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

& 0-3 BT RE
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W/ ARG, ES NSRRI ZGE TZeEE, e, Werkd o %,
W wBEs FEIS R, wiE GitHub GF, MRELREE Git, AIPUBE DA N2 lEaR G2
git clone https://github.com/krahets/hello-algo.git
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Python C++ JV# Go Swift Js >
binary_tree_bfs.py

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

o hello-algo

Code Issues 11

Pull requests 10

chapter_tree

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

node: TreeNode = queue.popleft() # PAFILEL

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

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

A
avl_tree.py ﬁmﬁﬂxﬁ

binary_search_tree.py

binary_tree.py

[ binary_tree_bfs.py

binary_tree_dfs.py
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auE 0-8 FivR, ABNEEZ M “MB—", SERIRERPSHEITH B MM B =13,

MrE— ez — FrEg=

STRLERIND HRF BN ERNINER

RETE
BENTB RISERR RREES
HizEH

At EIR i

FREL At E) 2 R Bl [F] —iB R MEAR, LIMAR
FERIKHRICIZ H IR IERR EREENANAER

& 0-8 HIRFESIHL

0.3 /&t

1. EREH

- AR FEZNERIENFE, WRIRCE —E &M, RABRERNBIRRSEIEER, iRt

AR IR .

- BRNAZEERERE N, BORSHIRIE =887, W 7 IRIUsEIRE 2 .
- NTRENT, EFENEREBE-AANTHERER, JUETFZERK,

- TS mE ERE R T A HESAERAR, AR, MAATIXENEEZ KT,
© ORERTYES R RAERE, SRR IO TR R B R,

- ABMIURATE D ETTENIRAPHEX, WD 2 = RAEERS W,


https://github.com/krahets/LeetCode-Book
https://github.com/krahets/LeetCode-Book
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Abstract
—N/ DR SE, SEIERIAE—E, 12 LI ERETENREE,
GEaE IRILEE, IERIBMEIER, BATTIHEE SRR EE A,
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1.1 BETRAFRE

SEAWTE] “FIER XA, RERMSEEE RMEhR b, FEREEFAYNEREE, MEES
AR AR, IX BRI H R A0S AR Ab rT WL,

EERRITRIRZ A, A MEBNEIER D= RESEPIRE P AR TIPS RIE, IR En
MEIHFEAER D Y. PEBAR2E LD BRI RIELIX — R,

Bil—: A, R, SAONFEN N DS, MRS T RIFHAR, BIRERNTREE
T MPEE TN r 7, JEERIERE 1-1 FroRey 7 s,

L BT —Fryoisy, EFZNE TR, WEETFR N m.
2. I ESEFRERF r LT m 25, PDHERR T BATEE 7y, EBTEE S NEER T,
3. RWrEEHER 1. P 2., EERIPHEEFEN r TS 1k,

FRERHEFIROAFHT

BEFRER: RIEE—HEEEEN » HF TR

EFASE:
1. EFFRAE—¥0EL, RAEFEE n
2. BF r 1 m [E8, FHBEESES

Step 1
—H DBk
EFHRSE:
1. EIFFFSRIREOMN IR, KREFER t
2. BF r # t §8, EHREFESS
Step 3

Step 5

PO NAAERERGEE, S R E AN &K Bk, WEBIRSHEIME, BT LSS

Step 2
—¥ sk

EFASE:
1. BAFRERBON—H0BL, ERNEFEE p
2. B8F r # p G0, EHREFES

Step 4

;
—H TR

EFRSR:
1. BAFRERBON—F00EL, ZREFEE ¢
2. ERIIEFEH r BF, TRES

K11 BEFHPE

JA

N—DEHPH A", NEIERAE, BOTATLR LIRS I —RYRIFEE “ &R
Bl ReBb v, BAHESTIN, SRATEEHETHIIN M, EEMNNEHS, SRR NE 1-2 Fr

7TNo
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L Rhsahlorh “HE” M OTERT MG, FHEIREIRE MR 1 KM B2 7.
2. P — Ik, AEHFEORIEAAE, SERERE 2 KNSR,
3. AWITEAS IR 2., B4R KIS H B A Gy, BEETAINEEA .

FHF FHF FHF
A Ta [ o N & N A nn
2 A 5/ T . 2 A 5/ T / 2/A/5 5
) [ » 5 _
\| // ’o N / .Iv N
WL X L3 5 S s
g 3 4
FHIF FHF
= s ~ 5 2 5
it YiC 5 2 A \5 2/ A A
7 e \ D '\
Wt» A % v
5 5 2 5
< 5 5 2 5_ A A

1-2 vt PR

RPN R TTIEA B B AT B, e NBUREN IR SR, PR mRIE S I

JE B AR TR AHE I S 5

BI=: BEmik%F, BIRBNHEETIEL T 69 JThvrsh, 4 TR 100 o, WIWBREFRZHRHAT 31 T, il

KAREARHSE AN E 1-3 R &%,

ANENUEEE 31 s EE/NYETH, 5 17T, 57t 10 7T, 20 7T,

MATETR R ORI 20 78, FA 31 — 20 = 11 76
MFIRANET R R AR 10 7T, ®R 11— 10 = 175,
MEIZRANETIPEERR 17T, FR1—1 =07t
FHRERE, 7TEN204+10+1 = 3175

AR
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S 31 = 11 - 1 = ()

HEET -20 -10 -1

TWENTY

hY
TWENTY ||

1-3 BEmikFIE
UL BT, Bl — DRI RTE R AE R (RATRERIRI#RIEE M), WS 7 alfTHRE )T
R, NBUREHSRIENMES, XMTEAR R 500" Bik

NETRIE—IER, REVERHUT, JUPArERERRREEAITRE, HER ISR ET i
KRG REE NS, RINGRS A CPU Al GPU HUTEE, IXFE—K, Tl Ik REFEAE i At A)
R EAL L, DU 7y sURRE AR 2% ),

Tip
RN BAEEEM, BIE. BN ERER SRR — MM, BERSAT THEE, ARS8
PN 6 ARSI RESINSI AV a8

1.2 BiEREHta
1.2.1 HiZEENX

8% (algorithm) ZAEA RN AR E MR — 4IRS BRI B, B RA IR,

- IEURRARARY, B TSR R AR e o
- BARTY, REMAEAIRDER. WRMAEZER N ENK,
- BLBEETERS X, EARRMARIZTRET, fMbaaZdE,

1.2.2 HHRGEMEX

R4 (data structure) ZALNIF LRI X, WEBURNE. Bl FXAMGIRRIETE, €&
AL B R,
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- ZEEGEHRED, AR,
- BAEBRERATREDUE, MMSEEAREVIR. A0 PR, EHTE.
- RERTERBIRRORNZEER, DERRSR0sT.

BURSHBEH R — e e, SRR ERD TSR, EEWEAS T HEH 2, T2
MT

- EERMECT A, ERARISINFIMERERCE L ENERE, (HE T ER I AR,
- EIMETEER, RUTERENZEGER, ERESHERNAEERE,

1.2.3 HEEMERZENXF

nE 1-4 forR, BURGEHSEERREMR, BEAE, BAERIEL T =177,

- BARESHRERNE G, BARAH OV EIRRM 7B SR, DAUARIEERIRRT T I,
- RIEONBIREEANE @, BURGAR S OUAERREE, SRR GEM O E A,
- RIRER AT DET ARSI, EHRITRERTREAZERK, SIS BIEL 2 K,

BE—RIUREES

MmN
BN ‘ B il
. —— .
input algorithm output
¢t )

data structure

RS iEEE
SSPOIVI:NES ¢ s

B 1-4 BURSHSRIERRR

BARA SEIEMNE 1-5 ForiIPEfiIR, —ERAR, RTESTEFHEZIN, A TRAA RIS,
BATHEIRBI B — DD AE, BERELAIRE ARG SR MBI,
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B 1-5 PrERIK

PRI BRI B DR FR AR 1-1 Fm,

® 11 RBIREHE S RIZEE N PRERIR

RS EE  PRERIR

W ABE RPFEERIFIAR

Hmaitg BARHAGIEK, WIEPIR. R ERTT5F
27 FERIARPER EARE S — RERA D IR
R IR

EREARE, BURSHSRIERMTREESN, ERWL, A5 DAIRHET 2 MgEIE S 1L,

LIEAR R TR
FESLPRITIER, BATER K “BURGHSEIE" fMVoy “BIK" HUARFTERIE LeetCode ik
H, skbr kRN EHERAEHHIRE M T THAIRTR,

1.3 &g

1. EE[Ep

- RIREARESRIAEAE, HAZBAA] KEESEAN, Lhr b, BMNELENAREHERTIFS
B, DARORA TS A R/ N
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© BETHEEHS S EREEME R, oERERARI T amia M EERTREE,

- BRI RE SHEAHPRERAER KO mAHFEIRE S H IR,

- RMRENPEAR EZIVORE, B PERICY ATE R4 HIERE,

- RIREAEA BRI A AR R E (R — A5 L BRI D B, MRS T REAL A i EdER
Ti o

- BARSHSEIRREE, BURSHREIRNEA, MRRNEBIREAEAL @,

- BATAT DOR EARES A 5 FIER O BRERRUR, BIRIGEREDE, ORI IRANERE 77 S AREIRSE,
DRERRARI D BRI R BT

2. Q&A

Q: fEN—%BEFHR, RERT LEFMRHERMOGI RIS, HASRSEmEESERG 7, ERM6N
AIRLTY; RS RERE RN TR R RIS A 2R TR LR IAR R ?

GRS AR TAERRELLEREINN “HE50" B9IE, ARAEREREMIZEBZE "7,

BIUEEE (DAHAMERMEE) MWEYARETELERPNELIE, maEE TR, EfRn
R RERS 1R T L S L AT, MR TAERVEAIR &, 28— R, SMmEIEsSaNE THF
PRI

- RPN AL BIRGE SRR, s s, BT REATELIX M RAERM T, 18170
. PEREARES, B LERIFRAMT AR,

- ARG B, BATSAIE N EH T RN A E AR O(nlogn) 5 MRS E SR EE
REREE (BIA2E5), ABATAIRE R DURHRCRE SN S8y ki, KNS RERN O(nk)
Hp kil SEARAERAN, & HRIIBTN SREQNERANME (RARER, IR,

fE TR, KERBUEMEUSEIRMMER, V2 RERUEW “E02" Mg T, RISRXES R —T7
TE R T (R RUAS By BRI, 59— 75 T AR T RN R R A AR RDR . ABURTRRGSE %, &daiiz, oA
AL TR, TR REARE A R A BB (U
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Abstract
B3R L aniE s B A B P R S A S,
TR IBAER F S5 EIXHNEE_ EIRARR, FREMRENERTTZE,
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2.1 HiEHEE

FERIREA, BACEIER AR AN Z R HAr.

L IRBNINERTL: FIATEAERUE A5 A\ TE RN Al S8 fthoRAS AR I
2. FREAML: F—DRIERREF SR, R EER AT RE IR A,

R, fEREMARRIEIRIATIE T, BIEBCRENNEERRMS N TEFNE, BRI
1:38

- INRIEeR: BRI TN RIFKE,
- ZBRBeR: BIESANEEREEIRN,

sz, JOMERRBRT “BRXE” WBIREHH S HEIE. MARUIHEEIENEREREE, KAREA
IXEE, BAARERSMEIRIA T L, MEmiE S BRI S MR,
RERVFAETTIREZE D WA SEERNA, BRI R,

2.1.1 SEBRMS

IR TIEG S0 A RIS B, THSAERRIRA — IR, FUAEF TR X PN SERCR . EL0 772K
B AL, BTERAEE, IR SRS TR S NI, SRR S AET R
S, A LR R,

— 771, MESUHERRIIASSEN TR, RECERE P SRR, Lol — NSRRI (TR Rers, 0
LERBEEAELH CPU LEtT, —MERONERIERE, AT ERIERNE ENRIIRS B,
BRI, BEETERAHLES MG R AT AR — B, XA B TR S LI XTI, it
TPYE, THERIL,

577, IR VI, B AR R, SRR FRNNCE. B, EHA
SRR, SEME A E(TIIECSIN: B I, TOAES ASURREAN, MIRasRATAER AR, Wik,
TEEERIRANEE, TROTREN &ML AR, THXHE BRSO R S,

2.1.2 IBigEE

BTSRRI B AR I RRR I, FATRT DS e G — Lo BRI BIE IR . IR 5575 20
IEEZE S (asymptotic complexity analysis), HREZE D1,
BT RS AR B IR IS A T A e AN TR RN 23 (R B3 R 5 i A BRI 2 R SC R EHIR T DA Fi AN B A
B3, BIEPET TR A RIS, XN E AR O, BT DA HE D =N E ORI

- CIHRAISEEIR B N BE S ZREE (time complexity) FIZEEZE (space complexity).

- “BEERABIEMERIIG AN RS 5 AT R T BIRIBITRCR S A BER RIS Z RIS A,

- IR EIE KR FORE SRE T OSER RIS TIN B G S AR ERE, R N Rl E AR

MR “PUg”,

AP Bve i 7 SRR IS TR, AEAE LR LTS,
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- BEHFERISITAME, EngaTite,

C RS TINAINSE, rEERIEH TR T A,

- R DMAIEARIEGE & TRFIERCR, STHEEAREEE T IREIERE.

Tip

GRRORTIS R AR EIR K, AHELD, B STEREE TN 4,
EIRE I BN R T —HE P SIRRCRT “PRR”,  EFRATTAT DA 8 p0A T 5 SR A =R A I e 2 1] 8%
1B, MHAREIRZ FRRER,

SRERMCAMS, X TRFE RS, FIMEA RS, WX PNAEE, EREDHATEERK
EAETENESENMAINE. R, HENTNEIE N MR s RRRR RN, XE DL 2 A HIS T A
22 [AE B O

LR AT, EEUUREIRA S SIBARGE S RIEZ R, JOMEREHrENLPG I 78, PARERENSSE R i
TR 5

2.2 ER5E=E)T

FERZES, BEEPTEMESRRE LN, ©5EREIEEM, Blit, fEM4A RS AR RS 2%
JEZ AT, WAVER T RN AERE P EEIITES, RIMMEARRF RGN #H,

2.2.1 &

&R (iteration) B —MEEHRITRMEFSHIIZHIGH, A, BESEMLE —ErRA TEEHRITREE
8, BERIXDERFEAER L,

1. for fEIF

for MEMNERE WHNEIER 2 —, WEETEMICHNEIR RN,

DUREREET For TEMASEEL TSRAT 1 + 2 + -+, RAGERMEHLZE res Id5, FETFENZ, Python
Hirange(a, b) MMMXER “LHAGAF B, NMELEEN a,a+1,...,b—1:

// == File: iteration.c =

/* for &I */

int forLoop(int n) {
int res = 0;

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

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

I

return res;

B 2-1 212K R AE A
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LI Wit
=1

2-1 SRFIR B AEAEE

SRR BRI S A B R/ n RIELE, sREBR “RIERRT, SLhrt, INRIERERMIR
A “BRIERRT. HRXNBERTE T I 4,

2. while f&F

5 for fEIAEML, while FEIAMEE —FMSLBLEAITTE. £ while 1B, B SRESRERMA, 1R
FHNE, MARSHATT, SNIERETRIEIA,

RERATH while FEFRRIBIRA 1+ 2+ +n :
// == File: iteration.c =

/* while f&¥F =/
int whileLoop(int n) {
int res = 0;
int 1 = 1; // ¥VIAHEHGTE
// &R 1, 2, ..., n-1, n
while (i <= n) {
res += 1i;
i++; // EHEHTE
¥

return res;

while fi¥FEE for FREARI A HIE TR, 7E while FEIAH, FRATAT LA i 46 48 B RN GA LA B3

BN L FARASH, SR & ¢ FECHATRIRE ST, IXFBU A KT for FEIASEL:
// == File: iteration.c =

/* while &} (FREH) =/
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int whileLoopII(int n) {
int res = 0;
int i = 1; // WIRKEHEE
// EHKRM 1, 4, 10, ...
while (i <= n) {
res += i;
/] BWmEHETE
Teipp 2
i %= 2;
+

return res;

ERRE, for PEAMIRAS AR, while PRPAEMIRTS, MEHLA] ASKEBNRNEEH, R AIME—h
TARAE R AR R SRR ERE

3. RERRF

AT DHE — MERGE AR E S — MERGE, RH A for B AH:
// = File: iteration.c =

/* WZE for EIF %/

char *nestedForLoop(int n) {
// n * n AREREE, "(1, j), " WNFFEKRAA 6+10%2, MNERE—IT=FFF \0 HFII=(E
int size = n *x n * 26 + 1;
char *res = malloc(size * sizeof(char));

// %% i=1, 2, ..., n-1, n
for (int i = 1; 1 <= n; i++) {
// &% j =1, 2, ..., n-1, n
for (int j = 1; j <= n; j++) {
char tmp[26];
snprintf(tmp, sizeof(tmp), "(%d, %d), ", i, 3);
strncat(res, tmp, size - strlen(res) - 1);
+
+
return res;

K 2-2 Bz EMmAR TR,
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@
3

PITEEF

C i
2]
H

IMIEER

.

2-2 WETE A

TEXFEIUR, R IERR S n? BUEL, B0E BEIRIS TR M AL RN n B PR,

TA AT ARSI IR EE IR, B—RIRERZE R “THE", BRMENRERERSE LT RR" “THRTT
KAR", DA,

2.2.2 #3

B3 (recursion) 2 —FREIARN, JEEREURH B S RMRMAE, ©FEZEEMHDE.

L& BFPAMERAMENE S, EEEAENRERLISE, E208F “&KbERA,
2. W ik “RIEERMET G, BREMAREZAEBAREOHEZRRIRRE, CRE 2R,

MMSEI A EE, B EEUE = ER,

L &Ik AF: ATUUEM 2Rl 8”7 8“7
2. JBPAA: XER BT, MEBUAM B S, EEEMAENSERISE,
3. BEISER: X 7, KRS ERIEE IR EE R,

ML LARREYS, AT FEEAEE recur(n) , BEATAZER 1 4+ 2 + - + n BITHE:
// = File: recursion.c =

/% &) %/
int recur(int n) {
[l EIEEH
if (n = 1)
return 1;
/] & &)AER
int res = recur(n - 1);
// V3 R[EER

return n + res;
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Kl 2-3 R TR E R A0 A

AT “&” Bt “93°
recur(n) return n + ((n-1) +..+2+1)
| S/ ‘
recur(n-1) return (n-1) + ((n=2)+..+2+1)
| ,/‘
recur(4) return 4 + (3+2+1)‘
} -
recur(3) return 3 + (2+1)
} A
recur(2) e return 2 + (1)
} AR —
recur(1) return 1

B 2-3 SRANER AR

HRAMHEMESR, ENERA DS EMEFLER, HEMUUER 7 PRS2 E KRR O R 8
E2v8
- R TETRWE” MR, MWEREREEPBOTR, RGN MRS SR ISR, BEEESS M.
C OB CH RN HRERIAIEL, R A A SE /N D, X R A R R R M R T
PN RKE - IREAR S o o B/ N A, EEIEEARIR LT I (AR ERIAD) .

Do ERSRAIEHONE], @ f(n) =142+ +n.

- OIBR TETERR R FIEAR, M 1R n, BERHITRARIE, BIRTRE f(n) .
- 3B KRS RN IR f(n) = n+ f(n—1), R GEIAH) 2T, BEEEAEN f(1) =
&k,

1. AR
WIAREE AR B &N, REESNFOTRNEREOENT, DFEEREZ R, &bk =G R,
RSB0 77 H IEE R

BRI BT SCBURER A R ERR D R R I, EEREBOREEA SR, R, #IH
M LR ANFES 1A 22 ],
- BBV R R SRR MO DR IR B LRGP I TR0 S

G 2-4 R, FEMRZLRIESRAERT, FIRAEE n DARREEDEITEE, EBITREHN n .
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AT “@ Bt 93

recur(n)

}

recur(n-1)

!
|

BERE recur(4)
! }
recur(3)

!

recur(2)

fib %283
} ™
recur(1)

B 2-4 JEIAEHIRE

FESEPRA, GRiETE S RVFRRINREE R R A IR, IERAIE T AT RE S ER H A R

2. E#)3

BEBEE, WRABHEIR BTG —SA BT, WOZRERT DA gw i as sl R et t, HHEAS
BIRCR ES5IEARMHEY, XGRSV ERYT (tail recursion),

- B SRR EIE E—BRREYE, FENRSEPTRE, RERGFEAE E—-BRANLET
Lo

- I IR ITE R M EOR AIRTHYRSE — DR, XEREREBOR M E] E—B)a, TR T H At
BfE, HIERFTMRST - — 2R BT

A& 1+ 2+ -+ n B, FATTDLEEE R & res BEONKESEL, MmsSEELEZEA:
// == File: recursion.c =

/*x B&)3 */
int tailRecur(int n, int res) {
/] ELIEFH
if (n = 0)
return res;
// BE&JAEA
return tailRecur(n - 1, res + n);

B ARHITIE RN E 2-5 FiR, A @@ IaFI R, E RRFIERERHAUT SR TR,

- HIEIE: SRRHRIERE 7 R RITH, SRREEEE T OORAHRE,
- R RFERIERAE “ET RIRETIITH, Y77 A RRRREERE,
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AT “# mE 7"

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

recur(n-1, n) l ret[r'n N+.+5+4+3+2+1
l rettrn n+.+5+4+3+2+1

recur(3,n+...+l5+l¢) ret[rn n+.+5+4+3+2+1

recur(z,n+...+l5+l¢+3) ret[rn n+.+5+4+3+2+1

recur(l,n+...+l5+l¢+3+2) R ret[rn N+.+5+4+3+2+1
| wirgp |

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

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

2-5 REiEIdE

Tip
BER, WR2MIENSRSH SR EIEIT L, BIan, Python BUARSHFE#IFMAL, KIithAN
B BT, HIAFTRE BRIk H R,

3. &3

LS 67 MXAEIEREN, BEEEHIEAR SRS ENE., A ENS %, DL LB
Hyfil,

Question

BE—NEPIRREH0,1,1,2,3,5,8,13, ..., KRiXEFIHE n M

RILPIACEINE n MEFHN f(n), BEWILEL.

- BB N (1) = 0F1 £(2) = 1.
- BB N RATAEIIR, B f(n) = f(n—1) + f(n —2).

RIS R TIBVIA, KA DR E NI, fEn]5 HEA R, A fib(n) RIRf52I2EK
AREZEBNHIES n DN

// == File: recursion.c =

/% FEFARES: YT «/
int fib(int n) {
/] &1EEHF f(1) =0, f(2) =1
if (n=11l n= 2)
return n - 1;
// BAFEB f(n) = f(n-1) + f(n-2)
int res = fib(n - 1) + fib(n - 2);
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/] REILER £(n)
return res;

}

WEZDA EARD, FRATEREPIEIT A TR, IXEWRE N — DL TN . WE 2-6 Fr
TR, XEERWHEIAE AR, &R E—RZECN n 1U2Y3 (recursion tree),

f(n)

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

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

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

B 2-6 ERIIRSEB RS IR

WA FB, BRI T KRB E N TR (R, X ETE E eE,
CONEEAER, MR HE. B SNE. SIARIRIZ 2 o N e AR T T XA R
7730
C MNEURSSIMAEE, BARRIE SO, RRIEAMECRE, [’ SR IE S e B T4
#o
2.2.3 FmENL
BEEDL TS, 135 2-1 R, JRACRDBIT/ESIL. HERERS B A FTRAL,

*® 2-1 EREGEIAR RAT

IER pill|
KT TEERGERY EREE B &
K
IR ReREHE R, TR EOE AT B RO AR 27 AT
WERE JE R EE RN 722 A SRR A A AT RE R R AR I ]

M
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JESAN 11
EHE ERTEREIMES, (REEW, AT @R TR, W, B i, [, ISR,
i 33 G
Tip

ANSUREHE DA S N A BRI A, FIDATERRSE KR ENEERE S,

Wz, BB EAEG T 2WNIERRRIE? DLEIREBIAREOR, SKREBREEEIAR 77 BT, XEK
B AT FH B R ERSR PR 2 e SE AREORANRAERY, IR TAEHLHI S %A “Te AJa ™ D) Sl ) 1,

FR L, AT A SR XIBARECERTR TE SR AN ETIR R,

L & HERBROAAN, REERE AR EOVZRBOTECHRTARN, TSR R R, S5
IR [l S H R
2. V3: HRBGERPUTHIREIR, KRBT VAR ERRR, TR AR BRI TN,

[Rlitt, FRATIAT PARE FH — A B RO B BRI T, MR 3 4% (i B K
// == File: recursion.c =

[* EREREDLET */
int forLoopRecur(int n) {
int stack[1000]; // f&BI— 1 A¥AREDIR
int top = -1; /] HRINZE5|
int res = 0;
// & &)3EA
for (int i =n; 1 > 0; i--) {
/] BEE NIRIR(E R 7
stack[1 + top++] = 1i;
}
// V3 REER
while (top >= 0) {
/] BT “HIRIRE I 37
res += stack[top--1;
}
// res = 1+2+3+...+n
return res;

MEE A ERW, B AOENE, RISZEREMER T, REEAAEIERZHE T A DI,
HA—EERFIXA, A LN

- BRAUERUARRD PTRE SEAIME DARRAR, RIRMEsE 2,
© ONTREE IR, BHURSTE RARRIT Al RERR R,

Bz, EREUERBTI O TR MBI, e sLikt, AHTMNE RIS H R e A &R 7T
REREE,
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2.3 BHEIERE

BT TRl A] DAELUL EL i S R TRRORCR . an SRBA TR MR 1 — B AIE RIa T R, BOZAn AT le?

1. s ER, AR E,. WEES. REINRS, XERZFHSEMAAINEI TR,
2. VAR EIRERR R IS AT ), BIANINIERAE + TR I ns, FIKIRIE « FFE 10 ns, FTEHR(E
print() 7% 5ns %,

3. G ITE R RERIE, HRAT AR PITIRERA, MG ENSTR A,
BIantE LA RS, E AR RN A n

// EEETEEST
void algorithm(int n) {
inta=2; // 1ns
a=a+1; // 1ns
a=ax2; // 10 ns
/] &% n Rk
for (int i =0; i <n; i++) { // 1 ns
printf("%d", 0); // 5 ns
¥

MAEALTTE, FTDMSRIEIARIZ TN Y (6n + 12) ns

1+14+104+(1+5) xn=>6n+12

HS2PR b, SEiFRIARSITIN R SERABSE, &0, FOIAmERmGN EsTrFade, FAE
ERBEESIARNE6 23T, Hik, BANRMER MR ERIBITIN A, XA mGd R 7R
1538

2.3.1 FitBIEIEKESE

IR A T SET T AN R RIRIB TR, MR RTAIST T Il R 2 2RI 5

“BFRE KT X BRSNS, B DEE — MR AN CARERR, B ABIR KN n, BEZAEE
A, BFIC:

/] &% A HWNEISERE: EHM
void algorithm_A(int n) {
printf("%d", 0);
¥
/] 8% B MNEIEZE: Z&4EM
void algorithm_B(int n) {
for (int i = 0; 1 < n; i++) {
printf("%d", 0);
}
}
/] &% C HNEIERE: EHM
void algorithm_C(int n) {
for (int 1 = 0; 1 < 1000000; i++) {
printf("%d", 0);
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B 2-7 JeoR 1 DAL =D RIE R BRI T 2 2%,
©RIEARA L ATEERE, BIRSITNEAREE n R, BAFRLRERR AR AN “HE

|Z)/l\”0
- BIR B PHUITENRIETRZMEIA n X, BRIBTINHEREE n HREERIEN K, HBRIRRII )2 2% AR
N SRR

- BIA C RETEHREFR ZIEHA 1000000 (R, SBRTHEIRK, (HEeSMABEERN n k. Bt
AU R 2% A0 A AEIR], 0 “HEBR,

Bk C - EEM

1000000

Bk B — i

RAEB TR 10
5 /Mm
0

@ 1 2 3 4 5 6 7 8 9

BNEHEAR N
n

& 2-7 BIKA. B CHINAEKES

BT BRSO RIRANSI TR A, AR 2% R T A TIREE R E?

- IS AERES ARG RIERR, Hln, FIA B HIBITIN R BLMIg K, 7En > 1 INELETE A B8,
£ n > 1000000 fELSRTE C 818, Fsk b, REmMALBIER/ n BER, S2EN “BHH” EE
—EMT “EMERT AR, RKIERN R KBS X

- INRIEZERHERDTEERME, B, BT e IR S BRI TN RIFE KES T, B
BEAER AR 2R o, FRATTRT DAfRT B oK BT A TH AR AR PR TN TR R RIS TR, ATTRE
HRBEBITES [y “HERIERES, XA R T

- WREAE A ERRRTE. B, RERTE AT C RTREZEME, EFRsfTR EZHR
Ko FFE, REREBHNHEREL C &, EEMALSIERN n BN, BiEB R TREEC, Xt
TGN, BT FME DLOUE R B 2 AW R RRCR I & K. 2R, REFE LRRE, SXED
W ATy PR R PP IS IRRR B A R HL 75 1%

2.3.2 HIEHELR

EE—TAKRINA n BRI
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void algorithm(int n) {
int a =1; // +1
a=a+1; // +1
a=-a=x*x2; [/ +1
// &% n Rk
for (int i = 0; 1 < n; i++) { // +1 (BREWIT 1 ++)
printf("%d", 0); // +1
¥

REIERREEER R — MR TRABIEA n WKL, 129 T (n), WA LRSI EIEEER D

T(n)=3+2n

T(n) 2—xeiEL, UHHIBITIN R AR LN, I e R A2 AR 2 LR

BA TR A E 2 LR O(n) , BMCERERAKR OIEE (big-O notation), FRREE T (n) K
Mk ES (asymptotic upper bound),

I IR)E AT A BRI “BERE T (n)” MR RS, EEAEMRECAE X

FRREHIE L5
EFAEIESE c IS ng , FENTRAER R > ng, HET(n) <c- f(n), WA f(n) &
HT T(n) —PE0E LS, 128 T(n) = O(f(n)) .

W 2-8 R, WG LR S EE f(n), BHEY 0 EETEFAN, T(n) fl f(n) bTAHR
RO KRR, (AT — N ERRSK .

c-f(n)
T(n)

4_,——‘—‘—”’—ﬂ—'

© 1 2 3 &4 5 6 7 8 9 18 11 12 13 14
BABUEAN n

% n > Ny E?: y{:‘l%ﬁ C'f(ﬂ) 2 T(I'I),
IEBSRIIAR f(n)  T(n) M—NINELESR,
2% T(n) = o(f(n))

B 2-8 PREHHL E5R
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2.3.3 #HFE

Hn b SRR LA A, WERIREIE I A S 2B, thoeiHn, TR DUBERHER TR, AN
KR, mt AT DUR e H A R

RIEESN, WE f(n) 25, BAMETERINEERE O(f(n)) . WAWHTHEEIL LS f(n) We? Bk
NP BRGUHRERE, REHINTENL B

1. F—%:. KiHEFHE

EORRED, BT BB RIHERTR, AW, BT Rk c- f(n) PREBERE c fTMBUERRD, Bk
2T (n) WIS FREL FEOHET PURME, ARYEILRIN, AT DUS\Es B DU TSR RS

1. 20 T (n) R FOVENTERS n Tk, DO B AR A5,

2. B RE. BN, 783K 2n X, Sn + 1IRSE, #RATLARIMEIL n ik, BN n BT EREOS R
IR R,

3. TR ERENRIE, SRIEEESFTINEEANAREINRERE W, 52 EMRIAR 25
ENE 1. SN 2. KHETT,

B — R, BATTAT DA IR BT R G TR E R

void algorithm(int n) {
int a = 1; // +0 (I5 1)
a=a+n; // +0 (15 1)
// +n (15 2)
for (dnt 1 = 0; i <5 % n + 1; i++) {
printf("%d", 0);
¥
// +n*n (15 3)
for (int i =0; i <2 % n; i++) {
for (int j = 0; j < n + 1; j++) {
printf("%d", 0);
¥

PARARER 1A EIREITRIENAIHER, Wt NN SR O(n?) ,

T(n) =2n(n+1)+ (5n+1) +2 558G ()
=2n%>+Tn+3
T(n)=n?>+n fartfigiit (0.0)

2. B-W: JErIHEESR
I EZER T (n) PEEINCRIGE ., IXZENE n TS KN, REMNITELIETSIEH, Hith
T A s M AT DA

R 2-2 R T LR, Hi—SSskagER Y TR “RETTIERSIMEC X —4He. M n T K,
XS TC R AR,
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R 2-2 IR ERERRN I 8] 52 2%

HR{ERCR T (n) IR ZE O(f(n))

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

n® + 10000n> O(n?)
27 1100000190  O(27)

2.3.4 ERHER
W NBUER/ NN i, DU RIS 2R 288040 18] 2-9 AR (IR MRS @ 19 HES )

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
TR < MEH < SR < R < FI50 < S8R < Bkl

E¥E 0(2n)
THB 0(n2) gﬁ
HHEIRIERE %M 0(n) E
T(n) e
4B 0(1og n) ]
©
=

RHEH o(1)

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

BNEEA)

& 2-9 5 DRI [R5 2 e 287

1. B O(1)

R BRERE SRR R n Tk, RIREEE n B2,
TEDUR e D, RUEBREECRE size AIREIRK, HlEITHSMALIER N n JEx, KN RSRETHN O(1)

// = File: time_complexity.c =

[* B */
int constant(int n) {
int count = 0;



H2w| GREDM www.hello-algo.com 33

int size = 100000;

int i = 0;

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

hy

return count;

2. %MK O(n)

AL BRSO REAS T4 AR A 1 DL MR K, eI B B o
// == File: time_complexity.c =

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

hy

return count;

Mo 3 BRI ik T R SR RN RIS R85 O(n) , Hrbn AEEH S BRIV K :
// == File: time_complexity.c =

[* &R (BIEEE) */
int arrayTraversal(int *nums, int n) {
int count = 0;
/] RS HAKERILEL
for (int i = 0; i < n; i++) {
count++;

}

return count;

ERFEERE, BABIERD n TRIEEABIRRRADRBAE, LAES —Rpld, 8 n A
fa RN FEB ARG, BEAEKE n EEER/,

3. FHH O(n?)

T R TSGR AN 1 AT/ IR K, T s tHEUE B IEEReh, SR IRIRRIPIR
RIS A A O(n) , IR I RN O(n?) ;

// == File: time_complexity.c =

/* FERM */
int quadratic(int n) {
int count = 0;

/] ERREEEHIEADN n HFHRR
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for (int i = 0; 1 < n; i++) {
for (int j = 0; j < n; j++) {
count++;
r
+

return count;

B 2-10 ML T HEE . LMERFIF 77 B =R R 2 28,

&% n R

&% n ;%
1K EE
BEERE Bt el B ) A
BEM o(1) M o(n) EH5H o(n?)

() RE—titmme

B 2-10 Y, LetEinFn-r-rs BB a2 2xE

DAE R, NIRRT n — 1Rk, MEEHFTn — 1 n—2, .. 20 1k, THHA /2K,
WIS ZER O((n — 1)n/2) = O(n?) :

// == File: time_complexity.c =

/* EHM (BEHE) */
int bubbleSort(int *nums, int n) {
int count = 0; // iT%is%
/] IMER: RKHEKXEA [0, i]
for (dnt i =n-1; 1> 0; i--) {
/] RER: BRHFEXE [0, 1] PHNRATEREEZXBNREAR
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]1) {
// X% nums[j] 5 nums[j + 1]
int tmp = nums[j];
nums[j] = nums[j + 11;
nums[j + 1] = tmp;
count += 3; // TEXREEE 3 NEITIRFE

}
I

return count;
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4. $E8H O(2")

AWER R AR KRAVIVRG - WIAaIRAE 1 MR, RN 24, RMRE
TR A, DA, 2R n ffEA 2" DI,

& 2-11 F1 DA RARESHL T4 24000 fE, SRR O(27) » EIHER, #iIA n RoRa34eE, REE
count FEDZIREN,

// == File: time_complexity.c =

/> 1IBEEN (EFSEI) =/
int exponential(int n) {
int count = 0;
int bas = 1;
/] BRER—SA_, Y 1, 2, 4, 8, ..., 2°(n-1)
for (int i = 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;

¥
bE e ZEH
BE—7HAZ TRHBE
20
21
22 - HnE
znfi
TEIRMERH (BhRAHMT RS Bl
20 + 21 + 22 + 4+ 2n-1 = 2n-q =¥ o(2n)

2-11 FEEU A (R 52 2%

TESCPRETES, 88 & LT IEH K g, BlandE DA, HEAth—ao 8=, & n oGS
1k

// = File: time_complexity.c =
[* 1E¥REN GBYIZIR)  */

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

}

FERM AR IE, 552805 (BER B FHEE L. X TEIRMBEERIIEE, s8R
RIREAZHY, JEH TR A S SR S DR IE T R MR,

5. 33#kB O(logn)

SHEER, X RBT “ERaEEE T BE. BEABIE RN n, BT ERAERE A,
HAEFNER log, n, BN 2™ B EREL

B 2-12 AU AISEHU T “FHERRIRE—" iR, NREREN O(log,n) , #icH O(logn) :
// == File: time_complexity.c =

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

}

return count;

BNBARKEA n sEE% 1 1

s

ITEREREK BiE| AR
log,n +1 FHEEr 0(1logn)

=

N

[y

2-12 XRS5

SRR, Xt BT IRA R, UMK T — RSN log, n B IR :
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// == File: time_complexity.c =

[* FHERERY (GBYATZI)  +/
int logRecur(int n) {
if (n <= 1)
return 0;
return logRecur(n / 2) + 1;
}

B BT R TOARIBHE RS, KT “—oh2” 1 REOVE” MNEREM, EKEE, 2
AR T 5 B R B AN TR B %

O(logn) MIRBUZEZ/V?
R E, “— 9 m” MM AERER O(log, n) o MHEEBHRAK, HiT0 USEEA
RFEREL MR A 2

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

bR, JREm v DIEARRINE 24 IR Nied, RIEFRANEF S EIERE m , K5 Es
28 O(logn) o

6. SMEFEE O(nlogn)

LR BN BT R ETER R, PEEIANNEERES 510 O(logn) f1 O(n) o MHIARRBUTTR:
// == File: time_complexity.c =

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

return count;

& 2-13 JERoR TR BN AT e XM IS — ZHHRIESEE N n, WIE log, n + 1, HItH
IS4 O(nlogn) o
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EERREEH
nx1=n
%x2=n
H# log,n+1 B
%xl..:n

HERERK
n = (log,n +1)

B iEI R AR E

1K 0(nlogn)
@

B 2-13  ZRMERT I AN TR 2 2%

1R

&

&

FinH T BN A EREEE R O(nlogn) , GlaMREHT, VDT, HEHETE,

7. BB O(n))

SRR A B “ 2T B, B n NEAESNITR, KEMARTEERHITR, 7788 EN:

nl=nxn—1)x(n—2)x-x2x1

B i AL, anE 2-14 MU MUEATR, SB—BRaRE n D, BZESRE 0 — 14, DU
H, EEH n BNELER:

// == File: time_complexity.c =

/% BiFEPy (BYFSEIL)  */
int factorialRecur(int n) {
if (n = 0)
return 1;
int count = 0;
for (int i = 0; 1 < n; i++) {
count += factorialRecur(n - 1);
¥

return count;
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BREH BEH
NRYE TRME
n n
n-1 o “ee n(n-1)
n=2 n(n-1)(n-2) - #n B
1 aes ses aes n
2HFIWARY BIRKRENT S8E8) e ERE
nx (n-1) x (n-2) x .. x 2 x 1 = n! Biis&EY o(n!)

B 2-14 [ 3Rl A (R 2 2%

HIER, WY n > 4WMEH n! > 27, BTN LSBT ER, 1 n BRI AT,

2.3.5 RE. RiE. FINEASHRE

BRI BRI R EER, Wi SHABIRR AR BEmA— DN RERN n F%EH nuns , Hr
nums M 1 % n R, M HEI—X; ETRBF2RELTELE, (£55HfR2IRETR 11
R5lo BATATDASGH A RES IR,

Ynums = [?2, ?, ..., 1], BDYMRERTER 1K, FEEHHH, BERENRERE O(n)
Lnums = [1, ?, 2, ...]1, BISEANTCEN 1N, LIEBHSKERTFESSSGH, BEREN
WA Q1)

“BRZENREZRE” XN MEEENE B, A OIBSRR, N, “BERTRIEZE” XN EEHNE N5,
B QidsRR:

// == File: worst_best_time_complexity.c =
[* ER—NEA, TFER {1, 2, ..., n}, IRERITEL %/

int *randomNumbers(int n) {
/] DEEXAE (BIE—HrTRKINA: HEDPTEHEN n , THEEERN int )
int *nums = (int *)malloc(n * sizeof(int));

/] R nums = { 1, 2, 3, ..., n}
for (int i = 0; 1 < n; i++) {
nums[i] = i + 1;

I

/] FWEITELEA TR

for (inti=n-1; i>0; i--) {
int j = rand() % (1 + 1);
int temp = nums[i];
nums[i]l = nums[j];
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nums[j] = temp;
¥

return nums;

h

/* EIHREA nums BEE 1 FREEZRS| +/
int findOne(int *nums, int n) {
for (int i = 0; i < n; i++) {
/] HitE 1 EEHRAESLEE, RRRENEEZRE 0(1)
/] EtE 1 EHRAEDN, KIFKENEEZE 0(n)
if (nums[i] = 1)
return i;

h

return -1;

ERRIE, BOMELFRHRDEHRENREARE, FOEE A ERDMERTA GRS, rRERHR
—ERRSM, MRZENFEAEE NI, BNERE T DR LEM, RN IO R,

MR BIFT A t, S22 I A R I IS A TUR LT PR ISR A", X SEA I B
AR/, AR LSBT TR, AE T, STRASIIN IS 4 T AP DU A LA A B 1
JEIRCR, O I0ERER,

TR, FRATTAT DA 2 M L BN SR A RO T, Han BRoRl, i SRR TaL
fy, PRUHTEE | HIITEERE RS ORER AR, T SAN T R R ALK R — /2,
IR 2N O (n/2) = O(n) .

(RO AL, VLTI I A e PRI, R 30 H (R S0 R B R 1,
TERCRIRL R, el 8 TR 2 ) B 2 0 B R b

ML RE © FFE?
TREF T O 7SI FRIRAE O, BRI B EoR TR PAN T 20, (ELM R 2 b, I
FOHGEIERE, EABREMEDET, BRI THRAEZRE O(n)” MR, FEHLaE
BN O (n) .

2.4 FEERE

TEIERE (space complexity) FiT-#iRE R S HINF S RIBEE SR B LA RS X MRS SR
AREARE R, W “BITNET By “SENERET,

2.4.1 HZEHEXZiE

RIRAE B TI AR A TR N A7 23 1R = 2045 LR LA,

VNG S R AR RENE DN 6
- BN AT EERIAESITEREPIER, MR BRI CERE,
- RHEEE: TR
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—fE S, BEERENSGIHEEZ “EEERT Nk RHaET,
B ] DO — B =100,

- EERdE: AT RERERBITEETRSER, T8, 2%

- Bl TRV T R B R SCEE, BRGEE R BN A R AE MR TV A1 — e, PRI AK
RIEE, Heizs Al 2 BRI

- fRREM: AT REHIERIRTFES, Lo a2t

T — BRI R R, RABEF S8R, bt A 8 =5, s 2-15 for.

BERR TEEERENSITEE

4 A A
PN gl W= e
LIPS ez G IR
el
15w

2-15 BRIEEHIHIARS 2 )

FRAESAN T :

[* BRE %/
int func() {
/] AT ...

return 0;

}

int algorithm(int n) { // HWAZUE
const int a = 0O; /] BEHRE (B=)
int b = 0; // BEHE ()
int ¢ = func(); /] t&mi=siE) GERRERE)

return a + b + ¢c; // WHHEIE

2.4.2 HHEGE

RIS AERHERTTES N AEAERBHE, JFRIHNRMN “BIEE" o “BRZRRN,

MR RS ZRERRE, BANERESOGEREZRE R, XRE NS ER - TREEER, A0
FPRAERT A i AR N A R RPN S R T

ML, RESRERETN “RE ANZEE X

1. BUBIERABERMEE: X n < 10 B, ZMEREN O(1) ; HYn > 10 B, WHAIEE nuns &5
i O(n) 25, FMEEERNEZRERN O(n) .
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2. DUSTERISTTIMEPE A Bl FRREAESIT IR — (200, & O(1) Z2H; U HIA AR nuns
i, RERE I O(n) %0, WItE2ERE 2E N O(n) ,

void algorithm(int n) {

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

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

TEIEAEeD, TEEEGE Mz m, WS LA

int func() {
/] ITHELEARE
return 0;
¥
[* BFN=EEREN 0(1) +/
void loop(int n) {
for (int 1 = 0; 1 < n; i++) {
func();
}
¥
/* BIANTEEZER 0(n) */
void recur(int n) {
if (n = 1) return;
recur(n - 1);

by

BRi%L Loop () 1 recur () MR RIEZRERCH O(n) , B2 EE Z4E AR,
PR Loop O) TEMERAHIEF T n IR function() , HHHH function () AR EIFHERER T iz ],
BezsREZEN R O(1) o
- JBVAKEL recur O EIZTTIRFHRFENELE n DARIRER recur () , MIfidH O(n) BIARNZS AL,
243 ERHER

BRABUER N n, B 2-16 R T H WA REZERE (MREEHESD.

O(1) < O(logn) < O(n) < O(n?) < O(2")
HHIN < WR < &I < T < 180N
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ATFEIERAN

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

BINZHRAN

K 2-16 R AR AR

1. B O(1)

R E LT RESWMABIERN n TRFER, T8, ¥R,

fa%ET o(2n)

FAB 0(n2)
ZH4M o(n)
B 0(1logn)

BHH 0o(1)

MEER. MIEE

TRERAE, (EMEFA ARG AL B eR A BRI S A7, EEAT NS R, RS8R

BUL IS, 2 Al O(1) -

// == File: space_complexity.c =

[* R %/

int func() {
/] BITRLEARE
return 0;

}

/% BEE */
void constant(int n) {
/] BE. TE. ¥RLHA 0(1) =i
const int a = 0;
int b = 0;
int nums[1000];
ListNode *node = newlListNode(0);
free(node) ;
/] EFFNTELSE 0(1) =E
for (dnt 1 = 0; 1 < n; i++) {
int ¢ = 0;
+
[/ EFRHFRRSSE 0(1) =E
for (int 1 = 0; 1 < n; i++) {
func();
+

2. %M O(n)

LR W T L REE S n BUELLIVEE, BER. R RSS!
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// == File: space_complexity.c =

/* BRFER */
typedef struct {

int key;

int val;

UT_hash_handle hh; // &7 uthash.h I}
} HashTable;

[* MM %/

void linear(int n) {
// KEA n B9%AELA 0(n) =i
int *nums = malloc(sizeof(int) * n);
free(nums) ;

// KEA n B95IFREA 0(n) =E
ListNode **nodes = malloc(sizeof(ListNode *) * n);
for (int 1 = 0; 1 < n; i++) {
nodes[i] = newlListNode(i);
+
/] REREK
for (int 1 = 0; 1 < n; i++) {
free(nodes[i]);
+

free(nodes);

// KEA n HBHERSE 0(n) =8
HashTable xh = NULL;
for (int i = 0; i < n; i++) {
HashTable *tmp = malloc(sizeof(HashTable));

tmp->key = 1;
tmp->val = 1i;
HASH_ADD_INT(Ch, key, tmp);
}
/] REFEB

HashTable *curr, *tmp;

HASH_ITERChh, h, curr, tmp) {
HASH_DELC(Ch, curr);
free(curr);

N 2-17 FoR, BEEREEDEINRESR n, BIFRINTEE n DNARIREIR 1inear_recur () B, ffH O(n) K
/NI AR S ] -

// == File: space_complexity.c =

[* LR (GBRYITIN)  +/
void linearRecur(int n) {
printf(" &3 n = %d\r\n", n);
if (n = 1)
return;
linearRecur(n - 1);
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amn £
AT @ e
linear_recur(n) return @
linear_recur(n-1) return @
BIIRE l’ T
" | 1
linear_recur(2) return @
b2t D
1 gl 45 T
linear_recur(1) return @
EREEREBRRER n el ErE
H#H{EH o(n) HEEMIZ1E %M o(n)

2-17 IBHREG AL 2 2 2%

3. EAH O(n?)

SRR E W AERERIE], TTRERBES n ROET KRR
// == File: space_complexity.c =

/* FERM */
void quadratic(int n) {
/] Z#5|REA 0(nt2) =iE
int **numMatrix = malloc(sizeof(int *) * n);
for (int i = 0; i < n; i++) {
int *tmp = malloc(sizeof(int) * n);

for (int j = 0; j < n; j++) {
tmp[j] = 0;
}
numMatrix[i] = tmp;
}
!/ REREBR

for (int i = 0; 1 < n; i++) {
free(numMatrix[i]);
+

free(numMatrix) ;

aniEl 2-18 AR, IZEREEIEIAIREN n, EENEEREPEVIGEL T — N EEE, KEZ5n, n— 1,
201, ERER /2, FILEEE R O(n?) 2H:

// == File: space_complexity.c =

/* FRM GEIFFEI)  +/

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

int *nums = malloc(sizeof(int) * n);

printf(" &3 n = %d A

nums E = %d\r\n", n, n);

int res = quadraticRecur(n - 1);
free(nums) ;
return res;
I
B4 nuns KB BT @ e
n ——— quadratic_recur(n) return 0
n-1 ~——— quadratic_recur(n-1) return @

EARE
n

1 !
1

le—

2 ~———+ quadratic_recur(2) PN E return 0

1 ab & 1
1 ~—— quadratic_recur(1) return 0
EEMBEARBPBIALT — A, BKER PEIERE
1+ 2+ .+ (n-1) +n = n(n+1)/2 EAK 0(n?)

4. EHH O(2")

TR B LT X, R 2-

2-18 JEJARET LRI M A E

19, BECIn B XM B REER 2" — 1, S O(27) 20H:

// == File: space_complexity.c =

[* IEEBY (BIA X)) «x/
TreeNode *buildTree(int n) {
if (n = 0)
return NULL;
TreeNode *root = newTree
root->left = buildTree(n
root->right = buildTree(
return root;

Node(0);
- 1);
n-1);
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BENTREHK
20
21
2 - Hn B
/TN TN N TN
2n-1
FiAT RS TEERE
2° + 21 4+ 22 4 - 4 271 = Qng B¥BT o(2")

B 2-19 il — R AR RFE S 23 R B 2

5. 386 O(logn)
SEN B T MRS, Glan)33tHs, MAKERN n WA, SERITEEE M SR 5 0, R
= logn MBI, #H O(logn) HebizH,

HHINR BT O TR, A DIERE n, BHAECY [log, n] + 1, BIMEFRFHKEN
[log,,n] +1, Bit=HEZREN O(log,,n + 1) = O(logn) .

2.4.4 PEBtE S =ia)
FAREM T, BAGERENN RS ZENS RS R EEEEIR R R, AMELRENS, R EE
e E R 23 A8 2= IE 5 AR R TR M,

BRARI f) S A% Il 3 T e AR T B M AN, R, TRATRAE A7 28 R R IR TH RR IS TIRE Y
RPN “DAERN AT fez, WK “ AR Al a7,

AR B RS B T HATEB BN T, ERZEIENT, MRSEEES, Kt DA E” 8
HRER AR, S, EEEERRIELT, HHZREREhIEREE,

2.5 N

1. EREIH

BRIV

- IR S RIRCR R M BB IR LA B D E T FEbR.
- BATA] OB BRI IAG RIRRCR, (B DAHPRINAFAE R0, B SRR RE TR R,
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- BRI AT AT BRSSPI s, e RIEH TRrEBIT TG, T HREB R REIREAREE
RN EVE S

Hof ) 52 20

- IR AR T R RRISA T IN RIBE R R R SS,  ATDUA RO BIEROR, (BRI LEE RA]
REZSRYL, AnAE ARIEUE R NalN (i 2 2R AR RIIN, TEBAS IO LU R 5

C RZENREREFALR O SRR, NNVEEHENL B, RS n @RIELHN, RERE T (n) 1
BRI,

- EENEERESANY, ERGIHREEE, AEHINENT R,

- H LA 24 MRS HESIE O(1). O(logn). O(n). O(nlogn). O(n?). O(2™) f1 O(n!) %,

- BSEIRMIN W2 AR EE, TR SMARIRN AR, NRAERES NRE, &E THNEE
IRIE, BAENRERETLFAH, B ABHE— AR Z R ™ R RES BRI .

- YN AR A S M ETAAE R LR N R RIBITRICR, AT SR AR, TN
(A 2 o TR e T N B 0 1 DU SR & 5 VA,

BREAE

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

IR A A R A AR, A, M A, BRI R, AR
oSS A T, B SIS TR, MMz (AR 2], Erb R 34 (0 2 I
B2

R BB R A, AV AR N SRR RSB TN 2 R 2 A,

-z A EEEHESIE O(1). O(logn). O(n). O(n?) f10(2") %,

2. Q&A

Q: EBAMZRERER O(1) 14?

Hig b, B@HEERSREAEADMEAE O(1) . A RZERZES (W Java, Python, C++,
Go, C#%) AHpEFLLEEH, Ft@EEIANNZERERER O(n) .

Q: BRI TRIXM AN RIERIX AR 47
% (function) A ABIHRNZHAAT, FrESEEIAEREIE, 7% (method) 55— PXRKHE, #ikE L
VARERIXSR,  REWE X SR SLB 0 & RO R TR E,
i A URE WA SR AR TE S O BRI
- CHEEREEAGRERIES, HEANRIMS, FrDUIERE ERITATOEE AR (struct)
SR S R, 545 AN SRR B Bt 5 T HA AR 15 = 751,
- Java fl C# ZHEANRIGmEES, R O7iR) BHEENEDEN—D, FETTRNTREOT
BREL, OAEHIbEER b, AREVIRRE R LA &,
- C++ # Python BECRREBEASE (8D, MSGRFmEPXNREE 0575,
Q: Efif “H WA RE A A" SRR A2 o5 2 TR A 4R R/N?
NE, ZERRRZEZAERE, HRMEEKES, Az b2 R EI48 RN,
BRI n = 8, IRATRER KM ARINERAIE S MBS WA b, IXZRN RIS E S — MBI, TR
BBV R4 2 — DML AT IE R TG N
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TESEbReR, B TR AL N A RO HARRERE D, FTA—RICIE (U R 2 et n = 8
2RI, BT n = 8% MAMFET, XM KEATEEEST.

Q RETFIERUESIREIG R, JEFPER (SRR Uk

TESIBRRLFIFR, AHE S UL 2 e 2 I W, ISR, FRf T # R RET. By BRI 23,
i AR A2, DUEL O (log n) H% O(1) 185 1,

(2 VSRR S, DR 2 ., BIAER AT R AR, RENTRE R, TRIMTAES
WEERGTE, ERERRAIIFER, UHENESR, R REREE,



FB3IFE WESH

hello-algo.com

50

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

HOLRBRE IR, RS, R BB TRARER. ML HE [, BATRIDAAN BT 0 “pEghi”
PINERE AT 703,

3.1.1 ZELS: SitS5IFEN

RS T B TR 2 MINEEE R, EEAHMTERTD, BB —E iy iy, AT 8RRk
PERZR; TAEMT, BRI MEBEXRAY], R “HE” 5 “BR ZMIIRERSR; ENHT A
FAAER, Sk T A4S R R

QNI 3-1 FfoR, BEREEMR] 30 “ERMET A CHRERIE” MREE, SR B, TREHRERH R LR
PEHES; AREAESSHNIER, Z2ARZMEHES,

- ERPEEIRETH: B, BER. AR AL IR R, TTRZAE N RIE R R,
- ARERMERdRG . L HEL B IR R

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

- PESTH: B OHE IREER, JTTRZMEZ X ZHIRR.
- PRGH: &, TRZERZXMNZHKR,

SEEiESM ERMERIESN

e " & 2
array tree d \ / \

%‘gi 3 > — —
linked list

push |/I \
i = graph T /
stack -

pop

s e e & s
FASY -
queue -— -— heap ¥\

pop push

BER {key 4 *}

hash table value

3-1 LRMEIRAEN SRS R4t

3.1.2 YR ESES55E

SRR, IR BRI BIR AN R, & 3-2 RoR T — DRI S, HP N RETT
PR A& —RINAEZE ], FRATAT DU N R R R — D ELRHY Excel 248, H A& BTTARER AT DAFE I —E R
ANNEA G
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ARGUEN 7 IR AR BEE. W& 3-2 FoR,  THEHURSER S MU A% i A 8D B TAS 20 ie
G, WREDNESREA MR L, A 7St B R AT RN R EE.

90 901 02 03 04 05 06 07

0x0000

0x0010
0x0020 a

0x0030

0x0040

AERESE ARG 020012 , SEIMIE

. ERANGSE  HENELE 0x0024 , SEIMIE

B 3-2 fFsR. WAEESTEL PAFHRAE

Tip
EfSHAARR, NAELLIE Excel RAZE—DMELAIEEL, SRR TIENIHEILEE 2, Kbt
ZiH, NEEH, ZEUHL BRIAEYE NSRS,

WFRFTARFP L E TR, SRR MER &, WRE R TR AR P RN T IR R
PRETH S AR, WEBE A EERF BN R, tan, BRI RI P I SRS R SRR
ZIRNANAE; WEREVDESRII A, B2 R R ARSI RE S (F B (E 7 B2 A A

e 3-3 Aor, PrBRgsi R Y BARAE RN IAE R 3, Al oS EAE s () MR
fefig (B2, PIBLEM WIRIZOE TRARATTIN, g, HIMSEIRIETTIE, PR BEEE A 5 I (RIS A 2 )
R T 7T 2 I AR A

HEREEE)EE ST el
TEfE A BITF S (Bl R R Y FEERNNEZEZ I

e FRERE | spssns
B sesannesa minamst | OAEZE



H3E BUES www.hello-algo.com 53

K 3-3 ELRZE RIS B R

ERRIRE, B BIRa RS TRE ., HERR EANASIB, G140, ARAIPASIRE AT DARE AR sk
B, WATDAREFRRERSCEL; ke AR kA SCIL AT RE RN (5 B ek,

- TR AR PASIL MRARER. AL HME. &L ZERE. GKE (JEE > 3 REED SF.
- ETRERIEL: AR, PASIL MAARAR. B HE I%

HERAENIRILS, AT DMER IS TR  HREAT IS, RI AR “shS8dRa”. BAEvnas
KEATE, R “SSE8dRaSE", ESEENE, SEmEd EH N FESIRKEE L, MmME&
—EM) B,

Tip

QUERIRIE SV PRAS A PR A TR, B BERIE N —%, RS RIIA T N A,

3.2 BAEhiEsedl

LRI RN EEIER, ROSEESOR, B, MR, B85, 3D REERMPR, RERXEEIREIHN
55, EENTER RS MEALRE I K,

RABIRIARE CPU W DA TIB RSN, ERIRPEEEEN, ERUEUTILA,

- BRI pyte, short, int. long,

- TFEBEEA float. double, TRV

© FREE char, ATRREMIBES TR, MARSEERBNESE,
- AR bool, HTFHRR “B7 5 “&7 AW,

SEABRION B, IR R A ME IR, — N IR 1 b, R RS HOIRIRER S, 1
45 (byte) Hi 8 HAE (bit) 4

FALERE AR A A S B R T H S R RN, R A Java a6l

- BEHOOM byte A 1Y = 8 HAE, WIDAFOR 28 MIF
. E@kgpkﬁu int gﬂq 4 ?17 32 Hﬁ% TU«%T 232 /\5&%

R 3-15128 7 Java FRASRPEALERERIN & 2, BUEVEEMBOAME, HREICHBEILHER, KEEEHH
A, REN AT D &K AL,

R 3-1 HARBEERAT 5 A 2 AR E G

E il e HH=E BME BRE HINME
B byte 159 —27 (—128) 27 —1(127) 0
short 2 FA —215 215 _ 1

int 4 A —231 231 1 0
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el S5 GHZEE BME RAME BRIMA
long 8 Fi —203 263 1 0

FRE float 4 FH5 1.175 x 10738 3.403 x 1038 0.0f
double 8 ¥ 2.225 x 107308 1.798 x 10308 0.0

FIF char 2 7 0 216 1 0

/R bool 157 false true false

TBIER, 3% 3-1#XTH0E Java REABHR AL, SRmEIE S A S BEEEIE X, eSS i
XA, BUETEEFIERINME R Re 2 A A,

-« {E Python ", BEHCEM int ALARERAR/D, RZBTRIHNGE; FR% float BIUEE 64 7; &
A char K81 AANFRFSCER B EKEN 1 PR str

-+ C I C++ R E R ABIERAI A/, MRG58, 3 3-1 875 LP64 i, HpFF
1S Linux A1 macOS AN Unix 64 (#E RS,

© A char FNAR/ME C I CH+ HON 1 27, fERZHURIEIE S P BURTREENFR RIS 7%, 0L “F
Rt B,

- BMERRA/REMNT 162 (08¢ 1), BENFHEENFEEN 170, K2R ENL CPU #EH
1 F 1 E R/ NS HENFE R IT,

Mz, BRI GHARGE Z RIA 2R VE? JATRE, BARait2E it B PR S R T
Ko RANEREER “457 mIE “BdE",

FARFOR “—HETT, BANTEASBBIEASA, X2R BRI LS n] AR AR R R A
JFRAR, HETHEHEINERES int, /ML float IEREFHF char, M5 “BdEghity” Tk,

HAIET, SRR TR “PIERRL”, mBRa Rt 7 EBRR “Ad8U R, Bl RS,
BATHHFE R RE B RFESFRRARINEALIERA, EH5 int, float. char. bool %%,

/] ERZTHEREIELB R EA
int numbers[10];

float decimals[10];

char characters[10];

bool bools[10];

3.3 HFLmI *

Tip
TEAS, FREiA * FFSARIERET ., QIRIRIN G REURZIBE AR, FTRERk, Fsedh
PR 5 A BRI


https://en.cppreference.com/w/cpp/language/types#Properties
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3.3.1 [Ff3. RESF#MED

£ E—T TR RSP RAVLI, AT BEESE RN FOR B AT L IE R — 1, Bl byte HUBUETEFEZ
[—128,127] o MR EY, CRINTEREY REH, G, *MERESETIR,
BT IR, By bl WS TESEETE T RPN, TR R B, Bt =FRE
o

- RS BAPRECT R RN RS AT S0, Hip 0 FoRIES, 1 R, KRR

FIMEL
o B IEEA RS ER AR, SO SRS R ER RS BRATS A AMNE AT A LU
AN IEREORNG S SRR, SRR SR SR AR B 1 o

B 3-4 Jor TR, A FIANG 2 TR L4575 7.

+0 +5 B -0 -28
0000 0000 0000 0101 [R5 1000 0000 1001 1100
BREFS s,
FHHE B MR
2000 0000 2000 0101 =B 1111 1111 1110 0011
fERFSRUERE L 1
0000 0000 0000 0101 B 0000 0000 1110 0100
EHMERD, RB, HEHES Hi¥MRE, kB, HMEEERER

K 3-4 5, A5 Y B AR L

[F53 (sign-magnitude) BAREM, EEFEE—LFERME, —AHE, HBNEEARERHE FaR, flanfEsR
BRHE L1+ (—2), BENERE -3, XEREFNHL,

1+ (-2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

N TR, AT &R (1 s complement), WIS R I/EABR LN RS, FE(E RS Fil5T
14 (—2), Bres BTN, WInTfEs EfsEE —1 .
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1+ (—2)

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

= 1000 0001 (J5r4)

——1

i, B FREMA +0 A —0 MMoRTR IXEIRE BT NN R i fI g, JXA]RE
RWRE . AR, A X EFMNE, WATGER SECHIMEE R, mmanREAIEL
BUETMATE X, WFRZESIAGIMIHIWTERE, XTSRRI ENRIZE R,

-+0 — 0000 0000
—0 — 1000 0000

SEE—FE, REUAEEATE X WE, RSP 5N T#E (2 s complement), FAT/EKAM
K MUERRY, i, (SRR

—0 — 1000 0000 (J5if5)
= 1111 1111 (}x#9)
=1 0000 0000 (¥~H)

FEMTHI AN BN 1 2742007, {H byte RUMIKERA 8 7, KILEHFIZE 9 iKY 1 SHEFH. W
g, MFERIMSA 0000 0000, SIEFHMMGHIF, XEREEMIFRHREE—NEF, ERFEX
MG IR,

ERIEfG—M5E: byte BBIWEUETEREZ [—128,127], ZHERN— % —128 2UMA{SEITE? 3K
RS, XIE [—127, +127] WRIFTH B N N AR, AN, B RASFIRMD 2 [l ] DA AR
et

AT, #PA% 1000 0000 2—ABIAk, EIFEA X PIE, RIEEHTTE, BAEENZANE RSN
0000 0000 , XZAREFEN, FAZEBRTET 0, ERAMNMENIZEB S, HHEVIEX MRS
1000 0000 %% —128 , bRk, (—1) 4 (—127) fEAME RIIHTLRME —128

(—127) + (—1)

— 1111 1111 (J#r%) + 1000 0001 (J5h5)
= 1000 0000 (szf4) + 1111 1110 (ShH)
= 1000 0001 (#~H) + 1111 1111 (¥MH)
= 1000 0000 (¥~H)

— —128

RAJREC LI T, EIRATAEHREERINEZE, XERE —NEERI: IHEPLNERRIRELE iR 3 22
TIEBREN, XZFROVIRIZEMN THAZE (banskik, BRIEFETR) Kk, BRIk & fa
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B, HERGHTHTAH, BRIEEEDR,

BIER, XIFAERE HEURREMNE, Rk AR HIBHA S, HRYLIRES ISR i
BEAaR. Blan, HREIE a — b AT DAL o + (—b) ; HRIRERBRIER] DI TR 2R
INEBIRTE.

PRAEFRATAT PUSES T AL E FANME AR R B TAMYEOR,  THEALAT DU [RIRE B BB AR (R AL B IE BR
TEREIANE, AT ERFEPRATRE (R LR EIRGE, I BICAURE A B S B B A, JXRR e 1
fEERIE, $E8 T IsRER,

DRI BEHER R, HRERRBAICN AR E, RECESEREEE PR T,

3.3.2 Fm#mEY

OMIPRATRES RN int F1 float KEMFE, #2 4 F1, HAT4 float WEUEEEIZ AT int ? X
EERER, R float FFEFR/ Y, BUETEE NIZZ/NA YT,

Khr b, IXRBONIEREL float R T ARMFORTTR, id— 32 HURH R —HHHIEOY :

FR4E IEEE 754 brifE, 32-bit KR float H LA R=NE R,

: ?\ﬁf%ﬁi S: 5 1 'fﬁ, Xﬂ‘m b31 o
: *Ei&'fﬁ E: le 8 'fﬁ, Xﬂ'@ b30b29 b23 o
COERIN : 5 2361, ML boby; ... by o

I FLoat X RAEAY L SE AT 5N
val = (—1)bs1 x 2(baobao-b2s)y 12T 5 (1 by by, . by),
P2 R R AN
val = (—1)% x 287127 x (1 + N)
HL 5 T HR L A
s {0, 1} Ee€{1,2,..,254}

(14 N) 1+Zb231 C[1,2—2"2
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float KEAN 4 bytes = 32 bit

TS s B E SN
D8888800

A A A A A

b31b3@ b23b22 bn
HFUAETH, 55 R IEEE 754 47, &RBIX R TR
s=0 val = (-1)5x2E127 x (1 +N)
E = 124 = 1x0.125x 1.375
N =22+23= 0,375 = 0.171875

3-5 IEEE 754 tnifE Y float BB RH

MELE 3-5, HE—DTROEIES =0, E=124, N=2"24+273=0.375, WA:

val = (—1)0 x 21247127 % (1 4+ 0.375) = 0.171875
PAERATAT AR A SRR Float MIZOR T AL &R, SEOLBUETEREIZR T int . RIEL EHHE,
float ATFSRIEARIERCH 22947127 % (2 — 2723) & 3.4 x 1038, VIHAFSAERTISEIH ML,

RABFE B float ¥l v HUEVCH, (HIRIERDRNTE VRIS, BECEA int K525 32 bR TR0y,
Hep RS0, i THEERAIAETE, T2 R3 float BEUEBLK, MBI ET Z [RIHY ZE (B STk
Ko

%k 3-2 fR, 488 E = O f1 E = 255 BAARRE X, MTRRE, J%5 K. NaN

% 3-2 RS X

8L E SEHLN = 0 SHBLN # 0 HEAK

0 +0 WIE RS (—1)% x 27126 % (0.N)
1,2,...,254  IFHI% IERL (—1)% x 2-127) » (1.N)
255 400 NaN

{EAF BRI, IIERBC BRI T IR RS 1, B/ NME RSO 27120 ) B NEGEMEC 27120 x 2728

o

YFEE double HRHIZEILT Float (IFRIRTTIE, TEMAMENR,
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3.4 F{4RS *

FEIEALA, FraBdEEE AR AT 060, 745 char ABIS, T HRRTHF, BATEEL
—E TR, WESDNTIN B AN XX R, BT FREZE, HEAUA] DUEd &R
JR IR AT R A

3.4.1 ASCIl FH&

ASCII BB 2 i B 2174, H2F8% American Standard Code for Information Interchange (FEH
PREAS BASHAED) . B 7 AL 3R (—DFRK 7 A1) RR— DT, REZEWERR 128 MR
FrF, WA 3-6 FvR, ASCII R SCFRIIAR/NG | B 0~ 9. —EEMRRFS, DU—E8HI=/ (0
BATRAFIHIZRTT)

+idth i H ax +its i FH +it e FH +idt#l i FH
0000 0008  NUL e 33 0010 0001 ! 65 0100 0001 A 97 0110 0001 a
1 0000 0001  SOH TREFTA 34 0010 0010 C 66 0100 0010 B 98 0110 0010 b
2 0000 0010  STX EXFE 35 0010 0011 # 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 EmER 37 0010 0101 % 69 0100 0101 E 101 0110 0101 e
5 2000 0101 ENQ ER 38 0010 0110 & 70 0100 0110 F 102 o110 0110 f
6 0000 0118  ACK |5 39 0010 0111 ' 71 0100 0111 G 103 011@ 0111 g
7 0000 0111  BEL Let=d 40 0010 1000 ( 72 0100 1000 H 104  011@ 1000 h
8 0000 1000 BS B 41 0010 1001 ) 73 0100 1001 I 105 0110 1001 i
9 2000 1001 HT RTEIEG w2 0010 1010 * 74 0100 1010 3 106 0110 1010 j
10 eeo0 1010 LF #iTH 43 0010 1011 + 75 0100 1011 K 107 e1le 1011 k
11 0000 1011 VT SHHRF 44 0010 1100 5 76 0100 1100 L 108 0110 1100 1
12 0000 1100 FF Evat 3 45 0010 1101 - 77 0100 1101 " 109 0110 1101 n
13 2000 1101 R EEg 46 0010 1110 5 78 0100 1110 N 110 o11e 1110 n
14 0000 1110 50 TR®R 47 0010 1111 / 79 0100 1111 0 111 e1le 1111 0
15 0000 1111 SI BRI 48 0011 0000 ° 80 0101 0000 P 112 0111 0000 p
16 0001 0000  DLE  MiEEiEy 49 0011 0001 1 81 0101 0001 Q 113 0111 0001 q
17 0001 0001  DC1 R 50 0011 0010 2 82 0101 0010 R 114 0111 0010 r
18 0001 0018  DC2 RS2 51 0011 0011 3 83 0101 0011 H 115 0111 0011 s
19 eeel 011  DC3 B3 52 0011 0100 4 84 0101 0100 T 116 0111 0100 t
20 ool 0100  DC4 RS 53 0011 0101 5 85 0101 0101 [} 117 0111 o101 u
21 0001 0101  NAK 5L 54 0011 0110 6 86 0101 0110 v 118 0111 0110 v
22 0001 0118  SYN [BE 2200 55 0011 0111 7 87 0101 0111 W 119 0111 0111 w
23 2001 0111 ETB R 56 0011 1000 8 88 0101 1000 X 120 0111 1000 x
24 0001 1008  CAN B 57 0011 1001 9 89 0101 1001 ¥ 121 0111 1001 v
25 0001 1001 EM R 58 0011 1010 E 90 0101 1010 z 122 0111 1010 z
26 o000l 1010  SUB e 59 0011 1011 3 91 0101 1011 [ 123 0111 1011 {
27 0001 1011 ESC ) 60 0011 1100 < 92 0101 1100 \ 124 0111 1100 |
28 0001 1100 FS KSR 61 0011 1101 = 93 0101 1101 1 125 0111 1101 H
29 0001 1101 GS HER 62 0011 1110 > 94 0101 1110 " 126 0111 1110 -
30 o0ee1 1110 RS RRABE 63 0011 1111 ? 95 0101 1111 _ 127 0111 1111 DEL
31 eeel 1111 us PITHRE 64 0100 0000 a 96 0110 0000 N
32 0010 0000 sp =HE

3-6 ASCII 4

SR, ASCII W NRERSFoR I, BEE AN RERIL, WA T —REERRRE Z1E S 1Y EASCI 17745, &
£ ASCII /9 7 i 55AiE B ®) 8 i, BEFEFR 256 D ARIIFERE

fEHFIEEN, Szt T —H#IEH T AFEMIXE EASCII FRF8, XEFRFENET 128 M FEHR—N
ASCIT 1, J& 128 NFAPEXAR, PUEMNARIE S IR,

3.4.2 GBK ¥f&%

JERANTEEL, EASCH MR TCEEW R V2 ST R EOR, X/t a1, JeH %/
HILTFA. HEERARESRT 1980 £R 16 7 GB2312 F1¥4E, HIGET 6763 NMNF, HAWE TIXNFH
RS TR,

SRTM, GB2312 TLiREBH WA BT, GBK FARFEZIE GB2312 (YA 4 ISR, eHRT
21886 MY F, 1t GBK M4tg77 %, ASCII FRHEH —PMFTRR, NFHERAM DM FTRR,
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3.4.3 Unicode FF &£

BEE RPN AR, FATRSIIEINE TR, THXHR TR, —J7H, XTI
HEXTREBSHTR, TEESESHE NER LE. H—7m, R—MESEESMTrrEnE, o
R EHENERRR ARG ERME, WS RA BN S H L,

AR IARHIRTFEN O AEAR : QRHEH — A e 5e B AT 4R, R I SRS R T8 S AT S AR 3L
h, AEERT PARORS TR S AR BEMIELAS M8 7 I ? XA E R, — R 5% Unicode Miz
[[=

Unicode MIHIXZ &N “Gi—h57, HIE FRERYN 100 2 NFRF. ER N THERTEENNFEITMAG—
IFRER 2, TRAE R F i AT R TR B S IR 5 S0, D R g AR A [R) i = A2 Y ELAS [A]
EIL}ﬁ\O

H 1991 &4 LK, Unicode AWy ZHINIES 57 5F. #= 2022 4 9 H, Unicode EAHEF 149186 1~
TR, AESMHIESHNTER. FESEERIEES, £ KM Unicode FRFEH, FHMNFRGH 2 =1,
HEARNTRFGH 3 FHHEE 4 777,

Unicode Z—Mi@HFE, KR EZASNFRIE WS oy “WR7), HEIHFRAMEETF
P 7 X B TR . BATAEESE: H2AKER Unicode M RN HELE — D XAHR, REH
MIENTFAT? BIANZAE — DN 2 F %, RSEWAHIAER —1 2 FHRFFEERAD 1 ¥ Y
7¥e

MNTF AL, —REEAIRIRTT R PR RIS, W& 3-7 FR, “Hello” HHE
RS 1591, “BiRT PR TRE M 2 7, BT DOEE & A4E 0 K “Hello BIK” FEIFTA 1K
Gt 2 TR, IXFERGULA] DARERE 2 T — D fs, IREIRDMEBINE T,

=5 Unicode
H 00000000 01001000
e 00000000 01100101
1 00000000 01101100 KER 1 FORRLFH
(FH o)
1 00000000 91101100
o 00000000 01101111
-1 01111011 10010111
KER 2 FHRRXEH
& 01101100 11010101

3-7 Unicode w4
SR ASCIL FSELMIFBANTIEMH, SR X HFT 1571, HRHERTE, SR AR NS Z
ASCII gt REIMIRE, AEFIRBNGFZ A, Wi, FAOTFE—FEIMNSEE Unicode gwbd 751k,
3.4.4 UTF-8 ¢t

HAfl, UTF-8 B EbrR BRI & 72/ Unicode 4wl 75 7%, ‘R —MmlZ KEMSHIS, #1135 455
RER—DFRF, BRIEFRERMEMZ, ASCII FRR®E 177, M FRNAEBTRRE 2 5N, HH
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AUFR S RF R 3 21, HAhA — LA R fF TR 4 2779,
UTF-8 BIgmtRNFFAE L, 7020 BL R PR DL,

©ONTREN 1 FIHRITR, RRESAEN 0, HR 7 AZEN Unicode i, (EFERATZE, ASCII
FIHE Unicode FAFEH G4E THT 128 MY, thwi/@idd, UTF-8 Sifhn] B RIfE% ASCII %, X
ERETA AT DA UTF-8 SR EEAUAIZHT ASCIT S0,

CNTRENn FHHTRE Hhn > 1D, BRENMTFTHEn CEREN L, Fn+ 1MRENO;
ME ZAFTTE, HEDF IR 2 EIREN 10 ; HARATARH THEFEFAFH Unicode MG

K 3-8 J&oR T “Hello HIE” X MAY UTF-8 %, WIESLEL, MT e n HREN 1, FtRFAOEE
Bl AL 1 BN ECRAT AT RN n o

BN A ERHARATE RIS 2 AARE DY 10 We? S2br b, X4 10 RER IR IIERH. RIZRGM
—MERATFIIFEMNTOR, A7 3KEE 10 BERSAE B R GEPOE AT H =5

ZFTAKE 10 SIERERTT, ZRONE UTE-8 g, NalREEFARIREMAIE 10 . IXPE51en] DU
SRAUEZSRIER : R — TR REMAE 10, BZFRKEY 1, N ASCIL#, 1M ASCII A
=L IZR 0, SHRIEFE.

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

BEE 3 GEN 1 BHATUNE 2 U
REFHRER 3 FH BB 10

3-8 UTF-8 gwi il

BRT UTF-8 Z4b, i ILA9ZwHS 75 208 45 DA Wi,

- UTF-16 %f%: {HH 2 5% 4 1 RFR—DFRF. AR ASCIL FARME FAMAERE T4, #H 2 %
TERR; DPEFERFERD 4 FHRR. AT 2 FHFSF, UTF-16 435 Unicode B i,

- UTF-32 %ih%: B DFREEH 4 777, IXEKRSE UTF-32 btk UTF-8 f1 UTF-16 S H=SE, Fi5l2E
T ASCIT 45 5 FRER i SOAR

MAEESE SR AEE, EH UTF-8 R P ER @R, BOVENH 1575, /] UTF-16 gt
FEFSCFRF (BlanHs0 SEMER, BB 2 57, M UTF-8 AfREFR# 3 571,

NEREMER A ER, UTE-8 R@EMTERE, Y2 THEMERESH: UTF-8
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3.4.5 RIEESHNFHRD

MNFLUENRZEREIES, BPBiTHrFREERA UTF-16 8¢ UTF-32 XEHF KL, EFKHmD T,
BATR] DLRE AT H B (AR A B, XA R RA DA LR

- KEPLYIR: UTF-16 gt n] DURAE Z it TRENL TR, UTF-8 2 — M Kagmil, ZAEKEISE ¢
PNFRF, BATRZENFFRIIFGLIBHEE « DR, ZXHE O(n) KINFL,

C PR SRENLTRZEM, HHE UTF-16 SR rF R K EHZE O(1) B9#fE, E2, 5 UTF-8
R ) AT B R e i T B D AT R

© IR £ UTF-16 iiERwrr e b, IRZFITERRIE (WnH, M, A, MPRSE) BA 5T,
£ UTF-8 Sty F e b, BHTIXERIEEEREIOMIHE, DR 274 TC8H) UTE-8 Gt

KPR L, HWAEES NFRARmETT R MRABIEE, PRFZRR,

- Java B9 String ZEUEH UTF-16 4wid, BNFREH 2 71, XEEN Java iBF &2, AMTA
16 1 AFRFTA FTRERI =1, SR1M, X2 — DA IEMIIAINT, 52K Unicode FIVEY R R T
16 fiz, FPA Java HFRFERERTRERH —XF 16 ALAE (FrA “ARREEXT”) #oR.

- JavaScript fil TypeScript FIFFF R UTF-16 ZmiBIJR A S Java 2, 4 1995 4E Netscape A H]
BRI JavaScript iIEE W, Unicode it T A& BRI, ARIEER 16 ALA4mA5E0E AR RATA 1Y
Unicode FfF 1o

- C# {#f] UTF-16 %mf, FZIERN.NET F&2ZH Microsoft ¥ iy, 1 Microsoft FIIRZHA (L
i Windows #1ER%) &1 12 H UTF-16 4wkl

BT DA SRR 1R B 0 AR RO ARG, BTSRRI “REDX” (977 2oRFREIE 16 A2 Z ) Unicode
T R PMICHZWTERZE, —J7H, UESENIFRET, — DRl b 2 s 4 7
T, MR T ERmWMIIE, 5—77H, BB R ERHING AN, e TR S ZERIE
HERE o

TP EIRE, #9EE SR T — AR5,

- Python H#Y str ffif Unicode %itd, IFRA—MRIENFIFERR, FHENFRHKERRTFZRH
FE KM Unicode F i, & FAFRALEE ASCI F#5F, WEMNERFSH 17T, WREFmEE T
ASCII i, (HEHERAZLIESFH (BMP) M, WEMNERFSEAH 2 71, REG@EH BMP ¥
¥, MEADFRF S 4 57995,

- Go IBE M string KAAENERMEH UTF-8 4ifid. Go B S IEHEME T rune KB, BEHTRREAD
Unicode 55,

- Rust IBES Y str fl String BAULENEREH FH UTF-8 %f%, Rust t424L7T char 287 HTFFRREAN
Unicode 55,

TREERNE, UL BREmEE S P IEaETT 3, MR S ¢ el e p g
fefR AR, £ E LT, BATER 2RI RGN UTF-8 #83K, DURZIRILIIHA
PR AR
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3.5 IhgE

1. EREEH

- BURGHR] AR B LS YEES M PR A T 0 2K, IREREEIIR THIR TR 2 NP R R, M
YR HEIR T BARTE T BALNE I E 77

- WA R IELNE. ARRFIRDREE, @ E RN RIEZEE BRI 2 hkiE (B, B3R,
Fe. BAFID) FOAELet: (Rt B, H#E) Pkl I RAVSCEILRA] RE RN (1 & LM B R s N ELe MR R a5 1

- YRR IBITH, BARSEETE I ENINEY BNNEZ RIEHA N B AL, R X e A
Huk 5 RIEE

- YIEEEER R ONES S AIEE B Mo BER) . ITEEURSEN R A, RERE
PR I A LB,

- BN AR EA SRR A RS byte, short, int. long, F#mi%{float. double, F4F char
FIfA/K bool o EATIAYEETE Bl BT & F 22 R/ N R 77 7K

- JREES, RABAIAMG R BN I =R/, ez RR] DA B, REE RS R R LR
0, HEHRA2ETE,

- BOSIETHENHZ DAME IR AEE R, EAMDERR N, HHEALRT DU IEER B InE — =, A
TE R EIEIRE M T R R R RS, I B TELE IR U S R,

C FREYRESE 1S, 8 MARENIAT 23 N B R, BT TEAETEEUL, TR A B B S
Bl AR TR, RIS TR,

- ASCII ¥ 2 R RSSO, KERN 1579, HISE 127 M FERF. GBK FFEER AR S+
TR, HUWGRPT 2 MNF, Unicode 801 TR — 5B 2 AR, IR & FIES 7
¥, MR T2 RFmA 77 28— BT 5 B AL AD (A

- UTF-8 B&Z¥ILM Unicode it 771k, WBRAMEIEREL ., TR —MEKNRmL %, BARENY R
M, BRERTE T EEEREE SR, UTF-16 f1 UTF-32 2S5 KAWL 5%, Egmigrhsgit, UTF-16
RS A L UTF-8 870N, Java fil C# HmfEiE = BhAEH UTF-16 gwhd,

2. Q&A

Q: Mt 2 RFIN S LM R e A M R EE 12

B RICEREA, Mo TR MR, TATATRERMA “ge(Hiht” (5% “IBmmhR” EWEUD:
AP MR —DRER, HBERKEDENE —EBIER, XATREBEFEMONR GEH VLZLERD,

MBI EERE, MR RIRZERHAE, Ehg PRI S —ME, et s— PR —R
o [Alit, W RATREFIN G S A dRSS Y (B, BER) FIHELRIERBIRS ().,

Q: char BBRKER 1 F704?

char KB K E HIRIEIE S R RIS 77500, 140, Java, JavaScript. TypeScript. C# #B®H UTF-16
Zmhd (fRFF Unicode #4553), Kt char UMK EN 2 777,

Q: ATHAHSINNEIRE MR “HESBIRSEN" R AE? Hethn] DT AR ARS8 1E, X5
TEERE “n&" 1Y,

A SEA] DASCEIANASHIEHERE, EEIRGSGMIIARR TS (KERATE) 1, REETHHNEBIESES ]
DAEhASHIAIEMER TR, HEMWARZEEN, REEERBEE TR, SR EeIE— N
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HERIVEA, FIREAHIN AL R Z5E i+,
Q: etk (BB BIRR, RIEEERIRD, M2l “HSBEasy” e?

FERPGEES T, BAEMATIEEH B RiaEe, XD TIERENEEENE. Fld, Java £
ArraylList (UFHAAEIER N 10, 556, §aREt2 Bahsiin, HUESH) “FIR" &,

Q: FEAMSHI TR BRI 17, BRAKMEEE IR 2R Wa R “Jeil 1 JFHUR”, TiAMEE R th
—FER] OB “JeBUEn 17 1§28, XN 20E?

X2 RN RS A AN (A B e S fr 2 i AN SRR, BRATEAHAMEN: &k a+b=c,
HRAFRATFR a /& b B ¢ L, R WFR b 2 a B ¢ BN

BE D n = 4 MRKERNZERE 0010, MR MFEEEY (RBEFSAD), AR MY THIE
o ElREM 17 A5

0010 — 1101 — 1110
BAI2KM, FEHEMAMEHIAZ 0010 + 1110 = 10000, Hi2id, M3 1110 25 0010 5] 10000 [
U, IXERAE iR REURIEM 17 92bR R THRES] 10000 R R,
M2, #hE% 1110 ] 10000 (Y “#hET 222/ D0E? FAMRIAFT DA “SelU=)ain 17 58e:

1110 — 0001 — 0010
HADIET, SRASAIRNG EONXT 5] 10000 B9 (M, BRI “JEEEEANE" F1 “kMGEL RIS w] DUHARIFIAY
B GelBUJEm 1) LB,
LR, TATHAT DU FRRANMS 1110 RIS, BI “Seif 1 JEEUR”:

1110 — 1101 — 0010

BESRE, EBJE 17 A e 1 JEEURT XA R TR E] 10000 FURNEL, BRI,

AR LR, “BUR” BRERER ERKE 1111 g (BOVTER RIS + RED = 1111); TMfERIGERE BN
LS2IA0AMD, w22 10000 AT,

ERLAn = 4 MBI, HeTwaE SRR —HEHIEL
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Abstract
b6y AR [ R Y R e
BUARREHESTHES, BB, FERIREEL D ESAL, RS B AR ThEsE 2,
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4.1 #H4A

A (array) B MEMEEURSH, HRHREZRBATTRFBEESN AR T, BT RESHETH
EFRNIZITRENERS| (index)o & 4-1 R T HUEH R T 2SR 7 (77 2o

— EFREBENNETEEEEN
TR
element
s ¢ |
array
s§§| ] 1 2 3 4
index
mﬁt&iﬂ:‘ 00 04 08 12 16
memory location
FIAREZE
pilbakiapy LA El

K 4-1 e S EFETT

4.1.1 FAERIRE

1. e

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

// = File: array.c =

[* ¥IELERER */

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

2. ifinlcE&E

BATTRBAAEEESERI AR, XEWE HERAUTRNEF I RE A 2. SeBdmEtt (F
TLRNAAHIAE) FEADTTRIRS], BRI DUMERE 4-2 R AR RERENZT RN FE L, B
ZIT R,
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¢

TE®Sl o 1 2 3 &

RfEt 00 04 08 12 16

TRKE - &

TRAELE - Bkt + TREKE « TRERS

(BT (GHHEISE)

Tl REEARS] 3 ABITTRERIAE N
012 = 000 + 4 x 3

K 4-2 BEHTRIINF LT

MERE 4-2, BANTEZIBAEDNTRNIRIIN 0, RUPFAELERER, FAUM 1 THATHSRSEER, EN
HHEARNAEE, KolARERAFIEIMB R, 5 nRitFEERERZ 0, FIErRIIN 02
B,

EFEA TR T RIEE ERL, BATATRAE O(1) W RINBENLE M R ER — T,
// = File: array.c =

/* BENLIARITTER */

int randomAccess(int *nums, int size) {
// 1EXiE [0, size) HFENIHEN—1#F
int randomIndex = rand() % size;
/] FREVFREIFENITTE
int randomNum = nums[randomIndex];
return randomNum;

3. ATTE

BAHTTRENFTR “BREN”, BN AEA 2R EFREESE, W& 4-3 For, 05RAETE R R
AR, WHRERZTRZGHATAE LRGS0, ZJFRHTRMESIZR
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8000 -
EEEEE
N

nums[4] = nums[3]

:

BERRAX

e G 1 [2]5]5] 4]
1 N

MRS 1 MENTEE 3 e

800800
N A
nums[2] = nums[1]

e a -

nums[1] = 3

:

4-3 BEHFENTTERHA

BEPERTREE = 4
BIRRTTE 0 RN

BATER,
ERNERETR 0 &K

ERERRNE, BTEHNKEREEN, FEMA-MTROERSFERARTITR “BK7 BN

AR TT R ETE “FIR” BHIie,
// = File: array.c =

/* TEELAMIZES| index RIEATTE num %/
void insert(int *nums, int size, int num, int index) {
// BZFE5| index UKZEHFIETERGZE—L
for (int i = size - 1; i > index; i--) {
nums[i] = nums[i - 1];
}
// B num T4 index AITE
nums[index] = num;

4. MpRTTE

IR, N 4-4 FoR, HEMERRS] « ARCR, MTREERT] ¢ ZJFRITRE AT 81—
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fEmIpRTR

H
w
B

EEREEE

n:l.] = nums[2]

o BRERR

= MR —1

EMATHIRES] 1 TR ﬂ 515
N

nums = nums[3]

80080 -
-
nums[3] = nums[&]
TRMRGE, BHAEMTREER
1 )
FETE 4 BEEX, THREBKR

g

B 4-4 BAMERTTERRA

EEE, MrTREsE, FEARBRITERS “TEX T, UM ERBRE,
// = File: array.c =

/* MIFRZR5| index QMITE */
// EE: stdio.h HAT remove XiEid
void removeItem(int *nums, int size, int index) {
// IBZE3| index ZERFAETREMAEFIBI—IIL
for (int i = index; i < size - 1; i++) {
nums[i] = nums[i + 1];

}

BHRE, BN SMERREA LR,

- ISR BEHRE ARIMBRA N B E 2 O(n) , Hidn HEEHKE,

- B HTRANKEANE, REHATTRE, SHEHAREEENTRIER,
PFIRSE: AT DARIaa e — 1 EAR A2, HOATRTE — 8070, IXARAER ARIRER, BRIRETER
g R W, (HIXFEM RIS 72 AR 2R

5. EHEA

ERZHGREIES T, MBI LUEIS R m i, Wa] LB AR TR
// = File: array.c =

/* BHEA +/

void traverse(int *nums, int size) {
int count = 0;
/] BEIRSEHEA
for (int i = 0; i < size; i++) {
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count += nums[i];

6. EHTE

FERAHPEBIE TR TR, SRAWOTRER G, VLR S VRS,
KON R LM R A, P DA B ESIRERAR Ny “LRIEEKT,

// = File: array.c =

[* TEEERPERIEETE +/
int find(int *nums, int size, int target) {
for (int i = 0; 1 < size; i++) {
if (nums[i] = target)

return i;
R
return -1;
I
7. IEH%4A

FEERHIRGUAGE S, BPHEURIESEHZ RN F R AT, AWML ety R AR, HItE
REBIREES T, BAHRRKERAZER,

GUERBAR B AR, WTREEL N ERIEEAH, A RBATRRRE RS, X217
O(n) W#ME, TEECHIRRIE FAFFFERN . R FAvR:

// == File: array.c =

/* T RBAKE x/
int *extend(int *nums, int size, int enlarge) {
/] BE—NT BRKEGNEA
int *res = (int *)malloc(sizeof(int) * (size + enlarge));
/] BE#ARNFRE TR EREIF A
for (int i = 0; 1 < size; i++) {
res[i] = nums[i];

Iy

[/ ekl RER=IE

for (int i = size; i < size + enlarge; i++) {
res[i] = 0;

hy
/1 REY EERHERA

return res;

4.1.2 #ANR=SRBEIREY

ARSI RN, HuRIEME, XMEEESFEERNCRER, R UAAREFER
ARSI B ERCR
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- ARRRCRR: BE VBRI TIESIHINEER, TCOESMOZERTT .

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

- RAF AR HUIMEBETTRN, THFREAUMUSINEE, IER% A7 HE A AR, IS B ik
fERARTHE SRR TR

ELE R if R —1ENT)8, HAFERL N RRME,

- AAGMERBERIE: YD ITRR LN, A SMBRR RIS RERNTTER,
- REAAE: BAHENBERERET T, VT ARATRERITH B S HZEE, THHRR,
- MR BN RN KRR, IAZRAE RIMAIR S T .

4.1.3 BB

BEH R — R R WRBERSEN, BN e R ERh, Al TSl S & 2 R s

- BEMLYIT : QO SRERATAEREH LIHE — 2R EAR, AR AT AR TEE, HAER—RHUFY, RIERS IS
REATLIHEE,

- HEE AR B R A REERE GRS, PORHET. AR, O E RS R B
¢ LT,

©OBERER: YFEPIEER AN TR IE MR, TOUE A E N E R, RIS
ASCIT FSHIBLET, WA AR RF 9 ASCIT BB{EIENZERG], XA TC RIS P I N A E,

- BIERES) . MM KR TR, R, SKEZFNSEREUEE, XEEEEEES R DB
PRI, BULH B A 2 0 4% S P P A i 8 P P BRI 454

- BUURSI: FH AT DA TSI ER. BAI, MEAER. HE, BRISEURSM, flan, BRI RS
i b2 — A 4ERA,

4.2 R

W EEMERFIALEE, £ PMERNRGUSITINET, SREINFZ R REREENT L, K
TTRINE, (FREEEHRI N2 USSR, TS EEH AR KN, A7 AT RETC AR LNt RAES 2, it
I BE R RIG LA R T

R (linked list) B—MEMEEdEL, HPRSNTREZ M RNR, #0108 “5IH7 g,
FIRESR T =D KRR L, w3 e R PSRBT R A 2R — N R

HERAVRIH RS2 (A A BB E AL, BRI i AR SR,
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FHEERNATETEZSEN
R

linked list

0-90-90-0-0-

BET MR
H 5|A (&sh

T
node

A AREFZE

FRERE | mpmaes
T ast | AEEIE

4-5 HERE X SEETT

MEE 4-5, BERMIARBANRT R (node) ME, BN AMESWIESE: TR “E” FMfEmE T
R 57,

C OBERIVE DN RN KA, RE— AR BT R
- R AEEMRE ‘227, BAE Java, C++ Fll Python H 43 BI#28 null, nullptr #1 None .
- {EC., C++, Go Ml Rust HEXFHEHIES T, LR “SIH” Ny 887,

PAMRE AR, BT A ListNode BR T RIEE, IERIVMRE—D5IH (BEH) . EIEEHRBIERT,
BER LEEA S B 2 A7 22

[* PERTIRLEEMEE */
typedef struct ListNode {

int val; // TRE

struct ListNode *next; // A TFT—T RS
} ListNode;

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

4.2.1 §ERTRIZE
1. MalksER

BN BERIIAPIY, B-LRIMAS DT RN, BRI RS R. Fiaksei)E,
T AT AMEER AL it %, 8 5 R next MRIKITRIFTE 11 5
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// == File: linked_list.c =

[* AEER 1 -> 3 -> 2 -> 5 -> 4 %/
/]l MBREETTR

ListNode* nO® = newListNode(1);
ListNode* nl = newlListNode(3);
ListNode* n2 = newlListNode(2);
ListNode* n3 = newlListNode(5);
ListNode* n4 = newListNode(4);

/] HETNRZENEIA

n@->next = nl;
nl->next = n2;
n2->next = n3;
n3->next = n4;

BUHEIK R —NER, % nums S0 nums[0] 1 nums [1] 5, MiBEREHZ M SR
AR, FRATE B WG LN RS ERERIACRR, Lhan DA B Ay BER nTIC/ERER no .

2. EATR

ERERAPIE A A S, W 4-6 FR, BRBATEERARIIF /N5 n6 Al n1 2 A —MEFH AP,
MR RIAETA T AGUN G560 BIN], BEZEN O(1) .

2T, ERAPEATTRINTEREN O(n) , EREER FRIRERRR,

AA
no nl

A
P.next = nl
BI< P 5@ n1

G ./«
HEHRTA n0 F nl ZEEATE P o o

nd.next = P
< no f5m P

K 4-6 BEFRAFENT SURH
// == File: linked_list.c =

/* EHERMNTSR n0 ZEBATSR P %/

void insert(ListNode *n®, ListNode *P) {
ListNode *nl = n@->next;
P->next = nl;
n@->next = P;
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3. MRS

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

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

EETHETIZHER T,

il
ERERTHFTS P

// == File: linked_list.c =

/* MRRERMTS n0 ZENEMNTE «/
// EE: stdio.h HAT remove Xid

void removeItem(ListNode *n@) {
if (!'nB->next)
return;
// n@ -> P ->nl
ListNode *P = nB@->next;
ListNode *nl1 = P->next;
n@->next = nl;
!l BHRRE
free(P);

4. iﬁl‘ﬂ%ll\\

n@.next = nl
B4 no @A n1

A A

noe nl
A

MbsTER/a, 22 P H#AEH
nl,

BBHEREETEBRE P,

BALEITAATR P EHBEF

B 4-7 BERMIERT A

FERER DI RBCR AR, a1 E— g, BATATRAE O(1) WA R RISA P RERETR, RN
R, BEFRENKTREER, BimEE, BEEREERT R i, WRsERIE ¢ D RREE

i — 1%, RNEEZREN O(n) °
// == File: linked_list.c =

/* iFRERPZRS|IA index BIT= +/
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ListNode *access(ListNode *head, int index) {

for (int i = 0; i < index;
if (head = NULL)
return NULL;
head = head->next;
I

return head;

5. BEHTR

i++) {

R, ERHAED target BUTA, BIHOZT RAERERPIRS . IR DE TLEERK, KB

Fi7R:

// == File: linked_list.c =

/* 1EHERPEEN target NEINT R %/
int find(ListNode *head, int target) {

int index = 0;
while (head) {

if (head->val = target)

return index;
head = head->next;
index++;
¥

return -1;

4.2.2 #4B vs. BER

R 41 B4 7B RER NS IR RS b T R AERCR

FIARAERICR A 2 BN 2 AR R

®4-1 BEAHSRERRERIT T

B B
R A SR
BRYE  KERE IR
PTEReE AR, HAREREAN TR SN
Wiz 0(1) O(n)
wEE  O(n) 0(1)
WEE  O(n) O(1)

BRI B 77 i RS, RS o
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4.2.3 HRiERER

G 4-8 Fow, LAY RERR SIS —#,

- BABER: RIRTHE AR EER, BARERATT RS EAER T RS N IEE, WATR &

NIRRT R, RRfa— PR A, R RIEAZE None .

- WBRER: ARIAIL RAMBERAET RAEAATT A (B, WS —MINERER, EIPRER

R, R R AT DAL KT A

- OWABER: SRAmBERMLEL, DUARERICR TN TTAES . BIABERRT RUE RN B & a1 e 4k
TR (=) MR A (B R) BI5IH (B8 . AT BRMRERR, AR E B RIS

P, ATDASANA T A D BE R, (A i th 55 2 o FH 3 22 A P A 2

[+ WEHERT 2K «/
typedef struct ListNode {
int val; !/l TRE
struct ListNode *next; // iEmE4T SRYIES
struct ListNode *prev; // 8@EEIIRT =AYEET
} ListNode;

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

R

singly linked list

—_— — — — —— None

FRsER

circular linked list

[ ¥ & V]

AR

doubly linked list

——3e _ ——3s —_ —3 None
None <= -— -— -— —

K 4-8 H WHERRNA

4.2.4 §ERHEINA

FAIABERIE R T SLBR, PABI, Ia A RN SR Es 1,
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- BSEBAII: LR AFIERIRFARAE BER A — It ATIN, ERBIAVRFEONERE G, XRH, i AR (E
TERERM —ImitAT, MIBRIRIEIERERAY S —ImitaT, ERIRRroN et dett, W RS,

- TSR BRI RIS PRI ERTR L —, ERTRT, A RITTRASERE— MR
o

- B AERREIOREN AR AT, AR TURERS — MERMSE, BRI TR
R %I AHE R HAB T

MABER F TR EPEE AT — DG — TR R,

© ERBIRET: HLAITELLRRE, B AR, AT EVIRT AR A, XA OB R R P R e
AT R T I SRS, SRLT XA HERR

- PSRRI AEM DO YA, AP R AT EUE IR TN, (X T AR R AIE A P R R AT —
JE—NWITT A HER AR R SRR E AL 1S f] 5

- LRURGL: %K (LRU) Rikd, BAIHEPREEIRIT R/ DR REEE, DA BaREsm
FORMERT so IXH A A XA BE R AR R 51,

INEAERH TR IERER 5%, HnRIE RGBT,

- IR RREPIERIL: FERERST, WA R HEE R R — M W CPU AR, BREXN—
HUATEHATIEIN, BN HRPOR T — DN R, MR AR, CPU YRS N — MR, XAhE
AT DU I R R S

- BRI R RN XA SLELT, MATRES MRS, HRAIEE, MRS, EdE
AT RER B N DRI AN —DINERER, DUESLH AR

4.3 HI&R

FIR (list) B—PMHROBIRENS, ERRTRNAERES, XFRTRVM. B @, MERFEmn
SRR, TTOUEMF SRR R IRBIRRE, 5FRAT DA RER s S,

- EERRARRI DB IR, HERrREMESRE, I H AT AREShEST A
- BEAHMSRTREM AR, HETHREAZE, KRR EAKERHZIE,

HEEHBAESEIIRN, REAIERNMERESBEIRNLMTERL, X2 E B8 TTEF e R =
fefitz/ DEAE, MTMAELOERSERIPIRKE, HRED/D, WIRAEIERMEHEMTER, HRETR, M
RGN AR B

MRS, FATA] DAEFH RS E4R (dynamic array) RSEHIFIZR, BAUK TEHMNBTULS, H EATL
FERFBITEETHETIIEYT A,

EhR Lk, VPRGSO HE PRI R IE T S B S, 140 Python A list . Java H1Y
ArraylList ., C++ H[ vector I C# HH[Y List %, 784 FREVTTIeH, BAPEIE “FIR” 1 “ShS8E”
PR 5 R A&
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4.3.1 FIRERIRE

1. MakFIR

BA VBRG] TOHGE” M GUIEE IXPRIAL T
// = File: list.c =

[/ C RIMAENSHEA

2. HiElE
FIRA EREE, Ra] e O(1) RNV RATERCR, MERRHE,

// = File: list.c =

/] C REHAENSEHA

3. EASHIRTER

BT 404, FUZT DA BRI S BR TR, fESIRERIRIE R A N O(1) , BB AR
TR SRR, B ZER O(n) o

// = File: list.c =

/] C REHAENSIHA

4. BHYIR

H5EH—F, FIRAILMRIERS BT, ] IEEEHSTE,
// = File: list.c =

// C KRiMAENSHA

5. HHEIR

ZE—HHIER nums1 , FATTAT DA HPHE 2 AR BT,
// = File: list.c =

/] C REHAENSIHA
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6. HiIFYI&

SERANRAEF G, FRAVERT AFAESEAR RSP A EEERN ““oER” M “DUEE" FHik
// = File: list.c =

/] C RiEtAENSHEA

4.3.2 IR

F2mIEIESNE THI%R, Bl Java, C++, Python 5%, EMIMSLHIRE %, BNSHHRERIREE
T, BIANRIGEA R, ¥ AEEEE, RO AT DA R AT S,

N T IR FNE TR B EE, BT — MR ZRYIR, BRI =1 E AR,

©OPARA R R D EEIBEHIAE R, EAORBIT, FANER 10 fENPIRA &,

- OBEESR: AR size, MITIERIIRYAITREE, HEETRBAFMREN ER, HRiE
AR, BATAT UERAIRERS, DANHIMTR & TR A,

- YA EREAOTRNYIRERCH, WHRZEHTY R, oRET S Rer2 - N ERINKA, B
LRI TTR RSB R, FEAREIT, BATRUE FUCRHEEY A2 2 A 2 5,

// = File: my_list.c =
/* FIRE %/
typedef struct {
int *arr; /] #R (F#EIRTR)
int capacity; /] FIREBE
int size; /] FIFRKN
int extendRatio; // FIRSRY BHIEE
} MyList;

/* FREREL */

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;

h

/% FHEREL +/

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

by

/* FKEFIREKE */
int size(MyList *nums) {
return nums->size;

hy

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

s

/* IhRlTTE */

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

h
[* BHTTE */

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

}

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

I
[* FEREHEATER */

void insert(MyList *nums, int index, int num) {
assert(index >= 0 8&& index < size(nums));
// TEHEBLHAREN, LT BV
if (size(nums) = capacity(nums)) {
extendCapacity(nums); // ¥'&

+

for (int i = size(nums); i > index; --1i) {
nums->arr[i] = nums->arr[i - 1];

+

nums->arr[index] = num;
nums->size++;

}

/* MIBRTTE +/
// *E: stdio.h AT remove XiEid
int removeItem(MyList *nums, int index) {
assert(index >= 0 && index < size(nums));
int num = nums->arr[index];
for (int i = index; i < size(nums) - 1; i++) {
nums->arr[i] = nums->arr[i + 1];
+
nums->size--:
return num;

I
/* BIRTE */

void extendCapacity(MyList *nums) {
/] SR BL=E)
int newCapacity = capacity(nums) * nums->extendRatio;
int xextend = (int *)malloc(sizeof(int) * newCapacity);
int *temp = nums->arr;

/] ENIREUREIF 2R
for (int i = 0; i < size(nums); i++)
extend[i] = nums->arr[i];
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/] TFERIBEUE
free(temp);

/] EETETEUE
nums->arr = extend;
nums->capacity = newCapacity;
I
/* FH|REHA Array BTITED %/
int *toArray(MyList *nums) {
return nums->arr;

hy

4.4 WTFSEE"

TEAZMRTN T, BA RN T HAAM BRI R BB BRS, eNosRT “E8FE" M
“ORUAEAET PIAMEREEA,

Khr b, PIPRESEARRE EUGE 7R M AR E RIS, s B AR 7 BB A PR RE

4.4.1 HBNEF#ELE

HEN P =M 54 B8 (hard disk). M7 (random-access memory, RAM), #B7F (cache
memory), & 4-2 J&r T ENHEHHENRG B FA ERERER .

*4-2 RN iER R

TS [NEE &A7

& K edE, SifRERA, ERNFESANSTIRERNE  FREFE T RBIENES, B
BP. XHF FEALTH AR CPU Vi[RI HIEL

E N LIBEVER SR NPT AT S UIBEVERS GRS S LILEVER S EPRESS S

R BR, TBI B, GB 2l FEH/N, MB 95

HE B1g, JLEEJLT MB/s ek, JLt GB/s FEH R, JLt2IJLE GB/s

s (N BefEE, JLEELT/GB #ot, JLTHEJLET / GB JEH B, BE CPU TR

R

AT LR HH BN E R G R NIE 4-9 IR & 73845, BEEE 7 B TTUm A iE I s R R, &
BV, AR, XM BRI IFEEBR, TR RN TR R AU IS R

- BEEDECAINAAEUR, Bt AETRRIEBRENEERER, FIeNEEs KRR, Hik, W
RIRRAR IR L%, IX A ERE DAETH 25 T 7 Mo
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- BRAANRERMESEEAEDGRT, 5 L1, L2, L3 ZFNARZIEKR, HYHRSF2ZEKR, 5 CPU
oL Z RIFYELE B AR, M S BRI RN, TTRTAEIRE S, E4AHART, Z22EHK
HISRAFEER R AR, TR AR Z TR B - o

CPU

e L2 Cache

g -
Ea

K 4-9 HRYIFHERS

HREE B8
g Al

Tip
HENAFE R RGN T, FEMEA=E 2 R T, SR b, XA s 7T
Fir TAPAUsR, B BSRIATAEA R LA RR 1l A 3 e A8 o

R, BERA TR REBEE, WA T IR AR 21T AR PRI, 2247 IR T 126
SEVIMNBIEATES, DIEREFIBITRHeR, =& HAME, WRHHEIRASIE1T,

i 4-10 Fow, ERFIBITHE, SRS MR SORIEINEF, 4t CPU HHRMM, &fFrILAETE CPUK)
—Ekr, BENEEEHMNNEINBEEWE, 4 CPU Rt mid i8R, MIMEZRIRRFRHITRER, )

SRR Y7 i,
ly v
E e _—ma_[Q
of = § — IR — jN
RE 35

b 1353 &7

CPU

B 4-10 WA, PEFMIZAE 2 I EdEiE
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4.4.2 HIEGHHATFRE

TENFEA AT, BHMERS B BAAMEMERE,

—J5H, PFRARRK, HFE—RNERGERZ RIS, RILTRAN B2 EHRES e R AT R st A
2, BEHRTTRREEHS, AIREHIMIE RRAAERER T R AT (FaEh), RIS RReRE &, 2R,
BATE R BHESNFZE R, IXATRESFBINFAIRSE, By A th R ZHIM I AR 23 R A
MEEZ S, BERDL A" ONERAHH TR AN A BCAIEI, SR TR RTE M

H—TiHE, ERFIBTRN, BEEREHIESRINNT, SRNFRRR ORI SRR, S BN
MRRCER AR, BHBTHESKFET K, AR SBANFERR L. Mk, BERIIITTRR D ETFIER,
FERERIMA SRR e, ERSSBNERA L,

4.4.3 PIRGHINERTFHE

ZA7f BREZRREE B T AT, HELRRFREG S, ERFPITEE DEEECEZNERN. BTRF
AR EAR, HAEFHE—NR YT RAEdE, Fit CPU ViR EHE NERA PN, MR RAEEE
KapH (cache miss), I CPU AMGA MIEERLARHT AAF FHANE AT T L.

B, “BAFARGD” M, CPU BGBIRMBE AT, Brtatthntiiier, JATK CPU NEEFH IR
BRI LLBIFR B TFa = (cache hitrate), IXMEFRIEH KM R AR,

NTRAJREIREIE @AIRCR, eff 2 RICA N EUREIMEALH,

©OBRAHT: RAANRBRAD TR SINEEE, TR AR T AL, LT AN RO, BT
Rt = R

- FRIOHUR: ACERER 2RI BRI RS (BIARIGRial, [EE S KBTI RSE), FARMER E A
RBAEMEERF 2 H, MR arH=R,

- AW JaERE: RN EARRIIR], IR ERRIREEE ] REL I S, Hit, RIS
iy, WREHEMNEERE, DaemmahR,

IR : AR DN EAERT ], B EAENARR SRR AT REFHR BT, A M — B, @i
TRE BRIV M BRI man R,

Khr b, BERMBERMN RN BCR R AR, 2L IR L5,

- AZEE: BERTRWEATTR S NERE S, SBEFTENNAREERE D,

©OBRAHMT: REREAE D BENGFRAL, MR TR B, RIS e R E B 5 =,
- PEHHLH: BEH EERER A BRI CE R TR, BURSUE A 206 BRSO 2 2.
- MR BB B ER TR A, RN BRI A 2dE A AT RERIR 7 M),

BATE, BAHAAERNEAG R, FCeERERes a1k, IXESERREIARET, &
TREH SR BAR S A T 5 52 X0,

REERERE, MEABCRIFAERABAEAN O PR TR, SEPRM A Frik AR aiig, MR
PR BT RRDUE, BN, BEHMBERAATDASCHL “4%” BdEgit (F—EXW40gd), BellEm T
758

- FEMEREEIN, BATRBUN TR AT BRI, EOVERE T S AR ERCRMBENL I R AT RE
51, AR CUR TR E RN B — E RN A3 R
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©AREIEREARRE R, SIAMERE. ARRIBUR EDME T, AR T RERSIIAARE N AIE, RERAET
ReR BB w57 08 T PR AR ER ), I i 7By A = £ AR T

4.5 N

1. EREH

- BEHMBER R AR A RIBAREEH, ol AREBERAE T BN PR A7 g 75K IS A7 B
RS EAE A, PE AR R S AR

- BEHSRREALTIEL S HNERD, EREARMBRTRSERR, BGHE KERRZ,

- ERERIEE EAG I (B SIS AR A SR, HAIDAREEERKE,; HW SRR, &
MNFEZ, H LRSI s ER, IIPRER, AR,

- HIRE ISR ERKTTRARFRS, EEETISBAEII, ERE TEAHRS, FNFTLAR
AR,

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

- BRFBiT, SR TEEAMEENG R, BEHRHREE SAE SRR, THERMEANF R L HEnR
o

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

- HTEABAERNEFMPR, FILEEE R E & EREEEIRSN, NARYE BT R
A %R

2. Q&A

Q: BUEHMFMEEAR EMTEREAESE B, X RRCRI S BRCR & S A 500 ?
FEETER _ERIHE F R B RSN S AN, BRI ERCR A —3, AR, R EA & B
A, I SE LA ANA A

1. DECFIREIGICR : A — B NINTE, BCH SR IER a5 mENFHENER, 7] DAERREHE)

DB, BEARGEER, R, BRI BCRIRE AR E AR ErE,

2. R/DBRA: RN RN, MR R/ N—RESZBR T AT HNAE. RIS G & 7 iR

3. RIEME: & LB NREIERIENTE, MM LRSS N DAEB TN IS E.
Q: N LHEHERMFERBNITER, MLERERP AN S H F 2L AE?
TR ARAERN, YTRZEERSIHE (8E) ER, &0 A DR R RSB AEGE, #40 int, double,
string. object &,
TR, AT RN RSER, XA R T B RS B R IRBON R T R, filan, RN
% int # long WAPEEL AL E BG4 7080 8 =1, R REA A N AR T EREE T, K
AP E TRM “TREKE,

# TERAFMIE = BARTFHIE (BxERFMLE) + TRZEKE *» TRZRS
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Q: MIERTI A P JE, BETREIL P.next B4 None Ig?

AMEX P.next HATL, MIZEERHIMESR, NATRENEIRTREEARBEI P T, XERETHPC
ZEMNBERFPMBR 1, RS AL P AR AR AR AN SO BE R AL R

MBS S () WA, FWIRCEXR, NERERF SR ERRT. AR
B, WOTEM2ZE, SBEE N, WERNT, EORRmMRT SRR I, ToA T SRR
HIPIE .

Q: TERERFHEAFRIMRRENE 2R O(1) . BRMMAHEE O(n) WNNEIRTE, TNH
LIAEZREFRRE O(n) IE?

MERAEHITR, FINRTE, FEERERSUE O(n) . AT, HERE O(1) BMEESSRT DR
P LB, I, TFIBATE & MR, Bl — MEE RIS AL A, FIR
A SRR O(1)

Q: B “BERENSHEM" F, RECNEE T RIEHE G - AEHIED? 2R R E S S —F
me?
REERRENRR, RN EMRIEEARE T,

< AEIZEBUAT AUE S S EEAER, el int. long. double FISEHIXN %%,

- FEEP R PR SS RIMBIR AT VIR E R G IR IF AR T E, KN 8 F ek 4 15,
Q: TEFIFKEIRMITREZANNZIZIE S O(1) ?
WERRMTENBEHYREKE, WFELY BYRBHRMN, RESHIE-HHNANE, HREYIRMITE T
Mzt %, XEHERRERERSZ O(n) .
Q: “FIERMHBIN AHIR S TEAHMISL M, ErESEERNEFERAIRS”, X E S EIR 2 IERIMY
I ENAE, KE, ARS8 S INEE?
XEMBERBEEAWNAES X —/H, JIRESEE—-MIGEEKE, BRI —EFERARXLZ; 55—
JiHE, NTBHIEEY R, §FE—-BRESEU—DRK, kil x1.5, Xk, WSHMREE0, BI1E
HARESE 2T,

Q: £ Python H#l4afk n = [1, 2, 31J5, IX 3 DICRAHULEANER, E206kn = [2, 1, 31X
KIEATFN TR id HAZESR, T2 Rl n FRIMHEE, XETTRIERES:, T2 m 28
f15?

[RanEF R EBBER TR n = [n1, n2, n3, n4, n5], BEHEHEH FIX 5 N RNRMSEAEGEEN
70, SR, BE—NFIREKS], BAMHIRATLIE O(1) IR PERECT s AR, AT 175 10 3800068 1z A5
o XBRNBEAHPFIERZT RS, IR RA S,

SWZIESF AR, Python RRVEFMHEEINNR, FIRPEHRIARETAS, MEMNETHTIH. B
I, BN EAFRAERRE AR~ id, FF HIXEE RN TC0ES:,

Q: C++STL HHY std :: list O 7T WABER, BEF G —ERHEH ENE2ERERNE, BHERN
Atz RRENE?

—J3H, BAVEEEFREABASEIRGE, mAELENAEHER, EREWER,

- BEFFE: BTSN ICEFERINEINYREE (—MHTRT—DEE, —TMHTE—1TER), A
std:: list @ L std:: vector B 5 H 2,
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C BEAKRMY: HTHRIEREESERN, F std::list M EFERHREME — KB,
std::vector BIMERES T,

o377, A RER AR O 3 R SR, BeRIPASIE & A8 = 12 4510 stack Al queue
MAFFER,
Q: #fEres = [[0]] * nZE T —P4E5IFR, Hrb—1 [0] AEHIZAIIG?

ANBILH, WZ4EPIRA, FrE R [0] LR ERR MRS M, MRBMELH IR, KU
FITE BIXS ROT R = B2 P2

WRAE —EH|RFED [0] BERMAZH, FICUEM res = [[0] for _ in range(n)] RSZH, XFh
TR FEHERIIA T n MEZHY [0] FIEXMN R,

Q: #fEres = [0] » n AT MK, Hf— R0 402 MIZAVILS?

FEIZBNRA, FrA%E 0 #2F — MY RIIGIH, IXZR Python XI/NE# GEHZ -5 2 256) R T4
L, DUERARMSREM, MmiErree.

BRENFERR—DMRR, BEEAMLBARA] DSBS RFRF IR, XZRN Python FEEGE “A]
TXR” HENMBBIENTCRN, SR ERUMON S —DINRI5IH, TIARSERAENEA S,

R, HHIFRTTRE FIENRT W (BIENFIEER, FHEEZEHIE), BUEGEN TR I ERNE N A,
AT 5 RZS RETTR A S LM R 22,
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Abstract
Fean F 50, R SIS IE I HER o
ME AR NG R N B A,
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5.1 %

t (stack) J2—FmEfEL NG HIZE LM R,

BATAT AR AR EON Rl B — R8T, MERRHERSI— T, IIABBHHREE T, MRk
FHRE TR E, BATRE TS MERIRTTR W 75, AR5, sifRE FHIXA RS
e

aniE 5-1 FoR, BAHEHEBSTRIITEA Oy “FRT0, JREARN “ARIR”. RAETCRAMBAL AR EI 7 A
BT, MERERITOTR A BRI E “HAR”,

= A% A% Hi% Hi%
stack push(5) push(&) pop() pop()

mlmfﬂm \ / /

HRE

B 5-1 FAJe A JE AL

5.1.1 RS REE

el FIREIN 3R 5-1 FT/R, BARR 754 T ERAE T RIS = ke, i, FATCUE WY push ().
pop(). peek() #ga 1,

R 5-1 FREYFRIERCR

Ttk fiipuy I ) A2 2%

push()  JEEAME GRIERTD  O(1)
pop()  IRIULH I o(1)
peek()  VilRIITER 0(1)

EHEEOT, BAT]DEZERREES MBS, A, KEESAIRERE IR, XA
DRIZIE SR B s “RERT SRR, FHERPIZEE LRI SHIC R ERIE,
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// == File: stack.c =

/] C RiRMAERK

5.1.2 RRYSm

N RN T AR LS, BAPRZEE DR — ML

B e Na HRIJEN, IV REEARTRAMIN S BRoT R, PATM, EEHMEERE ] DR A BT
MERTCE, EStEenl DAROA — R SZ BRI B s BE R, Hefgiliii, FRATATDL “BRill” B sk aRagEt n Jok
BfE, BEEXIMRBIEZEAT SHARHE,

1. BTFHRNEN

(S FBERSCIARIY,  FRATAT DLRF R A KT A ARTH, BB AR,

aniE 5-2 R, T AMERE, BATRFRITRMARERLES, XM mmATTERROY KL, mxt T
HARERIE, HFRESLT RONBER AR HBRET AT,

BHR 4
ARINERERLED

N sua (@

push(4) N

am !

aa |l || R
I a ]
|
EEEREER i ‘ ERTHRER 1
FIRBAR I RMAEE
] ‘ |
BHR | BER
BRE
Step 1 Step 2
P&O?() HIBRSLTI R
£BR
|
EEXHERR i
o RAAEE
|
J BER
Step 3

& 5-2 BT HERIIMARAI AR AR E

PA R B R TR ST IR RIS
// == File: linkedlist_stack.c =

[* BETFHERILIMAIE «/
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typedef struct {
ListNode *top; // LT =fERIRIN
int size; /] BREKE

} LinkedListStack;

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

}

/* HHEEE */
void dellLinkedListStack(LinkedListStack *s) {
while (s->top) {
ListNode *n = s->top->next;
free(s->top);
s->top = n;
}
free(s);

}

/* IREVREVKE +/
int size(LinkedlListStack *s) {
return s->size;

}

/* FlETRE B AT */
bool isEmpty(LinkedListStack *s) {
return size(s) = 0;

}

/* Nt& =/

void push(LinkedlListStack *s, int num) {
ListNode *node = (ListNode *)malloc(sizeof(ListNode));
node->next = s->top; // FEHHINT RIsEH

node->val = num; /] EFRFINT =R
s->top = node; [/ EHIERIN
s->size++; /] EFIERARN

}

/* IhRRINTTE */
int peek(LinkedlListStack *s) {
if (s->size = 0) {
printf(" #®A=\n");
return INT_MAX;

}

return s->top->val;
}
[* Htk %/

int pop(LinkedListStack *s) {

int val = peek(s);
ListNode *tmp = s->top;
s->top = s->top->next;

// BHAF

free(tmp);

s->size--;

return val;
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2. BTFHENEH

RSB, BT SR AT, W8 5-3 R, A HHHARIE2 B B (AL FE 0
TIITEE SMRTTE, BHEREEN O(1) .

N
push(4)
Hm P _
A l 1&:& | [« ] RRE ;;;z&;ﬁjégﬁ
a EERTRENA R a a EETRENA
a 28 B
a o RMAER a I RIMAE a
R 1 ] R &/
| Step 1 \ E Step 2
it -
pop()
MR TR
a EERTRENA i n
g HhRMAE g
a8 R .!
Step 3

&l 5-3 FETHUEHKLIARAI AR AR

P F AR TE 3 TR IR AT, BRI TP AR B ASHOL, RRERL AU (AL B A,
PNSIENAINEE

// == File: array_stack.c =

[* BETFHATIMAE +/
typedef struct {
int *data;
int size;
} ArrayStack;

/* FRIERE */

ArrayStack *newArrayStack() {
ArrayStack *stack = malloc(sizeof(ArrayStack));
[l BE—P KREE, BRY &
stack->data = malloc(sizeof(int) * MAX_SIZE);
stack->size = 0;
return stack;

}

/* HHEEE */
void delArrayStack(ArrayStack xstack) {
free(stack->data) ;
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free(stack);
}

[* FREARHIKE */
int size(ArrayStack *stack) {
return stack->size;

h

/*x FIMRR B AT */
bool isEmpty(ArrayStack xstack) {
return stack->size = 0;

}

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

hy

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

}

return stack->data[stack->size - 1];
}
[* itk =/

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

5.1.3 FRFhCIMATEE

SCRHRAE

PARPSEELER SCRAHOE ORI IR, BEHSKBIRSN SR REN LI, (HIX TR TARE Gk, Rt —
AEHE,

s )%

FERT RN, ABR AR BRI ERE R D RCAF RES N R IET, BAATRGFIRFARIM, R
R, IR, RN EBHBAAR, KMy AU, SBOZRRABIRENNAEREZN O(n) .
TERETHERRISCII, BERIP AR RIE, AAE LIRS Y ANBCRE R E R, B2, AMEREFRE
PG T N GOHE KRS, IR R A, WWRABTTERAGHR TRNR, AR LA L]
GRIEP IR, TR ERCR,

LR LR, YRS HEARIER TR R AR BRI, HI40 int 5 double , FRATATDASHDATREEIL,
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BT BB EAE A AN ORI, (HH T AR IR, HIH PR E &,
- BT RERRSCEIRIRR] DR AL S RS E HURCR R I

R

FEWHAMRIIRNR, RGERNFIRDE “WIaAR", WARAREBEHERFRXR; HH, ¥ Ayl 2T
SERER (Bl 2 %) BT AN, VAENARDATREEL KRR R, Fit, TR FEER—
TER AR BE

SR, I TRERTT T EHM O TEEr, PBLRERTY RLE 2 MR,
gi b, FATIASRERT S sthiffE WERP SCBLSE AN & NAE, T e B TR OUEAT 24T

5.1.4 KRB

- PISESPRRSIB SR, PR S R, SETATITHRIM DT, MY asma E— R
IR, XA AT DOEIE R IR IR AR 2] E— DT, ERBRESEhr B2 AT ik, aRZE RN >
FRIRMIATIE, R T2 MR &5

- BRPAE, SRR, REMSERRTTRIN— ML, HT oS TR SUER EiEH
PRER, 1A NIEHERT BER AW T AR, T b mIE B S AW T AR R

5.2 BA%I

PAZI (queue) J2—FEIETC AJCtH UMM E LRSS, B 8N, BRARRILL T HERATRR,  BIFrRA AN
IMAAFIRERR, AL T-BASI SR N B A B TT

s 5-4 FoR, FATRBAIIKERFR N “BAE”, REFRN “BAR”, RATTTRMANERIRIEN “ABL”,
PRENETTRAIRIERCN “HIBL,

BA%Y HBA HBA
queue pop() pop()

e [
i | /

A /

PARE

NBA NBA
push(5) push(4)

K 5-4 BASIESE A SeH RN
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5.2.1 PASUERRIZ(E

PABIEH WEREANR 5-2 FivR, REERNZE, FREESHTIEARAI BN, JIELRAS
HAH R T i 4

* 5-2 PAFIBRAERCR

VIR (1D i i) &2 2

push()  JEEAB, BRRCRIINEE  O(1)
pop()  BAEILERHBA O(1)
peek()  TiMIBAETTR 0(1)

FATR] AEFEE FHRARTE S IR A BAAIE :
// = File: queve.c =

/l C KiRHAENT!

5.2.2 PAFISEER

N TSR, BANFE RS, A DE—SmisoTR, FAESD —ImMBRTR, BERMBEHMTE =

1. BTFHRNEN

aniE 5-5 R, FATATPLRAERAT “SKT” F1 BRI “PAE” F0 “BART, RUE BRI
T, BAEDRTIER T A

BHR &
RNEREREE
NBA
-~ PR " push(&) S ¢
i
T Il 1
ERERESSR ERERESS
TR IIBAT I XSRIITPATY !
an | RS
!
MR rs

Step 1 Step 2
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Bk
oy Brs
lH' /'i
EERTERS o
B by
a HINRTLBIS 13
] ©

Step 3

& 5-5 FETHERSCIMASIEI AP AR E

DA 2 H SR S BA S AR -
// == File: linkedlist_queve.c =

/* EFRERSLIBIAG +/
typedef struct {
ListNode *front, =*rear;
int queSize;
} LinkedListQueue;

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

h
/% HTHEREL */

void dellLinkedListQueue(LinkedListQueue *queue) {

// BHREAETS

while (queue->front != NULL) {
ListNode *tmp = queue->front;
gueue->front = queue->front->next;
free(tmp);

+

/] BEH queue LM

free(queue);

I
[* REBAFIRKE */

int size(LinkedListQueue *queue) {
return queue->queSize;

h

/* FIERBATIR T AT */
bool empty(LinkedListQueue *queue) {
return (size(queue) = 0);

I
/% NBA %/

void push(LinkedListQueue *queue, int num) {
// BT RN node
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hy

ListNode *node = newListNode(num);
/] SARBAFIAZE, MLk, ETFREIEEIZTR
if (queue->front = NULL) {
gueue->front = node;
queue->rear = node;

I
[/ WRBAFIARZ, WFZTSANIETRE
else {
queue->rear->next = node;
gueue->rear = node;
¥

queue->queSize++;

/* nEAE TR */

int peek(LinkedListQueue *queue) {

h

assert(size(queue) && queue->front);
return queue->front->val;

/* HBA */
int pop(LinkedListQueue *queue) {

by

int num = peek(queue);

ListNode *tmp = queue->front;
gueue->front = queue->front->next;
free(tmp);

queue->queSize--;

return num;

/* ¥TENRAT %/
void printLinkedListQueue(LinkedListQueue *queue) o

int *arr = malloc(sizeof(int) * queue->queSize);

/] EIEERPIEIERIERA

int i;

ListNode *node;

for (i = 0, node = queue->front; i < queue->queSize; i++) {
arr[i] = node->val;
node = node->next;

¥

printArray(arr, queue->queSize);

free(arr);

2. BTFHHENEH

TEHAHPMBRE RN EAEN O(n) , XRSFEHBIREBCREAR. AT, BATT DR RS 275
TERIEGFIX AN AL

BATTAE A — 12 & front FEAIANE TR RS, HEF — 1ML & size A TIERIFIKE, EX
rear = front + size, XPMARIEHM rear f5FANEBITREZ G F—MIE,

TR, BAHPRECENAEUXBA [front, rear - 1], SAMRIERSEBLTENE 5-6 Fim,

NBANIRFE: B ANTTERIEL rear R4, FHK size i1,
HBAIRSE: HFE front N1, ¥4 size WD 1,
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AIDAE R, ABAFIHBABRAEES LT T — R, WS REEN O(1) .

front iEEPMAFIETR 1. itEREs rear

rear $EEMFIBTE + 1 2. BTRFME rear &
rear = front + size 3.9 size B 1
: AR ()
AR push(4)
front > n front » n
A n BAFIHEE n BATIHREE
I u a size = 4 a size = 5
a EERERENAE a a EERTREHRA n
a FSMRIITAT a a HSMEIIIF a
AM ] rear > rear >
ME .
Step 1 o Step 2

1.3 front B8 1
2. % size R 1

PBABICEE

size = 4

FIMRE AT

5 front > a
. RELI2%E a
a

a

Step 3 7

B 5-6 FTREHSIBSIAI BN Hi A1

IRATRER I — DRI FEAWTHE T ABAHIH AR R, Front #1 rear HREAIG RSN, Y EMEIAEL
FETRINSCIRaR SR A 1o O T RARDUEIRIE,  BATTAT AR AR B AR IR,

XFIREH, BATFRZELL front 88 rear RS HEH RN, BERE O A LRSI T, IXR0E HAPERR
BRI DA “BORIRIE” SRS, ARBAN RFR:
// == File: array_queue.c =

/* ETFIREEHATIMAIPAG */
typedef struct {

int *nums; /] BFEETITTERIERA
int front; // BAE$EE, IEEETE
int queSize; /] BEB3EE, femPARE + 1

int queCapacity; // PAFIBZ=
} ArrayQueue;

/* FREEREL */

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

b
[* HTHEREL *«/



B5E RS/ www.hello-algo.com

98

void delArrayQueue(ArrayQueue *queue) o
free(queue->nums) ;
free(queue);

}

/* REPATINBE */
int capacity(ArrayQueue *queue) {
return queue->queCapacity;

I
/* IREVATIBOKE =/

int size(ArrayQueue *queue) {
return queue->queSize;

}

/* FIBRBATIR B AT */
bool empty(ArrayQueue *queue) o
return queue->queSize = 0;

h
/* BEAETTER */

int peek(ArrayQueue *queue) {
assert(size(queue) != 0);
return queue->nums[queue->front];

I
/* NBA %/
void push(ArrayQueue *queue, int num) {
if (size(queue) = capacity(queue)) {
printf(" PAFIE#\r\n");
return;
}
/] BRI, ERMERS + 1
/] BEEVRIEELI rear HEEAEREIBEETLE
int rear = (queue->front + queue->queSize) % queue->queCapacity;
// ¥ num FINZEE
queue->nums[rear] = num;
queue->queSize++;
}
/* WRA */

int pop(ArrayQueue *queue) o
int num = peek(queue);
// BAEfsttEEHsh—l, EHHIEE, NHREIFIEA LS
queue->front = (queue->front + 1) % queue->queCapacity;
queue->queSize--;
return num;

}

/* REIFNABFITED +/

int *toArray(ArrayQueue *queue, int *queSize) {
*queSize = queue->queSize;
int *res = (int *)calloc(queue->queSize, sizeof(int));
int j = queue->front;

for (int i = 0; i < queue->queSize; i++) {
res[i] = queue->nums[j % queue->queCapacity];
J++;

+

return res;
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PAESCERRI AR SR B A RBRIE . HREA AT AL, SR, IX D AIENEROR, FRATTRT DOR B Hoh 3l A5
H, MITIAY BALE, A3 EHT 1 A DA B 1T,

PIRRSCILRIN L e Stk —2, TEAEEIR,

5.2.3 PASIEEEIR A

- WEITH, WYIE RS, TSI, RS S SRR AL B A R 1T R, FER—
[, JEMRINS A FRITER, SR ROy TR, 2 R B R,

© BRI (EATRESI ERER” hRERIR, BIUHTEIHLRIESS RS, )T R HERASISE,
PASITEIX 27y 5t i i DA RO 4ES P AL RIS o

5.3 WFEPBATY

FERAFIAR, BATTREMIBR K E T R E R B AT R, W& 5-7 A, IX@EPFATY (double-ended queue) 12
T ERREN, VRS T TCR AN BRI

W EPAFY PAENBA PAEHIPA
deque push_first(1) pop_first()
PAE \ /
||| am
AT |
BAR / \
FARNBA BAREHABA

push_last(4) pop_last()

& 5-7 WAIBASI A HR1E

5.3.1 WAPATIERIR(E
XEIRABI R RN 5-3 FoR,  BURRYTS TR AR TR BRI F RO gmARE 5 R E

%53 FUASHRIERCR
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Tiik4 Er:pu I [R) 2 A%
push_first() FRFMENE O(1)
push_last()  KcRFMEE O(1)
pop_first()  MFRFAEILER O(1)
pop_last() LS NS O(1)
peek_first() ViRIPAE TR O(1)
peek_last()  ViRIPARITHR 0(1)

[FIFREh, FATRT LB 4nf 15 S T SRER X RIS :
// = File: deque.c =

// C RIRHAEWET!

5.3.2 EPAFISEHR *

FEASFISLEL S PASIZEAL,  w] DO RER SR (N IR BEEREE .,

1. BEFWmERNSER
(BB L —5 P, Bl 8 D PR BERORSEBRAS, R & mT DAY (B Sk 77 s O B EHBAFRAE) e
R sRUGAIET 1T 5 O AR

XFXEASITT S, SkESFIREEHAR AT AT APAFIHI AR, #0mgimid, IEBAA TR Z S SS — A FRTT 1A
AR, Dhit, FRATRA “WABER" (EME SR R EBHREE

aniE 5-8 AR, AR A BERAY LT R BT WA X EI AR E FIRA RS, (R i SEELAE P R AT AR
TR ZRE,

VINN BHE 4
o push_last(4) ARINEREREDD
ne | ne HER HER
Ha AR 2 1
EERRENARR ERLRRNARR
FHIRIATEAF i FHIPRIANEAT N
AR T l AR EHA
NI WK l
e men (@

Step 1 Step 2
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BHR 1
AMNERERLE BB TR
BAEABA BARHBA
push_first(1) XA pop_last() AR (Oa
a o (&
] ] !
a EERRENAEE @ a ERERENAEE @
a FIPRIFIT AT i a FIPRIF AT )i
rna J\
rsn (@)
Step 3 i Step 4
TABIEIRA
pop_first() HIBRSK T =

*aﬁrgs

] i

- ] ERTRENAEER ( )

] HHI I TREAF i

BHA @a

| Step 5

5-8 FLTHERSINABASIAI BN HiBA A E

SEERARSUT R PR
// == File: linkedlist_deque.c =

/* WEERTR */

typedef struct DoublyListNode {
int val; /l TRE
struct DoublylListNode *next; // BT
struct DoublyListNode *prev; // HIIRTI=

} DoublyListNode;

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

}

/* HriEEEL */
void delDoublyListNode(DoublyListNode *node) o
free(node) ;

}

/* BTN EERSLIMAIINERAG) «/

typedef struct {
DoublyListNode *front, *rear; // ks front , ETm= rear
int queSize; /] WEBAFIBKE

} LinkedListDeque;

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

}

/* HHEEE */
void dellLinkedListdeque(LinkedListDeque *deque) 1
// BHErETS
for (int i = 0; i < deque->queSize && deque->front != NULL; i++) {
DoublyListNode *tmp = deque->front;
deque->front = deque->front->next;
free(tmp);
}
/] B deque A
free(deque);

h
/* RERBATIRIKE */

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

}

/* FIEFBATIRE AT */
bool empty(LinkedListDeque *deque)
return (size(deque) = 0);

b
/% NBA x/

void push(LinkedListDeque *deque, int num, bool isFront) {
DoublyListNode *node = newDoublyListNode(num);
/] BEHERAZT, WS front A rear #IEMA node
if (empty(deque)) {
deque->front = deque->rear = node;
}
/] BAEBARIE
else if (isFront) {
// ¥ node HRIMEREFRLE
deque->front->prev = node;
node->next = deque->front;
deque->front = node; // BT S

}

/] BAENBAIRIE

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

¥

deque->queSize++; // BHMNATIKE
}

/* BABABA */
void pushFirst(LinkedListDeque *deque, int num) {
push(deque, num, true);

I
/* PABNBA */
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void pushLast(LinkedListDeque *deque, int num) {
push(deque, num, false);

}

/* HRIAETTE */

int peekFirst(LinkedListDeque *deque) {
assert(size(deque) && deque->front);
return deque->front->val;

}

/* FIEBARITER +/

int peekLast(LinkedListDeque *deque) 1
assert(size(deque) && deque->rear);
return deque->rear->val;

s

[* PR */
int pop(LinkedListDeque *deque, bool isFront) {
if (empty(deque))
return -1;
int val;
// BAEHPARIE
if (isFront) {
val = peekFirst(deque); // EFkTAE
DoublyListNode *fNext = deque->front->next;
if (fNext) {
fNext->prev = NULL;
deque->front->next = NULL;
}
delDoublyListNode(deque->front);
deque->front = fNext; // B#kT=

}
// BAEEHPARIE
else {
val = peeklast(deque); // EEFETRIE
DoublyListNode *rPrev = deque->rear->prev;
if (rPrev) {
rPrev->next = NULL;
deque->rear->prev = NULL;
}
delDoublyListNode(deque->rear);
deque->rear = rPrev; // BHfETS
}
deque->queSize--; // EFMIIIKE
return val;

}

/* BAEHBA */
int popFirst(LinkedListDeque *deque) 1
return pop(deque, true);

}

/* BARBHIBA */
int popLast(LinkedListDeque =deque)
return pop(deque, false);

}

/% ¥TENBA%Y =/
void printLinkedListDeque(LinkedListDeque *deque)
int *arr = malloc(sizeof(int) * deque->queSize);
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/] EDEERAPEVEIERI S

int i;

DoublyListNode *node;

for (i = 0, node
arr[i] = node->val;
node node->next;

}
printArray(arr, deque->queSize);
free(arr);

2. BFHANEHN

deque->front; i < deque->queSize; i++) {

aniE 5-9 AR, SEFTEBEHSEIAFIZEML,  Ffi Tt n] DA MR SLB AR

front 1ERPMAFIETR
rear $EEMFIBTR + 1

rear = front + size

PAE
i | & trone - [ oo
a size = 3
@ eExmEwma )
] FGPRIFITEAFY a
MR I l AR
ABA HBA rear >
MR
[ Step 1 U
1. % front BF 1
2. BTRAFME front &
3. 5§ size A 1
BAEABA
push_first(1)
n BAFIHSEE
a size = 5
a EREREEASRA
B FHIMRIATEAT]
[ step 3 |
BAESHBA
pop_first()
| step 5

BARNBA
push_last(4)

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

front > BAFIHKE
a size = 4
a EREHRERSRA
a FHIMREAMEAT]
rear >
step 2 |
1.4 size BH 1
BAEELHPA
pop_last()
front >
BAIIKE
a size = 4
n ERER2EFRE
a FIRIMAIREPAT
Step 4
1.3 front B 1
2. % size AR 1
front > TR
size = 3
ERERSERRA
FIMRBATEAT]

B 5-9 FETHEHSIUN A AT ABA tH AR

FERNIIRSCERELR b, (XTHIIN “BAEABL” R “BPAEEHBL™ B3 i:
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// == File: array_deque.c =

/* BETFIRREASSIAINEPAT] */
typedef struct {

int *nums; /] BFEETITTERERA
int front; // BAE#E%E, IEEETE
int queSize; /] Eist, EEEBAE + 1

int queCapacity; // P\FIE=
} ArrayDeque;

/* HERE */
ArrayDeque *newArrayDeque(int capacity) {

ArrayDeque *deque = (ArrayDeque x)malloc(sizeof(ArrayDeque));

/] e

deque->queCapacity = capacity;

deque->nums = (int *)malloc(sizeof(int) * deque->queCapacity);

deque->front = deque->queSize = 0;
return deque;

}

/* MTHGEREL */

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

I

/* FRERNEPATINEE */
int capacity(ArrayDeque *deque) {
return deque->queCapacity;

I
[* FREUREPAFIEIKE */

int size(ArrayDeque *deque) {
return deque->queSize;

}

/* FIETABATIR B AT */
bool empty(ArrayDeque *deque) o
return deque->queSize = 0;

}

/* WEIFEHARS| +/
int dequeIndex(ArrayDeque *deque, int i) {

[/ BEEGRIRELIISEE RS

/] H 1 M ERAREERRY, [EE)SKE

/1 Ik EE, ERES

return ((i + capacity(deque)) % capacity(deque));
I3

/* BABABA %/
void pushFirst(ArrayDeque *deque, int num) {
if (deque->queSize = capacity(deque)) {
printf(" WAPAFIE#H\r\n");
return;
+
// BAEEHEABI—
/] BIEVRIEESLI front T EReA SLEREEIE SR
deque->front = dequeIndex(deque, deque->front - 1);
// ¥ num FINZIAE

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

I
/* BABNBA =/

void pushlLast(ArrayDeque *deque, int num) {
if (deque->queSize = capacity(deque)) {
printf(" WRAPFIE#H \r\n");
return;

}

// tEEE, EERMERS| + 1

int rear = dequeIndex(deque, deque->front + deque->queSize);
/] ¥ num FRINZEE

deque->nums[rear] = num;

deque->queSize++;

s

/* HRIAETTE */

int peekFirst(ArrayDeque *deque) {
/] BRIRE: WEAFIAT
assert(empty(deque) = 0);
return deque->nums[deque->front];

}

/* IhRIBAEBITTE */
int peekLast(ArrayDeque *deque) {
// BREE: WEATIAST
assert(empty(deque) = 0);
int last = dequeIndex(deque, deque->front + deque->queSize - 1);
return deque->nums[last];

}

/* BAEHBA */
int popFirst(ArrayDeque *deque) {
int num = peekFirst(deque);
// BAEEHAEBI—i
deque->front = dequelIndex(deque, deque->front + 1);
deque->queSize--;
return num;

S

/*x BAEHBA =/

int popLast(ArrayDeque *deque) {
int num = peeklLast(deque);
deque->queSize--;
return num;

}

/* REIFNARBFITED +/
int *toArray(ArrayDeque *deque, int *queSize) {
*queSize = deque->queSize;
int *res = (int *)calloc(deque->queSize, sizeof(int));
int j = deque->front;
for (int i = 0; i < deque->queSize; i++) {
res[i] = deque->nums[j % deque->queCapacity];
J++;
}

return res;
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5.3.3 NEPAFIRA

XAIRASIFR AR SRS RIZAR, DRI En] ASEBLX R BIFrA BH 5,  [RIRHR A SE ) E

BAVHINE, RO “HEs” DhReiEE RS : R B RENERE push Ik, RJEIEIT pop SLBL
Wo 2R, HEFIRFIRAIRGI, RIFET SRHEEERPE (BIMNARFRIE 50 22), AR KT
50 I, BXAFFRELEARIE (BNE) TAITHIBRIRCE. HEICTASEBLZIIRE, PSR ZAERDN A ASIRAE A, 15
ER, W AR DIZE SRR e NG RN, UZXRAIRASRERS S0 R IS LB — LA NS .

5.4 I

1. EmEH

- MR AEIE e NS IR A RS,  REE B s Rk L,

- AEMTRRCRTTH, ARSI EARSAFIReR, BaES AT, BIRABGRIERN REAES
HUEO(n) . ML, HRAVBERSIEAENFENRREN,

- AERARCERTTH, ARSI AT RE S B E R IR PR, (HFR RN, BERTT RS A
3 E LB TR R,

- BABIE—RhEE S A S R M R B ai i, R AT DO IS B s BE RoR S, 72 I TRIRCR I 23 [RIR
RXsEE b, BASIRYSEIE 5 RTAHAIET AL

- MAAFIZ — R EAE B i B ARSI, B RV MR T TR AR PRI R,

2. Q&A

Q: PIVEERHIRTIE R IR A2 XA HE RS

&
I ERATRTIE S IRIREA BT L2 “8™ AT, 2 s R—SH DU, U PRI EART; 24
R E IR, % DT R AR o 5 F X1 BABI AT AT S — L BIMEAE, IXDE “IXABAS”
E AR,

Q: fEHME, RBEHERIHHT SKNF?

RSN TREME AT R, WATRERRAG, G2 REME], Java fl Python S5iE S A B
WAL, AR ZEFARRAT; 1E C M C+ hFREFHREBANT,

Q: WG R MEPHERE T —it2, ERHIREMHA?

A SRR A S & BN MRPHE T —itd, BRI + BIIRDNEH,  RIta] ISCIiAk 5 S
RIFTA A, FFH BRI,

Q: % (undo) FISHEH (redo) EAZANAISKIRM?
AP, A FTRE, B TR,

L BHHPRIT D ERME, RIXMREEALA, FHEZHKB
2. HHAPPIT “REST W, R A R I AR, FHRHEARB
3. AP HIT “IBEH” N, MR B ARSI BRI, HRHEARRA
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Abstract
TEHFENIH R A, BmRME—IEENE B ER,
ELEI A ERBS, M DAPEERE] AR E
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BER (hashtable), XFREFIR, TEIETH key 51H value ZAIAIRLET, SZEIEMACEER, B
ma, FMAEHERPHEA— DR key, WETLAE O(1) BHENIREY MAYE value .

E 6-1 R, @A n ML, BNPARA T N EET IEYE. BBIIm RS “mA—
F5, RERAEES" FERIIEE, WATDARAE 6-1 FrRiIigfi &R,

BRHE

hash table

BA—T¥5 key, TiHWHEH value
A RPERENREERER 0(1)

K 6-1 M RIHRER

PRI RSN, BAAMBERMAT IS IRIIRE, EMBIRER I 6-1 Fir.

© OWMCE: (FEETRRNELE (555R) MREERIRT, fH O(1) M,
- AR BT BER REUTH, FFEeAESRNFETE, A O(n) NiE,
- MBRCER: FEEEWIICR, HMEE GER) PR, £H O(n) N,

®6-1 TLREWIBCRILL

o HER AWK

#H5tE  O(n) O(n) O(1)
wIEE  O(1) O(1) O(1)
WiEZ  O(n) O(n) O(1)

Mg, TEMA R TR SN g R O(1) , FER &R

6.1.1 MBERTEHIRE

G RAE WIEREERS: Witath, BIERE BIEEXNNIPREEEXF, RO
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// == File: hash_map.c =

/] C REHABERER

WA A =FHE B 7720 I RMEX . AR E, AT
// == File: hash_map.c =

// C REHAERFER

6.1.2 MEFEFRE A
BAVEZEEF BB, DT —ABERRIGTE R, ERTRTD, BRIV 207 48
(bucket), E/MEATTEME— MR, K, AIIRERZERE] key M MG, HIEREHIRE value .

2, GIET key TEADN M HIMENE? X 2IEL P FHEER (hash function) KLY, MG EREREIMERZRE—1
RIS B B — MR DR S B, fERGAT R, M EZRATE key , WZ=EIZATAM (B
R5Do HANEH, WA key, AT UBRIGA REBUHENZ key XRAIEEED 78 P LE IR B

A key, MaAmEEHITHEERED HLTHS,

L @I FEAIE R ETE hash () THESES R E,
2. KT ENEE (BEKE) capacity BUE, MMZREZ key XIRIAIMG (BZHERS)) index .

index = hash(key) % capacity

BtJE, BATTREAT DARIAT index fERG AR AT AN RIAUAE, ATIEREL value o

WHHKE capacity = 100, WA HEL hash(key) = key, ZREAKECH key % 100, & 6-2 DA key
FEM value W AN, FEIR T IR REHT TAE R,

BN key #35| e WtH value

key value
e e

a e

37 15937 | “/hiB”

W ’
—— 50 —RUVETRRIN -8 |
B . _ —&3

— 76— FEPYAENS ——w
@/ 83 10583 | /8"

wee . e . ven . .

(B™MRRGRE—IRE
1)
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K 6-2 I R TR B

PURARSSEEL T —METERIG R R, Hrr, FATTHF key F1 value £1%E—D K Pair , DAFRIREHER,

// == File: array_hash_map.c =

/* SEX int->string %/
typedef struct {

int key;

char *val;
} Pair;

[*x BETFHALIMBER +/
typedef struct {

Pair *buckets[MAX_SIZE];
} ArrayHashMap;

/* HERE */
ArrayHashMap *newArrayHashMap() {
ArrayHashMap *hmap = malloc(sizeof(ArrayHashMap));
for (int i=0; i < MAX_SIZE; i++) {
hmap->buckets[i] = NULL;
¥
return hmap;

}

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

[* FIMRE =/
void put(ArrayHashMap *hmap, const int key, const char xval) {
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;

I
[* MIERIRIE «/

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

F

/* SRENFREREN */

void pairSet(ArrayHashMap *hmap, MapSet *set) {
Pair xentries;
int i = 0, index = 0O;
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int total = 0;
/* FIHBERREEXNHRE +/
for (i = 0; i < MAX_SIZE; i++) {
if (hmap->buckets[i] !'= NULL) {
total++;
¥
+
entries = malloc(sizeof(Pair) * total);
for (i = 0; i < MAX_SIZE; i++) {
if (hmap->buckets[i] != 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->1len = total;

}

/* SREXFREH */
void keySet(ArrayHashMap *hmap, MapSet *set) {
int *xkeys;
int i = 0, index = 0;
int total = 0O;
/* FIHBERRERNHE +/
for (i = 0; i < MAX_SIZE; i++) {
if (hmap->buckets[i] !'= NULL) {
total++;
}
+
keys = malloc(total * sizeof(int));
for (i = 0; i < MAX_SIZE; i++) {
if (hmap->buckets[i] != NULL) {
keys[index] = hmap->buckets[i]->key;

index++;
¥
¥
set->set = Kkeys;
set->len = total;

}

/* SREXFREME */
void valueSet(ArrayHashMap *hmap, MapSet *set) {
char *xvals;
int i = 0, index = 0;
int total = 0;
/* FITERRENHRE +/
for (i = 0; i < MAX_SIZE; i++) {
if (hmap->buckets[i] != NULL) {
total++;
¥
}
vals = malloc(total * sizeof(char *));
for (i = 0; i < MAX_SIZE; i++) {
if (hmap->buckets[i] != NULL) {
vals[index] = hmap->buckets[i]->val;
index++;
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set->set
set->1en

vals;
total;

}

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

free(set.set);

6.1.3 RFENRSHE
MR EE, WaRmEEHITERZEIE key M HA S MU ZIEEHTA R MR E 2, Az
AT A TRt E, i, PR E—EfE “B A EAMBAHRRL” .

T ERRGIFFRIIG R EEE, SRR key JGMALAHFIN, W7 R B f a5 SR BARTR], BN, ERFSHN
12836 #1 20336 HIPPMEARF, FRAGH]:

12836 % 100
20336 % 100

36
36

WE 6-3 Firr, MNFESSER TR—MNMESR, XERZBANM, BATEIXRZ N AR R —) S R
HNgE AR (hash collision),

BN key #=35| o b | iatH value

key value

Lt

N

— . 36 —]

@—1/ 37 15937 | “iiB” \\_’m
/ MR R 5@ 16750 . ] \
= : —

key % 100

g e

76 13276 | “/NiE”

"- I. ". I. "

83 10583 | “/\Fg”

K 6-3 WA IhIERHAl
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AT, BARER nBK, 21 key WECEIFE— M AIBERMBIE, MR, Fit, T
BRI RS QD UL E L A

A 6-4 Fow, §aRTi(EX (136, A) 1 (236, D) RAEMZE, JREMRHK,

BRERSE - 100 BERTE 2 BERER - 200
ISFHEB key %100 » IAFEE key %200
] key value A key value

L

36
36
136
50
150

83
183

6-4 MTmHEY A

KU TG R, WHRT BRI WA TR EIAHE, RN Lo FIah R R
capacity M2, RITARSHML WA EEOR IR LA REA 077 B, 5800 T i 2Rt
SIFRL. i, SEIEEDEN SRR KNRRRAR, B,

fHEF (load factor) BRI —PNEEMS, HEOVGHRITREERDMEE, HTHEERAH
RIERE, WHIENRE R FNME R, BIWTE Java i, S7REEFEE 0.75 I, RGESKGR
RYIAERIFICH 2 15,

6.2 MR

ERE], EERO PR REBIE A Z R R TR m, RIS B iR AR, Een,
AR AR, W BEHE RN, WARE 2 M EBE R R — R
IR SEE SRR, EEIGH R, b TgouxiE, SHE2emmRns, B
AT RY R, ERMRHAONIE, HTER B2 BAR, EREKK, BAERHRY AHREHITRE
AR IRIZ SRR ETT R, N THRTIRCR, AT PR DAT 5,

L. R RIRTREAREEH, IR 0] DR BRI A s RN IEH LA,

2. (HERLES, BISIGArRR A B, AT A RIE,

G RAIEA RITE T EARS “aECthht™ 0 "I SHIE™,
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6.2.1 fEz(ithnk

TEIR AR R, B M IGEFME — DRMEXT ., Uit (separate chaining) B NTTREHOVEER, Kl
EXENEERT A, KT H R ARV EN AR AEFE R — 3R, B 6-5 foR 7 — D e HE R 7 R A
T

=il o | R (HRnRE)
- | DEH- D00
sttt | -_
BFMEFE— R, N n n n
HGamarErs o o0 n
IAZ R key % 100 7'6 -
Eﬂﬁmaﬁﬁﬂ key 7 n
RRERFE IR . m

Kl 6-5 HEAHALIGT %

BT HEA LSRRG A RAIRIE 7T IR A T AR 2K,

- AWHJLER: WA key, ELWBRAHEESEINRS), BRI REERLT R, REEHIEERIFXT L key BA
AR HAREERT

- WMoCE: BB SR B MEERSLT R, RER T GREXD) NIRRT,

- MBRICER: ARYENG T PR AAISE RYTMRERSLT, I BER AR B bR O R HLER

HEAHBHE A AE DUT R R

- ANZEMRER: PERE ST IR, A B EINFE S N2
- EIBCRIEK: ROV EA R R RE T MTT R,

PANRDZE T R GG 7 R AT ) B ST, RE R A

- RS GIESEE) REBRER, WMEIRAE, EXMET, Bhk Bd) g&2 M, 8
#ZE AR,
- TSI SRR AR, YN TR 2 i, ROGGT R EEREN 2 15

// == File: hash_map_chaining.c =

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

int size; /] BEXNHE
int capacity; /] BERRE

double loadThres; // &R BHGHEEFHE
int extendRatio; // ¥ &EE
Node **buckets; /] TEEA

} HashMapChaining;

/* HERE */
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 i = 0; i < hashMap->capacity; i++) {
hashMap->buckets[i] = NULL;
Iy
return hashMap;

}

/* MTHGEREL */
void delHashMapChaining(HashMapChaining *hashMap)
for (int i = 0; i < 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) ;
I3

[* BEFSEREL */
int hashFunc(HashMapChaining *hashMap, int key) {
return key % hashMap->capacity;

S

/*x SAHEF */
double loadFactor(HashMapChaining xhashMap) {

return (double)hashMap->size / (double)hashMap->capacity;
}

/*x BIERIE %/
char xget(HashMapChaining *hashMap, int key) {
int index = hashFunc(hashMap, key);
/] BHWE, BHF key , MIRERN val
Node *cur = hashMap->buckets[index];
while (cur) {
if (cur->pair->key = key) {
return cur->pair->val;
5
cur = cur->next;
}
return " // BXRKRE key , MRE=ZHS
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[* FIMEE =/
void put(HashMapChaining *hashMap, int key, const char xval) {
/] BaEEFESHREN, RITTS
if (loadFactor(hashMap) > hashMap->loadThres) {
extend(hashMap) ;
}
int index = hashFunc(hashMap, key);
/] BHKE, FBEIEE key , WEHHIML val FHiR[E
Node *cur = hashMap->buckets[index];
while (cur) {
if (cur->pair->key = key) {
strcpy(cur->pair->val, val); // BBEHEE key , WEMMLN val FHiRE|
return;
¥
cur = cur->next;
+
/] &FZ key , MIEREXRIMERERLE
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++;

}

/* I BBER */
void extend(HashMapChaining xhashMap) {
/] BERWRER
int oldCapacity = hashMap->capacity;
Node **oldBuckets = hashMap->buckets;
/] et BEMIGHR
hashMap->capacity *= hashMap->extendRatio;
hashMap->buckets = (Node **)malloc(hashMap->capacity * sizeof(Node *));
for (int i = 0; i < hashMap->capacity; i++) {
hashMap->buckets[i] = NULL;
}
hashMap->size = 0;
/] EREMNMERERBEEMIGHR
for (int i = 0; i < oldCapacity; i++) {
Node *cur = oldBuckets[i];
while (cur) {
put(hashMap, cur->pair->key, cur->pair->val);
Node *temp = cur;
cur = cur->next;

/]l BRRE
free(temp->pair);
free(temp);
+
+
free(oldBuckets);

b
[* MIERIRIE =/

void removeItem(HashMapChaining xhashMap, int key) {
int index = hashFunc(hashMap, key);
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Node *cur = hashMap->buckets[index];
Node *pre = NULL;
while (cur) {
if (cur->pair->key = key) {
/] MARHBRER(E RS
if (pre) {
pre->next = cur->next;
} else {
hashMap->buckets[index] = cur->next;
}
/] BHRE
free(cur->pair) ;
free(cur);
hashMap->size--;
return;
¥
pre
cur

cur;
cur->next;

}

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

+
printf("I1\n");

ESERRE, HEERIRKN, ZIORER O(n) R2E. N BLRHERION “AVL B 8 “2L8R”, Mifi
R IR R AR O(logn) .

6.2.2 FrkIut

FFikS4E (open addressing) B NFIMYUBHRGEH, WiSiEid “ZEN” SRABST PSR, Hy X3
SLEFELRMERRM, ST HRIMAN 2 IRIA T2,

TR DAZRPEERI R, AT HE 20 T AR,

1. &R

ZRMEIRTNR A 17 20 K R ML EORMEATIRI,  HAR 77185 B G 7 R A A Al

- BAJER: EREAREOIREMRS, HRBMANCATE, WA RAERELEER (P RIEFN
1), EEHFDE, HTREAHS,

- BHoLR: HRIGHPR, WERMERD KEEETEEE, BRI NMITR, &A value HI
Al anFGBEISM, W E TR A ER SRS, IRE None .
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B 6-6 feor TR (SPERI) MaFR RAVEEN 701, ARTEIEIGTR KA, HIGMAAARI key AR ML
SRR R, TEE ZPEIRM, S TARIRAF B A I2A0 PAS . N RIR

=3l

ig
l’ iS5

00 <
FihFak o1
SR, $ER 1 2 |

w Il »
=3 (B
gs
Ea

76 <
MFEE key % 100 77

BRI key
RREIGF N

N -} =)
~ ~ ~
o o o
ﬂ a = :

78

~
~
o

o
~
(=3
see
B l

B 6-6 JFRTE (ZeMEIRM) WA RATH(EX 70 Af

SR, LRPERINA 5 “RIEMR T, BIRORE, BT ESE AN ERK, XEESAE LR
REJATREVERRR, MMM — e IR A BRI K, RGBS, RASBURMESIRIERR S,
EREENE, BOFAEIISHIER I ERMER TR, XZ2RMPR TR S ERHNTE D2

None , Mi4&EWILRE, LMERNEZEMMIRE, KX NIRRT, fra]
REBRFNIXEETCRAFLE, W 6-7 Fro

=5l

o0 <
01

02

76 <
ps=% ([EDED 2=

MEZEERFEZ THRET

=3 w w1 [
2

78

6-7 AEITTRSFHEAFMIBRIT R SE A& i A
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N FRUGZEE, FATTA] RS (lazy deletion) Al EAREZMNBAERPERICE, M4
# B TOMBSTONE SRARICIX /M, TEIZALHI T, None F1 TOMBSTONE #RAFRZSAH, #Fnl DURERE N, BRI
FE, ZeERIZ] TOMBSTONE I RIZ4ksm i, RovE 2 RelREIR 7 ERE X,

SR, PEMER v BE 2R A R PEREIRIL, X 2 R AR MBRIEIEER = =4 — MHERFRIC, ff%& TOMBSTONE
BN, EERRRWSIEN, EAZEFRNATRET ZEkIT 21> TOMBSTONE A #EkEHirTE,

A, FEESMERMAIC FIEEE S TOMBSTONE FURS|, HFHE R HIRTE S5 1% TOMBSTONE 23 #t
A8 IXFEMIIEFAL R S FRERSIRINTTER, TR s 2 SR E (IR G ) FILRH, M
A L E T RCR,

PARARLSEEL T — ML S BRI S0 (MR e, N7 B hn7e ol G R =S m], 341
BB FRBEE—D ", LI RN, [[2) LRk S20E T,

// == File: hash_map_open_addressing.c =

/* FRSURER */
typedef struct {

int size; /] RENHE
int capacity; /] BHERRE

double loadThres; // fET BMGHEEFHE
int extendRatio; // ¥ &%
Pair *xbuckets; // &%
Pair *TOMBSTONE; // fflERi%IC
} HashMapOpenAddressing;

[* FREREL */
HashMapOpenAddressing *newHashMapOpenAddressing() {
HashMapOpenAddressing *hashMap = (HashMapOpenAddressing
< *)malloc(sizeof (HashMapOpenAddressing));
hashMap->size = 0;
hashMap->capacity = 4;
hashMap->loadThres = 2.0 / 3.0;
hashMap->extendRatio = 2;
hashMap->buckets = (Pair **)calloc(hashMap->capacity, sizeof(Pair *));
hashMap->TOMBSTONE = (Pair *)malloc(sizeof(Pair));
hashMap->TOMBSTONE->key =dg
hashMap->TOMBSTONE->val =lme

return hashMap;

hy

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

[* BEFREL */
int hashFunc(HashMapOpenAddressing xhashMap, int key) {
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return key % hashMap->capacity;

s

/*x SAHEF %/
double loadFactor(HashMapOpenAddressing *hashMap) {

return (double)hashMap->size / (double)hashMap->capacity;
}

/* 18R key WNEEERS| x/
int findBucket(HashMapOpenAddressing xhashMap, int key) {
int index = hashFunc(hashMap, key);
int firstTombstone = -1;
/] EERN, HBIETHEEBL
while (hashMap->buckets[index] != NULL) {
[/ EiBEF| key , REIFFZAIFESI
if (hashMap->buckets[index]->key = key) {
/] BZanEE T RIRMTE, WRREXNBHEZERES L
if (firstTombstone != -1) {
hashMap->buckets[firstTombstone] = hashMap->buckets[index];
hashMap->buckets[index] = hashMap->TOMBSTONE;
return firstTombstone; // REENEHNEESI
¥
return index; // R[EIEZRS]
¥
/] IBRBEIENMHBRIRIC
if (firstTombstone =— -1 8& hashMap->buckets[index] = hashMap->TOMBSTONE) {
firstTombstone = index;
}
[/ ITERERE|, #HdEHNLREISLE

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

+
// & key FEFE, MREFRMANESI
return firstTombstone = -1 ? index : firstTombstone;

S

[* TIIRE +/
char *get(HashMapOpenAddressing xhashMap, int key) {
[/ R key MRAFERSI
int index = findBucket(hashMap, key);
/] EXEIREX, MREXN val
if (hashMap->buckets[index] !'= NULL && hashMap->buckets[index] != hashMap->TOMBSTONE)
return hashMap->buckets[index]->val;
}
[/ EREFNFEE, WREZFFTH
return "";

}

[* FIMRE =/
void put(HashMapOpenAddressing *hashMap, int key, char xval) {
// BHPEFEIHRER, RiTT S
if (loadFactor(hashMap) > hashMap->loadThres) {
extend(hashMap) ;
}
/] 1EFR key MWRMHIFFERS]
int index = findBucket(hashMap, key);
[/ EBIREIRER, WEZE val FiR[E
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);
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hashMap->buckets[index]->val[strlen(val)] = "\0"';
return;
+

}

[/ BEREFNAEE, WRMZEEX

Pair xpair = (Pair *)malloc(sizeof(Pair));

pair->key = key;

pair->val = (char *)malloc(sizeof(strlen(val) + 1));
strcpy(pair->val, val);

pair->val[strlen(val)] = '\0';

hashMap->buckets[index] = pair;
hashMap->size++;

[* MIERRIE «/

void removeItem(HashMapOpenAddressing *hashMap, int key) {

}

[/ #E key MRHEESI
int index = findBucket(hashMap, key);
/] BEFIREY, WERFIREERE

if (hashMap->buckets[index] '= NULL && hashMap->buckets[index]

Pair *pair = hashMap->buckets[index];
free(pair->val);

free(pair);

hashMap->buckets[index] = hashMap->TOMBSTONE;
hashMap->size--;

/* ¥ BRER */
void extend(HashMapOpenAddressing *hashMap) {

}

// BEFRERER

Pair **bucketsTmp = hashMap->buckets;
int oldCapacity = hashMap->capacity;
/] ¥YET BEIHFIEER

hashMap->capacity *= hashMap->extendRatio;

= hashMap->TOMBSTONE) {

hashMap->buckets = (Pair #*%)calloc(hashMap->capacity, sizeof(Pair *));

hashMap->size = 0;
/] BREFNMERERBEEMRHR
for (int i = 0; i < oldCapacity; i++) {
Pair *pair = bucketsTmp[i];
if (pair != NULL && pair != hashMap->TOMBSTONE) {
put(hashMap, pair->key, pair->val);
free(pair->val);
free(pair);
¥

+
free(bucketsTmp) ;

/* FTENMGHRR */
void print(HashMapOpenAddressing xhashMap) {

for (int i = 0; i < hashMap->capacity; i++) {

Pair *pair = hashMap->buckets[i];

if (pair = NULL) {
printf("NULL\n");

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

} else {
printf("%d -> %s\n", pair->key, pair->val);

h
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2. FHEHEN

SETTRINS S BRI, #RRIT IS HE AR RIS 2 —, SRR, ~F77 RS2 A S plod —[E
ERPE, MRS “RIMRERI T PR, B1,4,9, ... 9,

IR EEEA MR,

- P RIGEE BOS R BT TR, I R AR I B SR B R
- PRI R B EORHEE BRI AL E, B T EEE RS NS,

ST, PO IR AR SE SRR,

- MARGAEREISR, AR B AN B E A S5 .
- TR, PFITIRIATREA SRR MG TR, X ERE AN Rep A 2o, P75 PRI th ] RE
TEIEVIFEIE,

3. ZRBE

Y, ZRERTTEERZANEREE f (). fo(x). fs(z). ... BTHRDL,

CRBAER: ERTE S, (v) BB, WK £ (z), DU, EIHREIEAEEATE R,
- EHOTE: ERFRIBE RN R AR, EERE BT ENRE; R O 2T
TR, WIRFHRPREEZTE, MHEE None

HSEMRMMELL, Z2RGHITTENG T AERE, B2 N EHEEEST RGN R E,

Tip
TEER, THRSHE (SMERI. PrTIRINAIZRIG ) Iefh REEAE “TREERMIFRTR” MR,

6.2.3 RIZESHNER

FMGRAETE 5 R T A EIRIIG A R SLBLRME, A LB,

- Python RAJFAS Uk, it dict fEHIARENLEGE TR,

- Java RAHEANE, B JDK 1.8 DK, 4 HashMap WHUEHKEIAE] 64 HEERKEIAS| 8 I, HERS
AN LT IRI DUSR TR PR RE

- Go XMk, Go MUE B MR Z 7k 8 MHHMEX!, BMIHARNMER MM, Hittmd2
N, ST IRRRIIFEY A5, DICRIERE,
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6.3 BMEHEZX

AP0 7 AR 2R A AR RIS P R BT 75, RmCIe 2 S ke 2 sk, e RECRUE
WA 2] DAER AR RN IEH LA, miJCiiisl P Iaa th =R 4.

QRIS IS TS, MR ZER S, WE 6-8 R, MW THEAXMAIGT R, FHARN I T
EXEIS AR DA, IREIREERNER, REGU A REXEFERIE — T, KRS REER
= O(n)

SETUHIIE IR /R

RERER:
T BEMTFHIHES MEP
BHEIEZRE 0(1)

s —_— —! (| !

REER:
BEWSIOHERMEF
EfEalEZE 0(n)

K 6-8 M RAVERERIL S RZEMH I

B E o T DL R BB . [AZIG T R B TH R IR, SEIHRIGTE, PR KU

index = hash(key) % capacity

MEPL EAR, YIATRA R capacity EEN, MAEIE hash() JuE THIE, HimiE 7 REX7ER
TR PRGN,

XFEWE, N TR RIZEMSR, RO SHERNEPERR R hash() BT L,

6.3.1 MFEEIZENE

NTRI “BRRXAR” R REIRA, I RIAN B A LN A,

- WRETE: STMEIREA, WRBEIANGL T AR XA RER ORI A R AT SR,
©OReRE: HREIRRENEENIZRBHR, HEIFHED, IGR RS,
- B G RIANAE SR ER I S A ER T R, MY S), BRI R AR B,

KhrL, WEREIRGR TR DTSSR, & T2 A T H AU+,
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C WA N TR P EENLE, RIUEE S EREAMER S RIASCER, TR EED G
fHo HHMANEEE, RGN MANEEITREAE, KR5S EERGHEEI T, MRMmHE L
e, B2 ETERLAL N IE#.

- BIRSEREER A BR AR5 A] DA R BRI A E IR L R AOE ;1RO T DA T R IE R
BARRISTAE, HE5RWEINIE R TS, WERMHILAS, ARABEEREA e,

MNFEMARERN A, N 7RG RERES R E YA TR, BhREEATRERSESSRNLE
Ritto

- BPE: JoiREI IS A E S S TR A BRI TR R,
- PURERETE: SCSREREIN DA FEREA, S EIRE AR ERHER,
=5 VAR NG N IV o € el DA - = R T R =

HER, “WS0A” 5 D" RWAMNINEE, RS A e e bR, BN, FERERL
BN key &, MFEH key % 100 ] U-AES 5 Ak, ATz REL TRE, Fra/amaHss
i key ROFIHEARRARE], [RIEERATTAT DR 2 i UG A (B S e H AT FHEY key , AT RS

6.3.2 MFEFIZEILT

I BIARRIHE PR EFEIFZRROERAE, AN TREZRN SRR, RAOERER L
BHIERARR,

o MEMRA O AREE DAY ASCIL B3 EATARNN, RS RIS E G 7 (E

ORI FIRBRIAREENE, SRR, KA DT ASCIT M ERBIG A E,

© REIGT R ABIER & T REN R ERE RS MR ET.

- BRI RN ATR) ASCIL AR —NMERES, SRBR AT TR EET e R 1F,

// == File: simple_hash.c =

/* ERE */
int addHash(char *key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (int 1 = 0; i < strlen(key); i++) {
hash = (hash + (unsigned char)key[i]) % MODULUS;
¥
return (int)hash;

i

[* AERE */
int mulHash(char *key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (int i = 0; i < strlen(key); i++) {
hash = (31 * hash + (unsigned char)key[i]) % MODULUS;
¥
return (int)hash;

}
[* REEH */

int xorHash(char xkey) {
int hash = 0;
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const int MODULUS = 1000000007;

for (int i = 0; i < strlen(key); i++) {
hash ”= (unsigned char)key[i];
¥
return hash & MODULUS;
}

[* TEEERT %/
int rotHash(char *key) {
long long hash = 0;
const int MODULUS = 1000000007;
for (int i = 0; i < strlen(key); i++) {
hash = ((hash << 4) ~ (hash >> 28) ”~ (unsigned char)key[i]) % MODULUS;
}

return (int)hash;

MELI, BRIER IR EE— RN KB 1000000007 B, DAERIG R E/E S IERTEREM, EIS
BENE, W2 EsR i PO, B8 i & BRI R T 4?7 X2 — M BRI E,

Fesa gt MERRBBAENEE, W DU R AR IENS R AH I3 5 04, RO B 5 HAth B R AE R Y
B, nT DA R U = 2R B PR FATEAR S, AT S e A v 2

AT, BB S 9 MRy, B DAL 3 BEBR, ABAFTA AT DAL 3 BEBRIY key R HMLESE] O,
3. 6 I X=NBFE,

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,... }

EREA key TEUFIMCIXAPFE BN EAR G, BEAMGTAEM S HIUERYE, MRS, BifE, &
B8R modulus BHNBE 13, HIT key Fl modulus Z HAFEIEAZIEL, AT ERE S 2
BT

modulus = 13
key = {0, 3,6,9,12,15,18,21,24,27, 30,33, ... }
hash = {0, 3,6,9,12,2,5,8,11,1,4,7,... }

ERURIIRE, GIREEVIRIE key SERENLI S AR, HBLIEREFEREGE GRMENBEERAT LA, B T#RREH
HES S AR HIGT{E. T4 key RIDRFAESMEHATERE, XN EBOEER S HIIRENR,

RIS, BOTNEFERTEIENEES, FHHX NIRRT RER, DURATREHPREIIERR, EERE
TRHIRS
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6.3.3 ENMEEE

AHELRIR, DA ENAARIRE IR EIEE L “HE55”, 1mimie A IR RG A BIERIL I BiR, i, BFimEm
SO e H A, RIIITES A AR B M A T IR X 2 WA RME T A A ) 25 8, X AT RES IR A h2s,
I3 [ — L2z 4 a) i,
ES2frrh, FRADERH S —LhRlEIa 7B, Fla0 MD5, SHA-1, SHA-2 #1 SHA-3 %, S 1A ABEEK
JEE A A\ B B 2 T R R NS A 1L
E— ML LR, MR BEIRCERBT RS R, —ERo R N RS IR B A EIENIERE, B—
BRI FFE N A RSO T FHIG R EIENZ 2R, 32 6-2 B/R T 1ESZBRN F A H LA 7 B2,

- MDS5 #1 SHA-1 E2R#BE, RILElI& KL 2N,

-+ SHA-2 Z&5HHY SHA-256 BRZ 2R EEZ —, ARBISIINBGEEZRG], FitHEHESKZe

N S,
-+ SHA-3 % SHA-2 WIS AR, THERMCRE &, H B A E &R SHA-2 251,

*®6-2 WM REE

MD5 SHA-1 SHA-2 SHA-3
HEHIR 1992 1995 2002 2008
[}
it 128 bit 160 bit 256/512 bit 224/256/384/512
& bit
MmNz L E2 R/ R
%
ZeE AR, CHBER ik, BERIK & =
4 i
w7 F BT, PRATEIEREES EFEH IBEMZ SRR, BFE%4  WHTE SHA-2
= %

6.3.4 HIRLGIHIBIAHE

PATRITE, WA RAT key AT DUZRERL, /INEERFATHRFEIEIAL, 1R S0 H SO BRI N E
MEFmED, ATIHERARPIMEEZES. B Python R, BATATAUEM hash () BRECRITHE SRS HEE
R A{E,

- BROATRERIMG A ERUR HA S,

© FRERT BRI ET EROVE S, AXNEREEETE BT,

- TTHMBRARERN H SRS TR, RAERXEEREHSER, SER IR E,
- NZRESRER T HENF A R, BT ETNRIRR A, AT T A RS A

Tip
TR, ARGEE S KA B R E TR RS E 7T IR,
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// == File: built_in_hash.c =

// C KiRHEWNE hash code K#

EWZHREIES T, HARIENRAMENGR R key o RINEANESIER GIEEED 150 key, 45
RIONARAEZN, EREREHRE K, FOMCRERRRPENZFER valve T,

BRBEEXHR (R R FRRZ R A2, (HEZAIERAT, KR E NG R 25
TR E R, B RN AR A TN, (HERNFEIERLE, IBRETRRTZR,

AORIIRATRER IEA IR G HisfTRF N, W BRER RN, X2EN Python R SERFRE
ghit, R NFIF BRI EBOMA —REHLEE (salt) . IXAPETERT AR R I HashDoS %eii, @7+
AR 7 2,

6.4 &

1. EREEH

- HiA key, BAEREBLE O(L) MEANEES valve , BORIER &,

- W RIS R RAR IR, AOINBRAET . MHEREE BN M P e A RS

- ISTRRECRE key MURVEEARS], AIIVI RN NABFFEREX value o

- AR key AIREFELEIG M M EUS S EIHFEIREEH RG], SEEWMERIE, XMBLEEIONG
ERULAN

- IBFRRAERKR, WBAMRIBRHUR, Bl DOEE Y AR R EMIG R R, SEAHY#RL
L, WA R A ERIERITHIRAR,

- PR TR ONIG R AR TREE R DN, /LTI PRI ERE, B R A
W fFo

- R R B TR BN BER, KR SRR R — D ER P, A, R KRR A
WRCR, w] DUEI I — 0 R R EI N 2 BRI M R

- PR S RIS 2 DRI B RGP 5%, MR EE P K, SR N REMERCR, HAS ™ ER
%o ZRMAEHZNIGRREOTIRN, MHEREMRNERS =A%, B2 N IERmEEEN T itE
Ho

- NAGHIRE SR TR R, F14, Java B HashMap I fEHbE, T Python B9 Dict
RISk,

- AEMARRT, ROFERARRIEEARENE, SRR MR R, EEmNYP, MRERICNIZ
Bl A = AR

- IS RTREE R AR EARE, DR ARIEIS R S 01, OB,

- HLANE A EL RS MD5,. SHA-1, SHA-2 fil SHA-3 4%, MD5 # M TRE S5k, SHA-2 HH
T 22N G

- IR SR OVBERRRRMN AR R RIL, HTIHRIERETIMERS. EEELT, A%
xR IERIIEFT A
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2. Q&A

Q: TR EREIE AR O(n) ?

UIET IR, IR 2 20B T O(n) o MIATFEOL IS R, ARILE R
SR WPIEHECTEIN, RS ZRE O(1) o RO RGEIE S B IIAT RN, WIS 22
o(1),

Q: NHAAMEABTEE f(x) = x B? XFERASEHRT,

£ f(x) = z WRMERECS, SATERNMME—RRT], XSEEAFN. A, WA REFZA TS
A (B KR, NI RE RS — P AR K U, HaIES, AR B — MR
RS2 IR B — NN S, FFREE O(1) &R,

Q: MARIRZLIREA, #ER. X, ENF2RERA] UL ETE mle?
B, MmRINRReRES, EEERRERT . BREAHS 2 ERER,

Hk, RREREMEA R PN RERE R T R IRERERS TEAH R AR A2 2N A B s R S
W, 2@ e RE R, XREVIERAEEOTETREITH, RS2 BOTTE R,

BJh, WMARINEEAEATRER A, FINTERER il , FRATREE BE R BLL B rh T B IR,
IRAIRILE O(n) I A1 XU

Q: ZRIGTA T REEEMBRITRAVEFEND? bRic )y CMHFERAD 2 I RE A AE A5 ?

ZRIGF BT F IR —F, PR SHEEEA S REERMPRoCRAIEE, FEEIARCHBR, frid oy EmibR
AU A ] ARHREE . SRFeRimA MR R, JF HIEEIE A EEEREIbRIC oy EMPREIA B, ZAE AT DL
BHTCRMEM IXFEMBEREARFFIR T RAVRINFZIAAE, XRERUEMG A RATZS R 2R,

Q: Nt ALELRIERNY, EHOTRAIN RS MBI A R0E?

AR A I i 3 e 7y R BSCER BT B AR BB, & IH key NUERE, IXUARERA IR MR, [Kitt, LR
RSMRIERCBOE R RARIR A N &R, EERENERE SO E Bk ik,

Q: N2 IG T Ry AREWS R MG I 5E?

e 7 PR AR B Je — DR R B K n B (BGR), b EVE SRS NEE N, £ A5, MK
& n ZAEZAL, T key XM ARG HBAIRER LR, FIEER—MERIZ A key , £ BERIRESHIIHC
FIZ A, TSI A PR A AR

Q: SN T ERIIFER, TR BB AT 1 I?

HEARH key BHELLH)/ ORI, ERABAN], fHsk. H24 key BHMIA (FIUNFRFER) K
LR B BIG A PR ECR key BRETVEEHERS|, FHIEMSAGFMHITER, XAENSEMEHRA R,
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Abstract
SRR )], REMX, 2EEkb,
TRHEITER T I 6N STES.
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7.1 =X

X4 (binary tree) 2 MM dRL, & "™ 5 A7 ZHIIRERR, BBLT “—nh ="
RIiaiZ . SHEREM, “XWMIERBITET N, SPTRESE. 271G G 79851 H.

[* ZXWTREHE «/
typedef struct TreeNode {
int val; /l THRE
int height; // TEEE
struct TreeNode *left; // AEFT=igf
struct TreeNode *right; // BFT=iEs
} TreeNode;

[* FHEREL */
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 ARSI (85D, 25HEAEFT = (left-child node) FIHEFT = (right-child node), 1% 5
PRI TSR T = (parent node) o 4447 — A X ITT fib,  BRATTIEIZY s 22 1719 i S
DU s AR AR % T B EFI (left subtree), FIFEAIS4EFH (right subtree),

FE X, BRMTOh, HA A VR R S W AR e, QiR 7-1 FoR, AR TR 27 R
TR, MHAFWRMGFTRDAE TR 4" 1 “N9R 57, EFmE WA 4 LHDUN Y RIE AR,
AR T 5 R DU RTE IR,

—Rw RN

binary tree

\
E?ZV ﬁ‘ﬁ,ﬁ

EFi aFH

ANV
Vivivi

@7_1 ﬁadﬁ‘n\\\ ?‘A—I_jp;r\]_;_’:\ ?‘*}‘T
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7.1.1 Z“XRWERRIF

X ARTEWNE 7-2 R

- RS (rootnode): AT XMTMER A, EAERXT R

- M (leafnode): WA T AT A, HMNMEEIYHER None .

- i (edge): RN RAVEEL, BT AEIH (B,

© RFTERE (level): MWINZEJEENE, RUTLMEEN 1,

- RME (degree): TRMTIAMNEE, EXMH, EEEGEERZ 0. 1. 2,
- ZXMIBE (height): MR REIHIE M7 RIS B AR,

- RAVRE (depth): MR RENZT RFTE LR

© TRIEE (height): MEEBHZ T RBOZ AT s BN A& L B

\
/

il
e

Vs N anN w
[V

W
g

=
N

T

7-2 ZXOMBEYE RIRE

Tip
TR, BATEHER “SET M WET Oy "SRR, (B E s TR R HE
SO G REERT, EXAMES, SR AT 1,

7.1.2 “XEAIRE
1. =i

SREREM, ElemmnetiN, Re@sii (et

// == File: binary_tree.c =

/* T «/
/] IEETR
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TreeNode *nl = newTreeNode(1);
TreeNode *n2 = newTreeNode(2);
TreeNode *n3 = newTreeNode(3);
TreeNode *n4 = newTreeNode(4);
TreeNode *n5 = newTreeNode(5);

/] METRZENSIE (F88)
nl->left = n2;
nl->right = n3;
n2->left = n4;
n2->right = n5;

2. NSRS R

SHERIM, £ Al A\ S IERT mn] OB e R, B 7-3 B T — 4 Rp,

HATH BT ==
nl.left = P nl.left = n2
P.left = n2

7-3 AR XB A A S RS R

// == File: binary_tree.c =

/* BANSHFFET SR */

TreeNode *P = newTreeNode(8);
// £ nl -> n2 FEHEANTES P
nl->left = P;

P->left = n2;

[/ WBRT= P

nl->left = n2;

// BHRE

free(P);

Tip
REERIRE, FATRATRERNE XA AR A, TERTS ol 5 R PRI T R
ARt B, £ =X, BASHERERZH —EREL SR, PSIA SRR X AIHRE,
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7.1.3 ER-pHFER
1. BEZXRW
K 7-4 iR, SE2IXM (perfect binary tree) i BRI S Bl w o2 21, (E57235 X, - f

H0, HRAET SN 2 ; HRIEEN b, WA SRECh 2" — 1) SIRREIERRR, R
Y B RS WAYAIIE > RBLA.

Tip
THIER, fEPSCEXAR, 5838 = R SRR = .

SR
perfect binary tree

(AR R )

FRB BEYTS RER A7

Kl 7-4 583X

2. B2XH

WK 7-5 firr, 52 XM (complete binary tree) (X RIKEN T A R2EH, HEIEEM
MEBEMRGESIAT, BEE, 78E X2 —#Ree = XH,

of
o

LR

complete binary tree

REETRELER, AttETREWER
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K 7-5 584X
3. ERH—_Xh

GHEl 7-6 AR, SERZXM (full binary tree) BRTHTI R 2, HARATE T SEA NN T R

SRR

full binary tree

FrETRRERA 0 = 2

Bl 7-6 S — S
4, FHE_XH

ik 7-7 FoR, X (balanced binary tree) FRAER R A FRIFI A IR 2 ZE YA WHE A
i1,

TS

balanced binary tree

BN ETREE - STHEE - d
WP NPT SEHR [d] <1

K 7-7 P Xt

7.1.4 —Xia0Ek

B 7-8 JoR T X AERARZE A 5B EE M, S YRR REAEIA, JAF] “SER XM, TR
AT R AN, —XRHRN “HERT,
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- ERXREEBERNN, ATDASE AR X Cie” L.
o RERNRE S — M, STURIEE NERIERIE, NRSRERMLE O(n).

7N :

4
[\ /N /
4
i tat ) / Bibei
TR SR

7-8 “XMHRESN S R ZEG
R 7-1 R, ERESENRZLSAT, XM R8E, TR, SEFREINCRESWME,

R 71 XM RS 5 R =45

ER XM R
51 BT R A 1
FEA h R R 28 1
FER h R R 2k — 1 h+1

TREE n OWIEE log,(n+1)—1 n—1

7.2 ZXbhEH

ML R, PR — R TRERMBIRS Y, R EE 75 2RISR MR R A1,
PR —RAELAERARSS Y, X (B i P iR AN 7, TR B AR R RIS,

XM WAL AR R R, BT, R A i R

7.2.1 BFiER

WK 7-9 fivr, BFFER (level-order traversal) M ECEZE B — XA, HAEG—EHRIBMNERIGH
i 73 10 s po
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BRFwHAR FE T Efki®R (breadth-first traversal), IR EM5%kIEZ (breadth-first search, BFS),
TR T —R/p “—E—ERIN R R EED 7R

I EREmn

E#ﬁﬁ(?ﬁ&.ﬂww
jal
2 ST £ 1, 2, 3, 4, 5, 6, 7

Kl 7-9 —XIHERF T

1. XEBSER

AL D@ A RSN SRSCI, PASIENE “JeHESTH” AR, T RS Mg i R
AIRLI, P& E R SRR — 2, SEEAAgan

// == File: binary_tree_bfs.c =

/* BFEBH */
int *levelOrder(TreeNode *root, int *xsize) {
/* GEBABAGI %/
int front, rear;
int index, *arr;
TreeNode *node;
TreeNode **queue;

/* HEENBATY +/
queue = (TreeNode **)malloc(sizeof(TreeNode *) * MAX_SIZE);
/] PBABIIEE
front = 0, rear = 0;
[/ MINRT =
queuve[rear++] = root;
/] Et—15R, BFRERRFS
/* FEENERAE «/
arr = (int *)malloc(sizeof(int) * MAX_SIZE);
/] EBEIsE
index = 0;
while (front < rear) {
/! BAZIHBA
node = queue[front++];
/] RETRE
arr[index++] = node->val;
if (node->left != NULL) {
/] EFTERARA
queve[rear++] = node->left;
+
if (node->right != NULL) {
/] BFTHRN

queue[rear++] = node->right;
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+
}
/] EHFEAEKENE
*size = index;
arr = realloc(arr, sizeof(int) * (*size));

/] TERGHBEREAZSE]
free(queue);
return arr;

2. EREDR

- WREREEN O(n) © FrA S —R, A O(n) W, b n A3 s,
- SSMMEAIEN O(n) : EREWRT, Wil XHN, WHERKEZN, IR LR 77
(n+1)/2 55, & O(n) 22,

7.2.2 BiFF. HF. EFERH

MR, #iF. FRRMEREEE T RERKER (depth-first traversal), HWAGREMLIEZER (depth-first
search, DFS), ‘EAREL T —&f “SeEzIRL, FEIHLkE:” 1D 77

7-10 JE7R TR ORI TIR B AR ST P B AR B, R e D g o e TR — SO E “8” —
W, £ REIESI=NMIE, OB NATREES, T A

def dfs(root):

" RRER
4 if root is None: return
§ @ HDEAEETH
dfs(root.left)
@ EibinEFH, BMNEhiEEFi
dfs(root.right)
@ EEFHBMENIE, RBGRE

{2 3 : :
/0 HEEE (7 @ LBETR
_”j'i Pn s 1,2, 4,5, 3,6, 7
o D; IR (i @ LA
a5 4, 2,5 1, 6, 3, 7
EREE (7 @ BisETs)
4, 5,2,6,7,3,1

i

K 7-10 —AURWMBETRF. . ErEh

1. XEBSER

RSB A TR AL
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// == File: binary_tree_dfs.c =

/* HiFFBH */

void preOrder(TreeNode *root, int *size) {
if (root = NULL)

return;

/] BRMLGER: RTR -> EFRN -> GFW
arr[(xsize)++] = root->val;
preOrder(root->left, size);
preOrder(root->right, size);

}

/* HEEH */

void inOrder(TreeNode *root, int *xsize) {
if (root = NULL)

return;

/] BEMLER: EFH -> BTR -> AFW
inOrder(root->left, size);
arr[(#size)++] = root->val;
inOrder(root->right, size);

}

/* BEFBH */

void postOrder(TreeNode *root, int *size) {
if (root = NULL)

return;

/] BEMRER: EFW -> BFF -> BTHS
postOrder(root->left, size);
postOrder(root->right, size);
arr[(xsize)++] = root->val;

Tip
RIS R AT AR IR, A4 n] LEATIZE,

B 7-11 R TR — MRS RE, Halady “3@7 M 07 BN R EEsY.

L. %" ForRITa#TE, BRI T — N R
2. "7 FoREEORME], RERLATT RELT R,

.
; \ TR
13: BEE

) ,‘,

/NN

‘ Step 1 Step 2

{ HIFFEE (7 @ WfiETE) :~‘Xx jf
_ o \ 1 ey .

#: mTEH
3: A LB

HIFFBA (7 @ LIAETR)
1, 2
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v 4

Step 3

Step 7

s

8 TR
13: B LEH

#: mTEE
V3: EEERH

HiFFBH (7 @ iAET )
1,2, 4

HIFFBA (7F @ LEETIR)

1,2, 4
#: TSR & ETEh
13: B LEEH 3 EEH

B8R (7 @ LiHETR)
1,2, 4, 5

HIFERE (F @ LihiETR)

1,2, 4,5
B mTEE #: mTEE
¥3: AEEE 13: LG

WA (F @ LiARETR)
1,2, 4,5, 3

HIFFERE (7 @ L3RR
1,2,4,5 3,6

i#: e
A: @ EEH

#: AR
V3 L EE

IR (F @ LiAETIR)
1,2, 4,5 3,6

RIFFERE (7 @ 2ihiETs)
1,2, 4,5,3,6,7

s

& MR
A: B EEH

HIFEH (7 @ L3R R)
1,2,4,5,3,6,7

Step 11 \

7-11 AP AR



BT7E K www.hello-algo.com 141

2. EREN
- WS AYE R O(n) © FEET SV —R, @ O(n) K,
- SR O(n) « FEREMIUT, BIRGE RERR, WITREOAS n, RE0E O(n) Bz,

7.3 ZXMHART

ERERFR T, XMW N T A TreeNode , TR Z RNESFREAHIERE, E— @A THREZR T
A — A A T AR

M2, BATRES AR IR X le? B2 HER.

7.3.1 REFTEZXH

FeohT—NMARREB, B —MRSEE M, BA TR T R IRR e I R A AR T — DN, W&
NI SRR B IE— TR RS L

MR Z i@ PR, FATA DS AT RRGI 5 FWRRIIZ AR “ME A" HRENRNRIIN .,
WMV RAEFWRRIIDN 20 + 1, AFNRRIIN 204+ 2, B 7-12 R T &N RRT|Z R 5
Ro

A

PV LT

AFTARS: 2i+2

7 8 9 10 11 12 13 14
fEREART =X

R @ 1 2 3 4 56 7 8 91011121314
EBFEHFH
B 7-12 FEEXMIIEERR

WS 2SN A Y TRER P RSN (RED . B BEHPRMER DT, BATER AT DOEE ML 230k
WRERE (F) 1.
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7.3.2 REEE-XW

FERXR R, 1E X EIEE FIEFZ None . HIT B 551 AL &IX4E None
WEBATTCIR LT FISRAEN] None FYECRAI A ALE, IXEWRAE 1L 2 i — U ESERTT 3 22 P w7
8

K 7-13 FiR, e —RAEERE X, FRBEHFRTIEE AR,

ZFY () iR i

#iAFS] @0 1 2 3 4 5 6 7 8 9

Sed gl 123 ]« [6]7]8]012]15]

B 7-13 R A B2 A = SR RTREE

N T FRRIETE, AT DA B AR R i i b U s A None o 4RI 7-14 AR, IXAELLEE)R, &
e 3 73 5 S ] DARFE— R XX 1o RBIAHESANTR :
[* ZXBIEVERERT «/

/] R int RAEFCE, RKERTREREN INT_MAX
int treel[] = {1, 2, 3, 4, INT_MAX, 6, 7, 8, 9, INT_MAX, INT_MAX, 12, INT_MAX, INT_MAX, 15};

9 10 11 12 13\ 14
HFDI (8048) ISR S

BeaFRs| © 12 3 456 7 8 91011121314

rearen (@000 0000 B D

i
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Kl 7-14 AEERA — XRAEEER

EREANE, 528 XWHERIEGHEMBEDRFOR. mHsEe —XMEE L, None RHBIfERIKZ HEEH
AU E, BBLRTA None —i HBRTE IR i S IR AR e o

XEWEE AR REE X, A DUEISEERTA None , AEETT6E, B 7-15 2t T — Pl

EFERFT (848)

EARERH
NREEEZ:- L)

BEERFY (#8)

8880808000

7-15 FEEXREHFR

DA SEEL 7 —RRE TR FORE X, B4 DU LR (E,

HERT R, RRENE. £ (B) F9HE. K.
PREGTPES. HrPEh. ErEA. BT,

// == File: array_binary_tree.c =

[* BEART TR ZXINEMER +/
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;

S

[* HHEEE */

void delArrayBinaryTree(ArrayBinaryTree *xabt) {
free(abt->tree);
free(abt);

}

/*x SIRBE %/
int size(ArrayBinaryTree *abt) {
return abt->size;

}
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/* FREXES|A 1 HEIE +/
int val(ArrayBinaryTree xabt, int i) {
// BESER, MEIRE INT_MAX , RKR=(I
if (i <0 || i >= size(abt))
return INT_MAX;
return abt->treel[i];

I
[* BFER */

int xlevelOrder(ArrayBinaryTree *abt, int xreturnSize) {
int *res = (int *)malloc(sizeof(int) * size(abt));

int index = 0;

/] BiEBHEA

for (int i = 0; i < size(abt); i++) {
if (val(abt, i) != INT_MAX)

res[index++] = val(abt, 1i);

¥

*returnSize = index;

return res;

}
[* REMFTEFH */

void dfs(ArrayBinaryTree *abt, int i, char *xorder, int *res, int *index) {

/] &A=, WR[E
if (val(abt, i) = INT_MAX)
return;
/] BiFFIEBHh
if (strcmp(order, "pre") = 0)
res[ (xindex)++] = val(abt, 1i);
dfs(abt, left(i), order, res, index);
!/ HFEiBH
if (strcmp(order, "in") = 0)
res[(xindex)++] = val(abt, i);
dfs(abt, right(i), order, res, index);
!/ BEFEHR
if (strcmp(order, "post") = 0)
res[(xindex)++] = val(abt, 1i);

}

[* HIFEH */

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;

S

/* HEBH */
int *inOrder(ArrayBinaryTree *abt, int xreturnSize) {

int *res = (int *)malloc(sizeof(int) * size(abt));

int index = 0;

dfs(abt, 0, "in", res, &index);
*returnSize = index;

return res;

b
/* BFER */

int xpostOrder(ArrayBinaryTree *abt, int *returnSize) {
int *res = (int *)malloc(sizeof(int) * size(abt));
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int index = 0;

dfs(abt, 0, "post", res, &index);
*returnSize = index;

return res;

7.3.3 fiRE5RMRE

CXMHPEBEH SRR E A UM,

- B IEEIESIINAE SRR, MR R, ViS5 sk,
- ATREAETRE, BT E L
- SRVFREALIE AT L

SR, BAHRRAE— /IR

- BEHA AR ZOESINF AN, RIANE & A7 R R KRR
- T R EOE I B R N SRR S, R,
- Y XMARTEAER R None I, BEHA LS 9T B P BRI, 2 TR AR E IR,

7.4 —XiEFER

e 7-16 Fizr, —XIEZEH (binary search tree) i & DA R4,
1. XFART A, ETRFPETE Y siE < R S0E < A TRAFRTE T S E,
2. AERET AR, AR RN, BIEAAR RSN 1. o

ZRiEFER

binary search tree

Bl 7-16 —XIRERM

7.4.1 “XIEFERBVIRIE

BT = R B 2E N —12K BinarySearchTree , FEAH— 1R & root, FEFARAIIRT AL
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1. ERTR

LA HART B num , A] DUREE — AR RMAEPURER, WK 7-17 foR, BATFH—DT R cur, W2

AR A root &, TEIRLEEETT SfE cur.val fl num ZRIFT R/ RER,

# cur.val < num, WRHEFRT S cur A TR, KHIT cur = cur.right,
#cur.val > num, WEHEFRT S cur BRI, KAST cur = cur.left,

#cur.val = num, BERAEKEIEARTI A, BRHIEAFHRIENZT Mo
E-wgamrEnts @) E-xpnmeEnsA (@)

Step 1 Step 2

Step 3 Step 4

7-17 ZXAERREET KRGl

CXAERMIESIRIES S ERRRN TR 8, SR EHER PR IR EERZ ) XM

EEE, Y XRPEER, #H O(logn) KRl REMRASLTTR:
// == File: binary_search_tree.c =

/% BETR +/
TreeNode *search(BinarySearchTree *bst, int num) {
TreeNode *cur = bst->root;
[/ EBIRER, ST SEHkE
while (cur != NULL) {
if (cur->val < num) {
// BfFTSTE cur MAFHE
cur = cur->right;
} else if (cur->val > num) {
// BfFTSETE cur BAFHE
cur = cur->left;
} else {
/] BB R, BhLER
break;
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¥
// BREIBtRTTR
return cur;

2. EATR

B MHEATTR num, N TORIF SRR I “FE 0 <R R < GFR7 BT, A RERENE
7-18 FiRe
L SRAANIE: SEPIRERE, MRTI R, HRIES AT AEN nun FARVNEREIRE MMER, B
AT A (EFIEE None ) INBRHHIEER,
2. EEAERBA YR WG R num, REOZTRET None (UALE,

E-REEREATR @

2. ERUBBATR

R $17 pre.right =

7-18 TEXAEEM IR R

FERRD SR, REER A TIM A,
C IXEREMARFFEEE TR, SURRERE X Fit, HFHEAT SEM TP ERAE, WARITHE
A, BEIFR[MA,
© ONTIEIRAT R, BAOTFREMEIT A pre SRIF E—RAEIARITT R IXFEAEIRTIE None I, FRATAT LA
IRHREIEALY AR, AT SR s A TR PES

// == File: binary_search_tree.c =

/*x HEATIE %/
void insert(BinarySearchTree *bst, int num) {
[l BWAZE, WPBERETS
if (bst->root = NULL) {
bst->root = newTreeNode(num);
return;
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TreeNode *cur = bst->root, *pre = NULL;
[/ EREHK, 8T AEkE
while (cur != NULL) {
/] RIEET S, BR[O
if (cur->val = num) {
return;
¥
pre = cur;
if (cur->val < num) {
/] FENMIEE cur WIGFRE
cur = cur->right;
} else {
// HENGIETE cur WIAFiig
cur = cur->left;
¥
¥
/] EAT=
TreeNode *node = newTreeNode(num);
if (pre->val < num) {
pre->right = node;
} else {
pre->left = node;

}

SERAN MR, WA RER O(logn) WA,

3. MRS =

FotE XM EREIHART A, AREHMIER, SRATREE, FMNTFEBIEEMRREEmE, —XER
P “FE TR <RI < T BUPEBRARIN S, IR, BATTIRIE BART R 71 s, 20, 1R2 =
RGO, BT B AIERT s o

N 7-19 R, HRRMERTT AR O I, R AR, AT CAEREMIER,

E-REERIRTE @

00000000

cur

T © TR cur B 2. EiEMER cur BIET

FHEABE = 0 #1T pre.left = None



www.hello-algo.com 149

B 7-19 fE - XIERMBPRT R (BN 0)
GIE 7-20 Fi, ERAMBRTT AR 1IN, CRERRINBR T s oy H- 19 s BT

E-sERnERER (@

v TR cur B
FRHREE = 1

2. ¥ cur BRAHFHR

. B T L .
1. BREHRTR cur 1T pre.left = cur.right

B 7-20 £ ARRMAPMIBRT A (BN 1)

SRFMIBRT R 2 I, BAVCHEEMERE, M ZEH — D REHIZ T e BT B R RN
TR <RV < AT B, BRI AT DURAS TR RN e T BT R

B HATERA TR R (PR DT RD, NRERHRERENE 7-21 Frr.

L KEIRHMBR T SAE Rl es)” IR AT, 5 tmp o
2. FH tmp MBS RMERTT RRE, FERTIZEIAMERT A top .

E=sgERTmEREs (O

o

1. TREGWRTR cur

1. EHRSBTR cur
v TR cur NFHRME - 2

2. BBSTR cur FRH=H:

(2) EZXWARIIMERTIR nex

Step 3 \

(1) &R cur ERFEHHEHETR nex

E-EEREESE (O

"0
@v@@@g

Step 2

E-sEpERRER O

Step 4

1. ERFSBFRTR cur
TR cur HFHRNE - 2

2. BRREAR cur FH=S:
(1) T cur EHFBHNGHTS nex

1. ERFSBERHAR cur
v TR cur WFHRBE - 2

2. BBSHR cur FR=S:

(1) B cur EHFEHREHTR nex
(2) EZXMFRBIIMEFTR nex

(3) HTHH nex EHEATSR cur
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B 7-21 AE = SAEREMABPRT R (R 2)

BT S ARAETIREEF O(log m) AL, BCPREEHAEMIR A% O (log n) BT, $EIRFH AR Ak 15 25
#E O(logn) W, FAFLLIT:

// == File: binary_search_tree.c =

/* BIBRTIS %/
// BF5INT stdio.h , MATEER remove F*EiAE
void removeItem(BinarySearchTree xbst, int num) {
/] EWAT, BiEREaHRE
if (bst->root = NULL)
return;
TreeNode *cur = bst->root, *pre = NULL;
/] TERER, HEHTREBE
while (cur != NULL) {
/] RIS =, BRETERR
if (cur->val = num)
break;
pre = cur;
if (cur->val < num) {
/] FMFETRIE root BIAFIA
cur = cur->right;
} else {
/] FHFETISIE root BEFIA
cur = cur->left;
¥
+
/] EERFHBFT R, MEEZRD]
if (cur = NULL)
return;
[/ HIEFRRE T RS EEF TS
if (cur->left = NULL || cur->right = NULL) {
/[* FRR¥E = 0 or 1 %/
/] HFTEEBE =0 /184, child = nullptr / ZFTR
TreeNode *child = cur->left != NULL ? cur->left : cur->right;
// HERT = cur
if (pre->left = cur) {
pre->left = child;
} else {
pre->right = child;
¥
!/ BBAF
free(cur);
} else {
/* FRHREBE = 2 x/
/] FREAFFEEHFR cur WF—1PTa
TreeNode *tmp = cur->right;
while (tmp->left != NULL) {
tmp = tmp->left;
¥
int tmpVal = tmp->val;
/] EVAMBRT S tmp
removeItem(bst, tmp->val);
// A tmp BZ cur
cur->val = tmpVal;
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4. PEFEHERF
E 7-22 fiR, “XREHREDEE ff — R — 57 FBHIE, moXIERME R < AR
TR <HAEFIR" FRPKRR.

XERE E RN PR TR REALN, BREMEN N — M, AmEGH—PMEEER: =X
ERMEPF R E TR,

A b di e B, FRATE — AR TR EH e BRI O(n) IR, TEAUATAIMNIHE TR IE,

FEH =L

SR PFERFTI

2, 4, 6, 8, 10, 12, 14

TERAF

-

RFEHET,
TRE © L85

B 7-22 ZXAERMATH 5

7.4.2 Z“XEFERBINE

R, BB B R, MR 7-2, SAERM AR TR ERII (7] 2 2% AT
A, BARE Beiirat. RATERSIEIN, IR ESPREHRRIZ RS, B = AR AT

EH,

® 7-2 BAHSERREIRE

T RN
#HTE O(n) O(logn)
AR O(1) O(logn)
fiERTE  O(n) O(logn)

EHARTEOUT, —SHURMZE P /Y, XAEREAT DATE log n IR N E BRAER T 5.

SR, AR HE = AR Wb ARIIER T, rTRESF B RN & 7-23 FIURAVEER, IXIF#%
FERAERIIN 2 2R O(n) -
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o o
0000

EE_—igRR

pl3 i o og k)

7-23 XAHZEHIR{L

7.4.3 Z“XRIEFWE RN

- RERGHIZRRT|, SHEMIER, A, MR,
- RN R AR R EBAR S,
- AT EEEEER, DR IR,

7.5 AVL g *

£ RN BETRRIHES], E2UEAMMEREREE, —IERMATRERM VR, EIXMERT,
P BRI I Z 2R O(logn) 45679 O(n) .

i 7-24 R, S IR RaR0E, AR = IR RRME RIB OV EER,

o
@ @ BT 5
o o

MEs3ssE 3 @

B iBf
TR EiE-Ri BE
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K 7-24 AVL SEMIBR T 5 24 IB L

PN, fEE 7-25 FREsEse — O rRlm AT DT RS, BRI BUR, EHEROERIR R AR
1o

[\ [\ [\

HATR 2 BASR 1

Bt =314
RN FH_Rix il R

K 7-25 AVL SERAT G 2R

1962 £ G. M. Adelson-Velsky 1 E. M. Landis f£i& X “An algorithm for the organization of
information” HHEH T AVL I, IEXHRIEANRIR T —RYIERE, FRIERFSAIFIERT U5, AVL #fA
2IBAE, TS S FHRER B2 24 (R51E O(logn) ll, HA)iEse, 76 T5 S8 O T3 2 i e
M, AVL RIGEARLLORFF e B SR EIERE, BRI A NME.,

7.5.1 AVL WERARIE

AVL B SRR, R P S, RIS SRR SR BT A TR, AR — R — R ER

(balanced binary search tree),

1. TREE

H1 T AVL SRR BT ZRICT sl R BRANTR 2N T R8N height 288

/* AVL BT SEEE «/
typedef struct TreeNode {
int val;
int height;
struct TreeNode *left;
struct TreeNode *right;
} TreeNode;

/% MEREL +/
TreeNode *newTreeNode(int val) {
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TreeNode *node;

node = (TreeNode *)malloc(sizeof(TreeNode));
node->val = val;

node->height = 0;

node->left = NULL;

node->right = NULL;

return node;

WREET BEEMNZT REIERNRIZH T SRR, RIFTEER 107 fEE, FERIEENR, MR
RN 0, M RSN —1 o BATREEN D AL, 7205 H T RBR SR i

// == File: avl_tree.c =

/* RETREE */
int height(TreeNode *node) {
/| ENREEA -1, HAAEEAR 0
if (node != NULL) {
return node->height;
¥
return -1;

}

/* BHTREE %/
void updateHeight(TreeNode *node) {
int 1h = height(node->left);
int rh = height(node->right);
// FTREEEFTRETIMHEE + 1
if (th > rh) {
node->height
} else {
node->height = rh + 1;

1h + 1;

}

2. TRFEHRAF

T RITFERF (balance factor) & SN RZEFIRTEEIREG FIATEE, [RIRFHUE 2 R8P+
N0 BAFERERRICT PR 7 AU REET SRR L, T (/RS :

// = File: avl_tree.c =

[* FRERFEEF */
int balanceFactor(TreeNode *node) {
/| ENREERERFH O
if (node = NULL) {
return 0;
}
// FRFEEF = EFWHEE - BEFHEE
return height(node->left) - height(node->right);
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Tip
BRI TN f, W—#R AVL REFERT RSB PR e —1 < f < 1.

7.5.2 AVL BihEst

AVL WHIRFRET “Heke” #(E, EREMSAEENN — SR AI R EiE i P AIRIATEE &, (ERETT TR E
i, HEEL, TEERERIEBERECREF “ SRR MR, haEMRERE N P — X,
BATRF I F0E > 1 BT Ry R MR R B ORI, BERAR (e R e,
FEle. Sehleahe. SeiEeE . N SR e R,

1. Kt

G 7-26 AR, TR NPT WIRETVE, —XBHE NI RUZ 1R 37 Bl POZ K
TROVRTT BT, BT RICN node , HZEFHAICH child, $T “HHE” #fE. ElbRE, ¥
PR P, FF BTSSRI = SR

N N\
/z
/1

. RAEREHTRE
ode WIRTRIZH node
BEFBRN child

Step 1 Step 2
\\‘ “EhE BERRE: ’\/ \ “HRE BRI
enzve (@)
1. M child AR, ¥ node ML /[hAI}\ 1. B child HEs=, ¥ node MAHER
i

PN 2. A child BRLUE node WHIE

Q BAHER

/Zh;h}\ A GEEERSE, ETFHERRE T

node
node

Step 3 Step 4

7-26 HHEREL IR

WK 7-27 i, 495 A child A+ 5 (G2 N grand_child ) i, FEEEATETHRIN—4: ¥ grand_child
YE4 node BYZEF Mo
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A
/ grand_child

7-27 £ grand_child A HERAE

“mheRe” B—MERARE, SLhn b RENEI BT R EEE SRS, A RN
// = File: avl_tree.c =

/*x BHERIE */

TreeNode *rightRotate(TreeNode *node) {
TreeNode *child, *grandChild;
child = node->left;
grandChild = child->right;

// BL child AR, & node RAGHEH
child->right = node;

node->left = grandChild;

// BFTRRE
updateHeight(node);
updateHeight(child);

/] RENEEETFHRERT S

return child;

2. khiE

FHRZH, AR IR S “BR”, WITRZAITIE 7-28 FIURIY “/chie” #R1E.

M @
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K 7-28 FEhetR(E

FFE, W& 7-29 R, Y478 child A&7 T4 (80 grand_child ) I, FBELELRPHRN—F: ¥
grand_child £ node B4 117 o

@ RO @ BRI

AR \\
o o

A
grand_child \ \

7-29 # grand_child A HERAE

R DO E], e e e 2 R B G FRI, SRR R DI R TS DL PRI, ST X AR
T, BMIARFRATREIAEHIFTEN left By right , KATEN right Bl left, RIA1F2]
FE TR SEERACRG -

// == File: avl_tree.c =

/% FEHER(E =/

TreeNode *leftRotate(TreeNode *node) {
TreeNode *child, *grandChild;
child = node->right;
grandChild = child->1left;

// BL child AR, & node [IZZhEd
child->left = node;

node->right = grandChild;

[/l BMTAEE

updateHeight(node);
updateHeight(child);

/] REFERREFRAET R

return child;

3. SckhelRahE

T B 7-30 AR ST R 3, A A s A HEAR T IE TR S A, I RS child $R4T “ERE,
X node $UT “HIE”,
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Ft child 4T @ #t node H1T
e i

o

7-30 Sefehgatilie

4. FchHhEfakhE

GniE 7-31 Fow, M RIRH AR BHEIE DL, FEIX child AT “HHE”, Xt node $U4T “ZEHE"

5. BedsRYEsR

ERETH

K 7-31 Jetilela/ohie

K 7-32 oRBIPURI R B 1E S EIRRBNE MR, il TRERMGEE. e tle. Jonhea /ol o

HNEE
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FoAhE FAahE
i e =7 B

& 7-32  AVL SRPUR L 16 o

QITRARAIR,  BATEE I S 79 s AP R 5 DR i — M 7 sl B PR A 7 B TE SRS, R R 9
J& T & 7-32 Fr R FE L,

R 7-3 PURPHEEL S AR A

KRR Y FHRREEET  RCRARERE 7R

> 1 (CEfmith) >0 filie
> 1 (Zfmt) <0 Jefehiefa e
< —1 () <0 FElie
< —1 () >0 Jetiliefe Fele

NTETER, BAOTRIERARIEE RN A TIXAEE, BAVRREX SR KB O T ek, R
WV R R P, AR TR

// = File: avl_tree.c =

/* PITHERRARIE, IZFNEMMETE +/
TreeNode *rotate(TreeNode *node) o
// FFKEXT = node WYFHEF
int bf = balanceFactor(node);
/] 1w
if (bf > 1) {
if (balanceFactor(node->left) >= 0) {
/] bk
return rightRotate(node);
} else {
/] FEhefahhe
node->left = leftRotate(node->left);
return rightRotate(node);
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¥
! GfREx
if (bf < -1) {
if (balanceFactor(node->right) <= 0) {
/] *hE
return leftRotate(node);
} else {
Y/ =) =)
node->right = rightRotate(node->right);
return leftRotate(node);
¥
¥
[/ FEN, Thilek, BR[O

return node;

7.5.3 AVL &5 RIRE

1. EATS

AVL B U AR S = SARRRAE R 2RO WE—RIXHIET, £ AVL WA AT RS, T RE]
AR RAER R L ATRES BRI R (AL, AT EMNXANTROFR, AR BT hese e,

i O Y AR -, RS AN R
// == File: avl_tree.c =

[* AR +/
void insert(AVLTree *tree, int val) {
tree->root = insertHelper(tree->root, val);

by

[* BEANT SR (GHBIRE)  */
TreeNode *insertHelper(TreeNode *node, int val) {
if (node = NULL) {
return newTreeNode(val);

}
[* 1. BFRBANUEFBEATR +/
if (val < node->val) {
node->left = insertHelper(node->left, val);
} else if (val > node->val) {
node->right = insertHelper(node->right, val);
} else {
/] EETRFEN, BER[E
return node;
}
/] BHTREE
updateHeight(node);
/* 2. WITHERRIR(E, FZFNEMMRETE x/
node = rotate(node);
// REIFHEIET S
return node;
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2. MY =

Kot 7E = AERMAIMERT mUTIERER b, TEMWRETTHER AR, fATE LM R T,
A R AR

// == File: avl_tree.c =

/* BBRTS */
// BF5INT stdio.h , HATEER remove i
void removeItem(AVLTree *tree, int val) {
TreeNode *root = removeHelper(tree->root, val);

}

/* BAMBRT = (GEBIRED)  +/
TreeNode *removeHelper(TreeNode *node, int val) {
TreeNode *child, *grandChild;
if (node = NULL) {
return NULL;
+
/*x 1. EHRTRHMBIBR */
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->1left;
if (node->right != NULL) {
child = node->right;
¥
/] FhmtE = 0 , HiEMIER node FHiR[E
if (child = NULL) {
return NULL;

} else {
/] FromfhE = 1 , EEMER node
node = child;
}
} else {

[/l FHREE = 2 , WEPREEHNTNTAMER, HFEAZTRSRSFTS
TreeNode *temp = node->right;
while (temp->Tleft != NULL) {
temp = temp->left;
}
int tempVal = temp->val;
node->right = removeHelper(node->right, temp->val);
node->val = tempVal;
¥

+

/] EBHTREE

updateHeight(node);

/* 2. PITHERARIE, X FHEMMEFE «/

node = rotate(node);

/] REIFHEIRT =

return node;
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AVL W RESIRES XIS RM —2, fEA R,

7.5.4 AVL R8BI

- HGNEER R, M T A, SR R

- AT AREIR R RS RS

- CLRRRHR — R DR T SSER R, HET AVL R, BRI R A, A S IR A
TR BB BT /D, 0 s b R B P B B

7.6 NS

1. EREH

LR RIS, (KB N ARIBER, B  SU A S ME DU AN
BE, RIS T SR 71

CORF TR, A () T D R RIORRR N A () T,

- R ARB R R, A B B . R RERIR S,

LRI, R SRR 5 SR R T AL,

L UL R SR R, SR SO, SRl ORISR SO, 5EE SRR AR
%, MiHREMUE R ERES,

- AT DR REAR, TR SRS RO R R U S, AR S T R IR
2 (WU SR RSB

R R R R R, TR T BN MERE ST, B
BB,

LN, . R SR TRER SR, SR T eSSk, MEMS e, 8
R TR S,

LR R T R BRSNS I A 5 O(log )
4 YR BHE LN RERI, SIS R ESHLE O(n) .

- AVL B, HIRREHE — SISRN, T e R R R R A FER S SR R G

- AVL BRI AR A N, JoNE. JeANERAENE. SR ANE, (e NS AUS, AVL B2
MR I TTAAAT HEREAR (b S S T,

2. Q&A

Q: X TFHE DT RIS, M EEARTT SETR AR Z 0 15?
T, DY@ IR E T O “E R R,

Q: ZXMHPEEA SR — B —ERIFE A e, XHEA “—ERIE" faale? ] DN BEIH T
TR B TR A ?

EXAERREREG, MR SERE R =R RO E, R R R DA TR AT 2 D P BRI SR,
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Q: Nft2 DFS @l —XMHRT. . JF=RirF, 251612 HE?

S e AR, wir. P, BT =M XRE 7T, BT DA e SR — R
TEMAFHIE SR, PN = XHERRF, BT HARNIE £ FPRE < RTERE < GFhRE, FHit
PATHREER “F% — IR — 17 o PRt winl DEREA P S5,

Q: GHER RS 55 node. child, grand_child ZEIHIZER, A8 node BT A node JFKAY
EREATRELEID? AiEREEE TR T?

BATFZEMNE T A RE XD, H5EHERIE right_rotate(root) £ A FHAIRT &, RZK
return child IR[EHERE & 5 B TR AAR YT s, FREAAR YT sURN L AQ Y A I FE B2 R 1R 1% PR BOR 11 J5 72 AR,
T A TEIREI4ETTE L,

Q: f£ C++ 1, HAEWERIE] private Ml public H, XA AT AZEIL? NHLAZEH height () BEEGRI
updateHeight () BEEMAIIAAE public A private H1lE?

FEEFENMEHGE, MRFERERNEMHEH, BAMILIT A private . Filgn, P pshiE A
updateHeight () EARE XN, BHEMA. MEREMEFRN—D, M height() BT SEE, ROT
vector.size() , [RIHIZRERK public PAEFH,

Q: anfa \—2HEm NEHEAT EE — IR = AR M2 AR S IERR R R REE?

SEI, MR 7R EAE = XA RRHRAS Y build_tree () 77ikH&A L, BEFRYAMNIER, BITEES
R NEEEHE T, AR ROTRE R R, BB IAA G F0 o IXAREORT DU R FE PR UEAR 1Y -1
a8

Q: f£Java ', FRFEXNILES —EZH equals() Fik?
1 Java 1, N TEAREIERE = AT RN ENEREHES, N TIIHER MRS T/ERE
SEAE,

- o= AR ZREGTARE—DMNS, BIElENEF A E R S,

- equals(): FRXEER DA RIER S,

Rltt, WRZEX L, TRAINIZEH equals() . 2R, JEIT String a = ?hi?; String b = ?hi?; %]
BRI F AT R R EmE, BIHERRE—N%, EWrTAH a = b REERDNFRTEDN

Q: I EEMSCEIEIRRE 2 A, IAFIHRE SR 20 12
S, IR h = 2 MO, AR = 7, WRE SR 4 = 20 = (n+1)/2.
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Abstract
Rt R ILEED, EERK, BEESR,
JREJRE L U i EREE V5, T e L R S R S AR 7S
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8.1 i

# (heap) 2R RIEFKIFAITER XM, TEAJNMREAL, 4 8-1 s,

- UNTRHE (min heap): TR AME < H7 1 S0E,
- KT (max heap): LR AIME > H 717 SHME,

N N
/NN N N

Wy Wy

= ‘B2XW B 2 “T2=X# B
HETRNE <« HFHRNE HETRNE : AFHANE
Nk KImsg
min heap max heap

& 8-1 /INTHiHE S R Tvibk

HEFEON e KM — R0, B DA R,

© RIRETRSEEETE, HMEAT AR,
o BRSO EARTT SO CHETR, CRERZE RS BT RN HERR,
- XTFRTUE ChTE), HETUTER (R WEZRKR &I K,

8.1.1 MRYE FRIR(F
FERHIR, TF2HEIE SRR 25T (priority queue), X2 —FMRIVEIRLEH, & S RA R
S HE IR

SKBR b, HEBH N T SCBOLERAS, RTHERT S TooE MREV MRS BRI IETERAS, A M R,
BATATLARE “HRIEASN” T “HE” BAEFTHIRIRETHE, Kk, ABXWENMIEEX 0, G—FiE “HE

HERYH I BRE LR 8-1, T5TEA T ERIERmAETE 5 R,

7 8-1 HERJHRIERR
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VaRe 2 g M 0 5 2
push() = IN - O(logn)
pop() HETITTER tHHE O(logn)
peek() VIHERTEE TR [ /NTHES B R [ /IME) 0(1)
size() PRI T £ R O(1)
isEmpty () H b A O(1)

FESEFRML AR, BATTRT AERE(E R m i = TR RHIHESS (BRALTERASIZE) o

RUTHEREIETH “WNEIRHESN” F1“IWKEVINES”, BATA] OSSR B —> flag BfZL Comparator
SCEL VNI 5 OCRTME” Z [RIRER R, AR TR AR

// == File: heap.c =

// C FKIRHAE Heap

8.1.2 Ry

OCKRIRARRTIME, 5 R HAEA N/ NTE, R ATE R/ NN TR (1N, & > Fioh <),
BB HTIE A] DA TSR,

1. BPEHERT
XM BT, e XWARRIES HBURER, BT HEER e e N, BRIEERATIR R R

SRV ROR U, TERRE A, BRI R, AR IR WA

I 8-2 iR, SBERG 1, HEFTRMRIIN 2+ 1, BFIRNRIIN 2+ 2, KNRNRIIN
(0 —1)/2 (MTEBR), HRFIBEN, FRZH a8l AR EE,
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RSN _ : SRR (RETEHE)
B B mRIRW wr 8 ‘B RE TR

%3l 9 10 11
=R ﬂﬂﬂﬂlﬂl.lﬂﬂﬂ
(i-1)/2 i 2i+1 2§42
~— T~
REA HR EF E?
A D
IS FR 5 | BRI T 36T

K 8-2 HEMIFRIR G171k

PATA] DLRF R T [ A B bR, T E S -

// == File: my_heap.c =

/* FREAFTHRNERS] +/
int left(MaxHeap *maxHeap, int i) {
return 2 x i + 1;

S
[* RBAFTRHRS] «/

int right(MaxHeap *maxHeap, int i) {
return 2 *x i + 2;

}
[* RERTRHRS] «/

int parent(MaxHeap *maxHeap, int i) {
return (i - 1) / 2; // ATFEEE
I

2. IFEBETITE

HETT R RN R IR T R, Wt SR E M E:
// == File: my_heap.c =

/% IFRBEITTER */
int peek(MaxHeap *maxHeap) {
return maxHeap->datal[0];

}
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3. TEANMf

TR val, BATEICKHBMBMER, WiN2)E, BT val ATRERTHERHMITE, HERTRLARIFRTRE
CLHRESR, DRIBETRES S AT A EIR Y R 2 LS, XD RIERIONEN (heapify)

FEMAHET R, WKETITHER, W0 8-3 R, FATELEHEA T RS HA mAIME, aEANY
REER, WAHRENZZt, REREPITIHIRE, WERETEEHPIE DT R, BRI K082 T

I RN 2SI

B @ Nt

o . CHET
T =
v BuaRT

(olals]s]7[=lals[s[a[o[a] step 1 |

L7 PN

1. WS 7 IR
2. WEETBAT#A (Sift Up)
CHA 5 < BA T

[ step 3 ]

L7 PN

1. WS 7 IR
2. WEETG#T# (Sift Up)

PR 6 TR

Step 5 |

L7 PN

1. BHR 7 FNEHER
2. WEZETH#TH#A (Sift Up)

v HR 9> PR

O EEEE =

DEarLRREEEEEE

HA @ Mg

1. ¥R 7 RNERE

Step 2 J

WA @ Nt

1. B¥R 7 FNEHE
2. MNEETU#T#AE (Sift Up)

v HR 5 < WRT
- RETHR
Step &
A @ At

1. 7 IR
2. WEETGEFPHE (Sift Up)
v HA 6 < WA T

- TR

Step 6

w4 @ At

1. ¥HR 7 RNERE
2. MEETL#{TH#A (Sift Up)
TTHR 9> R T

~ RHITRIR

Step 8 |
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000000000000

8-3 JLRAHEPE

1. HHR 7 FNERE
2. MEZETU#HTHEW (Sift Up)
EWFERE, ATUENERSEIESE

RS n, WIRIEES O(logn) » HIEATA], HERIEREINEEEZ 0 O(logn) , TERANME

BN RIERE R O(logn) o RESATRAR:
// = File: my_heap.c =

/*x TTENE %/
void push(MaxHeap *maxHeap, int val) {
[/ BINBERT, FROZRNXAZT S
if (maxHeap->size = MAX_SIZE) {
printf("heap is full!");
return;
}
/] TR
maxHeap->data[maxHeap->size] = val;
maxHeap->size++;

[/ MERZETUEY
siftUp(maxHeap, maxHeap->size - 1);

S

/* MTE 1 s, MRETEN «/
void siftUp(MaxHeap *maxHeap, int i) {
while (true) {
// RETS 1 BIRTR
int p = parent(maxHeap, i);

/] E HERTR 3 TREAEE” BY, SRl
if (p < 0 || maxHeap->data[i] <= maxHeap->datal[p]) {

break;
¥
/] RIRFET =
swap (maxHeap, i, p);
/] fEFmEL#EL

i=np;

4, TR RELE

HETTOT R —XREIIRT A, BIFIRE TR, MRFANTERMIIRARPRETTR, A XWHATE T R
KRR AEZM, KRR ME R TR ELRWNE, N T RERDITTRRTIHZD, HATRM L

TS,
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1. ZHRHETITTER S HER TR

AR RS AR o

2. ZSERE, RHERMFIRAMER GEE, hTogsct, BILshn EMEREZESRITHETUTR) .
3. MRFTRITEE, MIERIEHITHEL,

Qs 8-4 FvrR, “MIRERJRHEL” HHRIETTIYS “ARETHEL” MR, FATRARY miES A1\
EHETEAL, BRI R SR RS, SRGTER T I IRME, EBOE M7 BB B TC A

iR

R
e T * opgns R
2000200800080 step 1 |
TR
1 RATIRSHRT A
2. SRR
[step 3 | (5] [7]6]7[6]2]1]e]3]6]2]

W oN e

w N e

Oa8000880800

SETmTRLE

. TR SERTRZR

. B MFTRERTER

. MIER#HTHK (Sift Down)

v ETHR S5, 8, 7 H, X 8 &Kk
- TR 5 51K 8

SEMTRLE

. BEMTRSERTRZIR
. B YATAERTER
. MIREE#THEW (Sift Down)

v TR 5, 6, 7 W, TR 7 RA
o HRTIR 5 5T 7

Step 5 ‘

EarEEEEEEEEE

: step 7 |

EEE - B nE

SETTR LS

1. BETTRSHETRZR

Step 2

IR LS

1. BHTMTRSERTRRZR

2. B HRESERTR

3. MIRER#THA (Sift Down)

v EBR 5, 8, 7 #, TR 8 B

Step 4

SETRTR LS

1. BETRSERTRZIR
2. PHHRIEETR
3. MIRER#T#A (Sift Down)

v TR 5, 6, 7, TR 7 |A

( Step 6

ETRTTR LIS

1. BRTMTRSERTRZR

2. HHYEIERTR

3. MIRER#TH#A (Sift Down)

©w EBR 5, 3, 6 A, TR 6 B

Step 8
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RIRTRGHE RITCR LR
1. BETTESHETRTA 1. BT RSHETERA
2. WHEMREETE 2. WHEMBEETE
3. WRERE#TRA (Sift Down) (6 ) ( D 3. WIRBE#T#4 (Sift Down)
z;:; S 3;5,::; e A g ,‘Z SBUERE, ATHENEREEIES
(2]
0000000000 s 2] step 9 0880006080800 | step 10

K 8-4 HETHITER tHHED IR

SRR AHERIEEM, HETUTR B HEIREN R E 200y O(logn) » ARESINRATR:

/l

/* TTERUE */
int pop(MaxHeap *maxHeap) {
/] H=hhiE
if (isEmpty(maxHeap)) {
printf("heap is empty!");
return INT_MAX;

File: my_heap.c

+

/] REBTAEREHTR (RIRETERSETR)
swap (maxHeap, 0, size(maxHeap) - 1);

[ BFRT =

int val = maxHeap->data[maxHeap->size - 1];
maxHeap->size--;

!/l MIRZE[RHENL

siftDown(maxHeap, 0);

/] REBETTR
return val;

}

/* W= 1 FFi8, MIREREL +/
void siftDown(MaxHeap *maxHeap, int i) {
while (true) {
/] AR SR i, 1, r PERAKNTR, B84 max
int 1 = left(maxHeap, i);
int r = right(maxHeap, i);
int max = i;

if (1 < size(maxHeap) && maxHeap->datal[l] >

maxHeap->data[max]) {

maxHeap->data[max]) {

max = 1;
¥
if (r < size(maxHeap) && maxHeap->datal[r] >
max = r;
¥
/] B S i BAEES 1, r R, WERSESHEN, B
if (max = i) {
break;
¥
/] FTHEFT R

swap (maxHeap, i, max);
/] EFETHENL

i = max;
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8.1.3 ¥MERKA

- PRSBSOS SE A I B A BRSE 1Y, BRI ARAE RN 2 243578 O(logn)
, TEHERIER O(n) , IXEEBRMERRARE SR

- MR g —dHEdE, BT DB —DHE, A5 AR TR e E, MM EIE B
i SRIM, FADEHE S —ME AR NS B, T “HEHTT E

- BRMURRI EAVEER: X2 —NEMARIER, RINHZ RN, G RVERT 10 FHTE
TENTAEAE, G EAT 10 AYRS %,

8.2 EMHRF

FERLMROUT, TR~ NIRNFTE TR D, XN “EHERE,

8.2.1 fRBHINIEIR{ESCIN
BATE S QR —ANBHE, RIERFHNE, RIS DN TERIT AHHRIE”, B T E2RmMER R, &
SZTTEHUT “NRET” HEL,

Y —DITRAME, HERKERN—, BT R0 NIRERAR AR = SR, Fites “8 kR
FER,

B RHEN n, BPTROAEREGSH O(logn) NE, Ktz AN REZ2EHN O(nlogn)

[e]

8.2.2 & BT

SKhR L, FRATAT DASEEL — R e T 1%, o i,
L. RFIRATE TR IEEASARINE R, R HERPE R A RIS 2 2
2. i (BPEimERE), RO DR RT “ATRE R,

T AT UG, PR ROV R PRV R — A SN, T TR ERER, RitER (A
SR A,

Z OGS B m, BROVIZAERES CRIE S AT R PR FELR SR THE, XA S /T A2
AR,

EREHIE, BTHYREA IR, BEfIRAME GIEN i, ik, WU RBTR, &E
—MNMEM T R RE DRI, BATWETT A E 7 AT HE(
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// == File: my_heap.c =

/* FRERE, RIBTIREE «/
MaxHeap *newMaxHeap(int nums[], int size) {
!/ FiETTENE
MaxHeap *maxHeap = (MaxHeap *)malloc(sizeof(MaxHeap));
maxHeap->size = size;
memcpy (maxHeap->data, nums, size * sizeof(int));
for (int i = parent(maxHeap, size - 1); i >= 0; i--) {
/] HEARBEHT R UMY EMEIE T R
siftDown(maxHeap, i);
¥

return maxHeap;

8.2.3 ERESNHR

R, Bl DR 5 — R AN I 2
s I AR 0, MR (n+ 1)/2, HeR ) N R, RS
RN (n— 1)/2.
- TENTE RIS, B RS MBI, IR AR BN — R log n o
A5 AP, ARSI RN 2 O(nlogn) o MUXAEEEERIERMED, BITRITIEAT
)~ AR AR S T TR S PR
B TR PIOAT B AR5, 9 T MR SIMERE, [BRAATE — 1A n L BN h Y “526—
S, AR S S R

FR=E PEPANE

(EMEHRAERRE)
h 20
///’\\\\ 1
h-1 2
SN N 2
[R—— | T J—— 2
VIV IYE
B 23
1 2h-1
(FER, WHRBEN e 0 2"

0)

B 8-5 SEE XMHIRZET R

i 8-5 Fir, T “ATHERJRHEL” AYRAIERUREEE T (28I R B R, TR IER "R
JE”, [, BATATDON S RA “ i 8d x WREET K, 1R TR R B S AL,
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T(h)=2°h+2Y(h—1)+2%(h —2) + - 4+20"1 x 1
fefE B FTEEB A FNEIR, ek T'(h) A2, 155
T(h)=2hn+2'(h—1)+2%(h—2)+ -+ 21 x1
2T (h) =2'h+2*(h—1)+23(h—2) + -+ 2" x 1
R AAEEGE, R 2T (h) WE LT (h), 715:
2T (h) — T(h) = T(h) = —20h + 21 422 ... ;- 2h=1 4 2P
Mg EX, BB T (h) B— B, rTEZEFERRNAK, 15208 ERER:
1—2"
T(h)=2——5—h
— 2h+1 —h—2
= 0(2h)
2, BEN b RREMT AR n = 2" — 1 B/EERENOR2Y) = 0(n)., DEEE

R, FANFIRIFFEHERIN TS O(n) , ERERL

8.3 Top-k ialEA

Question
HE—NEEN n EFEAH nuns , THEIRBIEEHF RN E DNTE,

MM, BAVC PR EES LR BRI, B AReR E E R HE RS,

8.3.1 Fix—: BHiER

TATAT LORATIE 8-6 Fmsi k583w 7, 2 RIESRCPREGE 1, 2, ...« K KITR, WHEREN O(nk) .
WHEFOERT k< n BN, FRY k5 n lEEEEN, HERRERE-EET O(n?), JEEFER,
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k =3
nums n 7 nn BHERRATE
N

B E—WHEE 1 ATE
N

B BoRHBE 2 ATHR
\\

én BSWHREE 3 ARE

K 8-6 i Sk AR k TR

Tip
Hk=nh, BATUASEERBOARFFY, WHENT & Bk

8.3.2 AFix=:. HF
i 8-7 Firs, FATATLASE$EH nums METHER, FHIREIEAILN kAR, MEEZE N O(nlogn) .
BAR, T A RS T, WARMAER RN kAT ENE, MAEEHFE TS,

k=3
mns (L EIEIEIZ)

FHEEAFITHEF

- 4O
RESA k TR

000

K 8-7 Ik AR k MR

8.3.3 FiE=: i

BATTAT AR T HEBE A Rot g ok Top-k M, iRAZ4NE 8-8 Ffim,
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L. WIefe— A/ NTiiE, HHETTOTR &R/
2. SR EEHRIET K DNITRIRIRNHE,

3. MEB k + 1 MndITs, HERTRATHNUTR, WARHETUTRHHE, FFR AT R AL,

4. WhreRa, HEFPRIFRIRUR RORH kDIt

k=3

(2000

A
i

1. BHE1 k MTENE

s

k=3

- @0000)
:

i

1. 880 k MRENE

Step 3

k=3

w @0000
:

i

1. Ra k MTENE

2. ME kel DITEFIRHINT
v YEITEE > BITR

- FPETRTHR S

k=3

-~ (2008
.
i

1. B# k DMTENE
2. M3 k+1 DITRFHEHIE
v HEITR < BIMTR

:tm@

ZRWET
BART

ztm
o 0

ZRWET
‘ 2 BART

:tm

ZRWETR
# K] BART

#10 (::)

ZRIET
‘ +J BUART

Step 4

‘ Step 6 ‘

Step 8

k=3

w: (E000
.

i

1. a0 k DEENE

w @0000
:

i

1. 0 k DTENE
2. M3 kel DITEFEAIT
v HEITE > EITE

k=3

w: (2008
.

i

1. BH k DTENE

2. M3 kel DTEFEHIT

v MEITR > BINTHR

o TR
EERITTRENE

k=3

w: (0008
.

i

- BE k DTENE

« ME k1 DITRFEHIT
v YEITR < RITR

~ B

[N

TR

ZRWET
BART

e (@0

iem
o o

ZRWET
‘ & WART

sm (@)
O o0

ZRRWET
WART

#m @)
o 0

ZXWET
‘ < BART
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s um (@)
~ @8080 6/ ®
L/ A 4
WA, BE heap BIE]
ZRHRE
BART
G T T
Step 9
K 8-8 E:THEFHREAM k MTE
REESATTR
// == File: top_k.c =
/* TTENE */
void pushMinHeap(MaxHeap *maxHeap, int val) {
// TEER
push(maxHeap, -val);
}
/* TTEHE */
int popMinHeap(MaxHeap *maxHeap) {
// TEER
return -pop(maxHeap);
I3

/* IRIEETRITER +/

int peekMinHeap(MaxHeap *maxHeap) {
/] TTEERR
return -peek(maxHeap);

I
[* BYHERITER */

int *getMinHeap(MaxHeap *maxHeap) o
/] EEFFRETENRHIFN res #HA

int *res = (int *)malloc(maxHeap->size * sizeof(int));

for (int i = 0; i < maxHeap->size; i++) {
res[i] = -maxHeap->datal[i];

+

return res;

}

/* BRE#EARITTER +/
int *getMinHeap(MaxHeap *maxHeap) 1
/] RHEFFRBETERRHEN res ¥4

int *res = (int *)malloc(maxHeap->size * sizeof(int));

for (int i = 0; i < maxHeap->size; i++) {
res[i] = -maxHeap->datal[i];

+

return res;

I
/] EFHEHRHMAREARN k NSRBI



FE M www.hello-algo.com 178

int *topKHeap(int *nums, int sizeNums, int k) {
/] WE T
/] EFR BOTBEFRETRIER, MimAARTHERED T
int xempty = (int *)malloc(0);
MaxHeap *maxHeap = newMaxHeap(empty, 0);
/] EBEAWET kK DITENE
for (int i = 0; 1 < k; i++) {
pushMinHeap(maxHeap, nums[i]);
}.
/] MZE k+1 DNTEFS, FHPENKER K
for (int i = k; i < sizeNums; i++) {
/| BEETERTHENTE, WRHETUTRLE. HFicRENE
if (nums[i] > peekMinHeap(maxHeap)) {
popMinHeap (maxHeap) ;
pushMinHeap (maxHeap, nums[i]);
¥
}.
int *res = getMinHeap(maxHeap);
!l BHRRE
delMaxHeap (maxHeap) ;
return res;

SAEIIT T n S AHERI I, HEROBAK AN kb, A 2N O(nlogk) o ZOTIERIACRIRG,
ke NG, TR AR O(n) 5 24 k Bk, IAE RS O(nlogn) «

SN, BITIEREMR TSR E R, EABTIIABRER,, BATA] DS 4EHENRITTR, ISR
R k ANTCERIIBIASE T,

8.4 I

1. EREE

- OMER MR U, MR N RTERVN T, & () TERIETUEERRA ON) 1.

- RSEBAFIE SUR E HNESC N, A B TR S,

R R LA B ) 2R RS TEEAME O(logn). MEWITEEHIHE O(log n) RV FIHET
& 0(1) %,

L See T WHHERNES SRR, IR A S R A

AR T AP HEAOMERR, 7E MR R 2

- n AR E 2 T DR E O(n) , ISR,

- Top-k B—MNEBEDAFG, T OAEHESRG R, WIS ZEN O(nlogh) «

2. Q&A

Q: BUR&HK) “HE” SNFEHA “HE” 2R MEEE?

PIERRE— S, FURREGEN “HE”, HHENRANF MR SIS RN —E S, BPEsiTn
A DAME R EORAF B RUE. R Al AR — e BAUHENTE, AT EA RS R o, S IXEE R
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BREN, BFRERIOXENT, DB LN, TN, R EBAE A TR I,
ML ATRE S S BUATF R AN B f e <5 (Al
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Abstract
EAEmRIES, BTG E— DR, HIEEENWILHEIE,
HF—RIMHIRSHEE, #EX5KE KRR 2SR 8RR EDID,




Bow K www.hello-algo.com 181

9.1

(graph) 2 —FhAELM BB, M= (vertex) FIi (edge) Ak, FATATDLKE G gtz n—
ARV MI—Hil E EE. ANRAIER T —MLE 5 N 7 ZaavEl,

V ={1,2,3,4,5}

E={(1,2),(1,3),(1,5),(2,3),(2,4),(2,5),(4,5)}
G={V,E}

WERRTURENET R, RIDBEEERS DT RSN (a8, AR DLRF B 7E— M BE R R A EX
45, N 9-1 AR, MIETEMRR (BER) FIMGRR (W), PIgERR (B) MAmEES, HimE

!

| /\ S
!

i # &

(BHEXR) (SHE%R) (REXR)

ENZEEmERS, AMtRASER

B 9-1 #ER. M, BEZRIRIRR

9.1.1 EIMERAEBSKIE

iR G EA TR, a5 hEEE (undirected graph) f1BEM@EE (directed graph), 4N 9-2 FfizRe

- FEEET, BFORMTURZEIR AT ERRR, BINIEE QQ HHY “4FARART,
- tEAMEY, PRGN, A — B A« BWRANAREE TN, Flanm s -
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ZHE A
(aFxAm) (aBrm)

K 9-2 HHESILHE

WRIBATE TSR G EE, ] NiEEE (connected graph) FI13EE@E (disconnected graph), & 9-3 Fi
Ro

- NTEEE, WNENTRA, AR HARERTR.
© OTHREEE, WEADTURHR, 20D TRICIRENE,

N

8 B
(AT EEE) (FEMRAEE)

9-3 EEESAREEE

PATERT IOILEsm “FEE" &, MMSEINE 9-4 FiRiEIE (weighted graph). BIAITE (EHRE)
FEFWerh, RGN RN R RIS 2 MR “SRERE”, XM E M4t n] U A ERRR,

T HRE
(Fr&B%EAM) (LRAEWNER)
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9-4 HIESTEANE

BRI & DU B AR,

- ¢F% (adjacency): MM Z AIFIEILAHZER, FOXMITUR “QFHE"7, TEE 9-4 ) TR 1 ARRHE TR
TR 2. 3. 5o

-+ BB (path): MR A FITWR B S R REIFFIRFR UM A 2 B 1Y “B&127, 7EE 9-4 Hh, 4%
Hl| 1-5-2-4 2 TR 1 BT 4 19— SR8 12,

- E (degree): — M IURIMARILE, X THME, NE (in-degree) Fonf Z/ D FULFRMNIZTIN, HE
(out-degree) KA Z/DFIBMNLIURTEH,

9.1.2 BEIMERT

EH R T N “RRERERE” 1 “ABERT, DUNERI T A T2501,

1. 4BiERERE

RN AEE N n, $MEERE (adjacency matrix) HH—1 n x n K/NHEIERFRE, 8—17 ) 1R
T, ERETENRRD, H 180 ZRmAD S B RS EEN,

HIE 9-5 R, WAMHERRER M., TUSHIRN V|, ILmHIEE M, j] = 1 FoR V]i] #1105 V]
WD, ]2 M, j] = 0 ZRMIAZ TG,

mR%IE

#l o 1 2 3 &4
o e, 1 10

‘ ‘ \ 101 e 1 0 @

SRIREERE
graph adjacency matrix

9-5 EMMRIEFEFRIR

WIEHEFEEA AR,

- TERIRE, WURARES B SHE, HEIRRRRERE X A LOTRIAE
- TR, BRSO T X SR,
- RFARREFERITTRM 1A 0 BN E, WA Ron A A,
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i FH AT AR RN IR, FRATAT DAE R RIAE R R DAREGS, (R N E SR E IR IR &, IR A4
B O(1) . AT, MEFERZEEZERN O(n?), PfES RS,
2. SPiER

$BiER (adjacency list) fEH n MEFRRFTRE, HERTRFRTUL 8 1 DMER NI ¢, HAEME 7%
TBUSHIFT A BEETUR, (SGIZTUSHERITUR) o 1B 9-6 JBIR 7 — M ARRER R K BI7R B,

R SERAREENFER

™~
[ e« eole

Wiz
graph adjaceney list

B 9-6 ERIBERIR

AR MUF MR F R, THAMREOEH N T n? , WItEEN T, A, ENERPTEE
i P EERORE I, R RISCR AN A R R

WIZEE 9-6 , AREREEH SRR “BERIBAE” TR, RUARA 0T AR AU 7 R ARALRR,
HOA S A KR, T DU RE AL AVL RSRTSBA, MM O(n) L% O(logn) ; AT
DHEgEREEHONIA TR, TN E 28 O(1) .

9.1.3 ENERA
R 9-1 R, VFZEISERGUR] DU EDRGERE,  AH R A AN AT AL & TR R

#9-1 BAETEFE WE

i b el
RS R GFRRAR TBHELT I HERE
HEkERES  whe SRR R EHER

ENIEER 2k BARREDTESINER  TRPUEHE



Bow K www.hello-algo.com 185

9.2 EREhLIRF

EIRSELAHRCERT 0o xt “I07 BORBRCERIN “Ti” AU3RME, £ “QBRAERE” R “QBEER™ MAFRTIAT, %
B AR AN

9.2.1 EF4BIEEEAYSCIR

NIRRT n BTEAE, NSRRI ER LB AnE 9-7 R,

ORISR : ErBEE AT R SRS R AR, A O(1) WAL, mid TREME, HtFEER
BB T 7 O,

WU (AN IR 1T %1, A 0 BIRT, A O(n) KA

MBI FEAREEERE bR 1T 5, UMM AT ESINA SRS, BB (n — 1)2 A EE
“Ffe LREE”, MR O(n2) I,

WM A n NI, WIAMCKEE N n TSI vertices , T O(n) B, 1B n x n K
INIARBESERE adiMat , 5 O(n2) B,

TRFl& bttt
® o 1 2 3 4 ®w e 1 2 3 4
o o 1 o 1 o . 0 o 1 1 1 o
—— MeaE —— winn )

\\\\ 110 1 o o \\\\ 11 0 1 o o

//// 2 0 1 0 1 1 //// 2 1 1 0 1 1

— 3 01 0 1 0 1 — 3 01 0 1 0 1

4 o 0 1 1 o 4 o @ 1 1 o

SBIEERE B PHEIERE
Step 1 Step 2
T TR (<)
® 0o 1 2 3 4 ®l 0 1 2 3 4 5
o o o 1 1 o 0 o o0 1 1 0 o0
— rz € —— Fm O
\\\\ 1 e o 1 0 o \\\\ 1 e 0 1 0 0o o0
//// 2 1.1 o0 1 1 //// 2 1.1 0 1 1 @
— 3 01 90 1 0 1 — 3 01 0 1 0 1 0
4 e @ 1 1 o :iy 4 o @ 1 1 0o o
N Y
. 5 o ] '] o ] [}
SPIERERE SPIEAERE
Step 3 Step 4

TSR (5
#w o 1 2 3 &4
o pr—s e o 1 1 o o
\\\\ 11 0 1 1 o
\\\\‘ 2 1 1 0 1 o
//// 3 0 1 1 0o o
CD 4 o @ o 0 o

3] BIEAERE

Step 5
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B 9-7 AREEIEFERIRIAGIL, B, SEMTTN

DA B A5 T AR R P 2R B A SE AR -
// == File: graph_adjacency_matrix.c =

[* BETFMEEMSSIMNTRESEE «/
typedef struct {
int vertices[MAX_SIZE];
int adjMat[MAX_SIZE][MAX_SIZE];
int size;
} GraphAdjMat;

[/* FREREL */
GraphAdjMat *newGraphAdjMat() {
GraphAdjMat *graph = (GraphAdjMat *)malloc(sizeof(GraphAdjMat));
graph->size = 0;
for (int i = 0; i < MAX_SIZE; i++) {
for (int j = 0; j < MAX_SIZE; j++) {
graph->adjMat[il[j] = 0;
5
+
return graph;

S

[* WHGREL */

void delGraphAdjMat(GraphAdjMat *graph) {
free(graph) ;

}

[* FINTRAR */
void addVertex(GraphAdjMat *graph, int val) {
if (graph->size = MAX_SIZE) {
fprintf(stderr, " EMINR#HEEAZAE\N");
return;
}
[/ FI%E n NS, HEE n THHES
int n = graph->size;
graph->vertices[n] = val;
for (int i = 0; 1 <= n; i++) {
graph->adjMat[n][i] = graph->adjMat[i]l[n] = O;
}
graph->size++;

}

/* MBI +/
void removeVertex(GraphAdjMat *graph, int index) {

if (index < 0 || index >= graph->size) {
fprintf(stderr, " TRSZ5[#F\n");
return;

+

/] ENRFIRPBRFZRS| index TS
for (int i = index; i < graph->size - 1; i++) {
graph->vertices[i] = graph->vertices[i + 1];

¥
/] TESBIZFEPEHMIPRZRS| index BY1T
for (int i = index; i < graph->size - 1; i++) {
for (int j = 0; j < graph->size; j++) {
graph->adjMat[i][j] = graph->adjMat[i + 1][j];
¥
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}.

/] TESBIZAEPERMIPRZRS| index BYF

for (int i = 0; i < graph->size; i++) {
for (int j = index; j < graph->size - 1; j++) {

graph->adjMat[i][j] = graph->adjMat[i]l[j + 1];

¥

}

graph->size--;

by

[* A */
/] &% i, j M vertices FTEZRSI
void addEdge(GraphAdjMat *graph, int i, int j) {

if (<0 [l j <0 |l i>= graph->size || j >= graph->size || 1 = j) {
fprintf(stderr, " HZESEARIEZE\n");
return;

}.

graph->adjMat[i][j] = 1;

graph->adjMat[j1[i] = 1;

}

/* MIERIA %/
/] &% i, j XM vertices FTTEZES|
void removeEdge(GraphAdjMat *graph, int i, int j) {

if (i <0 || j <6 |l i>= graph->size || j >= graph->size || i = j) {
fprintf(stderr, " HWZES|@FRHEEF\n");
return;

}

graph->adjMat[i][j] = 0O;

graph->adjMat[j][i] = O;

i

[* FTENSPIZFERE */
void printGraphAdjMat(GraphAdjMat *graph) {

printArray(graph->vertices, graph->size);

printf (" <FEEE =\n");

for (int i = 0; i < graph->size; i++) {
printArray(graph->adjMat[i], graph->size);

¥

9.2.2 EFPIERMITEN

RIRE TSSO n. JEEO m, NWIRTHYEE 9-8 FrRiI 7 RSl MR E,

VI FETILEOR B BE AR FEVR IR BN TT, 5 O(1) iRl PR, F7 AR A
AR,

COMRRL: TETUEON BB A MRS, B O(m) W, FETERIER, AR
IR,

C BRI (EAEE IR, SRR TS E N R LTR, (A O(1) I,

- OMRRT: TR, MRA SIS ETURATE, [ O(n + m) B,

- WA LEARBER QIR n NTIAGT 2m 498, W O(n + m) W,
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Step 1

Step 3

irsia E-©

Step 5

SRIRABESNFE IR

SHMRABENATE TR
-0
0-0-0-0
0-0-0
o-0

mirsTsR €

wnn @-0 | g

@€

Step 2

BiER

B 9-8 ABREARAIFIGGIL, WML, HEMH TS

AN ERREERAIRAG LI, XA 9-8, LR A LR AR,

© N T B IE BRI, DARSRIEARD, BAIEMSIFR G RCERR,

R SEIMRAEENFTE TR

PRER

L SEINRAEERTE TR

HER

- ARG FRAAEER, key NTURSLM], value MIZTRAIAHETRSIR (BEKR).

FAIN, BAHERER B Vertex ZORFURTIA, IXFHMAEVIRAE : ARG MRHEFE—FE, MSIRRTIRK
XAARRTR, AR EMERRG Dy « TR, WFEHRENBERE, KA RT « IRI[EME 1, %X
HIRML MR TUARZHE R Vertex LB, MIBRAE — TRz FEs s HAh TR T

// == File: graph_adjacency_list.c =

[x %

4t

m=0

iR %/

typedef struct AdjListNode {

Vertex *vertex;

/] T

struct AdjListNode *next; // E#H#H S
} AdjListNode;

[* BERIUEFMAT R +/
AdjListNode *findNode(GraphAdjList *graph, Vertex xvet) {
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for (int i = 0; i < graph->size; i++) {
if (graph->heads[i]->vertex = vet) {
return graph->heads[i];
}
+
return NULL;
}

[* FNAEHBNEREL */
void addEdgeHelper(AdjListNode *head, Vertex xvet) {
AdjListNode *node = (AdjListNode *)malloc(sizeof(AdjListNode));
node->vertex = vet;
/] k¥EE
node->next = head->next;
head->next = node;

}

/* MBRIZIHBIREL */
void removeEdgeHelper(AdjListNode *head, Vertex *vet) {
AdjListNode *pre = head;
AdjListNode *cur = head->next;
/] TEHERPHEE vet WHTH
while (cur != NULL 8& cur->vertex != vet) {
pre = cur;
cur = cur->next;
}
if (cur = NULL)
return;
[l B vet XMRZTRMEERFMIBR
pre->next = cur->next;
!/ BBAF
free(cur);

}

/* BEFMERTINEEESE «/
typedef struct {
AdjListNode *heads[MAX_SIZE]; // Ti=%i4A
int size; /] TREE
} GraphAdjlList;

[* HEREL */
GraphAdjList *newGraphAdjList() {
GraphAdjList *graph = (GraphAdjList *)malloc(sizeof(GraphAdjList));
if (!graph) {
return NULL;
¥

graph->size = 0;

for (int 1 = 0; i < MAX_SIZE; i++) {
graph->heads[i] = NULL;

}

return graph;

}

[* MIHIEREL «/
void delGraphAdjList(GraphAdjList *graph) {
for (int i = 0; i < graph->size; i++) {
AdjListNode *cur = graph->heads[i];
while (cur != NULL) {
AdjListNode *next = cur->next;
if (cur !'= graph->heads[i]) {
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free(cur);
}
cur = next;
r
free(graph->heads[i]->vertex);
free(graph->heads[i]);
+
free(graph) ;
}

/* ERMSIRETR *+/
AdjListNode *findNode(GraphAdjList *graph, Vertex *vet) {
for (int i = 0; i < graph->size; i++) {
if (graph->heads[i]->vertex = vet) {
return graph->heads[i];

¥
¥
return NULL;
F
/* AN x/

void addEdge(GraphAdjList *graph, Vertex *vetl, Vertex »vet2) {

AdjListNode *headl = findNode(graph, vetl);
AdjListNode *head2 = findNode(graph, vet2);

assert(headl != NULL && head2 != NULL 8&& headl !'= head2);

// #IiA vetl - vet2

addEdgeHelper(headl, vet2);

addEdgeHelper(head2, vetl);
}

/* MERA «/

void removeEdge(GraphAdjList xgraph, Vertex *xvetl, Vertex *vet2) {

AdjListNode *headl = findNode(graph, vetl);
AdjListNode *head2 = findNode(graph, vet2);
assert(headl !'= NULL &% head2 != NULL);

// MBRA vetl - vet2

removeEdgeHelper (headl, head2->vertex);
removeEdgeHelper (head2, headl->vertex);

S

void addVertex(GraphAdjList *graph, Vertex *vet) {
assert(graph != NULL 8& graph->size < MAX_SIZE);

AdjListNode *head = (AdjListNode *)malloc(sizeof(AdjListNode));

head->vertex = vet;

head->next = NULL;

/] TEBERPRIN— R
graph->heads[graph->size++] = head;

}

/* BIBRTRE %/
void removeVertex(GraphAdjList *graph, Vertex *vet) {
AdjListNode *node = findNode(graph, vet);
assert(node !'= NULL);
/] TESHERPRPRINS vet IRZAYEER
AdjListNode *cur = node, *pre = NULL;
while (cur) {
pre = cur;
cur = cur->next;
free(pre);
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/] BRHEMITENER, HRFMEESE vet B8
for (int i = 0; i < graph->size; i++) {
cur = graph->heads[i];

pre = NULL;
while (cur) {
pre = cur;
cur = cur->next;
if (cur && cur->vertex = vet) {
pre->next = cur->next;
free(cur);
break;
Ip
¥
}
[/ BZINMRZ ENISREIEEn, LIRsNTER
int i;

for (i = 0; i < graph->size; i++) {
if (graph->heads[i] = node)
break;
}
for (int j = i; j < graph->size - 1; j++) {
graph->heads[j] = graph->heads[j + 1];
¥
graph->size--;
free(vet);

9.2.3 RERLL

REFIAE n DR m 5838, 3R 9-2 X T MRIEFFABRR AN BRI SRR, THER, BER
(HER) MMASCEI, mAER (BHR) TR AT RS HON G R )5 HI L,

R 9-2 ABEEMES AWHERX L

MWEFERE  ARHER (HER)

MR (G R)

HWREME O(1)  O(n)
e o1)  0(1)
Wik o1)  On)
VRIS o)  O(1)
BT On?)  O(n+m)

WEEREGE O(n?)  O(n +m)

o(1)
o(1)
o(1)
o(1)
O(n)
O(n+m)

MEERR 9-2, PLPARER (BRER) KN ERERS DEPERRM. EXFRE, EBEEME BRI EILRERE
i, AFR— KB MERERERTR], Z2aRE, WHRIEMEARILT Dl R | A, SRRk

BT “DARF IR
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9.3 EMER

PHRERRYR “—X 2" FRR, MENAEAESNEBE, AIURRERRN “2M2" XA Eit, FTAE
EMBERE—MRL, AR, PR E o P 936 D AR — Rl

PRI AR T 2 PR R R LB i, A 7 75 SR s ERTBH IR ER B,
9.3.1 [ ERFiER
VAR C D e — R I T K, MEAVI R, WREURTiMBERRIENTL, 22

ke WE 9-9 R, WA EATRHR, EoEmzIsiIpTa BT, RIEE T — PR BT A AT
IR, DAESRIE, BEREITE R 7EEE,

| Brr-ERiciEn
| (BFS)

BATAR HiEhs,
HIERGE. EEY HnEm=

| WA
0,1, 3,2, 4,6,5,7, 8

B9-9 BT AL i)

1. BN

BFS 3@ (EBIRASIRSCI, AR AR, AFIEA “SEASEH” FIMERL, X5 BFS 9 "ML Miz” #9848
FfFE To

1. ¥IBIE T startVet MABNG, FHIFBIER.
2. EPERI IR, A E TRFICSIA, SRERIZ TR B FTE B T A B BA S FE#R
3. IR 2., EEIFTETEBI R e EEE R,

N TRIIEER AR, BOIFEGE— MR ES visited SRICRIFLET L EHI I,
Tip
G AEIE— D HTEE key MIATEE value IIGAER, TRIPAE O(1) BHEE 2% FHAT key
A L R E, ARAE key RUME—1E, MEFRESETHTEIEREED R,
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// = File: graph_bfs.c =

/* TIEPATIEEE «/

typedef struct {
Vertex *vertices[MAX_SIZE];
int front, rear, size;

} Queue;

/* SR */

Queue *newQueue() {
Queue *q = (Queue *)malloc(sizeof(Queue));
g->front = g->rear = q->size = 0;
return gq;

}

/* FIERBATIR T AT */
int isEmpty(Queue *q) {
return gq->size = 0;

h
[* NBARME «/

void enqueue(Queue *q, Vertex *xvet) {
q->vertices[q->rear] = vet;
g->rear = (g->rear + 1) % MAX_SIZE;
g->size++;

I
[* HBARIE «/

Vertex *dequeue(Queue *q) {
Vertex *vet = g->vertices[qg->front];
g->front = (g->front + 1) % MAX_SIZE;

g->size--;
return vet;
}
/* MEMREEEHIANE */

int isVisited(Vertex xxvisited, int size, Vertex *vet) {
[/ BHREKRT S, £H 0(n) BE
for (int i = 0; 1 < size; i++) {
if (visited[i] = vet)
return 1;
+
return 0;

}

[* T"EMTE8H */
/] ERPMERRRTE, UERBISE RIS

void graphBFS(GraphAdjList *graph, Vertex xstartVet, Vertex *xres, int xresSize, Vertex

< **xvisited, int *visitedSize) {

// BABIFFSEIR BFS

Queue *queue = newQueue();

enqueve(queue, startVet);

visited[ (*visitedSize)++] = startVet;

[/ UIis= vet AR, BHREEIHESEREINSR

while (!isEmpty(queue)) {
Vertex *vet = dequeue(queue); // PAETI=HPA
res[(*resSize)++] = vet; /] IERipENS
/] BRIZINRBIFRE SR TNm
AdjListNode *node = findNode(graph, vet);
while (node != NULL) {
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/] BkEEHHIRIR TS
if (!isVisited(visited, *visitedSize, node->vertex)) {

enqueue (queue, node->vertex);
visited[ (xvisitedSize)++]

}

node =
}
+
/] BHAE

free(queue);

B SR,  FEBO ARIE 9-10 AHANTREERE,

TR () s, ST
1. HRITRINERHS res

2. RBETARAFAAE BETRRAIT
ABA que FHMA visited

M () HIA, AT

1. BEM=MNERHFF] res
2. BEIMREFE PEMRAIT
NBA que FHIMA visited

node->next;

/1 RNARIBRIBITRR

= node->vertex; // tRgZIN=EHIAIAE

BAFY que

o

[P

HEA

IFEE visited
o
[ Step 1

BHFFI res

TR () K, FTUTIRE

} 1. BEAAMNEFHFT res
2. BERRBFEPETLRAIT
ABA que HIIA visited

(00

BAFI que

o000

-—

HEA

IRRES visited

(00000

BAHFF res

T (E) K, FATIUTiRE

} 1. BEMRMNERHFS res
2. RBERRMFESELRAT
NBA que HPIA visited

(0000

BAFY que

000

-—

HEA

GRS visited

(0000000

M () A, AT

} 1. BEZMSMNERFF] res
2. BEIMRBFE BEURAIT
ABA que FHAIA visited

BFEFT res
© J
BASY que
(1)
- o

REEE visited

(000 |

BHFT res
(000 )
BAF que

000

WBEEE visited

(000000 |
step 4 |

BHEFT res
(00000 )
000

BEEE visited

(00000000 |
[step 6 |
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B

ma () B, AT

1. BENRMNEDFS res
2. REMREFE PERRAIT
ABA que FHIA visited

e () B, FHATUTHRIE

1. BERMNEDFS res
2. BEIRREFTE SBEIRSAAT
ABA que A visited

EHFF res
(000000 J

BAFI que

o0

HHBA U

EHES visited

(00000000 |

[step 7|
BHFT res
(00000000
BAFI que

(]

BEES visited
(000000000

s

= BAF que A,
« HEEE], SEREH

T () B, AT

1. BEZMRMNERFF] res
2. REZMREFE SPEMRAIT
ABA que FHAIA visited

11

- ——6
M () s, FATUTHRE

1. BZIARMNEFFT res
2. BEMREFREBETRAAT
ABA que HBIA visited

BHFF res
(000000000
BAF que

MBES visited
(000000000 |

\ Step 11 ‘

B 9-10 BRI e i 3R

D) res
(0000000 |
M5 que

BEKS visited

(000000000

‘ Step 8 J
BHFT res
(000000000
BAFI que
. e

BEES visited
(000000000

‘ Step 10

) BT D R e 512 15 W —2

ANME—, RS EE D R R “HE NI RN, 1 2 A IR G T ok D I s e V8
FEEATHEL. DAE 9-10 MM, Tkt 1. 3 BT AN AT BAZZ ke, T 2, 4. 6 RT3 RN th Al DAE R 56t

2. BEFRESH

IR A PR TS AR —1, 65 O(|V|) I, fEmpiass s, TR,
LA AR 2 2 0, 6 O(2|E|) Il Sk O(|V| + | E|) B,

THERE: FIK res, IBTHHES visited, BAF que MINTUREERZ N V], fH O(|V|) =M,
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9.3.2 REMKxERH

ROt i — R e B BIE,  Joisal B i ki@ 75 k. aniE 9-11 FioR, MWE AR, Tl
AR AYSE D RRHE TN, BEVESRSKINIRE, FBARSUERRSLIFIRE, DUk, BREAA TR 52
o

11 10
. ERESRE
2 3 (DFS)
13)f a2 “ ° BURsS FH2HA,
: EBSLAEE, BENLAEE,
6 DUk - HERRER
e EERFFIH

©,1,2,5, 4,6, 3

B 9-11 EIRREMS I

1. BESEN

XA ERRSLERRET FERERIE R TIERKE, 5 EeE R, ERE e, A
WHREEB — P IEH RS visited RICKEHIRIVTUR, DOBGES VIR TR,

// == File: graph_dfs.c =

/* KMEMREEEWIAN */
int isVisited(Vertex **res, int size, Vertex =*vet) {
/] BHEKRTR, B 0(n) BE
for (int i = 0; 1 < size; i++) {
if (res[i] = vet) {
return 1;
¥
}
return 0;

}

[* REMIBHIEBIREL */

void dfs(GraphAdjList *graph, Vertex **res, int #resSize, Vertex #*vet) {
/] BFRIBRTNR
res[(xresSize)++] = vet;

AdjListNode *node = findNode(graph, vet);
while (node != NULL) {

if (!isVisited(res, *resSize, node->vertex)) {
/] BFIFE)EBIET =
dfs(graph, res, resSize, node->vertex);

¥

node = node->next;
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}

[*x REMRFER */

/] ERMBIERREITE, WERBIEENRBIPIE PEN R

void graphDFS(GraphAdjList *graph, Vertex *startVet, Vertex **res, int xresSize) {
dfs(graph, res, resSize, startVet);

}

IR 1 SRR A 9-12 AR,

- HBSARM B, FoRITE T — HTRE I 75 R R U
- HEZARER R _ LI, FORMEBIATECERE, BT TS T RN E,

NTINEREERE, EUCRE 9-12 5RIME G, EMPRLL (FERZEE TR) 8B4 DFS 3, St
BIATTEMNITE, A& [,

BHFFI res BHFT res
e ] : 00
g @" IBHERE visited o/, 0 BERS visited
2
@ ) 00 )
() ®
AR A
@ wams @) s () ssmEms
@ o s @
[ step 1 | [ step 2 ’
BHFF res BFHFS res
(000 ] ' ) (0000 J
o; o TS visited REEL visited
2 3
I (000 } 0ce00 |
@ 00
I EAIE: e
sarm (€ tomETms s (€ samEms
L a0 iaEms )
‘Step3‘ [ step 4 |
BHFFI res BHFS res
: 00000 | 00000
@/Z—@T@ MRS visited ; { : BERS visited
1 £ (o000 | (0ceco0 |
© 00
BHNE: EANE:
@ T () soomETn w5 (@) wFAHEmRBE
@ RIS Rz, EaEms ©)

[oeer st
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| Step 7
1
y, ) v
& - L\ °
4 J 9
5
N ~ N
© 0.0
7 |\E
©
o
Step 9

BRI res
000000 | :
MEHS visited 0\—‘@—(@
2 3
(000000 | 5«1
.
© 090
wmE: nile
serm () soamzms
s () o
Step 8 |
BHFF res

000000

IEES visited

1
oo o
12 4 9

(000000 | 5
0—90
AR il
mx (O sFmamEmEERR N
RitzsaE, BpzEms ©) @

suteese - maEmEmR (O

Step 10

BAHFF res
(0000000

EEE visited

(0000000

-0
) ¢
@%g

o0

EANE:

1w ) sFESEmABE
Btezrzam, mazms )

s () ktEm, mEmEn

Step 11

B 9-12  EIRTREE (L el P 4 3R

BHFF res

(000000 |
BEES visited

loe0000 |
[E1HRBAYER :

w5 () wFrBEmAEE
R, mnEms ©)

BAHFS res

(0000000

REERE visited

0000000

R
s () msmEms
wsEns ©)

DRI Ci i e 51 o e —?
Srrgsem 2, IR CE D PSR T AR, SRR, JeEMR T AR R AR Al
PA, BRRREETHURAIN S iT DUERSTHEL, #R2 R,
DI EIE A, MR — 7 =6 “E R =6 FE=H - W 2RINEEF. BE JERE
P, efER T =fi@Pitsed, Amix=#E TREMLLET,

2. ERESR

MR AE: FPETURE S 1k, 8 O(|V]) Iia; Fra sy 2 i, M O(2|E|) ki;

SRR O(|V | +

E|) i,

SR S res , BFHES visited MAMREEN V], SITRERAN V], HiEH O(|V])

ZE Al



HOE www.hello-algo.com 199

9.4 &G

1. EREEH

- BB, 7] RSN —H TN — I R 5

- METERIERR (BER) MniaxkRE (), MBXR (B) BAE&NBEHE, FimENEH,

- BREEGLEATTRNE, EEEPRERTUR AR, ANERNSROE SN EL R,

- RREIEFEMIERERERE, 81T G) RE-DIUE, BFTREE, 180 FrmTiEs
AR IAETE, AR MR I & 2R L RCR IR, (HS A S FHZ .

- AMERMEM Z MNERRORE, 5 DMRERN NI ¢, HAPEE DZTURRIRTA WU, BREFRM
X T ARRIEFEE AN A 2], (HiTREENERREID, I AR,

- HATERPAVERIS KA, A DU HONL B eG R, MR E IR,

- WRIERBRIAE T, AHEEFHAILT DA AR R, SRR T DA R s A7,

- BT RS EIIC RS, WML, HIRERIE 5,

- R —RRR B, bRkt P e T B — AR 1

- ERTESE R T ML, REY KSR, @GS,

- ERRERSSE LR M ERIR, o EN ERIARHER TN, R TIEIRLIL,

2. Q&A

Q: BRRYE SRR FHIE RN FHI?

R TR LA FRIE S RARE A8 S “BiRR— s, mhschiog ‘BRI
H1”, AR RIEXRRIESC: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

AL, RPN — DAY, MAZE—DIRFE, X BRI TR 2 R AT REFF R 2 50016, it
(RES UL I A ST E

Q: AREEE RS XA ik 22

FAREEE S, MWRADTURHE, B0~ PMIRICRENE, whiREaEmHEREZ NN, PoEhzE
HIRTAEE ) &

Q: FEAMER, “SIXNRAERNATAE TR BRI 25 A ZEK?

A DURAER . (BAESEPRM A, AIRER ZHL IR MUNRHR?, HAMEIR TS AR Ay, BB IR T
RAERDRIGFE, XA T HRIEER A EARE" BT,
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FI10E EF

Abstract
HWRZ—ARANER, BAIS8FFZEEEMMZ RPN AT, XaFa] DLPOEEIE B R,
ERXAI IR, F—IREE A RER R — MR ERHENE R,
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10.1 =—H&EX

—5&EH (binary search) BT IGRISH SRR REER, EFHEBIRINA R, SeH)h—FRRT
l, EEHEIERTRSEERXE NN,

Question
HE—NMKEN n WEEH nuns , TTERIEMNNEIRIIFHEY BEAESE, 1EEHIFREITER target
EZBAHAPHIRG |, HEHEANEZTE, MHRE —1 ., REEnE 10-1 Fir,

ERERERTHA
nums

BMANBEFHA nuns , ERBEIFTE target = 6

B 10-1 o EHORGIESE

I 10-2 fiw, BAVEWIGERIES i = 0Ff1 j = n— 1, SilfsREEHE TEMETE, REHERXHE
[0,n — 1] . EER, HESFRRHXE, HOEZL5HEERS,

BRE, TERHUTUL RIS,
L WREHERG I m = (i +7)/2], HP | | KRA FBEERIE,
2. H|Wr nums[m] 1 target BIR/NRR, 2N PR =FEN,

1. Y nums[m] < target i, UiPH target XAl [m + 1, 7] #, REHITi=m + 1,
2. % nums[m] > target i, BifA target EXIAE [i,m — 1] 1, FHHFTj=m —1,
3. Y nums[m] = target I, TiBHHE| target, HHIREIRSI m .

HHANEEETR, HREARERG/NNE, WRHEE -1,
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351 351
| 31 i ; 31 mi
23 2 | 23 %8
i 15 15
: 12 12
sannll sanill
= anl =1 anl
#® o 1 2 3 4 5 6 7 8 9 #l 0o 1 2 3 4 5 6 7 8 9
A A N A A
i b] i m b
RIF=—SER:
WAt i, j HIEABEETR. BTR 1. 8RR m= (i +3j) /2
mERRAXE [1, j]
Step 1 Step 2

| o

15
Y
=] =13 nll
:
bl

8"1
1 3 . 3
fom D - |
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 4 5 6 7 8 9
A AoA A A
i jom iom
BR—SER: RF 5T
1. HERA N = (4 +3) /2 1. 8RR m = (i +35) /2
2. ~ nums[m] > target
Step 3 ~ BT § o= om - 1 GNERKE Step 4
23
#l o 1 2 3 4 5 6 7 8 9 #l o0 1 2 3 4 5 6 7 8 9
Aoa A Aoa
m i j im j
BEF=SER: EF=SER:
1. H&hE m = (i +3) /2 1. itBFE m = (i +3j) /2
2. = nums[m] < target
Step 5 S HIT A o= oo+ 1 GNERKE Step 6
o Zm i H
#l o 1 2 3 4 5 6 7 8 9
A
m

EF TR
1. HHbmm = (i +3j) /2

2. v nums[m] = target

step 7 | - EERS|

K10-2 —orEinkE
ERERRE, BT i f j &R int 288, Wt + j nIRESEIE int ZMIHUETER, O T R EGESR,
BATEHERALR m = [+ (j —1)/2] KHEFS,
AN R

// = File: binary_search.c =

[* ZHEH (WHAKE)  */
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int binarySearch(int *nums, int len, int target) {
// #FBRENAXE [0, n-1]1 , B i, j #P3liEREEETR. Bnx
inti=0, j =1len - 1;
/] 1EF, YERXEANTHBE (H 1 > j AT
while (i <= j) {

intm=1+ (3 - 1)/ 2; // HEFRERS m
if (nums[m] < target) /] IiERIHEA target EXE [m+1, j1 A
i=m+1;
else if (nums[m] > target) // ItiERIEEE target EX(E [1, m-1] &
j=m-1;
else // #%FIBirtR, REHZES]
return m;
}
[/ RK¥FBFTER, RE -1
return -1;

IRIEAEN O(logn) : TEMEHT, XEERAEN—F, BIHEREN log, n .
BRERER O(1) : 1550 F j fEAEBOCNZ R,

10.1.1 XERTAG*

BT BATUAK SN, EUMEKARREE e ETE KR, X [0,n), BELRESEY, HiLR
REEEY, E%FFF, K [, j) i = j BNz,

AT DAE T IR LI A AR RER — 5 &AL
// == File: binary_search.c =

[* ZHEHK (EFEFXE) */
int binarySearchLCRO(int *nums, int len, int target) {
[/ MwERAFXE [0, n) , Bl i, j #REMAEHEETR. Bxx +1
int i = 0, j = len;
/] 1B, YERXEATHEE (H 1 = j BTAR)
while (1 < j) {

intm=1+ (3 - 1)/ 2; // HEFRERS m

if (nums[m] < target) // IiERIHEA target EXE [m+1, j)
i=m+1;

else if (nums[m] > target) // WIERIHEA target EX[E] [1, m) A
j=m;

else // #%FIBirR, REHZES]
return m;

}
[/ KIKEFBEWFTE, RE -1
return -1;

i 10-3 Fow, ERMXEZRR Y, ZoEREERRRaM, TERSRAMgE N R &G T AR,

BT “KAXIA" FoRAR AL SO SONAX IR, RIE fEE 4 AfaEr § 25 NX R Bt X AR
Mo XFEEAA G, Bt —BEBCRH “WHAXE” 574,
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RE |

§§|“0123456789"“@123456789"10
i ERibREeEsss j i AKhReEsas riaRFE58T j
EFKE: WAXE [i, j] ERKiE: fRAFXE [1, j)
adkisst: i =0, j =n - 1 iatkigst: i =0, j = n
BEFEIESEM: i > 5 BEFERIESMF: i 2
GUKERE: i =m+ 1, § =m -1 BIRKEHRE: i =m+ 1, j=m

&10-3 FRPIX[AIE X

10.1.2 i=5RRE

o BEERAE I TR [R) 75 T A A BT B TERE

C BRI AR, TEAKEEE T, MBI RS 28 B B, B, SEdER N n = 220
I, SeMEAERAEEE 220 = 1048576 %AAIK, i /&I log, 220 = 20 418,

- ZOBERTCAEIN R, R T REMEESME RIS REDSE (FliamER), —aBEREnTEs
],

A, ZoESOHBEERTIAER, EEADITER,

- IOBEBRUER TAEREYE. AMABIETRE, N T ER B ET T, 50655 B
HF BN R EREERE N O(nlogn) , HHEMEBM —H&EREES, o TMEMATRNT R,
WA, FEETTRBATREMNE, NHEEREN O(n), WEIFE SR,

© ZOERPGER T, BT Rk ARESH) TR, MmAERERHHAITERERTT FHIRK
BRI, RIAIE G A B s T HER SRR EE

C NIRRT, AMEEIRVEREEME, ALRMEERT, FRAFE LRABHRE; ME_SERH, TE 1R
A, TIRBRIE, 1~ 3 RAIrRIE. 1 00I0E (TR, 3t 4~ 6 MEocife; B, SEIEE n BUh,
S BRI L = &R,

10.2 ZHEREAR

BRI TERERTER, A TRRIFZZRMEE, R B TR E,
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10.2.1 EEETENER

Question

HE—TEEN n ERFEAH nuns f1—JTE target, HAARFAEEILE, I target i
A nums /1, FHERFFHA R, HEEAFPCFEETE target, NEEAZIHEALT, HREFHAG
target TEEAHHIIERSG], REENE 10-4 Fr7R,

nums

BAR A target

nums

WAEFHA nuns , BARTER target = 6
N target RYEARERSIH 2

10-4 =0 ESFEARURIEE

U AR b0 Y EERARAS,  MUARTEIEE A R AN
W YEE R target I, HEASIIERS| R A RIOLENRS|?

A H KK target AR ICEN AL, XEWEHH AN target Bt 75K target B E, ik
U, YEAME target I, FHARPEG IR X target &S,

M MEEHPAEE target Y, AR TRIRG]?

AP EFZNEDBIERE: S nuns[m] < target B ¢ B3], XEWETH « FEAKTHT target FTHR
i, FEE, 5 j SRRV TR T target LRSI,

HIE i — A i RIS NAT target 0, jHRAE AT target UTEE, SIS
% target B, WARGI N, RESURAR:

// == File: binary_search_insertion.c =

/* ZHEHIENR (TEETR) */
int binarySearchInsertionSimple(int *nums, int numSize, int target) {
int i = 0, j = numSize - 1; // #¥BEINFAXKE [0, n-1]
while (i <= j) {
intm=41i+ (3 - 1)/ 2; // AEFRKRESI
if (nums[m] < target) {
i=m+1; // target EX(E [m+1, j] &
} else if (nums[m] > target) {
j=m-1; // target &®EXiE [i, m-1] &
} else {
return m; // $#%ZE| target , REHEASZ m
¥
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}
// FEF target , REHEAS i

return i;

10.2.2 FEEETRENFER

Question
£ F—# A L, e dr S EE TR, HRFE,

BOREEHFFAEZA target , NIEE B AGEREIHAF— target MRS, MILEEIZCENA
BGibieH £/ target,

i H SRR B R AR R A1, P A% B ERE A PR E 4 target KRG, V15 EETE
10-5 F7RBI2D BRSEEL,

L T =&k, SEER—A target (RS, EN K.
2. NR3| ETIHG, aEfTatieli, SEREIREIIN target FHREL

target

X ,.A\ 7

1. EZHERIEFE—T 6
2. BEMEHRIEIRADN 6

10-5 ZMEEE TR

WITIEEIRATH, ([EHAELMEER, FIENRAEREN O(n) . YEHPFERLELRN target I, %
TIERERR AL,

P B R o BN, A 10-6 FioR, BARERFAZ, SRIUHHEFRRII m, A target
Fl nums[m] BIR/NKRZR, 20 WA ILMIE DL

- Y nums[m] < target 5 nums[m] > target i, WBHIRKETRE] target , [RIHRAHEIE &K
HIgE/NX EERVE,  MTIESREL < A 5 1) target SEIA,

© Ynums[n] = target i, BH/NTF target MICEREXE [i,m — 1]/, FHRHj=m — 1K
/X R, MmERRER § MY target ByCERIR,

MEsERUE, @ fRARAIAN) target , j4RIAIE /T target KTR, BRG] @ g2 AR,
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15} 15}
| 12 [ | 12 i
i 10 i i 10
6 6 6 6 6 | 6 6 6 6 6
. wm 1
*im > m
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A A A A A
i j i m j
BF &R
ek i, j DIEABRAETER. BTR 1. 8RR m = (4 +35) /2
WERTAXE [, j]
Step 1 Step 2
15 15
12 [ 12 []
10 10
6 6 6 6 6 6 6 6
gl E 1 {
*im = m
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A Aoa A A N
i jom iom bl
RS ER: BR_SER:
1. W&PEm= (3 +3) /2 1. 8RR m = (i +3j) /2
2. v nums[m] = target
Step 3 LT 5 = m - 1 BMERKE Step &
15 15
12 [ 12 []
10 10
6 6 {6 616 6 6
o | g 1 [} |
== 1] = o D
#l o 1 2 3 4 5 6 7 8 9 # o 1 2 3 4 5 6 7 8 9
A Aa
m i j im j
RS ER: BR_SER:
1. W&PEm= (i +3)/2 1. it8FE m = (3 +3j) /2
2. ~ nums[m] < target
step 5 ST D=+ 1 BINEERE Step 6
15 15
12 [ 12 []
10 10
6 6 6 6 6 6 6 6
3
b ‘1‘ H
4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
Ao A
j im i
EFR=RER:
1. 8RR m= (i +3)/2 v FHREARM i< j
2. = nums[m] = target * BRH=53R5F, EEwS| i
| Step 7 ST G = m - 1 IMERKE step 8

10-6 B IREEITTRAHA R BE

WA RS, HIWrorZ nums[m] > target Al nums[m] = target AYIRIEMRE], KFILHRE ] LEFH,
BREEANL, FATUHIRAT DA HIWT SRR, ROV IEP TG, mlise s i,
// == File: binary_search_insertion.c =

[* ZHEREAR (FEEERR) +/

int binarySearchInsertion(int *nums, int numSize, int target) {
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int 1 = 0, j = numSize - 1; // ¥EENHAXE [0, n-1]
while (i <= j) {
intm=1+ (3 - 1)/ 2; // HEFREKRS m
if (nums[m] < target) {
i=m+1; // target ZXjg [m+1, j] &
} else if (nums[m] > target) {
j=m-1; // target &EKXjE [i, m-1] &
} else {
j=m-1; // 8MTF target WTEEXE [i, m-1] &
+
}
/] REFEAR 1

return i;

Tip

ARG ESE “IHAXE" Fik, AX4EAREUETER “EHET ik
BHRE, —oERIAUESRTEH « M1 j phliREERER, BiralsEE— P EMARTR (Pl target ),
WATREE —NITRIEE (BT target BT,

FEARMRIFEER — o0 rf, fEEE ¢ F1 j #RRINEL UL E R iR, R, BTS2 RIREIER, gl
FE =1k,

10.3 “H&EHDBR
10.3.1 TRELOR

Question
HENDEKEN n WEFEH nuns , HPARERSEE LR, HREIKAHFHELE—NILE target
MR, HEHAPAEZIZTER, WRE -1,

M2 o BERIEA SR T, MRERE ¢ IBRRAE—1 target , BIEERIE A SAR FREERRE L —
A target M&RS,

FRIEIESA A SRS ER DR, EEE, BHPTRERES target , XAMENATRES AR
[

- ARG R,
- & nums[i] 5 target FHEE,

LEFIDA LR E G, BERERE —1 BIAl, AT RETR:

// = File: binary_search_edge.c =

[* ZHRERRE— target =/

int binarySearchLeftEdge(int *nums, int numSize, int target) {

/] ENMTFE target BEAR
int i = binarySearchInsertion(nums, numSize, target);
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// &iXF target , XM -1

if (i = numSize || nums[i] !'= target) {
return -1;

}

// #Z| target , REIZE3| i

return 1i;

10.3.2 EHHLR

Mo &S R A —1 target WB? HRERZATTABBUANAM, BHAE nuns[n] = target [HIL T AIEE
Wk ttE. fRRFELL RN, A 4RI AT LB 17558,

AR TG T T,

1. ERERELR
SEPRE, FATAT AR A ERR A TCENRECRERR AT, BERAER: BERERA A target #ibR
A A target + 1,

N 10-7 FoR, BERGERUS, fEER ¢ SBIAERAE — target + 1 (WIRTETE), Wi j &4 —1 target,
[KgE3& 5 BIR,

target = 6
- (000000
j i j i
EREA—T
target +1
i
sHELA— sHEREE—T
target target

B 10-7 RESRADSEACNER DS

EEE, REMFEARR ¢, FEFRERHRE 1, MMkS ;-
// == File: binary_search_edge.c =

/* ZHREHRREG— target %/

int binarySearchRightEdge(int *nums, int numSize, int target) {
/] BUAERRAE— target + 1
int i = binarySearchInsertion(nums, numSize, target + 1);
// j EERAE— target , i IEAEMNAT target BITH
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FI0E BR

int j =i-1;
// &#%EF target , &[E -1

if (3 = -1 || nums[j] != target) {
return -1;

¥

// %3 target , REIZES| j

return j;

2. BUATHRR

FAVHE, SBAHANLE target I, &% ¢ j 2oBHEREDNKT. /T target HITE,
Klt, 4niE 10-8 iR, FATAT DS — M A ERTTR, HTERAGLS.

- BEAE— target : AJDAEL AR target - 0.5, FHIREFEE .
- BHREA D target @ ATDAEE(LANEER target + 0.5, FHIRENEEH o

target = 6
nums
j i j i
=i =%
target - 0.5 target +0.5
Fh i
EREBE— EREA—T
target target

10-8 REHID AN EHRTTR

RS, DURRARUESER,

- BEBANE/NYL, RERERNTTIEAOO O FEAE S HI 15 Do
- PROMIZTTIESIAN T/, PR R R & target BONPEREEE (Python TEMEEN) o

10.4 PRFE{RILERER

FEREET, BAVHIEE RSSO EDOR SR IARN AR, B8 — D ERERINE
IE%Z'ZO

Question
B — DB nums MI— N HFRICE target , EEEEHFPIER “M1” N target HANICE, 7
RE'ENEE RS, RENEE—MEETR],
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10.4.1 ZM4E: UBEHRSEIE

FERARIBTTARRENAS, WE 109 For, BEODTE—NRZER, £l N R2

target, #ise, MIRMEIEIITNES],

target = 13

nums =

BAFFEEE, HEHMA
target FILE&EHR[D]

10-9 ZeMEEHORMBEMECZ N

AV (ImN i
// = File: two_sum.c =

/* FiE—: BIKE +/
int *twoSumBruteForce(int *nums, int numsSize, int target, int *returnSize) {
for (int 1 = 0; i < numsSize; ++i) {
for (int j = 1 + 1; j < numsSize; ++j) {
if (nums[i] + nums[j] = target) {
int *res = malloc(sizeof(int) * 2);
res[0] = i, res[1] = j;
*returnSize = 2;
return res;

¥
}

*returnSize = 0;
return NULL;

W IR RS 24% R O(n?) , ZEREAERN O(1), FEABERR NIEFFEN,

10.4.2 MBFEEK: UZiEEESE

A

FIEMB—NamE, BEXN DIV EEHTRNITRRS ] e, SRIITE 10-10 FisrPE,

1. FIWrECy target - nums[i] BEAERA RS, A2, WERREIXMNITRERG,
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2. FHHEX nums [1] AR5 1 BSIIHERG TR %o

target = 13 target = 13

- - (BOO0 w - (BOOO
: A
: .

i
[ o s ] - [ o } -

map = map =
value #=3| value N 1 =5

BHEEE nums BHBEE nums
© 13 - 2 = 11 FE map v 13 - 7 = 6 R map
~ TR 2 FhiE map ~ TR 7 HO#E map
Step 1 Step 2
target = 13

w - (DDOO

A
i

map =
value 1 =3l

BHEE nums

© 13 - 11 = 2 7€ map
~ BETRAEHRS| [0, 2]
Step 3

[ 10-10 HiBhG AR RRMERECZ

KA TR, (R B EIEARTA] :

// == File: two_sum.c =
/* RHR */
typedef struct {

int key;

int val;

UT_hash_handle hh; // &7 uthash.h I}
} HashTable;

/* WRFBEREIE */

HashTable *find(HashTable *h, int key) {
HashTable *tmp;
HASH_FIND_INT(h, &key, tmp);
return tmp;

I
[* MFBRITREN */

void 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 (xh, key, tmp);

} else {
t->val = val;

h
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[* FAEIZ: HBRER */
int *twoSumHashTable(int *nums, int numsSize, int target, int *returnSize) {
HashTable *hashtable = NULL;
for (int i = 0; i < numsSize; i++) {
HashTable *t = find(hashtable, target - nums[i]);
if (t != NULL) {
int *res = malloc(sizeof(int) * 2);
res[0] = t->val, res[1] = i;
*returnSize = 2;
return res;

hy

insert(&hashtable, nums[i], 1i);

h

*returnSize = 0;
return NULL;
¥

T BRI AT S M O (n2) 1% O(n) , KIHRTHETAE,

HI TR EYET —DMOMI AR, FISREREN O(n) o REWMIL, %75 TERPBIAIN 22803 6 h b1,
Pt e R A SR R A

10.5 FINEFEEZE

EEL (searchingalgorithm) M T/ERHRLEN (BIANEEH, BER, WEkE) AR S—HMERESR
HHITTR,

BRBIRAMRIE IR 2 N DU T HE,

- IE B BARGHRE N bR TR, BIANEE, BRI
- FNBIRHA G R B SR ERER, SRPOTRER, FI &R, B EHR S ERH
EHKF,
AHEREL, XA R EAERTH A ETT PN AN, RHIEREEN T RIPREIF AR, AT, 3]
RMEIRGIMATIN, EHra IR,

10.5.1 |HIEE

2R FE L BRE RN TR R E M BT R,
- CERMHERT G TEEHMPER SN EIRSG, EMNBIRATR T es, BOIRDTR, EEE
HARTCREENA S — a5 A I8 HAR TR M ik,
CCTTEARSSERT 1 REMSER” RERIR B PRE RS, LSRN TR 2
R, BT R TR REICRRMRNAET ROTER, 1HE —RsIEREk, R
flbitt, EEE P 7e R N EHRLE.

FEROILAR A R HEREL, JeA RSB ASBE M BRETH .
A1, MRBIRINMIE N O(n) , Hrhn ycssog, e EECRIEI TR .



BI10E MR www.hello-algo.com 214

10.5.2 HiEMEE

EIENMERA AR AR (BlnaE R RIUERRIERE, s mRotE i B Rt R,

- AT MREERRE ISR, POER TEE.
- AT AR MR R REIEN B R EEEE O ED S, TSI R,
- PR TERPERIRESH (BN SRR, BT AT RUESRPRIEHERR T R, AT AL HARTT R,

KRR R SRR, IR AYE ATisE) O (log n) #5 O(1) .
ST, FXLE TR T B SR T AU, B, — 5 BB U AL (FHEFE, TA T 2EHRATH
BT E SISO EIRGEH, AR MO A2 R4,

Tip
HIENAERFIEFE PRV EREE, REA TR EBIRGrh SRR Bk,

10.5.3 1EFAHEEN

BERNA n —HEEE, BATRTDMEAZMEER, —oER. WER. BEERESMTIENHIERER
TLR. B NIITER TAERERANE 10-11 Fivm,

S4EE o(n) MEEHR 0(1)  Hi key &g value
ky 1 5 3
value
L5k @ Ak Cic]
—5HEH 0(logn) WEH, 0(logn)
FE-XEEKH
EFFBIRTTR

A

RIEMEE R4 MERXE

K& 10-11 A8 RER

IR LRI IRR R ERCR SRR 10-1 AR,

R 10-1 EREFBERX L
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LRIMHER T ER AR MG AR A
EHITR O(n) O(logn) O(logn) O(1)
AATCR 0(1) O(n) O(logn) 0(1)
HERITER O(n) O(n) O(logn) 0(1)
L esls)| O(1) 0O(1) O(n) O(n)
Hm st / H7 O(nlogn) it O(nlogn) 2R O(n)
BER LA TeF? fFp fFp TeF?

RRETRRERE AR, ERIEREER, BIRE WS EHRE,
IR

- AR, AU TR R, RNBA N FER —IREE, IR H A =5 AR BE A P
FR T FE e MR AR AN RDE ZE B K
- ERTHRERNIEAE, HIEGL N RS A SRR,
- ERTERERREGS R, RONZTT AR EN SR T TR e,
R
- OEHTRBIERRIEN, BCRRMREE, RENREREN O(logn) .
- BUERENREE R, BB TR RS A A
- NERT RIS MEBIERIR, ROVYE R R TR,
WA AR
- EENEIREREERIRES TR, PENEEREN O(1) .
- NEAHEAFEIRSGEEERIR, ROVRH RICEGET BHRH P,
- N IEAR ER R A I RAC BRI AU AL s, B RORRIMERE S L
- PEEEIR R RIIEN, ROV R RTEIINS AR ERREHE D mh 5%, Wit R e & it
AE.
PR
- JERTEREE, ROV AR R U R,
- EETREYETA PR E AR R,
- TERPSUENT SR AR, AR AT RE AR, NRIEAESEE O(n) .
- HER AVL SERZLER, WA THR(ERTTE O(logn) BOR NEEIBIT, (BYEF R 1E S N
ST

10.6 /&t

1. EREEH

© S EREEEIRRE Y, B EIRR S AR KRR TER, BERMABIE G, HAX
1E A T B B T B ST B RS A
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- R REI RO (R, RPHEZOE T TRARIRER, | R AR (e R
SE AN, HREMEAEL, A SRR, BRI ZE O(n) .

CIRFAR. WA SRR TEIEZOE, AR R B A H AR, R
%, INAEZRERIE Ologn) B% O(1), (B BB HINGRLA,

- SRR, TR RORIUEL, BRI, RURE AT RS R ST RN, MRS
SERHEZTIE,

- RMHYRER T VS EHORR; SRS TR, IR RS B TR A
SRR LI AT R IR RR ;W2 HOE T A U ST MR AT B A R

- T A R B R BB T RIS, LSS 25 O(n) 1% O(1) .
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F115E HF

Abstract
He it an —HORHRELZ AR P RO BETA AR, (HFRATTRE DATE SR 77 U R 5 A AR
o BN, RE 2T RHA, HramIRiIEr TEIRNFIEER,
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11.1 HIF®EE

HFE% (sorting algorithm) HITX —HEHRIZRKHE N EITHS . HFEREET 2N, KGR
HdfEid H RE B E SRt E R, AR,

e 11-1 Ao, HEr REETHROBERER R A DU RS, TR PR E TS, HE AT RN AT AR R 5k
B, WEEFR/AN, FAF ASCIL RBJIfT 8 E & A,

BRBRBFANEFER
20800800 (o]s]2]s]«]s]e]/]
RRTFHEHFTRES
CICDEIEDED = CHEDECIED
HRERAEXHANHFEFH S

G00A00G OoGcocDd

B 11-1 BESEERAI AL =51

11.1.1 N EE

BT BT EHER RN R EAERER, HEEAERERERD (NRIEMEFREEITE /N, X
FTREGEEMIEN, BITNREETNNEE,

P AR, Rt S T R A AR R RSB, IS BhERAN B, T NAE.
BEBNT, FRHHEREIERs @R D, BITHEE M E R,

ettt BREHFAESHTE, S CEEREHE IR A & 4K ZE,

REHF 22 H R 2B, RIRBNTE — MEEEAEERIRK, 6B 15 2 519524/
FS, EIXRMEN T, ERREHRTRES B0 ABIE A ks

# BMASIERRRY R HIFITS

# (name, age)

('A*, 19)
('B', 18)
('cr, 21)
('n*, 19)
('E', 23)

# BRISERIEREHFEZRERHFIIR,
# £58ch ('D', 19) 1 ('A', 19) HUHEMMIENRT,
# WNSIEREZHIFEREL

('B', 18)

('n', 19)
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(A", 19)
('e', 21)
("E', 23)

FUENTE: BERHERERA M A SR T AR E SR AR, RBERARRRER, BIENHF
SRR B I TR 52 2% 3 (L TP XI N TR B R

REET IR EFHRHHEIFRBTEIEER (<0 =, >) RAWTTRIMSRE, MR,
MIGRANHEAEN O(nlogn) . MIFLLIRHFE A LEIZHERT, NEERENE O(n), EHEHME
LERS R e

11.1.2 B EHIFERZE

IBATHR, e, FRE. EIERL EHITELF. B2, IS MIEMAREBIFRA L ERTERHERIHEE RE, B, 1E
PP IR, R R AR EE R RO R R SRR OE

R, BATRILFRIZES B RIE, HET BRIP4 & D7 BRI ROE T 04

11.2 #&FHF

EEHF (selection sort) AYTAEFEHEHER S THE—MER, SRMARHF XEIERR/DITTR, KHK
FEH P XRARE,

EEHRI RN n, ERHPRRTERENE 11-2 or.

L VRIS T, FrEeEAr, BRHE (R3D XA [0,n — 1],
2. JEEUXE [0,n — 1] HiERANER, BHSERG! 0 ATz, elE, el 1 MeiReHy.
3. EHUXIH [1,n — 1] shii s, KHSRS| 1 ARTRERH, ElE, B 2 HoReHr.
4. DAUHSRHE, &80 n — 1 RIERS R, B n — 1 MREHT.
5. PORII—NLRDERRATCR, AT, HIEBEHER 2.
s @ nums n@
% 1ws % 108
B, EERITE nuns(k] SBIRHAFIE, SARIEE nuns[k]

ZHBTR nums[k] FRHFXENENTE nuns[i]

Step 1 Step 2
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KHIFXiE KHFXE
i N
!_2 ik ﬁ_z ®ik
SEFRHFKE, SERIEE nuns(k] oS ——

ZHB/TTR nums[k] FFRHFXENENTR nuns[i]

[ Stenks ] Step 4
KHFXE RHFXE
-~ GO0000 - @00008
i k
g_a 0% g 3 ®iE
SR, FERITE nuns k] SEFRARE, HERITTE nuns[k]
ZTTR nuns[k] FRHFRENENTR nums[i]
[ Step 5 ] Step 6
RHFXE FHFEE
- (00000 - (00080
i k
g 4 % g 4 W%
JEHRHFXE, $ER/ITE nuns[k] ﬁl%%ﬁ;ﬁg[ﬂ, $EiER/NTE nums[k]
ZTTR nuns[k] FIRHFRENENTR nums[i]
[ Step 7 ] Step 8
RHFXE KHFXE
nums nums u 4 5:]
A A -
i k
g 5 % g 5 %
BHFRAFXE, EERTR nums[k] iﬁl%%ﬂFﬁEiﬂ, HEERTER nums[k]
ZTTR nuns[k] FIRHFRENENTR nums[i]
[ SxD O ] Step 10
SKHEFEE
nums
TR (RR—TREH
F)
Step 11

B 11-2 &R P R

RS, FATH k RICFARHF XRINAR/NTR:
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// = File: selection_sort.c =

[* EFHE */
void selectionSort(int nums[], int n) {
// 9MERF: RKHFEKEA [1, n-1]
for (int 1 = 0; i < n - 1; i++) {
/] RER: REXHFFEXERNRINTTE
int k = i;
for (int j =i + 1; j < n; j++) {
if (nums[j] < nums[k])
k = j; // ERR/NTENRSI
¥
/] Bz TESEREFXENE N TERIR
int temp = nums[i];
nums[i] = nums[k];
nums[k] = temp;

11.2.1 Hii$E

- IMBISAIER O(n?). JEENERHERE: SMEFRIE n — 140, F—RIAHFXAKEN n, FE—
FIARHEFF I IR 2, BIESAMEFR RIS n, no— 1. ... 3. 2 BONGERF, oRfny Unt2)

- RWAARIER O(1). JRHLHERE: $55F i A j BEAREOC MRS,

- ARRUEHE: Q18 11-3 FoR, 0% nuns[1] A ATREREAS IS 5 HARSEINTE R, SEE AR
W R

FHFRE

oo
PITE—RIER

FHIFRE
808008
TR E—REREE,
AITTTE 4 BERUERET HE

B 11-3 ey AERRE R bl

11.3 BigHiF

B8HF (bubble sort) JEILIESIM AL S SHAHARTCR LI F . XML EG IR T2 AR — 4%,
54 B
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i 11-4 foR, B RE AT DRI TR A BRI B B e T G AT, MRIR EEE AT R R
AN, WER ETER > AR A BERE, RRRITTR SRS EI AR B .

nuns °g°9°o nuns oaageo

RHEmRm—H e

TEANSEREFRIELL
MEEGBRHESTR:

v HRE > Gk

nums - DX TEE

| Step 1 Step 2

MEZGBHESTE: MEEGEHESTE:

© AR > AATR v EATR > BlTR

o XN TR o R NTR
Step 3 Step 4

nuns 060000 nums g°g°é°

NEZEEFHESTE: MNEELBHENTR:
v EATER < AlnER v EARR > BlnE
. BRAT - TERATTR

| Step 5 Step 6

KIE %

{1

8 n-1 AREAHE |

BHTERSE,
RARERTHKE

Step 7

11-4  FHTCER R ERAU E

11.3.1 E&EniE

REAHNKE N n, EiEPE2EINE 11-5 frr.

LB, Mo AmRMT B, REENERITRE IR IETAE,

2. TR, MR n — 1 ATRIT "B, #8 ROrRMEIETAIE,

3. DU, Z2idn — 148 “Bil0” J5, #in — 1 KROCRMPEHEIERAE.
4. PG —PReERRITR, AR, EIEHH K.
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“BikE  KHIFEE
B9rTE

nums nna [o, 5]

miTE 1 ®ER.

paonan -

MITE 2 BEER

HITE 3 ®EER

a0 8 o©o=

[0, 3]

WITE « ®EA

0800

HiT# 5 ®EE

088000

FTRHFE (RR—MaRTAHF)

[o, 1]

[0, o]

K 11-5 Bifriite

AREE AN
// == File: bubble_sort.c =

/* BaHEFE */
void bubbleSort(int nums[], int size) {
[/ SMER: RkHFEXER [0, il
for (int i = size - 1; i > 0; i--) {
/l WER: BRHEFEXE [0, i] PHRATRERIREZXEN&EEGH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]1) {
int temp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = temp;

11.3.2 MEMK

BATRI, WIREL “BEi” hEAHITEMR B, WIS CE ey, rERIREIZ R, Fit, A
PAME N —/ MRS Flag REETNXFE S, — BB LR E],

Zad s, BiHER RN A E AP A E I O(n?) 5 E4EMARA 2GRN, TIAE
REREEZE O(n) .

// == File: bubble_sort.c =

/* BEHEFE (5EMRL) */
void bubbleSortWithFlag(int nums[], int size) {
// IMERR: RHEXER [0, i]
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for (int i = size - 1; i > 0; i--) {
bool flag = false;
/] REF: BrEFEXE [0, 1] PHNRATEREEZXBHREH
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 11) {
int temp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = temp;

flag = true;
}
¥
if (!flag)
break;

11.3.3 &S

- OREZRE R O(n2), EIENHBY: &% BN BPISEKERRN n — 1. n—2. ... 2. 1,
MATH (n— 1)n/2. EBIA flag RILE, BERFEZRETAS O(n) .

- e AE R O(1). JEHHET: $55H 0 A RO INIESNAS T,

- REHY: BTE IR dasISTE R,

11.4 EANHF

AR (insertion sort) 2 —AhfE AVHITEIL, ©R TIERES Tah R — R AR IEE ML

BRI, BAMERHFXEEE D EETR, FizooR 5 HAMEHF XRRTTRZE—ERD, FR
ZICRAAZERAN B,

& 11-6 R T HAHE A TR, BHEMEITTERY base , FANTFEHMERRGIZ] base ZRINH
TLRAEEE AL, AR base MIES HIRZR5]

57

aonoan -

nums[5] = nums[4]

¥rxx 3 EAE nums _ . N
X " SIS TTRGR
B XA R A 1 | 1 [ [« [s]s

nums[4] = nums[3]

Y
DEOEEEE

nums[3] = base

snrs L 300008

B 11-6 BAUEAIRIE
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11.4.1 EERIE

EAHERF RV RR TN E 11-7 FoR,

L IR, BARES 1 MR e %R,

2. JEHBEHRE 2 NICRIEN base , KHMAZIEMAESS, BAGET 2 TReHR.

3. JEWE 3 NITRIEN base , KHIBHAZIEMMES, AT 3 HeReH.

4. DUEHE, fEf/G—ferh, JEEEE— N ICRIEN base , KHEMAZEMAES, FifixicHy.

BHFEE

[0, o]
[e, 1]
[o, 2]
[o, 3]
[0, 4]

[e, 5]

B 11-7 fhAHEF TS

RERSAN T :
// == File: insertion_sort.c =

/* HENHEFE */
void insertionSort(int nums[], int size) {
// 9MER . EHIFEKXEA [0, i-1]
for (int i = 1; i < size; i++) {
int base = nums[i], j = 1 - 1;
/] AEF: B base HEAFIEBHFXI(E [0, i-1] FWIERAE
while (j >= 0 && nums[j] > base) {
// ¥ nums[j] mBHI—AL
nums[j + 1] = nums[j];
Ji==
}
// ¥ base WEIIIEHMNE
nums[j + 1] = base;
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11.4.2 Hii$iE

- MRSEZRERN O(n?). ENERHET: EREM T, SREARENHIFEEE LR — 1. n— 2, ..
2. 1, RFHEE] (n— 1)n/2, FEINFEZREN O(n2) ., {HBIHFEIEN, HARESRL
e MEABHZ AT, A SER R S 20 O(n) ,

- BSREREN O(1). FHuHERE: $55F 3 F1 j MR RO MBS,

CRSEHDY: (ERRETET, RS REASRETENEN, FRs eI,

11.4.3 {HNHIFRRE

AP R ZE R O(n?) , TEAIEREY: S PO F N R E 2% O(nlogn) o RERAHERF
RURTTRI R 2R s, HAEBURRBVMOTEOL T, WAH @ E i,

XANEEE S EREE M ) ERAEAE e RO, PudHFIXE O(nlogn) MEDZE TH T 0IAK
WSRO ST, A S 2 AT R R, MiIESERERVINS, n? fl nlog n MBI HARNE, HAER
h SN, SRR TR SRR SIPOE R

Khr b, WEEHEES (Bl Java) RINEHFFRECRA THEAHY, KRECEEN: XTREH, RAET
SHAERMHIHF SRR, BIanpuEHy; N TERH, BREERmAHT,

EORF I, AR A IR RS 248 O(n?) , (BAESZRIGBLR, $ A HERS M R 55% i
Fea TR mEssiy, Z2E IR,

- B R T TR, REMB DR R, A 3 N ETTRE; WmAHE T T RIRESL
B, R 1DEITEE, B, BiRHER RO EIEE eid A e s,

OEBHEF TR RN RERERN O(n?) o UURGE LR A IS, FBAHDTEH ik
BHIP R E .

IR MEE, RN AT 2R,

11.5 HRiEHF

BREHF (quick sort) B—MEETMERISAIIHF IR, BITER, MHZ,

RIEH P RO BRIER IR ", HERE: EFESAP RN TTREN SRR, RATA /N TR
HUTCRB R HAM, TARTEMEBE I TRBEHAM, ARG, IHIXIRREaE 11-8 For.
L JEBEEA BT RE MR, WG NMEER 1 A0 § BB EE AP,

2. WEMER, EFRPEA L ) AHSEEDHEERR O BTER, RERZMNTER,
3. PRI R 2., HE 1M jHIBNELL, &EREEBESRER DT 5
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[ step 1 |

ster 3 |

=0

Step 7

def partition(nums, left, right):

[
i, j = left, right
while i < j:

while i < j and nums[j] > nums[left]:

while i < j and nums[i] < nums[left]:

1421
nums[4], nums[3] = nums[31, nums[i]
nums[1], nums[left] = nums[left], nums[i]

return i

2
left

nums

def partition(nums, left, right):
g
i, j = left, right
while i < j:

while i < j and nums[3] > nums[left]:

while i < j and nums[i] < nums[left]:

i+=1
nums[il, nums[j] = nums[3], nums[i]

nums[i], nums[left] = nums[left], nums[i]

return i

320
left

nums

def partition(nums, left, right):
e RRI
i, j = left, right
while i < j:

while i < j and nums[j] > nums[left]:
31
while i < j and nums[i] < nums[left]:
i+=1
nums[il, nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]

return i

Y-
left

nums

def partition(nums, left, right):

RSN
i, j = left, right
while i < j:
while i < j and nums[3] > nums[left]:
j=1
while i < j and nums[i] < nums[left]:
i4=1
nums[i], nums[3] = nums[31, nums[i]
nums[i], nums[left] = nums[left], nums[i]

return i

# BA nums[left] R

# WERERE M TFRERNTR
# NERGREMATEESHTR
# SRR

# BRENCIRERTHEANS Rk
# BEEEHIFRS|

# B nums[left] JEMEMK

# WEREREMINTRERNTE
# WEREHREMATRERNTE
# X DTH

# REESCMERTRANSRE
# EEEERIFRS|

# B nums[left] JEMEH

# WERERE NN TFEERNTR
# NERGHREMATRERNTE
# P DTE

# BEESCHRERF AN FE
# EEERESNERS|

right

# B nums[left] REMEH

# WERERE M\ FREMNTR
# NERGHREMATRERNTE
# XTI TE

# REBUCHRERFRANSRE
# EEERERNERS|

[ Step 2 ]

nums

def partition(nums, left, right):

S

i, J = left, right
while i < j:

while i < j and nums[3] > nums[left]:
j-=1
while i < j and nums[i] < nums[left]:
i+=1
nums[i], nums[3] = nums[3], nums[il]
nums[4], nums[left] = nuns[left], nums[i]

return i

Step 4

=0

nums

def partition(nums, left, right):

RS
i, j = left, right
while i < j:

while i < j and nums[3] > nums[left]:

while i < j and nums[i] < nums[left]:
i+=1
nums[4], nums[3] = nums[31, nunsli]
nums[i], nums[left] = nums[left], nums[i]

return i

=
left

nums

A
b
i

def partition(nums, left, right):

IR
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:
-=1

bl
while i < j and nums[i] < nums[left]:

i+=1
nums[i], nums[3] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]

return i

left EHEH
v v

nums

def partition(nums, left, right):
Ry
i, j = left, right
while i < j:

while i < j and nums[3] > nums[left]:

j-=1

while i < j and nums[i] < nums[left]:

i+=1
nums[i], nums[3] = nums[j], nums[il

nums[i], nums[left] = nums[left]l, nums[i]

return i

# LU nums[left] JoR

# NERERE M TFRERMTR
# WNERGREMATEEMHTR
# SRXFNTR

# BRESCHRERT MANS R
# EEEEHTRE|

# BU nums[left] JEss

# NEREREMITFRERMTR
# NEBEREIATRREMTR
# SHBXFDTTR

# BEEMSRERFHANSRE
# EEEREHEFRS|

right

# Bl nums[left] AEMEK

# NEREREMINTFEERMNTR
# NEREREIATRREMTR
# ZWXFTTR

# BEENSERERFRANSIRE
# BEEEHRS|

right

v

# BUnums[left] JEiEs

# NERERE NI TREEMMNTE
# NEBEREIATRRRMTR
# ZWXFATR

# BEEUCRERFRANSIRE
# EEEREHNRS|
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Step 9
BHEH

:
- 00008

EFHA HFHA

‘RS ARG, BREUTRE
EFSAERTE < BEN < AFREEETE

& 11-8 WXl PR

WX e E, RS R =80 T8, SR, A8, Bk “ErBEERTR <&

R < B TFHAUERITR" W, BAHE FRAFTIXN DT B TH

PRIBHE I 56 R

ME SR 70 O SR R — N KA O HE e (R A R D 9 N RS O 7 1) R

// == File: quick_sort.c

[* TR */

void swap(int nums[], int
int tmp = nums[i];
nums[i] = nums[j];
nums[j] = tmp;

I
[* RIS */

int partition(int nums[],

i, int j) {

int left, int right) {

// BL nums[left] JEEXK

int i = left, j = rig
while (i < j) {
while (i < j & n
i--; /I MKEE
}

ht;

ums[j] >= nums[left]) {
ERENMNTFEESRNTR

while (i < j && nums[i] <= nums[left]) {
i++; // MNEAGEHRENATEESRNTR

+
/] REXFENITER
swap(nums, i, j);

}

/] REEHTRERFHAND R

swap(nums, i, left);
/] REIEEHZRS]

return 1i;

11.5.1 HiERig

PRIgHE R VB AR AN S 11-9 PR,
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L HJE, MEEHPIT K WD, SEIRHER A TSN T,
2. Wa, MNEFEAMGFEATHETIT “THID,
3. FrEuEH, AETHAKEN 1NEIE, MI5EBEE N EEHNHET

\
e [BlEIEEE)

FREES
B EEEE
THEERIS
B0 - BaE T W
BIREFEE CBIRATHR4EA - BEETHRAKER 1 RELE

5 BNRI SER A HE

THERIZ THERIZ

008: 806

2 lape e EzJ1=z e 1=t

CEEEEE |

B 11-9 PRigEHE T ks

// = File: quick_sort.c =

[* RIEHE */
void quickSort(int nums[], int left, int right) {
/] FEAKEN 1 BHEIEE)T
if (left >= right) {
return;
}
// HEXD
int pivot = partition(nums, left, right);
[/ BFEFEHA. AFEHE
quickSort(nums, left, pivot - 1);
quickSort(nums, pivot + 1, right);

11.5.2 BHiESE

- NREREN O(nlogn). EAENHNT: EFIENT, WESHNEEHEECH logn , BEHH
EIEHECH n, SRR O(nlogn) IWiE, fERZEEIT, SIEIRI BRI n FEEHK)
SREER ORI n — 1 WA TEE, EHEEORE n, SEPNEAECYn, BEERA O(n?)
1AL

- BRERER O(n). FHHEY: EMASHE2EPIERT, BERZBTRE n, £/ O(n)
A, HER B E R TR EE BT, REBFIMNIA.,

- ARl EWERISNRE—F, BERRTRES P EHETTRIA M,
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11.5.3 fREHF AT AR

MR ERERER h, POEHEFERCRTTH N 2 BA —ER LS, REPEHFR PN RIS RES “HFHHE
RO CHEHERT M), EDEE POEHEERIRCR e, EEA DU REL,

- HBURERE BRI BAGRHEFNRERFE2E N O(n?) , WHIIHHIFRE, BEE4R
ZHEIBOUR, POEHTEELE O(nlogn) MIRTTRISE & FiB1T,

©OBRAHEMRCRS: EHRUTIHERI M RIEN, RSN FEAMBRIZRS, BITiRTRIORRE
o Mg “HEHEE” XRBEFREBIFITER, M=z —Rt,

- BREREBARRUN: £ ER=REETD, PuRHEERERR. WE, RREFERENESERD, X5
AR e BT E AR L

11.5.4 EAEERMKRKL

PidtHE R 2 DRI SR AT RERRAS, 28— PHSmB T, B ABEHZ R 2R/FEN, BTHInERE
BRIETCRIENEIERL, I2AENEXID MG, BB EBd Rt SEETEHARE N n — 1,
AFBAHARKEN 0 AR X, FRIEENDEHRE DT EARNKERN 0, 2GR, s
B “BinHEE" fEeiER.

N7 REGRGUXAPE U A, BRATTAT DAL Se R 50 rp 0 S B RS . Ban, FfiTa] DAREHLIZEH — 1
TLRIENEEMEER, AT, WA, BIRENERIAFARRIEIEE, SRR TR,

FREERNZE, WEESEEERIE “OhREHIEC . WRIRATE X D BERL R 5IAL E— R e I AR,
AR 2 PRIEHE PP B RRATI PR PT RE S 1o

N PG, BT DAEBAPIRR =0k mR GEFVEANE, B, PRUtR), FRIX=AMRiE
TR PR B NS HERL, IXFE—K, FRER “BEA AU MEAAR” FERERIER T, R, ATIER] A
VEHUE 2 RIETCE, DUE— S IR m IR, RADXFOTIRE, FRERESEE O(n?) MERAK
B,

REIRSAN T
// == File: quick_sort.c =

[* EER=MEETEIPUEL +/
int medianThree(int nums[], int left, int mid, int right) {
int 1 = nums[left], m = nums[mid], r = nums[right];
if ((L<=m&&m<=7r) || (r<=m&m<=1))
return mid; // m & 1 M r Zd
if ((m<=18& L <=r) || (r<=18&1 <=m))
return left; // 1L & m M r Zig
return right;

I
[* RS (ZEEFE) «/

int partitionMedian(int nums[], int left, int right) {
/] EB=MEETTERIRAIEL
int med = medianThree(nums, left, (left + right) / 2, right);
/] BR{IHEIRE AR TR
swap(nums, left, med);
/] BL nums[left] REEE
int i = left, j = right;
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while (i < j) {
while (i < j && nums[j] >= nums[left])
j--; /] MaREXRENMNTFEERNTERE
while (i < j && nums[i] <= nums[left])
=g /] MNERERENKTEERNTER
swap(nums, i, j); // IEXFNTE

}
swap(nums, i, left); // BEERXBREMFEHANS RLE
return i; /] REIEEHHZES]

11.5.5 #B)ITFEMRKL

TERLEEA T, POEHbPTRE S R, DUE A PR ARG NG, B FEHREN m
FRMHSCXI R T A KDy O B FREHMKE N m — 1 A 78, XEWES—R1E AR
RIRERUEAER N U — N IER), BARKSERER n— 1, KNFZESH O(n) KNI A,

N T IR BB, 010 GRS iUn, PR TAELI K, DO T4
R, TR TR KBRS n/2 , BRI AR BT A log n , MTiKHEESS
FEZREERALE O(logn) » XHEAT RFTT:

// = File: quick_sort.c =

/* SRR GRIBREMML)  */
void quickSortTailCall(int nums[], int left, int right) {
/] FHAKER 1 &L
while (left < right) {
/] BEXDRIE
int pivot = partition(nums, left, right);
/] HENFEAPRIEI MR TIIERAE
if (pivot - left < right - pivot) {
/] BFHEE T
quickSortTailCall(nums, left, pivot - 1);
[/ FIRFHFXES [pivot + 1, right]
left = pivot + 1;
} else {
/] EVIHFEAFEA
quickSortTailCall(nums, pivot + 1, right);
// FREXHFXEN [left, pivot - 1]
right = pivot - 1;

11.6 AHHF

JAFHHE (merge sort) B —FET IERIEIHITEE, CWEE 11-10 Frmy “Xin” 1 “G3H7 M.

L R RiBe: 8RR B A U TT, R A A HE e ] AU A K 2 O e 1) R
2. BIFHE: L EEREN 1 INEIERIy, THAGH, RS AAMNMUERE P EHEH N — DR
KGR, B4R,
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FEEEEEER

R HER

J MR
LR

SHHE

B 11-10 JAFHP R 5 G FF B

11.6.1 BHERIE

N 1111 Fos, “XI BB TR R IR 2] M i ) o3 A 15

L HEEBHD A mid, B0 A TEEE (XA [left, mid] ) A FHH (XA [mid + 1, right]
)o
2. BARTHER 1., EETFEAHXREREN 1 &L,

BB WRETR L FBANEG FEHASH N DA PEE, FEEERNE, NKEN 1 F84T
eI, AIMEHIEN TR AP,

2880 J 2880
#I3%I5 ‘ IR ’
S MRE S AR
¢ BIERE J e
EHaH - EHEH ’
| Step 1 ‘ Step 2 ‘
2080 ’ 28080
RIS ‘ RIANS ‘
‘> e { (7] e
E&EH - EEH ’

Step 3 ] [m
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7]s]2]¢]
BEANS < #BAYNS < a
aRE { &R
EJ1 40 ( LR

EHEH < E#EH

| Step 5 Step 6

#EARS < #BEAYS <
] ¥l
KIEFG f-dl+ 303
E#EH < EHEH -
[ Step 7 ] Step 8
#IARIS - #BARS -
RbREI
Edl= o0
EIEH - EHEH -
[ step 9 Step 10

B 11-11 FFFHE P 38

MR, VAFFHEFP5 — SO i e i 3 3 U e 2 — B

- Rl SR TR, EEBIIA TR, RIEEEARTT A
VFEHER: Sod A8, MmEGaT8dE, SELEEH.

VAFEHE R SE B0 DA SRS AR, TETER, nums BIRFEIFIXEIN [left, right], T tmp AN RLIX[AIN
[0, right - left].

// == File: merge_sort.c =

/% BHEFEEMGTFEHRA «/
void merge(int *nums, int left, int mid, int right) {
[/ EFHAXER [left, mid], AFEHAXEN [mid+l, right]
/] BIE—NIGEEEEE tnp , BFEHREHEHNER
int tmpSize = right - left + 1;
int *tmp = (int *)malloc(tmpSize * sizeof(int));
/] R EFEER A FEERRIA RS
int i = left, j = mid + 1, k = 0;
/] BERFEAHEETERN, #HITHRFERNNTEESFIRETELEF
while (i <= mid && j <= right) {
if (nums[i] <= nums[j]) {
tmp[k++] = nums[i++];
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h

} else {
tmp[k++] = nums[j++];

¥
}
/] BEFEBMEGFEANRIRTRESR DGR AP
while (i <= mid) {

tmp[k++] = nums[i++];
¥
while (j <= right) {

tmp[k++] = nums[j++];
¥
/] BIEEEEE tmp FRITTEEFIEIELE nuns BIXTRZX 8]
for (k = 0; k < tmpSize; ++k) {

nums[left + k] = tmp[k];
}

/] BRAE
free(tmp);

[* VAFHHEFE */

void mergeSort(int *nums, int left, int right) {

/] EIEEH
if (left >= right)
return; // HFHAKERN 1 LIS
!l RIDBER
int mid = left + (right - left) / 2; /] HEHS
mergeSort(nums, left, mid); /] BFAEFEHA
mergeSort(nums, mid + 1, right); // #®BJ3EFEHAE
!l EFHME

merge(nums, left, mid, right);

11.6.2 EiEisE

Hn, FHAERFEZEN O(nlogn) .

ZAEBIIBIEESCI, [ O(n) K/ANRIERINEH,

- REHEE: EEIFERET, HETRNRT R,

11.6.3 §ERHIE

- INERER O(nlogn). FEAENMHET: Xor=4mER logn FEEIEN, SE&HNEEREEE

- BREREN O(n). BT 2R ES logn, EH O(logn) K/NWAIZSE, &HEIER

MNTHER, AR T R B R A B0, WP BRI RSB MEREMILE O(1) .

- RBBE: ATDUER] OB B BT SRSSEIRERI > TAE, A A )6 AR A,
© AIEREY: fERERT, TRIEMERCE AL S I (EED) BIRTSCE, REFHME RN EE P E

RAHN-DRAFHER) TTHOTEIIMER,

HAASCIRANT LR 2%, AR 7] DA RS BRI T2 5
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11.7 HEF

Tip
BIACTH, IEHREYE B,

e (heap sort) 2 — A THERHRSSH SR @R BIE, FOTATDAHEAFTR “HHEERIE"

“TURHHERE" KIHEHE

L BT /NTOHE, R R N R AL T HETH

2. AWTHRAT HHERRME, RUTCSRHHETER, RIRIR R NEIRHRF RIS,

PAETTIREIRAIAT, EFREE— MM R R HATER, AR, bR, JANER

— RSO SC BT o

11.7.1 E&ERiE

EEHRIRE N n, HEHEFRORUEANE 11-12 Fow.

L S NBEHIFREILRTIME, 5epln, SARTTRATHET,

2. FHEWULR (B 1IcR) SHIETR (BE—1ItH) K, sepscs, HNRER 1, ST

ZHEmM1,

3. MHETTOTERITAR, MIRERHUTHEIRIE (sift down). FEMUELE, HERPERTEIBE,
4. TEIRPATE 2. PHIE 3. &, T8 n — 1 40)5, BRI SER 8tz

Tip

Khr b, JTREHEREPHEES 2. PHE 3. P,

HEZ TP HITRIP R,

) s

7 / 1. BABUESHRE

Step 1 ‘

SEHIF

1. MABEHEE

2. EFMEPRIBATER
(1) ZHEMTRSHETER
HNERXE EHFXE (2) MNTREE#THR

w: (0080

Step 3 \

7 )
‘E'”

[« o i
/ \ 1. AU
FYPS ~
. 32 REUR 3
\c/ \\e/ @ 2. EFNETRIEATE

(1) ZHETTRSERTR
iﬁB‘Jﬁrﬂ(Eﬁl EHIFRIE
- 00000

Step 2

6 o
/ 1. WABERHEE

A P = —
r@/ @ @ 2. EFNERERBATE

(1) HBETRTRSHERTR

SEHF

HIEREE BHFRRE
ws (00000

Step 4




F11E HF

www.hello-algo.com

236

o,

HNERXE BHFXE

w: (SO0000

[ step 5 }

o

@ I

o

°
°
e

BHNENRE SHFXE
— 00800

| Step 7 ]

®
© o
000

HIRUER BHFRR
wes | DEOE

[ step 9 }

o
e o
000

ﬁwﬁﬂzﬂ ENEEH
- 100800

{Step 11

SEHIF

1. MNBERHEE

2. EFMERRIBATR
(1) ZHEMTRSHRTR
(2) MTEREH#THN

SEHEF

1. BABEF R

2. EFMERRBATE
(1) ZHSEMTRSHETE
(2) MTRERBITHEN

SEHIF

1. MNBAHERE

2. EFMERRIBATR
(1) HEMTRSHERTR
(2) MTREREHTHN

S

1. BB R

2. EFMERRIBATE
(1) ZHSEMTRSHETE
(2) MTERBTHN

L
000

mw&yzm BHFXIE
w 00000

Step 6

.
§ o

000

BHARKE SHFXE
- 00000

Step 8

o
e o
000

HNENKE EHFXE

/‘"‘ |
- (100000

Step 10
BHIFKE
-~ O00000
Step 12

SEHF

1. MINBURF R
2. BFRMERRRBATR
(1) HBETTTRSHERTR

SEHEF

1. BWABAEHEE
2. fEFMEPIRIBATE
(1) ZBEMTRSHERTR

SEHIF

1. MINBERF R
2. BIRMEFRREBATR
(1) RWETRTRSHETR

EHF

1. WABUEHEE

2. fEFMEPIRIBATE

(1) ZWEMTESHERTR

(2) WIRER#THENW

3. FR—NTREARE, HFTM

B 11-12 HEHER D 9%

TERSSEH, BAMEA TS “HE” SAHER MR R sift_down () BRI¥, (EIFEERZ, dTHER
KESHERBEEATTRTIE/D, FHEHRNTES sift_down () HEGRMN— M KESE n, HATHERER
HHTERKE, I RATR:

// = File: heap_sort.c =
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[* HHKER n , MNTR 1 R, MNINEERHEWL +/
void siftDown(int nums[], int n, int i) {
while (1) {
/] FIETs i, 1, r PERKHTESR, 124 na
int 1 =2 %1+ 1;
int r =2 % i+ 2;
int ma = i;
if (L < n && nums[1] > nums[mal)
ma = 1;
if (P < n 8&& nums[r] > nums[ma])
ma = r;
// BTR i RAHERS| 1, r @R, WEmeEstEy, B
if (ma = 1) {
break;
+
/] IRFET R
int temp = nums[i];
nums[i] = nums[mal;
nums[ma] = temp;
/] TEFE TR

i= ma;
¥
/* EHF */

void heapSort(int nums[], int n) {
/] FEER(E: UM T RUIMNIEMIE TR
for (dnti=n/2-1; i>=0; --1) {
siftDown(nums, n, i);

}

/] MERIREGRATTE, BF n-1 B

for (idnt i =n-1; 1> 0; --i) {
/| KBBRTHEAERAHTR (REETES5ETSR)
int tmp = nums[0];
nums[0] = nums[i];
nums[i] = tmp;
/] URBRTRAER, MIERHFHITHENL
siftDown(nums, i, 0);

}

11.7.2 EiEiSE

IR ZER O(nlogn). JEEENHET : EHEREMGEH O(n) KA, MHEPRREER TR S
#EH O(logn) , HiEHn — 15,

- BREZERN O(1), FHHY: UMM O(1) 2, TTRHMHE AR R RS
AT,

- BT fEREME TR MM ROTERN, HECRMEN A E R RER 2R,

11.8 #&HIF

AT LR P SR E R T "I T IR SR, EANEN TR AR AN R, P RIRR
NS RETHEER O(nlogn) . # K, BATRERNUM “AELCRHIFEIE", ENIRIN B AT DUS
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FEMERT

#@HF (bucket sort) Z/ARIGHT— DRI, EIEd RE L EAR/NIFEINE, &M — %
PECH], KRR FEIAECEIS I, RE, ESIRNERDBIRITHY  REHZIMRIINT R a8 S

#O

11.8.1 EHiERiE

FE-MKEN n B, HTREUE [0, 1) NATEREL. MHFRmEmE 11-13 fix,

L. WIafe kM, K n DITRIBCE kD,
2. MM AIPTHEY OXERAWEE S INEHFEED .
3. TR NEIRRI N & F 45 53R

FHE A - 5 =
BN o o5 | 0.2 [asasiRSlSRE o1 [o.75 [eis 0.7 [ L SRS o
—. - SR REIEF
L HEMED
buckets ﬁﬁHFﬁ"
YFBE [0.2; 0.4) [e.4, 0.6) [0.6, 0.8)
BRI
S S O BHER
GRME '
nums
11-13 MHEF B LR
AN RAf7R
// == File: bucket_sort.c =
/* @HEE */
void bucketSort(float nums[], int n) {
int k = n / 2; /] #HEE k = n/2 DNMFE

int *sizes = malloc(k * sizeof(int)); /] BREBNMERIRN
float **buckets = malloc(k * sizeof(float *)); // ThSERLARIERA (1R)
/] AENEMSE R BH=E
for (int 1 = 0; 1 < k; ++i) {
buckets[i] = (float *)malloc(n * sizeof(float));
sizes[i] = 0O;
+
/] 1. BEETEDBRIZMES
for (int 1 = 0; i < n; ++i) {
int idx = (int)(nums[i] * K);
buckets[idx][sizes[idx]++] = nums[i];

+
/] 2. JIFEMERITHF
for (int i = 0; i < k; ++i) {
gsort(buckets[i], sizes[i], sizeof(float), compare);
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¥
/] 3. BHHFEERNE
int idx = 0;
for (int i = 0; 1 < k; ++1) {
for (int j = 0; j < sizes[i]; ++3j) {
nums[idx++] = buckets[il[j];
+
!/ BHRE
free(buckets[i]);

11.8.2 HiE4S4

FHERE M TP A BRI EHE, BilaH, MABIRES 100 H1ICx, HTZERRE, RENFLE R
PEIEFT A EAE, MR, FTRLREHE R 1000 M, R nlN S METHY, B&EREREIH.

- BHESEZIER O(n + k) © EORTERAA MM TLI MG, I MINRTTRSRN 2 .
/MR O(% log 2) WA, MAERFATERIEEM O(n log %) WAL, ISR k HAEAM, M1
REMEIT: O(n) . SIF5RIRERBITERMATE, 1£2% O(n + k) Wi, FREWRGE, FEk
BRI — MR, ELHEF AR O(n2) I,

- SRR O(n + k). TEHHEY: B kMR n M ERREEE,

e R TR B T HE R A R R R TR,

11.8.3 HN{EISCIFIY 5L

WHEP (I R E A RIS ERTDUAE] O(n) , REEFROCRINMEEIE D, KoL ridadarg
5o AaR, BN, FRATEECR = BRI B TS TE EFEI B R 10 M, ERR TS A,
8T 100 JTTRYAER 2, @& 1000 TTAYAER D FERMEXEFIRID N 10 D, S IMPR RS SEZEER
FEH K.

MBI, BT DAY — R REM 0 SRk, K Rdamis it 2 3 M. /rltse in, PR mish
BN R 3 M, HEFAMPRTRBER KRB,
N 11-14 Fow, XA TIEA R BB AT —BEAR, B IEM TR ER TR, SR, AR E
FRBARER N 3 M, BARRI 7 75 TR EE s R R TS R
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BmiiE
(RS BUBRINER
S — g5y 20% 15%
MigKE HEELEE
HIEE — b 100-500 >500 <19 8%
- ~ 10-20 13%
(e . 20-35 12%
18% 35% 12% 35-50 10%
50-100 12%
<10 1o¢5o 50-100 100-500  20%
>500 15%
13%
10-20 20-35 35-50

B 11-14 BRI

QUERBRATHR AT AR AR 340, W] DURIEBARBER  BE B R R 0 SRR (B ERRR,
BARDATHA—EFHERFES, AT DURIEEERER ROR MR B A T B,

N 11-15 o, BB ST AR IR M IEAS 2047, XA ] DAS B A DX TR), AT R 125 23 e
FBMAH

HEEE

0.4

- K
0.0

+o  EmifthE

’ ﬁ@ﬁﬁ@ﬁ

frigseRE 3~10 10~25 25~80 80~200 >200

B 11-15 MRIEHER A0 K9 A

11.9 it¥HiF

IHEHEE (counting sort) JEIS ST TR EER TSI, J8H M H T 2EEE,
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11.9.1 {EEASEI

JeRE—MERIIE T BT — MR n 0% nuns , HARTTRERE “AE08E0, DT R
FRUNE 11-16 Fms,

1. B, HRHHEPNRAET, Idhm, REEIE—NKER m + 1 WEHBIEE counter

2. 1858h counter Giit nums PEBFHIHINREL, HA counter[num] X ECF num B HEELREL, Siit
FIERE R, HFEET nums (B4 RTECFN num), 504 counter [num] 3440 1 BIAT,

3. HF counter IBANRIIERAF, HHYSFAETEaH)z4 7. 8 K, BATED counter
FRABE S E T BN N R BB 3E N nums BIA],

HHIFBE nums

A nums HFATSEFOHIURE
counter[num] 5 num AYHIREK

7

| ; #H counter , HEHF
| \ \\ FERHEIURABUEN nums BIE]

LER¥A nums

B 11-16 i+

KIS R R
// == File: counting_sort.c =

/* HEHE */
/] BEREXI, TERTHIEER
void countingSortNaive(int nums[], int size) {
/] 1. SR AKTE 0
int m = 0;
for (int i = 0; i < size; i++) {
if (nums[i] > m) {
m = nums[i];
+
+
/] 2. FITBHFHILIREL
// counter[num] X5 num BIHINKER
int *counter = calloc(m + 1, sizeof(int));
for (int i = 0; i < size; i++) {
counter[nums[i]]++;

+
// 3. [ counter , FEITHREBENEEHHE nums
int i = 0;

for (int num = 0; num < m + 1; num++) o
for (int j = 0; j < counter[num]; j++, i++) {
nums[i] = num;
¥
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}.
/] 4. BRAE
free(counter);

h

TR S hHER R R
MHHEFP I ER, BATR] DLR HH B BT counter BIREDNRT MO — M, Rgtitik
BRI REERS D ITR R B AR, AR L, R R SR T 0 — DR,

11.9.2 TESI
MOIRETTRERIL T, MASABIRRN R, LR 3. s T, R AR RN SR, A1
TR SIS CRRYR AR R) MRS THET, M RE R HREA T I HE R 45 5

ARl A GRS 2N R BRI HE P45 R ? BT /5t counter 19 “RIZRANT, WIZRE X, KT i AAYHIZR
M prefix[i] FFEEHRT i HTEZM:

prefix[i] = Z counter[j]
=0

HISEA A PIMRIE S, prefix[num] - 1AFKILE num fEEREEL res iR —IRWBIIIRSG, XME
BARF R, FNEEIRENS N ITRMIZ IS RN B, 8Tk, BAE7E 0 R EEH nums
HIEEDIEER num , FERRIERHPITELRFID

1. ¥ num KA res IIERS| prefix[num] - 14,
2. DRI prefix[num] BN 1, IS NRBE num RS,

e, A res TRUEHFFIRIZER, &G res B nums BIA], 18 11-17 fom 152 8EHY
R R,

B4 nums R¥A nums ‘

ekl [ [ [ [ [ [[[]]

IR ’ /
BFoum o0 1 2 3 4 HF num 0 1 2 3 4

sams e (EEOE wa oo (@OOOD
cccccc
BH nums HEEIHEMAFRIHIRE ¥ counter WIFIZA, iEh prefix
counter[num] €& num BYHIVREH prefix[num] - 1 X% num 7 res FRE—RHMNRKS

Step 1

Step 2
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R nums

LR res

HF num

HIZEH prefix
(counter)

FIFFER nums FRESANTTR num , SRHAT:
1. ¥ num N res WFK3| prefix[num] - 1 &
2. PHIZEA prefix[num] BA 1 , MSEITFRKE num HZR3|

[ step 3 |
num
ma e ((OEB000000
anxa res ([IDEDED an
BF num 0 { 3 l;
WS prefix nun
(counter)
EIFER nuns REOSNTE nun , SRHIT:
1. % num N res WFK3| prefix[num] - 1 &
lStT 2. QHIEM prefix[num] BA 1 , MEEITRKE num HZR3|
ma oo (000000800
wee - 0000000000
BF num ‘0 1 2/ 3 l.
BIZRM prefix naun
(counter)
HREHAEHLRE, ERENIRIIRER
B res PREEHEFNER
[ step 7 |

RBEA nums

LRV res

HF num

HIZEH prefix
(counter)

BEFER nuns FHSNTR num , SRHT:
1. 3§ num A res WH3| prefix[num] - 1 &

2. SHIEM prefix[num] BRE 1 , MESTXRKE num BZ3|
l Step 4 1

¥4 nums

HERYA res

BF num

BISEA prefix
(counter)

BFERH nums RESNTR num , SRHIT:
1. % num 3N res WFR3| prefix[num] - 1 &
2. SIS prefix[num] BE 1 , MEEITRKE num B%S|

Step 6 |

R¥4A nums nnnnnnannn
LRBA res u. .

BFoum 0 1 2 3 4

B prefix nann

(counter)

IR res BWHEEMA nums BIF]

Step 8

11-17 HEEH P 3

THEHE R Y SEEARES AN R R :

/!

/*
//

== File: counting_sort.c =

THHE «/
TELH, JHFNR, HERREHRF

void countingSort(int nums[], int size) {

/] 1. FiHEARATE n
int m = 0;
for (int i = 0; i < size; i++) {
if (nums[i] > m) {
m = nums[i];
+
+
/] 2. FTEHFHILIRER
// counter[num] XFX num BYHINRER

int *counter = calloc(m, sizeof(int));

for (int i = 0; i < size; i++) {
counter[nums[i]]++;
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}.
// 3. K counter HIRIZRAN, B “HIVKE #imAn “BR5”
// BN counter[numl-1 @ num £ res PFEE—XHIMAIZES]
for (dnt i = 0; 1 < m; i++) {

counter[i + 1] += counter[i];
}.

// 4. BAFEH nuns , BERTHREBENERIHE res
/] VA EEE res BATFIERER
int *res = malloc(sizeof(int) * size);
for (int i = size - 1; 1 >= 0; i--) {
int num = nums[i];
res[counter[num] - 1] = num; // ¥ num HEIIFNZESIL
counter[num]--; /] SHZMNER 1 , BEITXKE nun BIZS]
}.
/] ERERIA res BERHA nums
memcpy (nums, res, size * sizeof(int));
/] 5. BHRAE
free(res);
free(counter);

11.9.3 HiESE

- WMERER O(n +m). FEAENHET © W& nums AE] counter |, #HEFHLMERE, —%
BHTRn>m, NMASHESET O(n).

- BRERERN O(n +m). EEHEHT: ES8 TKESH19 n Flm K% res Fl counter

- FEHbY: BTA res FHEEFTEMITZ WAL 19, FEIEFIED nuns AT DA AHE T
S AN O E, M. Shrt, EFEFA nums thA] DS EIERHET SR, B85
EAERREN,

11.9.4 BPRE

FEXE, IRUYFLME S IS5, (OIS RORRE AT ASBLR. SAT, MR
FO T AR A

FHRHERE SUB TSR, AR TR R, T SRR DU O TR S, I
RO I R RE R & AN TR 2 IR KNG R, B, X TS GOSN, T DA B
LR, TN IER, HE SRS I 22,

RIS A TR RO BRGNS, F, 78 FRRBI m RREAK, SIS & %5,
i n < m i, HEHRFER O(m) M, AR O(n logn) WHEIF BIHEE1E,

11.10 E#HiF

ElAET U, SIS TR R n BOCEEEREE m BN, BIRRFREN n = 100 M
BHTHR, M52 8 My, XEWEHIREE m = 10% B8 K, HRAHEHRFRE AN
FasfR), TEEEHE R T DOBE I AR DL
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HEHHF (radixsort) RO EES THEHIE —2, @RS MOk, R, BEEHF A

BTS2 ANERERR, RO —AHETHY, WM EIRZRIHF SR,

11.10.1 E&RiE

DAES ARG, BB IIRIACRE 16, Ssfo2ss 8 A, HEEHHFRIRARIE 11-18 ik,

1. etk =1,
2. WS kAT HHEEHNT. EUR, BIRSRIES kNIRRT
3. K kg1, AEIREPER 2. REER, BRI EHET SSRGS R,

NHEFHFTAESIEI, T d RIS o, EREEE kAL, ATRUER R IRE A

HMABAE nums
WAt k = 1

o #EELf 0 HFE 2

10546151
35663510
42865989
34862445
81883077
88906420
72429244
30524779
82060337
63832996

35663510

88906420

10546151

63832996
81883077
82060337
42865989

30524779

356635179

88906427

82060337

81883077
30524773
42865989
63832995

BAZEHE, HEF

HFE 8 fi

B 3~7 fil SR

B 11-18 AEBHFREERE

x
Ty = LFJ mod d

10546151

30524779
34862445

35663510

42865989

63832996
72429244
81883077
82060337

88906420

ot | o] RTAES a RIS, T mod d mt d B (B4, M F£E8ME, d = 10 A k € [, 8]

o

Eoh, Bl IRRZ /MBS R RS, 2 f DARSE R 1SR b AL TR :

// == File: radix_sort.c =

/* FREX7TE num B9E k fi, HA exp = 107 (k-1) */
int digit(int num, int exp) {

F

[* iTEHEE (RIE nums 8 Kk HF)  */

/1 fEN exp MHE k AJLUBRELEERITRIRIVRGIHE

return (num / exp) % 10;
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void countingSortDigit(int nums[], int size, int exp) {
/] THEFNSEER 0~9 , AILEERKERN 10 Bi@d
int *counter = (int *)malloc((sizeof(int) * 10));
memset (counter, 0, sizeof(int) * 10); // #MAH 0 LUSZIFEERERK
/] #it 0~9 BEFHRILIREL
for (int i = 0; i < size; i++) {
// 3REY nums[i] % k fi, i2~ d
int d = digit(nums[i], exp);
/] Fat#E d IR ER
counter[d]++;
+
[/ REIERM, & “QBINE i PR
for (int i = 1; i < 10; i++) {
counter[i] += counter[i - 1];
+
/] BFER, BIERERAITER, BETHREN res
int *res = (int *)malloc(sizeof(int) * size);
for (int i = size - 1; i >= 0; i--) {
int d = digit(nums[i], exp);

int j = counter[d] - 1; // 3REX d TEHAFHHERS| j
res[j] = nums[i]; // BEBITREBEANRS ]
counter[d]--; /l B d BEBER 1

+

/] ERERBEZERHE nuns

for (int i = 0; i < size; i++) {
nums[i] = res[i];

}

!/ BBAF

free(res);

free(counter);

I
[* BEEHFE «/

void radixSort(int nums[], int size) {
/] REVFUAMNRATTE, BATHIMRAMUEK
int max = INT32_MIN;
for (int i = 0; i < size; i++) {
if (nums[i] > max) {
max = nums[i];

i

}

/] REMNEALEISUBIREET

for (int exp = 1; max >= exp; exp *= 10)
[/ WEATENSE k UHRITIHHEGEE
// k=1 ->exp =1
// k =2 ->exp =10
// BD exp = 107(k-1)
countingSortDigit(nums, size, exp);

It 2 AR AHE R ?

TEELHIHF R, JE— R S E ST RIEER, 250k, RSB —HF4I R a < b,
ME_RHFPER a > b, MLBAIEEREEIE I8 R, B TRFIEMAILLEHE TR
i, PRIERIZSEHRF AL L,
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11.10.2 Ex45t%

BT IR, B PE R T RUETEERORRIIE O, HATHE R BRI ] DARGR M E MR, HAE
BAREIS K, BN, 12O NE & (A EEET, ROVHAE kK, ATRESEEE 2 O(nk) > O(n?)

o

- NEERER O(nk). AEAERHET: BEBIEEN n, BdEN d BEHl BRAEO8 k, W R—Ari

TTHEHER O(n + d) W, HFATE kAER O((n + d)k) W, JEHEELT, df k&
BN, WRERE‘R O(n) .

- BRERER O(n +d). IEHHDY: SIHEEFHER, S8 TR n fl d FEE res

K1 counter .

- R M BEEERER, BEEHET AT ST ARER, B ICA RIS SRR

HEFP 4R,

11.11 &

1. EREH

- BiEHEE S HAR R R R LB, WA — RS ARSI AR A, AT TA] DR B e

R R E A E] O(n) -

- FAHFE SRR X E AR TTREAZ CH T XA ERCE, WMy, BAMAHFR

IR ZEH O(n?) , (HETRATTERMEHEN D, R NS R HE T 55 T I 2 i,

- POEHEE R T ISR BT . RIS, A TRERRIRERE I E R 2 R, S BINTAIE

HESIE O(n?) o BIANFABEEESEREN ST AR OX RIS ) e 7
XIH], FIARGRNEIHRE, HEEEAERAE O(logn) o

- AFHHEE RIS F AR, SRR ATL T ARG, EITFFHEE T, PR T A B AL

¢, ZREREN O(n) ; RmHFRERNZRERETUEE O(1) .

- MHER RS =R BdEO. MNHEEMS ISR ERFMATL T TakES, S TEIRARRAK

AITEOL. AHER AU SCBEAE TR BdE Rt T2 70 i

- HEEHE R RAHT R MR, BE g SR IR RBOR SC B, B E ) TR R ORE

BAEEEA RIS, I HEZSREIRRENS F N IR R,

- BB R A R S, ERERERE W RN Y B E A T
©ORHBR, WA ERE - AHEE R, BARRCR. RBE, R DI BIERM SR, S, 1R

BRI EIR A, 1A — M RIS R e AT X 2 A . SRR A, B 175 AR
BHERIR R R ISR B I,

- B 1119 X T iR EIRARCR, R, At R B &N R,
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BfiEE A SRERE i
B 5 -~ - BEl M EEEl ETHR
EEHF O O(n?) o(n?) 0o(1) EEET B EEEN bR
;Engzk)r% . BiEHE O(n) 0o(n?) 0(n?) o(1) BE B BERL (1437
BANHE O(n) 0o(n?) 0(n2) o(1) BE =] &L H i
BuEHF | O(nlogn) O(nlogn)  O(n?)  O(ogn) | HEERE B EEER b
é”}f.fj’f) 1 J3FHFE  O(nlogn) O(nlogn) Ofnlogn)  O(n) BE R FEBEN bR
BHF | O(nlogn) O(nlogn) O(nlogn)  O(1) HEE B EEEE R
#HF | on+k) On+k)  OM)  Omn+k | BE R EEBN IR
iﬁcﬁiri HEHFE  On+m) On+m) On+m) Omn+m) | BE RN EEER R
EXHEF  Onk) Okl  O(hk  On+b) | BE R EEEN kR
n AHEEAN
£ th #* ‘ HHEEP, k hiENE

HHHFES, m URIEEE
EMHED, k ARAMIE, HiER b #E

K 11-19 HEpRENL

2. Q&A

Q: HiFEEREHEMT BN N EAFER?

EHSF, BATERRERTNRNENB I THE, flan, AL SR NEE, B ELH]—
MNPy FeteiREAiHTHE Y, 1550 (A, 180) (B, 185) (C, 170) (D, 170) ; X H&E#HITHF.
HTHFEEARRE, RIikrlaEfS8 (D, 170) (C, 170) (A, 180) (B, 185).

AIDARER, 224 DM C I ELLE T, WaANEREEEIRT, miXERIMNAHEERN,

Q: WHEXIDH “MNEEEEIR” 5 “MNEFEEIR” B R] AR HIE?

BT, HIMARLCUTCE NIRRT, 25E “INEEEER” B “NEFEER, NS ELREN,
BAIRET— TR,

MHSERI 5y partition () MRJa— 22 nums [left] Al nums [1] o SERAHRE, FMER I 7C 2R AR <= 5
R, IR R e fa — 2038 Htiif nums [Left] >= nums[i] BFRKAL, BIZFRAE “NEFEEER”, LR
AR LRERE K ICER, WMSAE 1 = j kSRR, BTEE nums[j] = nums[i] > nums[left],
LR, RGP SRS — D R ERCE R T 2R B A R o, S X5,
B, hEREE [0, 0, 0, 0, 11, WHE “NEMAEEIR”, WHEXls A [1, 0, 0, 0, 0],
XA EERISEARIERR,

FRANEEZ T, WRBANER nums [right] MFEEMEEL, ARAIELF OISR, &0 “DEEAEIR,

Q: XTPIEHFINRIIREMAL, RN LIREEEHRERIEE TR E AT logn ?

JBIRE L Y AT AR B IE T T RS R, BRI X BA TR R BN 5 AR 5, EBTREAN
WG, M REANTFRAEKERANEFEHEERN Y, REREEN, —BEN—FKE, TorK1EH
REFZ logn o

B R GA R B, BRATE T RESIESHNB N K ERRIEE, REBW R AN, n—1, ... 2. 1, &
INRE N n o JBIAIRE M AT DUEE GRS il B
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Q: YA P TCRAMEN, POsHE IR R 2% 2 O(n?) 182 A b EX R L1512

M. NFIXAEN, v DA IS ISR A o =8k /L B RTEMERL (A Rz
JVNFFIRTHIMEL D EIRSTTET, BMATTR AT, NI BRI sE .

Q: HHERF ISR HE 24% 202 O(n?) ?

BEWMT, FrETERAER— M, GERRARA A O(n?) SHkHIFXLETTE, Wi fE
W O(n?) .
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F£128F #74

Abstract
MEHOR 2R, B — IR &S E o E R,
DMEZRT = PERNFEL: NERME, —UEAHEE 2
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12.1 #aEE
9378 (divide and conquer), 2FR3MIG2, & —MAEF EE HH WHYE LRI, /Ma@EwEETEAH, &
8“7 M98 MNP,

L g3 (RUITEED : BVTHCRE R RIS o D2 1o, B R ENE RN T FEN 2R L,
2. 16 (BIHHED : NEAIRER/DTREITR, MRETHCR 1 AT S, I B 5 A

HfiE.
niE 12-1 Fow, “VAFEHERET B TESRIS AN 2 —,

L g3 @A R (RMED K R F8d (7)), E8FHARR TR (Bh TR,
2. 16 WEETHR AP (FRERR) #ETEH, NmEEERREEE (R .

rooa (RIS
B)

BMFiERE

- A (EHEH
B)

B 12-1 JAFHP R R SRS

12.1.1 fATHIERSEIRER

—ANRBREIE S ERA DA, 8 R A% LN L HITREE,

L. FVEIRTCA R [ RI R AT DA RS /)N, RO TR0, DARZRERS DA A1 77 s A st T8 o
2. FIJSURMNIN: FREZ WA ES, DAMKE, A DRSO,
3. FRERMMTAETF: R R & 7 RS K,

BAR, VAHHE R DAL =AW,

L. MUSITCA R B R (RAED I A 78 (D,
2. FRISURMNIE): DR DU THE R (7RI A] DU HE TSR .
3. FREMMTUEH: WNEF R (FREE aJEHF N —DMERSAE (RREERR
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12.1.2 @I EIRAME
SYEAMU] DU RO RO, AT DA EIEReR, TR AT, PudiHi. VAR, e
FHB TR, B, BAHFEE, LR IR T 99450,

M2, BAIREELN: Mt2smian] DRIP RS, HORZZHR2? SaiE, KRRE A2
T, BTN R T RIS IO SR AR, X L RIRCR N 2 LU B R ORI RS R S 2
XA R A] AR EECE A AT TSP 75 TR I 18,

1. BFHEMRK

DL “EHEE i, FALE KRN n BT O(n?) MTAL BISBATHIRE 122 iR,
BEM A NP TAEL, RIS TEE O(n) M, HFESNTRATE O((n/2)?) HH, &R
FREATE O(n) W, MARFIEREN:

2

O(n + (g)2 X24n)= O(% + 2n)

FEEEEEEE FEEEEREE
by

o(n)

BiasF BigHF BiadF
o(n?) 0((n/2)2) 0((n/2)?)

DEEEEEEE

Bfx o(n2) Bk o(n2/2 +2n)

B 12-2 KBt Em B iEHT
FRR, BATHELATAERX, BB 739375 BRI 5 e 5

2
n2>n—+2n
2
2
5 N
—— =2 0
n 5 n >

nin—4) >0

XEWES n > AN, QRREREEERED, HipReRRIgER. HER, W0 ERIR R A E TR T
7k O(n?) , RREREHIEBINENT,
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A, WERBATHE AW ARSI A R, B B AE DT RN E R e ?
IXFURESLRR Bt “UFIFHERT, WREZREHR O(nlogn) .

BEE, GRERMNZSBEERINRD R, FEEHIRIDN kAT EATR? ZAEIS “fHr” JEH2E0L,
EAFREAEHFEREYE, it ENEERE ISR O(n + k) .

2. HTHERKK
BATABE, A RE) T B A2, KEt@EHE T DOHTRR. b2, 6 AT ARRE TR
IEEARE, EAHRTIRERFIIFFITRA.

HATMMAE AL AL BB IR U HA R, ROV R GER] DARIIN AL P 22 7[RI, 58 A8 70 HOR A T8
TR, AT D SRR IB TR AL,

FRANTERE 12-3 Fomfy “MiHER” w, BATR iR BRI BCE S M, WIRERE AT A AR B HE PR S5 70
B MR HEIT, EREEAHER

TTE

12-3 PRI THE

12.1.3 8ERMA

—J7H, iG] PARRIRRVE 2 2 LR A,

© FEREGE RN ZEIRE SR R RN, SRIE R PRI B RN, BRI R SR
TR XS o

- ORBEEERIL: U0 Karatsuba Ji%, BRAEEEERE 2N LB N E ISR,

- JERPSRIL: BN Strassen HIE, ERATEREIRIE M0 2D/ INERERISRIENINE,

- DOESERE: POESE TR AT DOBI S AR, X2 BV 6 SRS R .

- ORMEREX: DA, ARATH AR TR, BN DTS — MR KR
W Al AT DA v B AR, (R BhIAHHE R BT SR
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T3, SHAERIENEERAER R M SRRz,

C D ER CoEBRERERFEANTRRIIL T WERSY, REHYE HARMES RTTRE LR,
OUEHERRIR—FIX 1A, FFAERIR X AT R B =70 41

- VPR ATRKENEH, S,

- POEHER . PREHE T R NMEWE, REEBH IR FRE, — DB TTR AR E D,
55— FREAARITCR LA R, B PER AT AR 0180, EEFHANF T IR,

- WHEE . MHEE A AR R EUR D BE 2O, e IRNETTRI T, &ERS R
TERMKIXE, MMRE—ME .

- R Bl T SRR, AVL R, LR B A, B+ BESE, EMIRERL. FEARIMBREE SRR AT DA
THESRME IR o

- HE: HERRPRIRETE A R, HAAMRCE, WAL MHERAIHE(L, SRR EETRR S T 0TRR) B4R,

- A E BRBTH A AERNMAING, (BB RRRTT R BN T 3 iasks, fln, st
HEFP K BER S LR, DU A& IR,

FDAVEH, iRl “EPgies” WRIERA, REESMEERSBURSZ T,

12.2 9812 FEER

B, MREEDNHAK,

C RANER: CEOBFRIESHIIL, HEERER O(n) .,

- EIERHEER: TR BRI SRS B, R A A O(logn) % O(1)
Sebi b, WA O (log n) ISR IRTH RIETSARIGIBIN, HIin — 5 BT,

© S ERNE SR EBAHTERERTR) AN (SRR BT
), XM —ERSEEE s R B BT R ik,
- RN EAIER, TEIERRL AVL R, HESEIRG T, SRR RS2 EE N O(logn)

o

o BRI IHAREEN N TR,

- ISR PR " EPOBFHR R R (TR T EH) DT (B — T &
0, X R T RN H AT R KL,

- FRSURBNIN): £ ERH, SR DR, e SZ H AT AR,

© PRSI EI: o EREEER —MEETR, RARER FRIEEHT S, 47
SRR, BRI 2 R NS E R R

IMAREMSTRTHE R, AR ERENRILREL AR —MED, MG R0 BUHERR—Fi%
Wi,

1. BEFRakn=—a8H

FEZRIETH, Zo&EPEE TR 050 SBIK, BERMET G GBI KREHE,
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Question

BE—DREN n ERFEEAH nuns , HAFFTATRERE K, 1EEHITE target .

MIMEFIRE, TATAERXE [i, 5] M REIFREICA f(7,7) o
PAERIER f(0,n — 1) Jylddh, (@id DA NS EEAT — 2 &k,

L HRIERIXE [i, j] PR m, R EHRR— SR,
2. BRI N —F I F R, AIRED f(i,m — 1) 8 f(m + 1,j) .
3. TEINES 1. BANEE 2. &, HEHE target X AN ZIIR[E],

B 12-4 JoR THEREA A 0 EHOTR 6 B iaiE i,

A

\ 4 m
(o, 3) an 12 15 23 26 31 35]
A

n W
(2, 3) [1 3 nn 12 15 23 26 31 35]
A
m

\ 4

BEREBTE 6 MW&KS|A 2

B 12-4 —ERIIEERE

ESHREH, AT EITFEL dfs O FKRMIE £(i, ) -

// == File: binary_search_recur.c =

[* ZHEHK: \E F(L, §) %/
int dfs(int nums[], int target, int i, int j) {
// BXEAZE, KFLBirxx, MWRE -1
if (1> 3) A
return -1;
+
/] HEFRRERS] m
intm= (1 +3) / 2;
if (nums[m] < target) {
/] BVIAFEE f(m+1, F)
return dfs(nums, target, m + 1, j);
} else if (nums[m] > target) {
/] BFFEE f(i, m-1)
return dfs(nums, target, i, m - 1);
} else {
/] #EIBtrm®R, REIHZERS|

return m;
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hy
[* ZDEH «/

int binarySearch(int nums[], int target, int numsSize) {
int n = numsSize;
/] KfgR#A £(0, n-1)
return dfs(nums, target, 0, n - 1);

h

12.3 {93 a)@

Question
i — MR XWAIRTFES preorder AIH S inorder , 15 MHATEE R, IR[E] AR
o RIEXWHREEEEN A (WE 12-5 iR,

BIFFIER
/ \ B preorder
hFiER
inorder

K 12-5 Fsd = SRR BIEE

1. HERRE RS AR

[ A EiE XM preorder #1 inorder #5 —WA, 2— NS 1E A B,

- WS DA MHRRIA I, BRATTRTDURE R BT REI 0 (R M e T4, ARG T,
=58 OGRS TN TR T (R, AR I A BA LRI 751%, HHR
DNENHFR (FRED, BERRBENFRE (R Lk,

- FRSURMNIN): e RGN, ENZRRA 2%, TR, BAITRFRE
PR e P AT Pt P PR 5 2 TR B AR e A5 TR TR B

- FREEAIAETF: —BEE T ARG TR (PRI, BATHEAT DR e IBERERYT & L,
2 A B

2. ARG FiRt

ARG LA L7047, IXIE R A] DAE I 0 6 R SR AR, AHQMf3@ i i3 P preorder MIFPFiED inorder KR
TR T RE?
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HHEE X, preorder #l inorder #BA] AR A ="NEE5

- RIFEA: [ RS | EFW | BFR ], BINE 1258 [ 3 1 91217 1,
-l [ EFR | RER | AFR ], BINE 125 L 9 1 31127 1,

DA EEEAE B, BT DS E 12-6 AR BRGRIRID 4558,

1. HiFEINEICE 3 MR EE,

2. BIRIRT AL 3 7 inorder HES|, FHIZRSIFE inorder XA T 9 1 3 | 127 1,

3. MR¥E inorder MRIDEER, BEETRAG TR SEES I 13, MmAE preorder XI5
RAL31912171,

BHRURIRTER

AiFER  preorder

HEHRIRT ARG
@ @ hFEEE  inorder n 3 n aFHE

: - ‘ 3 1MEE
EFHE
o o

RiFFiER  preorder anan

12-6 1 il e ik DA P i s A I 7 g

3. ETFEEHAFHEXE
RIELA BRI 771, BNEEMEURY AL 7R, A 7HHE preorder Ml inorder HRSIIX M, T8 T
RIXEER | X A, FAIFZEB LM ZE,

- OBRY R AAR T SSAE preorder FFIIEFIE N 7,
- BRY R IRR T STE inorder YRS IIE N m o
- Y FIRAE inorder RS IX AT (1, 7] .

Wk 12-1 R, @ DL A & EIA] RRAR 1T 55 1E preorder HIYZER S|, PAK FHLE inorder YR G|IX
[E18

R 12-1 AR SR LE AT R PR e I R R 2R 5 |

R FAE preorder HHJZET| FHAE inorder FHYRFIX

L R i [, r]
T 0 i+1 [l,m —1]



128 iR www.hello-algo.com 258

M5 S7E preorder HAYES] FHTE inorder RS X ]

AR i1+ (m—1) [m+1,7]

R, AR RRIITE (m — 1) &R PRI A", BiEEE 12-7 Fig

HiFFEH
o000
preorder
A

A A
i i+l i+1+(m-1)

e 00088
- 00800
inorder

A A A

1 m r

B 12-7 MR R FRIEIRG X RN

4, {X33Em
KT HFER m R, FAMEB— DAL hmap RAZEEEE inorder TR EIR G AL :

// == File: build_tree.c =

/* WEZXN: 298 */
TreeNode *dfs(int *preorder, int *inorderMap, int i, int 1, int r, int size) {
/] FRXEANTBEIE
if (r -1 < 0)
return NULL;
/] IBEIRT =
TreeNode *root = (TreeNode *)malloc(sizeof(TreeNode));
root->val = preorder[i];
root->left = NULL;
root->right = NULL;
/l & mn, NmXl9PEETFH
int m = inorderMap[preorder[i]];
/] FiRlRR: A
root->left = dfs(preorder, inorderMap, i + 1, 1, m - 1, size);
/] FiRlER: MEAFH
root->right = dfs(preorder, inorderMap, i + 1 + m - 1, m + 1, r, size);
// REWRTIS
return root;

}

/* MEZXH */
TreeNode *buildTree(int *preorder, int preorderSize, int *inorder, int inorderSize) {
/] ¥R ER, Fi#E inorder TTHREIZERS|IAYBRST
int *inorderMap = (int *)malloc(sizeof(int) * MAX_SIZE);
for (int i = 0; i < inorderSize; i++) {
inorderMap[inorder[i]] = i;

y
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TreeNode *root = dfs(preorder, inorderMap, 0, 0, inorderSize - 1, inorderSize);
free(inorderMap);
return root;

B 12-8 R T  WAE IR, ST RURER R R AR, missE GIRD BER
B 2 W SpUR S Ebe VA S

v OOOOA
- 00008 9

preorcer (3 B2 (17 @
snorcer (3 (1 [2 (7

[ step 1 | [ step 2 ]

v OOOA
v (BOOOD /

>%

B 9 a preorder
@ inorder

[ Step 3 ‘ Step 4 |

/ 3 9 n preorder

9 3 a inorder

preorder [[3 [0 [2 07
inorder (95 (@92 (7 :

o S I3 £
Step 5

‘ step 6 |

/ / 3 9 sV preorder
ﬂ..

/ 9 ~ac@
3 921 n preorder
@ m inorder @ @

o]
Step 7

‘ Step 8 |
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sreorcer (E)ENEDEDED
nerder (E)E)EEDED @

o o
© o

Cava J 7 | 501 ]

Step 9

B 12-8 My XRAEIIE R

BBV RE N RETF 8] preorder MH T inorder FYRITEERANE 12-9 Fir,

—
-

preorder 392 1 7
inordern3 1 2 7

preorder | 3 |9 |2 n7
inorder | 9 | 3 u2 7

39 2 lnpreorder
BEEE u inorder

I =0

B 12-9 DB BrHRII AR

BT R ECR Y 0, FIGHE— DR (BUT— MBI dfs Q) A O(1) WAl BIEAR 5 A%
R O(n) .

WGARTFE inorder TEREIZRE MBS, EREREN O(n) . EREMILT, 8RB RN,
REEAE] n, B O(n) MRz, IR 2N O(n) .

12.4 SNiEtEiR)ER

FEVAFFHE R A O AR, AT B 1] 08 T I RIS A J ) — 7 (AL, SRR TS E ]
A, AR AR 7 R



B128E iR www.hello-algo.com 261

Question

HREMMETF, WHA BFIC, EIBRET, HF A EEEn MEE, BN LRI FZBMWNEIR
HINRFHES . FRATIESS R EHIX n DMEEBERT ¢ |, HRFENNEEITFAZE (WE 12-10
Fim). TERSNEEAEREY, FEEsy LRI,

L RS SBEMN AL T AR H, 53 —HRAE T TR
2. BIRARERE— DR,
3. /NEBRINZIN T KRB Z o

ALl

Y #HEEEM A BHE C
A B C

12-10 PUOEFE RERBI

RAVERBOR @ RDGREE RN f(i) o Blan f(3) 13K 3 DRI A BENE C IDGEE R,

1. ZEEFRER

i 12-11 Ffo, A TR f(1) , B R — RSN, BRI EERM A 3= ¢ Jin),

8 O B

A B [ A B c

BR (1) WER:
EEFRESEM A BEHE C BIF

| (1)

Step 1 Step 2

B 12-11 FEA 1 () @ fig
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Qi 12-12 fiows, N TR f(2) , RREAEMAESEN, BT ENRWEDERERREEZ |, FHREE)

B R5eMFEEN,

1. e EEA/NREMN ABEB,
2. BEKEFZMNABZEC,
3. Rl NRBEMNBREC,

=1

i £(2)

~=1

BR (2) WER:
1. BIEEM A BERHE B

Step 1 ‘ Step 2
A B c A B [
R £(2) WSR: R £(2) WSR:
1. BEEM A BEHE B 1. BNERM A BEHE B
2. BRESM A BHE C 2. BRESRM A BEHE C
—— 3. WIERM B BERHIE C
Step 3 Step &

B 12-12 RN 2 ] R g
fRnE f(2) RERRREEE ) PR B MABE C, Hrh, CFOVERRML B AT,

2. FinEshE

SR f(3), BMA=AREEE, BHRRRME R T L%,
RAEED f(1) F1 f(2) B, FRDAFRMTRT MG MRS, 1% A TR BB A0k, PUTE 12-13
FURIIS IR, IXFE=ANRE RN A FEZE C T,

1. £ B NEIHE, ¢ A%ME, HHRMESMNABEB,

2. ¥ A PEIERF— DR A BEEESIZE C,

3. 2 C HEFE. A NZMHE, BRDMEZMBEEC,

a | | L&l

A B c A B [
BR £(3) WER:
A £(3) 1. BAEDESEM A BEHE B

Step 1 Step 2
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lal Lla

A B C A B C
R £(3) MER: R £(3) SR
1. BEAIEEM A BEHE B 1. BEDEEM A BEHE B
2. BER—ESMN A BEHE C 2. BRR—MESM A BEHE C
— 3. BETESRM B BHE C
Step 3 Step 4

12-13  FUN 3 BN AR
WA EE, BAEERE f(3) R APAFRE f(2) —AFRE f(1) . HIF RN =AF Rz G,
JR AR 2 f 2R, X LR T RSB ARNZHY, T ELA# AT LS It

I, FATAT LG B R 12-14 BRI RRSGEES A 43 6 50 - SRR f (n) RIS AN TR f(n—1)
FI—ANFRE f(1), FHHEIBUL R X = A,

1. BEn— 17 EEMECMNABEB,
2. BFEIs 1R ABEEBEZEC,
3. Fn— 11 REMEBANBEREC,

MNFRBDFRE f(n— 1), WROEHFERT XTIy, BERXERNFR- (1) M f(1) K
R BRI, RFE— R ERERTA],

FirlE f(n-1): & n-1 MERM A BHNE B

L D
FFE £(n): #§ n PEEM A BHE C - 4

Fiel £(1): BER 1 MEEM A BEE C

.—J—.‘—

f(n 1): % n- 1AlﬁMH§niJ§c

B 12-14  fRORDUESE R 73 16 R0

3. HE%Em

R, BATFEH—MB)IEE dfs (i, src, buf, tar), BRWERHREFRE src TRERR ¢« NEEEB%
WHE buf B3 E HARH: tar :
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// == File: hanota.c =

/* BEh—1EE */
void move(int *src, int #*srcSize, int *tar, int *tarSize) {
// M src TiHEH—IEE
int pan = src[*srcSize - 1];
src[xsrcSize - 1] = 0;
(*srcSize)--;
/] BEERN tar TNZP
tar[*tarSize] = pan;
(xtarSize)++;

}

[* REESGEER F(1) =/
void dfs(int i, int *src, int *srcSize, int *buf, int *bufSize, int xtar, int *tarSize) {
// & src RET—1EE, WEEEHEBZE tar

if (1 = 1) {
move(src, srcSize, tar, tarSize);
return;

}

// FiER f(i-1) : %% src TNEF i-1 NERMEE) tar B3 buf
dfs(i - 1, src, srcSize, tar, tarSize, buf, bufSize);
// FiE@m £(1) : ¥ src FHE—IEEEF tar

move(src, srcSize, tar, tarSize);

[/ FiEl@ £(i-1) : ¥ buf TNZF i-1 NEEMEE) src %3 tar
dfs(i - 1, buf, bufSize, src, srcSize, tar, tarSize);

}

[* KEEXGEERIR */

void solveHanota(int %A, int %ASize, int *B, int %*BSize, int *C, int *CSize) {
// & A TES n MNEZEEED B B3 C
dfs(*ASize, A, ASize, B, BSize, C, CSize);

aniE 12-15 R, POESETRETE R — RS n BRI, S0 RE—DFR-, M —MTER dfs )
R, PERMIERED O(27), ZBREREN O(n) .

B 12-15 {ESEIRNERYIE TR
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Quote

POESE AR 3 — N ERE T, EHEEN—ISEE, BEME=ReRNiatr, Pk 64
MR —HEEE, BEMAEEIEE, MIMEEERE - MREBSERMBENIR—ZI, X1
SR,

SR, BIERIEN1ERMREE—k, BETEEAL 264 ~ 1.84 x 1019 ), &%) 5850 124, Iminid
o TEEN FEHERNG T, TR, WX MEVZER, AT IZAFREROH TR HEEK,

12.5 Ih&E

1. EREH

- iR M IR RS, iR () Fie (BFF) MANE, EEE TS

- HIWTR SR OIEREIANERRIERS . FRRES M. FRER SN, FRERES S,

- VAFHHEE R GRS AT SRR H OB TR R 0 N F KA A, BRI N ITRNTT
wREETF, MMEREHE.

- BIAARBSEER] DARTTEIRRCR, — 77, 2GRS TIRERE; 5—JiH, 2iREaEMTR
GIHIFHATILL,

- oMIAREA] DURORVF 2 RIARIE, B N T EBdREi S BRI, AR H SR,

- ERTRNER, BEMERICRER. NAEREN O(logn) MIERERE R Z2HET ARG I
o

© SO BEBEMGRIGH S — NN, NS T RS T SRS B, TR POEIE
THAKM =73 E K,

- RSO, AR (BRARED AT DARI O A e RIS T (R, IX AT DA R
73 3 A PR P O 2R 5 | X TR R 5K B,

- AEDOESERIEF, — DB n BRIETRT DA AU n— 1 B RIS — DN 1 H9F(R]
Al AZIF ARPRIX = mldle, SR S 2R,
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BE13E [

Abstract
BATANERE R RUIRE S, FERTEAYIERS b rT e 1B 2 KX,
EIWARY D ELEFRATREF B4R, Wik, REIRENEAEHE M,
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13.1 [EIHE*

E#E % (backtracking algorithm) 2 —Rfulid 75 28 KRR BRI V575, ERIR00LEAEZ N — DRI H
%, BNERIEATRERIMRRTTR, HBEEMRIMNNR ISR, ERIREIMSE 20T AT a] RERE AT
TEIFEARENE N 1k,

I ERE R R “REICER” KiEham, £ "R B9, BOURRNF. e RET
B TR R, TR, BTN & IS — D EARE, ZB25 7 iR SRR R TR,

il —
HE RN, EERIFFERAEERN TR, BIRE REIR,

TR, BATTRT R AR, HHWTSRT SRER SN T, B, WK RREMALRYIE res
Z o AR RSN E 13-1 A1 B M RIEFR:

// == File: preorder_traversal_i_compact.c =
/* BiFBH: flE— */

void preOrder(TreeNode *root) {
if (root = NULL) {

return;
}
if (root->val = 7) {
/] iBFfE
res[resSize++] = root;
}.

preOrder(root->Tleft);
preOrder(root->right);

BB =X,
FIEREHN 7 HTHS

AIFFEH
 @SFTR

13-1 1Rl R A

13.1.1 =iH5ELR

ZFR PR Z ML, REOVZRIR R RN 2R 27 5 “RHR” KRN, HRIAERRY
BRI N IRS TR RS T BT IR G 2 R S5 AR AR, B AOH E— PRk, R E Z AR,
ZIAH AR AT REAIE R
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AT —, iR REAR K “ZRX7, B S E0R AR A return MIFR “MNRY,
EREIHIE, PIEFFAUNRISEEBORN, NERx—, BTG — M 1En .

Pl —
X IERATEEDN 7 BT R, IR B R 2.

TEfE— IR A |, FRATIFREAEB— DI path ICF YIRS BT REE 2. M VIRIZENEN T B9 RN,
NEH path FAIELRIIE res . WHEMIE, res HRFRIHUZITE M, A FAR:

// == File: preorder_traversal_ii_compact.c =

/* giFEEH: Bl +/
void preOrder(TreeNode *root) {
if (root = NULL) {
return;
}
[/l =i
path[pathSize++] = root;
if (root->val = 7) A
/] IBRAE
for (int i = 0; i < pathSize; ++i) {
res[resSizel[i] = path[i];
IF
resSize++;
¥
preOrder(root->left);
preOrder(root->right);
// [EIE
pathSize--;

FERR “EIR” ) FADEIRE Y /0T AR path SRICFREER; WifE “ENR” A, FAIFEZRIZTTRM
path Higit, PAREARZIAZ AR,

WS 13-2 FRiid e, BT BAR ZUmmRRE “RiE” 5 “WRS”, P MRIETINTA.,

-‘: A

(1) 1)

<;> Sit: RITER, ERRE ;;;/*54\\\\ i BTER, ERRE

/ \ EBE: RERE, REER EBB: WA, EEOEE
) path = [1] ) path = [1, 7]

\ BETHSE 7, WEREFNESR
res = [] y’ 7) res = [[1, 7]1]

Step 1 Step 2
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£id: BIWH, BRRE
EB: ERE, RBORE
path = [1, 7, 4]

ik BI\H, EMRRS
BB RERES, RKHEE
path = [1, 7]

res = [[1, 7]] res = [[1, 7]]

£id: BIEH, BRRS
EB: RERE, REBRE
path = [1, 7, 5]

St BITEFH, BHRS
B RERE, EERE
path = [1]

res = [[1, 7]] res = [[1, 7]]

20 BIEH, BRRE
EB: RERS, RBOEE
path = [1, 3]

£t BITER, BHRE
EB: RERE, HOEE
path = [1, 3, 6]

res = [[1, 7]] res = [[1, 7]]

£id: BITWH, BRRS
ER: RERE, KEEE
path = [1, 3]

ik BITBFH, BRE
ER: RERS, RHRE
path = [1, 3, 7]

BETR 7 , WEBRRFRNELR

res = [[1, 7]] res = [[1, 7], [1, 3, 7]]

Step 9 ‘ Step 10

S BITEFH, BHRE
BHB: fRERS, EEEE
path = []

res = [[1, 71, [1, 3, 7]]

[step 11

K 13-2 =i 5[ER
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13.1.2 B
Z) [E1 0 A D@ B L S — AN R B AR, RSB RT3k,

s =
XA ERATAEN 7R R, IBIRERRT RERXET G AR, IR AEEEN 3 1

NT R AR, BANTRERMBEARE: EERERED, FH82EN 3 IR, WHRAHRE,
MEHRR, B ATR:

// == File: preorder_traversal_iii_compact.c =

/> HiFF&ER: GlE= +/
void preOrder(TreeNode *root) {
/l R
if (root = NULL || root->val = 3) {
return;
}
[/l =i
path[pathSize++] = root;
if (root->val = 7) {
/] BRAE
for (int i = 0; i < pathSize; i++) {
res[resSize][i] = path[i];
+
resSize++;
}
preOrder(root->left);
preOrder(root->right);
// [Eh&
pathSize--;

“BIR” R MNERTERIIAIE, E 13-3 R, EEZRERET, Bl BT 7 A LR R
X, WRIFZIERE IR, MRS TEEIE,

Bk @ER 3 B SRNRHRE

R ATR IR S X R E R 6]
MIHRFHEZR I

13-3 HRARLIRAMFBIEL
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13.1.3 EZKE

BR, BANZLCREMR “2K0 [HR, B9 B EARNESRIZR LR, RS AE A 1,
FELAMERNRSH, state FORMEIH S ATIRA, choices FURYRAITINAS T Al DAL HIERE:

/* [BIEEELSR «/
void backtrack(State *state, Choice *choices, int numChoices, State *res, int numRes) {
/] Flr 2B R
if (isSolution(state)) 1
/] ERf#
recordSolution(state, res, numRes);
/] TEBHEER
return;
}
/] BAFREIERE
for (int 1 = 0; i < numChoices; i++) {
/] Bt FIEDERRT AL
if (isValid(state, &choices[i])) {
[/ =i MEEE, SRS
makeChoice(state, &choices[i]);
backtrack(state, choices, numChoices, res, numRes);
// [ELE: HEEEE, MEEZRE
undoChoice(state, &choices[i]);

Bk, FATEETREZRARDRARAGIE =, R3S state N1 RUEHIIERE, WEHE choices 9411 A AT
TRMGF TR, 4R res BIIEYIR:

// == File: preorder_traversal_iii_template.c =

/* FITHFIRSEET MR */
bool isSolution(void) {

return pathSize > 0 8&& path[pathSize - 1]->val = 7;
I3

/* ICRfR */
void recordSolution(void) {
for (int i = 0; i < pathSize; i++) {
res[resSizel][i] = path[i];
¥
resSize++;

}

/* FIBREHEIRET, ZERREEE */
bool isValid(TreeNode *choice) {
return choice !'= NULL && choice->val != 3;

}

[* BIRE +/
void makeChoice(TreeNode *choice) {
path[pathSize++] = choice;

}

/% MERE +/
void undoChoice(void) {
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pathSize--;
}

/* EIEE: GlE= «/
void backtrack(TreeNode *choices[2]) {
/] WEERTMR
if (isSolution()) A{
/] BRAE
recordSolution();
+
/] BHEEIEE
for (int i = 0; 1 < 2; i++) {
TreeNode *choice = choices[i];
/] BN KEREERET
if (isValid(choice)) {
/] B MEERE, FIRE
makeChoice(choice);
/] T —RIEE
TreeNode *nextChoices[2] = {choice->1left, choice->right};
backtrack(nextChoices);
// [ELR: HEEEE, MEEZFRE
undoChoice();

MRAERUR, BAHEIRENE 7 B9 RUGROIZREHER, KT R Il ki 2 Ja i return AR, & 13-4
X T REFEMER return IBATAVIHRIL TR,

EREE 4

FikiEs
Q. et
(2
#E return HiF% return
ICRMBEIRE], FES4EIEHR IERBETRE, HEHEER

K 13-4 RESMER return S RIS L

PR T Rl AR SR, T A AR 2R AR S AR BASIB R, (Hi@m s Lr, hn b, %
o] ) ] PAAE I HEZR B, FRATTR FFARYE BAR AR E W state #l choices , FFSEEMMEZEAHAYEN T
RN
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13.1.4 EAARIE

NT IS M REARNE, AT — T ER AT AR S X,

13-1 A7,

#1d]

fi2 (solution)
LR &M
(constraint)

RE (state)

2R

(attempt)

[EIBIES
(backtracking)
LY

(pruning)

Tip

A, R, IRSSEMES AR, fEoia. B, shasml,

FERRRBIE =25 XS o fl, qnak

R 13-1 H LIRS

724
PRI T 2 PSR, AR —
LIS R IR T LR AP, JERE
T

PAR BRI, EECLMmn
g

SRR AT RR AR IR R, A
RS, THRE, RERTHR

EDEHRBEI LR & PEARASH, AT
YRR, [EE] LR

SRR AR PRI AR PRI TR SRR
BRI, ATRBEER

13.1.5 i=5RRE

Bl =

AT RENTT LT BT R LI AR A2
BREPAEETR S

LRTEVIFAYY 812, Bl path 198515

BV () TR, R AN path
HIr T B ER SN T

SO L SRR EEIEN 3 /Y
TR IEER, HEORE

HBENEN 3 BTN, UAFRSHER

WLFRIEHEA Y Mo

R bAoA — RO LSRR LR, T T AT REIRUL R E BRI R EIORR, IR B0
OERELE FREBSIRBIITH AT RERIMRDIT S, T ELTE S TRIITECBRIE R, SLARBIIACE,
ST, PEUCTEA USSR S ARFVIRY, SIS Rl e DA 2.

I TSR S PRSI ATRE, RIS 44 8 T LUK RO s T

A RIS ATORA (PIAAGE, TTIEOMBIR), MIRRERKN, %

FRARELEIHRA,

EGELTEE, [ISES AR A PR 2O R P B MR T, IR, 1 T e
B PERT AR O, LTI SO AT RERI A (T, (EXCRI T, SRR (AL,
TR A AT TR,

BTG RN R SRR R, TN IR

RIS ARSI\ SRR T, T RS ARI FTAEP AT AROBS 2.
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13.1.6 [G]¥AH B {55

[ SRR AT TR ORVE 2 AR IANEL, 25U 2 AL 20 & (AL
PR M XA H AR R R SRR R 7T 5o

- IR ARG, REHATEATRERIHSIA A,
- FEMER: BE-DERAN—DERM, KEIRESTITERN AR5,
- DOREETEL: 455 = ARAE TR — RN FIR IR, BRI BE N —ARAE T2 3h 2 55 — A T,
OGRS —MNREE, HARER KBRS
LI ML X2 AR RS A LR PR
- n2iE: f£n x n RS EREn NER, EEEMEASHEG,
© OB R 9 x 9 PIRTIEART 1~ 9, #ESET. SINED 3 x 3 FMBTRBTAES,
- EEGRE: BE-DEEE, ARVIBEOAENSNRER, EEHBTEEEAR,

AR : XK R HARRTE— D G 23 A PP RS 7 2 B2 55 1 SR AL e

- O-1HERE: G —-Aai—NEE, MR E ENNENER, ERETEFERGIN, %
B AR S E R KR,

- AT EDNEAF, N DR, IRETE AR IR, SRR,

- BOKHINE: B —PTAE, RERERNTEETE, BFEPIEEN DTS A LHE,

IR, TS HE MR, EfARR RS,

- 0-1 T B AIFE0E s E BN SHUARER,  DAOKE S = A RIS,
- BRATR R N E AR NP-Hard [R5 MR A S BIERIE R IR,
- RKHEUZEIE PR — DA, AT SUORTRS B A NSRRI,

13.2 £H5lin)E

EHEA SR PR RR — DRI, BRI SRS TE MRS A — DT R) BT, X
HHARTTRIIFTA ATRERIHES .

R 13-2 528 T LSRG, LG AR N AT A HES

®13-2 EHFIRA

N R HE
[1] [1]
[1,2] [1,2],2,1]

[1,2,3] [1,2,3],[1,3,2],]2,1,3],[2,3,1],[3,1,2],[3,2, 1]
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13.2.1 THETENER

Question

MA—DEREEEEAH, HPAEESESTR, REFTHTRERIHES,

MIEELI R, AT DA RS RS AR GUR— RINEFEINEE R RIS [1,2,3], W
RIAVeer 1, M3, BJEEse2, MRSHS [1,3,2] . ENRFRREE — MR, Z/eakestiH
fibize+E,

MEAIRIERIAEE, BHESES choices BRMIABAFHIFIEILER, KA state ZHZE HATCHIEFENTT
o WHER, BMLRAAFPIERE X, Wt state PIRFTHCRAN %2 ME K,

G 13-5 For,  FATTAT DORHE R R T R — BRI VAR, S RS BTIRES state . MRTTA
T, 2 =RIEREENAMAT A, BT R R — MRS,

choices = na state =

E—ITEE

BRI

13-5 ZHE5IRIE IR

1. ES®ES
HNTEMEGNTCERPOERE —R, BITZFESIA—DH/REEAH selected, HH selected[i] TR
choices[i] B&CEHIERE, HET ELILL NEIRARIE,

- TEMH%ERR choice[i] J&, BATIwiKs selected[i] MME N True, RFEEBHER,

- JEPNERYF choices B, BRI FTE EH0ERRIT L, BIBTRL,
WA 13-6 AR, BORBAMIE—4EFR 1, B R 3, Bk 2, NFEEES Wil E 193,
EHE =100 E 1 MITE 3 9,
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(3]

,L aixmER 1, 2, 3

e 1 B @ )
B o
o ———————l

o HRBEHERENTE 1

BIREE 3 FlRaknER 2, 3
-1 530
2

BSREE 2

HCHEENTE 1, 3
FFREETER 2

13-6  2HHIBIETRHI

WEEIE 13-6 RIL, EITRRIESUE A O(n) BhE O(nl) .

2. R

BB EERZE, BATHIAT ARSI “e " T N TR, AT RS

5
ARSI REL, TR ENTRIFLE backtrack () REH:
// == File: permutations_i.c =

[* EESE: 2H5 T «/

void backtrack(int *state, int stateSize, int *choices, int choicesSize, bool *selected, int

< *xres, int *resSize) {
/] EREEKESFToEEHEN, iDRfE
if (stateSize = choicesSize) {
res[*resSize] = (int *)malloc(choicesSize * sizeof(int));
for (int i = 0; i < choicesSize; i++) {
res[*xresSize][i] = state[i];
+
(*resSize)++;
return;
+
/] BHAFIEERE
for (int i = 0; i < choicesSize; i++) {
int choice = choices[i];
/] B AATESEEFETE
if (!'selected[i]) {
/] Ei: MEERE, BFRE
selected[i] = true;
state[stateSize] = choice;
/] T —RIEE
backtrack(state, stateSize + 1, choices, choicesSize, selected, res, resSize);
/] [EhR: HEEERE, MERZAIRTES
selected[i] = false;
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I
[* 2R T %/

int *xpermutationsI(int *nums, int numsSize, int *returnSize) {
int xstate = (int *)malloc(numsSize * sizeof(int));
bool #*selected = (bool *)malloc(numsSize * sizeof(bool));
for (int 1 = 0; i < numsSize; i++) {
selected[i] = 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;

13.2.2 EERFTENBR

Question

WA, BalrbRe S EER, IRMFrA RNEERH,

AN [1,1,2] . NTHERAWAEETE 1, ROHEHE A 1ien 1,
W 137 FoR, Rk R — L R B,

choices = state =

E—EE

ERIRE

BoREE
.
R EMEEHTI

K’ 13-7 EHEHA

M2aMREREGAHESIE? e, FEMEH - DMERES, ERNHVIEREITRE, AR
UepuAE, PUONERREEHSIHER T LA BE, NSTERTHADFIEE, Xkl DO — PRI RIARCR
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1. HEREER

MR 13-8 | RSB 4, JEHE 1 B 1 RS0, EXHANER Y FAERFTEHS B, Fit
MIZAE 1 B0,

FIBE, fEE—H030E% 2 25, S ey 1R 1 b mE s, FIAR S 0 1 35k,
MATR EE, B HBRREE—RIESD, BESMHERCEBHEFE X,

F—IPERE
T RAEER 1 2B
DR IE—R
BIERR
.ﬁ%i£E%I1
OR#ER—R
BoER

& 13-8 EEHEFIBTEL

2. fREEEH

£ LB R b, AT EBARS - RIERTITE — e S duplicated, HTiCRIZEHES
ZWEHITR, IFRHEEITTRIE:

// == File: permutations_ii.c =

/* EIEE. 235 11 %/
void backtrack(int *state, int stateSize, int *choices, int choicesSize, bool *selected, int
< *%res, int *resSize) {
/] BREKEEFT cE2HEN, BRF
if (stateSize = choicesSize) {
res[*resSize] = (int *)malloc(choicesSize * sizeof(int));
for (int i = 0; i < choicesSize; i++) {
res[*xresSize][i] = state[i];
+
(*resSize)++;
return;
+
/] BEFREIEE
bool duplicated[MAX_SIZE] = {false};
for (int 1 = 0; i < choicesSize; i++) {
int choice = choices[i];
/] B8 AAFESEEETE B FAFESEENEE TR
if (!selected[i] && !duplicated[choice]) {
/] Ei MHEE, EIRES
duplicated[choice] = true; // iBFEFRINTEE
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selected[i] = true;

state[stateSize] = choice;

/] T —RIERE

backtrack(state, stateSize + 1, choices, choicesSize, selected, res, resSize);
// [EIR: HEEERE, MERZAIRE

selected[i] = false;

}
/* 2HB 1T +/

int *xpermutationsII(int *nums, int numsSize, int *returnSize) {
int xstate = (int *)malloc(numsSize * sizeof(int));
bool *selected = (bool *)malloc(numsSize * sizeof(bool));
for (int 1 = 0; i < numsSize; i++) {
selected[i] = false;

R
int *xres = (int *x)malloc(MAX_SIZE * sizeof(int *));
*returnSize = 0;

backtrack(state, 0, nums, numsSize, selected, res, returnSize);

free(state);
free(selected);

return res;

BIRTTREMMNZ R EAMHE, W n NTRIEE n! #HES] (5); fEICREERN, TEEHHEN n HFIE,
5/ O(n) WH, FEHNEELRER O(nin) .

BRIBIFREA n, M O(n) fRifizH, selected ffiH O(n) =2Hl, F—NZI&ZEE n /> duplicated
, B O(n?) 2=, WEREZER O(n?) .

3. WMEIRIRILL

EHE, B selected Al duplicated #FH TBIK:, HHEMERARRF,

BEEERIR: BMEREEFEAE D selected . BICRIZLFTPRSTEEMLETTE, HEHRE
B EANTTELE state HEE ML,

- M BN SR (BN EAM backtrack D #EE—1 duplicated . BiCRAEIEAR
®iw)i (for fE3N) WL LR OPNERY, HIEHRRIFHEHE TR R ERE X,

B 13-9 JoRn T N BIRZR AR RIZAE R, TR, PRI AR —kRE, MR B SR 2 b
92T A R — N HES
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HESA— 3<
Wit AR (1, 1, 2] [1, 2, 1] (2, 1, 1] HE&MHZ §

B 13-9  RIBTRC & AHAOPE I TE

13.3 FEMin)EH

13.3.1 TEERENFR

Question

87— IEEEEEH nums FI— D EARIEEEEL target , IEREFTARIREMA S, HEHETRITR
ST target . HEBAHLEE LR, FNTRIUPIERZ R, HLBIRERR AL S,

RPN USHEEHS,

flan, WMARE {3,4,5} FEREE 9, 0 {3,3,3},{4,5} . FEIEELTMA.

ARSI R AT TR U R,
C FHEARRASTEIY, i {4,5) F1 (5,4} BT,

1. BELHTIRE

KT EHAR, BATA] DHE TR E SO RE R K — RYNERRRIEER, FHEEEI RS g TR

M7, YILEMET target I, FOKFHEICKELEEYIR,

M5 EHP AR FREE, ARG PRICE ] DRICRRIER, FITCHEY selected fi/RIIFRILFR

TLESE S CHOERE, BATAT DA EHP ISR T/ IME B, #2152 :
// == File: subset_sum_i_naive.c =

/* EIEE: FEM I +/

void backtrack(int target, int total, int *choices, int choicesSize) {
/] FEMZETF target B, IZRHF
if (total = target) {
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}

for (int i = 0; i < stateSize; i++) {
res[resSizel[i] = state[il;
+
resColSizes[resSize++] = stateSize;
return;
+
/] BIFREIEE
for (int i = 0; i < choicesSize; i++) {
/] EiF%: BFEMBE target , MBLTIZER
if (total + choices[i] > target) {
continue;
+
/] =it HEE, EFcEM total
state[stateSize++] = choices[i];
/] BT R—REE

backtrack(target, total + choices[i], choices, choicesSize);

// [ER: R, MERZEIRE

stateSize--;

/[* RBFEN I (BEEEFE) «/

void subsetSumINaive(int *nums, int numsSize, int target) {

resSize = 0; // ¥ ERNHEN 0
backtrack(target, 0, nums, numsSize);

ARG A B (3,4, 5] FIEFRTTR 9, Ml [3,3,3],[4,5], [5,4] « RREIHEH AR
9 ¥, HHPFIEREINFE 4,5 M1 [5,4] .
XZRHE R AR ORI RY, 8T FRAXIERNE, W& 13-10 R, Joik 4 J5i% 5 555k 5
JEik 4 AR, (EXRE— 2R,

NTEPREETE, —MERAEBRNEERIIFGET RE, HIXDITIRBCRIRAK, AW,

choices =

target =

B

[3,3,3]

13-10 RGBT
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- AR RZ, THEY target AN, EREESERBNEE TH,
- HETER (D) WRFEAEFEREN, TEICHIPRE, BHRSEPENITRRR,

2. EEFEER

BANZ BRI R PERE B T R E, WEE 13-11, HE FEREIRRIF IS T RN =40,
BN LA~ B B,

1. M5 AR A B 3 T AN, SERESIXIATERITTETE, 105 (3.4, ... ]
2. 25, MEHIERE AR, WIS ARRIRFOE 3, EONZIEREPER T 4,3, .. FI 1. SR
OEL TN T
ERRITR, RIS A DR, RS2 SRR %,
1. BPHEIERE 315, AERRTE 3,5, ...]
0. HIFESERE AR5, ARTE [4,5, ... ],

3. EHE RS, WP RGN 3R A, FENTE (5,3, R (5,4, ... ] 55 1. BRI 2. Hop
IR T

choices = a

FE [3,3,.] [3,4,.] [3,5,.] 3 [4,4,.] [4,5,.] 3 4 [5,5,..]

EREF&R EEF& ERTE

B 13-11 AREEy SEHEE 75

BERE, BEMNE (11, 2y, .., 2], WIRRLRAPEERIFINY [, @, , .. 2, |, WEEEFS)
FEWL i) < iy < < iy, , FIREAINERTIIBAERESE, PRIk,

3. =M

NSEBZEIR, BRI R start, HTHREHEEG R SMHHERE v, 5, B P —8NAR5] i IF
YR, IXFERO AT UL F IR 1 < iy < - <4, , MITIPRIETFERME—,

PRitLZSb, BABEXSRESHEAT 1 DA I L,
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EFF B RAT, S nuns HE7. fEIRIATEIZEN, S THEMET target B EHESRIGIE,
NEBRTEE LR, HTPEM—Tiid target
BEICEMZE total, WITTE target EPUTIRIZRSGETICEA, Y target FT 0 BFd®#E,

// == File: subset_sum_i.c =

/* EIEE: FEM I +/
void backtrack(int target, int *choices, int choicesSize, int start) {
/] FENEF target B, IEFRME
if (target = 0) {
for (int i = 0; i < stateSize; ++i) {
res[resSize][i] = state[i];
IF
resColSizes[resSize++] = stateSize;
return;
}
/] BEFREIEE
/] BT M start FRIER, BREMREE FE
for (int i = start; i < choicesSize; i++) {
/] BEfk—: BEFENMBD target , NEBLERBEIF
/] XREANEHECHRF, EUTEREKR, FEMN—EEE target
if (target - choices[i] < 0) {
break;
¥
[/ ZiRt: HHi%EE, B target, start
state[stateSize] = choices[i];
stateSize++;
[/ BT RIEE
backtrack(target - choices[i], choices, choicesSize, i);
/] [EhR: HEEERE, MEIZFRNRE
stateSize--;

I
[* REBFEM I =/

void subsetSumI(int *nums, int numsSize, int target) {
gsort(nums, numsSize, sizeof(int), cmp); // ¥ nums #H{THE
int start = 0; /] IBFtCIAR
backtrack(target, nums, numsSize, start);

& 13-12 Fro k8 (3, 4, 5] FIEFRTTR 9 B L LA SR AR .
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M target

choices = FreatoRE
target =

[ i

E=REE

TTEMAREE
iBit target BERFE

B 13-12 F5A0 T [Ed R

13.3.2 ZEREETENER

Question

HE — N IEEECEUH nums F1— DB FRIEREE target , IHHHFTATREMA S, HRHAEHITE
5T target . SEBEITRERSHE CE, SR TPHER IR, HFIRP IR EIZLEH
a, RPN ESEEHE,

FEE T L, ARSI RE L S TR ALER, 35| TR, i, sl [4, 4, 5] I E s
0, MBERMKHLLEEY [4,5),[4,5), HHTEETE,

EROX M EE R RS CR AR B RIERE . £ 13-13 b, BRI = DERE, HAhm A Ey
, EMANEENERDE, MmtES7E; [, FRIOMDS 4 S EEE TR,

choices =
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K 13-13 HETRSBWELETH

1. HETRH

NI, BATHR LRGBS R HREOERE IR, LISy TR EHT
[, RIHMSETTREVEAHRE, XERE RS, HAARGHAEDITRMASE, MR e CauiE

FId, FItEERE SR,

SRR, ABRE A B TR N RESOERE—IK, SEisfE, BATEA] DA R start Kil 2 IZ40H:
SffHNERE ¢, 5, BE T HNRI G+ 1IHRmERED . XHEMRRERPRER 75, bt EgiEsoT
=o

2. UM

/1

File: subset_sum_ii.c =

/* [BIEE: F&EM II %/

void backtrack(int target, int *choices, int choicesSize, int start) {

}

//

FEMET target BY, IERAE

if (target = 0) {

h

//
//
//

for (int i = 0; i < stateSize; i++) {
res[resSize][i] = statel[i];

+

resColSizes[resSize++] = stateSize;

return;

pilaldiE=pries
BIR—: M start FUEEH, #REMEEFE
BIRe=: M start Fi0BH, B#REEEEE—TE

for (int i = start; i < choicesSize; i++) {

/] Bty—: BFEMEBY target , MEREBT
if (target - choices[i] < 0) {

continue;
+
/] BRI MMRZTERSEINTREESE, HAZERSTEES, i
if (i > start 8&& choices[i] = choices[i - 1]) {
continue;
¥

/] ZEi: HEEE, F target, start

state[stateSize] = choices[i];

stateSize++;

/] BT R—RERE

backtrack(target - choices[i], choices, choicesSize, i + 1);
[/ EIR: #EEiEE, MEIZAIRE

stateSize--;

[* KEBFEM IT */

void subsetSumII(int *nums, int numsSize, int target) {

//

3t nums FHTHIE

gsort(nums, numsSize, sizeof(int), cmp);

//

FHamEHA

backtrack(target, nums, numsSize, 0);
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B 13-14 &R T8 [4, 4, 5) MBFRICR 9 WEHNERE, SLOESTIRBTEIRIE, BIREER S RS
&, HRRENUREE, DIERBIR IR A TR,

choices = ﬂ
target = i

HEm
ER—i S
ER R K& ¥ FH

Bi=
BRER

&-%‘?O [4!5] EETH

k=
FRAWEER

He— SR AT

TTEMAEE
8t target

B 13-14 F5H0 11 [

13.4 n E/5ir

Question
AR ERR R AN, 2E0 ARG S RA—1T7. —FIs—&RL LR T, SE n MERM—1
n X n KN, SHEERITE 25 Z BT B E R TRT 5.

& 13-15 FR, M n = 45, HEaTDEREIMAME, MEIHEERNHAES, n x n AKDEEEE n? M
T, BHTATEER choices » EZRNMRE 2GRS, HEDRSEARW L, NN ZIEETZ
IRAS state,

) | ) |

3
[ 3

L3
L3

L3
L
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K 13-15 4 2J5IRE R

5 13-16 JoR T ARBH =N BARRARELER 1T, W5, F—FMMk L, HERERNE, X
LT N FER AL\ TR 2k / R,

FREER—RHBGLE WBBRRFRORAS
el
Faezem—17 x| W foxefox s W

O e < i /
N 7
. e L) s
X X X - T A T
~ | A P
, N A
i N /
N
s i P
X X. O
AN | —
e NP

FRER—F REEA—THREE

& 13-16 n 2JFMERILIHRFZAF:

1. FTHRERRK
SIEMEEMEENITEE D n, FHERMNEZEE—NMES: MRS ar AR RriE —1~ 25,
s, FATTCLRBUZRITIE RIS : MWE—1THG, EETRE 125, BEEREF1T4H,

B 13-17 fios ol 4 2R HRBEZITHREE R, ZEERT, B 13-17 (UIF 7 —ATHRHP —MERD L,
F HRF AL AT F IR 77 AT T 3L

W [N ¥ | W
HEE 17
(%98) (%98 (%958
W | | W [ 1] ]
R I% F B |
/
L P PR
BEE 3 17 W = ﬂ = E_ f
|l v [T | w
WEE 4 l! " ‘—'!*ﬂ! ﬂ
W] ] W

B 13-17 ZATIE RN
MAR LR, BITBCERIGES] ¢RI, eiih 7R —THIZ N RIRNATE R
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2. FISHALERE

NTRANLIH, BATAT A —MRER n (/R cols iIdkB SR EH Bh. ERRIVERE
i1, BANEE cols KEA Z/RHISRHTEIE, FHAERMBIHIEER cols FIIRE,

Tip
TR, FEREERATE LA, HATRIIMN LRI, 1IR3 MNESHEN,

A2, WMATALFER I RLTRE? BARELHSEME FIITHIR TN (row, col) , IEEFEREH IS TR AL,
BATVEIZN AL LA RIATRI ISR S A, B3 B row — col MERE(E,
WS, WRMNMETFHE row, — coly = rowy — coly , MENT—ETER—ZFENAL b, FIHZ
PR, FRATATCAREBYIE 13-18 FnAU%H diagsl IDREFR TN ALk LEGHER,

IR, gLk LA RS0 row + col RIEEMH, FAFRIFRT UGB diags2 SR F £k
*

EREMBLZE
2ERER

ERAMBLE
BERER

T

cols

BRIZLHER

13-18 ACEESNZIHAIN FALETH

3. {X33Em

THER, n 4R row — col WTERENE [—n + 1,n — 1], row + col KWFEHEIE [0,2n — 2], FTLAFEXT
LU LA ECR AN 2n — 1, R¥EH diagsl Ml diags2 AUKEHDN 2n — 1,

// = File: n_queens.c =

/* BIEE: n 2/F %/
void backtrack(int row, int n, char state[MAX_SIZE][MAX_SIZE], char #**xres, int *resSize, bool
< Ccols[MAX_SIZE],
bool diagsl[2 * MAX_SIZE - 1], bool diags2[2 * MAX_SIZE - 1]) {
/] EBHESFETTR, iBRf#

if (row = n) {
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res[*resSize] = (char **)malloc(sizeof(char *) * n);

for (int i = 0; i < n; ++i) {
res[*resSize][i] = (char *)malloc(sizeof(char) * (n + 1));
strcpy(res[*resSize][i], statel[i]);

¥

(*resSize)++;

return;
+
/] BHEFES

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

/] TEIZAEFR NI E X R LEFIR S L%

int diagl = row - col + n - 1;

int diag2 = row + col;

/] B ARFZSFARIES. EXNRL%. RNAKLEEEER

if (lcols[col] && !diagsi[diagl] && !diags2[diag2]) {
/] B BRERKREEZETF
state[row][col] = 'Q';
cols[col] = diagsl[diagl] = diags2[diag2] = true;
/] BMET—1T
backtrack(row + 1, n, state, res, resSize, cols, diagsl, diags2);
/] [EIR: izt FmE RN
state[row][col] = '#';
cols[col] = diagsl[diagl] = diags2[diag2] = false;

I
[* KfE n 2iF */

char **xnQueens(int n, int *returnSize) {
char state[MAX_SIZE][MAX_SIZE];
/] #iaE nxn K/NERERR, Hep 'Q ARER, '#' AR

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

for (int j = 0; j < n; ++j) {
state[i][j] = '#';
+
state[i][n] = "\08"';
+
bool cols[MAX_SIZE] = {false}; !/l ERIIREEER

bool diagsl[2 * MAX_SIZE - 1]
bool diags2[2 * MAX_SIZE - 1]

char **xres
*returnSize

{false}; // ERENALLETEER
{false}; // BRAMNABLLEEEER

(char **x)malloc(sizeof(char **) % MAX_SIZE);
0;

backtrack(0, n, state, res, returnSize, cols, diagsl, diags2);

return res;

BATIE n Ik, FBEINAR, WNETERE—ATHIE n. n—1, ... 20 1DESE, @8 O(n!) i
o MR, FEEHIMEN state HIRIME res, EHHRMEHEM O(n?) IHHEL, M, UK REZE
JO(n!-n?) . Fhr k., AR AL R RALRERS KRS MEZRAE R, NS RBERAEM T DL

B,

¥ state (/] O(n?) 23M, $4H cols. diagsl fil diags2 B O(n) 23, MABITRE N n, F
i O(n) teiz=il, A, BRERER O(n?) .
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13.5 Ih&E

1. EREEH

- IEEARBUR S 28R, B RS R T IR Ui 7ok ST & SRR, fEIERIERE A, 1B
RIS, B EREIRTA REOE P 72 R4 3

- FERAE RS RIS FNREM AN, el R R R A MR, BRI
LREFEIFRITE O, IR E—Pr0ikss, IBEZEZATHIRE, FHakstilHhgss, 25 EREM

NI TR R AR,
- [ REE S 2 N R, TR TSR R, SR AT DARATAT RN B AR RS, K
TR THE R,

- (IR 3 S A] T AR R R (R R AR 2 (AL, A S AR IR R SR AT DA [l SR R, EAEE
TSR T i R A IR TR

- 2R S EERAEESITTRIATE FTRERHES, BAME — M RIER DT R R S PR,
S R R — T RAE R 0 3, RSN ITRRAPOEE X,

- AEEHRSRET, EREAPFEREES TR, WRASERSHIESHY, RNTELRMHETRES
erp HREBOERE—IR, XIEFEB— D Iam &SR LI,

- TEMPEIER HbRRESE RSP RENN EMERN TS T8, £ AXOTRNF, MEREES
WA IEEER, A EE TR, BAERWRTRESRETHE, HiRE PN EERIERE K
IR, MITRE S TSR AR R 0 SO TIIRL

C X TFEMEE, BTSSRI ERERES, BNFHEAHCHPRRTESE, BT AIBELR
TLRE ISR, MIMHCRAHSE TR AL i L BEBOE T —IX,

- n REMAEEEIHE n NEERES n x n RSEE ERTTR, ZRATE 25 MM RIJCERBEE
Tio ZBIILIREFAITLAR, FIZHR, EXAEIIOT LR, Nl RITLIR, BATRAATR
BHREE, RIES—THE 25,

- HILIFRIS FALRLTRAIAL BT SR, X FHILR, AR —MERIERE SR G ARG, M
TRETRIRE T RE G R XN TRAERLR, BOMEBM MR ANIERIZE, Kk EREOFE
S5, MRETHRELER - B NA% BRI ErIToIRS A,

2. Q&A

Q: EBUREIIHAIEITR K FR?
BHRE, B “RIAREET, mEAEGRE - TR

- [EEREEE TS, A, FEIRIEHMN AR —, RIEEEERAE RN AL,
- OBAREEEILT TR RIRETE, FHATRRRE. B, shESHR GEfZeEa) S
i,
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Abstract
NS NCI N ARG V(5
SRR /N B AR SRR BN A 2R, — 2020 5 | SBAT T8 (Al o [l R A8
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14.1 ¥iREhEIEY

shSME (dynamic programming) 2 —PMEZEREIAERX, ER— N RN —RIVE N T FE, 7
AT PSR R R B TR, TTRIEER T RRCR

AT, BN DRMFIBAT, eantierg s, WEHPUSNESTRE, 525 T
B BN S S

JerEEh
BE—DIE n RO, (REEPRTDLE 1 e 2 B, iERA 2/ 0875 58] ARSI RETH?

i 14-1 FoR, X1 3 Birkksd, HHF 3wy 5a] DUEEIRET,

.

TetsE 3 pisdts 3 MpE:
0515253 , 0523 , 05133

14-1 TeZIZ 3 Firid 7y s

AT B AR K77 RECR, BATInT DA R Ik 75 2 A al REME. BRI, KIEMEE SO — 12
FIERRHI R MM A, R b 1 e 2 [, S BNARERR RN R T R AR 1, i e
THURR I R H BT AL, AN R AR :

// == File: climbing_stairs_backtrack.c =

/* B =/
void backtrack(int *choices, int state, int n, int *res, int len) {
// H[ERIZE n PABY, HRBLEM 1
if (state = n)
res[0]++;
/] BEFREIEE
for (int i = 0; 1 < len; i++) {
int choice = choices[i];
/] Bt AARUEEEE n M
if (state + choice > n)
continue;
/] Ei: MEEE, FIRES

backtrack(choices, state + choice, n, res, len);
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/] [EE
hy
[* Tetkss: B «/

int climbingStairsBacktrack(int n) {
int choices[2] = {1, 2}; // "I&EEFEMLEME 1 Mz 2 M
int state = 0; /] MEE 0 BhFTsaNe
int *res = (int *)malloc(sizeof(int));
*res = 0; // 1A res[0] iBRAER¥E
int len = sizeof(choices) / sizeof(int);
backtrack(choices, state, n, res, len);
int result = *res;
free(res);
return result;

14.1.1 Fix—: BHEE
[ 01 @ 3 MR B X IR TR AR, TR ORI B — RSP I, B IR a0A:, 1R
15 AT RENIAE

FRATTAT DAS2 M R 53 R ) FE T AT IR SE R, IRTERNSE 4 Brdets dpli] ®OT R, A4 dpli] M2 R, H
TRl A

dpli — 1], dpli — 2], ..., dp|2], dp[1]

T HAE R 1 ek 2 B, RIS IRATUGAESS @« Braeis B, b—4e I nIREuitEss ¢« — 1 ess « — 2/
ko BANES, FATHAEMGE ¢ — 1 BekEs ¢ — 2 Briams « i

HIL RS H— N EEES: TR ¢ — 1 By ZEUm_EIREIE ¢ — 2 By RECGRS TIESIE « By
8., ~RWT:

dpli] = dp[i — 1] + dp[i — 2]

IXERE ECERRE, ST Sz BHFEIEMERR, BRI R DU 7 S k. 18 14-2
JoR TR R
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dp[5] =dp[3] +dp[4] =8

dpl4] =5

dp[3]=3

|

EEM# n = 1 2 3 4 5 6
HEE dpln] = 1 2 3 5 8 13

B 14-2 TG REBEBHERR

Tl 1T AR A R AFE R IR R, DA dpln] JAas, HEIAHE— Ao BB N B il
BRI, EEFAE/N TS dp(1] W dp[2) B, Hr, BN TRENRECHN, 0 dpl] = 1.
dp[2] = 2, FRMEE 1. 2HHFE 1. 2 FyE,

WEL DA RS, EFFRERH S E TIREM AR, (HEMES:
// == File: climbing_stairs_dfs.c =

/* R «/
int dfs(int i) {
// B%1 dp[1] # dpl[2] , REZ
if(A=111=2)
return 1i;
// dp[il = dp[i-1] + dp[i-2]
int count = dfs(i - 1) + dfs(i - 2);
return count;

hy

[* NeHERs: R «/
int climbingStairsDFS(int n) {
return dfs(n);

h

&l 14-3 R T RTERIZRAGBIIR . N TR dpn], HIBEMEIREA n, NEERER O2").
e TR K, RENMA— D EERE n, MESBABRISERZH,
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dp[9]

dMé] dp[71]

dp[7] dp[6] dpl6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[&] dp[4] dp[3]

EREMBNEINEFEARER FiRl™
SHEEEREREEM 0(2")

14-3 TERERSA RO
WUEEE 14-3 | SESORII R At i “HA TR SEAN, Bl dp[9] ¥ dp[8) F1 dp[7], dpls]
WA dp[7) 71 dpl6], WEEEE TG dp[7] .

DA, FRIEFAEESENIES 7R, FFIMMES R, B0 HE SIS EIX B+
Al L

14.1.2 FE=: iClZigs
NTHRABESE, BOGERANES FREEREEIE R, i, BATHEHE—DMEH nen Kidg &G
TR, HEEREESKES T MR-,
L MEUOHE dpli] B, BAPKEHEIERE nem[1] , PAEZ S,
2. YFRFEEUE dpli] B, FAMERTEREM mem[1] HIREREER, ik %8 5 5% AL,
KIS RFR:
// == File: climbing_stairs_dfs_mem.c =
/* BIZIIEER «/
int dfs(int i, int *mem) {

// B%0 dp[1] # dpl[2] , &EZ
if(A=111i=2)

return i;
// BEEFEIER dpli] , NEEREZ
if (mem[i] != -1)

return mem[i];
// dp[il = dp[i-1] + dp[i-2]
int count = dfs(i - 1, mem) + dfs(i - 2, mem);
// iEF dpli]
mem[i] = count;
return count;
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/* TetERE: IBIZER +/

int climbingStairsDFSMem(int n) {
// mem[i] BRMEHFE i MPAFREE, -1 KRLIER
int *mem = (int *)malloc((n + 1) * sizeof(int));

for (int 1 = 0; i <= n; i++) {
mem[i] = -1;

}

int result = dfs(n, mem);

free(mem);

return result;

WIERIE 14-4 , S fCbBlG, i 57 MR REIHE R, NRERERILE O(n), X2—1E
KHT KEK,

H#
o) RIER,
B EiEE

////\\\\ B HERTTANMNBERER 0(n)

FRFREEEFRERBRITE—R

8
Qo
v

B 14-4 AR R A

14.1.3 FHE=: chsmRl

IR M DRI W7TE: BATMRAE RTTRD) FHEE, 1BV T R 7 R N
M, BEEFOCHNE/DTFRE (M0 R). 25, B EWIE B TR, AR A,
52k, hEMIRE—R/ “DERW” 75 WD FREIETE, SRR E KRR, &
EXCE Nl N

H TSRS ENSAR, Rt A FTREREMERSEE, LA, £ MU, BlTea—
N dp SRAEEFRIBIE, BER T 5122 E R DL nem MHERIIERIEH:

// = File: climbing_stairs_dp.c =

[* TeHERE: ShaSHK */

int climbingStairsDP(int n) {
if (n=1 1l n= 2)



B4 = FSHN www.hello-algo.com 297

return n;
[/ Wk dp R, BFEETFRIBAVE
int *dp = (int *)malloc((n + 1) * sizeof(int));
/] EIRE: Fugs/NFlalBig
dp[1] = 1;
dp[2] = 2;
/] REEE: NBR/NFIRBUER D KRR T3
for (int i = 3; i <= n; i++) {
dp[i] = dp[i - 1] + dp[i - 2];
+
int result = dp[n];
free(dp);
return result;

& 14-5 FH0L T DA AR RIS TIE R,

oL L L L L L

MeaIRE:
dpf1] = 1, dp[2] = 2

K& HE:
dp[n] = dp[n-1] + dp[n-2]

MIMEREF S, #ITRE, ZHEEIPRSIEZLE

K 14-5 EHERRISIESMRINERE
SEEE—RE, SR RE” SEERITRAEORERRERT B, NIRRT B — > A A
KA RLE Jry B B AR 4, TEARRASE Im) B TR AT SN AT FERERR I 4 4 o
IRIELA N, BATRT DURSS S AU B B R,

- A dp B dp &, dp[i] FRIRAS § R R B,
R NT B RIORA (55 1 BRIE 2 BRshs) FOaIaamas.
- AR dpli] = dpli — 1] + dpli — 2] BRIREEB AT,

14.1.4 =Zial{ik

MOIRERTRERIL T, HF dpli]) RY dpli — 1) M dpli — 2] 1%, RELIRAMIIEHMEH— A5 dp kA7
BB Y ER#, R FRN A RIR BT HERTAT, RS AN RFR:
// = File: climbing_stairs_dp.c =

[* NeHtE: =EAWEMIEIEME] */
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int climbingStairsDPComp(int n) {
if(n=11l n=2)

return n;
int a =1, b = 2;
for (int i = 3; i <= n; i++) {
int tmp = b;
b =a + b;
a = tmp;
I
return b;

WD BRI, HFEE TR dp SRIA, Rt M O(n) BE O(1) .

FERNASHURIFEE S, HEPRSEE NS A A R MRS A R, NN DR REOEAPIRE, Wl R
KATENEE M, XA RRBII BN R R” o R,

14.2 mhEFIR )51

FE b=, BANES] T 3SR AT 5 (A A RSR AR P RR A, SKRm b, IR0 oo i — i
AUSRTRIEES, TEiA. S [ A E A,

- MBS VAR R o 2 MH BRI R AN, BN TR, AR RS AR
i, EREASENR A
© BIASHKIHERS ARBEATIE A 0 R, HS5 AR EZXAE, AR E 7R EURAH BRI, £
SRR S IV 2 B T A,
- [EIEIRAE 2 DR 5 2 AT A FTRERTRE, @ BTRGE e N BRI R 3 R AR — &
FIRFG BRI, Bl TA] DR N R S TR AT TP G — D1 [l
Kk b, SIS ARORERIULRE, e MUESEETRE, EEE RN RILTEHHE, T
JERIE,

14.2.1 RAFEN

BATR TEARBE RS VE S, 2 B INE S BT R A T2,
ERERE B MR
BE—DERE, IREBTI AL 1 e 2 B, S—Biks LR E — DN ERERE, RRIRIEIZEM
AR IR, A — IR UEBOE cost , Ht cost[i] TRIES @ N ENMTER R,
cost[0] MHIE GRS, EIHER VBN B2/ RN A BEBNETIER?

K 14-6 FoR, &% 10 20 3BBRM25000 10 10, 1, WAETERIEs 3 Bravs MU 2.,
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HEM%E n = 0 1 2 3
it cost[n]

]
)
)
=
(]
)

Tetss 3 piktsdts 3 MAR:
0515253 , 05253 , 05133
H 013 NHE&D, &IENA 2

14-6 TEZNZE 3 s/ M

1 dpli] JTESIE § RIS A0, ET i BTRATRE i — L sk i — 2Bk, (I dp[i] HATAES
F dpli — 1] + cost[i] 5t dpli — 2] + cost[i] o BT RATRERD AT, Tl IRIZERETE NI

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

IXFEAT LAS | AR LT A5 5 S0 Tt ) B DL AR DA ) e DL AR S 1SR )

RTIREARAMTFEEH . BAINEN TR dp[i — 1] #1 dpli — 2] R BRI —1, A
EATR R dpli] BRI,

Mz, E—TRITEREREE H A A RO T4a0E? BRI EARNE KT 286, B2 — M-, HinR
H—RhEE: ORBRATTREER", BAOTRINELI, SRS BBUIEREFE60N, R raiiizBitkR
T B MBEARTGTEREEFETE n — LHAE n — 2 MR REE M, PR, &IEFEanMeerK
PR RS, EARFEAP SRR S

FRIBIRASERS 7782, DURAIMAIRA dp[1] = cost[1] Rl dp[2] = cost[2], BT DUEEIZNARIRIRRD:
// == File: min_cost_climbing_stairs_dp.c =

[* C¥tEaE/MEH: ShSHE =/
int minCostClimbingStairsDP(int cost[], int costSize) {
int n = costSize - 1;
if(h=11l n=2)
return cost[n];
/] ek dp &R, BFEEFRERR
int *dp = calloc(n + 1, sizeof(int));
/] AR Fugs/NFirlRRAYfE
dp[1] = cost[1];
dp[2] = cost[2];
[l REEE: MNBR/NFRZ D KRR A F a3
for (int i = 3; 1 <= n; i++) {
dp[i] = myMin(dp[i - 1], dp[i - 2]) + cost[i];
}.
int res = dp[n];

/] BBRAE
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free(dp);
return res;

B’ 14-7 R 1 BA LA REh SN,

cost[1] cost[3] cost[5] cost[7] cost[9]
min + min + min + min +
dp[8]
min + min + min +

cost[2] cost[4] cost[6] cost[8]
aiRE:
dp[1] = cost[1] , dp[2] = cost[2]
RERBAIE:

dp[i] = min(dp[i-1], dp[i-2]) + cost[i]

B 14-7  EHERR R/ MRS MRS A2

R DT, SRR T, AR AEM O(n) B2 O(1)
// == File: min_cost_climbing_stairs_dp.c =

/* e eGSR +/
int minCostClimbingStairsDPComp(int cost[], int costSize) {
int n = costSize - 1;
if(n=11l n=2)
return cost[n];
int a = cost[1], b = cost[2];
for (int i = 3; 1 <= n; i++) {

int tmp = b;
b = myMin(a, tmp) + cost[i];
a = tmp;

¥

return b;

14.2.2 TR
TG BB AR B G SR B TR —, R B — A iRE, SRk REN
HuaikAE X, MG ELimiEIRES X,

DUTCREER RN B, Beikas 0, ERERHINE ¢ + TRURE ¢ + 2, 205 Rigk 1 Bmpk 2 5, it
IXPRIERERS, BANTCHE BINAS ¢ ZRIHPIRE, ENMTIRE @ FIARRIH I,
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SR, AN SRFRATIEATEAL B RSN — DR, THOUA—HE T,

i SR TR
BE DA n NIOREES, IR ATDLE 1 e 2 B, (HAREESMAERE 1 B, EiRA 2 DT %
A]DATESIRLTH?

GniE 14-8 fiw, e33R 2 MmT{T75 58, HAES: =Bk 1 77 SR LR &N, RIS,

BT REEESMEE 1 B,
FAAE 051293 WEFHF N

BEM#% n= o 1 2 3 4 5 6

MeEsE 3 MikEss 2 5
=:

9>233 , 05133

B 14-8 THLIRIERIES 3 By )T =R

TEIEIR, G LRI 1 B Lokh, ARA TRk 2 B, XK, TSR aeh Y wiA
& CHRFTERREINED Mo, MMM RE (h—SRifeRbibs0 A%,
FHERB, IR TR R, RS dpli] = dpli — 1] + dpli — 2] 3T, EH
dpli — 1) fRFEAGBE LB, EEFEE TS “ 2Bk 1B kI 5%, TR Teds, JIIsR
HEK dpli — 1] BB dpli] .
Mo, FROIEEYRIRAE Y KA [4, 5] TR | WORH LBk T B, HoR G € {1,2) . etk
T SUEROX 5y T LBk T 1 BER 2 B, Bl TAT AR 007 4 A A S M TR

MR T 1B, b SRR 2 B, B dp[i, 1] SUHEM dpli — 1, 2] EEIE K,

C M b RRBKT 2 W, b b —ReRTERERE 1 HiekBk 2B, B dp[i, 2] ATRAM dpli— 2, 1] 8 dpli — 2, 2]

AR,

anE 14-9 FivR, TEE R, dpli, j] FsIRES [i, ) NIRRT R RS 71

dpli, 1] = dpli — 1, 2]
dpli, 2] = dpli — 2,1] + dpli — 2, 2]
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THEEESMAERE 1 MY
ES i PG

dp[i-1,1]

dp[i,1] dpli,2]

dp[i-1,2]
dp[i-2,1]
dp[i-2,2]

K 14-9 BELHTHNEHER R

&, JREl dp[n, 1] 4+ dp[n, 2] BIA], P& ZARRICRIE n 075 REE:
// == File: climbing_stairs_constraint_dp.c =

[* WLIRNEHERE: shSHK +/
int climbingStairsConstraintDP(int n) {
ifF(h=11 n=2){
return 1;

+
/] ek dp x®, BFEEFRERMRE
int *xdp = malloc((n + 1) * sizeof(int *));
for (int i = 0; i <= n; i++) {
dp[i] = calloc(3, sizeof(int));

+

/] VIERE: Tk FiRlRAYAR
dpl1]1[1] = 1;

dpl[1][2] = ©O;

dp[2][1] = ©O;

dpl2][2] = 1;

/] REEE: NBR/NFIRBZR D KR ATl
for (int i = 3; i <= n; i++) {

dplil[1] = dp[i - 1][2];
dp[il[2] = dp[i - 2]1[1] + dp[i - 2][2];
+
int res = dp[n][1] + dp[nl[2];
!l BHRRE
for (int i1 = 0; i <= n; i++) {
free(dpl[il);
}
free(dp);
return res;

£ EHERIRBIF, TR ZFERTE MRS, RIEBAMART DOEE Y KA E X, (15 i S i e
TRt A, FEERBAAIREERN AR,
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JEREAE 5 KeEha A hk

BN A n BrEoEes, IREPATBLE 1 Brei#E 2 B B SEEIE « By, REEANITEH 20
Fir g LRy, ZJGPiASRERA SeVrRkaIsE 24 B b BN, wiPECAIBkEl T 20 3k, Wz
JERRAREBEEIZS 4. 6 B Lo IE R Z/ DR S0 DAUTRRIRETH?

FERXA A, TIRBRERKEUS EATE RIRE, BN E—RBRERE S A S s IRTRE IR E RS, FRMAR
MIBkER, Xt TIXE M, BIASHLIEAE AR R

Kb b, WEERMHSIARE BINRITRIFED AR TERE. N TIXERE, BADER SR
FVEAMTTIE, BlanE&R IR, BERR, safe ¥, mAER IR R 1S EI ] AR R i (LA

14.3 =haHRI AR B

BT T SIS RS EAFE, TR RTINS AN A AR,

L. GafalbT— AR A 2 8 SR Al ?
2. RIFESRIPEZNAEANT, P BE 47

14.3.1 [F)REHIET

BEPRS, WR AN REEESES T WE, RIETEH, HRETERNE, B eidiIEs AR,
SRIM,  FRATRME A TF) A B SR B X S, (R FRAT T SBE 46, SR ) 7596 & (T [l
W (%) ROk,
EE MR RSB R WL “YORRPBRL” XA ] DARE TR SR AL, B — T RRER
—PRE, B RERRAE DRI,
HADIET, WRPE A SRR RS, I EREE — BRI AR, IR et e R, JE
AT DAGE A (TR AR R
FEMEEA B, SR RENE A — 22 oI,

- AEAERR O iRk () FRitE,

- IERIRSEER R — IR, ZYEEMERETR, I H—DMIRSS A BRIRSFEISHER R,
R, HAFFE—L “WRorI,

- IR AR R P E T RERIARR TR, T E R S AL

- AR A R ATHRIH S RIRHE, TEREIRRRZ TR,
QIR — NIRRT R R SRR, FEEARONIIER “maut”, AR MR B R — D EhSIKIRE, FH1E

KR IIEE,
14.3.2 [REREPE

BN AU B e A 2 TR AL PR ORI RE T BT [R], EDERDEIE DA RV BR: IR PR, 7 SORES, @57
dp %, HEFINEHBIRE, WELREAE
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NT BRI ER, BAMER — DRI R/ NEEA™ R2E01,

Question

LHE—Nn x m B Z4EMRE grid , PSRN RITAREE —NEAEEE, FRIZEITTRIITRA,
MLEs N AE B BTTAE NIEEIRR, BIHRER RECE GRS —8, BERINEG NAHRITE, 1HIR[E
MEE EFAEIG T AR R MR R,

B 14-10 fon 17—l 28 MRS RO NERIZ AN 13 o

TR

1 3 1 5 3 1 5
2 2 4 2 4 2
5 3 2 1 5

4 3 5 2 4 3 5

m

sNEREFA 13
WRSREREN 132323325132

B 14-10 e/ MEEAURBIEDRE

B BERRIYOR, & RE, MmifHsl dp %

ARG — SRR M BT T Rt — 2, AR TS [i, 5], Wi Rk &
5, B[+ 1,5 K[+ 1], Hil, RENESFRIFNREFLR, 108 [0, ] .

A [d, 5] SRR ML [0, 0] 3 [7, 5] BB NEER, REITH dpli, 7] «
i, FRATHAEE T E 14-11 R 4 dp %8, HRF 58N grid AR,
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j j+1
1 3 1 5 dp(0,e] dpl[e,1] dp[0,2] dple,3]
i 2 2 4 2 dp[1,0] dpl[1,1] dpl[1,2]  dpl1,3]
s
i+1 5 31 2 1 dpl2,0] dpl[2,1] dpl[2,2] dpl2,3]
4 3 5 2 dp[3,0] dpl[3,1]1 dpl[3,2] dpl3,3]
grid dp &
BRRE: DAEETEE FiaE@: MAEERE [1, j] Hs/hEEN
REEN: THFR5][1, 7] dp ®: R5 grid {ERIAVEERE

K 14-11 KESENS dp &

Note

SNAHXAD Bl AT DA IR D — DR P A, AR H T R B, BN Y 65 R g
ERAELRE, HESTEBNEE, SEBAHARESH T —MRE,

BARSEN M —DFRIE, BATSE = dp RREMEIE IR, RS MR
= dp R—DNEE, MR EE, dp TR T AR Z [E] LS,

P R TEH, S RS

FTIRES [i, 5], TRAE BT [ — 1, 5] RUEWRST [i, ) — 1] S5k, BRI Tt h: Sk
[i, 7] BB NES R 1, § — 1) BB NIRRT [i — 1, ] BB NRRIRI MIHR— N,

IRPE AL #r, AT A 14-12 FoRRIRSHA TR :

dpli, j] = min(dp[i — 1, j], dpli, j — 1]) + grid|i, j]

1 3 1 5 dp[e,0] dpl[e,1] dpl0,2] dple,3]
2 2 AI 2 dp[1,0] dpl1,1] dp[2,2] dp[1,3]
5 3 2 1 dpl2,0] dpl2,1]1 dp[2,2] dpl2,3]
— ~—
4 3 5 2 dp[3,0] dp[3,1] dpl[3,2] dpl3,3]
grid dp &
KEwBHIE:

dpli, j1=min(dp[i-1, j], dp[i, j-11) +grid[i, j]
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14-12 BRARTE5H S IRERAL T 12

Note

FRYEE AT dp 72, B R @A 8 SC R, I R e 0 RA 38 i (7] @ ) B (LA
5%, BRI FE4,

—HRAHRE TR T454, sLal AR e RIS T,

B WA R RS

ARG, AAEETRARE RREMNEAIRIRESER, AEEVIFIERGEME_ BIBRIRSRR, RILETT
i = 0FIES j = 0 ZL5REM

GnE 14-13 FoR, HTEME TR EHZTS FAETT FEASIoR, BRI BRAE R Ak 7 5, SME
NI4T, PEINET 551

dpl@,0] dpl[e,1] dp[0,2] dple,3] dp[0,0] dpl[e,1] dpl[e,2] dp[0,3]
*—> [ o o= — o—t=

R R A

dp[1,0] dp[1,1] dp[1,2] dpl1,3] dp[1,0] dpl[1,1] dpl[1,2] dp[1,3]
— — —

N NR R

dp[2,0] dp[2,1] dp[2,2] dpl2,3] dp[2,0] dp[2,1] dp[2,2] dp[2,3]
— — —

MR RN

dp[3,0] dp[3,1] dp[3,2] dpl3,3] dp[3,0] dp[3,1] dp[3,2] dp[3,3]
== —> —t
BREG: MAKETEY REEBINF: EFERER

14-13 ARSI

Note

R SZHAERNSHIXIF T oItae dp %, EEZREFH TR,

RSB 12002 BARIEE T B Y Al R AR, P AR 58 /N1 [R] R fftl E 89 1 E e
TR R,

RIE LB, BATEEA IERS Hal SIS, SRT0 ¥ (A1 o7 2 — RN IR AR, (R4
“BIER — IR — B BN SEELE AN & 4RSI

1. Hit—: 8hER

WIRZS [i, J] FRIEHR, RTINS [i — 1, j] 1 [i,§ — 1], WITERERED FEE,

- BIABEC RE 4, ] .

- JREE: M [0, 0] £ [i, 5] W/ NRIRFT dpld, j]

- BIE&ME: M0 =0 H j = 0K, RERAM grid]0,0] .

COBE Y0 < OB < O RGBS, HRHRERN +oo, RERAT,
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SEERAARS AN T
// = File: min_path_sum.c =

[* BRNERER: BIER */
int minPathSumDFS(int grid[MAX_SIZE][MAX_SIZE], int i, int j) {
/] BERELAETE, MEEER
if (A1 =08&j =0) {
return grid[0][0];
}
[/ BITHIERSIER, MRE] +o 7
if <0 |l §<0){
return INT_MAX;

+

// tEMELAE (i-1, §) M (1, j-1) BNsDBEAN
int up = minPathSumDFS(grid, i - 1, j);

int left = minPathSumDFS(grid, i, j - 1);

// BREINELEAE (1, j) Nm/DEEAN
return myMin(left, up) != INT_MAX ? myMin(left, up) + grid[il[j] : INT_MAX;

K 14-14 25 T DA dp[2, 1] D3R @ amy, Hb s —LEG M, HEE XS R grid RRT
AR SR 2

MAJR LB, JERES T RBIEED : #1525 DO LA BERE — ek,

Bk REIRR

dp[1,0] dpl2,-1]

0/ ) “9
°X {° LN

dp[e0,1] dple,2

] ] ] ERFIATRE:
do & dp[1,0] dpl1,11 dpl1,2] | dpl1,3] dpl[i+1, j] #0 dp[i, j+1] #&H dpli, j]
P dp[2,0] dp[2,1] dpl[2,2] dpl2,3]
dp[3,0] dp[3,1] dpl[3,2] dpl3,3]

14-14 R

FAIRSEA A RIAAANERE, WA EAERG MAERATRE m +n — 28, FIRENREXEN
O(2™+™) , Hrpn #1m 43BN AR BITTEARSIEL, 1B, X7 2RSS R IME MR IL AT G, 24
AR IL S RN —Rgese, RIESCRRis e E R,
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2. A BIZHER

FAIFIA—FIRFS grid MHFERSFRIICIZE)3E mem , FFIERSD TSR, HIEES 7A@ T
e

// == File: min_path_sum.c =

/* B/NERRF: iBIZIER «/
int minPathSumDFSMem(int grid[MAX_SIZE][MAX_SIZE], int mem[MAX_SIZE][MAX_SIZE], int i, int j)
o
[/l BERELALETE, WEIEER
if (i =068&37 =0) {
return grid[0][0];
}
[/ BTHERSIER, MWRE +o KM
if <0 [l 3<0){
return INT_MAX;
¥
// BEEBIER, NEZKR[E
if (mem[il[3] != -1) {
return mem[i][j];
}
/] EIAH BB TR R R/ NS E M
int up = minPathSumDFSMem(grid, mem, i - 1, j);
int left = minPathSumDFSMem(grid, mem, i, j - 1);
// BRHAREALLEAR (1, j) HWRDNEEAN
mem[i][j] = myMin(left, up) !'= INT_MAX ? myMin(left, up) + grid[il[j] : INT_MAX;
return mem[i][j];

GnE 14-15 FroR, (ESINIRIZE, FrE PRSI RFE T E—R, FILNAE RERR TR, B
RS O(nm) .

k. RS Bk BWElER

dpl1,1]

dp[2,0]

Ut )
ox 12,

K 14-15 idiZ e RE MR

3. HiE=: mhEMAR

B IEREMSNSE, R oR:
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// = File: min_path_sum.c =

[* BNERFEFN: mhASHIK */
int minPathSumDP(int grid[MAX_SIZE][MAX_SIZE], int n, int m) {
/] #EKE dp &
int **dp = malloc(n * sizeof(int *));
for (dnt i = 0; i < n; i++) {
dp[i] = calloc(m, sizeof(int));
+
dp[0][0] = grid[0][0];
[/l REE%: 817
for (int j = 1; j < m; j++) {
dp[0][3]1 = dp[O]1[]j - 11 + grid[B][j];

¥
[l KEE%: 85
for (int 1 = 1; 1 < n; i++) {
dp[il[6] = dp[i - 1][B] + grid[i]l[6];
+
/] REEE. ER1TH5

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

for (int j = 1; j < m; j++) {
dp[il[3]1 = myMin(dp[il[j - 11, dp[i - 21[j1) + grid[il[3j];
+
+
int res = dp[n - 1][m - 1];
/] BRAE

for (dint 1 = 0; 1 < n; i++) {
free(dpl[i]);
+

return res;

B 14-16 &R T B/ NS RFIRPIRASHAS I AR, How ) T8N Rk, RIS REDR O(nm) o
HEH dp KANA nox m, BIREBREREN O(nm) .

1 5] 1 5 0 o 0 0 1 ] 1 5 1) 4 5
2 2 4 2 [} o 0 o 2 2 4 2 3 o o
5 3 2 1 o o 0 o 5 3 2 i 8 o o
&4 B 5 2 o o 0 o 4 B 5] 2 12 o o
grid dp & grid dp &

MalcETT dple, j1=dple, j-1] +grid[i, j]

G o o HAMEF) dpli, o] = dpli-1, 0] + gridli, j1
Step 1 Step 2
13 1 s 1 4 5 10 13 1 s 1 4 5
2 2 4 2 3e>5 0 o 2 2 4 2 3 s5e>9
5 3 2 1 8 0o o o 5 3 2 1 s o o
4 3 5 2 2 o o o 4 3 5 2 2 o o
grid dp & grid dp &
REHB REEB
dpli, j1=min(dpli-1, j1, dpli, j-1]) +grid[i, j] dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]

Step 3 Step 4

10
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Step 5

Step 7

Step 9

Step 11

4. Fjalkt

3 1 5 1 4 5 10
2 4 2 3 5 9 e>11
B 2 1 8 o 0 o
B] 5 2 12 o 0 o
grid dp ®
RERA

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]

x] 1 5 1 4 5 10
2 4 2 3 5 9 11
3 2 1 8 8 &>10 o
5 5 2 12 o 0 0
grid dp &
RERE

dpli, 31 =min(dp[i-1, j1, dpl[i, j-11) + grid[i, j1

i 1 5 1 4 5 10
2 4 2 3 b 9 11
5 2 1 8 8 10 11
3 5 2 12»1;1 0 o
grid dp ®
RERH

dpli, j1=min(dpli-1, j], dpli, j-1]) + grid[i, j]

8 1 5 1 4 5 10
2 4 2 3 5 9 11
3 2 1 8 8 10 11
3 5 2 12 11 15>13
grid dp ®
RERA

dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j]

&l 14-16

Step 6

Step 8

Step 10

Step 12

8 1 5 1 4 5 10

2 4 2 3 5 9 11

3 2 i 8 »i o 0

B 5 2 12 o o
grid dp ®

K&
dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j]

B 1 5 1 4 5 10
2 4 2 3 5 9 11
3 2 1 8 8 10e>11
8 5 2 12 0 o 0
grid dp &
K&

dpli, j1=min(dp[i-1, j], dp[i, j-11) +grid[i, j]

3 1 5 1 4 5 10
2 4 2 k| £ 9 11
3 2 1 8 8 10 11
] 5 2 12 11 »1;5 0
grid dp &
K&

dpli, j1=min(dpl[i-1, j1, dpli, j-11) +grid[i, j]

B 1 5 1 4 5 10

2 4 2 Bl 5] 9 11

5 2 1 8 8 10 11

B 5] 2 12 11 15 13
grid dp ®

BEIR/NBEMNN 13

B/ NSRS AR 72

M MET REEEIDMN BRI TAR, BRI ARH — D B TBEDREE dp &

R

ISy

// == File: min_path_sum.c =

/*

R/ANREN: FRIMAERITISIL «/

FOEEH dp RAERR —1TRVIRE, B DABRMTEIEARRIIAGIL BN, MR e TN e
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int minPathSumDPComp(int grid[MAX_SIZE][MAX_SIZE], int n, int m) {
/] #EE dp &
int *dp = calloc(m, sizeof(int));
/] REE%:. 817
dp[0] = grid[0][0];
for (int j = 1; j < m; j++) {
dp[j] = dp[j - 11 + grid[0][j];
}
/] RER®%. ERT
for (int i = 1; i < n; i++) {
/] KEE%: 85
dp[0] = dp[0] + grid[i][0];
/] WREE%: HFRY
for (int j = 1; j < m; j++) {
dp[j] = myMin(dp[j - 11, dp[31) + grid[il[3j];
+
}.
int res = dp[m - 1];
/] BRAE
free(dp);
return res;

14.4 0-1 58in)H

HHEAERE - MERFRISISMIATTEE, 2SI WEmEr . HAARZZR, g o-1
HEAE, fewEnE, 2EEEREE,

TEAT Y, FRATISER K i i MUY 0-1 15 LAl
Question

S5 m AN, B G NIV wotli — 1), MEH valli — 1], RI—AERN cap 5, 5
AR A BEERE R, IERRE B A FAEROI R B L

WEEE 14-17 , TSRS 1 I 1 IFGATHEL, BRSO FFUATHEL, R © MR & wgt[i — 1] F
M valli — 1] o
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i wgt[i-1] valli-1] YasE
1 10 50 ‘ cap = 50
2 20 120 ¥ |~
3 30 150 A “
4 40 210 ¥
5 50 240 7

RAME: 270

BRAR: B & BT
HEE 50 HEEE

& 14-17 0-1 B ERRBEIEHE

FATATLARF 0-1 S ERBEE— D H n HRRARAIERE, N T MREA T RAFTBRARRIRE, itk
AR ERP S S Lt
IR HARE R “TERRE S AR TREAYIERINME”, KB AR E — 1 sh A A,
B4 BEBRRNIUR, & SORE, Wmnfts dp &
NTEMEKY, FTRAEE, SUEENE; BAEE, HEEEE/D, HIErSRESE S S
s MIEEAE c, 12 (i, cl.
RS [4, ¢] XRBFIREE: §i ¢ AMPIER RN ¢ B R REBORIE, 128 dpli, c]
fFRERIZ dp[n, cap] , BIRFE—DPRIHA (n+1) X (cap + 1) =4 dp K,
B IR AR, HmifeS ISR
MBS« WPSRSE, FIRIVEN ¢ — 1 MIRTSRIN TR, A0 AR RIS L.

© RN BRAEARE, RSB [i—1, .

COMAE G BEERRD wet[i — 1], MEEN val[i — 1], KEEBMR [i — 1, c —wgt[i —1]] .

ERATEBA TR T AR T BB dp(i, c] TR « RURAPIS @ Pifhys Ei
{ESERAIIB—A B A] G RS R 75 e

dpli, c] = max(dp[i — 1,¢|,dpli — 1, ¢ — wgt|i — 1]] + val[i — 1))

FERROR, EUMWRER wgt]i — 1] BHRIRSTEAR ¢, MR R .
W WL AP RR A R
YT AR O RHEAMER 0, BIEF dpli, 0] METT dpl0, ¢ #%F 0.,

SFTIRES [4, €] M EATIIIRAS [i — 1, ] Fide EATRIRES [ — 1, ¢ — wotli — 1)] 6861k, BUHEEH RS
FRIEREB A dp ZHIAT,

WRIELA L #r, BATHE TRIGIAP SRR IR, IR, SIESMIEE,
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1. Fit—: BHER

ERAHUZUTER,

- BABEC RE i, ] .

- IRDHE: TR dpli, c]

C BIEEME: AYREESEI D = 0 REERRARD O I, KILEAFFREME O .
- BIRG HYETY) S EREL T ORIRA R, WHREENRAE .

// == File: knapsack.c =

/* 0-1 B8 BHER «/
int knapsackDFS(int wgt[], int val[], int i, int c¢) {
/| BEETEYRAEELHRETE, WRENE 0
if@A=01] c=0){
return Q;
}
/| EBIEERE, WREEERBRALEE
if (wgt[i - 1] > ¢) {
return knapsackDFS(wgt, val, i - 1, c);
¥
[/ HBERBANBRANY@E 1 BRANE
int no = knapsackDFS(wgt, val, i - 1, c);
int yes = knapsackDFS(wgt, val, i - 1, ¢ - wgt[i - 1]) + val[i - 1];
/] REIFEFHG RPN EEARB—

return myMax(no, yes);

niE 14-18 fiw, M TS S AERIEFNEPSRIER S, BRI REEZRER O(27) .
WEBIARS, A RMHAFERES TR, HIdp[l,10] %, mXyaiz. SEARKK, JTHZMERA
HENYRRZN, EETRENREFTIREEZ,

MREE HaEE
dp[3,30]

BEHRANI® 3

dp[2,10] gt YaER > HE58

‘-’o,\% RTHAME 2

dp[1,-10]

BERANI® 1

YIRS i 1 2 3 HEEE cap = 30
PRESE wst[i] 10 20 20
Y@fE  val[i]l 60 110 120

& 14-18 0-1 QR 2R RIE TR



H14E SIS www.hello-algo.com 314

2. FiEZ: iDiZiER

N TRUEE S 1 RGO — R, BAVEDICIZH13 men KID T+ @A fE, HA mem[1][c] XA
dpli,c] .

FINEIZ Lz G, WREZERRT P8R, WHtzE O(n X cap) o SEERESUTR:
// == File: knapsack.c =

/* 0-1 BE: iBIZER «/
int knapsackDFSMem(int wgt[], int vall], int memCols, int **mem, int i, int c) {
/| BEETFIEYRAEELRHREE, WRENE 0
if(i=01 c=0)1{
return 0;
¥
/| EEBIER, NEEFRE
if (mem[il[c] !'= -1) {
return mem[i]l[c];
}
/| EBIEERE, WREEEERBAYE
if (wgt[i - 1] > ¢) {
return knapsackDFSMem(wgt, val, memCols, mem, i - 1, c);

+

/] HERABNFMBANYG 1 NRANE

int no = knapsackDFSMem(wgt, val, memCols, mem, i - 1, c);

int yes = knapsackDFSMem(wgt, val, memCols, mem, i - 1, ¢ - wgt[i - 1]) + vall[i - 1];
/] BRFREIFMHSGRFPNEEANI—D

mem[i][c] = myMax(no, yes);

return mem[i][c];

] 14-19 JoR T EICICAR R AP I RRER R 0 3

MREE HaEE
dp[3,30]

REBNYG 3

B HREIER ik WRERE > HE5E

dp[2,10]

% o ?%‘ REHANE 2

dp[1,10]

& BEBANIS 1
v = *
YRRsS i 1 2 3 EEAEE cap = 30

YRESE wet[i] 10 20 20
YEffE  vallil 60 110 120

& 14-19 0-1 HRAEATICIZ A 2R )6
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3. BiE=: &R
BRI B ERUR RIS T dp RIS, B FFoR:

/!

/* 0-1 B8 ohSHE +/
int knapsackDP(int wgt[], int vall[], int cap, int wgtSize) {
int n = wgtSize;
/] #tE dp &
int *%dp = malloc((n + 1) * sizeof(int *));
for (int i = 0; i <= n; i++) {
dp[i] = calloc(cap + 1, sizeof(int));

File: knapsack.c =

+
/] WREE%
for (int i = 1; 1 <= n; i++) {
for (int ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ¢) {
// BBIEERE, &R 1
dp[illc] = dpl[i - 11[cl];
} else {
/] REMEYm 1 X ERENRAE
dpl[illc] = myMax(dp[i - 11[cl, dp[i - 211[c - wgt[i - 11] + valli - 11);

¥
+
}
int res = dp[n][cap];
!l BHRRNE

for (int i = 0; i <= n; i++) {
free(dp[il);
}

return res;

4N 14-20 FoR, IR 2 RIS AR R EA R dp K/hRE, BT O(n X cap) o

a a A B a a & B
EE wgt H{E val e e 1 2 3 R EE wgt i val \N ° 1 B 3 4
wgt[i-1] valli-1] 0 0 [} 0 0 [} wgt[i-1] val[i-1] [ [ [} [} [
55 1
1 5 ¢ ) 1 5 o 5
2 11 * 2 [} 2 11 * 2 0
3 15 (M 3 ) 3 15 - 3 )

RSH
MEHE n=3 HEFEE cap = 4 #:
dpli, c¢] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]1] + val[i-1] )
MERTH (n+1) x (cap+1) B dp %%

Step 1 Step 2
e - - [ ] n - = "] n
EE wgt i{E val }{ ° 2 3 4 BE wgt i val e e 1 2 3 4
wgtli-1] vall[i-1] 0 0 0 0 0 wgt[i-1] val[i-1] 0 0 0 0 [) 0
_— +550 — 55
1 5 () 1 ) 5 1 5 () 1 0 5 5 5
2 11 * 2 [) 2 11 ¥ 2 0
3 15 (O 3 0 3 15 (2 3 )
K& RER
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] ) d’p[i, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

Step 3 Step 4
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- [} ] ||"
EE wgt fMfE val el e 1 2 3 A
wgt[i-1] valli-1] 0 0 ) [} 0 0
NG
1 5 (] 1 0 5 5
2 1 * 2 )
3 15 - 3 0
REF
B
dpli, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] )
Step 5
- a @B m
EER wgt fifF val el oo 1 B 3 A
wgt[i-1] val[i-1] 0 0 0 (] [ 0
1 5 o ] 5 5 5 5
11 v
2 11 ¥ 2 o s 11
3 15 (% 3 0
RS
®:
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
[ step 7 ]
al - [} ] Hli
EE wgt fi{E val el oo 1 5 3 4
wgt[i-1] val[i-1] 0 [) ) [} 0 [}
1 5 (] 1 0 5 5 5 5
% T
2 11 2 ) 5 1 16 16
3 15 (O 3 0
K&
#:
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
[ Step 9 J
- [} ] Hl‘
EE wgt fMfE val el e 1 2 3 A
wgt[i-1] val[i-1] 0 ) 0 [} 0 [}
1 5 (] 1 ) 5 5 5 5
2 11 * 2 ) 5 1;1 16 16
3 15 - 3 0 5 11
K&
B
dpli, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
[step 11
- a = n
EER wgt fifH val el oo 1 B 3 A
wgt[i-1] val[i-1] 0 ) 0 ] 0 [)
1 5 o 0 5 5 5 5
2 1 ¥ 2 0 5 1 16 16
T
3 15 ® 3 ) 5 1 16 20
KSR

dpli, c] = max( dpli - 1, c] , dpli

|s:ep 13 |

-1, ¢ - wgt[i-11] + val[i-1] )

- = ] “I“
EE wgt ffE val el e 1 2 3 4
wgt[i-1] valli-1] [} [} 0 ) 0 [}
1 5 ] 1 [} 5 5 5 5
v
2 11 * 2 [} 5
3 15 o 3 )
RER
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 6
a a & &
EE wgt ffE val N e 1 2 3 4
wgt[i-1] val[i-1] o 0 0 0 0 0
1 5 o 0 5 5 5 5
+11 v
2 11 ¥ 2 0 5 1 16
3 15 (3 3 )
RS
#:
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]1] + val[i-1] )
Step 8
- = ] u
EE wgt fHfE val el e 1 2 3 4
wgt[i-1] 0 0 ) [) [} []
1 1 0 5 5 5 5
2 2 0 g 1 16 16
3 3 0 5
RER
®:
dpli, c] = max( dpli - 1, ] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 10
- ] ] ‘l‘
EE wgt ffE val el e 1 2 3 4
wgt[i-1] valli-1] [} [} 0 ) [} ]
1 5 ] 1 [} 5 5 5 5
2 11 * 2 0 5 1 16 16
T
3 15 o 3 0 5 11 16
RER
d‘p[i, c] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 12
- a = “I“
EE wgt fHE val e e 1 2 3 4
wgt[i-1] valli-1] 0 [ [ [} 0 [
1 5 o 0 5 5 5 5
2 11 * 2 0 5 1 16 16
3 15 @ 3 0 5 1 16 20
EEIRFIEMRBAE SHRANE 20
Step 14

& 14-20 0-1 HHFIER SRR
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4. =iElkik
TS MRSE RS H E—TRERAE S, BIIRATA] DU P NIRRT, KRR EM O(n?)
= O(n) .

W= FRATRES (U — NS L ele? AT, B MRSEE HIE 778 BRIk 7 5%
IR, BIRHA— DM, SIFEENE « T, ZBEHEENIRRE « — LTRSS,

- WESREGERIR, AP dpli, ] B, %L dpli — 1,1] ~dpli — 1,5 — 1] [EATRED S5
. TSR A R T
W ESREEIE, AR R AR EAE, RASHH ERET.

K 14-21 AR TAERADBEH TN « = TATHIRES ¢ = 2 TR, 1583 1E 51 P AR 5 s G 1 Xl

) - [} ] “ - ] ] ﬂ
EE wgt E val el o 1 2 3 4 B wgt i val el oo i 2 3 4
wgtli-1] valli-1] [} [} [} ] [ [} wgtli-l] vallical ] 0 [} [} [} ]
T e KEEEEEEEEE T e :
2 1 * o2 | 2 1 * 5 | e +11
3 15 - 3 [] 3 15 @ 3 )

wea—rasna « - (([CIEDEDEDED wer—raaxa « - ([ IEDIED ED ED

WA 1= 2 #i, FlR dp PEENRE 1 = 1 BFRENE BIFBEHE 1 = 2 17, HTRERB
Step 1 Step 2
- ] [ ] U - = ] “
EER wgt i val el oo 1 2 3 4 ERE wgt fifH val el oo 1 2 3 4
wge[i-1] valli-1] ] [} [} ] ] ) wgt[i-1] valli-1] ] ] ] [} [} ]
1 5 (] 1 ° 55 5 5 1 5 9 1 0~ 5 5 5 5
2 1 * 2 ) * 2 11 * 2 0 !
3 15 - 3 0 3 15 o 3 [)
san—ruina o - ([N EDEDEIED san—ruima o - ([N EDEDEAED
BFBHE i = 2 17, BITREREB BFBERE i = 2 17, MTRERB
| Step 3 Step &
s - - [ ] n - - [ ] n
EE wgt fHE val el oo 1 2 3 4 EE wgt fi{H val e e 1 2 3 4
wgt[i-1] val[i-1] o o ] [) [ ) wgt[i-1] val[i-1] [) 1) o ] ] )
1 5 ‘ 1 o 5 5 5 5 1 5 ‘ 1 [ 5 5 5 5
2 11 * 2 o 5 11 16 16 2 11 ¥ 2 o - 11 16 16
3 15 @ 3 ) 3 15 @ 3 0
wen—rarma o - (D EDEDEIED san-rarna o - ([N EDEDEIED
BFERE 1 = 2 17, #WIRERB SEREME, KA dp REFNME i = 2 WAER
| Step 5 Step 6

K 14-21 0-1 HEANELERISMXNEE

TERBSSEEI, BAUNFFEECE dp BIEE—4E ¢ EEEMBR, FEICPNIEAE SO E i b RIA] :
// == File: knapsack.c =

/*x 0-1 B8 TERMEHEERX «/
int knapsackDPComp(int wgt[], int vall[], int cap, int wgtSize) {
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int n = wgtSize;
/] #EE dp &
int *dp = calloc(cap + 1, sizeof(int));
[l KEEH
for (int i = 1; i <= n; i++) {
!/ BFi&EH
for (int ¢ = cap; ¢c >=1; c--) 1
if (wgt[i - 1] <= ¢) {
/] FEFMEYSR 1 XFMHAENRAE
dplc] = myMax(dplc]l, dplc - wgt[i - 1]] + valli - 1]);

+
}
int res = dpl[capl;
/] BHRAE
free(dp);
return res;

14.5 T2H 80

AT, TR —NENNERAE: 2eEE, #7Rer—MEdl: TRk

14.5.1 253

Question
BE nANIE, B0 MENERR wet]i — 1], WMER vali — 1], AI—DEERN cap WEH, B
AP AR, FITERRE S AR FRERAY SRR NE, ~EIAIE 14-22 iR,

wS EE tfi{E SasE
i wgtl[i-1] val[i-1] cap = 50
1 10 50 ¢ 1 —

2 20 120 2 X2 —

3 30 150 B

4 40 210 *

5 50 240 (>

RAHME: 290

SRER: B— @ AW . BAEE
HEM 50 BREE

14-22 sEB H AR R AR
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1. EHESHKIBEE

SET BT 0-1 R EF AR, DAL T A PRI S EE R

- AEO-1 HEMES, SR RAE -, RIS B EE, REEMAET P — 1 MsHE e
- fEEEEERET, SRS EEZICRE, RIERYE  BRATEEE, P9l BAAGT @ DnrbiEe.

e RIS ERBIIE R, WA (i, ] B s SRR i,

- RN 501 SRR, B - 1,
BN 5 0-1 WRIERR, 8% [i,c — wgtli — 1],

MRS TR :
dpli, c] = max(dp[i — 1, c|,dp[i, c — wgt[i — 1]] + val]i — 1])

2. fREEEH

X EEPRIER E RS, IRSHEBRP A~ — 1 &R, HR7EeE—80
// == File: unbounded_knapsack.c =

/* TE2HE: SR «/
int unboundedKnapsackDP(int wgt[], int val[], int cap, int wgtSize) {
int n = wgtSize;
/] #iE dp &
int **dp = malloc((n + 1) * sizeof(int *));
for (int i = 0; i <= n; i++) {
dp[i] = calloc(cap + 1, sizeof(int));
}
/] REEH
for (int i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
/] ERIEERE, WREYmE 1
dp[illec] = dp[i - 11[c];
} else {
/] FEFEYISR 1 XFMHARNRAE

dp[illc] = myMax(dp[i - 11[c], dp[illc - wgt[i - 1]] + valli - 1]);

b

¥

int res = dp[n][cap];

!l BHRRE

for (int i = 0; 1 <= n; i++) {
free(dp[il);

¥

return res;

3. Fiafkitk

T S AT N AEIO A BB RIS A TSR, Bt MRILIS REZN dp Frh I —1T3 T IEF DI,
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XIS 0-1 B HIEGAER, TEEBIE 14-23 R FIX 5,

a a & B n a a & @
ER wgt A val el 1 2 3 A EE wgt i val e e 1 2 3 4
wgt[i-1] valli-1] ] [) [} [} ] [) wgt[i-1] valli-1] [} ] [) [) [} ]
2 11 * 2 [) 2 11 ¥ 2
3 15 - 3 0 3 15 (o 3 )
sern—ruana < - ([ IEDEDEDED wer—raana o - | ([N EDEDED

WA 1= 2 i, FIR dp PEENR i = 1 OFENR ) EFBHE i = 2 17, #ITRERS
[ Step 1 J Step 2
- - [ ] “ - ] ] u
EE wgt fE val el oo 1 2 3 4 EE wgt fifE val e o 1 2 3 4
wgt[i-11  valli-1] ] ) ) [} ] ) wgtli-11 valli-1] [} o ) ) [} 0
1 5 [} 1 0 5 10 [EEEIEPY) 1 5 ] 1 ) 5 10 15 [P0
2 1 * 2 ° 5 11 2 1 * 2 ] 5 11 16
2= L
3 15 ®» 3 o *1t 3 15 - 3 o 11
sen—rasma » - (D EDEIEIED sen-rema o - ([N EDEICIED
EFBRE 1 = 2 17, #TREES : EFBHE 1 = 2 17, #ITRERE
[ Step 3 J Step 4
) - a & “ - [} Ill n
EE wgt fifE val el oo 1 2 3 4 EE wgt ffE val el o 1 2 3 4
wgt[i-11 valli-1] [ ) ° ] ] ) wgt[i-11 valli-1] o 0 0 0 0 0
1 5 (] 1 5 10 15 20 1 5 (] 1 [} 5 10 15 20
2 1 * 2 [) 2 1 * 2 5 11 16 22
3 15 - 3 ) 11 3 15 - 3 0
sen—rwims o - R EDEIEDED sen—rarms o - (R EDEIEIED
) EFBHSE i = 2 17, #ITRERB SERBAE, B dp RENHME i - 2 WAENER
Step 5 Step 6

K 14-23 seedUREES RIS SRR

RIS SEBIELAR T R, ANFRRAEEH dp BISE—ZEMIRR
// == File: unbounded_knapsack.c =

/* TEHE: TELKEINEIESIR «/
int unboundedKnapsackDPComp(int wgt[], int val[], int cap, int wgtSize) {
int n = wgtSize;
/]l W% dp &
int *dp = calloc(cap + 1, sizeof(int));
/] REES
for (int 1 = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) {
if (wgt[i - 1] > ¢) {
/| EBRIEERE, WREMH 1
dplc] = dplcl;
} else {
[/l REMEYm 1 XA RNRAE
dplc] = myMax(dp[c], dplc - wgt[i - 1]] + vall[i - 11);
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}.

int res = dplcap];
!l BHRE
free(dp);

return res;

14.5.2 FTH5H R0
T HLAIEUE — KK SRR AR, HAMEIRZZM, HIan R 5 e n] i,
Question

L5 n FIRET, 25 ¢ PPEERREESS coins[i — 1], BFEEHCN amt , SFEEH o] AR IER, [
RERS R H B in e MR/ DREMER, WRTTREN Bina®, WRE —1 . REGNE 14-24 fis,

BWS EfE
i coins[i-1] BiFEE
1 B 1 amt = 11
~ =
2 2 $
3 5 @ x2 /

BOBETHE: 3
giiEnds: @+ @+ ©

14-24 8 S0 A) @ i R 5 £ R

1. Zh&MEBER

TS IE R 2T WM — R RO, T BA DUTIRR S AR
© PUIERER] DAHELERHE, “Wpdn” RN CREMT, “PrahEERT XN “REMEET, HRART XN CHARE
g}ﬁ”o

- OMCERRIR, et UIERERAICME, BRI R BRI BT 5,
- ERHEEERR NEE HEAR TR, TR 1AL EE BRI,
W BERHRIIUOR, KA, WIifs) dp %
BRAS [i, o] M F IR : i @ FORETR RESVEH G o DRI BOR, 120 dpli, o] .
“4 dp IR (n+1) x (amt + 1) .
W PRI TEGH, TSR AR TR
AR 5 52 4 RLIAR A 15 TR 16 DA F P2 52,
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- AMESREVME, RIKFRRIZEAF max() HEO8 min()
- A ERREM R EMAERESME, EEEHEmERIT +1 Baf,

dpli,a] = min(dp[i — 1, al,dp[i,a — coins[i — 1]] + 1)

B AR ARFRIRE RN
L ERESHON 0, B ERRDEREEN 0, BEFIFTE dpli, 0] #%T 0.

YIEREMN, JCIEBIER > 0 WHEEE, BIZTERE, RS R min() BERE IR
W IRTCRE, FATEIEMH +oo RFREN], BILEITHA dpl0, a] #ET +oo,

2. XE5sEH

REHIRIE S IFARIR ML +oo L, HABEAER int MERKERMNE, MRXXSSFBOREES: REH
BT +1 #RIERTREA A R H

Mk, BATRAET amt + 1 RFRTERR, FAEL amt FIEMEERZN amt . &EIRER]T, HIk
dp[n,amt] BEET amt + 1, FHR2UIRE —1, REICEEL BRS, R FiR:

// == File: coin_change.c =

[* ZEHE: hSER +/
int coinChangeDP(int coins[], int amt, int coinsSize) {
int n = coinsSize;
int MAX = amt + 1;
/] #EE dp &
int #xdp = malloc((n + 1) % sizeof(int *));
for (int i = 0; 1 <= n; i++) {
dpl[i] = calloc(amt + 1, sizeof(int));
}
/] KEE%:. 817875
for (int a = 1; a <= amt; a++) {
dp[0][al = MAX;
}
/] REE%. HRTM5)
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 11 > a) {
/] EBIBIrEE, WAEER 1
dpl[illal = dp[i - 1][al;
} else {
/] FEFERETR 1 XFMARNRIME
dplilla]l = myMin(dp[i - 1][al, dpl[illa - coins[i - 1]] + 1);

}

+
}
int res = dp[n][amt] != MAX ? dp[n][amt] : -1;
/] BRAE
for (int 1 = 0; i <= n; i++) {

free(dp[il);
}
free(dp);

return res;
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B 14-25 R T FER A BB SR RE, e EnEEFE AR,

5 & & 6
wS mfE e e 1 2 3 4
i coins[i-1] 0
1 1 @ !
2 2 @
3 5 @ -
EH#HE n =3 BffE® amt = 4
MEURTH (n+1) x (amt+1) B9 dp %EFE
Step 1 Step 2
s & & ¢
HS EfE el oe 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! [] 1
2 2 @ - 0t
3 5 GD 3 0
RS
#:
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]1] + 1)
[step 3 | Step 4 |
s & & 6 @
wS EfE el 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ©® 1|0 1 2 3
2 2 ® 2| o0 ”
3 5 @ 3| o
RER
#:
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )
[ Step 5 l Step 6
5 4 & 6
wS EfE a2 e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ o BEN - 3 4
2 2 @ 2|0 1
3 5 @ | o
RS
#:
dp[i, a] = min( dpli - 1, al , dpl[i, a - coins[i-1]] + 1)
[step 7 | [step s
s & & 6 €
wS HEfE SNal e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ©® 1|0 1 2 3
2 2 @ 2|0 1 1| 2
3 5 GD 3 0 *1
RER
#:
dp[i, al = min( dp[i - 1, al] , dp[i, a - coins[i-1]] + 1 )
step 9

Step 10

5 4 & 6
ws EE h [ 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 1| o0
2 2 ® 2| ¢
3 5 @ : | o
WH#HE n =3 EifE@ amt = 4
AKETTH max = amt + 1 | BIIKR 0
s & & &8
W®s EfE 3 [} 1 2 3 4
i coins[i-1] ] 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 1 2
2 2 @ - ] 1
3 5 @ | o
RS
#:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )

- 5 & & &
WS EE Py 0 1 2 3 4
i coins[i-1] 0 0 MAX MAXMAX MAX
1 1 © ! 3 12 344)i
2 2 ® 2| o "
3 5 @ : ]
ot
#:
dpli, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )

i 4 & 6
®s EfE 3 [} 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 1 2 3 4
2 2 @ 2|90 1 1
3 5 ® | "

RS
%

dpli, al = min( dpli - 1, al ,

WS HiE
i coins[i-1]
1 1
2 2
3 5

dpli, a - coins[i-1]]1 + 1)

5 & & &
i 0 1 2 3 4
0 ) MAX MAX MAX MAX
1 0 1 2 3 4
2 0 1 1 2 2
3 e +1

©
e
e

RER
%

dpli, al = min( dpli - 1, al ,

dp[i, a - coins[i-1]] + 1 )
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i & & ¢ 5 6 & €
wS EfE el e 1 2 3 4 ws EfE el 1 2 3 4
i coins[i-1] [ 0 MAX  MAX  MAX  MAX i coins[i-1] ) 0 MAX  MAX  MAX  MAX
1 1 @ 0 1 2 3 4 1 1 @ ! 0 1 2 3 4
2 2 @ 2| o o I 2 2 ® 2|¢ 1 ¢ N
3 5 @ - ) 1 3 5 @ - 0 1 1
#: ®:
dpli, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 ) dp[i, al] = min( dpli - 1, a] , dp[i, a - coins[i-1]] + 1)
Step 11 Step 12
5 & & 6 5 & & 6
wS i N e 1 2 3 4 WS EfE N e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i coins[i-1] ) [) MAX  MAX  MAX  MAX
1 1 @ 1 o 1 2 3 4 1 1 @ 1 o 1 2 3 4
2 2 @ 2 o 1 1 % 2 2 2 @ 2 [ 1 1 2 i
3 5 GD 3 0 1 1 2 3 5 GD 3 0 1 1 2 2
RS RSk
dpli, al = min( dpli - 1, al , dpli, a - coins[i-11] + 1) dpli, a] = min( dpli - 1, al , dpli, a - coins[i-1]] + 1)
Step 13 Step 14
5 & 6 6
wS EfE el 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 (U 3 1 2 3 4
2 2 @ 2]e¢ 1 1 2 2
3 5 @ - 3 1 1 2 2

3. FEfil

EEEHEFERNRIEDTRE 2

Step 15

14-25 TR SRR S AR

TR SR 2 R A AL T S 58 21 B A — 2K

// == File: coin_change.

Ch—

/* SEHE: TEINCEHEME «/
int coinChangeDPComp(int coins[], int amt, int coinsSize) {

int n = coinsSize;

int MAX = amt + 1;

/l %k dp *=

int *dp =

for (int j = 1; j <=
dp[j] = MAX;

+

dp[0] = 0;

/] REE%

for (int i = 1; i <=

malloc((amt + 1) * sizeof(int));

amt; j++) {

n; i++) {

for (int a = 1; a <= amt; a++) {
if (coins[i - 11 > a) {
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// BBIBEIEE, WAEEHR 1
dplal] = dplal;
} else {
/] FEFEETR 1 XFMHAENRIME
dplal = myMin(dp[al, dpl[a - coins[i - 1]] + 1);
¥
+
¥
int res = dpl[amt] != MAX ? dpl[amt] : -1;
!l BHRRE
free(dp);
return res;

14.5.3 FEERIRE)EE 1

Question
Y57 n FPEETR, 58 4 RREEINEEN coins[i — 1], BEARESEN amt , HMEET ] UESIER, W
Zi BRSHREh A SR, REIAE 14-26 Fim.

w"E EfE
i coins[i-1] BirsE
amt = 5
1 1
2 2 $
3 5 (5)

EHHAGHE: 4
EhAEHE: + + + +

14-26  FER L mE 1T F7npEdE

1. ZhEMRBER

IR b, AR E AR AR, P T i i AR AESS Tt & o VLA ROR. T dp
FORRRN (n + 1) x (amt + 1) 458,

SRTIRSHIE SRR S T 2 AT 535 2 AR X AR A S R M, RSB TEN:

dpli,a] = dpli — 1, a] + dpli, a — coins[i — 1]]
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Y EFREHCN 0 I, TCAVERRALAIREM I H AR ed, RIS ESITE dpli, 0] #eitan 1. 47T
REMR, JokBRMER > 0 MBS, HLETHE dpl0,a] #5%T 0,

2. fUEEEHM

// == File: coin_change_ii.c =

/* TR 11 mhSHE =/
int coinChangeIIDP(int coins[], int amt, int coinsSize) {
int n = coinsSize;
/] #E dp &
int #xdp = malloc((n + 1) % sizeof(int *));
for (int i = 0; 1 <= n; i++) {
dp[i] = calloc(amt + 1, sizeof(int));

+
!l B ES
for (int i = 0; i <= n; i++) {
dpl[il[e] = 1;
+
/] WREHE%
for (int i = 1; 1 <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 11 > a) {
/] EBIBIrEE, WAEER 1
dplillal = dpl[i - 11[al;
} else {
/] REMEEH 1 XFfhEERZH
dpl[ill[a] = dp[i - 11[a]l + dpl[illa - coins[i - 11];

+

+

int res = dp[n][amt];

/] BHRAE

for (int 1 = 0; i <= n; i++) {
free(dp[i]);

+

free(dp);

return res;

3. Fafiik

22 [AMLAAC BT SR, W ERASE o 4k RV A] -

// == File: coin_change_ii.c =

[*x SR 11 FELUENEIEIL */
int coinChangeIIDPComp(int coins[], int amt, int coinsSize) {
int n = coinsSize;
[l W%k dp R
int *dp = calloc(amt + 1, sizeof(int));
dple] = 1;
/] REERE

for (int 1 = 1; i <= n; i++) {
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for (int a = 1; a <= amt; a++) {
if (coins[i - 11 > a) {
/] &I BiRER, WAEEm i
dplal = dplal;
} else {
/] FEFERETR 1 XFFHAEEZM
dp[al = dpl[al] + dp[a - coins[i - 1]];
}
+
+
int res = dpl[amt];
!l BHRRE
free(dp);
return res;

14.6 YmiEEEE|n)RH

gmiREn R, AR Levenshtein iR, HEMDTTEH 2 A EAHBARA) S/ MEBOREL, B HTHEFEERRNE
SRVE S A B B D e S RARDUE

Question

AN TERFE s Ml t, IRENE s #Heh t iR D g 4.

TRA] DIAE— DN FRF R T = AR e MA—DER. MBR— D7/ BB AIEE— 1T
o

i 14-27 Aow, R kitten #eHioh sitting RS 3 20, TG 2 DO HURIES 1 IRESINER(E; # hello
oy algo TR 34, ARG 2 BHURIER 1 IXIMFRIRLE,

s - 3880800 s - (0000
lgm lgm lmw m%l lsm lsm
880808800 [a]1]e]o]

- 38080800 - (38080

14-27 Yl EE B AR BIEOE
O EE I 180 1) R M AR B SR P DR BVEDRARE . AT R RO T i, —HEIRER (—IRGmEIRIE) XY
—4iA,

aniE 14-28 Fow, EARBRAHRIEAIEICTS, S0 R8T DURAE 2500, BRI N—RiRIE, Xk
EM hello % algo HIFLMATREMIER,

MR R, AR EARER AT R hello M A algo Z AR FERSTE,
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s =
T /\

t =

14-28 BT ORI KR v i 2 )

1. EHESHRIBEE

- MHERIUGE, 2 URE, MifEsl dp #

15— R PERA ATH s HET — IR,

AT EE SRR AR, ERBOE G/, XRA BRI T, A8 s A £ BUKEE 3N
n A m, RO ERT BRI sln — 1) A tim — 1],

C 5 sn — 1 Rl t[m — 1] M, FATTABGE N, EHERE s[n — 2] M1 t{m — 2],
C # sl — 1) W t[m — 1] R, BAOEEA s T RGHE GEA. BER. B, ISP R
HO PR, ATTAT AR 0], % AR o N

BARR Y, BAVEFITE s RUHTIE 100 (GERIE), R s M ¢ PRIRIE ISR A
fl, TR, HRANYRITE s At % BIOE i FI58 j 505, 18 [3, ] -

ARAS [i, 5] AEBIRO TR 4% s BORT 0 ASAFECD £ I § A TIIRIE Do
e, BEAR N (4 1) x (+ 1) 4 dp %,
P SRR A, TS IR AR R

FERFWE dpli, j], HWMIWDFZRERRRBETA N s[i — 1] M t[j — 1], ARERRZREEREDS E
14-29 FroR i) =& oL,

1. 18 s[i — 1) ZBHmI¢[j — 1], WEARTFAE dpli, j — 1],
2. Wk s[i — 1], WA TS dpli — 1, 7]
3. 4 s[i — 1] B t[j — 1], WRARTRE dpli — 1,5 — 1],
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HERSFM e
08000 (b[o]o]x B
(c[o]d]e] (c[o]a B
dpli, j-1]
HBE% k

-- (B00C 000

°©
~

gooo oooe
dpli, jl dp[i-1, j]
8k Bih e
(b]o]o]e] (b]o]o B
(c[o]d]e] (c[o]d]E
dp[i-1, j-1]

K 14-29 FwiHER B HIRESFAS

FR DL L5347, AT T4500: dpli, ] R D B8 T dpli, j— 1), dpli— 1, 4], dpl[i— 1,5 —1]
SHPIROGHR, TR 1, XSRS R RN

dp[lmj] = mm(dp[z,]— 1]7dp[2 - 17.]]7dp[l - 17.7 - 1]) +1

ERE, M s[i — 1) R0 £[j — 1] MR, JEAUREN RIS, SR R R AR T RN

B2 WA AR RSN

YIRS, P E08 0, Bldpl0,0] = 0, 24 s W2HMEt AT, BOHRESEET ¢ K
&, BETT dpl0,7] = 7o 4 s FRZE AN, RORERSEET s IKE, BEY dpli, 0] =1i.

WMEIRESHERTTRE, W dpli, 7] HMETT. b5, 2 LTI, BRIHEE m B HA E s A dp REAT,
2. XFSEM

// == File: edit_distance.c =

/* YREEREES: mHASHIRI %/
int editDistanceDP(char *s, char *t, int n, int m) {
int **dp = malloc((n + 1) * sizeof(int *));
for (int i = 0; i <= n; i++) {
dp[i] = calloc(m + 1, sizeof(int));
+
/] REE%:. 517875

for (int i = 1; i <= n; i++) {
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dp[il[e6] = i;

}

for (int j = 1; j <= m; j++) {
dpl[0][3] = J;

+

/] REREE. ER1TH5
for (int i = 1; 1 <= n; i++) {
for (int j = 1; j <=m; j++) {
if (s[i - 1] = t[j - 1D {
/] ERFFHEE, WEZBIILHRFR
dp[il[j] = dpli - 21[j - 11;
} else {
/] =VRESE = A BBk, BIRX=MIRENRDRESH + 1
dp[il[3] = myMin(myMin(dp[il[j - 11, dp[i - 21[j1), dp[i - 11[j - 11) + 1;

}
}
}
int res = dp[n]l[m];
/] BHAE

for (int i = 0; i <= n; i++) {
free(dp[i]);
}

return res;

GnIE 14-30 AR, gwiE R RS M RIS AR R 5 E W8 EE R 2R, &I DAE (RS — D 4ERRS A
.

___Booao ooan
Nle 12 3 4 SNle 12 3 4
o e e 1 2 3 4
':' 1 l:l 1|1
'E' 2 'El 2 |2
lg’ 3 lE' 3 |3
s = “bag” t = “pack”
n=3 m= 4

MAKETT dplo, 1= « BF dpli, 0]=1
MEWRTH (n+1) x (m+1) B dp &R
| Step 1 Step 2

ooan ooan
§:j e 1 2 3 4 SNle 12 3
BN
o o 1 2 3 4 o o 1 2 3 4
+1 +1
u 1 1 1 u 1 1 1 2
B |- B - :
.E' 3|3 'El 3|3

RER
-

4pli, 31 = min( dpli, 3-11 , dpli-1, 31 , dpli-1, §-11 ) + 1

{ Step 3 l

g
#:
dpli, j1 = min( dpli,

Step 4 |

j-11 , dpli-1, jl , dpli-1, j-1]1 ) + 1
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RS
:3

dpli, 31 = min( dpli,

RER

#:
dpli, j] = min( dpli,

s

wase
4pli, 31 = min( dpli,

=0

K&
#:
dp[i, j] = min( dpli,

Step 11

ik§§§§
4pli, 31 = min( dpl3,

[ Step 13 ]

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, 31 , dpli-1, j-11 ) + 1

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, 31 , dpli-1, j-11 ) + 1

RS
22

dpli, 31 = min( dpli,

o

"o s[i-1]=t[i-1] = ‘a’

[ Step 8 \

RS
.dp[i, j1 = min( dpli,

Step 10

Pt
#:
dpl[i, j] = min( dpli,

Step 12

RS

4pli, 31 = min( dpli,

[Step 14]

j-11 , dpli-1, jl1 , dpli-1, j-11 ) + 1

= dpli, j] = dpli-1, j-1]

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, j1 , dpli-1, j-1] ) +1

j-11 , dpli-1, jl , dpli-1, j-1]1 ) + 1
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coaon

?0 12 3 4

] o 1 2 3 4

n 1 1 1 2 3 4
u 2 2 2 1 2 3
B 3 3 3 2 2 3

BERVREBSH 3

Step 15

& 14-30 ZwiE iR R Rsh SRS R

3. ZEfntk

T dpli, ] B 77 dpli — 1, 5], %77 dpli, j — 1], 7675 dpli — 1, j — 1] SHMRH, iR
SFASE LT dpli — 1,5 — 1], BIRFBFHICEEAHE dpli, j — 1], FUHPRE TR,

ok, FATATDAGEA — DR R Leftup RE A LT dpli — 1, j — 1], MTIRFEZELTTR_LITHIE
AR S e el WA, AIERIERES. A RATR:

// == File: edit_distance.c =

/* YREBEEES: TEMLILEHIEHSIR +/
int editDistanceDPComp(char *s, char *t, int n, int m) {
int *dp = calloc(m + 1, sizeof(int));
[l KEEH%: 817
for (int j = 1; j <= m; j++) {
dpl[jl = J;
+
/] REEH%: HRT
for (int i = 1; i <= n; i++) {
/] REE%:. 85
int leftup = dpl@l; // &#F dpli-1, j-11]
dp[0] = i;
/] KEE%: HRY
for (int j = 1; j <=m; j++) {
int temp = dp[jl;
if (s[i - 1] = t[j - 1) {
/] ERFFEE, WEZBIILHRFR
dp[j] = leftup;
} else {
/] RVRESE = A BBk, BIRX=MEENRVREET + 1
dp[j] = myMin(myMin(dp[j - 11, dp[j1), leftup) + 1;
}
leftup = temp; // EFHAT—HH dp[i-1, j-1]
+
+
int res = dp[m];
!/ BHRRE
free(dp);
return res;
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14.7 ING

1. EREEH

- BN AT R, FREE T R R E R T, RETHRRER,

- ABENRIFTATE N, FrashSORIREES T AR R (B TR, BN FERER
HE TP, PR @ISR, AT DAEERTA TR 7 ISR, M TERIEE & (A
AR E— K,

- IR R RN TR JRAB AR, TS 2 R EhASIKIE — i MR B TRA S i U, A
auEl “HERKE —FE BT HATRES ORI RERE,  EIHIRAITA DAIERR dp RE—DHEE, M
TR TR A2 2%

- TSR - MER R EIAER, £o0a. ISR Eh AEA N R,

- ISR =R R, RILTEE. JoERU.

- WERRE AR AT B AR AT DA T R S (LA AR oK, e B iR I 45

- TJERIEREN TR, HARRERRGZREE XK, MEEREmmaIRESTR. red et
AN BA TR, ToihE sl MI PaER #

GREADED

- SRR AR —, B 01 . el SEEEaA,

- 0-1 FFEMRAE OVRT | MIRIERTN ¢ MITF RSP IIRAI . RIS SRR TS SRR
%, ARTIRE TN, IEHRAER TR, R, BT AR RBUE LR TR
WA, EEFEEEFRASIE, Bk LRSS,

ST R R O B ROERRA, IO SRR 5 0-1 S ERERRE, hT
AR L7 ATE AT IR, BIAEZ A B (E i,

- ERSUREUR S R R A AR, MR BR” MMEASR RN AR, EIR A
BRI max() BEOY min() o AJBSR “FHEIT” SEARSIER BRI BB, EHE
il amt + 1 k301 “Torkit BRREM MEXR,

- BRI 1L MR CROETEGR” SR CRERALARR", IRAERS A min() 5h
SRAZ BT,

Zh iR 12 )

- ZiHEEE (Levenshtein BEE) M THEMN DFATERZAHEUE, HE SO M—DFrFE 25—
YRR DD, mEIRIERARTI, MR, B,

- G B NS A IR MK s BIRT 0 DR EBON t BIRET § D FERTR R D RES . 5
sli] # tlg] Ny, BA=RERE: w0, MR, B, e0TEA AR F R, SR ] DR H A
FEAGGRPRIRESEAL TR, T2 s[i] = t[j] N, TEHGRE LT

- AEgREEERE T, ISKBIE E77, IE/E77, £ BTTROIRE, BRIz R )E e sl @) i i # TR 1E
P TIRSHR . itk, FRAAMA D EEEFL LIRS, NS5 582w RSN HTH
O, A DR RIS A T IR T
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Abstract
) H 2%6A%E KPHEE 8, BZIESR B 8 KR KT EE,
FUL RIS — R R BERE D, BP FRREER.




HI5E O www.hello-algo.com 335

15.1 JOEZX

ROEZE (greedy algorithm) 22— WLAIARRACIL MR RTR, HEA AR AL WA N RRITEL,  #
R ATE R R LAIESE, HSUOt it BB ILATRR, DIIERG 2R, OO IRREE HEiK,
FEVF KRB E & 2RI
FOLRIEISASMKIER A TR e, ez B E— SR A, HanEs iR a5 e, =
TAEREEA AL,
- BN SRYE Z BT ERIR A IRAOR B & S RIR, I IS 27 1A RS 2 24 A1 [ LA e
- ROLREARFBELRRE, T —BAnithiET ou0Ess, AW NRETEE, B2 R,
BAVREL G TR THERORIEN TIERM, XEMOSE “BeEme” =Y hagd, H
B EFH AR,

Question
57 n MR, 58 0 RPEEMITEIEN coins[i — 1], BN amt , ST AESIER, [
REMS I H BRI MEE, MRITEEH EFRER, NWIRE —1,

AR ZOL RSN 15-1 FioR. 28 HFREA, BSUOMNESE AT HERRE eriEm, THigaaix
S, BEREL BRSOV,

Bfs@ AL RRERTATEREENRESHNET
131
’
31 IS -
¥
e
¥
’
1 J— =
-
A (1)
0
B 15-1 FERSHAI OO REE
SEEHES AT R R
// == File: coin_change_greedy.c =

[* FEE: WD */
int coinChangeGreedy(int *coins, int size, int amt) {
// 1Bi&% coins FIXRER

int i = size - 1;
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int count = 0;

/] EFRHTROEE, BEITHREE
while (amt > 0) {
/] BEINFBRIEARRESEAVET
while (i > 0 && coins[i] > amt) {
i--;
+
// % coins[i]
amt -= coins[i];
count++;
¥
/] BEXRFEIATAESR, WRE -1
return amt = 0 ? count : -1;

IRATRER A& &I : So clean | SULBIEMUHA TR RURR T 2 ER 5L e AL,

15.1.1 BALEZENMASERYE

TODFIEA DR B, SRR, i @R PR ARG, £ AR, ICRE M R/NE{E min(coins)
W ZLOERE R Z IR amt/ min(coins) R, NEEZEN O(amt/ min(coins)) . XHLANESMKIEZER
IR ZE O(n x amt) /N7 —DMER,

SR, MFREMMEEMN S, SWORIIFTREIRSIRMM. & 15-2 4H TIRAL,

- 1B coins = [1,5,10,20,50,100]: EZEHHAE TR, HEMLE amt , POOEIEERA DEREIR AR
it

- &Pl coins = [1,20,50]: % amt = 60, ZUOEIEHEAERE50 + 1 x 10 WSS, it 11
BT, (HBhASHURIPT DAREIRAAR 20 + 20 + 20, X7 3 HEm,

- Bl coins = [1,49,50]: & amt = 98, TWLEBEHEEE 50 + 1 x 48 st s, it 49
MET, (SR DARBIR AR 49 + 49, N5 2 M,

Whas Bin&H TOHERMRS R REHRIBIR 5
(REpmIARE) (2RRIARE)

(1) 60 +@x1@ x3
@ 98 +©x48 xz

B 15-2 SULBERICIEIRH RAOLARATR B

WALE, NTEECAE, SORETERIERE 2 R&IUE, HEATREEHEFE 20, EEEs
EEES/ Rl 27

—REEOL S, SULBIRAE AL PR PR,
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L. Al PAGRUERRBNR UM : SO0 RIAERXA A MEE R RIUERE, FOVEEELLEH, ahSMRIE &R,
2. AIDMRENERUR M : SOORIETEIRAEN TR AT, M TREERMERY, IR REE
HRME, BE AR ERCRER

R AR AR Y,

15.1.2 sTOEHRISH
MARERT, AR REHE S 2O EIERMEIE? k30, OB EET SN T ol DURIE R ER R
fig?
MESTHNAMK, SOLEIERE R & E SR, H R m A ™R

C UDIEBER: LA YRS R G R ISR R RN, 2U0E A GRS I R

- BIRTEN: RN SRS T R B R
B TFEMTEE “GIAMN SEWhagd, XEREER, EETENE, —SBlRmraEmitr
AR, (EASRRTE 20O B R AR,

BN FEZRFTSVOE R BRI HINTT TR, BARAERIRE ER R, HIh BN T2 i, WS
EREEBIFES H

BIanF e S F A, BATRARREG A B B, W OGO TIEDy, (HUESSATMERERR, WERA:
WA 22 PR RE T 2 & il A SOORTEAR MY A1 R REFEAE AL B B8 1ok 45 H — MR N AT Y 2
X, TAEDASS =R EAUE,

Quote

H—RIEXAH T —D O(n®) WEE 2 EEE, FAT R0 —NE A A e S 6 S0 IR IR HME
BRI R

Pearson, D. A polynomial-time algorithm for the change-making problem[]J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 RLEZEBOTE

SOL BRI R AR R] 73 AR =2,

L. MSsHT: WER S PR AR, RARIRASTE X I BARA R AESE X — P AERIIAIEh AR
SRS

2. e FULRIG: FEANAIE S — D th SU0IERE, XD IRISRES £ — DU NI, &R
RIS A

3. IEFPEIER: S8R R EIEREEA ORI BN R LT 458, XN ERA] REFR I ZIECAIERT, I
ARYAANIR B SUETR S

A 2O DSR2 SRR R O IR, (BSCE R REFF A S, TEAUREE,

- RN FTORMSIE R, A TS RER, FORMILRRE, RIDEN K0S
SARERE . TN TSP, FOORHTREERERIG, SRR B0 PRS0
SR T
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SE SO RIS A BRI R, SBATHIME 0RIHE 200 RE, TR 081T, RATEE

PEER o MAREGITEIRE . KR E NSO R UZ "B 1Y, ESO AR R R
— MR B,

NTRIEERTE, FRAIROZN SUL RIS T EREEAUER, 0 T B SOEE s AL,

s, IEMMIERARATREN R — B, aa iR ke, BANER esmaiiAHenE T A iEs, —
PBEKR S RUE LRI,

- K
&

15.1.4 TROEEHRBEGIE

SOLBIRE N R E SUDIE IR AR UL imdEib,  DURAI2E T — L2 ARG 5O B TR A

- MEMIRFRE: EREETAS T, WORIREEA] ISR TR,

- XML IR — 2555, S MESSTE—BINRINEELT, REERRERRATREZRIESS.
REREOE RN R R AESS, A2 T00E IR AT SRR,

© BRI A YR DN EER, RIERRIERE AT, EREERNEYHER,
SMERR, WREBRANEFEEN tbim (ME / ER) 19Pa, IADRIRE LI~ DUSE|
AL,

- RSN faE A RERIT R, VKA DAOET 2 IRESE, HIRIRE SR AR, IBAAESEH
ZHIARERSE, HANEAREUR AR,

- BRI EREmGE A TR RSN LA, EEREREN, BIRIEREHIRR
RIKKHRADTRETF, REFINERSMITHPERERE GREKE) &/,

- Dijkstra 5i%: B2 RO E IR TS 2 H AR A R Y SRR A R R S0 O 3R

15.2 H#E|inE

Question

BE n DI, B AYISNERSN wgti — 1], HER valli — 1], M—DEEHN cap HE L,
MR REIERE IR, (HR] DUEREMA I —8R sy, BrEmsiesmE R e, REREE aE
TEOHYRRRNE, REIWE 15-3 Fir.
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#S EE tifE

i wgt[i-1] val[i-1]

1 10 50 ¥ BANER HazEE
2 20 120 20 cap = 50
3 30 150 7Y ~ m
4 40 210 bd 8 —

5 50 240 ()

BAME: 120 + (30/40)x210 = 277.5

BRAZE: BB A 30 B ¥ pAES
HEE S0 HESE

B 15-3 3 80H B B R

SHECE AR 0-1 B EAEEAR EAEFMAC, IRSEZ LY« AR o, BME2RRETEER MY
BRARNME,

RNAFIET, AT IR —E7, WA 15-4 s, BT EET Y5, FHigER
EEBR T A B

1 KT, CERAER FIOMEN valli — 1)/wgt]i — 1], BFRARHME
2. B3R5 i, RN w , WEERMIOER w x valli — 1)/wgt[i — 1] ,

Hs EE il  AfifiE

val[i-1]
i wgt[i-1] val[i-1]
wgt[i-1]
1 10 50 5 ] E gy L E kv HERn
EINER BT E Whne &
2 20 120 6 _ T
va -
3o 130 > & YT gl (|
4 40 210 5.5 ¥
5 50 240 4.8 -

15-4 PyinfE s & NHYIME

1. SFDRERIAE
BAAEUAYENE, AR R ER AN E R TP, Bt AR A 15-5 FRaY 00K
[

L. Ryt B BN E M S BRI THE R
2. WA, SR TLOHER AN E RS P
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3. HHIREHARAL, WIEEH LAY A — 8 B B,

RS EE fifd  SAfifiE
val[i-1] RiBBfE

i wgt[i-1] val[i-1] wetli-1] MESENEHER

2 20 120 6 2

4 40 210 5.25 ¥ D"

1 10 50 5 ™) RAEFRUNMEERNY R
3 30 150 5 @B

5 50 240 4.8 7

15-5 o380 Bl ) 20 O SR

2. XIB%EM

BATEL T — 0K Ttem, DUMERY)SALIAANMEATH Y . 1EMNETO00ERE, S HECHRBEH
FIR Al

// == File: fractional_knapsack.c =

/* & */
typedef struct {
int w; // YREE
int v; // YI&iNE
} Item;

/* DB A %/
float fractionalKnapsack(int wgt[], int vall[], int itemCount, int cap) {
/] RIEMmYIR, BEFmINENE: E2. NME
Item *items = malloc(sizeof(Item) * itemCount);
for (int i = 0; i < itemCount; i++) {
items[i] = (Item){.w = wgt[i], .v = vall[il};
+
/] REREMIME item.v / item.w MBEUEHITHIRF
gsort(items, (size_t)itemCount, sizeof(Item), sortByValueDensity);
/] TEIRBICNERE
float res = 0.0;
for (int i = 0; i < itemCount; i++) {
if (items[i].w <= cap) {
/] ERRAERE, WEHFTYRENMEHETE
res += items[i].v;
cap -= items[i].w;
} else {
/] BRRAEARE, WEHIRN—FoEHEE
res += (float)cap / items[i].w * items[i].v;

cap = 0;
break;
+
}
free(items);

return res;
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NEHF AN B E R EEE A O(logn) , ZREREER N O(logn) 8t O(n) , BURTHRHEIESH
B,

BRHbr28h, TERERT, FEEHEMMIR, BRRBERER O(n), Hibhn Yd.
HITRIGEM T —1 Ttem MRFIZE, KEHEREN O(n) .

3. IEFRMEIERA

RHRIEZ, B « 2 R ER SR, EREREDORIGRARNEN res , EIZBH IS @
WEMNE B H A EEREEY M, SOV ERNYIN v . BTY5 v MR IMESS, KIS
BEEME—TEKRT res, X9 res RERMEFIE, BHREREPLHEEN © .

XTI A, BB DA EIAF G, SIS, AR EE R SR IR, X
APPSR G S

G 15-6 Fiow, A SeReP e BRI i B AN (B0 I 1 — 9K R R AR AN Il )70 2508 (e im) st ]
e “SRAEA FRAERRIX TR T BB A I RTHI AR o JX 2 En] DAES B ERATI AN LA fig EE B A 570 o SRS (4 R

YmBGE
5.25 5 5
* ¢ & -
YoES
40 10 30
50
| “uzE

B 15-6 3 EH BRI LERR

Question

BMA—T A ht , RPN TERR N BERERNEE, SEPNEERNER, DREllz
B =3 (8] A A R — D A28

DA RS TEEMEENFRA (), HivEEiEERERouE, %6 EZMNEREEHRS |
Z%O

BERAHPIEEM DN ER, ERHRNARNEERAR, RERAER, ~HAE 15-7 Fimr,
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atx

e B N W B U O N

L

0 1

N
w
&~
(5]
[}
~

BABEAN (5-1)x7=28

15-7 KRB ERERR R

AHEEEM N FERE R, FABRRE WA BRI, iKh (4, 7] .
MR, AR TRERMGEE, HrhaEEiove, 5ERMBIRINEEHERS 2%, RARN capli, j]

, MIATE R
cap(i, j] = min(ht[i], ht[j]) x (j — i)

WHELKREN n, PIATIRIALS R0, (RARE0 1 C2 = 2L A s, Slllal DAsremifidk

&, MTTRIEFRAZR, NEEZEN O(n?).

1. RO

X B RS S RCRIIRE, & 15-8 FvR, BUEE—MRE [4, 5], HERE @ < j & ht[i] < ht[j]
, BVE ONEERR. 5 N RARG

e Bk N W B N ®
[ < |+
—— <\

i MR, § AR
YUEIAE cap = min(3, 4) x (7-0) = 21
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K 15-8 WIS

aniE 15-9 AIoR, FHBERRE MR j kiR @ S8, WA= —E .

IRRNERSENRR j )5, SR j — @ HERN; MEmERERIE, FitmERRENE (O NRER) 5L
N (BENEH 5 BONRERD .

—— < e

e B N W s 00N ®

BRBER, BE—ER
LUHIAE cap = min(3, 3) x (6-0) = 18
K 15-9 RNBIIEAREEIRE

i, BAIRAMANBERR  , AAREEFRER, FNEREE —EZ/, HEETRIER BB
BNIERIREN ¢ FTRESAE K. BIANTEE 15-10 1, BalEia Hf R,

8
7
6
5 | J
4
3
2
1 y
0
(] 1 2 3 4 5 6 7

B ENER, BRAEEA
LBEIAE cap = min(8, 4) x (7-1) = 24

15-10 N sl IRAS
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P L AT AU SO SRS . RIGA LIRS, BEH IR A M, ARAI P RO I AT

TEEHAHIA,
B 15-11 R 1 s D SRIS IR TId AR

L WGEIRAST, f&EH 0 F0 j 0 5IEEH M.

2. WHMAPRESNER capli, j], HEHBRAER,

3. HEEH @ FOMR j IR, FERIEMRA NS %,

4. TEFRPATE 2. P 3. B, HE ¢ M j HIBINETR,

8 8
7 7
6 6
5 2 5
4 1 4
3 iR 3
2 2
1 } 1
o 0
[} 1 2 3 4 5 6 7
MAMIEE 1, § , EHITIKARE, FERAE res = 0
Step 1 Step 2
i
8 8
7 7
6 6
5 2 5
2 Y | 4
3 R 3
2 2
1 1
o 0
] 1 2 3 4 5 6 7
WHIAE cap = min(ht[il, ht[j]1) x (j-i) = 24
m BABE res = max(cap, res) = 24 Step &
i
v .
8 J 8
|k 7 aR 7
6 6
5 5
4 4
3 3
2 2
1 1
o o
o 1 2 3 4 5 6 7
WHIAE cap = min(ht[i], ht[j]1) x (j-i) = 28
m BABE res = max(cap, res) = 28 Step 6

YUFiAR cap = min(ht[il, ht[j1) x (j-i) = 21

B|ABE res = max(cap, res) = 21

< He

j
v

o 1 2 3 4 5 6 7

YpiAE cap = min(ht[il, ht[j1) x (j-i) = 15
BAZBE res = max(cap, res) = 24

< He
=y

0 1 2 3 4 5 6 7

LFiAE cap = min(ht[il, ht[j]1) x (j-i) = 21
BABE res = max(cap, res) = 28

]
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i i
v v
8 8
7 | 7 .
6 | 6 2
5 | WEE s
4 . 4
3 Z | 3
a2 2
1 1
0 [}
[} 1 2 3 4 5 6 7 [} 1 2 3 A 5 6 7
YUHIAE cap = min(ht[il, ht[j]1) x (j-i) = 4 YHIFR cap = min(ht[il, ht[j]) x (j-i) = 5
l Step 7 BABE res = max(cap, res) = 28 Step 8 BABE res = max(cap, res) = 28
ij
v
8
7
6
5
4
3
2
1
[}
[} 1 2 3 4 5 6 7

v iEHt 1 5§ 188,

[step 9 - BRHBLER, EERASE 28

15-11 HAAERFER ST

2. K85

REERERZ n e, HENBEREN O(n) .
L i, j. res ERATEENOEIMEN, FtEREREN O(1) .

/!
/*

== File: max_capacity.c =

RABRE: A x/

int maxCapacity(int ht[], int htLength) {

[l a1, j, FEEDYIEARE
int i = 0;
int j = htLength - 1;
/] VIERAEEN 0
int res = 0;
[/ ERZERE, BEEMIREE
white (i < j) {
/| BIRARE
int capacity = myMin(ht[i], ht[j]) %= (3 - 1i);
res = myMax(res, capacity);
/] ARBhEEIR
if (htl[i] < ht[j]) A
i++;
} else {
J==5
¥
+

return res;
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3. IEWRMIER

ZF LT R, REDVERRTODIEER S “Bd” — 2R,

FEAAEIRTS capli, j] R, @ BN, § KR, A B0DHIGRNR ¢ B —i8, £S8E 15-12 FroriRes
e “BE”, XA S ETERIEX R A R,

cap[i,i—l— 1],cap[i,i+ 2]7 ,cap[i,j - 2],cap[i,j - 1]

|
| A | | |
il it | | [ | |
EERERE L ANERNREN
caple, 7] capl1, 7]
Bhid a4k
| | |
| | |
] || '
| i | ‘ | | | | | |
| | | | 0 | | | | | | 1 | |
| | | | | | | | | | | | | | | | | |
cap[o, 6] cap[o, 5] caple, 4]
| | | | | |
| | | | | | |
e | ] ] e
oy ||| HEE | | ] ]
caple, 3] caplo, 2] caplo, 1]

15-12 skt SERBEL RTINS

MR, IR IR b B R K § mPBSNFE IS, AiERMNESIERNERIR—E S
SEAEEL/N, W, SERERIRSEITRERRIUE, B ENr2SBGRIR,

AL A BB, BaiEmpiRiee “2ae” 1y, SOREZEAR,

15.4 &A)59 FEinER

Question
H[E—NIEEE n, KEUINEDWA IR, KUI7EMREERTRN R 22D, E
15-13 ffi7Ro
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WAEE n , R max(ngxny xngx..xny %N, qxn,)

15-13 e RYI2 AR AU L

EREBAE n 1o m DR T, Hps AMRFidhn, , B

m

=1

AR HARESRIG A BN TR ATEH,

BNFEEBENZ: VIDBE m MiZZKR, 80 n,; NMiZEZ/h?

1. BLDKRBRIAE

RIEZE, R E LB E R, BI-M n o —NEF 2, METRE 2(n —2)
o BMTRZRING n (ELLE:

2(n—2)>n
2n—nm—42>0
n>4

nE 15-14 R, Hn > 40, P —1 2 ERMEEZR, KRR THFT 4 BFPEBERRIZE17 .

SOLERME—: WIRVIDTTRPES > 4 WE T, BAENIZEREY) 0, &RV TR AN 1, 2,
3 X=RAF
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N
=
=
1
N

Y nz24 B, 188 2(n-2) 2 n
HtRENDARRANEFE 1, 2, 3 BF

K 15-14 Yo SEERAZ K
B OREFMAHFREMEN. £ 1. 2. 3X=ARTH, BAR1LEEZEN, WAL X (n—1) < nfEK
37, B 1 ks SEBERAEN,
WE15-15 R, Yn=6N, B3 x3>2x2x2, XEWEYIN 3 Y 2 Hik,

DRI —: FEVITT RS, REENAAERD 2, BOA=A 2 BRIV OV 3, MRS BRI
o

HEFEESA 2 B, ROZBOMECRRED 3

K 15-15 &Y H+

£R PR, RIHEBL DU SO0,

L AN n , WHAKYI > HE T 3, BEEREN 0, 1. 2,

2. AREON O, AR n 2 3 IREE, BRI,

3. HREON 2 |, ARSIy, RE

4, MRECH IR, HT2x2>1x3, FVERE—3EHN2,
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2. KE5sEH

i 15-16 AR, BACAEIER Y] 88, ] AR A RMEPRIa T2 3 M o, HEEIZES
FIRECD, ENA:

n=3a+b

HERE, T n < 3WBFRIENR, BAHFSE—-N1, ’#HN 1 X (n—1),
// == File: max_product_cutting.c =

[* RATIDTIR: B0 +/
int maxProductCutting(int n) {
// E n <=3 B, BIATISH— 1
if (n <= 3) {
return 1 * (n - 1);
}
/] TOMETISH 3, a A 3 BINEL, b AR
int a =n/ 3;
int b n%3;
if (b = 1) {
/] ERER 1B, F—3x 1 x 3 #HH 2 x 2

return pow(3, a - 1) * 2 * 2;

+

if (b = 2) {
/] EFREHN 2 B, Mg
return pow(3, a) * 2;

+

/] ER¥F 0 B, FigabiE

return pow(3, a);

. . ] G
R Db aft3
n=3xa+bh

15-16 AV RN HETT &

o] TR A2 A BE R T S IR RSB TL. DA Python Jufll, & AR R EECE =#,

- S xR pow() IR Z4ETH O(log a) .
Hi% math. pow () PIEETAAT C TGN pow() BRAL, EBTITAUINE, WHAEZEY O(1).

A& a F b ERFEBONIESNEE, FERERERER O(1) .
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3. IEWRMIER

EARIEE, Rt n > 4 RSN

L AR < 3 RIERMRVIFTTRPEE > A WETF «, Ba—En DUEHSASRIS 0 2(x — 2) ,
MRS R (BRHRF) HISRIA. X SR E.

2. VInTiFAuE 1 BREMUIDTTRFEE-INETF 1, WAE—ERILLEFHABI—PEFH, D
PIFERIFRM, XS5BT E,

3. VI RBBWEWNA 2 . RERIEVIDTTRPEE=A 2, Ba—Erl AN 3, RRIE KR,
XEREF JEo

15.5 &

1. EREH

- PO SIME R TR L, BUEE R AE N RN BRI R B R RO, DA 2R
Bt

C PULEESERH N — N X — AN DR, A I T (R — U N T,
BRI,

- LSRRI, E VR IORERCR, T EAHIR, 2ol SR I 2R E A (.

RS, TS, 2O DMRER SR X T 5 A A A A R
R, BOLEEATRER SR,

AL R B PR SOOI TR F24540, 200 P R A2 50
TR,

R R A, SRR R, R, E AR, FI B,

C ORBALFE LTS NS SN, FE LR, EREER, i B DRI RS IR,
ERMEER R A,

- YRS LREAE 0-1 T AT L, AP, R AT DSR2 E
i T DA B RS .

AR VAT S AR, RN O(n2) . JEIEH S0 NS, RN,
HIEERERLE O(n) .

ERKINTRAE T, BAVEE R R ORI > 4 RSEERIRE)S, BIRIE T
N3, RBTFEATEE, NAERERATREESIE B35 0(1) % O(logn) .
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16.1 (RIZIFIRRE

16.1.1 ®E IDE

HeF IR, B8 VS Code 1ENAHIERIT R (IDE), Vil VS Code F M, HIEERIERGHEAH
MIRAHR VS Code 3T REFIZSE,

a % O 0% i

Visual Studio Code  Docs  Updates + Download

Code editing.
Redefined.

Download Mac Universal | .,
Stable Build

mac0s Universal
Windows x64 User Installer

Linux x64

. & C *
master G014 » ) B CA2 Sonces? UTFE UF
Other downloads or cpen on web
0
T#i VS Code 85
IntelliSense Run and Deblg BONCN Git Extensions

16-1 MWER T~# VS Code

VS Code IR REASRS, KR ZEHREESHIZTHIEIK, LA Python M, 2% “Python
Extension Pack” #" B2 J5, BIA[H#EAT Python fXESVEIR, 230 3UIE 16-2 FliR.


https://code.visualstudio.com/
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Python Extension Pack vi.7.0
Don Jayamanne 7,005,466 % % % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable v Uninstall |~

This extension is enabled globa

DETAILS

Extension Pack (7)

REHRNT

A B P O AT autoDocstring - Python Docstring Ger

doc

! Install

|
j—ﬁf*?ﬁ% ython Docstring Gen...
@ Python
P

3

Jinja

Python Extension Pack

Install

= ] Python Extended 12M k4

16-2 %% VS Code ¥ B f

16.1.2 REESIFIR
1. Python ifi§
1. F#EFF%% Miniconda3, % Python 3.10 BEEHHRA,

2. £ VS Code idifERi 7182 python, %24 Python Extension Pack
3. (A1) fE@S T8I pip install black, ZEMmHEERTH,

2. C/C++IfiB

1. Windows R&FEELE MinGW (HLEZGE); MacOS B Clang, Toii#dk,

2. £ VS Code @RI R c+ , %% C/C++ Extension Pack

3. ([ &) FTJF Settings T i, 1% % Clang_format_fallback Style fRFSA% Lk, RE N
{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach }.

3. Java ifig

1. R#EF%% Open] DK (FRATEHE > JDK 9),
2. 1£ VS Code WHHFTI IR java, &2 Extension Pack for Java .


https://docs.conda.io/en/latest/miniconda.html
https://sourceforge.net/projects/mingw-w64/files/
https://blog.csdn.net/qq_33698226/article/details/129031241
https://jdk.java.net/18/
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4, C#iIfiE
1. FEFFZEE Net 8.0,

2. £ VS Code iR 71822 C# Dev Kit, %% C# DevKit (FlEZY,
3. WAl A Visual Studio (ZZAE#FE),

5. GoIfig

1. F#EHHLEE g0,
2. £ VS Code idfFfi 718K go, %2 Go,

3. ZFERE ctrl + Shift + PPRHHASEE, A go, 1%#E Go: Install/Update Tools, &HBAIE

FH22 2 R/IAT,

6. Swift Ifi%

1. FHEHFZEE Swift,
2. £ VS Code @RI R swift , 223 Swift for Visual Studio Code .

7. JavaScript g

1. F#EIFFZE Node js o
2. (A[i%) 1 VS Code WA 4R Prettier , MRS IULTH,

8. TypeScript IFix
1. [A] JavaScript SRR 2251,

2. &% TypeScript Execute (tsx) o
3. £ VS Code WyidifFHiA R typescript , &3 Pretty TypeScript Errors o

9. Dartifis

].. —Fﬁﬁﬁg Dart o
2. 1£ VS Code Wt HiipH ¥R dart , %2 Dart,

10. Rust Ifi8

L. FEFFLEE Rust,
2. 1£ VS Code R EE rust , 4 rust-analyzer o


https://dotnet.microsoft.com/en-us/download
https://code.visualstudio.com/docs/csharp/get-started
https://learn.microsoft.com/zh-cn/visualstudio/install/install-visual-studio?view=vs-2022
https://go.dev/dl/
https://www.swift.org/download/
https://marketplace.visualstudio.com/items?itemName=sswg.swift-lang
https://nodejs.org/en/
https://github.com/privatenumber/tsx?tab=readme-ov-file#global-installation
https://marketplace.visualstudio.com/items?itemName=yoavbls.pretty-ts-errors
https://dart.dev/get-dart
https://marketplace.visualstudio.com/items?itemName=Dart-Code.dart-code
https://www.rust-lang.org/tools/install
https://marketplace.visualstudio.com/items?itemName=rust-lang.rust-analyzer
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FEL, A TEWEA TS AN GBS R, BB TBIE, DA IR E LB > B,

Fi 5260 A1 GitHub ID $$EAR B, MU PDF M 30T 3 TRR,  DUBSHIBA T IR X A TE
FAZE TR

JFIREE Sy
205 T AP R ENRI A TR BRI TR AR, PR ST IR 3 A 7T
MEATHRA A, WREIERIR RIS =8 H EE LN,

1. AEMA

e 16-3 iR, SATUERA EAEH “gmERERT. R DEZIE DU N P BRIESCOR B,

1. i “wBERR, WSBE “FE Fork e WIPR, ERRIZEE,

2. 1B Markdown JEXXFNZ, HENARMNIERYE, HRERRHRIE N5 —,

3. TETHIFEE BBORH, RERT “Propose file change” %%, TUHIBkE: /G, it “Create pull
request” %R RIA] &R HIEUE K,

o, o oe
Fudfi wello Bz % o Qoam L Ristiiiotts
Hollo W3k 31 HURLEM ‘ ‘ s
®Hom wE > ' o OEES ) a1 mmem: sesm
EERE R e > 312 MR S5O
8 Wom mRESE > ERMESIOERA. EE K. Wl SRR, B . B, TIIELUAZRGH R
e T
31 HUBESI S
2 WANERE 311 iBIEAN KSR
33 WEHE - Si
a - 7 B . RIET, BT IR TIEmiEHEE
. BHIERR; THERHD, SRS FRRANT), RNEAESERZPNTRERR; ENGTR
36 TR, RIRT BROAGRR.
B H4n mEsER >
& msw ML N 0B 31 B, SEMEEMATR AR A AN TR, SMAMILIEN, EEEENAR L2
= o E il; AEEIEEHNER, 244 i,
@ men nam ) GIET); AEAEEIIIAR, BRI
Aw7E B > - WIS B, R 5 DIL BEE.
A omem > - MG 1 . B, R
G Hom & >
= H08 B% > Erre T AR
] ENW >
- W2E 3% > L] ]
1 HIBE @H > . - JUN N
B E1am pEm s - P
@ His®W AL s .
@ ®ieE MR > = /|
B a H—

& 16-3 DU gm AL T

R TEEERE BN, FEEIHE [ssue BUFICH SREARIE, BAI2REREHIFEIRE R


https://github.com/krahets/hello-algo/graphs/contributors
https://github.com/krahets/hello-algo/issues
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2. RELIE

MREE GBS S5 HITRETE, fEAEBIEREMREE S, T RCENESE, IAFELAT Pull
Request TIEfifE,

. SR GitHub , KRB G F Fork 2D AKS T,

. AR Fork FEMTT, M git clone AR vafE £ A M,

- AEARHGEITNACIE, FHE TR, RuE RS E R,

. B AR CE R Commit, A5 Push FifE G,

. RIFTCEMTL, i “Create pull request” FZH1EIAT & EHBUE XK,

g W N -

3. Docker ZE
1£ hello-algo MRH®F, $UTLAT Docker A, BIRI{E http://localhost:8000 jRIATIH :

docker-compose up -d

{5 FH AR i < R RT R AR -

docker-compose down

16.3 ARiFFE
22 16-1 HIH T Brh I R EAIE, (HEE R L,
- EBOTAZIAR I, DAE SOk,

- B ATAAE AR SOEEAR AR SR BIIMTE AN

% 16-1 BURSHS5RIANEZE AR

English faT RS L {ENSED
algorithm =RFS CCRES
data structure HEaig BRLEig
code (E RS
file XA RES
function PR PR
method VERES T3tk
variable Iy SR

asymptotic complexity analysis ~ #NEE AT BOLEREE T
time complexity N 1) 52 2% P IRF M P
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English

space complexity
loop

iteration

recursion

tail recursion
recursion tree

big-O notation
asymptotic upper bound
sign-magnitude

1’ s complement

2’ s complement
array

index

linked list

linked list node, list node
head node

tail node

list

dynamic array

hard disk
random-access memory (RAM)
cache memory
cache miss

cache hit rate

stack

top of the stack
bottom of the stack
queue
double-ended queue
front of the queue
rear of the queue
hash table

hash set

bucket

hash function
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hash collision

load factor

separate chaining
open addressing
linear probing

lazy deletion

binary tree

tree node

left-child node
right-child node
parent node

left subtree

right subtree

root node

leaf node

edge

level

degree

height

depth

perfect binary tree
complete binary tree
full binary tree
balanced binary tree
binary search tree
AVL tree

red-black tree
level-order traversal
breadth-first traversal
depth-first traversal
binary search tree
balanced binary search tree
balance factor

heap

max heap
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English

min heap

priority queue
heapify

top-k problem
graph

vertex

undirected graph
directed graph
connected graph
disconnected graph
weighted graph
adjacency

path

in-degree
out-degree
adjacency matrix
adjacency list
breadth-first search
depth-first search
binary search
searching algorithm
sorting algorithm
selection sort
bubble sort
insertion sort
quick sort

merge sort

heap sort

bucket sort
counting sort

radix sort

divide and conquer

hanota problem
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English

solution

state

pruning

permutations problem
subset-sum problem
n-queens problem
dynamic programming
initial state
state-transition equation
knapsack problem

edit distance problem

greedy algorithm
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