTER, RSN, EXhRF, TATEHEH
— RN AN AR LT 2

11.7.1 H&EiniE

REAHKEN n, HEHFPRITREINE 11-12 For,

1. BAEEAHFEIRTE, SEE, RATTRATHEDL,

2. BHEOLR (B—MILR) SHROTR (RE—1ItR) . 2lciys, HRRER 1, EfFT
REEM L,

3. MHETIUTEITGR, MIRERHUTHELIRE (sift down), SERMEL)E, HERMERSREIBE,

4. TBIRATER 2. HANEE 3. 0, 1B n — 1 #0)5, BIRTSERCE T,

Tip
KPR b, JTTRHMEREHEEEE 2. PNE 3. F, RAEZ T - PHEHETTRIPE,
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Step 1

=

Step 7

0
o ©
000

‘ B RERT
SERBAERT

SETRTTR HRTE

-

EERKE SHFXE
Vot

0
@ ©o
C NN

HNERRE BHFXE

e N

000

BNEREE BHFXE
—

6 o
eoo

HMERRE EHFXE

~

IEHIF

1. MNSAHEE

2. BERMEPREBATR
(1) HETMTRSHERTR
(2) MTREERH#THMN

SHIF

1. WABURFHERME

2. BRMEFREURATER
(1) ZHEMTESHERTE
(2) MTRERHTHEN

SEHIF

1. WNSAHEE

2. BEFRMEPRIBATR
(1) HETMTRSHERTR
(2) MNTRER#THMW

SEHIF

1. WABURFHEM

2. BRMEFREURATER
(1) ZETMTESHERTR
(2) MTRERHTHE

SEHIF

1. WINGAH RS

2. BERMERRIBATR
(1) HETMTRSHERTR
(2) MIREE TN

0
o ©
000

ENENKE EHFXE

Is Yot

nums

et

eoo0

EMWERRE SHIFRE

P

o ©

0060

ENERRE EHFRE

Is ~

nums

[ e]

6 o

000

MARKE BHIFKE
———"

nums

Step 8

0060

ENENKE EHFRE

late's - ~

nums

Step 10‘

SEHF

1. MINBEAFERIE
2. EFRMEPRERATR
(1) ETRTRSHRTR

SEHEF

1. WNEAAFHERE
2. BFMERRERATE
(1) RWEMTRSHERTE

SEHF

1. MWNBERFERE
2. EFMEPRERATR
(1) ETRTRSHETR

SEHEF

1. WNEAAFHERE
2. BFMERRERATE
(1) ZWETMTRSHERTE

SEHF

1. BINBEAFERME
2. EFMEPRERATR
(1) ETRTRSHERTR
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o o
@ @ eHE @ @ S

1. WAmEtE 1. BANERE
@ @ @ 2. EEAEPRREATE @ @ @ 2. EAAERRREATE
(1) IR SRERE (1) REBTERSHIETE

HNENEE SHFXE 2) MIREEHTHL BHIFXE (2) MTREEH#ITHEN
. ' : ) . 3. MAATERALE, HFE
- O00000 - @00000

Step 11 \ Step 12

K 11-12 HeHEF 8

FERRDSRELAR, FAMEM 75 “HE” BRI MR R sift_down() B, ERSERIE, BT HER
KESHERNURATTRTR/D, FHRNTFES sift_down() RERM—MKESE n, ATHREHERY
AT, I RR:

// === File: heap_sort.c ===

[* ERKERN 0, KPR 1 R, MIREREEN */
vold siftDown(int nums[], int n, int 1) {
while (1) {
/] FIRT SR 4, 1, r PESRANTS, 128 na
int 1=2*1+1;
intr=2*1+ 2;
int ma = 1;
if (L < n & nums[l] > nums[ma])
ma = 1;
if (r < n && nums[r] > nums[ma])
ma = r;
/] EHR 1 &ARRS 1, r B, WXmdrssd, Bkt
if (ma == 1) {
break;
}
/] AR
int temp = nums[i];
nums[i] = nums[ma];
nums[ma] = temp;
/] TERE T

i = ma;

[* HEHE *+/

void heapSort(int nums[], int n) {
/] EEHERRAE: HBARRHT S LSMIEMFIE TR
for (inti=n/2 - 1; 1>=0; --1) {
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siftDown(nums, n, i1);
}
/] MEFRRBSRATE, BF n-1 8
for (inti{=n-1; 1>0; --1) {
/] RMBHRERAHTR (RRETRS5ETR)
int tmp = nums[0];
nums[0] = nums[i];
nums[i1] = tmp;
/] VIR R s, MIRERHITHK

siftDown(nums, i, 0);

11.7.2 xS

- INMEREN O(nlogn), IEHGNHDT : EHEHREMHE O(n) WNE, MHEHHRBURA TR FE
&N O(logn), HIEHRn — 148,

- BMERER O(1). FHeHbY: JUMEHZERMA O(1) 23, TTRAHAMEMRERZ RS -
AT,

- AR ERHUETUTRHERTRN, HE TR A E BRI,

11.8 1@HiF

AR LR P SRR T “E T R IR, ENEN T R AR N RS H3SHE R RIR A
INAERETEER O(nlogn) . #FK, BATRHRNUM “GEHEBRHFRIE", BRI E AT DUS
FLMERT

@ (bucket sort) 270 AKRIGH— NI A, Bl B —EBA XN, RN — L
PETEE], RBIE PRI BRI MR AR, EEMRNE AP THY, REGEIRRIIY R ATE BdE &
#O

11.8.1 HLimig

FE—MKEN n B, HTREUE (0, 1) WITEREL MHEFRmEmE 11-13 Fim,

1. WIatk kM, K n ANTRSECE kM,
2. MM APTHEY OXERAMWEE S NINEHTEED .
3. TR MBI & F 45 F
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RS

nums

buckets

MFEE m,@m [0.2) 0.4) (0.4, 0.6)  [0.6, 0.8)

SERMA

nums

B 11-13 M7 LR

RN SR
// === File: bucket_sort.c ===

[* tEHEEE */
voild bucketSort(float nums[], int n) {
int k =n / 2; /] B k = n/2 M@
int *sizes = malloc(k * sizeof(int)); /] IBREMEBRN
float **buckets = malloc(k * sizeof(float *)); // EhASINANIEA (1§)
/] RN RTS8
for (int 1 = 0; 1 < k; ++1) {
buckets[1] = (float *)malloc(n * sizeof(float));
sizes[i] = 0;
}
/] 1. BEATESRIEZMESP
for (int 1 = 0; 1 < n; ++1) {
int idx = (int)(nums[i] * k);
buckets[idx][sizes[idx]++] = nums[i];
}
/] 2. WEMEHRITHE
for (int 1 = 0; 1 < k; ++1) {
gsort(buckets[i], sizes[i1], sizeof(float), compare);
}
/] 3. EHHAFENRE
int idx = 0;
for (int j = 0; j < sizes[i]; ++j) {

for (int 1 = 0; 1 < k; ++1) {
j
= buckets[1][j];

nums [ 1dx++]

}
/] BHRAE
free(buckets[1i]);

BHEE, BERF
S ECEIM R

HEMEIH
BATHIE

RIRIEEIRT
EHER
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11.8.2 EiEise

WaHERIE A T FEA BARRRI BRI, MALIEES 100 51 7ER, HTZERRE, RFENFLE X
PEIEFTAEEE, MR, ATRCREEE R 1000 M, RE0RINEMETHY, BIEREREH.

- INMERER O(n + k) @ RITRES DRI, BAFEIRARTREER T o RRHF
AR O(% log 72) IR, WIHEFRTERIEM O(nlog T) WH, SR & LB, W
JEWERT O(n) » &HSERNFRZBAFARMITR, 1% O(n + k) N,

- EENHER: fEREER, FTASEREOEE — M, BHERFIZRER O(n?) KL

- BRERERN O(n + k). AR TEMED B AMEAUES n ANTRGFIMEFL,

- M R A BUR THE AT R RN R SR

11.8.3 YNAISCINFEIY 5L

FHEF R 2 2R BT BUAE] O(n) , REHETRICRI S ECESZ AN, FOySbREdREEA R
B5 o0 AaR, B, BATEEREE ERIFTH IO eI 2 BCE] 10 M, BRSO 21,
8T 100 JTERYAER 2, @& T 1000 STRYARH Do FHRTSXEEEI 20 10 4, S MR R S SEZEER
FEH K.

NSRBI B, BATAT AYEIRE — A RBIH 7 Lk, e sty 2 3 MR, JrBcseten, PHERsh
BREWINARSRIT N 3 N, HEFARPRCEBERABIHY,
N 11-14 FoR, RAOTIEAB ERAE—-HOEIR, HARZIEM T RERATRE Y, SR, A —EE S
RASEIRRI N 3 DM, BARRI D 77 AT AR R E R R R IR

BaBuE
-— BURRINER
BIRSH — 65% 20% 1% PERE  BIBSLL
HiEE —— 100 100-500 >500 <10 18%
10-20 13%
20-35 12%
18% 35% 12% 35-50 10%
50-100 12%
<10 _-10.50 50-100 100-500  20%
- : - >500 15%
13% 12% 10%
10-20 20-35 35-50

K 11-14 B0 %) 504
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QR AT B S A RS AR A, Wl ARRIEBURRER A BEE AR B R r H ek. ERTERE,
BB HA—ETRERRESE, ] DURIEBURERE mOR SRR TIE B

G 11-15 AR, Bl BRI r s AR M &S 0 A, IX AR a] DAS BRI E (RS X TR],  AITTARS R il 12 20 B
FEBM

11-15 RIERER A0 KA

11.9 it¥HF

H#EEF (counting sort) B ST TREERSIINHF, 1@ H A TREEEL.

11.9.1 HEASEM

FeRB D BRIIBF. BE—DNKEN n B nuns , BT EERE “IEGEREC, HEEEFRIAR
TR 11-16 Fimo

1. BHEEA, BRHUEPNERERET, 2 m, REUE—MEN m + 1 WHBIEEAH counter

2. {5l counter Gtit nums PAEUEHIHEIIREL, HA counter[num] X MEFE num RYHBIREL, Stk
R, HFED nuns GRMETEFHN num), ¥ counter[num] #H0 1 BIF],

3. BT counter MIBNRIIRZAAER, FHHYTHERFZCEHTI T, # Tk, A8 counter
AR AT HBLR BN BRI EE nums BITAT,
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FHIFSA nums

EFA nums FHEHERFHIRE
counter[num] HF num HYHIRE

=3l (B=F)
A counter
| \\\ \\\ @7 counter , BERY=F
| N\ \\ REBHIUREIEAN nums BEIE]

SR nums

11-16 HEHEF R

AR RR:

// === File: counting_sort.c ===

[* TTEEE +/
/] EREM, TERTHENR
void countingSortNaive(int nums[], int size) {
/] 1. FIHARAITE n
int m = 0;
for (int 1 = 0; 1 < size; i++) {
if (nums[i] > m) {

m = nums[i];

}

/] 2. FHEHFHHILRE

// counter[num] X3 num BYHHILXEL

int *counter = calloc(m + 1, sizeof(int));

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

counter[nums[i]]++;
}
// 3. & counter , BFRITHRENELEH nums
int 1 = 0;

for (int num = 0; num < m + 1; num++) {
for (int j = 0; j < counter[num]; j++, i++) {

nums[i] = num;

}
/] 4. BRATEF

free(counter);
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T SATHER R
MHEHEFRIA R, BATA] DR T R TR counter BYRDRSIN— M, KotitiE
RSB R A DT R S A, ABLE, BT M B REEE TR — DR,

11.9.2 TEILWM

AORTREATRERIL T, AUREMABIRRMER, BRSPS 3. MR T, B ABdERm YR, 8%
SRR AT CRAORAER) MR METHER, M ERREE R AR R A HE P25 R,

AR A BEIS 2R BRI HE P45 R ? BT E i counter 19 “BIZRAN", WAZE N, R5| 1 ARIRTZRF
prefix[i1] FTEHAT 1 NITEZH:

prefix[i] = Z counterf[j]
=0

RIS IBRE X, prefix[nun] - 1 fAFICH nun fEG B res MG — RN RGL, XMEE
EHKH, ROVBEEIFRENS N ICRMIZHBAES RBENI NI E, 5Tk, A7 555 nuns 1)
FAICR nun, FERHIERAFHITLR P,

1. R num SHEAZEH res IIZ 5| prefix[num] - 14k,
2. DHIZA prefix[num] JBv/N 1, MITSE] RURE num IS,

wPERE, B res PRUEHHFHFIEER, &IGHEH res B EEH nuns HIF], & 11-17 JB/R T 5281
Burriife.

( 7 ',",':"' SERBA res

|

BF num ;i ;/;'3 l: HF num 6 1 2 3 &4 /
M4 counter au WS prefix aannm
(counter)
B nums HEETHE M RFHIHIDRE it# counter WIBIZEM, X prefix
counter[num] X% num AYHIVREK prefix[num] - 1 €% num 7 res PREF—RHINES|
Step 1 Step 2
num num
v v
FA nuns [nnuaa A nuns \onanan
-
BF num 0 12 3 l. BF num 6/ 1 2 3 4
IS prefix Bnun BISM prefix Bnnn
(counter) (counter)
EIFFER nums FEISDTTR num , SHERIT: EFEH nuns FRSNTR num , BHHAT:
1. ¥ num A res WZ&3| prefix[num] - 1 & 1. ¥ num A res WE35| prefix[num] - 1 &

2. JFRM prefix[num] BF 1 , MAEHTRKE nun K%

R 2. PEIZM prefix[num] BAE 1 , MAIEEITRKE num MZR5|
Step 3 Step 4
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259

R nums
LRBA res
BF num
B prefix nnn
(counter)

FIFFER nums FEISADTTR num , SR
1. % num $A res WF3| prefix[num] - 1 &
2. SHIEM prefix[num] BF 1 , MTEETRKE num 25|

[ step 5 | Step 6

ws - (O00O0000000
e . (0000000000
HF num ‘0 1 2 3 lo

5

WIS prefix u.ﬂa

(counter)

HRHREHIRE, HENRTRIERH
Y res HRREHFHLR

ECIR (s

KB 11-17 G55

HEHP RSB R AR :
// === File: counting_sort.c ===

[* TTHEHE */
/] STEEI, THENSR, HEEREHR
void countingSort(int nums[], int size) {
/] 1. SHEBEEBRATE n
int m = 0;
for (int 1 = 0; 1 < size; i++) {
if (nums[i] > m) {

m = nums[i];

}
/] 2. FIHBREFHHIRE
// counter[num] fXF num BYHHILREL
int *counter = calloc(m, sizeof(int));
for (int 1 = 0; 1 < size; i++) {
counter[nums[i1]]++;
}
/] 3. K counter RVEIZEM, R “HIRE ¥y “BR517
// B counter[num]-1 2 num 7 res FRE—XRHEMZES]
for (int 1 = 0; 1 < m; 1++) {

counter[i + 1] += counter[i];

v
F¥A nums nnannan

o 1

e
HISA prefix Bnnn

BIFEFH nuns FESITR num , SHEHAT:
1. & num B\ res W&R3| prefix[num] - 1 &
2. SBIEM prefix[num] B 1 , MIEETRKE num MZ5|

=a e (O00000800

LEoEfEEREE

e 1 2 3 &4

WIS prefix nnn

PR res EERMA nums EIF]
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/] 4. BIFBH nuns , BETRIBENERIA res
/] ¥R EA res BFIERE
int *res = malloc(sizeof(int) * size);
for (int 1 = size - 1; 1 >= 0; 1--) {
int num = nums[i];
res[counter[num] - 1] = num; // ¥ num MEEIFFN RS2
counter[num]--; /] TEISMBER 1, BETRRE num BRG]
}
/] ERERKA res BERIA nums
memcpy(nums, res, size * sizeof(int));
/] 5. BIRATE

free(counter);

11.9.3 Hixis4

- INMEREN O(n +m) © W& nums FE counter , &BEALIER A, —BIEH T n > m,
REEZEGET On) .

- BHERER O(n +m). JEFEMHET: H8TKES 510 n Ml m 1% res il counter

- FREHY: BT res MEFICERNNTZ MWAFRAL” B, FIEFED nuns 7] DU ST
K22 RIVHENNE, MmSEBREH T, SLhr b, IEF&D nuns UA] IR EIEFIHEFEE R, HEER
EAREER,

11.9.4 FiRE

BRXE, FUFSWEGHEHFIRFESY, (adgtitEeEminl DS m8 iy, Am, ST
AR B SR A O 4%

B G TR, AR T H AR R, & i SR S8 v] I on AR 8L, FFH
TR PR AR RERCE S D ITT R Z IR KNSR R B0, X TR E BRI B, T DURA TR BT
ME—NEE, BB AONER, Hpsenlamm X,
HEHDFER T B BB EIRCE BT, i, £ ERRBIF m ARERK, S A 22,
i n < m i, HEHFEH O(m) WNE, ATEEkk O(nlogn) KIHEFHIEE I,

11.10 E#iE

EEAET U, EIEATEER n BOEEIRTEE m BN, BIRRIFREN n = 100 M
BHTHER, M¥SE—A 8 My, XEWESBIREE m = 10° WK, MHAHEEHEF TREHEARA
feasia), AR AT DA X ME O

HHHF (radixsort) RUZLEESITHEHIE —2, @RS MOk, R, EEHFA
MBSO Z MANERRR, RO THEF, MM 2B HHEP AR,
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11.10.1 HERiE

DA SBHE RG], BT IIRIRALZE 1AL, Smshoess 8 i, HEMHNFImAENE 11-18 Ak,

1. WAk =1,
2. NS kAT HEEHET. seala, BARSRIES kA WNEIRHER .
3. R kN 1, REIREGER 2. EOEK, EEBIFTA AR EUE 4 H.

BAEEE nums
Miatk k = 1

DALbSHE, HEFF HFE 8 fi

O HFE LM 0 HFEE 2 fI = 37 AR

10546151
30524779
34862445

10546151

35663510 35663519

35663510 88906420 88906429

42865989 10546151 82060337

34862445
81883077
88906420

72429244
34862445
63832996

72429244

35663510

42865989

63832996

72429244
30524779
82060337
63832996

81883077
82060337

81883077 72429244

81883077

305247173
42865989
63832995

42865989
30524779

82060337
88906420

K 11-18 HEdkFEERE

THEETAEESEI, N T d ERESE v, BRIEE kAL x,, AT HEAR:
x
Ty, = [FJ mod d

Hrf | o] FoRAEAR @ 10 FECE, T mod d Fomxt d BUE (A, AT 28R, d = 10 B k € [1,8]

o

b, BRI R I, 2 AT DUHERCT IS8 ke Rt
// === File: radix_sort.c ===

/* FREX5TE num B95E k i, EHA exp = 107(k-1) */

int digit(int num, int exp) {
/] EN exp MaF k AIABREREEHRITRIRNRAGIHE
return (num / exp) % 10;

}

[* IEHIFE (RIE nums 5B k (UHEE) */
vold countingSortDigit(int nums[], int size, int exp) {

/] TEFINAMSERR 0~9 , EFEEKER 10 AIHEHRA
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int *counter = (int *)malloc((sizeof(int) * 10));
/] 4t 0~9 BEFHHIRE
for (int 1 = 0; 1 < size; i++) {

/] 3RBX nums[i] % k i, 1279 d

int d = digit(nums[i], exp);

/] FIHEEF d BEHIURE

counter[d]++;
}
/] KEUEM, R’ LI By ARSI
for (int 1 = 1; 1 < 10; 1++) {

counter[i1] += counter[i - 1];
}
/] BIF&N, RERARITER, BETHREN res
int *res = (int *)malloc(sizeof(int) * size);
for (int 1 = size - 1; 1 >= 0; 1--) {

int d = digit(nums[i], exp);

int j = counter[d] - 1; // 3REX d 7EEEHHBMZES] j

res[j] = nums[i]; // BHEFITHRENES| j
counter[d]--; /] % d BEERE 1

}
/] ERERBEFEHA nums
for (int 1 = 0; 1 < size; i++) {

nums[i] = res[i];

[* BEHE +/
voild radixSort(int nums[], int size) {
/] REVEAN R ATTR, ATHMRAMLE
int max = INT32_MIN;
for (size_t 1 = 0; 1 < size - 1; i++) {
if (nums[i] > max) {

max = nums[i];

}

/] EBMEAR S A NIREER

for (int exp = 1; max >= exp; exp *= 10)
/] FEATENE k RITIHEGEE
// k=1->exp =1
/] k=2 ->exp =10
// BD exp = 107(k-1)

countingSortDigit(nums, size, exp);



B11E HF hello-algo.com 263

It 2 AR 4aHER?

RSP, E—Rr ST RIEER, 20k, MRS —HHFEI R a < b,
M —HHFPER a > b, LB RIS 4R, B TRFIEMALLEHRE TR
iz, BIHRIZISEHRF A B &L,

11.10.2 EX45M

BT R, B PE R T RUETEERORRIIE O, HATHE R R ] DARGRM I E B R, HAE
BORREIS K, BN, 12 ORE & (R EEET, ROV HAE kK, ATRESERTE 24 O(nk) > O(n?)

o

- INMIERER O(nk): REAEE D n. BIEN d #HH BROECY k, MM —RETH SR EH

O(n + d) e, HEFER K Godf O((n + d)k) L @RS, d#1k SAEREN, A2
Retar O(n)

- BEERERN O(n +d). EREHDY : SRR, B8P HREEREN n Ml d KA res

K1 counter o

- R MG RER, BEEEHPT AT, ST ARER, BEHRR ICA RIS SRR

HEFP 4R,

11.11 /&

1. EREHR

- BiEHEE S HAR R R R KB, WA — MRS ARSI AR A, B ATTA] DORE B e

HIs R R Z A IS O(n) -

- FAAHEFE SR AR X E AR TTREAZ A XA ERACE, MWmesir. BRMAHFR

IR ZEH O(n?) , (HET AT, R NSER R AHE T 55 Hh I 22 i,

- POEHEE R T ISR BRI . EIEIRI A RTRERHIRERE B E e 2 YRR, S BINTAIE

HEHE O(n?) o BIAFPABEEMESEREN I HERAT AR OX R S (LIER,, R 75 T4 AT DA AL
g/ DI IAIREE, RS REME] O(logn) -

- VUFHEF R RIS TR, SRIMATE 7oA, EIIEHET A, HEr R R Al A

¢, ZREREN O(n) ; RmHFRERN=RERETUUEE O(1) .

- MRS =R BdEO. MNHEEM S IR ERFMATL T IakES, S T EIRARRK

AITEL. AHER A SCBEAE TR BdE it T2 70 i

- HEEHE R R — MR, BEd g SR IR REBOR SC B, B IE TR R R E

BAEEEA RIS, I HESREARRENS FHOh IE R,

- B BT R A HE RSB, ESRERERE W RO B E AR
©ORHBR, WA ERE - AHEE R, BARRCR. RBE, U IER EEM R AT, 1R

NHARAREAI I EIL AL, A M SRR RN e AT IX 255 i, SRR A, BAlIHRE
RIS R ERIE R BN HE R R,

- B 11-19 X T ERHEFRIERRCR, REME. st PR BE N PEE,
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B iEE SEERE
B Ty B - REN poesicd BiEmlE ETHER
wEHE  Om)  om)  om) o) | iHEE RN FEER W
;Eg—z:f)ﬁ | EEHEF | om) o(m?) 0(m?) o(1) BE Bt E5ERT bt
fRNFE O(n) o(n?) o(n?) o) B B BiER Wit
HiEHE | O(nlogn) O(nlogn)  O(n?) Ologn) | dFfam o P Wi
aﬁﬁi | V3HF | O(nlogn) O(nlogn) Ofnlogn)  O(n) BE FEM EEER R
##F | O(nlogn) O(nlogn) O(nlogn) o(1) JEEE it FEER Mo
B O(n+k)  O(n+k) o(n?) O(n + k) RE FEFRH E&R E[3d:2
tﬁgt(;:ir% HEH#FE  O(m+m) On+m) On+m) On+m) | #BE R EEER dER
EHHF O(n k) O(n k) o(n k) O(n +b) RE R FEEM AR

st i o
BHF, k AEsE
£ i f ‘ R, m IR
E#HFR, 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?) .



266

F12E 94

Abstract
MR ZIR R, B —IREPRRERE & S o A,
DMHAZ R T —NEENESL: WERMGE, —UEIAHEE S
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12.1 988
4334 (divide and conquer), SFRTIIAY, B—FhdEm BT % WIEEER, SMaEE TR, [
5B R AR,

Loy GUBBY : IR R P e DA, BB ER RN TR 22 Ok,
2. i (BRIFRED . MERMRRIR/ N T REOTA, ARETUR 7 BRI AR T &I, AT i )

HIfiE,
e 12-1 AoR, “VAFFHEET 2 oERISH AN 2 —.

L. gr: AR E A (R I A8 (FRED, ST AT —MTR G FiRE),
2. 6 WEETHS AR TEAE (FRIERWR) T, WMEEIERFRESE (R .

PEEEEEEE

roa (RSEER)

BFiAE

- (B

B 12-1 JAFFHER R Ta R

12.1.1 N{EIHIBR S 4R

—ANARBUEEIE G A TARR, JEHE AT LASE DU LA R,

L. [l LA TN R] DA R SR /N, SRABIRG IR, DARCRERS DAAHTR] 75 208 T AT R 79
2. FRIBRMNIN: FRIBZ MAES, DA, TR R,
3. FRERT DIETE: R RS R R S 7 AR SR,

BAR, VAHHEF R DAL =AW,

1. FSITDAO: st RRIED X M8 (FRED.,
2. FRISURMNIE): DB A DRSO THE R (AR A] DUSSZ TSR .
3. FRERRAT AT MDNER A (FREBRE) ATLEH N —MEREH (R
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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

DEEoEEEE

BiaHF
0(n?)

DEEEEERE

Bk o(n2) Ei& 0(n2/2 +2n)

K 12-2 RIp¥eHmTEN B iRy
TR, BANHRUTIAERX, BGRB8 72 jiA o R e S8

2

n2>%+2n
2
nZ—%—2n>0
nin—4) >0

XERE S n > 41, RoErREBERE Y, HIRBeRMIEE . HEE, XInJErIN RS2 ETRR T
Jikh O(n?) , HREREHINEBINENT,
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P, WERBATHE A AW PSSR A A, B T B AR DT RS IR e ?
IXFURRSERR Bt IR, INEEZEHN O(nlogn) .

A, QERBMNZEBEILNRD A, RIESEFK0 0 kADTEEAE? ZXAMERS “MHr” IR0,
EFFEAHFEREYE, it ENEERET ISR O(n + k) .

2. FHTHEMRK
BATALE, I RE T BV EARNZR, L@ E T IOFTROL. R, s7a A AT AR IR
EEARE, EHRTIREREIIFFITRL.

FHATIAE A% B AR BN U 2K, ROV AR GER] DARI AR 2 A7 (Al d, SN SE o HMI A T R
TR, AT D S AR RTIB TR AL

FRANTERE 12-3 R “HWHER" o, BATRER BRI 2 BCR 2 M, AT A RRHE R (55 70
BENRETT, EREHEEHER,

TTE

K 12-3 MHEFRIFFTIR

12.1.3 98ERKA

— 77, iG] ARRIRRVE 2 22 LR AR,

© FEREGE RN ZEIRE SR R RIS, SRIE R PRI B RN, BRSO
TR XS o

- KBEEERIL: a0 Karatsuba Ji%, BRAEEEGRE 2N LB NI SRIEFIINTE,

- JEREIRTL: BN Strassen B, BIRIERERIE DN 22D/ INERE ROSRIERI AN,

- DOESEEL: POESE TR AT DUBIE AR, X2 U IR SR R .

- ORMESREXE: - DFAI, AERATEH AT R TR, IB2ZN DR R — DR KA
Wi Al AT AR v B AR, (R BhIAHHER BT SR,



B12% A hello-algo.com 270

i, SHAERIEMEERAERE M SRRz,

© s SoERRRAEFEAMNFRRGIE S IEE Sy, AERE HAMES R TTRE LR,
ODUEHERRIR—FIX 1A, FFAERIR X A AT R B = 70 B4

- VDR ATTRKEN S, A,

- POEHER . PRIEHET RIEE —NMERE, REEBH NN FRE, — DB TTR AR E D,
o —FRAHRITCR LA R, AR ER AT AR 0180, EETHANFE T IR,

- MR WP A BB R D BE 2O, RER S IRNETTRI T, &ERS MR
TERMIXE, MMRE— MRS,

- B BN SRR, AVL B, Z0RM, B, B+ WEE, BEAIRIEER. EARINERSE SRR DAY
THE RIS I

- e HERRPRIRESE A TR, HARMRCE, A MHERAIHE(L, SCRR_EESRE S T rTRR) AR,

- A BRBHRIFAERNMAING, (BRERARIIRERTT REHEN A T riasks, flm, st
AR EER PR OV LB, DR ERER,

FLAVEH, iRl “EPgios” RTERA, SRR S BER .

12.2 9812 FEER

TAEZE, FREEDNHAK,
C RANER: CEOBFRIESHIIL, HEERER O(n) .,
- EIERHEER: TR B SUYRSERIS B, R A A O(logn) #%E O(1)
Sai b, W2 O (log n) ISZREE TR RIETSARIGIBUN, (B0 — S E AR,

© S ERNE PR EBAHPERERTER) AN (RS — R BT
), XM —-ERSEEEH sl R E B Rt R 1k,
- BRI B, TEIERRL AVL B, SRR T, SRHRERN RS 2R E S O(logn)

o

o BRI HAREEN TR,

- ISR PR "o EPOBTHOR R R (TR T AR T (TR — T &
£, X R TR AT R KL,

- FRSURMNIN): £ ERT, SRR DR, EANSZ H AT R,

© PRSI EIE: o EREEER - MEETR, RINARER FRIEEHT S, HF R
SRR, BRI 2 R NS RO

IMAREMS TR THERIR, ABERENRIELRGL AR —MED, MG R 0T BUHERR— %
i,

1. BEFSaERN=—28H

FEZRINETH, &g TR 020 KB, BIERMET G GBI KRELHE,
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Question

HE—NEEN n WEREAH nuns , HAPTE TR MM, EERICE target

WSS, BATKHERIXI [i, 5] M B FIREIEH £(4, 7) -
DB £(0,n — 1) Witass, Sl L FBET s 2k,

1. WEERXE (4, j] s m, RIEEHRR—FERXE,
2. BBVARMBALRN—FHF R, "T8EN f(i,m — 1) 8 f(m +1,7) .
3. TN 1. BRI 2. &, EHEKF target sIXH = MHRMEL,

B 12-4 JRoR 7B o EBOTR 6 RriaidE,

v O800000D00
A
\ 4 m

f(o, 3) ann 12 15 23 26 31 35]
A

n W
f(2, 3) [1 3 on 12 15 23 26 31 35]
A
m

\ 4

REREFTR 6 WHFESIH 2

K 12-4 BRI RE
(ESRBRTG Y, Bl TP — MBI R dfs () RoRARIEL (i, j) -
// === File: binary_search_recur.c ===

[* ZHEH: B (L, §) */
int dfs(int nums[], int target, int i, int j) {
/] EXiEAE, AREBRTE, WikE -1
if (1> 3) {
return -1;
}
/] HEHRERRS] n
intm=(1+3)/ 2;
if (nums[m] < target) {
/] BAFEE f(m+1, j)
return dfs(nums, target, m + 1, j);
} else if (nums[m] > target) {
/] BYFFE (i, m-1)
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return dfs(nums, target, i, m - 1);

} else {
/] #EBtrnE, REHRS|
return m;

}

}

[* ZaEHK */

int binarySearch(int nums[], int target, int numsSize) {
int n = numsSize;
/] KRR (0, n-1)

return dfs(nums, target, 0, n - 1);

12.3 19 Riin)eR

Question
B XWMWETF DT preorder M FiE)T inorder , TEMAAEEE XM, JR[E] — R IR
o B XA EEENT A (W 12-5 Fimr),

BiFFIER
/ \ B preorder
HhFiER
inorder

12-5 5% — X RGIESE

1. AR BRI RRE

JR A E M preorder K inorder #%: XA, 2 — NI SGRE,

- PSR PAS R MIRRIA VI, FRATTRTDORE R RIREKI 7 N[ R M 7e 14, MR T4,
IbE—S 8 OIAHARTT S TN TR T (D, AR AR A BA LRI 751%, HHK
DNENFR (FRED, BEERFENFR- (2R Lk,

- 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
197R

HiF#FE preorder nna

12-6 £ R ik A AR i P & o

3. EFTEiRFiXial
RIECAEXI 2 751k, BIMELEEMR Y, K7W, A 7WAE preorder il inorder IR GIX T, ik 11
RIXLERG[XE], FATFEMEB L NMEH T &,

- R HIR AR SAE preorder YRS E N i o
- KRR AIRTY KAE inorder EYRGIIEHN m o
- B AREIRAE inorder FINRBIXAIEH [1, 7] o

N 12-1 fr, 1@ DA B2 RIA3RRIR T 5 AE preorder S|, PAN THTE inorder AR G( X [H],

R 12-1 AR SR T RT3 P A PR e il 7 R A 2R 5 |
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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
weorce: | EDEIEDED
A A A

@ @ i i+l i+1+(m-1)
hFFER

in;Zdéj ||='|lilllillill|il

o o v

B 12-7 MR RMZEA FRIRT X ARR

4. KEBEEM
ST YA HORSE, RSB —MET hnap FAHALAL tnorder H1THEIZE KIS
// === File: build_tree.c ===

[* HEZXK: 929G */
TreeNode *dfs(int *preorder, int *inorderMap, int i, int 1, int r, int size) {
/] FRXEANZELLE
if (r - 1 < 0)
return NULL;
/] AR =
TreeNode *root = (TreeNode *)malloc(sizeof(TreeNode));
root->val = preorder[i];
root->left = NULL;
root->right = NULL;
/] EA n, NXIDEGTFH
int m = inorderMap[preorder[i]];
/] FiRE: ¥ T
root->left = dfs(preorder, inorderMap, 1 + 1, 1, m - 1, size);
/] FiRlE: ¥Ea T
root->right = dfs(preorder, inorderMap, it + 1 + m - 1, m + 1, r, size);
/] ERERT =
return root;
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/* HWEZXH */
TreeNode *buildTree(int *preorder, int preorderSize, int *inorder, int inorderSize) {
/] TIBHMEER, 768 inorder TTEREIZRSIAIBRET
int *inorderMap = (int *)malloc(sizeof(int) * MAX_SIZE);
for (int 1 = 0; 1 < inorderSize; i++) {
inorderMap[inorder[i]] = 1;
}
TreeNode *root = dfs(preorder, inorderMap, 0, 0, inorderSize - 1, inorderSize);
free(inorderMap);

return root;

A 12-8 JeoR TR KRB IAIERE, BN RRIER T 98T AR, sl (5IR) BAER
B oS NP UK R VA S

ereorcer (E)E)EDEDED
inorcer (EJENEDEDED @

preorder 392 a7
inorcer ({3 (1 (2 (7

3 = EB

[ Step 1 ] [ Step 2

sreorcer (E)E)EDEDED
inorcer (EJENEDEDED @ /

3 9 a preorder
@ @ inorder

Casa J 7 | 701 ] 3 = EB

{ Step 3 ] [ Step 4

/ 3 9 a preorder

9 3 n inorder

preorcer (3 [0 [2 [ 7
inorder (03 {92 7 @

[ step 5 ]

Casa J 7 | 701 ] =3

[ Step 6 |
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/ / 000 -
/ @ inorder
@ 3 9 2 1 u preorder @ @

9312“ rrrrrr

Cava § 7 | 701 ] 3 & EB

[ step 7 | [Steps\

- )
. gopoa

3 = €3

Step 9

B 12-8 HHE AR

FNEIHEREN AR R]T preorder MIH &) inorder BRI 4 RATE 12-9 AR,

preorder aa
inorder aa

preorder 392 1 7
inorderal% 12 [7

preorder ([ 3 | 9 297
inorder | 9 | 3 nz 7

B 12-9 &R RBHRIRI 4R

R BN n, WHALE— DR (BUT— MBI dfs()) A O(1) I, It S AR 5 A%
R O(n) .

G R AE# inorder TERFIRGIMIMLN, BAEREN O(n) . EREBNT, B XRHBMAOVEERN, #
HREIES 0, EH O(n) KFIEbERE, FSAZRERERN O(n) o
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12.4 BB

FEVAFEHE R AR SRR AR, AT i 1] 0 T AR A S [ — 7 (AL, RTINS T 5 1]
A, AR AR 7 AR

Question

HEZMRET, IER A BRI Co IR, T A LEE n MRS, BN LRI NZIEMNNEIRE
G HE, FATNESS R ERIX n DMEZBEIET ¢ b, HREFEMNNEEF A2 (@nE 12-10 Fr
TR)o TERBBNRAIZRRISARA, FFEESF DA RR,

1. BEEHREM—ARAEF TR, S —HRAE T TR
2. BIRARER)— R,

3. /NEELL N ZIN T R Z b

ALl

Y #EEESEM A BHE C
A B C

12-10 NG RIRRE]

BAERED @ RDUERE RS f(d) . Bl f(3) RN 3 DR A BBIE ¢ FITUEE TR,

1. EEELFER

e 12-11 fow, WTRE f(1), BRYEE—NESN, ROTEEZM A 3= c iR,
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-~ 1l L1l4

R £(1) WER:
BEEBESM A BHE C BIF

A f(1)

Step 1 Step 2

B 12-11 AURON 1 AR
i 12-12 fow, TR f(2), BRSAPAEERN, b FEnme /b ESER B b, R
B RS2,

1. ¥ EmfNREMN AR EB,
2. BEREBMNABE C,
3. ER/ N NEEMNBEEC,

al l Lil

AR £(2) WSRE:
A £(2) 1. B)NESM A BRHE B
l Step 1 ‘ Step 2
A B [4 A B c
@R f(2) WER: RR £(2) WSE:
1. %/EEM A BIHE B 1. 0EEM A BEHE B
2. BAESEM A BHE C 2. BAEEM A BHE C
R 3. % )EEM B BHE C
l Step 3 Step 4

K 12-12 BB 2 BTa) R

fRFREL f(2) B RERTREE R WA REED s MABR c. Hi, cHNERE. B FRNEMHL,

2. Fial@ES R

MR f(3), BIRYAE=ABEERN, HREmMmME kT —L5®,

ROVEHE f(1) F0 f(2) B, FRAFRATRI M SE AR REREE, 1 A DERRIPA B S A 1 — V08, TR 12-13
FREI R, XA =Rt A B2 ¢ T



128 38 hello-algo.com 279

1. 2B NENME. ¢ WEMWHE, KM TNEEMABESB,
2. Ff A HBRIRE—DEEMM A BRBHIE
3. @ CONHEIRE. ANRMNAE, FRDMEEMBBEC,

A B
R £(3) WSR:
@ f(3) 1. BEAPERM A BEHE B
Step 1 | Step 2
A B [ A B c
fER £(3) W] R £(3) WSW:
1. WP ERMN A BEHE B 1. B EZM A BEHE B
2. BER—NEZM A BHE C 2. BRR—ESZM A BRHE C
3. BEIERZM B BHE C
Step 3 Step 4

B 12-13 BN 3 [ RI-BAE

MR EE, BAHEHRE f(3) Q5 APAFRE f(2) —AFRE f(1) o 7 RINX =47 5,
JRIAEIRE 2 S 2RO, XA AU ARSLAY, T E MR LS,

2k, BATALREE R 12-14 FrR B ROGEE IR 16 SR KRR f (n) 35 AR f(n—1)
FI—FRE f(1), FH42RE PRI R ouX =1 A,
1. ¥n—11MEBEB cCMNABESB,

2. ¥FEs 1 ANEEMNABEEBEBE C,
3. Bn— 1P EEMEANMNBBEC,

HTFXFA TR f(n — 1), o SO PRI, HEAFR N T8 f(1). 1 (1) 1
WRTHIN, HF— BT,
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FiadE f(n-1): & n-1 MESEM A BEIE B

) 4
FIEE £(1): #$HR 1 MERM A BEHE C

[RiEE f(n): & n TEEM A BEE C

FiaE f(n-1): % n-1 MESM B BEHE C

12-14 fRRDOELE R U 736 R

3. AExEm

ERIEH, BATEH— N EITEEL dfs(1, src, buf, tar), ERIMERREHA: src TEEHY ¢ DNEELEBhE
1 buf 812 B st tar :

// === File: hanota.c ===

[* Boh—E&E */
void move(int *src, int *srcSize, int *tar, int *tarSize) {
/] M src TIEPEE—NEZE
int pan = src[*srcSize - 1];
src[*srcSize - 1] = 0;
(*srcSize)--;
/] BEEBRN tar TR
tar[*tarSize] = pan;

(*tarSize)++;

[* REENEEEE f(1) */
voild dfs(int 1, int *src, int *srcSize, int *buf, int *bufSize, int *tar, int *tarSize) {
/] & src RFT—IEE, WEREEHBT tar
if (1 ==1) {
move(src, srcSize, tar, tarSize);
return;
}
/] FiER f(i-1) : ¥ src A& i-1 NERMER) tar B2 buf
dfs(i - 1, src, srcSize, tar, tarSize, buf, bufSize);

/] FiE@E f(1) : ¥ src FR—IPEEBE tar
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move(src, srcSize, tar, tarSize);
/] FEE f(i-1) : ¥ buf TREF -1 MERMER) src BE tar
dfs(i - 1, buf, bufSize, src, srcSize, tar, tarSize);

}

[* REEXGEERE */

void solveHanota(int *A, int *ASize, int *B, int *BSize, int *C, int *CSize) {
/] & A TRER n NERER) B $BE C
dfs(*ASize, A, ASize, B, BSize, C, CSize);

N 12-15 AR, DOESERISTE RN n BBIAN, &0 m AR —DF R, MR —NTER dfs()
BREL, FIENMERER O(27), BHEXREN O(n) .

K 12-15 DUEIE B IE T 6

Quote

DORERIRR B — N BRI, EHEERN—DSFEE, BENE=ReRNEatEy, Pk 64
PMRNA—HE AR, AR sE R, MITEEERE — N ERPOERRERNR—Z], 4
JLE S A

SRIM, ENEEREIEFMAEE—R, BETRERL 204 ~ 1.84 x 1012 #), B4 5850 124, imimid
TN FH AR MG, FTRL, ME X METRER, FAINVIZAFEHROHFRHER,

12.5 &

- MR WRETRR TR, W (5D fg (B3 WABTEL, EEAETIRIARI,
- AR SR IGEIAFEARIE RS PIRESM, FRER G, FREES 5.
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- 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,



283

$F 135 [o]i

Abstract
BATANERRE R RUIR RS, TERTEAYIERS b nT sE 1B 2 R R,
B R IEBATREW ERFLE, Akrzl, RZRFEFEHINE A,
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13.1 [EHE%

[C&% (backtracking algorithm) J&—Hulid 55 2R MR R RY /715, BRI OEAZ N — MRS H
K, BNEEERENRITE, MBEEMMANEHICS, BEIREIMEEE 2 7 ArE vl GERIEEEED
TFARBNFRN 1R,

MR ZUEE R “REMAEER” KRBTSR, £ ““XR =9, BOHRERFE. PFRERED
HE T IR R, 8k, BATHAFFBIAE— N e, B8 7 R R TR R,

ol —
RN, ERIFICRATEEN 7R A, TEIRET RS,

XTI, BATET @R, FEAIBS AT S RER SN T, B, WRIZT RAEIALE RS res
Z o AR ARSEEANE 13-1 A1 A M AR:

// === File: preorder_traversal_i_compact.c ===
[* BB BIE— */

void preOrder(TreeNode *root) {
if (root == NULL) {

return;
}
if (root->val == 7) {
/] iERHE
res[resSize++] = root;
}

preOrder(root->left);
preOrder(root->right);

REMFER

BIFFIE =X,
HiZRER 7 HUR

Al I8
£ @inRTR

13-1 {ERi R T A
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13.1.1 ZiX5[ER

ZFR DR 2 e, RFDVZRIAEERR RN 2R “27 5 “BIR” MER, YRR RY

FEFIB RSN IS TR ST BT IR S 2 e SR AR, B AGH E— PRk, R EZ AR,
SRH A AT REATIE R,

AT, PiAE T REAAR R X7, M [ E0R AR R return MIFR “[AHR”,

EREIHIE, PIEFFAUNRISEEBORE, NiFERaX—d, BT IR — R,

il —
FEZ SRR ATEER 7R AL, IR B RN YT R 2,

TEBIRR— SR BRI, FRATTFREAEBI—DHIER path LR VIR T B2, HVIRIEMESY 7 89759 s, )
Sl path HIRIELTRINK res o WHFERG, res PRIFIVHUEHTHE MR, (AW NRTR:

// === File: preorder_traversal_1iil_compact.c ===

/* IR GlEm= */
void preOrder(TreeNode *root) {
if (root == NULL) {
return;
}
/] =i
path[pathSize++] = root;
if (root->val == 7) {
/] iERHE
for (int 1 = 0; 1 < pathSize; ++i) {
res[resSize][1] = path[i];
}
resSize++;
}
preOrder(root->left);
preOrder(root->right);
// [EE
pathSize--;

FERR “HIR i, AR Y w0 SR path SRICFRIE(R; e “BNR” A, BAIFHERIZT M
path H5iH, PAMREARZIAZATIRZE,

WIEIE 13-2 Fosiid e, AT DA ZARELNRERE Y “Bilt” 5 “WRY”, WANRET9EE,
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£id: BIWH, BRRE
EB: ERE, RBEE

Sl RITEH, BRRS
ElE: RERTS, RHEE

£l RIEH, BRRS
ELE: HERE, RHEE

£id: BIWH, BRRS
EB: RERE, RBORE

S BIEFH, BIRE
ELE: RERT, RHEE

Step 10

ik BITBFH, BMRE

EB: RERS, RHEE

path = [1, 7]

BEER 7, WERERNEER
res = [[1, 7]]

£l BITEFH, BARS
EB: tRERS, &BORE
path = [1, 7]

res = [[1, 7]]

Sid: BIEH, BRRS
BB WERE, HHEE
path = [1]

res = [[1, 7]]

£ik: BITBFH, BRE
ER: RERS, RBEE
path = [1, 3, 6]

res = [[1, 7]]

8k BIBER, BHRE

EhB: RERES, RHCEE

path = [1, 3, 7]

BETR 7, WEREFNELR
res = [[1, 71, [1, 3, 7]]
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Sid: BITERH, EMRS
ER: WERES, RECEE
path = []

res = [[1, 7], [1, 3, 7]]]

Step 11

B 13-2 ZiA5[EE

13.1.2 &
B EN R0 3 & — D Ek S AN RS, ARFAERT T 90k,

Pl —
XA ERATAEN 7RI A, IBIRERRT RERX LT REE, IR AR EEN 3 1

NT RN L HEEN, BANRERMBIEARME: ERERES, F82EN 3 /A, WHEANRE, A
ALK, RS NATR:

/] === File: preorder_traversal_1iii_compact.c ===

[* BiFEEG: = */
void preOrder(TreeNode *root) {
/] B2
if (root == NULL || root->val == 3) {
return;
}
/] =i
path[pathSize++] = root;
if (root->val == 7) {
/] 1IBRAE
for (int 1 = 0; 1 < pathSize; i++) {
res[resSize][1] = path[i];
}
resSize++;
}
preOrder(root->left);
preOrder(root->right);
// &
pathSize--;
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“BIR” R MNERIERIAIE, E 13-3 R, (RIS, Ml DI TR SRR R
X, WRTFLITRNZER, MG TR,

B BEER 3 MTEANRANRE

BB RIERH TR X HIERTE
MR FHEZR

& 13-3 ARIELIRAAT BT

13.1.3 1EZRMES

TR, BNZLREH “20, FHR, 3987 MTMAHEZRIERHK, TR R .
FELAMERMRSH,  state FURBIITSATIRA, chotces R RTIRAS T AT DARKLH AR :

[* EIREENESR */
voild backtrack(State *state, Choice *choices, int numChoices, State *res, int numRes) {
/] 2SR
if (isSolution(state)) {
/] iEFRfE
recordSolution(state, res, numRes);
/] FBHREEE
return;
}
/] BROFREEE
for (int 1 = 0; 1 < numChoices; i1++) {
/] Bk FEmEREE & E
if (isValid(state, &choices[i])) {
/] B R, SRS
makeChoice(state, &choices[i]);
backtrack(state, choices, numChoices, res, numRes);
/] EIR: HEEEE, MEDZHIRKE

undoChoice(state, &choices[i]);

TR, FANFETHEIRRERMBRFE =, KA state N mIETIEIZ, 1%EEE cholces NYHTTRAET T
MFATT A, 455 res BIEHIFE:
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// === File: preorder_traversal_iii_template.c ===

[* FIETEEIRESRE MR */
bool isSolution(void) {
return pathSize > 0 && path[pathSize - 1]->val == 7;

[* ICREE */
void recordSolution(void) {
for (int 1 = 0; 1 < pathSize; i++) {
res[resSize][1] = path[i];
}

resSize++;

[* FIMTESTERET, ZERETEE */
bool isValid(TreeNode *choice) {

return choilce != NULL && choice->val != 3;

[* BRMRE */
void makeChoice(TreeNode *choice) {

path[pathSize++] = choice;

[* MEIRE */
void undoChoice(void) {

pathSize--;

[* EIEE: BIR= */
voild backtrack(TreeNode *choices[2]) {
/] WERTNE
if (isSolution()) {
/] 1IBRAE
recordSolution();
}
/] BAFAERE
for (int 1 = 0; 1 < 2; 1++) {
TreeNode *choice = choices[i];
/] B BEEEREEEE)
if (isValid(choice)) {
/] B MR, ERRES
makeChoice(choice);
/] #HITF R

TreeNode *nextChoices[2] = {choice->left, choice->right};

backtrack(nextChoices);
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/] ELE: #HEEER, MERZEPRES

undoChoice();

RAEER, BAERENESN 7 0T SE N Iz kSR, TSI # R 2 51 return IHAIMER, & 13-4
L TR B EER return IEAIAVIE 2SR,

BRRE
giER |

12 return #ip& return
IEREGERE, THA4RIER IERMEEFRE], HEER

B 13-4 {REESMER return AERISFER B
M BT i 7 ARG B, BT IS AR AR SC B BAR RSN, EE A M SF, Shrt, W%

[T ] AR ISR R RO, TR TR R RS BARERE X state I choices , FFSRMUEZRHIIEANTTI%
BIAT,

13.1.4 EAARIE

BT EIEWH AT EAR, FRATSES— R EHEIEE HARER S X, FHN G- =25 X NoRfl], a5k
13-1 Ffirro

®13-1 H AR IEATE

EAt| T X Bl =

fi# (solution) — MRRIREFERIERMFIVER, AlRER—PEED RYTRET A 7 B2 R AR B

LIRS AR ARSI AT TR &5, EEA BRPARESTE3
(constraint) FBIR;
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i Y =

K& (state) REFRAEERE—NZIREY, OFECLHER YaTCURAE SR, B path 15 R5I%R
pri s

ZIK ZER MR AT IR R AR, M BATRAE () 71, WA path

(attempt) kR, BERURE, KAV HIWrT R EE RSN T

EIpES [EIRAEIBEIAN R LR A MRVIRSH, BEEAEM  SREM AL SR RIR, BEIEN 3 1

(backtracking) HiFESE, EIF E—MRES TRINZIEEER, KHRE

1153 SRR ARYE IR PRI A R A A e R IR HIBRMEDY 3 YT AN, WRFIAkEg R

(pruning) FRIZITTIE, PR RRR

Tip
R, R, IRSSEMES RN, 216, B, siSMXL OFREPEAE Y K.

13.1.5 R=5RRH

[EIEEA TR B — R RS R A, TR ATE AT AR R 77 2 B SR I S IR, X R 160
S AE T REMSHRBIFTE FTRERIMR R T 2, T BAESBISTRRE R, BARESNRER,

SRIT, (EACFR R ER & 2% R RN, TR B I TRCR T REME DARE 2.,

- WF]: RIS TR RS MR TR RTRE, I TRE 2 A] DOSEIFE R BB sk,
- 2] RV RR R LRI (BIanEs(E. AT 3TRMBI R EE), SREMRAKN, =M
TRATRERLIFRA,

RIMEEant, I TEAT SR e P R ) AN 24 S 2 P B AR MRS e X TR LB AR, pR T i Tt g
LR PRI AE BRI, TR IRATT 60N Fr A ] RERIE B TIE . EIXMIBOLT, REER MR,
T LHICERAE T A A,

- BB RRIERIME A ST AR, AT R I AL A

- Ak AR EEREET I LRI EE M THE, WML R A Al /e A B BRI AL,

13.1.6 [E];¥#EY(5IRR

[l ST AT F TR R VP AR R AN, SR 2 AR AH & L e
FRME: XA H AR REN R SRR R TT 2o

- IR AE—-NRE, KREHFrERTRERHIIA S

© TEMEE: BE-PMRAM—DERMN, HERSHATERNERNR T,

- DOREEREL: 450 = ARAE TR — RN R R, SRR B —ARAE T #2380 21 55 — A T,
IR — N EE, HARERRE SN b,

AP Ry RS e e IENISE syt s M VAR SEA e S RER)
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- n 2iE fEn x n EE EREn NREE, #EEMNEARHE,
© Bl £ 9 X 9 MIRHIEAR T 1~ 9, SR, BAIRED 3 x 3 FRIHHIET AEE,
- EEGEE: AE—-NemE, AROHBESERNENEER, EEHBTEHEAR,

AR XL R HARRTE— D G2 A PP ERE 7 i 52 55 1R 1 BRI g

- O-1HHME: AE—-HYRN—INEE, 80N E SN ENER, ERETEAFRRGIN, &
BV ES S ER K,

- RATRIERL: fE—E, AN DREER, TiRITE B R R OUEIR R R, SRR,

- ERKBIAE: HE—DTAE, KERRKEeTE, BFEPIEEN DR Z FEEUHEE,

THER, ANTH2HSIARE, FARRIRRTT R,

01 HRMEEE SRR, DUREIE &R R,
- IRATRIE D EAAH NP-Hard A, iR A B BB RIA S,
- KUV EE R — DA, aT A SUORTESE B A S URTR R,

13.2 £H5lin)E

EHEA BRI TRR — N RN, ERE REAE MRS (N M TTH) B, K
HHEATTRIIFTH ATRERIHES .

R 13-2 512 T LRI, S A KA M AT HES

£ 13-2 2HRA

PN FREHES

[1] [1]

[1,2] [1,2],[2,1]

[1,2,3] 1,2,3],[1,3,2],[2,1,3],[2,3,1],[3,1,2], 3,2, 1]

13.2.1 THEFRENRER

Question

WA DREEEAH, HPAESEERR, REFTHATRERHE,

MIEEIER R, AT DA SIS FAR SR — RTDEREIZE R, IR [1,2,3],
RPNV 1, L3, REERE2, WSS [1,3,2] . EIRERHEE —MERE, ZEMkeiH
fthiZk %

MEARHIAEE, RIERS cholces BMABAHTHIIATLR, K state ZHE HATCHOEFENITTR,
HER, SPITRARVFHIERE X, Bt state PIIFTHTTRAN IZEME—,
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Qs 13-5 FvR,  BATTAT DRRHR SIS AZ RIT R —BRIB IR, BEP AR AR BTIRAS state o MRTTRUT
f, S —RRIEREENAM AL, BT RN B — N HES

choices = state =

SH—IIERE

13-5 ZHRAIREI R

1. BES%ES
T KN TCE RPOERE— IR, TATEET A — M /REEUEH selected , A selected[1] #2718 choices[1]
TR EMNER, HET TP FEIRHRIE,

- TR RE chotce[i] )G, FRATHEEF selected[i] MRME AN True , RFEEHIERE,
- IBIEREYIFR choices I, BRI FTE BRI A, BIBIEL,

QI 13-6 A, RIS —FIERE 1, 5B 40ie 3, =Rk 2, NWIREAES IRt R 1 17
X, FEH=HIEITR 1 TR 3 03

e

l AAETEN 1, 2, 3

Rttt 1 @ ) a_ |
_ IR ERERNTE 1
BEIREE 3 Flm&EnER 2, 3
B o
i
F=WERE 2

HREREENTR 1, 3
FREHETER 2

K 13-6 2HAIBIRRHA
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WEKIE 13-6 K3, WITREIEH SRR O(n™) BNE O(nl) .

2. X9t

IR EEREZ)G, BATAT DAIERERAIE R " T N TR AR, AT RIRSCIIAE
RIS AR AR, TR ETRITAE backtrack() BEH:

// === File: permutations_i.c ===

/* BEIEE: 2851 1 %/
vold backtrack(int *state, int stateSize, int *choices, int choicesSize, bool *selected, int **res, int
< *resSize) {
/] BREKEFTTEHENR, BRE
if (stateSize == choicesSize) {
res[*resSize] = (int *)malloc(choicesSize * sizeof(int));
for (int 1 = 0; 1 < cholcesSize; i++) {
res[*resSize][i] = state[i];
}
(*resSize)++;
return;
}
/] BROFREEE
for (int 1 = 0; 1 < choicesSize; i++) {
int choice = choices[1];
/] B AATEEEETER
if (!selected[i]) {
/] B R, ERRES
selected[i] = true;
state[stateSize] = choice;
/] HITI R
backtrack(state, stateSize + 1, choices, choicesSize, selected, res, resSize);
/] ELR: BHEE, MEDZAIRIRE

selected[i] = false;

[* 285 1 */
int **permutationsI(int *nums, int numsSize, int *returnSize) {
int *state = (int *)malloc(numsSize * sizeof(int));
bool *selected = (bool *)malloc(numsSize * sizeof(bool));
for (int 1 = 0; 1 < numsSize; i++) {
selected[i] = false;
}
int **res = (int **)malloc(MAX_SIZE * sizeof(int *));

*returnSize = 0;
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backtrack(state, 0, nums, numsSize, selected, res, returnSize);

free(state);
free(selected);

return res;

13.2.2 FEEFTENFER

Question

AN DEREEE, BAPalREREHE TR, IRMATE AEERHES,

BB N [1,1,2]) . AT HEXSWAEE TR 1, RAEE =1L 1,
i 13-7 fioR,  _EIRTTIEAREIHAIE — 2 EE K.,

choices = state =

BRI

_—

RS RE RS

& 13-7 EHEHS

M2AMA RPREGAHESINE? e, ZEME—DMERER, BERNHPIEERET RE, R

e, BOWERESHSIRIER I SZBRAA LR, MSEERTUNIFIIEE, XA DO — PR RIERCR

1. BEFTHEEH

WIEE 138, (Es—4erh, Mo 1 S0% 1 RSN, EXPIERY FAERNFTEHS R ES R, Fit

REZAM 1 BTG,

FIBE, 7E55—400E% 2 25, Stk 11 b A Ee s, FhRogE —5r 1 8k,

MARBEE, B HARER —RIEED, RIEZ MR RBHERE X,
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choices = state = [?
0 3
B
“mrEEs 1 L
RE#ERE—R
SRIERE
| ﬁﬁ‘EEHﬂ 1
RE#ERE—R
EIIEE
13-8 EE TR
2. %M
1 b — RGBS RS b, BT RS I B — AT K duplicated, FITIERIZEEHELZEA

HHITTR, HREEITTRITK:
// === File: permutations_ii.c ===

[* ERESE: 245 11 */

voild backtrack(int *state, int stateSize, int *choices, int choicesSize, bool *selected, int **res, int

< *resSize) {
/] BREKEFTTEHENR, ERE
if (stateSize == choicesSize) {
res[*resSize] = (int *)malloc(choicesSize * sizeof(int));
for (int 1 = 0; 1 < cholcesSize; i1++) {
res[*resSize][i1] = state[i];
}
(*resSize)++;
return;
}
/] BHFAEERE
bool duplicated[MAX_SIZE] = {false};
for (int 1 = 0; 1 < choilcesSize; i++) {
int choice = choices[1];
/] Bk AATEEEETR B TARATEERFERETER
if (!selected[1] && !duplicated[choice]) {
/] B R, ERRES
duplicated[choice] = true; // IEFEF I TEE
selected[i] = true;
state[stateSize] = choice;

/] BT —HER
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backtrack(state, stateSize + 1, choices, choicesSize, selected, res, resSize);
// ELR: HHEIE, MEIZIRES
selected[i] = false;

[* 285 11 */
int **permutationsII(int *nums, int numsSize, int *returnSize) {
int *state = (int *)malloc(numsSize * sizeof(int));
bool *selected = (bool *)malloc(numsSize * sizeof(bool));
for (int 1 = 0; 1 < numsSize; i++) {
selected[1] = false;

}
int **res = (int **)malloc(MAX_SIZE * sizeof(int *));

*returnSize = 0;
backtrack(state, 0, nums, numsSize, selected, res, returnSize);

free(state);

free(selected);

return res;

RTTRMM Z REAHE, W n NTTRIEE n! #HF (Fi3R) ; EICREERN, FEIHIKEN n 195
%, A O(n) N, FENEEREN O(nin) .

BRIBFREN n, A O(n) teiz=HE, selected (A O(n) 23, F—NZIRZHLE n 1 duplicated,
i O(n?) ==, BEEHEZRER O(n?)

3. FEMBIRRILL

HER, B selected Fl duplicated #FF T EIRL, HME T HARAIFE,

HARER: BN ERIEFHE ) selected . BILRMEYAPKSHREMLTTE, HIEHE
BER N TTETE state HEE P,

ML EE: F00EFE (B PNAMAM backtrack %) #EE—1 duplicated . BibkHBAERE
W (for fEIR) FRfLE R E ok, HIERABRIEESTE APHERE —IX,

B 13-9 R T M BIBSER ARV AERGE R, R, MAPRIRN T AR —kRE, MR R EIH SR 2 b
92T A R — NS
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e 5o
HEEE— <
BTN [1, 1, 21 [1, 2, 1] [2, 1, 1] HE&MHZ $

13-9 PIRIBIRZR R 1E I TE

13.3 FEMin)H

13.3.1 EEERTENBR

Question

L5 — N IEEEECEUEA nums F1— HARIEEEEN target , IHHKHATAATREMIAH S, HISHEHRITEM
T target . BEHHTEE TR, BNITRERTUBIERZ R, 1EDAIRZREIXLEHE, FIRS
AN EEEHE,

Flan, WMARE {3,4,5} FEFEEE9, N {3,3,3},{4,5} . FEERTMAL

SR A T AT IR Y R R,
- FHEARRATEEIE, A {4,5) F {5, 4) BR—ATE,

1. BELHIEE
KIF2HFNR, AT AR RGI AR — RYNERNGE R, HEERSERSENER TR
M7, HITEMET target I, U THRICFEBERINIE,

iS5 ZHFIFEARRIRR, A A PR TR ] DIBTCRRER, [t TCAiE) selected fi/REIFKILRIT
RESCHOERE, AT DO 2RI T/ MR B, WIS EI RS -

// === File: subset_sum_i_naive.c ===
/* BIEE. F&EM 1 +/

void backtrack(int target, int total, int *choices, int choicesSize) {

/] FEMET target BY, iBRfE
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if (total == target) {
for (int 1 = 0; 1 < stateSize; i++) {
res[resSize][1] = state[i];
}
resColSizes[resSize++] = stateSize;
return;

}
/] BAFAER
for (int 1 = 0; 1 < choicesSize; i++) {
/] B BFEMEE target , MBLTZERE
if (total + choices[i] > target) {
continue;

}

/] B HHEE, EHTEN total

state[stateSize++] = choices[1];

/] #HITF R

backtrack(target, total + choices[i], choices, choicesSize);
/] ELE: HEERE, MERZARE

stateSize--;

[* KREBFEMN 1 (BEAEETHE) */
voild subsetSumINaive(int *nums, int numsSize, int target) {
resSize = 0; // ¥IWRILERAVERER o

backtrack(target, 0, nums, numsSize);

ML B AR (3,4, 5] MIEARTR 9, MHEEE0N [3,3, 3], [4,5], [5,4] o MR ¥ FARN
9 M5, HHPAIEREINFE (4,5 M1 [5,4]

KR EOV IR X R, AT T8 A ST, WK 13-10 FUR, Joik 4 J5ik 5 576iE 5
JEik 4 BARISE, AEXRIE — 2R,
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choices = FoEM
target =
L8015
JTEM >9
B 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 =

Bk Bl 3
MEBEEFE

B Bod 3,4
BREETE

F&=  [3,3,.] [3,4,.] [3,5,.] 3 [4,4,.] [4,5,.] 3 4 [5,5,.]

EEFE EEFH EETE

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

WIINZIIRE, BT start, TR ROBIRGS, SR o, 5, BE F—RMEI i Fh
Wi, IXFERRAT UL AR i) < iy < - < i, , MTRIETHEE—

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_1i.c ===

/* EIEE: FEM 1 */
void backtrack(int target, int *choices, int choicesSize, int start) {
/] FEMETF target BY, iERfR
if (target == 0) {
for (int 1 = 0; 1 < stateSize; ++1) {
res[resSize][i] = state[i];
}
resColSizes[resSize++] = stateSize;

return;

}
/] BAFREEE
/] BT M start FFUREH, BREREETE

for (int 1 = start; 1 < choicesSize; i++) {
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/] BitE—: BEFEMBET target , MEZRLRBEIF
/] XRRABECHF, EATEEKR, FEM—EBT target
if (target - choices[i] < 0) {
break;
}
/] Ei&l: MEIEE, FH target, start
state[stateSize] = choices[i];
stateSize++;
/] #HITI R
backtrack(target - choices[i], choilces, choicesSize, 1);
/] EIR: #EEEE, MERZHKRE

stateSize--;

[* REBFEM 1 */

void subsetSumI(int *nums, int numsSize, int target) {
gsort(nums, numsSize, sizeof(int), cmp); // % nums #H1THIF
int start = 0; /] EAERR
backtrack(target, nums, numsSize, start);

P 13-12 ROV HEEE [3, 4, 5] FIEBRTER O HA DA A S R L A2

M target
choices = a FroatioRE
target =
BIRRE
fo
BRIEE

#Bid target EETE

13-12 550 1 B2
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13.3.2 ZEESETZNBR

Question

L5 — N IEEEECEUEH nums FI— ) HARIEEEEN target , IHHKHATAATREIAH S, HISHEHIITTEM
T target . HEMAINRERTHEEILER, BN ENPIER R, 1ELIIREREXLEH S,
FIRAPAN U ZEEHE,

FILET A, ARSI AR S AL EE, XS TR, i, el (4, 4, 5] fIEhi &
0, MBI RS [4,5], [4,5], HITEEFE,

ERIX M E S R RS TR P B KRR, £ 13-13 F, HeHA =R, HAmNEy
, RFAEMPNEERNERS X, NmfhES 5%, FHE, SR 4 B EEE 74,

13-13 MHFTRSHER 7H

1. HFERTERY
MG, BATIHR RS TR — b UREORRE — IR, KT S TR EHF

9, RIAHFICREGRAAMAT, XEWE ERAESF, YRR SHANTRMS, W e Eafik
B, FittEEPNE Y ATTR,

SRR, AERE AN TR N REBIERE K, FiafzE, BAIha] DIAAZ R start RIHEIZLH: 4
[t v, J5, B PRSI+ LT GA)EET, XHBRERRRER 74, At iES TR,

2. REEEm

// === File: subset_sum_ii.c ===

/* BIEE: FEM 11 */
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void backtrack(int target, int *choices, int choilcesSize, int start) {
/] FEMET target BY, IBFfE
if (target == 0) {
for (int 1 = 0; 1 < stateSize; i++) {
res[resSize][i1] = state[i];
}
resColSizes[resSize++] = stateSize;
return;
}
/] BAFA LR
/] BT M start FiaiEHh, B#REREEFE
/] ER=: M start Fiai&H, BEESIRER—TTER
for (int 1 = start; 1 < choicesSize; 1++) {
/] B—: BEFEMET target , MEZEBY
if (target - choilces[i] < 0) {

continue;
}
/] B NRZTERSEOTERSE, RPEZERSIREES, BERT
if (1 > start && choices[1] == cholces[i1 - 1]) {
continue;
}

/] ik MHEE, B target, start

state[stateSize] = choices[i];

stateSize++;

/] BT —REE

backtrack(target - choices[1], choices, choicesSize, 1 + 1);
/] ELR: #EHIEE, MEDZAIRIRE

stateSize--;

[* KRERFEM 11 */

void subsetSumII(int *nums, int numsSize, int target) {
/] 3 nums FITHEE
gsort(nums, numsSize, sizeof(int), cmp);
/] FHAEL

backtrack(target, nums, numsSize, 0);

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

BERIEE Bk
EE— s S
- ERREEE R & ¥ H
-1
& BB
%ﬁb [4,5] EETE
HE=
TAWES
E— : -
FEMTEE ARAATR
B target

K 13-14 FEF0 11 [ fE

13.4 n 203

Question
B EFR RN, 2ER UK EHES AL —1T. —Fls— &R LT, 47%E n MERI—1
n x n ARNEE FEERTE 25 2 BJCZEHE R TR T 3.

i 13-15 R, Y n = 4 W, HA UM MR, WEIETERAESR, n x n A/NOBEE n? M
T, B TITERIESE cholces » TERNMREEERIIREH, HERSEARWHZ, SPOZIREETZ
IRAS state

| ) |

L3
€

€
L

| |

& 13-15 4 25in@nfE

B 13-16 fon 7 AR =ANHRGEM: 2 RIRARAER 1T, F—5, F—Ffk b ERERNE, Xt
FAEI R TR LR\ RO A1 £k | FiRh
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AR —RHRBLE
7

BREREREARET

x| x| X

FEAERI—4T — X |-

-
VA

X
X

x| x| x

X X

FRER—F  FREFA—THBEL

& 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

] I8 W W
BESE 117
(&18) (&18) (&18)
W | W] W [T ]
BES 2 & (W] W]
[ W W W[ w ¥
; W i W W
WEE 3§ = = |
v W _[n] W
W W [ W[ [ ] [ ™ ¥
4= W W ]
] B

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.c ===

/* BEIMEE: n Bl */
voild backtrack(int row, int n, char state[MAX_SIZE][MAX_SIZE], char ***res, int *resSize, bool
< cols[MAX_SIZE],
bool diagsi[2 * MAX_SIZE - 1], bool diags2[2 * MAX_SIZE - 1]) {
/] SHETFREITH, iER#
if (row == n) {
res[*resSize] = (char **)malloc(sizeof(char *) * n);

for (int 1 = 0; 1 < n; ++1) {
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res[*resSize][i] = (char *)malloc(sizeof(char) * (n + 1));
strcpy(res[*resSize][1], state[il]);
}
(*resSize)++;
return;
}
/] EHFES
for (int col = 0; col < n; col++) {
/] TTEZAE T X R A E R AR Fa 4k
int diagl = row - col + n - 1;
int diag2 = row + col;
/] BERR: RARFZEFRATES. EXRAZ. RNAKLEEER
if (!cols[col] && !diagsi[diagl] && !diags2[diag2]) {
/] B BEEKRETZIEF
state[row][col] = 'Q';
cols[col] = diagsi[diagl] = diags2[diag2] = true;
/] MET—1T
backtrack(row + 1, n, state, res, resSize, cols, diagsil, diags2);
/] ELR: Bz FIME RN
state[row]|[col] = '#';
cols[col] = diagsi[diagl] = diags2[diag2] = false;

[* RfE n EF */
char ***pQueens(int n, int *returnSize) {
char state[MAX_SIZE][MAX_SIZE];
/] #B nxn KBS, HAb Q' ARER, '#' HARZ(L
for (int 1 = 0; 1 < n; ++1) {
for (int j = 0; j < n; ++]) {
state[1][]j] = '#';
}
state[i][n] = "\0';
}
bool cols[MAX_SIZE] = {false}; /] ERIIREEER
bool diagsl1[2 * MAX_SIZE - 1] = {false}; // BRTIMNABZXLETEER
bool diags2[2 * MAX_SIZE - 1] = {false}; // BRAMNABAXLEETEER

char ***res = (char ***)malloc(sizeof(char **) * MAX_SIZE);
*returnSize = 0;
backtrack(0, n, state, res, returnSize, cols, diagsl, diags2);

return res;

BATIE n R, FBIEFNLAR, WNE—TERE—T2E n. n— 1. ... 20 1DEE, A O(n!) N
Ao MICSRAMRN, ToEE IR state RN res, EHIRIEM O(n?) I, K, SN REIER



13 % [E hello-algo.com 309

O(n!- n2) o bR L, ARIEX ALLIRAS R RENS KiRga/ MER ], RmERBCREEMR T A EREE
$2H state {HFH O(n2) 228, %4 cols. diagsi il diags2 BffiH O(n) ZH, wABITREN n, HH
O(n) #&izzEl, Kit, SBREREN O(n?).

13.5 &

1. ERERHR

- IR BUR S AR, B RS R T IR Ui T ok ST & SRR, fEIERIERE, B
RIS, E RS REOE P 72 UG 453,

- PERAE RS RIS FNREM N, el R R R Z A LR, BRI
LFERAFRIIG O, WG E— P Rikss, IREEI TS, FHSZHER, =5 mREM

NI TR R ES
- [ R EE A S 2 DR, TR TSR R, SR AT DR AT AL B AR RS, K
TEIRTHE R,

- (IR 3 S A] T AR R R (R R LR A2 (A, S AR IR R SR R] DA [l SRk ok, B
FAAERR T i R A IR TR

- IR S EERA T RS ITTRIATE FTRERHES, TS — M RIC R DT R R S PO,
S R R — T RAE R 0 3, MR ITRAPOEE X,

- AEEHRRET, EREATFERES TR, NWRAERSHIESHY, RINTELRMHETRES
Ferp BB —IR, XIEFAEBI— DA 2R,

- TEMPIER HRRESE RSP RENON EMERN TS T8, £EAXDTTRNF, MEREES
WA LR, AR TR, BAERMRTREIEETHE, HiRE N EERIERE K
WA, MITRE R TR AR R D SO TIIRL

© NTTRMAE, SHPRHS TR AERERG, BNAHEHCHFRIRTESRM, W ABrELT
TLRE ISR, MIMHCRAHSS TR i L BEBOEF —IX,

- n REFEEEIHE n MEERES n x n RS ERTTR, ZRTE 25N RITCEBE
Tio ZIIBEILIREFAITAR, FIZIHR, EXAEAIOT LA, il RITLIR, BATRAATR
BHREE, RS THE 25,

- HILIFHIS FLRLTRAIAL BT SR, X FHILR, A — M RIERE SR G H G, M
TRETHRIRE T REGR X TRAERLR, BOMEM MR ANIERIZE, Kk EREGFE
25, MERAETHESIR—E @) MAL ST HERTIIRT M,

2. Q&A

Q: [ELFRAREIHFNEIANIRR?
BHRE, B “RIAREET, MRS TTEY

- [PEEREEE TS, A, FEIREHNN AR —, RIEHEERAE RN AL,
C OBARSEAIT T RE T RS, BTG, B shAR GelgkiE)d) SF R
i,



310

Abstract
IINEIC TR, TLHE A K,
AR/ N B R IC SR BRI SR, — 5405 | R AT M g o A @R R 4R =2 o
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14.1 ##HRzHEHL

&M% (dynamic programming) 2 —MEZEMNEEEX, BR—IMES N —RYE/NNF -, I
I 7 T R R R B R, TR ME SR IR R,

EARTH, BIIN—ASHFIBATF, AR EMRNEWRE, WREhaSHESFRE, FEPS
TS BASHLRIfE

JerEEH
BE—DIE n BEORERE, FREEPRTDLE 1 el 2 B, 1ERA 2/ 075 58] DATEE RT3 ?

i 14-1 FoR, XF—A 3 Birkksd, HHF 3 #ioy Sa] DUEEIRET,

BEM® n= o 1 2 3 4 5 6

MTetsE 3 Miigssts 3 MAE:
0>1>223 , 05233 , 0>1->3

B 14-1 JEZIZE 3 Ay )y e

AT B AR K AT RACE, AT DA R E I IR o5 2 al R, BACRT, RIEMEB RS — 1%
IR ERERR: Wb, IR L 1 BEk 2 [, S ENAREER IR R 7y AR 1, A
THTERI R HBIAL, A FAR:

// === File: climbing_stairs_backtrack.c ===

[* I */
void backtrack(int *choices, int state, int n, int *res, int len) {
/] SEEIE n MBS, HEHEM 1
if (state == n)
res[0]++;
/] BAFA LR
for (int 1 = 0; 1 < len; i++) {
int choice = choices[1];
/] BERR: RARFEEE 0 B

if (state + choice > n)
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continue;
[/ Bt MEiEE, BERRE
backtrack(choices, state + choice, n, res, len);

/] Eh&
}

[* Tetkts: I +/
int climbingStairsBacktrack(int n) {
int choices[2] = {1, 2}; // Ei&TEMELNE 1 BTl 2 B
int state = 0; /] MZE 0 BhFFEANE
int *res = (int *)malloc(sizeof(int));
*res = 0; // A res[0] BERAERKE
int len = sizeof(choices) / sizeof(int);
backtrack(choices, state, n, res, len);
int result = *res;
free(res);

return result;

14.1.1 Fi*x—: BHiEE
B RS A B HOS [RIFBUHAT IR R, R SRR B E— RV, Eid IR sss:, R
AT REFIE

FRATTRT DAZE 1M PR 73 AR £ FE A X TR, IRTERER @ B3k dpli] M5, B4 dpli] U2 IR, H
5[l A -

dpli — 1],dpli — 2], ..., dp[2], dp[1]

TR HEE R 1 ek 2 B, RS IRATEGAESS @ Bk b, bR aTRESGESE ¢ — 1 ekss ¢ — 2 F
b BANERL, BATHAEMEE ¢ — 1 BralEE ¢ — 2 NIERE

HHIL RS H— N EEES: TR o — 1 By ZE0m_LIRENE ¢ — 2 BT ZECRS TSI ¢ Bty
8, AR

dpli] = dp[i — 1] + dp[i — 2]

XERELEERERE T, D F R RIFERIER R, R PSRMERT DA ¥ WIS R, 18] 14-2
JeoR TIZIBHER R
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dp[5] =dp[3] +dp[4] =8

dpl&l =5 /.

dp[3]1=3 .

B n = 1 2 3 4 5 6
AR dpln] = 1 2 3 5 8 13
NI N

K 14-2 J7REBEBH KR

Tl T DR A A B EI RGBT, D dp[n] JEIAS, SV — AR SRR A N
A, EEEARN TR dp(1] A1 dp[2] WHEE, b, BN TREIRE S, B dp[l]) = 1.
dpl2] = 2, FRMEEIE 1. 2W5 5 1. 2 FoTE,

MDA, EFFRIE RIS AR T IR et R, (AN
// === File: climbing_stairs_dfs.c ===

[* R */
int dfs(int 1) {
// B dp[1] A dp[2] , REIZ
if (1==1|] 1==2)
return i;
/] dp[i] = dp[i-1] + dp[i-2]
int count = dfs(i - 1) + dfs(i - 2);
return count;

}

[* TerEsg: &R */
int climbingStairsDFS(int n) {
return dfs(n);

}

Bl 14-3 JRrR 7 2SRV, N TR dp[n], HIBEMEEREN n, NRESREN O2"). 1§
e TR K, RBNMA—DHERE n, WEEABRKIEFRZH,
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dp[9]

dp[é] dp[7]

dp[7] dpl6] dp[6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[4] dpl4] dp[3]

RREMMBINFEABESFiAA
SHEEERERESN 02")

14-3  TEREAS X WL Y8

W 14-3, $EEORIOIN IS 2R “HA TG 800, G140 dp[9] BHM#N dp[8] #1 dp[7], dp[8]
oM dp[7] A dpl6], PIEHEE B dp|7] .

DACZRAE, FRIEFA S/ NIES TR, FFIMMEs R B, B0 HH RS IR EIX B 1
Al L

14.1.2 AE=: idiZigs

N T RIFEERCR, Bl BA RS SRR R, Ovitt, BAOTA B — ML mem KICREA
TR, FERRERE R EE T MR,

1. S ERHE dpli] W, BAVFEIERE nen[1], A2 S,
0. MEREEIE dpli] I, TRTEATEHMN nem[1] SIREE R, TR A LB 1% T I,

RN SR
// === File: climbing_stairs_dfs_mem.c ===

[* BIZHEER */
int dfs(int 1, int *mem) {
// B50 dp[1] #0 dp[2] , REZ
if (1==1|] 1==2)
return i;
/] EFEER dp[i] , MEEREBZ
if (mem[i1] != -1)
return mem[i];
/] dp[i] = dp[i-1] + dp[i-2]
int count = dfs(i1 - 1, mem) + dfs(i1 - 2, mem);
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// iER dp[i]
mem[i1] = count;
return count;

}

[* Tertts: 1212z */
int climbingStairsDFSMem(int n) {
/] mem[i] 1IBRMEEE 1 MWAREE, -1 ARELRER
int *mem = (int *)malloc((n + 1) * sizeof(int));
for (int 1 = 0; 1 <= n; 1++) {
mem[1] = -1;
}
int result = dfs(n, mem);
free(mem);

return result;

WIZRE 14-4, SN IICERYE, A RS F PR RRTHRE R, NREMERLE On), XE2—1E
KHTKEK,

nH
) HEER,
B EiEE

,///\\\\ BizgRAENEEEREN 0(n)

ERFREERFRERBHITE—R

$
Qo
v

14-4 ICACHARZXS R 1% T R

14.1.3 FE=: &M%
IR R R/ “AWRIE” W75 BOMNRFEE GRS JFE, IR0 E K T R RN T
A, ERBEAMNE/NTFRE (HER), ZfE, S e BN 7 e, Fe R R g,

2R, ahBMRR—/ “IREDB” 197515 WR/NFRBRETTHE, SRR ERF R, B
EXE &yl s
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BT EAEMA S EERE, Rt RFREAERNERIM, TAEREA, £ H, FAT9E T —
NSEH dp SRAFE T IEIAIMAR, EieE] TS ICICE R R mem AHRIHTIESRAE :

// === File: climbing_stairs_dp.c ===

[* TeRts: shaSHkl */
int climbingStairsDP(int n) {
if (n==1 ]| n==2)
return n;
/] #ak dp R, BFEHEFIRERRE
int *dp = (int *)malloc((n + 1) * sizeof(int));
/] YEIRE: Fugs/ N FIalRIfE
dp[1] = 1;
dp[2] = 2;
/] REFEE: NBUNFIRIBE D KRR A F 6] 7R
for (int 1 = 3; 1 <= n; 1++) {
dp[i] = dp[i - 1] + dp[i - 2];
}
int result = dp[n];
free(dp);
return result;

] 14-5 #4807 DA EAE R PATIE AR,

=i e

MeatR:
dp[1] = 1, dp[2] = 2

KEHBHE:
dp[n] = dpln-11 + dp[n-2]

MRS, HITREHEE, JEERRSIELLE

14-5 JEHERRRIIASMNINS R
SRR, SR RE” SR IIRRREORERIREERT B, B IR X B — > A A
KA RLE Ry Bl (AR B4, TEARRASE P R TR A SN 2 AT FERERR I 4 4 o
IRPELA N, BATTRT PURSS s S AU B R,

- R dp BN dp &, dp[i] FRIRES § X LT EIRE,
- RN R RIORA (55 1 RIS 2 WHREBE) Fuimiams,
- AR dpli] = dpli — 1] + dpli — 2] BRNRBEB AR,
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14.1.4 =jaEifiik

MORBEFEFTRER I T, WMTF dpli] Y5 dpli — 1] M dpli — 2] BK, BHEIRMTCHER —A 8 dp K17
BEFRE ¥ MBI, TR B REETERIRT, AR R ATR:

// === File: climbing_stairs_dp.c ===

[* Netkts: =EMAERINSIL */
int climbingStairsDPComp(int n) {
if (n==1 ]| n==2)
return n;
inta=1, b =2;

for (int 1 = 3; 1 <= n; 1++) {

int tmp = b;
b=a+b;
a = tmp;

}

return b;

WAL EARE, HTFEE TR dp SIS, I M O(n) B2 O(1) .

SIS, FATPRSEE T RTE AR MGG XK, XN BT IR DZEAPRE, wd “FEgE”
KATENEE M, XA RRLBII BN R R” o R,

14.2 chEFIR )51

FE b=, BANES) T 3SR A I 5 (AR RS AR R REAY, SKRm b, IR) R oo e — e
AUSRIRIRES, TEIA. ShASHL [ A E O],

- SMERRIBE VAR R U o 2 ME IR R AN, EE RN TR, FEAE R A A
i, BRI ENR A

- BIASHKIHERS AREBEATIE A 0 iR, HS5 AR EZXAR, AR5 AEUR A BRI, £
SRR S I 2 E BT A,

- SRR A BRI 2 AT A FTRERIRE, B BTEGE e AL AR 3, R AR — 5
FIRF BRI, B TAT DR RN IRFED IR AT TP B 1 — D 1 [l

Kk b, SEASHKIE AR RIULRE, e AMIESEETRE, EEE RN RILTEHH, T
JERIME

14.2.1 mKFEN

BATRS TERERE PR kN, (2 BEANE & R R 45,
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JerEs i/ MG

R —ERS, KPR DAE T e 2 B, SRR EE A — D ERERE, R IREIZE /M
PR BT AT, A — D IETUREEEA cost , H cost[i]| RoRIESE ¢ NMEMTER HIIRAMN,
cost[0] bl GEIAR) . HHHRERDFEN 2 MU A BERIATER?

I 14-6 Fow, #3810 20 3 BRI A0y 10 100 1, WM TEEIEE 3 B/ MUl 2.

....

B n = 0 1 2 3
Kt cost[n] = 0 1 10 1

TeLsE 3 MiEEmHEE 3 MA=E:
0515253 , 03253 , 05153
HAr 013 (NEHRD, BENA 2

K 14-6 TEZIZ 3 v/ MU

& dp[i] ANCRIEE @ B BT B RGT, BT o B aTRE 4 — 1 ek @ — 2 Bk, itk dpli] HATRES
T dpli — 1] + cost[i]| B dp[i — 2] + cost[i] o J3 T RATRERMMY, TATRIZEREME U NIAR— 1

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

IXAER] PAS | B L FE5 A2 S Dt )R g DL At A ol s ) e DR A A A5 SR )

R ERBARM L BN T RIERMR dplt — 1] #1 dpli — 2] HEGEHBEMLIAR—A, HH
AR R dpli] FRIE,

Mo, E—THEHBEEHAEA R TERE? B BERERETZEE, E2— M, EaR
Rk “RBRARTFEE", BATEIMULI, B8 EIBETE RS0, (HiRiL a5z tik
T BEnMBERAZBESFTEN— 1S n — 2MERTEEEZM, LA, SILTFEENRES
AR RTE, TEARFEFRSEARRNE .

HUBRASERS ITHE, DU dp[1] = cost[1] Fl dp[2] = cost[2], Tl atAT DUEEIZN AR
// === File: min_cost_climbing_stairs_dp.c ===

[* e/ MM shSMEkI */

int minCostClimbingStairsDP(int cost[], int costSize) {

int n = costSize - 1;
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if (n==1 || n==2)
return cost[n];
/] B dp KR, BFEHETFRBE
int *dp = calloc(n + 1, sizeof(int));
/] FIERES: Fugm/)\Fin AR
dp[1] = cost[1];
dp[2] = cost[2];
/] REHEE: NBUNFIRIBUE S KRR A F 6] 7R
for (int 1 = 3; 1 <= n; 1++) {
dp[i] = myMin(dp[1 - 1], dp[i1 - 2]) + cost[1];
}
int res = dp[n];
/] BHRATE
free(dp);
return res;

& 14-7 foR 7 DA BRI aZSMRIE A

cost[1] cost[3] cost[5] cost[7] cost[9]

mﬁ?“*———”/: m;F“~——f"/: min
cost[2] cost[4] cost[6] cost[8]
MiaiRE:
dp[1] = cost[1] , dpl[2] = cost[2]
RERBAHE:

dp[i] = min(dp[i-11, dp[i-2]1) + cost[i]

14-7 erEtfm MO RIS R
RGO DT, SRR T, AR AEM O(n) % O(1) :
// === File: min_cost_climbing_stairs_dp.c ===

[* e RIMUN: ZERAEREISAR */
int minCostClimbingStairsDPComp(int cost[], int costSize) {
int n = costSize - 1;
if (n==1 || n==2)
return cost[n];
int a = cost[1], b = cost[2];
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for (int 1 = 3; 1 <= n; 1++) {

int tmp = b;
b = myMin(a, tmp) + cost[i];
a = tmp;

}

return b;

14.2.2 TR
TGRSR B SR RE S B AR A R BB —, HE A BE—ATEIRE, BRARREREN
H5URRAE X, WS ELnmEIRELX,

DATEREER RN B, ki, ERRRHIRES ¢ + LRRAES 7 + 2, 25 Ripk 1 gk 2 25, 1Efft
IXPARMZERERS, BATTIEHH BINES « ZATHVIRE, BENTRHRES ¢ FIASRIEA R,

SR, AERFATILA MERRAS AN — TR, TROUA—FE T
LR TE RS
BE—HE n RIMRS, (REEPRTDLE 1 BEEE 2 B, (HAREESIMEERE 1 B, EA 2/ D755
A DATEEIRETH?

GniE 14-8 Fiow, e LR35 3 (a8 2 Ml 477558, HAES =Bk 1 77 AR LR AN, RIS,

HBTREEESMBE 1 f,
AERE 0515253 HIFHF N

BEM¥Y n = 0 1 2 3 4 5 6

ML 3 PifEmHE 2 faR:
85253 , 05153

K 14-8 HLTRERNS 3 BT =R

I, AR R 1 B R, AR R R 2 M XERE, TSR R
& CHRIFERSINED Mo, JERE—AMRE (k—RieRbisn A%,

RN AP, 0 B A I T B ke, AR 7 AR dpli] = dpli — 1] + dpli — 2] T, BN
dpli — 1] (RFEALCHE 1 B, BHREE TS “ E—EM 1 W R 5%, W8 TELE, BIIAR
HE¥s dpli — 1) EBEHEA dpli] .
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Ntk, BATFREY RIRESE X : & [0, j] F R « BofH E—48k T 5 B, Hj e {1,2} . IS
TESCERHIX 70 7 E—5eBk T 1 Bcs2 2 B, BATAT DASE A AR = AT TSR A,

4 b BT LA, b b RREEERE 2 Y, B dpli, 1] REEM dpli — 1, 2] HRIE R,
4 bk T 2N, b BeTEER 1 BhERBE 2 B, B dpli, 2] WA dpli — 2, 1] 8 dpli — 2, 2]
IR,

aE 14-9 FR, FEREXT, dpli, j] FIRE (i, 5] AT REL RS 778

dpli, 1] = dpli — 1, 2]
dpli, 2] = dpli — 2,1] + dp[i — 2, 2]

THREEESEMIERE 1 BN
Btz EE

dp[i-1,1]
dpli-1,2] @
dp[i-2,1]
dp[i-iZ

K149 FEAR THNEHER R

dp[i,1] dpl[i,2]

Rz, & dpn, 1) + dpln, 2] BTAT, Fi#EZAREIEEIE n M7 RS
// === File: climbing_stairs_constraint_dp.c ===

[* THLIRICHRS: BhASHIE */
int climbingStairsConstraintDP(int n) {
if (n==11]] n==2) {
return 1;
}
/] Mk dp R, AFEETFRIBAE
int **dp = malloc((n + 1) * sizeof(int *));
for (int 1 = 0; 1 <= n; 1++) {
dp[i] = calloc(3, sizeof(int));
}
/] RIS TR/ F iR ERTAE
dp[1][1] =
dp[1][2]
dp[2][1]
dp[2][2] =
/] REFEE: NBUNFIRIBE D KRR A F 6] 7R

B

1
0;
0;
1;
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for (int 1 = 3; 1 <= n; i++) {
dp[i][1] = dp[1 - 1][2];
dp[i][2] = dp[i1 - 2][1] + dp[i - 2][2];
}
int res = dp[n][1] + dp[n][2];
/] BRRE
for (int 1 = 0; 1 <= n; i++) {
free(dp[i]);
}
free(dp);

return res;

£ EERRBIF, TR ZEERTE MRS, RIEBAMART DOEE Y KA E X, (15 i S i e
TelERt. A, HEREAAIREERN “AERE,

TEREAE 5 KEhg 2L R

BE—NHA n IR, (REPFILLE 1 EE 2 B MUE SRR B, REANIAER 2
Fir L ERERSY), 2 e SRERAS S VFRREISE 24 B o BN, ATPRERAIBRE T 20 3k, W
JEANRERREIES 4. 6 B Lo E R Z /DR S0 DUTREIRETH?

FERA AR, TIRBRERKEUS RATE RIRE, BN E—IRBRERE S AE s RIRTRE IR E RS, FHRMAK
HIBkER, XTI, BIASHLIEAE AR R

Kk b, FZERNHSMARE (BIEIRITRFED AEERt. M xR, HANEE SR
M7, BlanE AR, BEER, st I, MmAER IR R 1S 2 a] AR R iR (LR

14.3 whaSHIRIAHE S B

PTG T BRI AR 3 BERHE, 5T ORERATT— IR ST AN SE A A

1. gndap b — A Al EUR AR S AL A
2. RIGSASMXIEZMITAEAT, SEBD R A2

14.3.1 [R)RAFIER

BEPRS, RN MEEESES TWE, R, HFREIERE, R el iEs AR,
SRIM,  FRATARME A TF) R HEA Fh B SR B X S, (R FRAT T TBE 6, SR ) 759 & (T )
W %) Mok

ES R RSB R WL “YORRPBIRL” XA ] DA TSR L, B — T R
—MNRE, BFRARDREF.

TG YL, NSRS S B RS, Bl — RV AR, AR B e R, 8
H AT DAGE A [ R A R
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TEMCEA b, ShZSHU RN A — 22k “anor I,

- MEEERK (N 82 () SRt
IERPARASREBS (] — AR, ZHERERFERITR, I H— DRSS HEE RIS ERIER R,

MR, AFE—L “RRoT I,

AR B AR R AT E Al RERIARR TS, T2 R LR,
- AR A R AH VA S RIRHE, TEREIRRRZ TR,

QUSRI R AR, FEEAAEONERT NI, BRI AR R — DS MK FRE, FHAE
R P RIEE,

14.3.2 [RIEKRBSE
BNASHUN B R AR 2 DR (P R R R FE T 6 PSR, (HJE R EIE DA AP BRI, & SUIRE, a7
dp %, HEFIRKEEBHE, WMEBRENSE,
N T B R MERREEC I, BAUEH— MR “R/NBRIERT k284,
Question
HE—Dn X m B 4EMHE grid, MIEHPREDNREITREE — N EEBE, RRZBEITHEIRN,

Plas NDAZE M BoTioniin e, BIRARER NeRE ARSI —8, BEEENEG MK, 1ERE
MEE EAEIE N AR NSRRI,

B 14-10 o 17— M+, 4a7E MRS BB NS 2RI 13 6

[

1 3 1 5 3 1 5
2 2 4 2 4 2
S 3 2 1 3

4 3 5 2 4 3 5

BR/BEEMP 13
SNVEREAREN 1923233325132

14-10 s/ RIREIESE

B0 BHERRINYGE, @SORE, Wmnifs#l dp %
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AR B — R AR AR A Y AR 1 R E — 8, YR FRTHIRE N [4, 5], WA FemfGE
—%fE, KRIEN[i+1,7] 8,5+ 1] o Hit, REMEAETRIIFMFIRTIHNERE, M [, 5] .

RS [4, g] MRZAYF IR . LA [0, 0] R [4, j] BB/, BRI dpli, 7]
i, BATHASE TE 14-11 Fosey —4E dp R, HRSFS58AME grid M,

j j+1
1 3 1 5 dp[0,e] dp[e,1] dp[e,2] dplo,3]
i 2 2 4 2 dp[1,0] dp[1,1] dp[1,2] dp[1,3]
e
i+1 5 31 2 1 dpl2,0] dp[2,1] dp[2,2]  dpl2,3]
4 3 3 2 dp[3,0] dp[3,1] dp[3,2] dp[3,3]
grid dp &
BRAE: BAXBTE FinE: MAELEMBE [1, 7] Hs/iRERN
REEX: THHES[1, j] dp ®: RTJ5 grid #HERER

B 14-11 IREENS dp #&

Note

SNSRI B AR AT DAREIR 3 — DN RSR P A, MRS JUR B, BN 2 & IR R R
ERNfAELRE, HESTEBNGEE, BEARESH I —MRE,

BRSNS L —DF R, FAT2E N dp ZREZMEINE TR, RS MR AR
& dp BR—NEE, NARREE, dp ZRIRER T AR BRI,

B R AT, WS ISR

FFARE [i, 5], CREEMN BT [i — 1, j] IR T (i, — 1] BTk, FEBIETE4E%N: S5k
[i, 7] H9B NS RAIER [3, § — 1] MU NSRRI [i — 1, 5] BORINR IR NS — R

MRYE LB AT, RIHEHE 14-12 PR i RSB T2

dpli, j] = min(dpli — 1, j], dpli, 5 — 1]) + grid[i, j]



14 % SN hello-algo.com 325

1 3 1 5 dp[@,0] dp[e,1] dpl0,2] | dplo,3]
2 2 4 l 2 dp[1,0] dp[1,1] dp[1,2] dp[1,3]
5 3 2 1 dpl2,0] dpl[2,2] dp[2,2] dp[2,3]
~— o—
4 3 5 2 dpl3,0] dp[3,1] dpl3,2]  dpl3,3]
grid dp &
KEwgHE:

dp[i, j1=min(dp[i-1, j], dp[i, j-11) +grid[i, j]

14-12 AL T4 SIS T

Note

FRYEE EFH dp 2, B3R EAF @SR, $HE I R B 0 AR R & 5 [A) B B U
W77, BIERILFEii.

—HERAHRE TR TG, ol AR TR EIRSER TR,

B BRI

AR, SAEBEITHIIRS RN AERTIGSER, AEEFIRISRREME EIDRIRASER, HILETT
i = 0 MIES j = 0 2inFHEM.

N 14-13 FoR, T ME RIS L TR TR sk, BRI BAME R R, SME
54T, PIEIRIE T 55,

dp[@,0] dple,1] dp[e,2] dple,3] dp[0,0] dp[@,1] dp[e,2] dpl0,3]
*~—> *—d> —> —> —

VAT AT

dp[1,0] dp[1,1] dp[1,2] | dp[1,3] dp[1,0] dpl1,1] dpl1,2] dp[1,3]
S S —

VAT AT

dp[2,0] dp[2,1] dp[2,2] | dp[2,3] dp[2,0] dp[2,1] dpl[2,2] dp[2,3]
— — —

VAT AT

dp[3,0] dp[3,1] dp[3,2] | dp[3,3] dp[3,0] dp[3,1] dpl3,2] dp[3,3]
— — —
LRFEF: MELETE WERBIAF . EFEREME

B 14-13 A FMA SIS

Note

B FZHAESNSHIXIF T RItE dp %, TEEZREYH TR,
IRESEBINT 120 08 BARIEAE T3 Y 5 A B AR, BT E EARER T B /)N (R B iR 2 9 E Rt
HEHIK,
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RIS LA BT, AT L] AE RS Hah SRR, FR10 A8 o) e — TR KA EAR,  RIZ iR
“BIER — LR — SR R SEBLE AN & B4k ST

1. FitE—: Bh#ExR

WS [7, 5] TR, RSB NIIRAS [i — 1, §] W1 [i, 5 — 1], AR ERE D FEE,

- BASE: RS 4] .

- JRIHE: M [0, 0] 2 [7, §] FIER/NRIRRD dpli, 7]

CBIEFRME: Y0 =0H j = 0/, RERN grid[0,0] .

COBIRG M < OWNELj < ORISR, HIRERN 400, REAAT,

SIS :
// === File: min_path_sum.c ===

[* REEEM: BHER +/
int minPathSumDFS(int grid[MAX_SIZE][MAX_SIZE], int i, int j) {
/] BERELARTE, WEIERER
if (1==028&& j==0) {
return grid[0][0];
}
/] BEITHIRSIER, MRE] +- 6
if (1<0|] j<0)({
return INT_MAX;
}
/] TEMELERAE (-1, §) # (1, j-1) Hs/NEELN
int up = minPathSumDFS(grid, i1 - 1, j);
int left = minPathSumDFS(grid, i, j - 1);
/] BREINEEAE (1, j) NE/NBEAN
return myMin(left, up) != INT_MAX ? myMin(left, up) + grid[i1][j] : INT_MAX;

14-14 258 7 PA dp[2, 1] AR i m, Hrhf s —LES M, HEAE XS K grid MRS
BRI ERIE 2

WA LE, EREE T FEREED: RS 5% 0] DN LM ZEEE— Tk,
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327

dp[2,1]

Bk R5[R

dp[1,1] dp[2,0]

)
12,

dp[0,1] dp[1,0] dp[1,0]

Q. -9, -9,
o L LN

dple,e] dple,1] dple,2] dple,3] EEFAEEE:

dp[1,0] dp[1,1] dp[1,2] dp[1,3] dpl[i+1, j1 #1 dp[i, j+1] ##&# dpli, j]
dp[2,0] dp[2,1] dp[2,2] dp[2,3]

dp[3,0] dp[3,1] dp[3,2] dpl3,3]

dp &

K 14-14 FSIHRZREBIIM

BARESEA T PEAMAER, WEEAESGE MAERRTEE m +n — 28, FbiRENREREN
O(2m+") o WEIER, XAHETARZ BIME ML ARG, HENKMLEIL RN DR R —FiksE, Ktk

KRR ER DL,

2. Bk idizwigE

BATFIA—FIE grid HERSTHIILIZEER men , A TICRSANF BRI, HIGES T B TR

// === File: min_path_sum.c ===

[* BNEREM: BIZHEER +/

int minPathSumDFSMem(int grid[MAX_SIZE][MAX_SIZE], int mem[MAX_SIZE][MAX_SIZE], int i1, int j) {

/] BERELARTE, WEIEEER
if (1==08&& j==0) {
return grid[0][0];
}
/] BTHESIER, MWRE +o K7
if (1<0|] j<0){
return INT_MAX;
}
/] BEERIER, NWEERME
if (mem[i1][]j] !'= -1) {
return mem[1][j];
}
/] AR AT R DNEEAN
int up = minPathSumDFSMem(grid, mem, 1 - 1, j);
int left = minPathSumDFSMem(grid, mem, i, j - 1);
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/] BRIFRELZEAR (1, j) HRNBREAN
mem[1][j] = myMin(left, up) != INT_MAX ? myMin(left, up) + grid[i][j] : INT_MAX;
return mem[1][3];

i 14-15 R, ESIAICIZMRE, FrA FRERERFHE R, RN RS ZAEBRRTREEE, B
RS O(nm) o

dp[2,1]

14-15 12248 223% I ff

3. FE=: mhEMR
BRI ST, AR RFR:
// === File: min_path_sum.c ===

[* BNERIEAN: BhASHKI */
int minPathSumDP(int grid[MAX_SIZE][MAX_SIZE], int n, int m) {
/] Mk dp &R
int **dp = malloc(n * sizeof(int *));
for (int 1 = 0; 1 < n; 1++) {
dp[i] = calloc(m, sizeof(int));
}
dp[o][e] = grid[e][0];
/] REHE%: 817
for (int j = 1; j < m; j++) {
dp[0][3] = dp[O][] - 1] + grid[0][i];
}
/] KE#E%: 'Y
for (int 1 = 1; 1 < n; 1++) {
dp[i][e] = dp[i - 1][@] + grid[i][0];
}
/] REHE%: HRITH5
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for (int 1 = 1; 1 < n; i++) {
for (int j = 1; j < m; j++) {
dp[i]1[]] = myMin(dp[i][] - 11, dp[i - 1I[3]) + grid[i]1[]l;

}

int res = dp[n - 1][m - 1];

/] BEAF

for (int 1 = 0; 1 < n; 1++) {
free(dp[il);

}

return res;

] 14-16 JEoR T BN RIS EERITRE, HOBI TR FIR, BIIMIISE 2950 O(nm) .
4 dp Fo N n x m, SRS AE R O(nm) .

1 3 i 5 0 o o o i B i 5 1 4 5
2 2 4 2 0 o 0 0 2 2 4 2 3 o o
5] 3 2 1 0 o 0 0 5 3 2 1 8 o o
&4 3 5| 2 0 o ) 0 4 B 5 2 12 o o

grid dp & grid dp &

MiakET dplo, j1=dple, j-11 +gridli, jl

et dp & MHaAEF) dpld, 0] = dp[i-1, 0] + grid[i, j1
Step 1 Step 2
1 3 1 5 1 4 5 10 1 3 1 5 1 4 5
2 2 4 2 3e&>5 0 [ 2 2 4 2 3 56>9
5 3 2 1 8 o o o 5] 3 2 1 8 0 o
4 3 5 2 12 o 0 0 4 3 5 2 12 o 0
grid dp ® grid dp ®
REHEB RERB
dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j] dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
Step 3 Step 4
1 3 1 5 1 4 5 10 1 3 1 5 1 4 5
2 2 4 2 3 5 9e>11 2 2 4 2 3 5 9
5 3 2 1 8 0 ) 0 5 3 2 1 8e>38 0
&4 3 5 2 12 o 0 0 4 3 5 2 12 o o
grid dp & grid dp ®
K& iz
dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j] dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1

Step 5 Step 6

10

10
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1 3 1 5 1 4 5 10
2 2 4 2 3 5 9 11
5 3 2 i 8 8 —>10 o
4 3 5 2 12 o 0 0
grid dp ®
RERH
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
Step 7
1 3 i 5 1 4 5] 10
2 2 4 2 3] 5] 9 11
5 3 2 1 8 8 10 11
& 3 5 2 12e>11 0 0
grid dp ®
RERE
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
Step 9
al 3 i 5] 1 4 9 10
2 2 4 2 3 5 9 11
5] 3 2 1 8 8 10 11
4 3 5 2 12 11 156->13
grid dp ®
RERH
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
Step 11

Bl 14-16 Hm/NSEAIRIEIESMRIIRE

4, =siEfik

Step 8

Step 10

Step 12

3 1
2 4
3 2
Bl 5
grid

12 0 0 0

REFAS

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]

3 1
2 4
Bl 2
3 5
grid

1 4 5 10

3 5 9 11

8 8 0 11

12 11e>15 0

dp &

REFH

dpli, j1=min(dpli-1, j1, dp[i, j-11) +grid[i, j]

3 1
2 4
B 2
3 5
grid

12 11 13 13

BER/EEMN 13

AT ME T REHEEDN DR TA K, BIEATAT A — DB TRER S dp &,
THIER, FVEAH dp REERR—ATHVIRE, FrUABMICEAR AT B YIRES, TR ST e

// === File: min_path_sum.c ===

[* BNREM: =RIMAERIEhESAR */

int minPathSumDPComp(int grid[MAX_SIZE][MAX_SIZE], int n, int m) {

/] Mk dp &R
int *dp = calloc(m, sizeof(int));
/] KEHE%: 817
dp[6] = grid[o][e];
for (int j = 1; j < m; j++) {
dp[j] = dp[j - 1] + grid[0][]];
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/] KEHE%: HR1T
for (int 1 = 1; 1 < n; i++) {
/] RSER%: 85
dp[@] = dp[0] + grid[i][0];
/] REE%: HR
for (int j = 1; j < m; j++) {
dp[j] = myMin(dp[j - 1], dp[j]) + grid[i][]];

}

int res = dp[m - 1];
/] BHRAE
free(dp);

return res;

14.4 0-1 &5\

AR N R AR T E, REiAMRIh 5 ARG R, HEARSH, Fiin 0-1
WS, sel i, % s,

TEARTIR, FRATER R AR B LAY 0-1 75 f )5,

Question
BE n NI, B ANYIRERR wgti — 1], MER valli — 1], M—DEER cap HE L,
M ARRIERE—R, RITERRE S EARE FRERAY S &AM ME,

MEEE 14-17 , TGS 0 N 1AL, BEHRGIM 0 FHEHHE, FIY)& ¢ M ER wgt[i — 1) 1
Pl valli — 1],

RS EE fit{E

i wgt[i-1] val[i-1] EaRE
1 10 50 ] cap = 50
2 20 120 Vo~
3 30 150 B — “
4 40 210 ¥
5 50 240 (O

=mAME: 270

BRAZ: B . B BAEE
HEF 50 HEAE

14-17 0-1 5 EAREIEHE
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FATATLAKS 0-1 BB E— P n BRRAKIIERE, ST MIEEE ABARBARRRE, Fit
T2 [ i i RS AR

ZIAR) Bk “FERRE H BA R TR MR RIME”, FIHEORMERZE — DS MRI F L,
B BHERRNYGR, @ ORE, Wnifhsl dp %

MFF MRS, FRANE, FOERAY; RANE, SRR, BILATHRAE L S
e MERE AR, B9 [i,c.
RS [i, o] MBIHIFIE: § i AEERIARE N ¢ KRB, 129 dpli, c] .
RN dpln, cap) , FILEE—NRIH (n+1) x (cap + 1) =4 dp %,
B B TR, MR SR AR TR
LRI | VSRR, FIRIEN i — | MISIYSE, "5 R PRI,
C NI i B EREARE, RN [ — 1,
NI EERARIBD wgtli — 1), BRI valli — 1], RAZEN [i — 1, c — wgt[i — 1]

ERATEBAN R T AR T BRPHE dp(i, ] ST AN « FURAPIS @ Pifhys Edi
{ESERIIR—A  H AT S SR T2

dpli, c] = max(dp[i — 1,¢|,dpli — 1, ¢ — wgt|i — 1]] + val[i — 1))

FEEENE, EYAmER wyt[i — 1) BHRREEAR ¢, NWHABEREANRAS .
B0 W RRIFRARE LRI
LY ERETCRIARE WA RN EARIMEN 0, RIESY dpli, 0] M1E1T dpl0, c] #ET 0,

SRS [4, €] M EATIIIRES [i — 1, ] Fide EATIRES [ — 1, ¢ — watli — 1]] 6551k, FUHEEH R
RIERAB A dp RETAT,

IRPELA L #r, BATHE TRIGI SR IR, IR, SIS,

1. FiE—: Bhigk

ERAHEUSUTER,

CORHABE: WA .

- JEEME: TSR dpli, c] .

IR NMEBGIEER = 0 U ERARRN 0 B, KIEEIEEENEO .
MK AT EREH S ORAAR, WSRO .

// === File: knapsack.c ===
[* 0-1 BE: BHIER */

int knapsackDFS(int wgt[], int val[], int i1, int c) {
/| BEEZFEYRAEELHREE, WRENE 0
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if (1==0]] c==0) {
return 0;

}
/] EBIERRE, WRERERTHRATE
if (wgt[i - 1] > ) {
return knapsackDFS(wgt, val, 1 - 1, c);
}
/] TEFRBANNBANY@® 1 IRANE
int no = knapsackDFS(wgt, val, 1 - 1, c);
int yes = knapsackDFS(wgt, val, 1 - 1, c - wgt[i1 - 1]) + val[i - 1];
/] BREIFFHEEPNEERNIB—

return myMax(no, yes);

N 14-18 Fw, W TEMRES T ENERIEMFERS X, FNEEAREN O27) .

WEBAR, AZ KM AFEES FIR-, F1adp[l, 10] &, f47aKLe. BRARKK, JTHEMER
HENYEZN, HE T NSRRI AEEZ,

MRES YaBE
dp(3,30]

RERNDSE 3

dp[2,10] it YaER > Y58

%ﬁi REHRANE 2
dp[1,10] dp[1,-10]

RERANDSE 1

o « *

YIRRS i 1 2 3 HEESE cap = 30
MREE wgt[i]l 10 20 20
YEfE vallil 60 110 120

K 14-18 0-1 5 flinl i) 2 77 1 R I8 T M

2. Ak idlziigs

N T RIEEEF R AP E—R, BAMEBICIZHEE nem KICTEFFIBHIME, HA mem[1]1[c] ML dpli, c]

o

SINICIeZ G, WIERERGCT FREge, itz O(n x cap) . EAFHEINT:
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// === File: knapsack.c ===

[* 0-1 B BIZHER *+/
int knapsackDFSMem(int wgt[], int val[], int memCols, int **mem, int i1, int c) {
/] BEEETAEYRIEELRREE, WRENE 0
if (1==0]] c==0) {
return 0;
}
/] EERIER, NEERE
if (mem[1][c] !'= -1) {
return mem[1][c];
}
/] BEEIEERE, WREEEFBRAETE
if (wgt[i - 1] > ) {
return knapsackDFSMem(wgt, val, memCols, mem, 1 - 1, c);
}
/] TERBANNBAY@E 1 mANE
int no = knapsackDFSMem(wgt, val, memCols, mem, 1 - 1, c);
int yes = knapsackDFSMem(wgt, val, memCols, mem, 1 - 1, c - wgt[i - 1]) + val[i - 1];
/] IERFHEREIFTHGEPNMEERNIB—
mem[1][c] = myMax(no, yes);

return mem[i1][c];

& 14-19 R T EILIZ AR R P HBT AR R 0 5

MRES SaFE
dpl3,301]

BEHRAYR 3

BIf%: HREIER

dp[2,30] dpl2,10]

7 of o2  REMANMG 2

dp[1,10] dp[1,-10]

dp[1,10]

& BERAYSE 1
o ~ *

YRES i 1 2 3 HEEE cap = 30
PRESE wgt[i] 10 20 20
aiE vallil 60 110 120

14-19 0-1 HHREAIC AR 2% I B
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3. HE=: ohEMR
AR R _Et R AEIRSHEB PIETE dp RO, B RETR:
// === File: knapsack.c ===

/* 0-1 HE: A +/
int knapsackDP(int wgt[], int val[], int cap, int wgtSize) {
int n = wgtSize;
/] #EE dp &
int **dp = malloc((n + 1) * sizeof(int *));
for (int 1 = 0; 1 <= n; 1++) {
dp[i] = calloc(cap + 1, sizeof(int));
}
RISt g
for (int 1 = 1; 1 <= n; 1++) {
for (int ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ) {
/] EEIEERE, WREYHmE 1
dp[i][c] = dp[i - 1][c];
} else {
/] REFEYGR 1 XFFHERENIRAE
dp[i][c] = myMax(dp[i - 1][c], dp[1 - 1][c - wgt[i1 - 1]] + val[i - 1]);

}

int res = dp[n][cap];

/] BRAREF

for (int 1 = 0; 1 <= n; 1++) {
free(dp[il]);

}

return res;

Qs 14-20 fiow, N RIS 2% BRI A 28R dp R/NGRE, BT O(n X cap) o

- - [ ] n - ] "] “
EE wgt MME val el oo 1 2 3 4 EE wgt fi{H val ]\{ 0 1 2 3 4
wgt[i-1] valli-1] [} [} [} ] ) [} wgt[i-11 vall[i-1] ] ° [) [} ] ]
_ T 455
1 5 ('] 1 0 1 5 ] 1 0 5
2 11 ¥ 2 [} 2 11 ¥ 2 )
3 15 (O 3 [] 3 15 - 3 0

RSB
YaBE n=3 EEEE cap = 4

dp[i, c] = max( dp[i - 1, c] , dpli - 1, c - wgt[i-1]] + val[i-1] )
MEHKRTA (n+1) x (cap+1) B dp 4EFE

Step 1 Step 2
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EE wgt fifE val e 1 2 3 4
wgt[i-1] val[i-1] 0 o 0 0
+550
1 5 ¢
2 11 * 2
3 15 - 3
R&#as:
dp[i, c] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 3
- a & n
EE wgt fiiH val e 1 2 3 4
wgt[i-1] vall[i-1] 0 0 0 L] 0
50
1 5 ¢ 5 5 5
2 11 * 2
3 15 (2 3
RS
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
l Step 5 ]
- - [ ] n
EE wgt fi{E val e 1 2 3 4
wgt[i-11 val[i-1] [} [} ] [} [}
1 5 ('] 1 5 ? 5 5
2 11 ¥ 2 5 11
3 15 (O 3
RS
dpli, ¢l = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
| step 7 |
a a & B
EE wgt il val e 1 2 3 4
wgt[i-11 val[i-1] 0 [} [ [ [}
1 5 (] 1 5 5 5 5
N i
2 11 2 5 1 16 16
3 15 - 3
R&s#as:
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 9
« a & @
BE wgt fiHfE val 3 c 1 2 3 4
wgt[i-1] val[i-1] [} [} ] [ 0
1 5 ¢ 5 5 5 5
2 11 * 2 5 111 6 16
3 15 (2 3 5 11
RE#B:
dpli, c] = max( dpli - 1, ] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )

[ step 11 |

- ] ] “
EE wgt i val e 1 2 3 4
wgt[i-1] val[i-1] [ [ 0 ) [} ]
#5501
1 5 ] 1 ) 5
2 11 * 2 [
3 15 - 3 0
REEB:
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 4
- a & “
EE wgt i val o 1 2 3 4
wgt[i-1] vall[i-1] [} 0 0 0 0 0
1 5 o 0 3 5 5 5
2 11 ¥ 2 0 5
3 15 - 3 )
RERB:
dpl[i, c] = max( dpli - 1, €] , dp[i - 1, c - wgt[i-1]] + val[i-1] )
Step 6
- = ] u
ER wgt fifH val Sl oe 1 2 3 4
wgt[i-1] valli-1] [ [} [} [} 0 ]
1 5 [} 1 0 5 5 J 5
11
2 11 ¥ 2 [} e
3 15 - 3 )
RSB
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]1] + val[i-1] )
Step 8
- a & u
EE wgt i val e 1 2 3 4
wgt[i-1] valli-1] [ ] 0 [} [} ]
1 5 (] 1 ) 5 5 5 5
2 11 * 2 ] 3 1 16 16
3 15 - 3 0 5
REEB:
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 10
« & & @
BEE wgt fifE val e 1 2 3 4
wgt[i-11 val[i-1] [ 0 0 0 [} ]
1 5 ¢ 0 5 5 5 5
2 11 * 2 0 1 16 16
+15 \
3 15 - 3 [ 11 16
RS

dpli, c] = max( dp[i - 1, c]|, dpli - 1, ¢ - wgt[i-1]1] + val[i-1] )

Step 12
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a) L] a & @B
EE wgt fMfE val el e 1 2 3 4
wgt[i-1] valli-1] [ [} [} [ ] [}
1 5 ] 1 0 5 5 5 5
2 11 * 2 [} 511 16 16
Ta—
3 15 ®© 3 [} 5 11 16 20
K&
dp[i, c] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 13

4. FiEi

& 14-20 0-1%

- = ] u

EE wgt i val N 1 2 3 4
wgt[i-1] valli-1] [} ] 0 [} 0 ]
1 5 (] 1 ) 5 5 5 5

2 11 * 2 [ 5 1 16 16

3 15 - 3 0 5 11 16 20

BERFIENRBAEENRANE 20

Step 14

@ IF—"I Hﬁﬁﬁlh\ﬂﬁUﬁﬁ

HFSMNRSE RS H E—TIRAE S, R FRATAT DU P MR E R, SamE2EM O(n?)

IKZF;%: O(n) o

—HEF, BRSO — DRSNS RUEIE? ST, SN IRSHUE B IE E77 sl BT s 4%
% SR, BIRHE DN, YIRS « TN, ZEEFEENTIRES « — 1 TRIRES.

NSRRI AT, AAE dpl, ], Je k37 dpli —1,1]

, TN RUCES 2 ERR RS 4R,
m% SR, WIASRAEES N, RS AT AT,

B 14-21 R TR TIE « = LATHRIESE ¢ = 2 7R, &

BE wgt fiHfE val

i

c

wgt[i-1] val[i-1]

1 5 [
2 11 *
3 15 (2

o
1
2
3

« EAEN
-

..I

an .
3 4
o 0
5 5

s ICHENEE

sen—rsona «» - (D EDEDEDED

M 1= 2 B, FIR dp PEREOR 1 = 1 MFTERR
| Step 1
- [} [ ] ﬂ
EE wgt ffiff val e e 1 2 3 4
wgt[i-1] val[i-1] [} [} [} [ [} [}
1 5 [} 1 [) 5.5 5 5
2 11 ¥ 2 [ + 6 16
3 15 (O 3 []
sen—rusna o - (D EDEDEDED
EIFERE i = 2 17, #TREEB
Step 3

~dpli — 1, — 1] frTREE b

5 1E Pt DA 3 9 DX 51

BEE wgt fifE val G

wgt[i-1] val[i-1] 0
1 5 ¢
2 11 * 2
3 15 - 3

o
o
0
o
o

N s |~ | B

«
N/

™ - .| B
l

[}
4
o
5

‘16

LR PR o [ s [ s [s Jlus]

BFEHE i =
Step 2

2 17, HTRERS

EE wst HE val e

wgt[i-1] wval[i-1] 0
1 5 () 1
2 11 ¥ 2
3 15 (2 3

+
o IR

o
o
[
o
o

w olu|B
U\SJ\E

e oo |B

rer—raand o - |{[E)IEEDEDEDED

BFBHE i =
Step 4

2 17, BTRERS
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] - [ ] ' ] ﬂ - [ ] " ] U

EE wgt ffiff val el oo 1 2 3 4 EE wgt i val e e 1 2 3 4

wgt[i-1] valli-1] ] [} [} ] [} [} wgt[i-11 valli-1] ] ] [} [} 0 ]

1 5 ] 1 0 5 5 5 5 1 5 (] 1 ) 5 5 5 5

2 11 * 2 [} 5 11 16 16 2 11 * 2 ) 5 11 16 16

3 15 - 3 [} 3 15 - 3 0
sen—rarma o - ((DEDEDEIED san—rarma o - (D EDEDEDED
BFERSE i = 2 17, #ITRERB STRIBHE, MA dp RENHRE i = 2 WAER
Step 5 Step 6

14-21 0-1 BRI SIXEAE
TERBSSEEI, BATUNFEEE dp B —4E ¢ EREMBR, F EICANIERE SO E s b RIA]
// === File: knapsack.c ===

/* 0-1 HE: TEMMENEEL */
int knapsackDPComp(int wgt[], int val[], int cap, int wgtSize) {
int n = wgtSize;
/] 3afk dp &
int *dp = calloc(cap + 1, sizeof(int));
/] REEHE
for (int 1 = 1; 1 <= n; 1++) {
/] BIF&H
for (int ¢ = cap; c >= 1; c--) {
if (wgt[i - 1] <= ¢) {
/] PEMEYE 1 XS ENRAE
dp[c] = myMax(dp[c], dp[c - wgt[i1 - 1]] + val[i - 1]);

}

int res = dp[cap];
/] BHAE
free(dp);

return res;

14.5 T2H 88

TEATH, BAVERBES - DERNEERE: 228, BT7REr -6 TR,
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14.5.1 25 8RE

Question
B n MG, B ASNERR wgt[i — 1], MER valli — 1], M—DEEN cap WM, &
AP DEE R, R7ERE S OAE FEMRAYSNRRNME, ~EIE 14-22 AR,

ms EE {8 SaEE
i wgt[i-1] val[i-1] cap = 50
1 10 50 o <1 —
2 20 120 . x2 n
3 30 150 B
4 40 210 *
5 50 240 ()

RAME: 290

SRER: B—1 @ FE . BmAES
HEA 50 TRAE

14-22 sEeH AR RG]

1. EhEEHRBER

SERT BT 0-1 5 RLAEHER AR,  DXBMAE T ASBREIP Sh AR E R B

- AE0-1 HHWEEAE, SMYRmRAE D, FIR&  MNERE, JEEMAT ¢ — 1 DM rikeE,
- fESEEEEAET, SRS EERZICRE, RIERYIE  IRAE R, 9l BUAGT @ DinrbiEe.

EFE 2B WRERFE T, R (i, c] KL PRSI

- AN G 5 0-1 HRFEMER, BRI —-1,c.
C BN 5 0-1 HRFEARRE, HEE (i, c —wgt[i —1]] .

MR R TR :
dpli, c] = max(dp[i — 1, c|, dp[i, c — wgt[i — 1]] + val[i — 1])

2. K@M

Xt EEIERE H AR, IRESER A N — 12 1, HREE 80
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// === File: unbounded_knapsack.c ===

[* T2EE: BEMK +/

int unboundedKnapsackDP(int wgt[], int val[], int cap, int wgtSize) {

int n = wgtSize;

/] 9at dp &

int **dp = malloc((n + 1) * sizeof(int *));

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

dp[i] = calloc(cap + 1, sizeof(int));

}
/] RE#ERE
for (int 1 = 1; 1 <= n; i++) {
for (int ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ¢) {

/| EBIEERE, WFEYm 1

dp[i][c] = dp[i - 1][c];
} else {

/] FEREYIR 1 XA RNRAE
dp[i][c] = myMax(dp[i - 1][c], dp[i][c -

}

int res = dp[n][cap];

/] BHEARF

for (int 1 = 0; 1 <= n; 1++) {
free(dp[il);

}

return res;

3. wiEfiik

wgt[i - 1]] + val[i - 1]);

T S AT WO BB R IRASEAS TSR, Bt MRILIG REZN dp Frh RT3 T IR,
XS 0-1 B HEIEAF IR, 1EEBIIE 14-23 SKELEME I X,

‘ a a & @
EE wgt fi{E val \1 <l o 1 2 3 4
wgt[i-1] val[i-1] 0 0 ) 0 0 0
C e
2 11 ¥ 2 0
3 15 (% 3 []

wer—raaad o - ([)IEEDEDEDED

BH 1= 2 #, FIR dp PEMENR 1 = 1 WFERR
l Step 1

BEE wgt fifH val

wgt[i-1] val[i-1]

)
1 5 [} 1
2 11 * 2
3 15 - 3

RERA—TRITHA dp =

EFBHE i = 2 17, #TREEB
Step 2
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BEE wgt A val ~.C

i

wgt[i-1] vall[i-1]
1 5

o
1
2 11 2
3

@ ~e

3 15

sen—rarma o - (DD EDEDED

EFBHE 1 = 2 17, #TRERB

[ step 3
) - a B n
EE wgt fifH val N e 1 2 3 4
wgt[i-1] val[i-1] 0 0 0 0 0 0
1 5 ¢ 5 18 15 20
2 1 ¥ 2 [}
3 15 ® 3 ) 1
sen—racma o - (DEDEDEIED
‘ EFFBRE i = 2 17, BTRERS
l Step 5

Step &

Step 6

BEE wgt i val .C

wgt[i-1] valli-1]

oln|B
olu|P
o - | B

sl o
= R

- N
= s
o N
o <grl
N
)

+11

s

sen—rarma o - (D EDEDEDED

EFBHE i = 2 17, #ITREEB

EE wgt fiff val .C 0 2

a & @&
3 4
) o

wgt[i-1] wval[i-1]

0 0

@ ol |E

1 5 0 10 15 20

1

2

o
[PV

(4

11
3 15

sen—raina o - (D EDEDEDED

STRRERE, ¥E dp RENRE 1 = 2 WATENR

14-23 seeE WRTEZE RS RS R

RSB AL B, (RS dp HUSE —4EIER:

// === File: unbounded_knapsack.c ===
[* BEEE: TEMAEHEESL */

int unboundedKnapsackDPComp(int wgt[], int val[], int cap, int wgtSize) {

int n = wgtSize;
/] #iafk dp +®
int *dp = calloc(cap + 1, sizeof(int));
/] REEHE
for (int 1 = 1; 1 <= n; i++) {
for (int ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ¢) {

/| EBIEERE, WFEYm 1

dp[c] = dp[c];
} else {

/] EFES @ 1 XFHREVRAE

dp[c] =

}

int res = dp[cap];
/] BRATE
free(dp);

return res;

myMax(dp[c], dp[c - wgt[i - 1]] + val[i - 1]);
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14.5.2 FTHRMARIE
B EUR — KRS R R 3R, HIERZ AR, §ilan 2k w6 .

Question
255 n RS, 58 MREMNEER coins[i — 1], BARSEN amt , high e DLEE KR, A
REfS = Y BAR SR R/ DR MR, WERTTRE L BAnedl, WHRE —1 , REGNE 14-24 Fis,

HS mfE
i coins[i-1] BirEE
1 1 1 amt = 11
~ =
2 2 $
3 5 @ x2 /

ROETHE: 3
stiEtas: @+ © + ©

14-24  TER LA R B s

1. EHESMLBER

FEIL AT B E7E 2T WS — RGO, W% B A DU RIRR S AN R

- PHIERERT DAHE R, “YpshT MR CREMT. VAR MR “EmEE", “HEAR M CBiRE
: ﬁﬁ;ﬁbﬂﬂ}i, TERE B R BRI MINE, TR E R ML h R,
- EETEREER ANEE” FEAR TR, TEROBUER BT RE B SRR,

HP BERRINYSE, wORE, WinfdEl dp #

R (4, a] MBAYF R : Wi ¢ RIRET RERS 2 o M/ PREM B, 129 dpli, al

4t dp BRI (n+1) X (amt+ 1),

B IRINERIR T Es, dEmiE S ISR TR

A5 5E 2T QRERRS H R T RAEAE A TR ZE R

- REE R ME, EEFEHEHT max() FECH min() .
R R AR TR A, U AEE R AT +1 BIAT,

dpli,a] = min(dp[i — 1, al, dp[i,a — coins[i — 1]] + 1)

B W R AFERIR SRS
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YEREHON 0, B ErROEmEEN 0, BEFIFE dpli, 0] #%T 0.

LITCREMN, FIERHER > 0 WHREH, B2, NERESHERE T min() REGETE IR
IRTCRR, Tl BB +oo REREN], MLETAHE dpl0, a] #ET 400,

2. 1XFgscm

REBIEIE S HARIEM oo LR, HAEMAEY int FRKRERAE, MXXZFEORBA: REH
BTIREAR +1 #RERTRE AR A R

M, BATRAET amt + 1 RERIERE, FRNEH amt (IEHEERZ N amt . &FIRENE, Hk
dp[n,amt] BEET amt + 1, HRWGRE —1, REICHEEL EREH. RN IR

// === File: coin_change.c ===

[* BEREHR: S *+/
int coinChangeDP(int coins[], int amt, int coinsSize) {
int n = coinsSize;
int MAX = amt + 1;
/] M|k dp R
int **dp = malloc((n + 1) * sizeof(int *));
for (int 1 = 0; 1 <= n; 1++) {
dp[i] = calloc(amt + 1, sizeof(int));
}
/] WSER%: B17a75
for (int a = 1; a <= amt; a++) {
dp[0][a] = MAX;
}
/] REFE: HRITHT
for (int 1 = 1; 1 <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] BEIETREH, WARERED 1
dp[i][a] = dp[ti - 1][al;
} else {
/] EFRET 1 XFHERERNRIME
dp[i][a] = myMin(dp[i - 1][a], dp[i][a - coins[i1 - 1]] + 1);

}

}
}
int res = dp[n][amt] != MAX ? dp[n][amt] : -1;
/] BRAF
for (int 1 = 0; 1 <= n; 1++) {

free(dp[il);
}
free(dp);

return res;
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& 14-25 R T FESURAIEISIRNERE, Fseenm miEdEFEMA~eL,

s & & 8
E [ el e 1 2 3 4
i coins[i-1] 0
1 1 @ !
2 2 @ >
3 5 @ -
Wh#HE n =3 Bif&E amt = 4
MERTHR (n+1) x (amt+1) & dp %M
[ Step 1
5 & & 6
®wS EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 1|0 1
2 2 @ - o't
3 5 @ - [}
RERB:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 3
s & & ¢
HS i Naloe 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! [} 1 2 3
2 2 @ [} 1
3 5 ® 3| o
K&
dp[i, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
l Step 5
5 & 6 6
wS EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ [} ? 2 3 4
2 2 @ 2|0 1
3 5 @ : [}
RERHB:
dp[i, a] = min( dpli - 1, a] , dp[i, a - coins[i-1]] + 1)
Step 7
5 4 & &
wS EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 1 0 1 2 3 4
2 2 @ : [) 1 1 2
3 5 ® - o +1
RSB
dp[i, al = min( dp[i - 1, al] , dp[i, a - coins[i-1]] + 1)
l Step 9

( Step 2

Step &

Step 6

Step 8

Step 10

8 & & 8
WS HfE N2 e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ : 0
2 2 @ )
3 5 @ - )
WH#E n =3 BiFgE amt = 4
MALETR max = amt + 1 . BIIHR 0
s & & 6
ws EE Nl 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 e ! o 1 2
2 2 e : ) 1
3 5 @ - )
RERH:
dp[i, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
8 & & &
&®S i e 1 2 3 4
i coins[i-1] [ 0 MAX  MAX  MAX  MAX
1 1 @ 1 0 1 2 3 4
2 2 @ : [) 1
3 5 @ 3| o
RSB
dp[i, al = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 )
5 &4 & 6
ws EE Nl e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! ) 1 2 3 4
2 2 ® 2| 1 1
3 5 @ : 0 **
RERHB:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
s & & 8
W®s EfE e e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! ) 1 2 3 4
2 2 e : [ 1 1 2 2
3 5 e - 0 +1
RERH
dp[i, al] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 )
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i & 8 & i &4 & 68
wS EfE el e 1 2 3 4 ws EfE el 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i coins[i-1] [ 0 MAX  MAX  MAX  MAX
1 1 @ ) 1 2 3 4 1 1 e ! 0 1 2 3 4
2 2 @ : ) :i. 1 2 2 2 2 e : 0 1 t 2 2
3 5 @ - o | 1 3 5 @ - 0 11
KRB K5
dp[i, a] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1) dp[i, a] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )
Step 11 Step 12
i & & 8 s & & &
wS EfE e 1 2 3 4 HwS EfE e e 1 2 3 4
i coins[i-1] 0 [ MAX  MAX  MAX  MAX i coins[i-1] 0 ) MAX  MAX  MAX  MAX
1 1 @ ! ) 1 2 3 4 1 1 @ ! ) 1 2 3 4
2 2 @ ) 1 1 i 2 2 2 @ ) 1 1 2 %
3 5 @ - ) 1 1 2 3 5 @ - 0 1 1 2 2
RSB RSB
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1) dpli, a] = min( dpl[i - 1, a] , dpl[i, a - coins[i-11] + 1)
Step 13 Step 14

5 & 6 6

ws mEfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ [} 1 2 3 4
2 2 @ : [} 1 1 2 2
3 5 @ - 0 1 1 2 2

REEHERETANRIEHRE 2

Step 15

B 14-25 FESRAER S SRS RE

3. ZEfif
TR I 22 A B AL B 77 R 52 2 15 R Rl — 2K
// === File: coin_change.c ===

[* BRI FEMAMEREIESRL */
int coinChangeDPComp(int coins[], int amt, int coinsSize) {
int n = coinsSize;
int MAX = amt + 1;
/] #Ek dp &
int *dp = malloc((amt + 1) * sizeof(int));
for (int j = 1; j <= amt; j++) {
dp[j] = MAX;
}
dp[0] = 6;
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/] K&
for (int 1 = 1; 1 <= n; i1++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EERIBEREH, WAEED 1
dp[a] = dp[a];
} else {
/] EFNRRET 1 X ENR/IME
dp[a] = myMin(dp[a], dp[a - coins[1 - 1]] + 1);

}

int res = dp[amt] != MAX ? dp[amt] : -1;
/] BHAEF

free(dp);

return res;

14.5.3 FH IR 1

Question

L5 n FIRET, 55 ¢ FEEMAEEN coins[i — 1], BFREH0N amt , SHEEM AT AEEIER, W
ZLHARERIIEMA SR, REIANE 14-26 FR,

HS HfE
i coins[i-1] Bif&E
amt = 5

1 1 @

2 2 (2) g

3 5 @

FEHASHE: 4

grEasrz @+ 0+ 0+ 0+©
0©-0-0+-©
0-0-0
(5 )

K 14-26 FERSHen)E 1T BBl EdE
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1. EHESHRBER

T 3, ABERERAGEE, FikrRmEy: 6o Ml maesRnEm o MASBER. mdp
RMARERSTH (n+ 1) X (amt + 1) I HERERE,

S RTIRSHIE SRR T AN 4 AT 535 24 AR X ARV A S8R M, RSB TR N

dpli,a] = dpli — 1,a] + dp[i, a — coins[i — 1]]

Y EREHY 0 I, TCAUEEEATRE M BT & W B ARERR, KU ESIRTA dpli, O] #¥Iaafcn 1. 47
BEMN, JCIEEHER > 0 MERESH, FEETHA dpl0, o) #%T 0,

2. K%M

// === File: coin_change_ii.c ===

[* BT 11 ShSHKI */
int coinChangeIIDP(int coins[], int amt, int coinsSize) {
int n = coinsSize;
/] #MEk dp &R
int **dp = malloc((n + 1) * sizeof(int *));
for (int 1 = 0; 1 <= n; 1++) {
dp[i] = calloc(amt + 1, sizeof(int));
}
/] MELET!
for (int 1 = 0; 1 <= n; i++) {
dp[i][o] = 1;
}
RISt g
for (int 1 = 1; 1 <= n; 1++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EHBIEREE, WAREED {
dp[i][a] = dp[ti - 1][al;
} else {
/] EFREET 1 XA EZH
dp[i][a] = dp[t - 1][a] + dp[i][a - coins[i - 1]];

}

int res = dp[n][amt];

/] BRARF

for (int 1 = 0; 1 <= n; 1++) {
free(dp[i]);
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free(dp);
return res;
}
3. ZiElkik

EAMEACAL R 7T CAHIR], IR 4 RIAT -
// === File: coin_change_ii.c ===

[* BHREM 11 FEIRCENEISL */
int coinChangeIIDPComp(int coins[], int amt, int coinsSize) {
int n = coinsSize;
/] #MEk dp &R
int *dp = calloc(amt + 1, sizeof(int));
dp[oe] = 1;
/] K&
for (int 1 = 1; 1 <= n; 1++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 1] > a) {
/] EBIBERET, WAERED 1
dpla] = dp[a];
} else {
/] EFNRRET 1 XFEFHHFEZH
dp[a] = dp[a] + dp[a - coins[i - 1]];

}

int res = dp[amt];
/] BRE
free(dp);

return res;

14.6 ‘RiBIEE 0]

gmiEpiE, AR Levenshtein B, fEMNF4F R A AR i/ MESOREL, @ AT EERARNE
SRV = AT AR B S R A O ARDURE

Question

WMAMDTRIE s /il ¢, IREN s #4h ¢ TR ER Do,

VRA] IAE— N FAFER P T =B e . A DR MR — DR, K rPg it g — 1
o
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QNI 14-27 R, R kitten ¥50N sitting TSR 3 20, TG 2 DOBHIRIES 1 IRINIIRIE; FF hello #2
#y algo T2 3 4, HUAE 2 UUEHARIER 1 UMBRERIE,

s - (38808080 s - (8000
lsm 1§mlﬁm mmllgmlsm
(s[iJe[ef[i[n]e] 00080

- (800800 - (3080

K 14-27 GwiEEE R RBIEERE
SR P 2 )] DATR ) R UR B BVRDR IR, AT R T, —HRIRER (—IRGmEEIRIE) KT
—Zid,

WK 14-28 FivR, EARRGHRERER T, S0 880 DUREHIFZ KD, BRI N —F#EE, XE®
E M hello #4#% algo HIFZMAIRERIEEIZ,

MR ER, AR EARZ KT A hello M AL algo Z Al FEIAE,

K 14-28 FLF PR 2 R g iR = 0] @t

1. EHEEHIRIBER

H—: BERRNIUE, &30RE, Mmifesl dp %
BF—RRIRIEXN FIFE s BAT— IR,

A7 AR IR, B AUBOENIA ), XA RERE TR, TR s B¢ O KRES 51
nflm, BV EFTIERIE sn — 1) 7 t[m — 1]
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- sin— 1 Ft[m — 1) MHFE, FAIATCABGS EA1, BH#EFIE sin — 2] M tm — 2],
- A s[n— 1) ft[m — 1] R, BAVFEEXN s BT —RgiE AL MR, B, SSHEREER
MEFFAE, AR AR EATT, 35 BRI R /N1 Al

WALRY, BAEFITE s PHEATHE RIRER GREHRE), MIES s ¢ PRERIOFFITA 71T A2 428
o Bk, RENYHILE s F ¢ FPBIEAIEE « FI5E J Dy, 18 [4, 4] o

ARAS [i, 5] ABIAO TR 95 s BORT 0 AFAFESCN £ IIRT § A FRITRIE Do,
e, 35— MR (1) X (G 1) 74 dp %
B PR TEH, TS IR R R

FERT dpli, j], HNMERDNFRENRBETRN s[i — 1] ft[j — 1], AHRIERFEREERED HE
14-29 ARy =FhE i,

1. 76 sli — 1] 2B L) — 1], WHEATE dpli, j — 1] .
2. WIBR s[i — 1], WA TR dpli — 1, 4] .
3. ¥ sli — 1] B t]j — 1], MEATHE dpli — 1,7 — 1],

EREHN o
08000
(c[od]e] (c]o]d
apli, 511
B &
- - (@DBC
t- (c[o]d]e]
dpli, 3] dpli-1, j]
% I mian
(bJofo]e]
(cJo]d]e] (c]o]d
dpli-1, j-1]

K 14-29 ZmiEEE B IR

WHELA Lo, PSR FEEHE: dpli, j] Do EEET dpli, j — 1], dpli — 1, 4] dpli —1,5—1]
=EPRIRDRESE, BN EARRNGESE L o X MAIRSEAE TN

dp[laj] = l’l’lll’l(dp[l,j - 1],dp[l - L]]?dp[l - 17.7 - 1]) +1

R, M sl — 1) M t[j — 1] MR, Jemgbs Saiv A, XM NIRRTy

B2 B AR ARSI
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LI EC SN, FEPECN 0, R dp[0,0] =0, % s h2HME t LN, BOREPBET ¢ K
e, BIE1T dpl0,7] = jo M s ARZEt NN, ROHESBET s WKE, RE5dpli,0] =i,

WERSHERE TR, 8 dpli, j) KMiETT. BI5. 72 LDTRIME, RIHOEE P ETEFRE R G dp RENAT,

2. KM

// === File: edit_distance.c ===

[* YRIEEEES: BOASHIKY */
int editDistanceDP(char *s, char *t, int n, int m) {
int **dp = malloc((n + 1) * sizeof(int *));
for (int 1 = 0; 1 <= n; 1++) {
dp[i] = calloc(m + 1, sizeof(int));
}
/] KEER%: 51785
for (int 1 = 1; 1 <= n; 1++) {
dp[i][e] = i;
}
for (int j = 1; j <= m; j++) {
dp[O][]] = 3;
}
/] REFEE: HRITHT
for (int 1 = 1; 1 <= n; 1++) {
for (int j = 1; j <= m; j++) {
if (s[i - 1] == t[j - 1]) {
/] ERFREE, WEZBLILRFR
dp[i][]J] = dp[t - 1][] - 11;
} else {
/] RLFESE = BN Bk BEX=MRENRDREESE + 1
dp[i][J] = myMin(myMin(dp[i][] - 11, dp[i - 11[31), dp[i - 11[J - 11) + 1;

}

int res = dp[n][m];

/] BEARF

for (int 1 = 0; 1 <= n; 1++) {
free(dp[il);

}

return res;

GnIEl 14-30 AR, gwiREEES MR IRS AR R 58 R 2L, AT DAEfREE — D 4ERRS A

S
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. ooao ___ooao

SNle 1 2 3 4 SNle 1 2 3 4
[} e [0 1 2 3 4
D - D ;| :
- IR
a_: [ IR
s = “bag” t = “pack”
n=3 m=4

MakETT dplo, j1=j « &% dpli, 0] =1
MELRTH (n+1) x (m+1) B dp R

[ step 1| Step 2
___aaaso ___Booaoo

h Jle 1 2 3 4 Nle 1 2 3 4
o o 1 2 3 4 o |0 1 2 3 4
(> 0|
e B | :
(< BERE [ < IENE
W& RS
dpli, j] = min( dpli, j-11 , dpli-1, j] , dpli-1, j-1]1 ) + 1 dpli, 3] = min( dp[i, j-11 , dpli-1, j1 , dpli-1, j-11) + 1

s e

ooan ooan
iEj°123“ iEJ'01231.

RERB: Ris#is:
dpli, j] = min( dpli, j-11 , dpli-1, j1 , dpli-1, j-1] ) + 1 dpli, j] = min( dp[i, j-11 , dpli-1, j1 , dpl[i-1, j-11 ) + 1

Nle 1 2 3 4 e 2 3 4
o [0 1 2 3 4 e [0 1 2 3 4
n 1 /1 1 2 3 4 n 101 1 2 3 4
a 2 2+12 a 2 |2 2 1
e 3 |3 a 3 |3
RERB: R5#B
dpli, j] = min( dp[i, j-11 , dp[i-1, j] , dp[i-1, j-11 ) + 1 w s[i-11=t[i-1]=‘a’ ~ dp[i, j] = dp[i-1, j-1]

Nle 12 3 4 NI e 2 3 4
o e 1 2 3 4 e o 1 2 3 &
n 1 1 1 2 3 4 n 1 1 1 2 3 4
+1 +1
a 2 |2 2 1 2 a 2 |2 2 1 2 3
IR e
R RS
dpli, j] = minC dpli, j-11 , dpli-1, 31, dpli-1, j-1] ) + 1 dpli, 31 = min( dpli, j-11 , dpli-1, 31 , dp[i-1, j-11 ) + 1

[ step 9 | [Step 19]
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353

i
[}
o :
a -
a -
RERB:
dpl[i, j] = min( dpli,
Step 11
~_7]
N
]
o -
-
a_
REHB:
dpli, j1 = min( dp[i,
Step 13

3. waEfiik

= ~ ~ Nn
NI - |
“ - - “a

w N B e s
w N R e e

¢
[y

j-11 , dpli-1,

uN»—\»—\»—\a
a

w N Rk e | e
NoR N NN
NN W oW w

j-11 , dpli-1,

jl

« - - ‘\a

3l

Step 15

, dpli-1, j-11 ) + 1

, dpli-1, j-1] ) + 1

e
w N ke
(o

Step 12

Step 14

BERVEESY 3

SNle 1 2 3 4
e [0 1 2 3 4
u 11 1 2 3 4
a 2 |2 2 1 2 3
+1
n 3 (3 3 2

RERB:

dpli, j] = min( dpli, j-11 , dp[i-1, 31,

0860

e 1 2 3 4
1

('] (') 1 2 3 4

u 1 1 1 2 3 4

a 2 2 2 1 2 i

g 3 3 3 2 2+13

RERH:

dpli, j] = min( dpl[i, j-11 , dpli-1, j1,

14-30 gwiR RIS MNIERE

dpli-1, j-1]1 ) +1

dpli-1, j-1] ) + 1

T dpli, ] B 77 dpli — 1, 5], %77 dpli, j — 1], % E77 dpli — 1, j — 1] STk, MER&BH
SFRSE LT dpli — 1,5 — 1], BB AR dpli, j — 1), BHPRE TR,

ik, BATATME R — M2 & leftup REFA LTI dpli — 1,5 — 1], MM FEH BT 7T R,
R RTR LS e el WAEE, AIER L&, A FRTR:

// === File: edit_distance.c ===

[* YREBEERS . TEMAIL/RRIEHSR */

int editDistanceDPComp(char *s, char *t, int n, int m) {

int *dp = calloc(m + 1, sizeof(int));

/] RER%: BT

for (int j = 1; j <=

dp[3] = 3;

m; j++)

{
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}
/] REHER%: HR1T
for (int 1 = 1; 1 <= n; 1++) {
/] RSER%: 85
int leftup = dp[0]; // EF dp[i-1, j-1]
dp[0] = i;
/] REEH%: HR5
for (int j = 1; j <= m; j++) {
int temp = dp[j];
if (s[i - 1] == t[j - 1]) {
/] ERFREE, WEZBILRFR
dp[j] = leftup;
} else {
/] =DRESE = fEA bR, BEX=FRENSIORESE + 1
dp[j] = myMin(myMin(dp[] - 1], dp[j]), leftup) + 1;
}
leftup = temp; // BEFAT—HHY dp[i-1, j-1]
}
}
int res = dp[m];
/] BRAF
free(dp);

return res;

14.7 NG

- BN AT R, FREE T R R E R T, RS R,

- ABENEIRTRTEE K, FrAsh SRR EER T DA R (B MR, BN ERER
HE TP, PR @ISR, AT DAFERTH HH R ISR, MMiERIEE E A
AP — K,

- IR R R AT A A SR, TS 2 N Eh SR — i R B TR i Ui, A
aniE “HERK —F HT YRS OURBEELE RERE, EIRATA] DOERR dp RE9—DUEE, M
TR AR TR B2 2%

- FIRE R AE A RE RS, G, ShASHKL B BEA AR,

- ISR = KRR EE TR, RIUTE. TTERE.

- WERRE AR ER A AT DA T R S LA AR oK, e B iR I 45

- TJERIEREN TR, HARRERRRGZIEE X, MEEREmiEIRESTER, A et
A BA TR, TeikE SR POE K

G AR

HEAEZEERMAUNESIRE —, BF 01 FHE, Zeht, ZETUSLM,
-+ 0-1 BEAIRESE SOVHT « MIRTERIREEN c B EPRERNE. RIEARAE LBAE TN
MRS, AISEIRIL 451, FFR RS TR, R, BT a MRS RE By e
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JTHPRA, RIEREE AR, B BRSO .

- SEEH RS AR S R R IO IR, RIERE A MBS HEES 0-1 BEMEAR, BT
IREAUE BT FIIEZE DT BRAS, e =S AL R N 2 I P i o

- TERGURAEUR SE 2 WA — MR, BMSR TERORT MERNR RN REMEGR, FIIRAE
B7ifEp i max() MO8 min() o AIBR “REid” HEARINER “IG4F" EHEREE, KI6E
M amt + 1 RKFoR “TEiRBEHBEREIT 1T,

- RS 1T MR “B/DBEMEGR BOuKR “RMASEER", RSB TR min() SO
RAMaFEAT,

O i 2 12 )

. GBI (Levenshtein FHEY) FITHRMIANT 1 e 2 FIRTHIUE, HL2 SO M —ANF A R 53—
SRR DRSS, BRI EERRIL. WR, B

G B R AS R SN s R 0 AN F RN t R § TR IR G 8L Y
s[i] # tlj] B, SRS WO, BRR. R A RIRARIA T, SR AT AR R O
FLEM SRR SRS TR, T2 s[i] = t[5] B, JoGE M R,

- AR, RASHOBCELIE L7y, (AT, fe b ROARAS, BSOS TR ok R T Tk
AT ASEE RS, itt, TROTRIF — AN REE A L ATRES, MTTEELES 52 2075 (S o 1
W, AT DAE A AL ST L i .
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F15F A

HélcZalgo corr

Abstract
Ml H 2585 KIH ), BZIESR B & KR KT EE,
O IRISAE —FREC A sk, B SMREEE.
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15.1 FOEZE

ROEZE (greedy algorithm) 22— WAYMRRAIL AR R, HEABARZRLE AT MR, #
WY ATE R R LAIESE, HS0OM M B R LATRE, DHIEBRG 2R, 2ORRRE S HsiL,
FEVFZ SLPRAE A & TZHIN

FOLRIEISASMRIER A TR e, ez B E— SR A, HanEs s It a5, =
TAEREEAFE,

- B SRYE Z AT B A A REORE S R, I 25 7 (A A A kA F 244 1T T R
- ROLRBEARFELRRE, T —BAnithit T oo0Ess, AWgNRETEE, B2 R,

TApEIHE Ty TRPODEIRN TERM, XEECAE EeniE” s5hhagid, M
BV EFH AR,

Question
255 m RS, 58 MPREMNEES coins[i — 1], HARSEN amt , SR HA] LEE IR, [
R BAR SRR R/ DR m AR, WERTCREL BAnem, NHRE —1,

AR ZO LRI 15-1 FoRe 40€ BAREET, BANSLOHEERAR T HRHGT e imim, AEiEaaix
LI, BEEE BRSO,

B T RRERFATEREEHARSHNED

B 15-1 FERSLHAY ORI
SEIRAAS AN N R
/] === File: coin_change_greedy.c ===
[* BEREEE T */

int coinChangeGreedy(int *coins, int size, int amt) {

/] 1Ri& coins FIRERE
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int 1 = size - 1;

int count = 0;

/] ERFHITROEE, BITRREM
while (amt > 0) {
/] HEVNF BRBER RS ERIED
while (1 > 0 && coins[i] > amt) {
tosg
}
/] & coins[i]
amt -= coins[i];
count++;
}
/] BERLEETAZE, MWiRE -1
return amt == 0 ? count : -1;

TRAJRER AN HUBIY: So clean ! SOFEIRMHAHTRIERLARR 7 F R S A,

15.1.1 HORZENRRSERE

CODRIEAMUR B, SR, T HIEH PR WA, 0L LR, 2B MR/ NE{EH min(coins) ,
W OIE B Z EFF amt/ min(coins) X, NIEEZEN O(amt/ min(coins)) o XHESHRIREZER
IR ZE O(n X amt) /INT —NEES,

SR, TR MEEA S, FORPIFARIRSIRIM. & 15-2 254 T RA),

- 1EBI coins = [1, 5,10, 20, 50, 100]: fEIZREMAET, BEEE amt , FLOBEIEH AT DS RN
fi#o

- Bl coins = [1,20,50]: &% amt = 60, FULRIEHGERE] 50 4+ 1 x 10 B HAS, Hit 11
Rk, (HEHZSARIAT DR SR 20 4+ 20 4 20, X7 3 B,

- R coins = [1,49,50]: Ri& amt = 98, FULREIEHEERE] 50 4+ 1 x 48 sl A, it 49
Htgim, (MR DHRER LR 49 + 49, {455 2 #dEm.

Wmas Bir&H BLHERRAR NSRRI RN SR
(REpmIERR) (2RRIARE)

(D) 60 +@x1@ x 3
@ 98 +©x48 x2

K 15-2 SLRIRTCIEIR R AR A
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MR, N TEEAMAE, SUORRITERIERE 2R EIUE, HHERIEIEFRENR, EHEES
EEIESS Rl 27

—RAEOL T, SULBEIRATE R L PR P,
1. A PAGRUESREIRAM: SOORIRERMEI MEER R IUERE, FOvEEERLEm, ShSHRIE =R,
2. WIDARBENERURR: PO RIEERA A TR AT, M TREERMERY, SRR RIHEIE
HIRME, BEDAERRCRER BN A2 AR A,

15.1.2 SFOEEESY
IR AER T, A oMERRENE S DB LR ER? s w, OEIEEM A e BRI B &
fi?
M TSR, FOOETERE S E TR, H 3B A @y e ME R,

- SUDIERER: R YRR RGBA R SR e BRLER, SUOEEA RIS SR,

- RILTEN: RREB RIS TR &AL,
BRI TEMEARE ISR JBUHPNEY, XEAEER, HEFENE, —YEREPRMEFaEmaHA
FAE, {EARA] {5 B 0 O AR,

AN EEIRT ORI HINTTT %, BARERIHAE LR SR, Bk X TFHFSmE, D
EREE IR H

BlanFER e E R, A RRGEB R HHAS RG], X SOOI PEATIE Ny, (EIESCRIERERAR, W)
W 2 PR RE T 2 5 il DASE I SOOSTRR MY A R REFEAE AL B B8 Il ok 45 H — MBI AT A 2
=R, TAEDASS =R AR,

Quote

H—RIESEAE T —1 O(n®) INAIE 2«5, TRl — D mA &S 6 20O BIA R T
B B A

Pearson, D. A polynomial-time algorithm for the change-making problem([J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 FOEZEBELSE

SOL BRI R R R 72 AR =2,

1. W8 Hr: Ais SRR, ERRIRAE S U BFRRIA R AESE, X —PAE RIS AR
AW M.

2. e FULIRMG: FEANFIE S — Dt SU0IERE, XD IRIGRES L — DBV, &R
DAl

3. IEFPEIER: JEH R EIEREEA ORI AR LT 45, X ERA] REFR M ZIECAIERT, I
ANYAANIR B SUETR S

R SO DSR2 SRR PR O 3R, (BRI REFF A 5, TEAPUREE,
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- AR FODRIGHIZE TR, N T2 Rk, SO0RIEHRIRE, BilEd —SRMEES
ZGAETS o MX T —E kM, SULREE AT REIER R, XAME IR F 5 1 N A fRELss 5
RIKREN T

© HEEETUORIE AR EARRNE, LA THIME ORI SO0RE, F RIS RIB,T, RATRE
RILER 7 ARG TCRE . IXR BRI VORI IZ “HMEM” B, EXAHF R 2
— MR B,

NTRIEERTE, BAIRIZN SULRMSHEAT ™ ERECAER, & S RO R B AN,

ST, IERATEIERI MR ATREAN R —1F 5 Fe FE 1A K4, @ S semamiLR T L, —
DB RIUE S0 R,

15.1.4 BROEEHBEGI

SOLBIRH N TR E SUDIE MR AL T4 L,  DURAI2E T — L2 AR sU O BIR A

- MERERFAE: EREEHAS T, RORERE IS EIRILR,

- DXMIHEERDEL: R — 55, B MESE BN RINELT, REERRZERRATREZ LSS,
REFREOE AR R RHESS, A2 T0LEIR AT SRR,

C rBEEmE: G -Arai— N EER, RN ERRIEE YR, @REERAELHER, B
SMERR, WREBRANEREEN tbikm (ME / ER) B9, IATDRIRE —LEH T A DUSE]
AL,

- RELIENNEL: g —HRERITIE A, VRATDOET 2 IRESE, HIRIRE SR AR, BALESEH
ZHIARRERFSE, EFRRIRBUR A,

- EREHNY: EREHGE T IREE R SO R, EIREREN, BIRIEREHIR
RSN R EH, RERINERSRIHREEERE WHKE) &/,

- Dijkstra 5ik: &R —FRREAE IR S H AR TUS B B2 RS S0 O RTA.

15.2 SEE i)

Question

L n NI, B MIRINERN wet[i — 1) MER valli — 1], FI—DEEN cap B,
MR B — R, (HA] USRI I—3k oy, OrEMRISEEE R ILBITHR, RERES AR
THEESYRNRRNME, ~EIANE 15-3 Fimr,
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#S EE fifE

i wgt[i-1] val[i-1]

1 10 50 ‘ Tﬂ)\i% ﬁﬂg%
cap = 50

2 20 120 2 20 \

3 30 150 o u

4 40 210 * 30—

5 50 240 (Y

BAMME: 120 + (30/40)x210 = 277.5

Bfi5Z: HE~ . f 30 28 ¥ paEa
HER 50 HARE

15-3 380K B RS R B

IR AR 0-1 5 B AR EARR ML, IS S SR IR E ¢, BMEZRRETFEER MY
BRARNME,

ANAFIET, ALY —#7, & 15-4 For, BT POt Y5, g E R
EEBIR T SR

1 T, TERRER RS valli — 1] /wgtli — 1], FREIHME,
2. BB i, RN w, WEEMMOAOER w x valli — 1)/wgt[i — 1] ,

RS EE i AfifiE

A . i val[i-1]
i wgt[i-1] val[i-1] wetli-1]
1 10 50 5 ) S ¥an L Hanmn
ENER B E e E
2 20 120 6 _ alli-1]
v -
3o% e 5 . g - R
4 40 210 5.25 %
5 50 240 4.8 -

15-4 PyifE A EE FHIMNE

1. SERBRHE
BAEUAYRENE, AR ERER AN E R FRPIMGE, Bt rT e & 15-5 FiRay su0sK
8

L. Wi IR s AT E N S B A THER
2. WA, SHERTLOHER AN E RS P
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v

3. HRIREUARAL, WL FTY) A — R E,

HKs EB thid  BfIfiE

. . . val[i-1] RIBEMIH{E
1 weeli-al valli-al 0 IS TR

2 20 120 6 2
*
4 40 210 5.25
DR
1 10 50 5 ) RIEERMEE SR
3 30 150 5 B
5 50 240 4.8 -

15-5 7 80E W EHg o0 SR

2. XM

FBATESL T — N2 Ttem , DUMESY) A IR AN MEDHI THEF . FEEREH T O00NERE, M E BN Bkt I
IR [F] i :

// === File: fractional_knapsack.c ===

[* ¥ x/
typedef struct {
int w; // YImEE
int v; // ¥ImMNE
} Item;

[* DEEE: T */
float fractionalKnapsack(int wgt[], int val[], int itemCount, int cap) {
/] IEYRIIR, BEBINEE: E8. NE
Item *items = malloc(sizeof(Item) * itemCount);
for (int 1 = 0; 1 < itemCount; i++) {
items[1] = (Item){.w = wgt[i], .v = val[i]};
}
/] REBERAGINE item.v / item.w MBEIRFHTHF
gsort(items, (size_t)itemCount, sizeof(Item), sortByValueDensity);
/] TERBOERE
float res = 0.0;
for (int 1 = 0; 1 < itemCount; i++) {
if (items[1].w <= cap) {
/| ERREBERE, WESRYMRBENEHEE
res += items[i].v;
cap -= items[i].w;
} else {
/] ERRBERE, WEHRN—HoEHES
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res += (float)cap / items[i].w * items[i].v;
cap = 0;
break;
}
}

free(items);

return res;

BRHEE 25, TERENT, TE@HE MR, BRNEERERN O(n), Hhn Y5,
TR T —1 Ttem WK, FBAFERERERN O(n) .

3. IEH@4IERR

RARER, Ri&Ysh © 2B ER &Y, ERERERGRARMEN res, HIZBHALEY M x
WENE U EH A ERNEREY R, OV EENYS v . BTV x B MERS, KR
HEHEME—TERT res . X5 res REMMMEPE, RGP LHE SN 2

TR A&, B A] DA ER P E, BMEZ, RAGHEE RIS R BIERE, X
HH B0 R 2 A R

N 15-6 AR, A SeReP dm B AN BAL A (B 20 17 1 — 9k 4R B FRATRE AT A, U)o 250 (el im) st ] 4
ey “SRAEA FRAERHIX R T BB RA BRI I3 L AT DAESBIFRAT AT LA Fg L B g 570 o SRS (9 R

YREAHE
5.25 5 5
* 1 9
YREE
40 10 30
50
W sezm

15-6 REERER LR
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Question

MA—DNA bt , BHNEDNTERR D EERRNEE, ZHPEERNER, DAL ENZ
B =3 (A A A B — D A28

AR RS TEEMREENFRRA (HR), HPEEHRENREROUE, 562N NERIEEEZERS
2%,

IETERA A IEBE NN ER, FRARNARNEERK, RERAKEE, REIGE 15-7 Fir,

iR

S B N W &~ 100N ®

15-7 wAHE M@ REIESE

AHEEEM N FERE R, FABRRE A BRERIRS], iKh (4, ] .
MEEE, ARSTRERMEE, HrhahEiove, 5ERMBIRINEEHERS 2%, RARN capli, j]

| WA HEAR:
capli, j] = min(ht[i], ht[j]) X (j — 1)

VALK n, PIMIRIGE SRR CREIED o C2 = 20U N mytity, liInl BLor i ik

ﬁ,Mﬁ*ﬁ%kﬁﬁ,wﬁﬁ%gﬁomq

1. AOEREE

I R Rk, NI 15-8 R, BUER—MRA [i, ], FlR 311 < j B heli] < ht[j]
L BRI,
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S B N W U 0N
pe—— <
EEsse——— <\

0 1 2 3 & 5 6 7

i RAER, j AKIER
WHIRE cap = min(3, 4) x (7-0) = 21

K 15-8 #IHEIRAES

QniE 15-9 Fw, FHBERRRERAR J rEmR @ SRk, WA SN,

XERRNERSNM § 5, BE j—i §EZ/N; MeElRERovE, FHitsERERE G IrohER) 88
AN (BENEH § RONRERD o

8

7

6

5 . -
. | :
3

2

. |

. |

() 1 2 3 4 5 6 7
MRS, BE—ER/
YHAIRE cap = min(3,3) = (6-0) = 18

15-9 [AINEEE KARGHIIRES

B, ARG MANRERR  , AAREEAFRER, FNERKEE —EZ/), HEETREIER B
SNIERREN @ ATRER R . BIANTEE 15-10 1, BahEia R,
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————— < \ad.

i

v
8
7
6
5
4
3
2
1
0

0 1

LUHIAE cap =

FABEER, BEREEEX

min(8, 4) x (7-1) = 24

& 15-10 MRS E FARES

P I AT AR SULSRRE . AR IL RS, [ PIR ARG, R YRR TR, EEMN

faEHHIE,

A 15-11 R 1 S0 SRS R TId S,

N

Step 1

iR

Step 3

S kP N W s O O N ®

S B N WS O O N ®

MateiEst 1, § , ERHTIBERE, FEREAME res =

0 1 2 3 4 5 6

LFAE cap = min(ht[i], ht[j1) x (j-i) = 24

BABE res = max(cap, res) = 24

FHAIRESTS, 485t M1 5 2 HIEEH M,

R APRSHA R capli, j], JHFENBARE R,
EEet o F1 AR g ORI, R A NRS S —1%,
TEIMAITES 2. PFNEE 3. 2, EHE 0 Ml j AHIBINEEH,

iR

Step 2

KR

Step 4

S B N WS O O N ®

S B N W H O O N ®

WHIAE cap = min(ht[il, ht[j]1) x (j-i) = 21

BABE res = max(cap, res) = 21

b

v
o 1 2 3 4 5 6 7
LHIAE cap = min(ht[il, ht[j]) = (j-i) = 15
RABE res = max(cap, res) = 24
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<

< He

b]
v

YHIAE cap = min(ht[il, ht[j1)  (j-i) = 21
|ABE res = max(cap, res) = 28

1

< He

2

bl
v

3

4

5

6

LUHIEE cap = min(ht[il, ht[j]) x (j-i) = 5
RABE res = max(cap, res) = 28

8 8
R 7 mR 7
6 6
5 5
4 4
3 3
2 2
1 1
o 0
) 1 2 3 4 5 6 7 )
YUHiAR cap = min(ht[il, ht[j]) = (j-i) = 28
lm BABE res = max(cap, res) = 28 m
i
v
8 8
7 7
6 ‘ 6
5 RS
4 . 4
3 J 3
R 2 2
1 | 1
o 0
o 1 2 3 4 5 6 7 o
LUHBE cap = min(ht[il, ht[j]) = (j-i) = 4
lT'” RABE res = max(cap, res) = 28 m
ij
v
8
7
e \
5
4
3
2
AN
[}
o 1 2 3 4 5 6 7

2. REEEm

Step 9

v iEH i 5 j EE,
- BRHBUOER, EERARE 28

15-11 RARAEFEE

REER R n 6, BEINREZERN O(n) o
ki, j. res MFHEOOMIBINER, FHREAFERER O(1) .

// === File: max_capacity.c ===

[* ZRBE: A */

int maxCapacity(int ht[], int htLength) {

/] #Mafe 1, 3, EEDIIERARE

int 1 = 0;

int j = htLength - 1;

/] FIERABEN 0
int res = 0;

Fobid

1

2

2

3

4

5

6
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/] BEFELERE, EERREE
while (1 < j) {
/] BEAEE
int capacity = myMin(ht[i], ht[j]) * (J - 1);
res = myMax(res, capacity);
/] ERBEFENR
if (ht[i] < ht[j]) {

1++;
} else {
j--3
}
}
return res;

3. IERRMEIEER

ZFRAZUL g R R, REDVERRSUDIERR S “BET LIRS

FEINTEIRTS capli, j) &, @ MM, j KR, A SUDHPKEEMR « mNBE—i%, 2S20E 15-12 Foriyik
B BT, RXERE Z R EIERUEX RS R

capli,i + 1], capli, i + 2], ..., capl[i, j — 2], capli, j — 1]

SEhiER
HEEEEEN ANl RN RN
caplo, 7] cap[1, 7]

s (S0 0k ¢
Ol | e ] e
cap[o, 6] caplo, 5] caplo, 4]

L e

cap[o, 3] capl[o, 2] caplo, 1]

K 15-12 BalmEi SFEENT FARES

ML, XERHOS RIRELR ESURR KR § PBSIaIRE, aTm&MELIEARNBRIR—E S
SEEREL/N. MR, WEBERIRSEAATRER &I, B eSS BT BRI,

DAL AR, BalEmRARiEe “2e” 1, SORIZAR,
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15.4 &KX TR

Question
LHE—DIEEE n, KEY)AEDWADERBEAIHN, KU EMmAEBENFENRKZEZ/D, WE
15-13 ffi7Ro

HAEE n , R max(ngxng xngx..xny 5% 0, g %xn,)

B 15-13  F AV SRR REUE X

BB n V10 m DR 7, HAPE 0 MRFIdn, , B

m

=1
AR AR SRIG T B T RO,
max(H n;)
i—1

PNTEEHZHR: VIDEE m MizZR, 80 n, MizEz/h?

1. FELKRIBRE

RAEZL, WAREBERFUEELLCEMIRMAE R, BN n hoE— T 2, METRFEED 2(n —2)
o BMTFZIRIG n FELLEL:

2(n—2)>n
2n—nm—4>0
n>4
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E 15-14 FoR, Hn > 40, YIt—4 2 JERRESER, REIRTET 4 FREEBERNIZESDIT

FODHRIE—: WRVIDTTRFEE > 4 AT, WLEHMIZRARLEY) 7y, RARYITTR AN 1, 2,
3 EX=RAF,

N
=
=
1
]

L n>4 B, 1EE 2(n-2) 2 n
RARENSARANEE 1, 2, 3 BF

15-14 Y5 S8ERAEZ K
ZOREEMANEFRRMN, £ 1. 2, 3X=EARFH, 2R 1EREMN, FAN1 X (n—1) < nfEK
37, B 1 ke SEBERE N
WE15-15 R, MUn=6K, 3 x3>2x2x2, XEKEVHE 3 Vs 2 #Hik,
TORIE . VI RF, RERNEERD 2, FAEA 2 B2 DIBEHCAMA 3, MRS KRR

Mo

HEE=ZT 2 B, HESEMEEAFEDT 3

15-15 &Y RT

Zi ERTR, FIHERLH DUR SO0 R,
L BMANEBE n, NHAKHYI AT 3, BEEREN0, 10 2,
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2. ROV O I, & n 2 3 IREEL, UL,
3. HREON 2, Ay, RE
4. MRECON 1N, HT2Xx2>1x3, HLMERE—3EHN 2,

2. KM

i 15-16 Fiw, FATEAVEL AR 2L, min] DA N ERIZRA2] 3 1M e, HEEIEERS
FIRED, HNA:

n=3a+b
HERE, NFn < 3WBFENR, “wHHRSH—N1, #I1 X (n—1),
// === File: max_product_cutting.c ===

[* RATIDTAR: Tl */
int maxProductCutting(int n) {
/] E n <=3 B, #agatH—=1> 1
if (n <= 3) {
return 1 * (n - 1);
}
/] OIS 3, a A 3 BN, b ARE
inta=n/ 3;
int b =n % 3;
if (b ==1) {
/] HRERN 1B, B3 1 * 3 Bk 2 * 2
return pow(3, a - 1) * 2 * 2;

}

if (b ==2) {
/] EREA 2 B, THGE
return pow(3, a) * 2;

}

/] BRER o B, FigbE

return pow(3, a);
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R¥ b ats3

n=3xa+b

K 15-16 AV RTTI

o} TR 52 A FE VR TG i SR RSB T4, DA Python N, H FRIR TR A =Hf,

- IBEAF ** FIEEEL pow() N THE 2 O(log a) .
- ¥ math.pow() PIFBIAFH C BT M pow() BREL, HHUTIZAEGR, NMAEZREHN O(1),

Ak o M b FEAFEOUVNIEINER, FRBERERERN O(1) .

3. IEH@4IEER

HERARIEE, Rt n > 3 BIEN.

L By < 30 BRRMVIZ T RPEE > ANET o, Ia—Er] LG EARSRI R 2(x — 2)
MRS ERRIRI, XS RIET &,

2. VInliRARE 1 BRRIMVIDTTRAPFE-INET 1, Bae—Erl LEFHF AR I PEFH, DA
PRERIFM, XS5BT E,

3. VInTiRmBUEMA 2 1 REEMVIATRPUE=D 2, Ia—Er] IEHAND 3, FRAHER,
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16.1 ‘RIZIFIERIE

16.1.1 & IDE

IR, F8H VS Code fENAMEHSTT LI (IDE), ilA] VS Code B, MRAEHRIERIUEREH
RERRASE) VS Code BT FERNIZEL,

Qa%w 010 % i

Visual Studio Code  Docs  Updates + Download

Code editing.
Redefined.

Download Mac Universal | .,
Stable Build

mac0s Universal
Windows x64 User Installer

Linux x64 deb
rpm

F#i VS Code =y
Run and Deblg BONCN Git Extensions

16-1 MWEM T#; VS Code

IntelliSense

VS Code AT REASRG, SFFRZEGIZESHIZTAIE, DA Python NI, %% “Python
Extension Pack” ¥ @25, BIAI#E# T Python fREGIAIK, 220 BaE 16-2 Ak,


https://code.visualstudio.com/
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Python Extension Pack vi.7.0
Don Jayamanne 7,005,466 % % % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable v Uninstall |~

This extension is enabled globa

DETAILS
Extension Pack (7)

REHRNT

A B P O AT autoDocstring - Python Docstring Ger

doc

! Install

|
j—ﬁf*?ﬁ% ython Docstring Gen...
@ Python
P

3

Jinja

Python Extension Pack

Install

= ] Python Extended 12M k4

&l 16-2 %% VS Code ¥ et

16.1.2 REESIIR
1. Python Ifig
1. FEJFZEE Miniconda3, % Python 3.10 BEEHRRA,

2. 1£ VS Code W82 python , %4 Python Extension Pack
3. (FJi%) fE@SITHIAN pip install black , ZREMIMHEAILTHE,

2. C/C++IFIR

1. Windows RAFELEE MinGW (AL E#F2); MacOS B Clang, LM%,

2. 1£ VS Code MHEH T HHIER c++, L% C/C++ Extension Pack .

3. ([ i%) 47 JF Settings TU [, #4 & Clang_format_fallback Style fX A3 4% = fb & Wi, R E B
{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach },

3. JavaIfig

1. R#EFFZEE Open] DK (AT E > JDK 9),
2. 1£ VS Code WHtFTHH 2 java, &% Extension Pack for Java,


https://docs.conda.io/en/latest/miniconda.html
https://sourceforge.net/projects/mingw-w64/files/
https://blog.csdn.net/qq_33698226/article/details/129031241
https://jdk.java.net/18/
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4, CH#IFIE

1. FEFFZEE Net 8.0,
2. 1E VS Code HIIEMH R IZFHI822 c# Dev Kit, 2% C# Dev Kit (FilE ),
3. WAlf#A] Visual Studio (ZZ2E#f5),

5. GoIfi§
1. F#EFFZE g0,
2. 1£ VS Code WftFHi 782K go, %2 Go,
3. FPERE ctrl + Shift + PIEH@SEE, A go, 1%EFE Go: Install/Update Tools, EEBANIEIFZL
ERIA],
6. Swift IfiF

1. F#EFFZEE Swift,
2. 1E VS Code MU Hii7 182 swift, 2% Swift for Visual Studio Code o

7. JavaScript IfiE
1. FEFFZE node js .

2. £ VS Code HyidifF A4 javascript, %%E JavaScript (ES6) code snippets o
3. (AJi&) 1E VS Code MG A SR Prettier, ZHEMMEHAMTA,

8. Dartifig

1. —Fﬁ}l‘:ﬁg Dart,
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9. RustIfig

1. FEIFLEE Rust
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16.2 —iES 58Ik
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FEL, WRATEWEA TSGR R, BB TBIE, DA IR AE LB > B,
Fif #5250 A GitHub ID KEARB G, WUk PDF k300 F3EA TR,  DUBGHH AT JE X T
FAZE TR


https://dotnet.microsoft.com/en-us/download
https://code.visualstudio.com/docs/csharp/get-started
https://learn.microsoft.com/zh-cn/visualstudio/install/install-visual-studio?view=vs-2022
https://go.dev/dl/
https://www.swift.org/download/
https://marketplace.visualstudio.com/items?itemName=sswg.swift-lang
https://nodejs.org/en/
https://dart.dev/get-dart
https://marketplace.visualstudio.com/items?itemName=Dart-Code.dart-code
https://www.rust-lang.org/tools/install
https://marketplace.visualstudio.com/items?itemName=rust-lang.rust-analyzer
https://github.com/krahets/hello-algo/graphs/contributors
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MREAE GBS S HIREE, BRI RIS, I RENESE, WATELMELLT Pull
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https://github.com/krahets/hello-algo

HleE s

hello-algo.com

3. Docker =

1E hello-algo MRHE T, $UTLAT Docker BIA, BIAIFE http://localhost:8000 il ARTH :

docker-compose up -d

(5 AT i <> BT AT A BR 02 -

docker-compose down
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priority queue
heapify

top-k problem
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disconnected graph JFZEIE E A i
weighted graph AE A HE
adjacency RS Hikz

path 1 FEIE
in-degree NE NE
out-degree thE HiE
adjacency matrix LB R R 42 e e
adjacency list LBHER kAR
breadth-first search TTERER & e i =
depth-first search RS R REEE S
binary search TEK iy S
searching algorithm BRED Rk
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solution i figé

state K& R fE
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dynamic programming BNASHK BRER
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English falfAHZ ELINED 4
knapsack problem GE2lEk: G2k
edit distance problem St teE B 9 ] R i P e T R
greedy algorithm LFEIE BAHETA
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