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ERBEEERRS \ BE. RiE THRESRE
srE SIS RS bR EY s+ mEm
REAE, BREE
- emasmns < .
e SENIMH. SN, WAT) MAFIRER
1551 BTSSR TIR S
R — . B8 AREN. NANARISES
- mER < mRER S0 WREl = N o
A N AREIEAR R B o
i, HEM, BB, 98
M, L. A, THTH :;T*!:ﬁ iigf :ii’ftm
HEHIIRT, MIIRT, MEH s ’A;;m;‘ MH;
W W W, R, REED = s EEERE ~

o dethE: FEHEEE. BTROHERE. BBHEF
ZiEsi
AVLA . STARMESE, N

b b1 o .

IR, ATRER. @G A PR =53, Wi, AR

EREFIRTEM, RIETURE o my o MBS EREXE

Top-k F3EE ! S— Gl £H7F. FEM. n25

HEE. EEE. SRE BH28. BEGEL. BR
{ SRR, RGN, WENLL p—— FETME. BETSHN. BEKE

REELED. REBLES BEAREENE S, RESR

BIE: 018, ELNa. B

iy / BEER. —RATHNEEESERREEHE B _< AERERE. RETR
I-ELLO https://github.com/krahets/hello-algo Bl AW, BARR. BAUSRA

0-1 AEILHNAE

0.1.3 Fqst

AREEFFEALAR 2 BE RSN TS, B AR AR EE D ERA, Wi Gz
GitHub HEIZERINETF) : krahets. coderonion. Gonglja, nuomil. Reanon. justin-tse, hpstory,
danielsss. curtishd. night-cruise. S-N-O-R-L-A-X. rongyi. msk397. gvenusleo. khoaxuantu.
rivertwilight, K3v123. gyt95. zhuoqinyue. yuelinxin, Zuoxun., mingXta, Phoenix0415, FangYuan33.
GN-Yu, longsizhuo. IsChristina, xBLACKICEx, guowei-gong. Cathay-Chen. pengchzn. QiLOL.
magentaqin. hello-ikun. JoseHung. qualifier1024, thomasq0. sunshinesDL. L-Super. Guanngxu.
Transmigration-zhou, WSL0809. Slonel23c, lhxsm. yuan0221, what-is-me, Shyam-Chen.
theNefelibatas. longranger2. codeberg-user. xiongsp. JeffersonHuang. prinpal. seven1240,
Wonderdch, malone6. xiaomiusa87. gaofer, bluebean-cloud. al6su. SamJin98, hongyun-robot,
nanlei, XiaChuerwu, yd-j. iron-irax. mgisr. steventimes. junminhong, heshuyue. danny900714.,
MolDuM. Nigh, Dr-XYZ. XC-Zero. reeswell, PXG-XPG, NI-SW, Horbin-Magician. Enlightenus.
YangXuanyi, beatrix-chan. DullSword. xjr7670. jiaxianhua. qq909244296. iStig. boloboloda.
hts0000. gledfish. wenjianmin, keshida. kilikilikid. lclc6. Iwbaptx. linyejoe2. liuxjerry.
llgl1211, fbigm, echo1937, szul7dmy. dshlstarr, Yucao-cy. coderlef, czruby, bongbongbakudan,
beintentional. ZongYangl.. ZhongYuuu. ZhongGuanbin. hezhizhen. linzeyan. ZJKung. luluxia.
xb534., ztkuaikuai. yw-1021, ElaBosak233. baagod. zhouLion. yishangzhang. yi427. yanedie,
yabo083. weibk, wangwangl05. thlnk3r-ing. tao363. 4yDX3906. syd168. sslmj2020, smilelsb.
sigyka. selear, sdshaoda. Xi-Row. popozhu. nuquistl9, noobcodemaker, XiaoK29. chadyi.



HO0E A

i}

www.hello-algo.com 4

lyl625760. lucaswangdev, 0130w, shanghai-Jerry. EJackYang, Javesun99. eltociear. lipusheng.,
KNChiu, BlindTerran, ShiMaRing. lovelock. FreddieLi. FloranceYeh. fanchenggang. gltianwen,
goerll, nedchu. curly210102, CuB3yOnd. KraHsu. CarrotDLaw, youshaoXG, bubble9um. Asashishi.
Asa0oo0o0o, fanenr, eagleanurag, akshiterate. 52coder. foursevenlove, KorsChen, GaochaoZhu,
hopkings2008. yang-le, realwujing, Evilrabbit520. Umer-Jahangir. Turing-1024-Lee. Suremotoo.
paoxiaomooo, Chieko-Seren, Allen-Scai, ymmmas. Risuntsy. Richard-Zhangl019. RafaelCaso.
qingpeng9802, primexiao, Urbaner3. zhongfq. nidhoggfgg. MwumLi., CreatorMetaSky. martinx.,
ZnYang2018. hugtyftg. logan-qiu. psychelzh. Keynman, KeiichiKasai #l KawaiiAsh,

AFFE R TEH coderonion, curtishd., Gonglja, gvenusleo. hpstory. justin-tse, khoaxuantu,
krahets. night-cruise. nuomil, Reanon fl rongyi 5¢i (GZREFRNEFHESD) T AR R
BLRE ), IERMMRECR T %55 5 MRS A s B —,

AEREREP SR E Shyam-Chen #1 Dr-XYZ %/, 9232k yuelinxin, K3v123, QiLOL. Phoenix0415,
SamJin98. yanedie, RafaelCaso. pengchzn, thomasq0 fl magentaqin #Rd, 2R 28 E
R, TEAFA GRS RS L S BT AR AR, S,
AEH) ePub EFFHA K THH zhongfq BHEE, EEMBAVERN, ZRaEERE T EINE BB
EAZFNAEERS, T2 T2 NREB,
- TR AT RPERRS L, RGP IRsEIR “PUTEIREAR”, BE TIREEAFRNDIDL;
- RGN L ARG A AERN E M EE, HER DANAERNGF 2 EEER, EEAEFERS
TR
- RS E. WME. REMBET EEAMENSLT, BERZE NETERXN “Hello World!”
A SE4F BT 5
ISR TE B R I AR T TR AR B E B, EYARIRER SRS T EEEA;
- RN ERTE R A E BT TR ARV logo ,  WiAETRAYIRIEIEAY SR {E T Z R IMB L ;
- B @squidfunk FREEAIHEMGE R, PARABBAZABTE S 3 Material-for-MkDocs

FEREEAED, WA T 2N E RS B RIR MR, SRR AT R TESEA,
R T AENA ARV RSB, E MRS AT A S RN AT HE R BEH B

AEEEFMALAIFE TN, EE R R () FRRESE) MM, Em A miEE
REFHIEE

FOLEHIRA AR, IR R —E DU SR Bz, A i & o 1 s A bk =

0.2 WfAfEAZE

Tip
7 TSR AERRFREER, ERIESTARHINE,

0.2.1 TXRARBNE

- FEEIRARRE « RRIEME, NAMHEINEE RIRERREAIR, AT cBkE,


https://github.com/squidfunk/mkdocs-material/tree/master
https://github.com/d2l-ai/d2l-zh

HO0E A

i}

www.hello-algo.com

SRR G RIS (AVELRRR PDF i) s0pTiE REIAR GEERR, Blanes) (array), ki elM,

DA B RSk
HRNA MBS A& I, SRS ES R IR
ARHESEIFAEEM "I98 S, DU RbEs,

BN ERGES Z MR —84 R, AFELL Python 2%, B4 None SRFER “227,
AFE R 7 REGE SRR, DARBCEM BRI N AR, s TS R =R R

B, WARLE, Z1TaE.
[* 1SREEERE, AR, 8| REEREAIF «/
/] WEERE, BARFREE
VEZS
* BT

* g
*/

0.2.2 EENEERPEHEE

MBS, SR RIE A BRSSO, SRR, ST, BEMEERTAIEGE I

SOE BB PAURMHE AR, 7 RIE 2 AR B 72,

QUERIRTERE A E R, RBILBINATRAERRANIE 0-2 AR iY== 18,
APERRINE

L] ] 9.2 EEEHES - Hello MiE  x +
<« c % hello-al r_g ¢ 1
B o2 EEBMEE G X Q ez
Hello B3% o BPRTAA: 7EHEIENRIIG—IT—5). NBREITESANEENER, BES (n - 1) Pk
el = "R, WTER O(n?) 6,
E #HoE Ay

o MoEtE: AN n DS, IBAKRER n MTASTIE vertices , #F O(n) W& #MEkn x n
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0.2.3 FIENIEERPINRIERE

AENEERABTLELE GitHub A, WE 0-3 s, TS A MEURE, nT—3##3T,
QIRIRFORT, IR IR BATR . WIRBERMAIR, 520 st A s,
BRI A L, A RIS R R A 2 R, B T5R, AR EIE,

£ hello-algo DQ0Oaos

@ EXPLORER <o @ myheap.py X D~ D © ® O -
v HELLO-ALGO codes > python > chapter_heap > @ my_heap.py » ...

> B gt """Driver Code"""
> % .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  DEBUGCONSOLE ~TERMINAL -+ [(Jzsh +v (D @ -+ ~ 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 HUTHEEERH
BT ETE TIEEES =5,
B REAMBEHENRE, SNSRI ZGETREE, mREws, R e,
WP vibEs RSN R, 01 GitHub & i, WEREKZRE Git, AIRAUEE DA N2 mbEAR S &
git clone https://github.com/krahets/hello-algo.git

EIR, URR] DATEE 0-4 FsmIfiE, BiHE “Download ZIP” 448l B4 NEFE NS MM L, SRBTE A Hifig
JRERITAT,


https://github.com/krahets/hello-algo
https://www.hello-algo.com/chapter_appendix/installation/
https://github.com/krahets/hello-algo
https://git-scm.com/downloads
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O krahets | hello-algo

Code sues (11

9 hello-algo

main ~ P7 Go 1o file Add file ~ <> Code ~ About
Local

§ krahets fix: Sev

B Clone Python, Go, JS, TS,

.github

HTTPS  SSH

https://git

| Octotree

G2 Open with GitHub Desktop
Open with Visual Studio

[?) Download ZIP

Releases &

0-4 vl EE B R A2 i

H= PTIRREAS, WE 0-5 AR, BTRTHEME AR MRS, AT DEA R codes R
HENFKEN I ER IR IR R IR IR 5] — ST, AR BIIRETE D ARSI, FRIRRES ST

72 Z“XHiEH % 3 Q
EXEEREE Pull requests 10

Python CH++ JV# Go Swift Js >
binary_tree_bfs.py

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

chapter_tree

\Fl, IINBTI= 9 krahets

queue: deque[TreeNode] = deque()
queue.append(root)
# Mak—"1 IR, BTREERFT
res = []
while queue:
node: TreeNode = queue.popleft() # PAFILHEL

res.append(node.val) # fR7FHiAME
if node.left is not None:
queue.append(node.left) # AEFFHEA
if node.right is not None:
queue.append(node.right) # HFTHNA
return res

array_binary_tree.py i

¥
i HEEXHRR
binary_search_tree.py

binary_tree.py

[ binary_tree_bfs.py

binary_tree_dfs.py

0-5 A NEH BB ER) PR SR 5

bR T A TR IS, 4 EUE SR Python FURSRIBIEL T (R pythontutor BH). 40k 0-6 ff
R, VRATDARSERE KRS R 779 “BEMLBT” AR Bk, BlsBAR s TiEte; thal DURGE “4
FREBIE", DTS 4 IR R s,
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PP ry—.
€ 0 @ 5 hiwsdwwwbelo-sigo comchapter_acray_and_lokedisciacraye? ax O 00 :

Budf a1 ma % T QR Shoocs dsesr 1

Hello 8% [ @ FARET M ]

@ ®o® wx >

B ®1Em MRNE > Python 3.11 Print output (drag lower right corner to resize)

] ¥2m mAESK N res = (0] * (len(nums) BB nums = (1. 3.2, 5. 4]

& Bow niman s T ¢ BRRAENAETEEM

- for i in range(len(nums %ﬁEFi
B ¥aw maskR - 9 res(i] = nuns(i] Frames Objects il
41 WA 1 # EEY RGMNA
Global frame

extend(nums, enlarg

12 H% 1 return res

43 FI® .
13 ""tDriver Code”"" <

44 WESEG O it name == * main fums o ||z |3 |e 412 WANRSESREE
a5 e werma xtens /1 3|2[s|4 413 WERVTA

extend

S WSE B > nums = [1, 3, 2, 5, 4] e ,
EETERN > print("5 nums =", nu . o 1 e | e
Asraw > enerse 3/4h‘3 Gl 8
7
# KETR res
A wew > nums = extend(nums, 3) i3
G OEOR @ > print CHBARESRE 8
= OE0E 2R > ; Al el
N Edit Code & Get AL Hel
= mNE HE > line that just executed
v WRE HE s = next line to execute
KRN >
B Ruw meay > [<Prev ] [Next>]
@ wEE A s Step 17 of 22
@ Eow HR R Visualized with pythentuter.com
BE X

€ ¢REE

0-6 Python FEzUISHIE BT

0.2.4 7ERMEIRPHBERE

TERIREA TN, S EE S PRI 2 ARG R . BOQERTaR IS N ORI RTE, TR AR vE R
RURMEE, —RRIEDL T Al £ RN [
qnie 0-7 Frr, A ERREHE B EIRYREAREC A wran . A2 IReE2 MmN A . —J7m, fRa] DA

RFEFNHEE, RmEkRmor, BEEERARNEE, 5—77mH, WFFRREMRBHEE LA NS AR RE, 2
ZIREI R, B D,

L ] L] A 31 BESHRSE -Hellol: x4+ =
< e (s hello-al _data_s i _of_data_s 2 Q¥ O 0@ :
q (% krahets/hello-al
B b 31 suRgmsnx % X Q ExE T e <o
Hello ¥3&
E#HoE §in N doo5 1H5H
B ®1% JREE B B GIEBEERTERSEIBEN, BRTNHAREE,
R #2858 SREHMF > JIE—
& EIE tuEEn v @ @R &) 2508
31 MBI
3.2 EEMIEXRE chenzhiweiSdczw 1 H 5 H
33 BFHB" BREMHRE. ARz A, REMATRS, BEAREIRIE, BEMRANR
34 FHEHD WA, t 3%, B B, FRs 2 R MRS E AR
35 o
B f4m gASHE O © @3
S W5E HBSUT >
@ BeE wEE , @ wroters 1558w B
b oETE W > FEE~ SENRERRERLE, FbE . MHTE | BNARERER
D owes i N "SRl (EREFIRATRE) . RGP, BEENEME (R3) BEE—TER Y
= SRCEBY —REEN, XTREECIR (RNORN) | BRI ERNE, i, BEXTE
oogoE @ > FNESE (A, BF) MRS (W) SESH,
= OBI0E ER > e Gm)
Il BNE AF >
vz ER2E A > WA HK Aa
19 ®13E EH >
B #uE pam > 8
@ EBE AL >
@ ®ieE MR >
BEH =

EUiH
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WEEH, BEEET 3~5 MVERR, MeERHELE L, MRS EAR RS Rt GitHub
B,

3. BEBR = fEENERMIAR, E2E 7, M) DB IR S, SRS RE S, DAANE
SRS R, ERIET T, PIDAE SR AERS R RS, WS E M, M, R EE, A
I Tl L1 T DATE A5 B LA R

quiE 0-8 FivR, AHNEEZ MR “FEB—", SIERBIRE PR —MFE B = 2E,

PR — FEER— REER=
SR ERENFT R A EEAHRR

WA
P ING] RIERER RRRIES
WELEEH

ERAE IR BB

FREL B ] 2 Rl —iB kR BN, FIRRAR
TR AR IR DR IEAR EREENNRER

[ 0-8 {HETRSE AR

0.3 /héE

1. EE5[OIEE

- AENTERZFUEHAENRE, WRIREA &R, AEERHIRASRREEE IR, HrhiE
ISR PERy “RWIRE THEE" EH],

- EPNE T EQREEE AT, ERERAIEETA =R, WREE TR R ) 1,

- BREERR T, ERMEREE -AANMEERER, A UDERZEEE,

- ErPREhEE S R R ER R, FREA SR, B TEERNEE ST,

- HERERARE RS, SRAES T IR SR A R U,

- AREME R EE AR R A fTam R, BODRE R o VR RERK B B AR


https://github.com/krahets/LeetCode-Book
https://github.com/krahets/LeetCode-Book
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Abstract
—N/ DR SR, BEERIRHE R, R RIS E AR,
GBEEIRILEE, FEBRIRMEIPLR, A FTWE R B S R A BIA R,
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1.1 BEZEERTE

ERMEER BRI EEFER, REAMEGHBEE, RMER L, F2EEERLAY TS, m2
O AT, GBI B R AT R ] R,

FEIEXIRRHEAIR 2/, B —EABNEEEEDS: MEKESNARDEG TRF 2R, WEEEe
PR BN LR 7 TPk 08 BRI o7 A8 T — B

Bil—: A, e S, SEETECHE S, My URiRHE T RIEFE IR, RERERMREE
s —EPFE AR v B, B GIZIRE 1-1 FoRp 7 NESL,

L BB EE, WEZERNETRRME, BRETRS M.
2. HRTEPFE FRERF r A0 m 2R, P DAHERR 5 BUAT 57y, ERRRER LB 70,
3. NErEMEPER 1. PER 2., EESRIPHE AR r WHEEER 1L,

FRERHEFEROAFHT

\
EFHER: RICE—EHEETEA » 67 AR
EPRSE:

1. ERFRAB—HEHEE, ¥REFER n
2. @R r 1 m %8, FHBREESES

Step 1 Step 2
—H R —HERE

EFHRSR: EFHASR:

1. ERFRRBHON—HRRE, FREFHE t 1. ERFRRBBIN—FREE, FREFHE p

2. B r # t §0E, FElHREFESS 2. B r 7 p %E, EHHIREFES
Step 3 Step 4

;
—HEBR
EFRSR:

1. BRFRRGRBLN—FRER, BREFHE r
2. ERIEFER r NF, TRES

Step 5

fE 1-1 & e
s A/ AN MEGE, B EREEAN “oEs” WL ERETAAE, I HE T
BrR—ECHFR “FE517; (EHEEERAE, BT DU ERE i — RIREEE “—0EE”,

Bl RPN, WIMMESTIR, SRATEREME TS, EHENEIHS, BB E 1-2 Fr
o
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L e R@ o> 2 “EFT M T WER, G REAIRE MR 1 R EASH .
2. P —REEE, MAEHFEORIEMAE, SRR 2 RECEEHF.
3. NENEENER 2. , Bl SR MICEFEOMBAZ G, BEETHSEEA T,

KHF FHF FHIF
A Ta o X X A [ o > h, " [ &
&1;\5/3\ - _1A5/0.,A / 2[Af5 T
A [ 4 [ "I o
\ ,’ » A ! > B
uis ® 5 e & 5 S s
g 3 -
FHEFF RHEEF
/5 5 ) /'5 ) 2 /5 5 -
A ) /5: 2 /3‘\ 2 A A
\ 2 A
N” A4 4 v
5 5 2 5
< 5 5 2 5_ A A

1-2 B R

RPN EAE R AT R, e e EE MU RERRREER Mk w2 AR GE S Rk
Jr B R AR AP I B,

Bl=: BWR%F, B MEBETEE 7 69 Tivmsh, A M IPERE 100 7, RIBEREBFRZEEINM 31 7T, fil
GIR AR TERKANIE 1-3 FREIES,

ARIEE L 31 T EE/ANYERE, 5 1T, 5ot 10T, 20 7T,
ferEIEP R AR 20 7T, gk 31 — 20 = 11 7%,

R ERAEIEP AR 10 7T, ®ER 11 — 10 = 175,

fERpR P BRI R RRRT 1, #ERl —1 =07t

FRERE, 7TEA204+10+1 = 3175

AR
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BiEsa 31 = 11 - 1 = 0

BEEE -20 -10 -1

TWENTY

\
TWENTY ‘|

& 1-3 B RFiEE
FELL BB, Bl — AR RTE AR AP AR (BRTRER RImBEAIETS), RIS 7 alfTHRE )T
o EEFESHEERIANAES, BEEARE LR "H” WAL,

NEREE—IER, REVEFRWUT, %PArARERRRAEERBEE R, SHREMA MBI ESRMRESEERE
HREH RS R R A RC IR T, FIR SRR USEIT CPU F1 GPU TTHEE, Sh—2k, BIMutaE
TGRSR R A b, DA S R SRR A R R TR

Tip
NRIRETE RIS, EETA, BYIRN ES SRS — R, SR TR, AEARATIE
VR E N B R BT SR TR A R

1.2 BEZERMHE
1.2.1 REEER

wmE% (algorithm) Z1EARFFHINMRREE FER — A5 S o Ev B, EBEALUNRE,

- FERRARERYT, 05T I A T 2R
- BARTY, REMITEEIRAER. RIS T e,
- BOBEAMEH SR, EAHRREMARBITHRET, fWHaaeArE,

1.2.2 BRSBTS

BR4EME (data structure) ZHHMMFHFERIVTN, MEERNE, BRZHBRGRNERRIEE, EA
AL,
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- RS HEED, DS AR,
- ERHRIEATREDUE, MREERIWIML. B, MBR. EHEE,
- RUEERIEREOREEE N, DUEEEIASHIT,

ORISR — e e RER R R, SRR  HBUSR T, EEW A — T HfEH 21, T
a5

- SR ERSMERRES, ERRLET RO PRI L EANERE, (HREE T R DR,
- ERRER A A, ROt T E SR AGEE R, (ER A R R R S .

1.2.3 EREBERREEZNRIR

aniE 1-4 frR, ERHSREEEIRSEME, BEES, AERIEDNT =75,

- BRERREEIANE D, EREERREETAR M VR IER, DUREBERIRTT A,
- HEIRLEREEHIEAL W, ERERA S SRR, SRR EMIRATE M,
- HETREE A AN AR R EDL, HBUTRERATEEMERR, BHESEAE RS2 .

BE—RIUREES

MmN AL
LD ‘ REE Hith
_—
input algorithm output
BHHEGE

data structure

RUtERLHEEFNER
BN PEN B RHRIES &

[ 1-4 BRSBTS IR AR (R

BRI SR R N AN E 1-5 FosiIPHEEAR, —BAR, IRTEST2FHEZIN, B SRS
Fo HMHZIGRIAE D 1R0E, MREAR IR R AREAEA,
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& 1-5 PHEREA

W A EE AT IE R R AR 1-1 B,

11 R R R B R L 2 PHEREAR

BRUEREEETE  PREEAR

B R RPHERTREA

Bk AR, BREER, R @7 5E
[CECRES TR DR B AR BB — Y20 R

it R TSR

ERSAE, ERERREERERINENRGESH. ERM, AEFURHERZEEAESVE
B,

BI5E R TR
TEEPRRT SRR, FATEE A “EREMEREER e “HRIE", s AR LeetCode T
BEE, BPR RIS AR AR R 77 T AR

1.3 &g

1. ERSEIEE

- EEIREHFEAEPEENE, WAZE IR, B L, RMEEENARPEE TR
ZRTE, AR TS RN HEE,
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- AT SRR B o S ERTAEEL T oG 2 B E EERTR AR,

- REPEBETOR)E R B AP R E R AL, MAHE AR S H MU R,

- BWERENSRAH L REBEER, DRI RTE AR S E,

- BRI AR PRI N AR R R — A TS S BIR(E P BR, TR RHET 2 S M rh AR AR 8 17 R
1753

- EORME R B RR R A, SRS R BRI, MRS RS RE AL @,

- B AT DUR B R A R BT R R LE 2 DFRAE R, BURARER, BURKE MRS SRR B R A
i, DERIERRI BRI RR,

2. Q&A

Q: TER—AREAEatN, WAL HH TP IERAERIERDOEHE, ¥REERSEEGESHEREr T, J
BHAMATLAT ; SRS EMERM LIEP R IR A 2R E AR E?

ANFHEEBER TAERRE LRI “1A5K" AOGS, AREEEAERHIERZEGR “N7,

R A E R (DUHAMERRL H) MEEARERELEPREER Y, MaEREN2R0AH, ERk
M RERFRESVE ) B E R SO JEFN A, 1M TAEM R B, B —EfEg 7, SEEXESENE THE
R

C AR A SR BRSBTS, B EE TR, I REREAIE A AR M T, BT
NEWG, RAEEARSE, B LRIMRA M ERE,

- AHANSRENEE AL, BTG HIENEH Y R AR EARE R O(nlogn) ; MR ERERZ
IE]7E AL BL A FE B (BIAnE25R) , BRBEFAMRL r] DARIRBCRE ) “ERBHEE” AR, R IRr ) M R R 2
O(nk), Hrhk 28, EERBERTURR, 818 HARKNSITIRE R ANE R A EE (AR,
BRBEFE) o

fE LRI, KREMEEH DUESIREMRN, F2MEREWN “E127 Mgk T, MENESRE—T7
T AR R REAS B MR, 59— T R B TR O O RIGt #. A\RURTRRR e M, AEBRilZe, ot
IR &R, P RERE R TR 15 B (A
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Abstract
PR AT NS r s B A T P R S
A EBAMAE R B2 S P E A S EIRAIRR, SIRE BT E,
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2.1 EEEMEL

FEMETRR TR, B ARIESR DA 8 g i ) A

L. IREBUBVEMETE : 5 RIR TR ZE A A E A A IR 9 m] 20 SR 1S )R A TR
2. woRERTL: A —ERE R REF R 2R, BRI B IRE ] RE MR TA,

WRtEH, EREFIRIRMERIRTR T, BERSCRE A BHEEES N EETEIEE, EaEI I mfE
HERE

- IR B TR R,
- ARERCR: EEIAG R R AR,

fifimn sz, JMMEERRG “BRXE” WRORESHBRERIE, mA YR RRNCR EMEE, F2
HEER, RMA RN SERERIETHL, EmESEE ARG R,

RCRFETTIREE it BERHIEA,  BEGR (G R

2.1.1 EAR

R AR A MEETA B, EMARREMIRE [, BAEFEH g mEEETARRCR, REXK
HsiER i — et AN, JUTEmMEEER, AR eI TR GRS, SRS
RES S MR L BRI, (HBAAE BRI RIR M,

— 750, HECAHERRIEAERBEH TR, RERGHAC & & B RARRRE R, e — s R A AT R,
M EREE S TE 2% CPU LT, —EHEBERNTIEEREES, 0B ElE S RE B LR &
Hr, Wt BEIREARRH S ERREARATRER A — B, SR RE M TR A A A LT
W, Sat-FEIReR, mER T HER,

77, JERe IR, S AR RIS, EREERGRALAFEZCR, fln, 1M
NERREBUNR, HEE A RTRHELEETR B G, MEMABRRECRR, HEGERIEREHER, K
I, & THEEESIRDRS, ROHEZH SRR AE R, SRR RRAEH R,

2.1.2 IPREE

HRBERRRIE R A RAREIRME, FRAM AT A5 R 5 E — L5t RAREHE T B A RIRCR, SRR T A 2
BAAEREE S (asymptotic complexity analysis), flifGEHE DT,

R RE 70T BE S BELER T SR TR U T i 5 B PR 3 P Sl N R AR 2 T B (R et v R A\ DR
BB, ERIEPI TR R R RN R8s, SEE AL, BATA] DR 73 25 = (8 SR AP
i,

- “RERRIZSREEIR” 4RI ERS RIS (time complexity) FISSRIMEHEE (space complexity),

- “BEE G RHRAIR I RRE RREE R T T BRE B TSR B A\ R R I BRR

- R RS RO AR T B RS SR U TR R El A F S R ) BB, 2 R R el
R “Pug”,

B S s IR EEREIIGEATT TR i, REEAE AN A7
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- EETEEAUTENS, HEinskaEibe,

- e REAEREE, A RIE IR E AT &,

- BRI DB R E AR FTREREERNCR, THEAERERE SHEERNEE.

Tip

ANSRARAT AR AU SR BI R 2%, SZEIE L, FM e EREEE 4,
HERE At 2 AR L T — LR RERCRIY IR, (3R AT DA BT SR R R A R A R R AN
TR, B AR R 2 MIReR,

WHE AR EBURMES, BRYIRE I RELL S, PEM RS, WSEAEE, @RI A
WA TERERIT M AIINGE, 2RI, &R R R R s BTARRr Ry, DR 7 20 HOp A TIR
s R FH 1

G EANR, EERIRER N R R B B 2 i, SESTBTRR I S M B L IR, DA RS 5 bk i
LR S HT

2.2 ECEEDR

TEETA, EEPUT TR R R0, B BB, I, 16 4R B A2 4
MR, FRIMSEE T R AT E R R B B B TR, B A R s RIS R 40, IR,
2.2.1 &

&R (iteration) 2 —MEEBHITREEFRIEHIERE, IS, BNEER L SRR NEEIITREE
RS, EENE MR,

1. foriBE

W RANEUERZ —, WEEFHTEIB IR BIREN

bl PRS2
PURBREEER for JEEEI TR 1 + 2 + - +n, RMGREHEE res iLik, FEERENZ, Python
Hirange(a, b) BEMEMEZE “ZRARH" 19, HENEHEER a,a+1,...,0—1:

for

// == File: iteration.c =

/* for EE */
int forLoop(int n) {
int res = 0;

// BERFM 1, 2, ..., n-1, n

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

I

return res;

2-1 JEa% R AN B A AR A [
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2-1 SRFIR AT AEHERE

IHESRAT R PR SR B R B A RERV N o IRE R, sREFUR “SRIERIR™, B L, RS
JafEl “BRPEBR. MHBNAREE T BRI A,

2. while EE

i for JERERAML, while JEMEthE ~REBUEAITTE. £ while T, BAXFWA GLmERMT, 1R
iR, AIMERERTT, & RIS SO,

THEFHMA while EREAREHRKM 1 +2+ -+ n:
// == File: iteration.c =

/* while EFE */
int whileLoop(int n) {
int res = 0;
int i = 1; // A& EEE

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

res += i;

it+; /) EARFEE
I

return res;

while JEpE kb for MR A HEE R, 75 while JERE M, Ffa] PLA sttt ik A BRI L s

// == File: iteration.c =

/* while ERE (MRXEH) =/
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int whileLoopII(int n) {
int res = 0;
int 1 = 1; // ¥R IRGES
// BEXRM 1, 4, 10, ...
while (i <= n) {
res += i;
/] B HEER
Teipp 2
i %= 2;
+

return res;

AEAH, for IR EMERTE, while WEIE MBS, MHH# AT AEBUE AR, BRI
JERZAR PR T RE A 75 SR A RE

3. HikEE

FAM AT DAE — {1 B A5 N AR 5 — (I B 454, R LA for JE[E A
// = File: iteration.c =

/* E£FE for BB x/

char *nestedForLoop(int n) {
// n *x n BHEEMEHZE, "(1, j), " HEFERRAS 6+10%2, NERE—ETFx \0 HEII=H
int size = n *x n * 26 + 1;
char *res = malloc(size * sizeof(char));

// EE i=1, 2, ..., n-1, n
for (int i = 1; 1 <= n; i++) {
// 8@ 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;

[ 2-2 2 5% SRR Pl O T A



2w AR www.hello-algo.com 22

A

2-2 BRI A A ]

RSN, WU R R n? BB, st RIS TR AR n B “PITBIR

AT ARG BRI, B RERER — IR THE”, A e MERREREER SR SITBR” PRTT
BMR”, DA

2.2.2 EE

IEE (recursion) J&—MEMEEIRNNE, EiE I B SR RAE, &R0 S HERE.

LOJ&: BAERAMI E S, @EEAENRER2E, E2ER bR,
2. 38 gk “ARAbRET &, BRFAIEREENNEEEBAZREIR N, FERE AR,

MtERNAEE, BEEABEEES =R,

L #abfkflE: RURDOE(T IR “R” & |,
2. JEEREM: BE GR”, BRI E B, @A SNSRI 2
3. IBMIAH: BE W, R RTEEE R RIR I E

B DU RS, AP A EMEI R recur(n) , SERTBASEAR 1 + 2 + - + n HYEHE:
// == File: recursion.c =

/* EE %/
int recur(int n) {
/] #&IERH
if (n = 1)
return 1;
/] & IEEEY
int res = recur(n - 1);
// 8 R[EEER
return n + res;
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2-3 JEoR T %R AR IE AL,

AT B Bt “@
recur(n) return n + ((n-1) +..+2+1)
| 4 ‘
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) EEE return 2 + (1)
} #IHEE —
recur(1) return 1

[ 2-3  SRAN R AR i A
HERUERH R AR, IERBLRE T ISR FEAAR, HEMARR T MRS5S 2 A R 0 R85 I DR RS A 3
iﬁo

- B TAETTWE” HRIREE, (ERIETERD BB, AR TEEESREMGESER, RN,
IR CH RN R, R E%%%E/J\EI’J?FEJEE, g e R AN R R B A M R T
P2 NAGH T AR R 2 BN TR, BEIEAE RS L GEARILRIARZ EAED.

PALIRSKRFIER R 250, HAE f(n) =142+ +n,

- fEEEREHERAER, U 1ESE 0, SREGTRITERE, BIARE f(n) .
SR : SR TR £(n) = n+ f(n—1), B GEIEH) S5 2, AEEANWN (1) =
AL,

1. MREOYIEE
IR PR U RN SR, RAESE Ao BT BRI X  BCEC RS, DAREAF I s, MYk R At 3 AR
&, B S EN T AR,

- BRI RE AR S R AR R, EERRERA GRRER. HIt,
AR S ELIE AT MG £ e D
- RIE R R X AR RS MR DR IR Y b VI RIS A

QniE 2-4 PR, FEMBEEARILIRIERT, FRIRHEE n EARREFDEEE X, REREZ n .
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&

AT ‘@ Bkt ©

recur(n)

}

recur(n-1)
BERE recur(4)

! |
recur(3)

!

recur(2)

WERE
} P

recur(1)

2-4 JRIENFA TR

FEERD, BAFES A IRE RS R A R, BIRAEE AT RE SR B i 54 ER,

2. BiEl

2, MRS NRLEIR NG RE A REPEN ) 5% ] DA s ae ol E s an i (i, HETE
RRCE FEERMEE, EREBN R AREE (tail recursion),

- R ERFOREE bR RR, REESTTREE, FIERARERHT Ll r
e

- R R AL 2 R FOR A AT R AR — A, ERRE ORI R E— kiR, AT T H At
BfE, RIERSEARF LR LT

DGEFEE L+ 2+ -+ n %01, RMATMSAS RN res BAMASY, T EBIREE:
// == File: recursion.c =

/*x BIRE */
int tailRecur(int n, int res) {
/] #ELIEfRAEF
if (n = 0)
return res;
/] BEEErEyY
return tailRecur(n - 1, res + n);

IR TR 2-5 FiR. B HLE BRI IR, W B SRAERER TR R,

© BRI SRFIRERAE 7 AERTHITH, SRR EREEERIT—OORFHRE,
- BB SRFERIERAE “IR” RRERTRETH, T AEkE TR EERE,
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BT “8

recur(n,

recur(n-1, n)

recur(3,

recur(2,

recur(1,

recur(0,

0)

}
}
|

wt5+4)

|

wt5+4+3)

l

wt5+4+3+2)

|

W+ 5+4+3+2+1)

HRSHEE
SRR

Bt “@

return

f

return

f

return

f

return

f

return

f

return

f

return

2-5 FRIRE @

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

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

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

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

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

N+.+5+4+3+2+1

N+.+5+4+3+2+1

Tip

FETERL, W2 e an o ELRE AR A A S IR IE A A, 4R, Python FHERASIHR IR AL,
RN R RIRIEIZ I, (J55R ATAE € B 2 HE A 5 (07 il

3. B
R 67 MBI EE AR R, EEGE R R R E N E S, EXEMSE, DA B
" Zufil,

Question

ME—EEEGREE3 0,1, 1,2,3,5,8,13, ..., RKZBHINE n MEHF,

SRS n 85 f(n), S
BRI 2 f(1) = 01 £(2) = 1.

A
%DHNO

- WP AN R ERAR, B f(n) = fin— 1)+ f(n—2).
PR AR RIEDEEITN, AR ERCE (A, (S HEERRAE, W £ib(n) HIRT{35I%

BARTRBBNEIE n fEE:

// == File: recursion.c =

/* BERAREHG: EE */
int fib(int n) {

/] #IEEE £(1) =0, £f(2) =1

if (n=11l n= 2)

return n - 1;

// EEFEN f(n) = f(n-1) + f(n-2)
int res = fib(n - 1) + fib(n - 2);
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/] REFER f(n)
return res;

}

Bl DA EARHE, FRMAE R PR @ ey 7 i eR o, TE R — AR A 7 R 5 52, qnlE 2-6
R, EEREAENREPEIY N E, REFELE —MREEA n FIEER (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)

[ 2-6 BRI EE IR

WAE B, R T “HRESRAT/NTRIE RS, BEE RS HEE,
C CEERAEEE, . Hir. B 4. BhAEREIS 2 R R R R T S
HAER,
L BRI AEE, BE R RE S RIS R, BRI R, N A e R E S s A
507,
2.2.3 MEEHL
gast Dl g, 03k 2-1 R, IEACHNEELEE B, SRERBEANE EE TR,

K 2-1 EBLRE R RS L

IER R
"B AR BRI B &
K
IR ReRiEH R, SRR i Be g FRUR R UL AR & 22 2R B 3
%
FOfEfE A ERE A NIR R R S R U IU A] REfSE P R R A HE B e = )

fEH
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IER IRl

AR EAREHEEE R, RAER. T EAR TR, R B vE. ESE, R R,
| E253 G

Tip
RS DU AR AR R S, AT DAMTERESE “HEE” EMEIREAREE,

AR, IEACRNEIE A (BB BE? DL EIRIRE 20, SREBREERIEN " BEEIET, SRk
B ATV ) R U B LR B AR e AR ARG, ISR LAEHHIBERAY “Jo AR IR Rl ) 1,

FELE, MR R MR ISERIEMTEE CAAR R TR BEHER R EVIRR.

L &: EeR TR, RECELE “PPAHEET b2 S% R SN AR, FH 17 R A
B, 28 REMHEFEFR,
2. 30 ERASEREUTILRENR, SRR R EPE PR ERRR, IRIE AR AT IR,

DR, FRAP AT DASsE Y — i S R M B AR IS S ME B R 7 2, 1RC T R R T 2 ik A T 2K
// == File: recursion.c =

[* EREIEEEE «/
int forLoopRecur(int n) {
int stack[1000]; // #FEBI—EKETIZRIEEHES
int top = -1; /] HEIEZRS|
int res 0;
/] & &y
for (int i =n; i > 0; i--) {
/] BB NEBIRE R R
stack[1 + top++] = 1i;
}
// 8 R[E4ER
while (top >= 0) {
/] BEE HEBIRE R T
res += stack[top--1;

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

B DA ERESHS, EREERIER, BAEG E M 7 EIRRNEREAR ZH N r] LE A
e, EAR—EERIEHRM, A LUTmRREE,

- ELRAVREICHE AT RE AN & DABRR, ATRIE s 2=,
- BPASEERMEE,  BUREAR G B A1 T 2% AT RETE R IR

Mz, BREORRIBRE PR E BT, R REHERE, ERWE R E SRR RS 5
MU AR,
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2.3 BSMEREE

FRAT IR ] AT DA BB L 3 et S B SRR R, AP R IR AR PR R TR — BRSNS AR TIRF R, JERZ AT 5 1
We?

1. MEEiTEE, GifmiitE. BES. RARRSE, BERENGZEEIBIBITIE,
2. PGSR e TR BTG, BIAImEIRIE + THE 1 ns, FIERIE « FE 10 ns, FIEDHRAE
print() 7% 5ns %,

3. Bal PSP EHRERE, AR E IR BRI TIRRSRAN, MG SIBITIR
BlantE LA R 2R, WABRANS n

/] EEBRITEET
void algorithm(int n) {
inta=2; // 1ns
a=-a+1; // 1ns
a=ax*x2; // 10 ns
// BE n &
for (int i = 0; 1 < n; i++) { // 1 ns
printf("%d", 0); // 5 ns
}

MR L 759%, I DUSSEEIER BRI TR 2 (6n + 12) ns :

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

HERE L, SaHEREIANPITRBEA SBRABIE, %, RO REEEMAR AT PR, W

AR EAESEARN PR BT, HR, BREERSEIRERPITIRRE, S4a TSR AR TR
A

2.3.1 FstRREgRES

IR P M PEE AT A O R TR B T IR, i R ST T IR IR S R HR BRI A g ol 8

“IRFREIG R E SIS Eee i S, FRAME B —E G T3 DARERR, REREmANER K NE n, &€ = (EEE
BA, BFIC:

[/l BEE A WREEHEE: S0

void algorithm_A(int n) {
printf("%d", 0);

¥

// BEE B WEKEEME: 4R

void algorithm_B(int n) {
for (int i = 0; i < n; i++) {

printf("%d", 0);

¥

¥
// EEE C WEEEHRE: S8
void algorithm_C(int n) {
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for (int i = 0; i < 1000000; i++) {
printf("%d", 0);
}

[ 2-7 JoR T DA = {5 SR vk e T IR R R

- HETE A A 1 ESIENRLE, EEERITRINRES n 8RTE Ro FRAMIRG I SRR A IR i 1 A EE 72
“HBPE,

- AR B HHSIENREREEE n X, HERRITRENEE n AR R, HEBIRAR A E
IR 2 “HRIERE”

- TEETR C PRYSIENRMETRZIEE 1000000 (&, SERMITRIEIRE, (HebliANERA/N n 6, Fit
C RUIRF I AEAREERD A AR, 1792 “HYBIRE™,

WEE ¢ - BHR

1000000
WEZE B — IR

HELERITRE 10
5 /Mﬂﬁ
0

@ 1 2 3 4 5 6 7 8 9

BNBEERN

n

@ 2-7 B A, B C ARG RS

MBI EFR AR HE SRR TIRE ], PR3 R A A R 0 7 TR R G 2

- B RES AT GG TERARCR, 1N, HETE B BT 2RI R, £ n > 1 RKHEEX
A8, 7 n > 1000000 FfELE R C E18, HE B, HEMABERINn BIR, @HES “HE
BE” AOTSEIE TN AR R, SRR RESNE R,

- WP ROHESR S TR, BSR, HUT RIS R IR RIS B R R T IR R A8 R B S S
DRI A B R R FEE AT v, AP T AR BRI P it R RO T RS A 2 AR R A “BRALIRe D, AT
i RHEBREITIR RISET T S “RHRIREBEMEDT, SR AR R R T,

- IR AR AE R AR TE, BN, EETEER A F C IR R AR A, (BB BRI TR R 2251
RR. [FIRR, EEEHEIL B MIRHEMAELL C &, EEMABERA/D n By, AR B BIRENE
BIK C o BORIMEEDL, TRAVREH DA IR R A B R R ReR = . ER, @E A LI
R AT TR AP IR RCR R A R 7715,

2.3.2 FXENELES

A —flE AR/ N o RO BRI
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void algorithm(int n) {
int a =1; // +1
a=a+1; // +1
a=-a=x*x2; [/ +1
// BE n &
for (int i = 0; 1 < n; i++) { // +1 (B&EHIT 1 ++)
printf("%d", 0); // +1
¥

AR AR F R 2 — AR RN BRI n R, 5228 T'(n), AL ERRAERE SR 2y

T(n)=3+2n

T(n) 22—, HEHBUTR R RES SRR, DRI e AR SRR 2 AR R

TRAAF SR PSRRI R R 2 O(n) , EMEBURFFHRM 2K O 5238 (big-O notation), FRE= T'(n) K
i 5 (asymptotic upper bound),

IR AR ST A EREHE “BE8E T (n)” AOMNE B3, EEAIHRNEER TR,

R AR
FAEEEY ¢ MBS ny , HEERFER R > ny, 398 T(n) < c- f(n), HARA f(n) %
HT T(n) —MEWRE LR, 3225 T(n) = O(f(n)) .

aniE 2-8 i, sHEWNL LR SRR f(n), S5E n @RI KRR, T'(n) M1 f(n) EIRAER
AUBERAFH, (EARZE — (8 BUREL ¢

c-f(n)
T(n)

4_,——‘—‘—”’—ﬂ—'

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

B n>n, B, $48EE c-f(n) > T(n),
EFR%E f(n) 8 T(n) N—EHLLR,
g% T(n) = o(f(n))

2-8 HRFATHNE B 5}
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2.3.3 #HHE

ML B RBERIR AR E, (IR A e g, WEARO. BMe] DUREIRIER A, A
BEEAR, AT DOR M T R R R

RIBER, WE f(n) 28, TMEEIIGHEEE O(f(n)) . MENIHEEENL LS f(n) We? 42885
ML ECEHRERE, RERMIETNL B

1. F—%:. HsHRFHE

SRS, BT LB FEERIAT, R, B EAE e f(n) FRIEEURE c v IBUER R/, FtEE
WOk T (n) WIS RRIREL F ORI DURNE, ARPRILIRH, W] DASEATH DU R R

1. 20 T'(n) R, HaTMEeE n M, [ DU B EA T 2,

2. BWPEIREL G0, EE 2n R, 5n + 1R, #ATLAEKRC 2 n iR, K%y n AR ECE R R
GHERCESE 2

3. TR BURHE I RTE, AR ER SIS E AN g R R 2, &R ERIAR] P
B 1. BES 2. BB,

fE —EpR R, BATRT DA R B Rt at R F 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 EIREITRBIGE R, Wi IR R A O(n?) ,

T(n)=2n(n+1)+ (Gn+1)+2 52853 ()

=22+ 7Tn+3
T(n)=n*+n szt (0.0)
2. B-¥ . JEMHEESR
ISR T (n) i BRI, 1B 2N ALE n @RS KR, RmPE eSS E8EN, Hib

THH R AT DA

R 2-2 Jeon TGy, Hp—LEssRAGEDR 2 1A CREBGERIBEIEED M. B n BINERRR,
B B G IE E E
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R 2-2 IR R B R R B

FRAESUR T (n) WA O(f(n))

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

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

2.3.4 ERE

REAERIR N2 n, W AR M R AN E 2-9 FoR (GRIRIEIREI R AN HED .

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
RS < B < SPERE < SRIUEBEE < PR <SRBI < RESRRE

$EHME o(2")
TP 0(n2) ’Gﬁ
IR SR 0(n) o
T(m) 4
BB O(logn) iy
&
&
MR 0(1)
BRI/
n
2-9 & RIRFRE AR A
1. BEEO(1)
PR IR E R B NG RIR/ N n SR, BIRBEE n IS LTS,

FELAURERA, SEREEE size AIRERA, (HATRHEERABE RN n M6, FIHRFEEHEET 2 O(1)

// = File: time_complexity.c =

[* BEE «/
int constant(int n) {
int count = 0;
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int size = 100000;

int i = 0;

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

hy

return count;

2. 1R O(n)

SAPERS RO B FBLE BT AN BRI n AR IR A R, AR R E L 37 B g el e v -
// == File: time_complexity.c =

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

hy

return count;

TETIAE SRS RS SRR R AR 2 O(n) | Hort n 2SI s s sl -
// == File: time_complexity.c =

[* ARVERE (EFHMES)  */
int arrayTraversal(int *nums, int n) {
int count = 0;
/] EEREREYREMIELL
for (int i = 0; i < n; i++) {
count++;

}

return count;

ERFEERZ, WA/ n TR A BRI R ABREE . LLAn(E S — 8RBT, S8 n HmAE
BN, B AERBIH, FEFHRE n 2ERRN,

3. EAKEO(n?)

S5 BV WCR AT AR/ o DAP I I e, P77 B 3 M B U, 4 R P
SRR #52 O(n) , FILASIORRI RS O (n2) -

// == File: time_complexity.c =

/* FRE */
int quadratic(int n) {
int count = 0;
[/ EEUREERER KN n BFEHREFR
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for (dint 1 = 0; i < n; i++) {
for (int j = 0; j < n; j++) {
count++;
r
+

return count;

2-10 BfEL 7R BARE,  ARTERERD 75 B = A ] MR

EE n R
1R EE
BRI RREE Rt SR
HHRE o(1) MR o(n) T5H 0(n2)

(] wE—mEsmine

[ 2-10 FEBOE, ARMERERIF- 75 R AR R R T

DA 20, SNBEBEIT n — 1%, MNEBEERT — 1 n—2. .. 20 1, A n/2K,
W RIBREES O((n — 1)n/2) = O(n?) :

// == File: time_complexity.c =

/* FEHE CEBFRHERE) */
int bubbleSort(int *nums, int n) {
int count = 0; // =t&ig%
/] INERE: kHFERZE [0, i]
for (dnt i =n-1; 1> 0; i--) {
/] WNERE: ERHEFFER [0, 1] PHNRATERREZEBNRER
for (int j = 0; j < i; j++) {
if (nums[j] > nums[j + 1]1) {
// X nums[j] £ nums[]j + 1]
int tmp = nums[j];
nums[j] = nums[j + 11;
nums[j + 1] = tmp;
count += 3; // mEXBREE 3 EETIRF

}
I

return count;
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4. $E8HEO(2")

AVPRR MR RAEBRE Y RAVIVRG T WIAGIRAESy 1 (AANRE, R EIREES 2 18, MR

s A, DUKEE, 9% n @i 2" (4T,

2-11 FIDA R RS REtEE 1 A 0 B S, RIS O(27) o WHIER, WA n R0 Rine, &

{E count RRFEIRIRE,
// == File: time_complexity.c =

/* 18P (EEEIR) */
int exponential(int n) {
int count = 0;
int bas = 1;
// HREH—SA", ER&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;

}
TEEH £EH
BE—HH= MEHE
20
21
22 - Ix
znfi
HEIRIEAER (BRI LA BRI
20 + 21 + 22 &+ 201 = 2n-3 aBE o(2")

2-11 AEBRE g R A

EEREBEES, FRBEEE HBRIRE R XA, Flane DA S A, HEEth—7 2 —
=1k

// = File: time_complexity.c =

/* 18 (BEER) =/

int expRecur(int n) {
if (n = 1)

HnE

, 58

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

}

TEBRE RAERIE, s (BNEs, B%) PHBE R, BiNEREBEERIHE, fREIERT
RIREAZHY, JE R T B R A e B AR T TR AR R

5. B O(logn)

BUEHIEAR, SUPERIT SRR M. RMARO N n, MRS REHE
HEEIRSUR log, n, B 2" MR,

2-12 MDA MREAIEIRE T “BHRMRE " B, RREIE 2% O(log,n) , fiiic#y O(logn)
// == File: time_complexity.c =

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

}

return count;

BNEFIRER n SEEE 1 @

iuﬁﬁiﬂ ﬁfg ﬁ@ ] ;ﬁ—i}i %‘fﬁ?ﬁ"ﬁ{'ﬁ

s

HCE 1G] B AR
log,n +1 HHRE 0(logn)

&

N

[

2-12 B IR A

BLSBRERAML, SRR th i M BURIRIE R b, UMK T — R % log, n AUIRIERH
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// == File: time_complexity.c =

/* HEME (REER) */
int logRecur(int n) {
if (n <= 1)
return 0;
return logRecur(n / 2) + 1;
}

B HBUR BN I RISREETET, M T “—0h2” M CEGHET MERREE, e REE,
TR HE B A P AR IR A R

O(logn) MIREZEZ/D?
HEREAGR, “—rkm” HIEHRRIERER O(log n) . MZEHEHRIRAR, BIMATLUFEIAE
I JECBR, M S PR R -

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

2, IKEm A DIEA BE MR RTTE iR, R RMaE @ gigsE m , SFHEEERE
uﬂ%%(?(log7l)o

6. BEHBME O(nlogn)

ARV ST EE H BA B R R R B IR R R E 2RI 2 O(logn) A1 O(n) o MHEBAREESIT:
// == File: time_complexity.c =

[* AREHEE «/
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 JeoR T ARSI AL O T e B — A RIERRBER 2y n , BHGA log, n + 1, [Hitti
BIHREE A O(nlogn) o
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BEARIEER

@ nx1=n

&),
oL

# log,n+1 B

& &

Ekl..:n
QED B ER(EAR
n = (log,n +1)

B RRAEE

0(nlogn)

2-13  ARVEBIEE AR R

1R

&

1R

&

™Y
=3
[}

=

F it HEIE R AR EE T % O(nlogn) , BlintkEty. A0y, HREHTE,

7. B O(n!)

RESFEE RN By “2Hp” B, 46E n MEAEBIITR, KEARTRERHIT R, 7TREER:

nl=nxn—1)x(n—2)x-x2x1

RSB (AR EEL, WlE 2-14 MUATEXBIOR, $—EoRtn @, - E@oRtn — 1, DUt
e, HEE n ERELER:

// == File: time_complexity.c =

[* BEFPE (EEEIR) */
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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ZEH EEN
NERYE HEHE
n n
n-1 “e oo n(n-1)
n-2 n{n-1)(n-2) - H o g
1 n
2HFIWNARY (AIRKENGHREE) AR
nx (n-1) x (n-2) x .. x 2 x 1 = n! PEsEME o(n!)

2-14 P& 3T R A IR i 1 e

&

REn > AREAE n! > 2", FTDARERRE LS BIREE RISE R, 1 n BORRHIR AT,

o 3 B2
B,

=113

2.3.5 ®&E. RiE. FIINEEEE

WRARIR PRI AR BIE R, it Bl A ZORH A B Rl A — BRI % n BIKES) nums |, H
Honums FTE 1 2 n EFHK, ST BB EaRIEFZEMETELR, T5EERIREDTR 1
HIZR5 1o Bl AT DATSH DR A e

~ Eonums = [?, 2, ..., 1], BDEREICRE 1N, FEEEEVMY, BIRZNBBEE O(n)
- Eonums = [1, ?, ?, ...], BUEEMEICERS 1K, EREYIZRENHEZESUET, EIIRHER
PSR Q(1) o

‘IR BERAENE B, AR O SRR, MHIEM, “BAER R B e TR,
QRS

// == File: worst_best_time_complexity.c =

/* ER—ERES), &% {1, 2, ..., n}, [BFHITEL «/
int *randomNumbers(int n) {
[/ DEERERLEE (BiI—4#EERMES: EHRTREES n , TREHE int )
int *nums = (int *)malloc(n * sizeof(int));
// RS nums = {1, 2, 3, ..., nt}
for (int i = 0; 1 < n; i++) {
nums[i] = i + 1;
}
/] BEWITELPESTE
for (inti=n-1; i>0; i--) {
int j = rand() % (i + 1);
int temp = nums[i];
nums[i] = nums[j];
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nums[j] = temp;
I
return nums;

}
/* EHES] nums HEF 1 FRTEZRS] */

int findOne(int *nums, int n) {
for (int i = 0; i < n; i++) {
/] EitE 1 1EME5EERREr, EDRERBEME 0(21)
/] BcE 1 EEYEDE, EIRERBEMREE 0(n)
if (nums[i] = 1)
return i;

h

return -1;

ERHRINE, WIMEEPRHRDEHREREEME, R G ER MR TAREES], rIREEH AR
—ERRRENE, M2 RS E T, RACHIE T —MBeR L, ERMAT LU0 HE HEE
%o

T LIRRGIRT LAE th, 22 I R UM FE AT B (IR AR S BN “R KRRV BRI M, 18 21 DU I BAR
ATREIRVDS, A REEE R M A BATRCR, ML, ~PIsIRe IBEHE R a) ARG BE I8 R v 1 RE el A\ B0R)
THIBITRCE, H O SR IOR,

SRR, FTAT AR LA tH DA A RO TR, Hen AR, B A2 T
FLE, BRUHTEE | HITE RS PR AR A, IR TR B St 51 R R 1y — 2 /2
| AR ©(n/2) = O(n)

HBAR R AT RR, SRR R AR A LR R, R 2% TR A thPE R o A T AR R B2 1)
B, AT, FRMIEH A R ER AR5 HERRR R,

RATEARVDES O FFR?

AIREER O FFSREM AR L, R EAM R B AR R R TR R, (B 3% Lo, 18
FEMIENG A HEE, TEAEMEAME R, B EHRREERE O(n)” MRIR, s ER
FRfE% O(n) o

2.4 TRIEHE

TRIEHEE (space complexity) FHFA & A A5 H sC iR RS =S MR G R & KRS R 3L, SRS
e AR R R, R “BUTRR” Bz “ISHREESE,

2.4.1 EEEERITR

T ETAE S TIE AR P AT RS s ) T B RS DA 287,

- EAZER . AR RR R A R
- BB ARG EERIAERUTERT AR, Uitk B LT EER,
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- PR PR SRR B e R
—RIEWT, SHEMENSEEER TS Lk s,
Ytz a] DOE— 25810 2% =8 7o

- EERRL R EERIR TR AR B, BB M

- HERAAE R R AT R BRSO R, ARAEAE ST AL bR IR AR & 1 B T N — A HE AR
i, RFGRIENE, B & PR

- fRREH: ARG EHFRIERIES, EERRHIEE R,

T M — B R R Iy, SR Geat B A7 R, HESie=s iRl =8y, Wil 2-15 For.

BERR T EEREN T EE

s A hY
PN e b
BMAER BEEM BHER
IR
EL=M

[ 2-15 {2 M I AR A 23

Gl

/*x B */

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

i

int algorithm(int n) { // @AER
const int a = 0O; [/l BEER (B2

int b = 0; /] AN (25)
int ¢ = func();  // HEEMESRI ORUER)

return a + b + c; // EHER

2.4.2 EHEZ

2 A O SR 75 TR BRI P AR R ], TRt e "R BE” 2 "SRR,

17 BRI P MR FE AN R 2, TR 3 BT 22 B A, ISR K 2 iR s e —JHREMEZOK, FRff
HMERRAERTA IR N A R IR RC IR R S R TR

BRI AR, RETHMEMEDN “RE ARESE
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1. D2 BRI 238 B n < 10 B, ZMBMEA O(1) 5 HE n > 10 B, IR nuns 1
H O(n) =M, HitEESMEMES On) .

2. DAEBEBA TR O RS 2 (D, RSERUTRE T2, (5 O(1) 25 EIaikmEz)|
nums K, G O(n) =M, RtRZEZEERES O(n) .

void algorithm(int n) {

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

int nums[n] = {6}; // 0(n)

FEIRE R rp, TRERSTEHHEB R, Bl UM EA:

int func() {
/] BITRLEIR(E
return 0;
}
/* BENTEEMES 0(1) %/
void loop(int n) {
for (int i = 0; 1 < n; i++) {
func();
}
}
/* EEN=EEMES 0(n) %/
void recur(int n) {
if (n = 1) return;
recur(n - 1);

83X Loop () #1 recur () WIREREIEREEET A O(n) , (A= BIHEHEE AR,
- B Loop ) 7EIEEHIEIY T n X function() , &Y function () ERIR OISR T HEEIE 22,
Itz R 2 O(1) o
- JREE X recur () FEBUTIBREH G RIFFELE n FEARIRER recur (), TEMIGH O(n) HHEB =,
2.4.3 BRER

REABRA Nz 0, 18 2-16 R T H RV EEMEE A FERBEHD.

O(1) < O(logn) < O(n) < O(n?) < O(2")
IR < WS < SR < PR < feB0E
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EBFE o(2")

E75E o(n?)

EE i) #3145 o(n)

H#HE o(logn)

HEES. REEE

HHPE o(1)

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

BNERAN

[ 2-16 5 LAY A AR A

1. B8 O(1)

BB RN BOR B N R n SRR B B Wit

FEER, (A RIS, e R EE R e, WA e
SRIL A, SRS O(1) -

// == File: space_complexity.c =

/*x &I */

int func() {
/] BITHELAR(E
return 0;

b
[* BEPE «/

void constant(int n) {

/] BE. B8, ¥HEER 0(1) =/’

const int a = 0;

int b = 0;

int nums[1000];

ListNode *node = newlListNode(0);

free(node) ;

/] BEFHNEEGE 0(1) =M

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

+

[/ EEFHEGEE 0(1) =M

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

+

2. 18 O(n)

BRVEREH R TR BRI n SIELLAREY, SEASERYI, HEB, (THI5F:
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// == File: space_complexity.c =

/* BER */
typedef struct {

int key;

int val;

UT_hash_handle hh; // E&j% uthash.h ER
} HashTable;

[* ARMERE */

void linear(int n) {
[/l RE% n BRESHER 0(n) =M
int *nums = malloc(sizeof(int) * n);
free(nums) ;

// EE#% n B9851EAR 0(n) =
ListNode **nodes = malloc(sizeof(ListNode *) * n);
for (int 1 = 0; 1 < n; i++) {
nodes[i] = newlListNode(i);
+
/] =CIEBEER
for (int 1 = 0; 1 < n; i++) {
free(nodes[i]);
+

free(nodes);

// RE# n HHERGH 0(n) =M
HashTable xh = NULL;
for (int i = 0; i < n; i++) {
HashTable *tmp = malloc(sizeof(HashTable));
tmp->key = 1i;
tmp->val = i;
HASH_ADD_INT(h, key, tmp);
+

/] EIRERER

HashTable *curr, *tmp;

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

qniE 2-17 foR, HERINEERE S n, RIFRRFEE n @ARRER 1inear_recur () B, i/ O(n) K
N A I A ] -

// == File: space_complexity.c =

[* R4S (EREIR) */
void linearRecur(int n) {
printf(" & n = %d\r\n", n);
if (n = 1)
return;
linearRecur(n - 1);
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pr— MLt
AT & %@,
linear_recur(n) return @
linear_recur(n-1) return @
" | 1
linear_recur(2) return @
BEEg
l R T
linear_recur(1) return @
ERFVRETFIRRES n CRIEHEE
HEEH 0(n) HHESERTR $ERE o(n)

2-17 3 bR 22 A AR s 2 o R 1

3. F50O(n?)

75 R R AR E, TERBE R n BT RER:

// == File: space_complexity.c =

/* FRE */
void quadratic(int n) {
[l Z#HBIUEE 0(nt2) =
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;

+

/] EIREREN

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

F

free(numMatrix) ;

W 2-18 FiR, HERAEERES 1, EEEREERFHGL T EREE, RS . n— L.
L2 1, PERRA N2, FLABER O(n?) 25

// == File: space_complexity.c =
[* FAHRE (RRER) */

int quadraticRecur(int n) {
if (n <= 0)
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return 0;
int *nums = malloc(sizeof(int) * n);
printf(" &E n = %d & nums RE = %d\r\n", n, n);
int res = quadraticRecur(n - 1);
free(nums) ;
return res;

B3 nums HEE BT 2 e
n ——— quadratic_recur(n) return 0
n-1 ~——— quadratic_recur(n-1) return 0
' } f
2 ~———+ quadratic_recur(2) EeRE return 0
l e lmi St 1
1 ~—— quadratic_recur(1) return 0
EEERERAPBALT —EMET, BRESR SR
1+ 2+ .+ (n-1) +n = n(n+1)/2 EAK 0(n?)

2-18 RN bR AL BT 75 B A R

4. 1B O(2")

FRBSEH R ook, BUISRE 2-19, EE n i TN oo NETEREES 20 — 1, (5H O(27) =M:
// == File: space_complexity.c =

/* I8EME (BiDm_—ioi) */

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

return NULL;

TreeNode *root = newTreeNode(0);
root->left = buildTree(n - 1);
root->right = buildTree(n - 1);
return root;
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B EIRGAEE
20
/ \
21
2 - HanE
/N N N TN
2n-1
FRAmREE & SREHE
20 + 21 + 22 4 - 4 2071 = Qg =HME o(2")

2-19 il oA A A TR B 2 R

5. H#WE O(logn)
HEEEE RN MGEE R, GIna 0y, WMAREZ n (IR, SRR s e B R E o 2w, B
R 2 log n HIRXERE, i O(log n) HEBMEZSR,

BN B 2 e, BN —EIERE 0, BRI [log, n) +1, IEEFHRRES [log n|+1
, BIHEEREES O(log,,n + 1) = O(logn)

2.4.4 (g
BUARTEOLT, B BB IAR IR R A A S R AR REE B R B, RTIAE B RIS, AR LR
Fe 8 e PR 2 o A R 0 W S TR

RRAVRIR ] B L I 5 7 22 DAV T S PRI BERE R 20 X, R ZPPR. TR R TR 2 P AR T B B R U T
R SRR Ry “ DA R Rz, RIREZ © DURFR s,

IEIR AR RS BRI A B EIME T . ERZEIEN T, Rt E e E, Rt DIk 8
HREFHARRR, ER, EERRRARIENT, SHlaMemE i E=,

2.5 i

1. EE[OIEE
HRIERCRTHS

- R RHIRCR A S R R B R A B S I M (8 T 2R E AR,
- BA] DOZE EFRHIBUREHG T RARCR, (HE IHIRAGRIGAEE, HaREREs T,
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- R AT AT DATE RR B R R A B, AT A SRIE AT A T2, i RIS R RIAE N R B
FHRRE T BIRR,

I ] BEHE

< I R R B P A M R R TR AT T IR P B R R3S, AT DU G A T B IR0, (A LB
NRTRESSR,  WNAE AR R N e R R MR AR RIS S LT LR B 55

- R R O PR, BIERAMNE BR, RIUE n ERIERER, BREMET(n) 1
14 RAR,

- WEER R 2 WD, ECEHRIERE, BB 1A

- H R REEHESE O(1). O(logn). O(n). O(nlogn). O(n?). O(2™) 1 0(n!) %,

- R BEERR AR E AR EE, R AR A, SRS e, R FYRRE
BUMERE, SERFRIEAERE AR, K2 N\ R — W T 2210 e B AR IR 1A R B SR I T

+ PRSI R A P S W SR TECE BRI N TR TRICR, i B PR I AT BE AR, BT
F5JURE T A P T B A i N L A DA B SR S TR B

IR

SRR OO (ORI, R R A (0 T A R A R B VR R R R,

BRI TR T 5 2 AR, TR, ISR, B R, WASIRIR
N ZS AR SO, WA T 5 2 MR Rk, MR R RTG 23R, b e e FTS 3 F EIE
B S S R

PR RS R, VS TE RS A VR 2B TR RS R M

- RS EEHESIE O(1). O(logn). O(n). O(n?) f10(2") %,

2. Q&A

Q: FEEM AR O(1) 152

Fam b, Rl A SR ] s ERE O(1) » MBRARZHIENXGES (B4 Java, Python, C+
+. Go. C# %) AR ABImMEMERE, FIEERH=MERER On) .

Q: BRI HE AT HE OB IR 2
@ (function) WLUMMILHTT, FPHSBEHMIRIE, 755% (method) SL—PIFFMIG, B MRS
FEILERIPIFE, RERIERIIPIR SRR T HR
AR R AR 2 A BAGRIA
C CHERRFRRRRAEE, WANEEANBS, FAEER, R BB A
(struct) SCBUREVIFFEILRET, B HERMIG I B P HL R 2 e 0772,
- Java il C# RYIEEIIERAS, RIS 075 BRI 5, T8
RUREER, A CRIBASERA L, FAENRIRER BIEa,
G+l Python MU RUFARREE (M50, WmIFgaBRis 7).
Q: [ 5 FLAT SRR A AR A A A K17
TR, WERRIREIGRRY, FURMIOR R, TR A ZMIEE kN,
BRI = 8, (T AE@ B AR IR S ST b, SR % AR o — R U, IR
S I ) — P ORI,
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FEEPEF, RARMEFENAERHET AN “HE80H” @R 2D, Frbh— Bk AR AR E n = 8
Z PRI, HEH n = 8° MR T, BRI RBHEALETET,

Q B FAEMBERMAS R, BRRER N (SEM) AREHERRED?

TERIIE T, DA NT rRE E IIE I, BIAE RS |, TRIDE RIS B+ BiskiE 2,
(K RO R, DR O (log n) $£%8 O(1) I,

EEERE RS R, ERRRE RS, flanEm AR , RECERRER, TR
EEEMMMER, EREAMYIEF AR, DEECEEGE, REREREE,



F3IFE EREE

hello-algo.com

50

Abstract
B A A [R] — AR [E] T 2 A FAEZE,,
TAERINE AR AL TR, EEIRS DAE R EAE B AR,
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3.1 BEHEENE

AR R ISR, SRS ARSI, HEE, (TH. MRER. B HERE. [, EfMAT DA @A 1 Y
BRASHE” PREAE T 0,

3.1.1 B SiERiEgH

AT R ROROT R Z WINGERBR, (ErESIESERsT, SRR —EIEFHS, f8TER
AURRIERR (R, WfER TR, BORMETHARA NS, Rt “fHoe” 8 R ZEIRAER R 6
ERIBTNE RN, Sk T AR AR B (R

QniE 3-1 R, GEERARERT 22 “ARPET A1 CIRARMET MIORM. ARPEATRELLECEE, fRR R (R L2
PEHES; AESRIERSREHIN S, Z2ARRIEHES,

- RRTERDRLGONE: Y, SEAGERS. HEE, (73, MERR, TTRZMEEH-RIEFRER
- AESYERDRIARE B, MERE. [, REER

TERRIE BRI ] DU — 25 87 2 BHE ST R A

- BRI B R MERR, TRZMERE -BHZHRR.
- WIRGIRE: [E, TR R B ZHIRR.

SIEEREE JEARE RS
w51 B & 2
array tree P N
g3 —&)—ED)—ED—
linked list —
push I/I ™~
ey e graph o /
stack -
pop
- - - - - — &
751 HH#
queue -— | e heap e
pop push

RS {key v ;}
hash table value
3-1 SPEERHEE BRI B R A

3.1.2 YRR EERSE

EHRAR BTN, IEAE PR ROR 3 R T i . [ 3-2 JROR T —(EEH R R R, A
BT RS — IR IR S . TR A] DURF R IR B AR G — 8 ER A Exccel 3RA%,  HAr 48 BELTTAR# AT DA
filf 7 —E R NIIE R
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FAPUE R LI AT B BATROR, anE 3-2 FoR,  SHRIRIRE I 2y R s P B B TR 70
FoaR, ECREHERC RS A G MR RDIRR AL, A T, AR FERT DA R R AR,

00 @1 02 03 04 05 06 07

0x0000

0x0010 n
0x0020

0x0030

0x0040

FIRIERESR SR 0x0012 , 1SEIEN

. EEEERSR SRR 0x0024 , SRER

E 3-2 GOIRAEMR, ROIEREsSRH. ACRREfik

Tip
EfS IR, RACIEREELIE Excel SRM2 —EMLARELL, BEIRGCIERER TIEMH bk, W
frhb=e i, FRISREEEL, DRIHEHI, R IRRE Y B R A,

ALEREITA RN ZER, ERAMRIER e RS AR, ANE R SRS MEXFERER 7. Hit
TERDRHATRE BB AR Rt b, RCTRR IR B R R, bhn, (ST RO RO IR R I (E
I AR AR RS RO IR, A0 SRR D ISR RO IR 2 ], ISV P38 P 19 ARt R0 ZE RE S0 3 17 1 70 B
FLIR R N,

qniE 3-3 R, PBRASRRR M 1 RRHESH ML IR P R X, I s (S Ao
fifife (AR, WEESHIEREDUE TR, EH, M RIETTE, MY BT RE7E R IR
s ISR T3 T S B ) EL A AR

HATRET SycE it

EEFETIMRR R RN (Eca b plEER ol P )

aaaan

R WEPME | semsempimg
B wemmiemmen permmEm | POCEIEER
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3-3 JHETER AT B B R A

ERSHIARE, BRI R ARSI, SEAG RS B S BB, flan, HEEA{THIREa] DAEEH]
BB EER, Al DAGE SRS RSB T A 09 BB a] RE RN L & T8 A St A 47

- FORBEFIRIEBL: HER, (7F). MERR. M R M. JERE SRE (EE > 3 D) E,
- SRR BB MR, (A, MERR. B R [ESE

sEERYITERIALIR, (9RT DIER U TR B R A TR, (R tumg “EhiBRrRlaimg”, MIfERIas
IR REARTTEE, Rt “FHEERAE", [ERTERNE, MYIRNEEE TR E R RS, 7
MmEM—ER “BIfEN”,

Tip

GUARIRRR SV R S R B R R AR R, R RROEREAT N — &, AARERIEAHNA,

3.2 BFEHES

B NET AR, M ERRCT. B A, fEE. 3D BASEREE N, MEELEERAHEM
JERAR, (HEE RS AR B K,

HARCRRDIE CPU nf LEHGEBATEE IR, (R B i, FROE T &,

- REEOUR| byte, short, int. long,

- FEEOUR float, double, FRAFIR/INEL

- Foeilil char , HRFRSHEEE S TR, BB E B RIERT RS,

- MBS bool, HRER “B7 H “E7 HE,
SEAERPRR DA N RITE AR sT R, — M ARG RN 1 AT, TERRZBIRRIEERAT,
1 fz7cél (byte) H 8 iyt (bit) #HA%
BRI ) BB A [ B R HAS A =S R/ R B Java 2l

- oA pyte (5 1 RITAR = 8 i, AIBAFET 28 (8,

- BREOMRI int (GF 4 fr7eAE = 32 AT, AIRAFR 232 fEBE,
# 3-1 58 T Java HEEEARGRARI G S, BUEHE R TERE, RS GETS, KRB0
Al FRERFR] DAZIEE R AR A1,

R 3-1 HAEERI I 2 R U [

iyl FFo% (=M &/ME BKE THRH
=y byte 1 fiocsH —97 (—128) 27— 1 (127) 0
short 2fiea =215 215 1 0

int 4 fhigegl —23¢ 231 —1 0
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bl Fok iz B ME RAME FHRAE
long 8 frrsl  —203 263 1 0
FHE float 4fges 1.175 x 10738 3.403 x 1038 0.0f
double S fryrél  2.225 x 107308 1.798 x 10308 0.0
FIL char 20t 0 216 1 0
itk bool 1fiycdl  false true false

AATER, 3% 3-1 $HHHYE Java FEARRRVMBIRTEDL., SEEXGESHASBNEREAER, EMrkH
23 [ A [ FE R B RT RE & 6 P AN [l

- {E Python W, BRI int ] DUREREAR/D, RZERATTHGCER,; ZEE float 2EKE 64 f7;
% char BY5l], EEFCERE LERES 1NFH str,

- CHI C++ REFEHERA G RAIRI AR/ N, TR EREREA R, £ 3-1 85 LP64 &k HHR
1S Linux A1 macOS N Unix 64 fi7E3E R4,

- FJC char IJR/ME CFl CH+ FiZy 1 Ao, 7ERZBIERGEE S HER R E N FIeamis /7%, A
“EILARIE” T,

- BMERRMEMET 10 (088 1), CELIBMEPEENEHETES 1o, ERRARKEIER CPU
TEER 1 AT E A N E kR RS BT,

AR, FEABRIR G SRR 2 A (R E? BMRINE, BRGTRR e Rt B P AR S R A7 R 7
Ko EHEERIEER "SR Mk “ER,

RAEFOR “—HEEET, BAME ARG BRI, 182 K 2 PRSI AR MR AT DA B AR 248 B (R AN I
PR, ERERHEFHINAREE int, /I float BRI char, HIEL “¥PRIGHHE" MR,

HtgEhE, FEARRPIIER L 7 RORHY “pas 7, i RERHETRER O 1 ORI “AARDT U7, i DA RE A,
TMTHMHFE R RERE (5 ARG ERFRARINEA BRG], EH5 int, float. char. bool %%,

/] ERZEERE R R R ES
int numbers[10];

float decimals[10];

char characters[10];

bool bools[10];

3.3 HF4RES

Tip
fEAEN, SEAA * FRN R EE R, WRIRR AR BRI FR AR R, wTRAeRkE, FE5ea
A T R P R


https://en.cppreference.com/w/cpp/language/types#Properties
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3.3.1 [REE. —HEM =S

£ bRy R rh MR B, A BB RE S Fon Y B BT EL IR B — (8, BN byte HYHUEHEE 2
[—128,127) . BERRHBRER, CRINERRYRER, —fE. —Hi8eompE.
BT IR, BBl “HBC BRI, R SRR 2 B, e =
TEFRo

- DS IR ECT R IR RA RS AL AT, Hh 0 FRIER, 1 FRoRA8, HERIFORE

FHIE,
© R IEBE - EBEL RS R, BB — R B RIS PRI SR AL AN A LU
© R IEEE BRI, SR M BUR AR B B 1

3-4 FOR T IRAS, — RO R B AR T I,

+0 +5 & -0 -28

0000 0000 0000 0101 =17 1000 0000 1001 1100
PREFIRALSH,
HEARE IR

0000 0000 0000 0101 —Hi¥ 1111 1111 1110 0011
E—saERE N 1

0000 0000 0000 0101 b - 1 ¢ 0000 0000 1110 0100

EMMRE. —H#8. —RNE% BHMNRE. —HH. —HBTEEER

(@ 3-4 JRAS, —HEEL B A B

RS (sign-magnitude) MESRIHELIBL, (E77 16 —LEqRMRME, — 5, COBOWIRRERAEECBT M, Bl (65
BEREE 1+ (—2), HAERE 3, BEARTH,

1+ (=2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

BT RRIRIEE, SHEMSINT —HE (U scomplement), QRBMSCHFRIGEH A — B, ME—H5
TERHRE 1 4 (—2), sE s R — g R m R, QA8 SR —1.
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1+ (—2)

— 0000 0001 (J5H5) + 1000 0010 ()

= 0000 0001 (—#H&E) + 1111 1101 (—Hi#)
= 1111 1110 (—#%)

= 1000 0001 (J5H)

——1

F— 77, WA +0 A —0 AR/, JE RS e S M R 0 oS, S
REEACER. LM PEHBT, AR AR EEMEST, AIATHE SRR, R
EREBR AR, BT SO HIBRIE, T @ AR,

+0 — 0000 0000
—0 — 1000 0000

BAIARS—4K, —WBUB A EEATEERME, Kt REME D5 T /2 (27 scomplement), e
KREE—TEFEE, M —mMERE R

—0 — 1000 0000 (&)
= 1111 1111 (—Hi%)
=1 0000 0000 (—¥%0)

EAFHN—MEBCERE LI 1 AN, Hoyte MAIMRERE 8 £, KRS 9 (KT 1 FHEE,
WEtEd, AFN#iE% 0000 0000, BEFN BN, ERWEE _MEFRTHREFE—E%F, |
AT EFRIETS 2R,

BRIRB— R byte BUBIMEUEFER [—128,127], ZHIRN—EE% —128 2UA{SZIRTE? &
MR, SR [—127, +127]) WA BBEA BRI RS, — i —ahiE, M ERAESR i i AT
DA AHE R,

SATT, MR 1000 0000 J2 MBS, ©U A SRR, FIRuo s, RPSE% MRS 2
0000 0000 . BESREFIEN, FAXEERANT 0, TH HBIEREE S, SRR ARk
W% 1000 0000 183 —128 . L, (—1) + (—127) £ % RIS REmE —128

(—=127) + (—1)

— 1111 1111 (J5H5) 4+ 1000 0001 (J5H5)

= 1000 0000 (—#H&) + 1111 1110 (—H#)
= 1000 0001 (=#%) + 1111 1111 (ZHi%)
= 1000 0000 (—#H#)

— —128

IRATRECAS BT, EIRFrARIEMRINRES, SRS ~EEERE: sHRTRR R a1 e i
JRIMEE RS, &2 R A MRE AR HMER (FLansrik, PRIZAIRGE) 2K, R E B A E il
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B, HEAGETHATORR, ERIEEER,

AR, SRR AT M RN TR, B IIA L EAGE RN EAGS, M RRRES T B RE LA
MIBEHESR, BN, SHRIIE o — b AT AR ZE SN o + (—b) 5 stREIRIERBRIEAT DI 25t B 2R
AT,

BIAEFRAM AT DASRAE HEt FAAE ] BB A BRI BEOR,  BHEMERT DUR RIER A FR S AR 1 A iR P I
BONEBRIINTE, AR EREH PR R S AR B, I H AR BIEBLIE B BRI, TSR
fe TR aar, R VERRCR,

CHERERETER Y, FREERGRRMST M ERNE, Eaa R E P IR AR,

3.3.2 ZRERES

AORIPRATREE 2381 int A float RIEAHIE, #BE 4 AocsH, HAEE float MYBMESIEE AR int ? 18
FEHEREE, NAGHR float FEFIN/INEL, BUEE E EZE NAH,

B L, SR AT Float B Y ARIZGRTTN. i —1M8 32 fIyCRER RIS :

4% IEEE 754 #2#:  32-bit R float H LA R =1AEE 9 HE R,

: ﬁ%ﬁi S: 'fljj 1 ﬁZ, %TJ‘EAE b31 o
: *E;&'fﬁ E: ,fljj 8 'fﬁ, %EE b30b29 b23 o
COSBBIN A 2361, B byobyy .. by o

THERIFIR Float HIEEAIET /T2
val = (—1)bs1 x 2(baobao-b2s)y 12T 5 (1 by by, . by),
R HERLH] R RIS A
val = (—1)% x 287127 x (1 + N)
Hrh 5 TR B 2
s {0, 1} Ee€{1,2,..,254}

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

RO S B8 E AL N
08888800

A A A A A

b3, b3y b,3bs, by
HRUETA, 2% HRIR IEEE 754 7%, 2nfISBEHIETA
S=20 val = (-1)5x2E°127 x (1 +N)
E = 124 = 1x0.125% 1,375
N =22+23=0.375 = 0.171875

3-5 IEEE 754 ¥=¥ERHY float BYETHERH

BloelE 3-5, e —EREERS=0, E=124, N=2"2+42"3=0.375, HIf:

val = (—1)0 x 2124127 5 (1 1 0.375) = 0.171875
BERM AT AR IR Float M9267 /i M AT, WROURMMRERE IR int . RIELL LA,
Float ATETIBAIER 22547127 (2 - 2723) & 3.4 x 1033, HJHRF B AT 51 B N LB,

TS Float W Y HUFHER, (HICEIERDRRYE VR, BB int M 28 32 ATTHRFRET,
BRI, T RS BLAETE, TREEL float HYBUEIBLR, HES 1 B3 & i 1 22 (EUR & il T Bk
Ko

%% 3-2 fR, 188U E = 0 f1 E = 255 ARG, MRFRE, MEA, NaN &,

*3-2 fREIETR

fRHUL E SEAIN =0 STEALN # 0 AtHEAR

0 +0 WIEHB (—1)% x 27126 % (0.N)
1,2,...,254  IFHI% IERI8L (—1)% x 2-127) » (1.N)
255 400 NaN

(EAFEIAR I, R IEARSEE SR T T TR B BIRS 1% , S/ N E AR 27120 | B/ NEWIE MR 27126 x 2723

o

EE¥EIE double HERAIBMUR float MIRRTTIE, TEHCMECENR,
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3.4 FriRlE*

TERH M, AT R LA BRI B R, 5990 char ABISN, 25 T RoRToT, TRMFEER
M—E P, BUEEHETICH A HIB M ——HERR. 6T FnRZR, stERERT g RS
RIEL NI B R T IT R,

3.4.1 ASCIl F&

ASCI B2 i R BN FIeE, H2M% American Standard Code for Information Interchange (3EE
ERER AR RS ) . B 7 6 A HIE (—ERTARIR 7 6 Fr—EFIT, RZREHFRR 128
NEFIC, dAIE 3-6 FR, ASCIIBSEAEESCFRINE, B 0~ 9, —SSERRT SR, DA — Ll
TC (ANHATRAATERERT)

R {ii ] I i) F &8 R e — i) FT s i FT R 10— FiT
2000 0008  NUL e 33 0010 0001 ! 65 0100 0001 A 97 0110 0001 a
1 0000 0001  SOH 1B 34 0010 0010 " 66 0100 0010 B 98 0110 0010 b
2 0000 0010  STX ESChlE 35 0010 0011 # 67 0100 0011 c 99 0110 0011 c
3 0000 0011 ETX EXAER 36 0010 0100 $ 68 0100 0100 D 100 0110 0100 d
[ 0000 0100 EOT BEEE 37 0010 0101 % 69 0100 0101 E 101 0110 0101 e
5 0000 0101 ENQ R 38 0010 0110 & 70 0100 0110 F 102 o110 0110 f
6 0000 0110  ACK I3 39 0010 0111 ' 71 0100 0111 G 103 o11@ 0111 g
7 0000 0111  BEL ey 40 0010 1000 ( 72 0100 1000 H 104  o11e 1000 h
8 0000 1000 BS Bt 41 0010 1001 ) 73 0100 1001 I 105 o110 1001 i
9 0000 1001 HT KT w2 0010 1010 * 74 0100 1010 3 106 0110 1010 j
10 eeoo 1010 LF HiTHR 43 0010 1011 + 75 0100 1011 K 107 e11e 1011 k
11 0000 1011 VT SHNRF 44 0010 1100 5 76 0100 1100 L 108 0110 1100 1
12 0000 1100 FF MEE 45 0010 1101 - 77 0100 1101 " 109 o110 1101 n
13 0000 1101 (=3 Elmg 46 0010 1110 5 78 0100 1110 N 110 o1le 1110 n
14 0000 1110 50 TR u7 0010 1111 / 79 0100 1111 0 111 o11@ 1111 o
15 0000 1111 SI RAER 48 0011 0000 ° 80 0101 0000 P 112 0111 0000 p
16 0001 0000 DLE Bk 49 0011 0001 1 81 0101 0001 Q 113 0111 0001 q
17 0001 0001  DC1 SR 50 0011 0010 2 82 0101 0010 R 114 0111 0010 r
18 0001 0018  DC2 ERIES 51 0011 0011 3 83 0101 0011 H 115 0111 0011 s
19 eeel 011  DC3 L5 ] 52 0011 0100 4 84 0101 0100 T 116 0111 0100 t
20 ool 0100  DC4 R 53 0011 0101 5 85 0101 0101 u 117 0111 o101 u
21 0001 0101  NAK {ERBIRIR 54 0011 0110 6 86 0101 0110 v 118 0111 0110 v
22 0001 0118  SYN [EE 2L 55 0011 0111 7 87 0101 0111 W 119 0111 0111 w
23 0001 0111 ETB BRI 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 riER 58 0011 1010 : 90 0101 1010 z 122 0111 1010 z
26 000l 1010  SUB ] 59 0011 1011 5 91 0101 1011 [ 123 0111 1011 {
27 0001 1011 ESC ARG 60 0011 1100 < 92 0101 1100 \ 124 0111 1100 |
28 0001 1100 FS TR 61 0011 1101 = 93 0101 1101 1 125 0111 1101 }
29 000l 1101 GS SHER 62 0011 1110 > 94 0101 1110 " 126 0111 1110 ~
30 o0ee1 1110 RS SHRSIEE 63 0011 1111 ? 95 0101 1111 _ 127 0111 1111 DEL
31 eeel 1111 us BTHR 64 0100 0000 a 96 0110 0000 N
32 0010 0000 sp o

3-6 ASCII i

SR, ASCII BEMRRESF RIS, FEE R MBIk, 34 T —FEAEM £ R Z3E S 1 EASCI Foté, &
1£ ASCIT 1y 7 1A% FIEER 8 v, REHFRIR 256 AR FIT,

et LR Y, R T —HE R AR RIHLE K EASCIL ot , BT mEanT 128 A7t —5
ASCII i, & 128 7 CEHEAR, PUHEERFEGESNE R,

3.4.2 GBK Frt&

BRARNMEEH, EASCII BEIRMELIN R FF 25l S BUREOR, N aia 8 ME, JeH %/
ARETE, TREEFEEERR 1980 FRH T GB2312 7Lk, HUERT 6763 faiEs?, AN E T HEFH
AT AR R 2,

SRTM, GB2312 KRB R M BT, GBK L2 E GB2312 AR HERISHIRY, el T
21886 fEE¥, 1£ GBK HI#fE77%H, ASCII Frofifl—Efotl &R, B AmfEn TR,
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3.4.3 Unicode Ft&E

B R EAT AEPh 38 R, TR BRI AL IR, TSR TRF 2R, —JrmH, BT IR
HERTRER S NFIC, MIXELE SRS NERE TIE, 5—J7H, RS FESETuRERE, u
SRR E AR A F ARSI, HIE & el R R & H AL,

ARMER AR 7N B AEAE : QSR HE I —fE R S s B o 8, R I SRS D9 Y B A 58 5 AT SRR Bk 3L
wh,  AEEa) DU RESTE S BR B ALRS IS 7 W57 S ARTARIEREN T, —ERm 2R F It Unicode fEE
[[=

Unicode FIHSc 4R 2y “—8”, Filah LREAAN 100 2 BEF T, ERINK 2RI E NN T ITMHASR—
fresez, SRt REMA R T T R AR BMBURASREE 5507, B R 2 A TS AR A R T 22 2 A RL A )
%O

H 1991 £ H PAZK, Unicode REMEFTHIIFES BT IT, B2 2022 £ 9 A, Unicode B S 149186
Fot, BEiESEESNTIT. MMREEREHEE, f£REAN Unicode e, HEHMFITMEA 2 Mot
4, FLEAMmTIeM 3 MoTAEEE 4 Mot

Unicode Z— @M FILE, ANE LEAEMETITO M (F5 “W5E"), HEMRABE R
i fe i oo R, RIMAZERM: B2 RER Unicode f5R5 RN HBIAE— 85I, ZReE4N
gt oe? BlansaE — MRSy 2 MRS, Rt et —E 2 Mo r v oTig 2 mifE 1 Ao
FHAFIT?

BN LR, —REEIIRIRTT R PoChif 235 RIS, alE 3-7 FR, “Hello” Hfg&EHET
JelGH 1A, “HEER” EEEFITEH 2 Ao, AT DUE @ &S AE 0 7 “Hello HEIR" FHRIAR
AT TCHRERIE 2 2 AT R, ERARFRIAT AR 2 AT — 8T, IS EEERNINE T,

FIT Unicode
H 00000000 01001000
e 00000000 01100101
RE#A 1 (AR FT
1 00000000 01101100 > g
(B{iHE o)

1 00000000 01101100
o 00000000 01101111
B8 01111011 10010111 L _

- RE® 2 (AN XFT
& 01101100 11010101

3-7 Unicode #wtErf]
SRTM ASCII HEEAS M FAMEERA, SmiB~e 17 1 hock, S IR R, Feors s AE B NN &=
ASCII #ifl FRUMIfE, AEFIREGIER =M, Hit, FMFTFE—FEEIMNER Unicode #7712,
3.4.4 UTF-8 w5

Hui, UTF-8 BaiA R - H&EZA Unicode #miE /5%, B —MaSREENMEE, #4135 4 6T
SHARE R —HFTT, IR MM TS, ASCII e RE 1 o, T #EHA IR REEE 2 AT,
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HHRRAPSCFITHRE 3 Aok, HARK — AT 4 AT,
UTF-8 AR ABHE, 7% DS AR o

- BWRRES 1 MICHN T, BREMEREsE 0, HER 7 MR E% Unicode WEE:, HISTENEZ,
ASCII FJtfE Unicode o545 1 a1 128 (EMEES, tit/2sk, UTF-8 #alsn] BAr) FHH%Z ASCII
i, SRR AT CUEH UTFE-8 AR AR ASCIT BESZF,
- BRRESA n AT T (B n > 1), HEECTHNE n MERES 1, B n+ 1R ES
0 ; M8 A CAHBRYE, BEEN AR 2 MERE A 10 ; HERFTE A REFE ) Unicode
TE5 G,
3-8 /R T “Hello HEER” HHER) UTF-8 4nfis, BIs38H, Bl m n MNElikeEs 1, FRS A UE
BN 1 EEER T e RE S n o
{H A BB H AR A A TARI S 2 MR E 2 10 WE? BEE b, 1518 10 RESERIRERRFIIEN ., RRERS
Pe—ESE R AT AL B IARAT S, (oTAHTERRRY 10 RESES B 2400 Hys i 1 8,
P 10 E1ERERTT, RRATE UTF-8 #iEHHAITR, RrlgiE FoimeEmnig 10 . SEsam T DAH
LRSI R —ET e RS MALE 10, ST RES 1, ¥ ASCII %, 1 ASCII fB1A
ENIEZE 0, BERRFE,

FIT 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

R 3 URES 1 ﬁﬁ%fﬁﬁﬁ%% 2 fi
RRFITRES 3 Ul ®iER 10

3-8 UTF-8 #fi5npil

Br T UTF-8 Z4b, & RS 2GR G5 DU A,

- UTF-16 %ill§: /] 2 2t 4 fonslARE R — 57T, ArERY ASCII ool AR, #8H 2
AT ARR, DEEFRREME 4 Aot RoR, B 2 Mot EoT, UTE-16 #ifER Unicode f§3;
HE,

- UTF-32 %ifls: &7 TiEH 4 Aot EEME UTF-32 bk UTFE-8 Al UTF-16 BEAG =M, KAl
BN ASCIT Foefl s m i s+

kSRS A ES, #/H UTF-8 Fonsix v odbi e, B EHER 1o, (R UTE-16 ARisH
Egoeyon (s EEMER, WRyeMd 2 ook, m UTF-8 alREFRZ 3 ok,

WA MES, UTE-8 RNEMTERE, 72 TAMBELSEH UTF-8,
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3.4.5 RESHNFITHE

B ENRZEREGE S, BRPUTHF B UTE-16 8¢ UTF-32 G %F RS, E5RMIET,
BATR] DUt 7 ER B MRS AR EE, SR AR DL R,

- BERERIN: UTE-16 MbSAY7 H Al DARA S TREMEI M. UTE-8 21 RAwis, ZARIKEISH ¢ 18
Fot, BMFERTFBRIFRRENDIE « f5oT, BRE O(n) B,

- FouEtEe BPEMTIRTEM, SR UTE-16 SR EBRREHE O(1) W#RfE, B2, 5 UTF-8
A S 1Y) B ) - JRE R A A R

- IR (£ UTF-16 SRR b, RB7FHERE WoH HE A MRS BR5ET, £
UTF-8 SRffSH) 785 b, TSR na W iR RN, DIRECRA & 2 ST UTF-8 AR,

B E, B SRR Rt R EREBIEE, WA EER,

- Java HJ String BURIfEA UTF-16 #ifls, SMEFICAGH 2 oo, BRI Java sE5 et 29, AM
Ry 16 AL ARRATA AIRERIFIT. 2R, 1ER—ME R ERERHIET, 122K Unicode MRS T &
i# 16 £z, FrPA Java FEYFICHfE Al REH —% 16 MAUE (R “fRBHE”) TR,

- JavaScript #1 TypeScript f= i UTF-16 Si5HY K EL Java FHL, & 1995 4F Netscape A H]
HHEL JavaScript ®B S, Unicode JBHERFER T, FRRHEREAH 16 LRSS HEE AR RFTE 1Y
Unicode FIt T,

- C# i UTF-16 #4ifl5, FEZMR A NET F22H Microsoft @&, M Microsoft FIIRZHMT (U
1 Windows (R %) #EIZ A UTF-16 4,

A DAL 3 CRE & B e SR ARG, BTSRRI “REES” 1977 R R 16 AR Z) Unicode
FIL, JEEEMICH AR, —J7m, WESHEERyHh, —EFTrlsebH 2 foce 4 A
JeAH, MR T AF RAMAISHIESS, 55—y, FRsCERE R RIME e, 181 e 1 RaET A
PERPREEHERE

HR A BIRE, BB EE S 1 1 — A RIS 7T 5o

- Python H[J str fiH Unicode #ifi§, IfifRH—MEENFHERTR, MEENFZTRERRAFEH
B KM Unicode W58, #7822 ASCIL Fot, HISM@EFICiH 1 Mocs; R EFor@Et 7
ASCII #i[#, [HeWARAZES YH (BMP) W, AlEETICiA 2 focs; R AEEH BMP 195
7., AT 4 Ao,

- Go B E M string B BIAENFE A UTF-8 #iff. Go 56 Z B4 T rune A, T RN KR REM
Unicode f5%,

- Rust #E S str fl String BUFILE NG UTF-8 4ifiB, Rust 42457 char AR, R FRREE
Unicode H5%,

TETENZE, DEawmERF RS aET X, M E e S b il 7 s e 4 v 4
RAFMBE, (EAE R ST, TRMEE &7 BmiEe UTF-8 /8K, DUERIREHEAEMEM S
Fﬁﬁék%o
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3.5 Ih\&E

1. ERSOIEE

- BRI ] DA R A AR Y BRSSP A P T 0 B BRI TR TR Z MR R, mi
YIEAERETEIR TERHE R B IR B O RE 1 T 5

- W RS RS A EEARME. BHRAIAIRSE, @ E RIMIR B E AN R G RS e (BRI, SEAS E
A, HEB, (TF)) FEAEARE (B, (Bl HERD) iR, FRERIVE BRI RERIRME SRR SR IR
ERIEER,

- EREUTRE, BRI ES AT IR, SRR S S BRI A, BEERE
=t AR )= g

- YIEEERE E E ) AEESERE () RMOBEEREE GEREY) . e B EaE e m ), 5
& BRI 2 AR & B IR

- BB A E R B4R byte. short. int. long, FEE%{ float. double, “#JT char
FIFIAR bool o “EAM A B R [ R A e 2 R/ AT R R 75 2K

RS, B R R B P RIS B R =R T IR, B 2 R DA B, O R R ) e
NRTFENL, HERDEETFIIE,

- REERT R R DL MBI EER, £ MEEORT, sPEMR DA EBR A B L —EE
=, APRELREEREEERE R ERS, I B ATEE AT R NEE,

© TFEREUNARTEE 1A SRAL. 8 LRI 23 N BUNIAE AR, HHAATETESRELNL, IRl B B BB A
B AR RS, BT TR,

- ASCII B2 i RIS 7o, REA 1Aoa, kst 127 50, GBK Foos s A
FoulE, HUERMWNE 2T, Unicode BURIE Mt — R o muE ikt i E R ES M
FIT, PETRTR R T CAR IS 77 15 AR — R S S LA .

-+ UTF-8 Z&ZEUNH Unicode #fi5 771k, WHAMIAEELT, ©R—BERNMIE L, BERGNIEE
M, BRERF T REESRIRE AR, UTF-16 #1 UTF-32 2% -BHISIS 7T %, TE4miERSck, UTFE-16
M UTF-8 B/, Java fl C# A2 7GE S TERLEH UTF-16 4R,

2. Q&A

Q: Rt EMRR AR E SR RSN TR T B RS ?

MERAR RS, T 7R E S, WIMTPTREE A "R (RS MRER” EEEE) M
S ERfE R — ARG Y, BRI REER —ERIER, SCTRESE A OB BALRED.

TR AT, MERRIVRE RS, Hbfg e n et S —MEE, st s — sl 5L
—RRE. B, FERRATRERIR SR IE R (Fy1), SESERS)) FARSRIE R RS ().

Q: char BUBIKRER 1 hyCAHIE?

char BRI R E RS S BRA RIARIS 77 150 &, Bil4N, Java, JavaScript, TypeScript. C# #£#fH UTF-16
#mis (f#1F Unicode W55, [HUt char BURIMREZ 2 fiotiH,

Q: EJAMEFIE BN G RHE MR “SRRERAENE B A 307 B AT DOEAT @A A HEB SRR, 18
LERRUERE “ENRET 1Y,
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HEBEE ] DI B ERERRORHRE, ERRUSHIRR 8" (REAFE) 1Y, @8 RNk G
A DABh BT s ER TR, EeMivEERETH, MREREBH 7 HE2 BN, i Z L —
AATSE R AIRHEA], - SIS Bek 1 R P 7 AR S E T R 1) v

Q: fERSEHEE (T BIRHE, RIEEEHRRD, DAEEMZ “FHEERGEE" e?

fEmPEREGEES T, TMEAN LT (T35 ReaE, EETERERINEEEIE K. fla, Java
[ ArrayList RIWIARRIER 25 10, 75h, BARIERZAEEBIN, S RZEN “HBH7 =i,

Q: SRS MBI ER “eBURRN 17, IR B A R R E . IR 1 R, T A
JEHS L —AR AT DUEE “SEBURARIN 17 153, 1SR T ENe?

TS 2 TR 2% SR A A EL R B R BB R R e, BB ER: Bta +b=c,
BB a 72 b 2 c (B, R B b2 a 2 c AIHEG

ME M n = 4 A RER EMHIE 0010, WASEETEEREE (NEEFRAD, IEER
TEW el 17 1520

0010 — 1101 — 1110
Mg, RS —AEBAEIATZ 00104+ 1110 = 10000, thgitds, —wi# 1110 2515 0010 £/ 10000
) “FHEC, EEWE LR “Selueizm 17 B st 52 10000 RIwiEREE,
AREE, —#% 1110 2 10000 By “HHEC 22 /0Ue? HMRARRTDUH “JelUigm 17 S2e:

1110 — 0001 — 0010
et JEESHI O 28 E] 10000 B9 “HIBC, [FIL “BEREE B0 R “ B R AL
RN GeBUR B 1) B,

B, TRIPHIAT DUHE S AOR —H% 1110 ROGERS, BN “Jeil 1 EUR"

1110 — 1101 — 0010

MGEARE, “SEBURIEM 17 A0 YRl L REUR” iEmEE R R R E] 10000 FIHEL EIFMREE.

ARELER, BT BEEREEXRE 1111 fE (RAEE RIS + —#8 = 1110); ME—MEEE L
A1 RN R, U2zl 10000 BAHE

EIRBAn = 4 Z5, FATHE R AR R AL B AL
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Abstract
BRGS0 RN [E] — 5 R B Y RS,
BB R RE AR HES, B E B, SlAS ER Y AR B iR, JEARIVER 2 B AR A 4% > [,
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4.1 PEY

k5 (array) 2 —REARPEECRIGHRE, HIRARRIZIBIA TR G R LB R s . IR TR RS H
AIRLERE 2% L RAZRS | (index)o [ 4-1 FEoR T[S A 3 SEME A% 7 77 Ko

fEFRET pYsE s R S R R AR RY

TR
element
3
array
;%6[ e 1 2 3 4
index
stERE it

i 00 04 08 12 16
memory location

o] A
B o tarErImEt ISR

4-1 PHFIE R 773

4.1.1 FE5ERIRE

1. #haepEs

T AT DAARAR 75 K% FH B A1 Y iR W) 4k 77 3 IRRIEGME. AT WIME. TEARTEEVIIRERNEN T, K28
FEGE S &k bs TR Iaa 2 0 -

// = File: array.c =

/* HEES */

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

2. shRTTE

BB TR ARSI RL IR S T, EEWE R RS TR AR A AR A 5. e R IR AL
it (ECsReiEmnat) FRMETRIRG, BMTa] DUERE 4-2 FoRiy ARG RS SRt R rsC g AL,
T BRI HRZ TR,
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(£ 2]

TE®Sl o 1 2 3 &

oteREMat o0 o4 08 12 16

TTRRE -4

wRCERAE - EIRERE + TRRE « TRES|

(B &) (fhHRFS 8)

fl: REFIRS| 3 EHTTRRCIEREANE
012 = 000 + & x 3

& 4-2 FEFITTRAGE R AEE R

BlRiE 4-2 , FMBEBEESEFETTRNIRTI2 0, EUPFAERER, KA 1A BEEER, B
HEETEARNAEE, KIIAE LR ERMImWE R, SETROMIERERER 0, BIERNRII%0
AT,

fEpEG TR AR mAL, FRAMATDATE O(1) MR RE Dbl b T A7 FR AR R — DT 2
// = File: array.c =

/* BEMSEARE TR */

int randomAccess(int *nums, int size) {
// ZEER [0, size) FFEHMEN—EEEFE
int randomIndex = rand() % size;
// JEBRIIIR[C| TR
int randomNum = nums[randomIndex];
return randomNum;

3. ATTE

MR TRIELIER TR “RREN, M ERASEEEREMER, E 4-3 For, 0RAETERS R
MA—ETR, RIFRERZTR BRI ATITRE R, BB RMESZRI.
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fEFIh AR TRERE =

8800 ) .- e
|
N

nums[4] = nums[3]

:

HETTRIRA

o Il  [2]s5]s] 4]
1 N

RT3 1 BENTTE 3 e

800800
N
nums[2] = nums[1]

(s W1 ]s]2]s]¢ ii@ﬁiz;—zg 0 Bk

nums[1] = 3

:

4-3 (IR ATTRRGI

ERERRNE, HRESINREZEEN, FHifMA—ETRoe S8 EETR “BK" HFRIEME
FIRERIIRIRTT SR AR “ER3)” BEEI R,

// = File: array.c =

/* 7EMEFIMZES| index ERIEATTE num %/
void insert(int *nums, int size, int num, int index) {
// BZFE5| index UKRZENFIBETEREZE—I
for (int i = size - 1; i > index; i--) {
nums[i] = nums[i - 1];
+
// # num BR4S index BRHITTEH

nums[index] = num;

4. MpRTTE

AR, 4nlE 4-4 ForR, FHEMERRS] 4 AR, RTREERT] 0 KRR AT — L
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felipRTR

LBEEE

2|2

H
B

n1] = nums[2]

T TTERERMER

il TS E—
EREFIRRRES 1 BHTE ﬂ 5]5 ﬂ
N

nums = nums[3]

8000 -
~—"

nums[3] = nums[&]

seRERER, EBIERTRUEH
1

AETE 4 BEESE, BRNEER

4-4  [EFIHERTCR R G

iR, MBRTRENE, R RBRITREG “BER" T, URMEERER BRI,
// = File: array.c =

/* MIBRZR5| index EBRITTE */
// FE: stdio.h {5FET remove RBAE:
void removeItem(int *nums, int size, int index) {
// IBZE3| index ZEBHFIETREMAFIBE—IL
for (int i = index; i < size - 1; i++) {
nums[i] = nums[i + 1];

}

MAAE, FSIE A SRR (A DA R B,
- IFRIBTREEE RS BRI AFOMMBRA TR B 2 O(n) , Horb n 2 MH51RIE,

- RIOLR: HRESINREARE, RILERASTRRE, @HEYREREN TR E AR,

- RPN FTRT DAOIas e — (8 PRl R RS, ORI —#Ror, SRR RN, ERRIRET

AR “HEER K, (HIERHMEE R IR,

5. E:HET

FERZEREAGES T, BRI DOEBR5ETMS, tha] NERGEFER RS PR ETTER:

// = File: array.c =

/* EFHEH] */

void traverse(int *nums, int size) {
int count = 0;
/] BEBRS|EHFET

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

6. EATR

FEREA A TR E TR TR A A, BT R ER AU, A VLACRIE HE ERS(,
Kl 7 FAI R AR R RS, P DA R iR e 2 AR,

// = File: array.c =

[* TEREFIFREMIEETTER +/
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. EEMES

TERMER Rt D, R DUAR RS 2 R AR IR S A2 PR, 1Em i e i e s A i, (AL
FERZERENAEST, MEIRHRERA TS,

QUERBAM A B EA R, AR E TR —E RIS, SRR S T R AR HE TS, & — A
O(n) H%E, TERBIRARIEN NERFER, BRI TR

// == File: array.c =

/* BEEVRE x/
int *extend(int *nums, int size, int enlarge) {
/] Et—EiERREZRES
int *res = (int *)malloc(sizeof(int) * (size + enlarge));
/] H&IEEYREIFRE TR E R FfES
for (int i = 0; 1 < size; i++) {
res[i] = nums[i];
}
/] B HERENTHE
for (int i = size; i < size + enlarge; i++) {
res[i] 0;

hy
/1 REERERFES

return res;

4.1.2 [EHIAYEEEERFIRTE

B2 e A7 TR RE IR R S N, HOTRAAIME, ERMEN S S ERNCEEM, REA DA HIELEER
A A B R RERTRIERCR,
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- ERRCRR: Y BRI TR AL IR,  ERRE NSRS BR B

© SCREREREGIR RS RFEE O(1) R NEIRHMEMTR,

- PRI EARESITRR, SHEMAMEGRA Y, JBEPRIBCHE E R AR, TR s
RS THR SR R TIER

R R TIR, HAP DA NRRME,

- BRABUNBRBCRIR: EfEFI bR LR, A BB R R AR RN TTER,
- REAWEE: MHIEGHIRREMEE T, EA ST IR ERHERERTRES, FSHRA,
- EWIRE: WRES AR NER BRI, 0B S RIS RMARE T,

4.1.3 [E5I|HBIFER

bz — R AL EL R AR, BURBIE SRR T, e AR E B AR AR R A

- B G SRIRMVAERERE R — LA, IR AT DU A A, A R —EREM T2, MRIRRSIEHB
B AR

- Hp RS WY HE P RS SRR G R, Ry, S0P, s
Fei %] b3

- AR B E PR RSB ER R, A DUEAFESIE R AR, (RN E B IrE
ASCIT HEHTSHR,  RIIa] AR ICH) ASCIT BS{EIERZRS], EHBRITRF AL SIS B A,

- BRARERE L MRS TPREM TR, R, SREZHERARIENRBIER, BLEERIECZ IR R
RERER, P12 S A R R s i o O R A

- ERHSREEBL: SR DU SRR, (TH, MERR, HERE. ESERORIES, BN, [ERAR R R
TN PR b2l e

4.2 §ELEERT

LR HEMERERNALER, £ MR RFITERET, SRR M RERrs LB
ik, TAVRIIE, a7 FsARC IR 2 P R AR, B RS AR ORIy, RO IR nT RE SR SR A AN I e
B, SRS ARSI A BRSPS R B A T

s84EERT (linked list) Z—MEARMEORIAHHE, HREETTRARE @RI, SEERNES “5108H” A
HAR, 51 T N —EEB A RO IS AIE, 7 e AT DA E ARG 5 R B T — I iR,

S R A A RE A A E ERG A] DAy B A (e RO IR RE 2500, B FMARC IR RS A SO A,
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L)

linked list

— —a{ e —3{ —> None

M TE R
2 518 (&8

-]

node

EFEERYINTERSMEIBN

R ER ]

. REBME | e o) m

rsmiisie | BEIERE=R

4-5 SEEGERSIE REGERF TR

BUskiE 4-5, SGSRYIRHKENZER (node) Wift, ARG SWIHER: HRK “E° fMHEHRT

—HIRGHT "SI,

- SRESERSIR (ARG 2y “THENRG, RAIR—EETRSON S TR,
- REIBEMAE ‘227, BAE Java, C++ il Python H53BI#%EC A null., nullptr #1 None .
- 1E£ C. C++. Go #l Rust FFHERMEE S, IR “SIH” BHEhL 461,

PATREIS AR, SEAGERSIETR, ListNode BR T RUEE, BFREHIMES M5 IH a1, FIELEAHRER

BT, faEhs RIS 2 RRT iR s .

[* SEAEERT|ENEAAEIEEE «/
typedef struct ListNode {

int val; /] ERELE

struct ListNode *next; // &M F—EIELEAYFEIE
} ListNode;

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

4.2.1 SEESERTIE RIR(E

1. iasEssRS!

BN ERS D 2, B D RO EETRYE, SRR NS B (R, WIaf ez,
B n] DATESE RS FR 21 A SHENRG 3%, IR S HITEM next MRUGHFHIFTA BIRG.
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// == File: linked_list.c =

% WHACSBEERT] 1 -> 3 -> 2 -> 5 -> 4 %/
/] ELE AR

ListNode* nO® = newListNode(1);
ListNode* nl1 = newListNode(3);
ListNode* n2 = newlListNode(2);
ListNode* n3 = newlListNode(5);
ListNode* n4 = newListNode(4);

/] tEEERZEREIA

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

Rei 2| BE 2 — RS B, ELAnBeES] nums 135703 nums[0] A1 nums [1] &%, 545 H 5112 o 22 32 Y iR
VIR o BRI B SR R B AR AT ER SO FORE, L DA B AR XS h B9 A &R 7 T Re (R SAGS 5571 no o

2. {ENERRS

TS R A Pl NI AR A S WNIE 4-6 R, (R MAREAARRT M S ERE no A1 nd i\ — (7 &
B P, MHTRUCEMMEERS N (5D BIN], RREAEEZ O(1) o

2T, TEREFIREATTRIR R O(n) , ERERE FRRERBR,

AA
no nl

P.next = nl
BI< P 5@ n1

G ./
RTINS no A nl ZREAEE P o o

nd.next = P
< no 5@ P

& 4-6  Hl%SER A A GBS RG]
// == File: linked_list.c =

[* TEBEAEERTIRVENEE n0 ZBIGNEIRL P x/
void insert(ListNode *n®, ListNode *P) {
ListNode *nl = n@->next;
P->next = nl;
n@->next = P;
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3. HPRENES

quiE 4-7 For, eSS SR INPRETR AR T 6, N s m GeED Bin),
AETER, B EMBRIRIESE AR TR P USSR n1 , (ARIR BAEF AL RS CARUATIFE P, SRR

& P R HBERZEA R T,

il
TEREAS BRI IFRETRS P

// == File: linked_list.c =

n@.next = nl
B1<% no E@E nl

MIbRTER®R, 32 P H#AiEME
nl ,

BEFEERYISEEEHHE P,
R FIERERE P EWMIER

4-7 Sl ER A HI R B R

/* MBREEERTINERE n0 ZERHIEEERL «/

// EE: stdio.h {5BT remove R
void removelItem(ListNode *n@) {

if (!'n@->next)

return;

// n@ -> P ->nl

ListNode *P = nO->next;

ListNode *nl1l = P->next;

n@->next = nl;

/] EREEIERE

free(P);

4. HRIENES

TERIES P S RE AR RS, 41 - —EFTE, FeIATLAE O(1) BSRET R 3 BRI E R T2, SAS
BRI, FRBCTHETE NS, BT, EERE DR, R, SRR i
(AN  — 1 6, WIS O(n) o

// == File: linked_list.c =

[* FHFESEMEERTIRERS|A index BYENRL %/
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ListNode *access(ListNode *head, int index) {
for (int i = 0; 1 < index; i++) {
if (head = NULL)
return NULL;
head = head->next;

I

return head;
¥
5. EHENES

ERTAG R, EHHAER target AUETRG, B IR EMATRIIPRIRS [ B MERRIEER, 2
AL RR:

// == File: linked_list.c =

/* 1ELEEEERY|PEHRES target WEEERL +/
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 [E% vs. sELERS

AR A-1 HARE T WS At R 71 A 25 TEURE R 36 BE T IRAERICR . YR AFIER P A S O ol 77 SRS, IRt 254
PR ARV ERCR th S BB S AR RS

K41 8| BREEAS HR BRI RR T

%) S5 ER 51
B TR Sy AT
ARME  RARE T R
SRR TR, HARESE RS
wirEE  O(1) O(n)
wiE  O(n) 0(1)

M On) 0(1)
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4.2.3 BRuELERTIER

GniE 4-8 Frow, A B SRR AL RS =R

- WG BRGNS E S RS B A1 GRS ER S RO ETRG B S E AT FR A T — HIREA 5 | T RNIE
BRL, BT E (B RGR 2 BHENRG, AR —(HETRAE S R ET R, EETREEZE None .

- BUBSETHRS: 1IRIAM BLASAS B Y R R ER R A1 EETR (B RMER), RIS R —EBE s &5,
FEBE S ER A, AR TREITRGAR AT DASR (R R AN RS

- BRI BLER RS S SR B, RS H ST Bk 1 I T IR ST BT ARl R S Y TR T 3R
[k S T RAR RS (R — (e FIRTERERE (L—(EEnR) AI5IH (IR, BB Mgl $41,
Bt R A BTG, AT DA 7T A E A A ER ), (ELAE P th AR A Y 2 YA IR e 2

/* Lrigst By ERLGEEE «/
typedef struct ListNode {
int val; /] EAELE
struct ListNode *next; // 1SMAEHEEFIIIEIE
struct ListNode *prev; // ISARIEEEIZEAIFSIE
} ListNode;

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

BmigksEy)

singly linked list

— —>| — —>{ — None

IRfz SR

circular linked list

[ '¥ V]

SmiEsRT

doubly linked list

 ——/ —_—  —/ —/ —3 None
None <= — -— -— —

4-8 ' RLGELS ERAIREAA

4.2.4 §E4ERY|HEIFER

BEA GRS RS IE R N EIHER, (781, AR R RS
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- HEBBTE: E AR AR R EAE R AT R A A —umE TIRE, ERBIRRE R SR L, BIEHEE; &
NSRRI A B — o T, MERIRIEESE AT B AR 55 —ImiEtT, ERBRRHIER o, BIE
751,

- MR SESUAIER RV E R R R —, TR, FrAERIICRER GRS (5
F5IH,

- M SRR FORE N AR T3, H A A e TR AR B 8 A FR A AR R, S A B A O A
TEERARARAR B TE R A e () LA TE R

B [ Gl 5 R 71 A 7R S RIS S A — BT 12— R T R85 5t

- FRERORMTNE: LANTEAL R, B D, FRMFTREAHIETR A RETRS, 18R] DUBEEFIRG R — (A s
A A EIRGAY 5 | AR BB, REUR B [ st FR 81

- BITESVEE: fEMEBIRESST, EAPRENNE IR IR, B TR ER EAIE A A A A AT
T —MEME B, gl il 5 I R (A IS A R A IS R B

- LRU 5k eIk (LRU) WEED, JOFEPRERIRIT R D EHER, USSR
HOEFIMIBRETRG, 5 R A B a1 s ER S TR 3 5

BTG R A H RN TR ZE I RS R, ERTESR R TR

- R IR RA . EOESRARS T, R A WEHRE AR M AR CPU Ak, EF
LR PIETIE, AR PR T —ER R f, B A SR, CPU AU~ — @R/, &
T ] #5 ' PT DAIE S BRTE S At H B A BB

- BRERmE: EREERREENERS, WrIReEABEMAERS, tEEw. A EEsT,
BERHA T BE & 10 i 2 8 % AT N — (BB Sl 8 51, DA(E B B A R K

4.3 $7%

85 (list) B—EMRAEREEBIMES, ERRTRNERRE, SRTRARH. B i, MERFE
FRME, MUAMAE R A RRBIRIRE, B3 AT DA S AL 51 B fe 51 B B,

- IR B E RS, HEZR RGN A SR, i H AT DAERTS B e A
- TR I AR, ERRNEREN RIS, K RREE R REZRHEE,

EEHMEEB AR, REASTENME BRI E TR, SRR ARMEFERRoMTRE
e/ DEoRL, e DO SER RYIRE, A REE/D, RRATREEIAMCEHER, HREBEX, Al
ISR R S TR B

FfRDUIERTRE, FRA] DAEFHBhRERES (dynamic array) SREBLARS, BHEK T YIRS IEERS, 3 HAT DA
RS TEETIE TR G A

B L, PR SRR SR R SR SR B RS BB, 140 Python Hfg list | Java H1HY
ArraylList . C++ FfJ vector 1 C# FPHY List 55, EE FARIE A, IBRHE “Hhs1” f “BhRgpEz)”
AR F R I,
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4.3.1 BYERBIRE
1. a3
BD@E#EE M M GGEE” BRI

// == File: list.c =

/]l C RigtPuiREhrErEs!

2. SHRTE

HHIAE FREE, R AE O(1) RIS ER TR, SRR,
// = File: list.c =

/l C Rzt

3. EAEMBRTER

HEBEHARZY, BT DA BT R BB T 2, 16 R R BT TE AR A 2 O(1) , BB IR
TERMRA B, FREAEE 2 O(n) o

// = File: list.c =

/] C REHNESRERET!

4. EHRT

EAREHZI—EK, BRI MRIBRSEH), WA IEEET SR,
// = File: list.c =

/] C Rzt EhrErREs!

5. HHEH

47E —MEFT RS nums , FRAF AT AR ELHHE 2R BB A1 Y B2
// = File: list.c =

/]l C RigftrEEERE7
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6. HIFERY

SERERSIHEFIR, FIERT DACE A E SR R A E TR B AR “ZoEa” 1 "BEET HAK,

//

== File: list.c =

/] C Rzt EhrErREs!

4.3.2 BRIITHR

A2 BEAESNE T H, flan Java, C++. Python 5%, EMMEBLEEM, #MESBHRERIFEE
T, BIANEIGAA R, AMSEEE, A E AT AR ARSI T2,

7y 7N Y AR R ERAT R, RMTE BB A 2R, RIS =(EE R,

© PARA R BRI ES BRI A R, EAORBIT, FRFIEE 10 (ERa A R,
- HEECER: B A size , IRRCEREBIIERITREE, WHEETTRBAMMEREIRER., IR

SRR, BRI DUE AL ARSI REHE, DANHIETR & T iR A

- PRAR: SEAOTRESIIARCN, AIFREETES, SoRIRIEA BRI E RIS, i

E RIS T RSB RS, EARGIF, AITHE BRI = 2 AT 2 %,

// = File: my_list.c =

/* BHIEER */
typedef struct {

int *arr; /] BESI (EFESRITR)
int capacity; /| BIRE
int size; /] EBFIKN
int extendRatio; // SBIIGRIESHIEE
} MyList;
/* BT */

MyList #newMyList() {

h

MyList *nums = malloc(sizeof(MyList));
nums->capacity = 10;

nums->arr = malloc(sizeof(int) * nums->capacity);
nums->size = 0;

nums->extendRatio = 2;

return nums;

/* MR */
void delMyList(MyList *nums) {

by

free(nums->arr);
free(nums) ;

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

hy

return nums->size;

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

IF
/* FHElTTE */

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;

}

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

I
[* FEREHEATER */

void insert(MyList *nums, int index, int num) {
assert(index >= 0 8&& index < size(nums));
[/l TEHEBLAER, WEESHESH
if (size(nums) = capacity(nums)) {
extendCapacity(nums); // EA

+

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

+

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

}

/* MBRTTE +/
// EE: stdio.h {5FAT remove R
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
[+ BIHRE */

void extendCapacity(MyList *nums) {
!l R
int newCapacity = capacity(nums) * nums->extendRatio;
int xextend = (int *)malloc(sizeof(int) * newCapacity);
int *temp = nums->arr;

/] EREENIFHER
for (int i = 0; i < size(nums); i++)
extend[i] = nums->arr[i];
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// EMEER

free(temp) ;

/] EEEER

nums->arr = extend;

nums->capacity = newCapacity;
I
/* #EERFIERAE Array BRTIED %/
int *toArray(MyList *nums) {

return nums->arr;

hy

4.4 sCiSRSELIREN *

TEAZRIRTPETH, TR T FEFIFNGE A ER 7S e R HL B A RS, MR T "R E”
Bl R AR

HER L, PBRARERORRE EPUE v R UB L IR A R I AR R 2R, s i B SR e N B AR R RE

4.4.1 tHEHTERE

A ERE SRR E . B (hard disk). 521882 (random-access memory, RAM), REX (cache
memory), & 4-2 JBoR T bﬁﬁﬁnfﬁﬁl%?%¢ﬁ’]7ﬂ@@% LVGE ST

®4-2 EHREBIGFRE

TS RO R PRI

& RIGFER, QEEERR,  BEREFEPUTIRERNE  @EEHETRERES, B
W S TE R ERATE R CPU il Re TR A

E N BERERAEER BEREREEKL ErEREREEL

R B8R, TB#UA BN, GB &I FEH/IN, MB #

HE B8, AT MB/s Wk, %+ GB/s FEH R, A2 GB/s

B (N ®efiE, EHHT/GB e, #TE%EIT/GB EHH, B8 CPU 4THEHE

R

FATPT DAAF R A 7 R AR R 2] 4-O PR A& 540, BUERIT B PA THIm A9 R 7 S B AR BT, 7
BN, A, TSR EARRIRGE AR, TR RIS AR AT AR IR A A R

- WERREE DA IREEERIS, B, iR RHEETE ?ﬁﬁi% HitteNE SRR EER, HX,
FCIRRE A AR %, EESCH AN EE TE



B4 FEYIELGEAS H www.hello-algo.com 82

- POREIRE B DGR B8 L1, L2, L3 I AEBSHE R, KPR 8K, i CPU
Bz PR EREE A & S00R, fEm BB MmN, JTTRIIMIEEE S, EERNSN T, ZER
RUTREES MR A B, TR 2 A e - R

CPU

L2 Cache

Em

ZREE B8
L] AR

4-9 FHEMREE RS

Tip
AP ELMRAOfE 7 R AR TR A BMRA =B Z MR P, B L, SRR e AR
AT T2ERR, BEORIAHEA R BB MIBR ] 2 R E A -

AEAH, BEREAR R KRR, e AR 7 R sV T v IE AR SEBR AR, i bR ECI R falt
REETIRINERAE S, DHERERPUTICR, =FHAME, WA EMRRR ST,

qniE 4-10 Fow, (EREXEUTIR, ERMEIERIE RGN LIRS, #t CPU atEMEH]. PRI EAE(E CPU
f—E, BEBREIMIECRRERA R, 4 CPU fRft sl & REE, (e R AR AHUTRCR,
TR/ D T R A R TR AR AR

| ¢ v
b -0
i TR

BRIZ3E REX

CPU

[ 4-10 BERE, FCIRESAIPREC [ B RS
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4.4.2 BRHEHENCISEEMER

TERCISRE SRR 75 TH,  FRAIASAS B 5125 B BAA SRR,

—J7iH, seiERbR AR, HE—BRC R RE S MRt s, R R B R s RE 500 (3 T RE S Ot
MMz, FEFIRTTRBEEHS, A ERIMNO 2 A 7 s B S ETRE RS T (FEED), R EReR =
o SR, FEAIFREE — O B R AR IR S, IS TR S BGERRR Y, S At 3R SR NI IR
RIS A, M, SEESERSIDL “HiE” ZBAOETEIRERC ISR piCmEI, fRAt T S RAYEETE I,

75, EREETR, BEE R W G BRI, IR R AR A LR Rk, (MR EGT
TRERAA ORI, SRR T, S AEZSESELREN A, Mk, SERHSIRITR
TR, TESHEHE A BLMER R, EA 5 TR IR,

4.4.3 BHEIBRVIRENIE

TREUHEAFE S A B B/ VAR IR, EEttiEiRG 2, £RTEE HEE =M EEAEN, JR
PR AEAR, REERF— MR MHET M ER, HItE CPU Balaifm i B AR, & 4%
A IREXKEH (cache miss), Itk CPU AMGAMER I EAR AL ISR H B TR &AL

BR, “DrEURaRTR” @D, CPU MiRRRHAIZCR MR, MACRE ey, BT CPU PRI h &
HUE RHK LA 25 IREXE 2R (cache hit rate), S EFEIRIE H FH A i SRR

7 T EATREER E mATRCR,  PRECE BRI AT R A M

- PRIRAT: PRI R BT R BRI DAPRIRAT 2 AL, AR EERR R T AR A (e, PR
BT R A= R

- TRIUEH: pEFLE G B STEN R R RS (BINNER G, EE P RGBS, AR E X
BRI SZREZ H, fEmET a2,

- R R EEER G, AR EHRER R ] RET I S, i, REERAR B
FHRE, tha s KNSR, PURmahR,

- IRFIERIRTE AR ARG, BB EAE N A R ARAR AT REFHR B, PRIRMI S — B, &
TRE BIL A AIB AR AE man

B L, EERGESS RSB PRI AR RA RN, 32 SR A DL %675 T

BRI B ST R BT R IS T S, S BN R T D,

- HIRET: BAEEHSIR AR A, TIPRER “HATI 19, IR SIS R eI 5,

UM BE5 RS R SIRIRDRI R B FTREIE”, EVARESE 5 0 H  EARAIERL

SRR BSBERTE S T, DRUECHERR DRI 0 54 T RE R B,
HORRTTT, BAELA RO B AT bR, DR AR L B BRSO, 150813 R A P
I, SRR EE R L,
TR, PR R BT 00 T AT B M. 0 P PR PR L5 1,
RS EL TR ACE ., I, WESIATSEAS PRI DAREE, Mo YORIASHE (RS @atin ), e
BRI R

AEMERRER, BITE PRI RS B BIROAEAR, [5 2 TR T O AR B e

HIRES), (XM ISR A BB S — A D,
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CAERERHRARF R, BhREMRE. HEBATENIR/ NG DALY, ARG R 2 BB A HE B T N S
S HR A RESIE B R ) AU A7 IR R IR AR N [RIRR 20, 3lf EL3E S 1 Peiis) i 2 7 2 A RS M BA S

4.5 Ih&L

1. ERSEIEE

- [EBIRNGRAS HR AR AR R, o BICRERHE St B R T R AR R A 77 5 A SR
R R, P ARG 8 B AR

- BSISZREREREAH, G HRCIRASEL D B ARIMERTRICR, HAGR RN,

- EASERSIEMENG I (GBI BB SRAERGTE A BLMER, Hal SRR, (HERGE R
%, (HHRCIERE R, W ARG RSB G CAE B Al B 51, BUR S # Y, EEh i Hsl,

- BAIEESRHE N E KRR TR A PR S, ARSI EE, R TSNS, [FRA] DI
BRI,

- HRAIRHBURIEEE & 1 AR E A, (HATREEE sl R s IR &

- BT, BRI TR AR, AR A SRR IR s R, s S AIfE R IR AR
BB ANEES,

- PRIBOZE R PREAT, TEIUMEHI DAK 2 [T s R AR ] s S S R LA ], 2% CPU 1R At PRIR BRI B ],
BE TR ST TRICR,

- HPARSIEA S A PR ar R, IR R LR RS S Ak, (R, BRI AR K
R S A 1A

2. Q&A

Q: MAIEFEYES EAFERE L, BRRERCENZE R R G E R E?
FEAFEAEE A _EAIHERE L YA A R IR S N, BRHRERCRE A —8, A, HEBNMHHEA
A BRI, TEMMESCL A FE,
1. ECATREINE . B2 — R/ NECIRRS, BCHhAReEay BETeRk; MR IRaEE S E R, TRUE
RS EIREL, EAZWE L, Bk, HERE R ECRTRE R IE H LHEE LAE,
2. R/DBRA: HeBEC RES B, HEABRI R/ N— RS2 RR A T RO IERS, A I MRS B8 i & {5 72 KA ez,
3. EEVEME: HEE RAYREHIR K/ N B SRR e, TR R ARSI A KN AT DATE B TR B BB A
Q: ZfHEMAERAFRIBIAIICER, W ESEA R 21 R AN A S A [ 21 e
PGSBS HET R, EiRREESIH B HEH, SEERA] AGEE AR E R, Fla int,
double. string. object %,
FHEH, FEFSTREREEERZRIN, ERAREE B BRE BB BT R E, flan, FEYFERR
& int f1 Long WAL, BE TR AIGH 4 AcsHR 8 e, HERAREAU TN ARG EREE T,
Rl a5 8 T i TR RE,

# TRCEREMN = FEERERA (BxRaEREu) + tRZRE x TRERS5
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Q: MHEREIES P12, BEFREH P.next &4 None WE?

AMEX P.next WA LL, 1% B SINIMEE, HHEERGEND R CETEEBTE P T, ERREHIE
P EASTEREAT ERAIFP MR 1, HERFERRS P FE MR AR A & bRl eR S A R

EERAMEEETR (B8 NARE, NEFRERGER, NEAERANGERZ EMOHTT. EERER
fEE, BFEMZ e, EEEINEW. GRAEE, REMERERARPOIER EI, R E &R R
RHEC IR A

Q: TEGEREHBIFEE \FIMBR R (RS R 2 O(1) o (BRI Nis A O(n) IHIENTE,
Zoft BRI 2 O(n) g2

MR RSeEseR. BMERTER, EEMERER O(n) . A, SEEHIH O(1) MM E AT DIEHE
fIEH] LIS 2IREE, BIan, EErafTH0E & 6 HSEss RS BB, IR — e BUn I am AR, 2
B, U BRI O(1) o

Q: “asL Y EREMEFE T P, REONHTHEEEESH — RSN E? BRI ES
fl5—2f:0e?
ZonEEREENRR, EEFRRNTEREEMEENET O,

- AEZIBIREEMENS S B2 AN ER, g int. long. double FIFIEYIHE,

- FEIESEREUG A P RO IR RS 2 /MR IR A I ESE R N s BRIR T e, K224 8 (otaHEk 4 (iotaH.
Q: TERFIREFIG TREARIFLIZIA L O(1) ?
EsEE RN EARE, RIFFEAEA LI, RAGHE IR, WEEBSINRE
TCEMGEIE L, ERHERFEEMEREZ O(n) .
Q: “HAIR B AHEE & T A E M, (HrlaBEBE B SEIRE”, BN EIREEIERES
WhrEEB AR, RE., EASEAT GG IRRES?
BHEAZMEETEEAMAESFE: —/AH, fFEgse—lvaRE, RMA—EFEREES,; 5—
i, 2 7RISR, WA Mg RA—ERE, a0 x1.5, Ef—K, tghBEeass, R
HARESEEEINE M,

Q: £ Python FF#ltAft n = [1, 2, 3] 1%, J& 3 EUCRAIMALZMHER), EZMEMLn = [2, 1, 31 &
BHEMEFEITRA id WA ZHEER, 225 n RRHEE, ELTRIMIEAES, TR n B2 E5)
W52

RUNAE Y T E R R A B A% n = [n1, n2, n3, n4, n5], J@EHEIEN NE 5 EEIEYE O EGET
fERUIBE AR, A, B —EHBEFIRS], BMBARTDE O(1) RER N ERER B DS aaE, fEmn 2l
HIERERS, &R E AP ZER S H, mAEEEAS,

SlFF 2 S AR, Python VBB DY, SHIPMENARET AL, MBS,
I, B S BB (A RS PR R B A R — M id, 3 IS8 AV RC RS A SR A

Q: C++ STL #lAY std :: list CACEB V&ML R, Bir G EHERE L AEEERENE, 21
R R A ERIREDE?

— 77, BEEE G ME R EBEETE, AR R A SRS E S, ERAmEER R,

- A HRSEICEFEWEREINYEE (—EBERET—ETE, —EHRE—ETER), A
std:: list @ std:: vector BEA5HZR,
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SRR KM HRBER AR EESATERN, Ft std::list B PREBAOA H R, — KB E,
std:: vector HURNBES H LT,

S5, T LS RIS TR e, e T A AR R GE S IR stack fI
queuve , ARG EA,

Q: #fEres = [[0]] * nZEp T —E 44|, Hifg—{F [0] &2 AIUE?

AR, WEHERSIF, BT [0] BER ERR a5, REFESH S TR, §3%5
FITE B TR0 & e 2

WA 4R A TR [0] BRRMEALRY), FICM#ER res = [[0] for _ in range(n)] ZKEH, EME
TR FEBE R T n (G828 [0] B4,

Q: #HfEres = [0] * nEpT —fE&S, Hrbf—E5E 0 482 BILHINE?

FERZHHIR, AT %80 AR —EY ARSI H. 1ER2K % Python B/NES GEFZ -5 2 256) $RH 7k
Wt e,  DUERARIER, TEMiRTHRLRE.

HEREMHERAE @Y, ERFUHART DIEZER SRR ETTR, 1EZ2R % Python RIEEUE “Fr]
BT, ERMEUSSEETTRR, BR ERURS S —EWFN5IHE, RS EEWEARS,

SR, EESITTRE “AIEYET N (BIanEY, s ERIGIES), BUOEETTR & BRI A S,
AR 5 PR TR A & 2 LM R B
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Abstract
HEBONFEIEBSET, TSRS S HERK
P 7 IR SE N1& AN S A5 Y A R B 1R
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5.1 &

& (stack) 2 —REIEC AR HEEH AT E RS,

BATR] DR HE B L 2 S B — Bt T, BUE SRR e —ait v, AREREH RS, AIRE.
i L EREROREE, TR T E R A SRR TR (WS, oo, WFsS), mies T HEisy
Qi 5-1 foR, FIHEHERBITRIVTHARE 2 “HEBTH”, IRHAEZ “HEBRR”, HHTITIONH 2 B THA
PERUPE “AHER”, MHERHEBTEOTRAVER(EI(E “HIHEE,

G NES NS HES S
stack push(5) push(4) pop() pop()

A

res | |faes

HERIE

5-1 HEBRITEARHA

5.1.1 ST BIRME

B E FHEREWR 5-1 Fivr, BRSNS IEA R ZMRBE A AR GE S AR M E, fEik, HRMAE RN
push(). pop(). peek() s 2,

R 5-1 HEBATHRAERNCR

ik 0k B TR
push() JEENMEE (HHIZEHEMED  O(1)
pop()  HEBTETEE: HiHem o(1)
peek()  HiMHEBIETH o(1)

WA, BT IERE AR GE 5 AR, AT, FLEE S n] R A SR AEEER, 8
PR ] U R%AE S RO “PA” B “GlAk RS EVEHEB AT, G AERE IR I s B S B 1 R 1
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// == File: stack.c =

/] C Rigftpoiesi

5.1.2 HENEIR

7 T RN HE A THR, BRIRE B S EBR (AR

HEBEIE e NRHAYIRR,  RI R R RECE B TEGHT S s BR TR, JRT, BB At 3 10K ] ATEAE TR
EHTFIMERTTER, AIEHER ] DA 2y — RS BRI RS sk RS, Hfuahas, FMTALL “Ew” fes sk
S RS ER 0 FERR 1R AE, (EES MR S HER IR,

1. BRtigiERIINER

(o P ST R S B BRI, AP mT DA SAGS R 8 OB B RG A A HE AR TH, R EIRGA Z HE ARG,

GniE 5-2 iR, BAAHERERNE, WA TN TR A GG RS EHER, ISR AR A\ TTIE A CBEET,
T tHHE BRI, R SR ARG I Sl 8 51 AR M R B ]

HEEDRE 4
IR EREERT TR
N1 e (@)
push(4) \
BT |
FRENR
N l T i 1 [ - I
EERRREERT | EERRREERT 1
RBIMRBRRED HMRRSEE
| }
EER EER
R
Step 1 Step 2
S
pop() MIBREREDRS
FRENRY
]
EEERZEERT i
HIMRBNED
}
J REE
Step 3

5-2 R IAGE R A BT T AR A A R AR L B PR AR

PUR /2B R fil 45 ER A7) B B v 8 ) s (91 A =S -
// == File: linkedlist_stack.c =

[* BRIEERTIBRAEDR «/
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typedef struct {
ListNode *top; // #SEEENRMEAEEIE
int size; // HENRE

} LinkedListStack;

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

}

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

}

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

}

/* FIENEERTAT +/
bool isEmpty(LinkedListStack *s) {
return size(s) = 0;

}

[* NHEE «/

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

node->val = num; /] EFRFINENELE R
s->top = node; // BEEIR
s->size++; [/ EFHEEXRN

}

/* SHEEERTETER +/
int peek(LinkedlListStack *s) {
if (s->size = 0) {
printf(" #HBH=\n");
return INT_MAX;
}
return s->top->val;

S

[x HHEE «/

int pop(LinkedListStack *s) {
int val = peek(s);
ListNode *tmp = s->top;
s->top = s->top->next;
/] EECIREE
free(tmp);
s->size--;
return val;
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2. BREFINER

(o P ) B AR, R AT DA IR R D 2o AR T, 41 5-3 o, MR B HE 4 4 RIS R
B R TR BN TR, R O(1) .

PN )
push(4)
R b mSIERE _
"‘“1 ]””“ / n ERE ggzv;w%zu
g EERREMET RE g g EERREMET a
n HrRBAEE n a rRRAEE a
a8 HRR a8 wrx 1)
| Step 1 \ o Step 2
e ) -
pop() H
ABMESIR TR
a EERREET] R n
n RGN EE a
- | ]
R
step 3 |

5-3 7 B3 B B AR A B ) HE AR R

H AR ANHEB AT SR A] RE & IRTECN B in, DRI BT n] DUE R EhRERES, ISARmEAEZE B 1T iR BR 81 i 2
DA R BlRE s :

// == File: array_stack.c =

/* BEREYIERAES «/
typedef struct {

int *data;

int size;
} ArrayStack;

/* EET %/

ArrayStack *newArrayStack() {
ArrayStack *stack = malloc(sizeof(ArrayStack));
[/ VEt—EABE, BRES
stack->data = malloc(sizeof(int) * MAX_SIZE);
stack->size = 0;
return stack;

}

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

/*x EEBUEEBNRE x/
int size(ArrayStack *stack) {
return stack->size;

h

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

}

[* NHEE «/
void push(ArrayStack *stack, int num) {
if (stack->size = MAX_SIZE) {
printf (" #HEBm\n");
return;

}
stack->data[stack->size] = num;
stack->size++;

hy

/* ERBERIETER */
int peek(ArrayStack *stack) {
if (stack->size = 0) {
printf(" H@EB=\n");
return INT_MAX;
¥

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

i

/*x HHEE «/

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

5.1.3 MEERYEH

SRR

e B AT SR B R P A TR, BS I BRSNS BB MR 1, (HIS it T B e s s, [tk
—A g,

RV ES

TESLTARRA A BB rh, N\ HEA AN A R (B 7E TR SE 70 FL A B AT IR e (T, B RGO PR EUA 1,
RIHRCRE R, AT, QR AHERRHE S A&, SIBEIas], SIS R (E IR ] 1 2 5
#0(n) .

RSB SINER A, SRS BRAIER NS, 7E LIREYER R R RCR AR, (B2, AHE
BIRETREGERY B RAIERE, FIPCRHERAR. T, WRAMEBTRA SRR,
JER] DA B ER, fEmie iR,
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iR LRI, B ONHER B HEBIRIE R TR B E AR AR, H140 int B double , FRIMTAT DA H DL #d

o

- RS BB A M SRR AR RCR G R, (HE IR R AR, PR i,
- R RS BB A B T DASE (A S AR AR R B,

e

YRR ESIR, R /BTN “WIaAR", ZARREEHEPRTXR; WH, AN 2R
TEREE (BN 2 £5) JEITHEAN, WABNARMATREE L ERT R, B, SORBEEE B HEE ] HEE R
—ERE IR

BRI, RS B S HTRG TR EE R MR (71, IR DLSEas R S R A FH 0 23 BRI SRR
ARk, TR RER B AR E DIRRE B B SN E A RO IERE, R AR R TUE T O

=

0

5.1.4 HERHBIFER

- RIS PRIB AT, WAPRRE BN, SERMERCTREE, RIS L EEEHR
TTAHER, EARRIMHLAT DOBIE BB BRAERI B b~ H, RIBRIFER LRESUT R, aRER
IRFSCHRFIRIB AT AT, IR FEE = 2 b 8 A AR 5 L L,

- PG P, BRI bR I, ZRAGEAT & 1 H B TEGRT 0 — (A HE B, PR AC B el Xy B R S M
FEMRIE PR 3NAR, 1A IR AR B & BT AHEB R, 11 [0 B R & N BT T H B R 1

5.2 {75l

175 (queue) 2—MHEMEL AJCHIRAIRIARIE B RIS, BAERE, (THIBHR T HERELS, RURA AT
IOAATHIREER,  TALFA T3 SRR A N2 BB o

qniE 5-4 FoR, BAAGRHTHIERRER (78", BEMA “THIRE", MTRIMASIRRERERS "N,
MR 721 & TCRAIRERE 2y “HIF7

1751 epd] H3l
queue pop() pop()
75IE [ /f
w51 |
i | /
F5IR [
AT N5

push(5) push(4)
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& 5-4 (THIEISEASC AR

5.2.1 {T5UERIRE

(THIRH RIRIEUNR 5-2 R, WEIEBRE, ARENESTELSHAREE AT, FIFE R
HEBMRIR 5 TR a4,

* 5-2 ATHIRERR

Pk ik R T
push() JEEAZI, EERMERSIR  O(1)
pop()  FFFIETEE A 0(1)
peek()  FHlEIFFIETER 0(1)

FefMr] AE R AR EE & R AT 51 -
// = File: queuve.c =

/l C KRitrE(rs!

5.2.2 {FHIRER

7 VEBUTY, TMTEEERG, T DE—umirlonR, WA —ImMERITER, S SRS R AT
BER,

1. BitigSsRyInER

qniE 5-5 Fw, BT UK SRS RS “HAEIRGT A “RRETRT 2RI “TEIET M YTIIRET, BUETS
FEERTHTHIEIRG, (78 E (T IHEREN RS,

e 4
ETET
A5
tr5uM Ll push(4) R
| !
5y
T | !
ERERRGREET ERRRRGRERT
HIMEBRATI I HINRIABITS !
a5 | R0
|
5IR L

Step 1 Step 2
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ﬁfpu() RPRRERRS
mow ()
L
B | EExmemnesn (- )
a HIMRRAT) I}
°
o

(- =

R
‘ Step 3

5-5 FERGESE RSB BUTHIR S S HR(E

DA 2 H i 45 B B B T R NS -
// == File: linkedlist_queve.c =

/* BERiEERIIBIRNTY «/
typedef struct {
ListNode *front, *rear;
int queSize;
} LinkedListQueue;

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

h
[* BRI */

void dellLinkedListQueue(LinkedListQueue *queue) {

/] TERRFREEIE,

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

+

/] TR queue AEHERE

free(queue);

s

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

h

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

I
/% N5 %/

void push(LinkedListQueue *queue, int num) {
// EERESEEFTIE node



5 E MO TS| www.hello-algo.com 96

ListNode *node = newListNode(num);
/] MRFH AT, BISHE. EEEsmZER,
if (queue->front = NULL) {
gueue->front = node;
queue->rear = node;

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

queue->queSize++;

hy

/* SHETHIETE */

int peek(LinkedListQueue *queue) {
assert(size(queue) && queue->front);
return queue->front->val;

h

/* H5 */

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

by

/* BIEMTH */
void printLinkedListQueue(LinkedListQueue *queue) o
int *arr = malloc(sizeof(int) * queue->queSize);
/] EBEAE RSPV E R EIRES
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. BEiMEFIRER
TERRF R E TR AR RIBARE 2 O(n) , EEESHFIRERCREAR. AT, BT AR LRI 2 77
AR E M8 T

A AT A — A2 Front FEMATHIE L RINERS, WAEE —H2 5 size FARTEITYIRE, EXR
rear = front + size, EARXEFHEHN rear 5FTHIEITTEZ BN F—EAE,

BRibatat, M S o RAERIER 2 [front, rear - 1], &FEER(EREBLTIEWE 5-6 FizR,

NFIERVE: 5w AT R IRIELS rear R 15, i size N1,
HARME: HE front BH0 1, MK size B 1,
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AIDAEE], AFIFIHFIERA X THEA T — R, RREERES S O(1) .

front {EEITIIETR 1. 5HEEIEE rear
rear IEEIFFIRTE + 1 2. BTHRMIEE rear &
3. 4% size B 1

rear = front + size

A7
push(4)

55
front > n front > n
w | a (5 [T 8 B s
a size = 4 a size = 5
a8 EERRRE] a -] EERRRE] a
HIMRBA T B HOMRIAITTI a
8 a
)\yu ] rear > rear >
(55U .
Step 1 o Step 2

1. 4% front B8 1
2. 1§ size BH 1

front > FHIRE

HIPRRBITT

a size = 4
RERREET a

a8

o

Step 3 7

5-6 FEAESIT BT I NS HIE

IRATRE & S5 8 — (R FERENET ASIMIHSIRERE S, front F1 rear HR7EIAIGRE), HEMEERH
FETRIN SRR RSP EN v & 7 ARDILREIRE, A AT DR RS %y B AR “BRIERS,

BRIV, AT EE front 8 rear TERUBMES ARy, B2 HAEMAESTEY] . ERIERIMTM
AR DOEE “HERRIET REB, B TR

// == File: array_queue.c =

/* BERIREEYEIRTY] +/
typedef struct {

int *nums; /] BRAHETH T =S
int front; /] THEEIE, ERTETR
int queSize; [/l BIE, fsafTyE + 1

int queCapacity; // FFIEE
} ArrayQueue;

/* EET %/

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

b
[* AR «/
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void delArrayQueue(ArrayQueue *queue) o
free(queue->nums) ;
free(queue);

}

/*x ERITIINEBE +/
int capacity(ArrayQueue *queue) {
return queue->queCapacity;

}

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

}

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

h
/* SHREMTIIETTE */

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

I
/* N5 %/
void push(ArrayQueue *queue, int num) {
if (size(queue) = capacity(queue)) {
printf(" {FHIEM\r\n");
return;
}
/] FETYEREE, EaTyIBERS + 1
/] FEBEERZIEEIR rear H@MES|EFE[CIEIZESE
int rear = (queue->front + queue->queSize) % queue->queCapacity;
// # num FIEETHIE
queue->nums[rear] = num;
queue->queSize++;
}
/x Wy %/

int pop(ArrayQueue *queue) o
int num = peek(queue);
[l TYEEEREEE— (i, HHBEE, ALREIZIESIZES

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

queue->queSize--;
return num;

}

/* R[EIFEFERFIED +/

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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DAL BEEUTIIARRA RIRYE: HREAREE, 2R, ISMERENEARDL, Bl DAKE A 2% Bl RE
I, Mg I NIEA WS, A REREE ] ISR BT EEL,

P B R LAt G B — 2, TR,

5.2.3 {F5Is#EFEA

- WEETHL, BYE N ER, sTERIAMTAIY, REMERERIRIER EHE T H T, £
i, FERENEEAERATE, S0 TR R EE RSO,

© OB, (EATREER UARET ThRERIS R, BINENRIERIERS (T, BRI TS,
(THIEIGLE G AT DUE ROt s AR B IE

5.3 £RT7l

AT, FFEREMERETE TR e BT ST R, WE 5-7 s, @75 (double-ended queue) 12
T E BB, AR AT TR AT SRR

S rryl FIIEANTI fFRIEHT!

deque push_first(1) pop_first()

fr5E \ /‘

Ll T l A5l

i | |

15

THIR AT THIRHF
push_last(4) pop_last()

& 5-7 EEE{THIRERIE

5.3.1 S£rTHIERIRE

B2 AR R EANR 5-3 FioR,  ELRBRYTS TR R R SRR i FH AR o8 5 AR E

%53 BEGTHRIENCR
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JiiE% fiipuy
AT RFEETE O(1
TR ETIIE  O(1
MER(THIE TR @)

push_first() (
(
(
MERITHI TR o1
(
(

push_last()
pop_first()
pop_last()

AT ETTR @)
A THI TR @)

peek_first()
peek_last()

Ak, A rT LB ARG S O ERNE AT HIE R
// = File: deque.c =

// C RitrE€m(Ts!

5.3.2 gmTHIER*

BT AR BB T YRR, n] DOSSFRGEAS FR 2 sl 411 20 R e Rl

1. BRtEmigismyInEIR

1R b — B9, Pl gl B A AR BT 4, R 2% e m] AT (M PR AR, G H SR AE)
FITE RS ROBT BT TR CEHB SR

BRERTHIT S, SRR AT ASIFI SRR, RAass, rfrd|RZ EE S — s ITm
AR, Zuitt, FRIERA “EErmGdaieRs)” 1E 2% B2 R B

Qe 5-8 7R, TR B v G A5 B 271 B SE R TR AR 2 BE T S BT S E A TS, TR R B B P S
AR B AL A T EE

FFIRAFI e 4
- push_last(4) IS ERERTIR
550 o5 TREDE FREDRS
w5l A5l 1N 1
ERERRS SRS ERERRS AR
HIMRBAEITF i HIMRBIA AT N
551 T lr;s-uz R
P ] ‘ N
res (@

175
Step 1

Step 2
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EER 1

T SRS SRR
1FFIENT fFHIRHE
pugsh_figrst(l) FRENRS @ pogp_laj()
1
- 3
B rexmesmmsss () a
a HIMRR AT 1 a
(-]
R ég
step 3 step 4 |
I
pop_first() TIBRFEERS
prn GD
a8 M
B =ExmEwamess (2 )
o e i
R @3
Step 5
5-8 FHAGEAS Y| BB T AR A IR E
BRI AR:
= File: linkedlist_deque.c =
// File: linkedlist_d

/* LrigsEBRyEEy «/

typedef struct DoublyListNode {
int val; /!
struct DoublyListNode *next; //
struct DoublyListNode *prev; //

} DoublyListNode;

[* BIEF */

BARL(E
RUERDRE
HiBEERS

DoublyListNode *newDoublylListNode(int num) {

DoublyListNode *new = (DoublyListNode *)malloc(sizeof(DoublyListNode));

new->val = num;
new->next = NULL;
new->prev = NULL;
return new;

I
[* MR «/

void delDoublyListNode(DoublyListNode *node) o

free(node) ;

}

/* BEREmigisRsgRNERTY «/
typedef struct {

DoublyListNode *front, =*rear; //
int queSize; //

} LinkedListDeque;

/* BHEF */

SBENRL front , EEIEY rear
LrTINRE

RERRESMEEET
WhRREAHRETT]

MPREEENES

- \}:a

A

0=0=1

A

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

}

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

}

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

}

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

}

/* N5 %/
void push(LinkedListDeque *deque, int num, bool isFront) {
DoublyListNode *node = newDoublyListNode(num);
/] EsEEEERYAT, B)S front  rear #BFEM node
if (empty(deque)) {
deque->front = deque->rear = node;
}
/] ATSIENTIR(E
else if (isFront) {
// #& node FiEEiEASERYTEED
deque->front->prev = node;
node->next = deque->front;
deque->front = node; // FEFEEENZL

}

/] ATHIR TR

else {
// #& node FEEHELERTIESS
deque->rear->next = node;
node->prev = deque->rear;
deque->rear = node;

¥

deque->queSize++; // EHITIIRE
}

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

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

}

/* SHETHIETE */

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

}

/* SEEMTHIETER */

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

s

[x HF */
int pop(LinkedListDeque *deque, bool isFront) {
if (empty(deque))
return -1;
int val;
/] ATSIE T IRE
if (isFront) {
val = peekFirst(deque); // E7FEEEIRAE
DoublyListNode *fNext = deque->front->next;
if (fNext) {
fNext->prev = NULL;
deque->front->next = NULL;
}
delDoublyListNode(deque->front);
deque->front = fNext; // EHIEEIZ

}
/] THIRHTHRIE
else {
val = peeklLast(deque); // EEFREEE
DoublyListNode *rPrev = deque->rear->prev;
if (rPrev) {
rPrev->next = NULL;
deque->rear->prev = NULL;
¥
delDoublyListNode(deque->rear);
deque->rear = rPrev; // BHEHEL
}

deque->queSize--; // BMTIIRE
return val;

}

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

}

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

}

/* BIEMTH] */
void printLinkedListDeque(LinkedListDeque *deque)
int *arr = malloc(sizeof(int) * deque->queSize);
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/] EEGEE R RER ZI =S
int i;
DoublyListNode *node;

for (i = 0, node = deque->front; i < deque->queSize; i++) {

arr[i] = node->val;

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

2. BREFINER

qniE 5-9 R,  BAELHR RSB THRAML,  Feffth ] DAGE FHERFE 81 A B R & (A 751

front IEMFHIETR
rear $EEIFFIRTR + 1

rear = front + size

1550
it ] lﬁ?ﬁ front » a fFIRE
a size = 3
ERERZ OB a
a HIMRR AR e
3 1 lwmz
N5 i rear >
155U .
[ Step 1 ‘ L
1. % front BH 1
2. WITRIME front B
3. 1% size B 1
BT

push_first(1)

front >

FHIRE
a sizle =5
n ERERZOERET
B HIPRRRRETT]
[ step 3
frHIEHEI
pop_first()
a
a
{ Step 5

EERRECERET
HPRRHRETT]

{FHIENFI

push_last(4)

a
a
a8
[ step 2
TR HF
pop_last()
a
a
a
Step 4 |
1.4 front B 1
2.4 size BH 1
front > FHIRE
size = 3

1. StHRIER rear
2. BTERMIE rear &
3.1 size B 1

front > fFHIRE
size = 4
RRERZCEMES
HWIMRRAYATTI
rear >
1. #§ size B 1
front »
{FHIRE
size = 4
ERRRZCEES]
WhRBEARETT]

5-9 FERIESI T B AT HIH AL HE A

FEATHIR BB b, (EFTHI “fTHIE A" 1 THIRHA [Tk
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// == File: array_deque.c =

/* ERIREEHERNERTT] +/
typedef struct {

int *nums; /] BREETT T RRES
int front; [/ THIEEE, BRTyETE
int queSize; // EIE, lsETyE + 1

int queCapacity; // T7I5E&
} ArrayDeque;

/*x BIEF */
ArrayDeque *newArrayDeque(int capacity) {

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

/] ey

deque->queCapacity = capacity;

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

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

}

/% 8RN +/

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

}

/*x ERERTINEE +/
int capacity(ArrayDeque *deque) {
return deque->queCapacity;

}

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

}

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

}

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

/] BEIBEEMEIEFEIRMEY S EAE

// & i #iBREY|EEEF, [EIFIEEER

// B i #iBfEyIsEEE, [EFIEEP

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

/* (THIENT */
void pushFirst(ArrayDeque *deque, int num) {
if (deque->queSize = capacity(deque)) {
printf(" ErFHIEm\r\n");
return;
+
[ Ty EEEREEE—L
/] FEBEERZIEEIR front HuEEEYESNEZ]EER
deque->front = dequeIndex(deque, deque->front - 1);
// #& num FMEEMTHIE

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

s

/* ATFIRNGI %/
void pushlLast(ArrayDeque *deque, int num) {
if (deque->queSize = capacity(deque)) {
printf(" &rFHIEMRm\r\n");
return;
}
/] ETYEREE, EafTyIBRsl + 1
int rear = dequeIndex(deque, deque->front + deque->queSize);
// # num FIEETHIE
deque->nums[rear] = num;
deque->queSize++;

s

/* SHETHIETE */

int peekFirst(ArrayDeque *deque) {
/] SHREEE. ERfTAT
assert(empty(deque) = 0);
return deque->nums[deque->front];

}

/* SHE(THIETE */
int peekLast(ArrayDeque *deque) {
// FFREE. ERTIET
assert(empty(deque) = 0);
int last = dequeIndex(deque, deque->front + deque->queSize - 1);
return deque->nums[last];

}

/* (THIEHY */
int popFirst(ArrayDeque *deque) {
int num = peekFirst(deque);
/] TS EiEERESE—iL
deque->front = dequelIndex(deque, deque->front + 1);
deque->queSize--;
return num;

S

/* (THIBES] */

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

}

/* REIFEFIRERTIED */
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 EmT7IER

B ATy AR ST S AGER, Kb En DEBUEME A INGR, RIRREEE wr E g,

BAMEDE, WEEN WS DIREEE AR EN: KRR SRESARIE push ZIMERT, ARBIBEE pop
BHUREH, A, SEEIRGEIRIIRE], #EhEE GREBEHR SR (BIUMERT T 50 2), EHEBRK
R 50 K, WRETHREEHEEBIIR ((THE) BUTMERRIE, (HHEREER T B, sEk 2 &
{rHIACHE R, AT, “HEH” RIRoCHBR R IEHE B R e ARIFERA,  FUREE A58 RES N 3R 75 ith
BHL—- LRI N,

5.4 /Mg

1. ERSEIEE

- HEERJE R C AR R RS, n] I Y A AR 8 AR B,

- FERFREIRCRT T, HEBRREE BB EAAES A PIRCR, EERAERET, BOO\HEB R R R
EEHNUE O(n) . HILZT, HEMRGHE By E B A E 2 RE R R,

- AEERRCRTTH, YRR BB RS R RN MR, (HREERNR, M E SR
EISERA =S il iti] = e 557 bave NS

- ATHIR A A S R RIR ORGSR, [RIAR AT DOEIE RS el A5 AR AR BB, IR 1 R0 A 3
RCRHEIEE b, 751 B Al S iR HE A O A5 SRR DL

- BATAR RS H AT, EARFEMmETTIT R AT AR,

2. Q&A

Q: BITITRHUAMEIRIRZE A2 B sl Hh S T

BIRTERAUATERIBIREAE B2 “HB” AURSEL. EMPFif — ek By, % Em & o2 g e, &
R BERIBAZ IR, 3% E I G IEE (8 A5 m] DT [ BB — L2 R MERAE, EME7E %A
(151” EHIH R,

Q: fEHHEERR, BT EREMHHEE R IERE?

QNSRRGSR Z A S L ERS, HIAFREREGEIERE, BB ATREME, Java Ml Python Fat SHEG HE)
B S, Rl A TR T ENRE LIRS 7E C A1 C++ iR P B REGL IR,

Q: BafryHG R MM B T ik, ERHRRHE?

BTyt G2 B (TSI RAH S e B PHE T, ERBIRZEHEE + (THIRERE, [KIRT AE B
BEMTHIR AR, A BN,

Q: i (undo) MRS (redo) HEEHZANAIEIIA?
PR AR, S A HTAIREH, HEE B AR SHREH,

1. FEEHEPIT R, FSERIERALE A, WESHERB .
2. BERPHT “HEH" W, CHER A TR BORRIERCE, MR AHER B .
3. BMPBIT “IBEH” W, (CHE B R BT IRE, MG HBEAHER A
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TERT B AR MBERNE—RENEEESHE,
REIN A EREDR, €T DAPREER R B A E .
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6.1 HER

&R (hashtable), XMEFIR, TIERETH key B value ZRIVEML, EHRSMTEEH, HEl
ma, FHMEMEERRPEMA—E# key, RIFTLAE O(1) ReRINEBCH ERIE value .

i 6-1 FiR, 4A7E n (E24, SE2AEE “Wa” M 2577 WiEEk, RuBRMAEER ‘WA
2a% RIS ENEA” EHDIRE, R ARAE 6-1 FRiEHER R BB,

HRER
hash table
25 key
| | | |
e value

BN—E25 key, TAHMESR value
HERPIMIBENRERES 0(1)

@ 6-1 HERRIMRER

BPRAEZRASN, FEEFD A R tha] IEBI A IIRE, EMAIRERBEINE 6-1 iR,

- OBCER: (EFRAOTRFIN RS GRS MR, A O(1) KR,
- A mRES] GRS ZEUTH, RLFREETHPRATR, A O(n) K,
- MR CER: FRELERDTR, BIEMY] GELGERY]) PR, R O(n) Kk,

*® 6-1 JTLREMTCRE L

PeHZY GRS HERR

s@iE O(n) Om)  O(1)
FatE O(1) O(1)  O(1)
WiiE O(n) Om)  O(1)

Blat s, TEMERFRIE TN E SR IEEDERR O(1) , FRER0

6.1.1 HMERTERHRE

MHERAH RIRIEAS: Pldafk, SR, b ERIMPREESSE, REEENT:
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// == File: hash_map.c =

/] C REFErEMER

HEZRRA M ARES T BT REY. EVEAETE, RO
// == File: hash_map.c =

[/ C RigftrEER

6.1.2 HERBEENR
WMseE B EREN, MM R B ER, EMER D, TR b 4508 23 o0 i 24
(bucket), HEMATEEE —(HEES, FEH, EHRERZIRE key BWIERIG, Y EAEHEE value .

AR, GUIELR key TENL B ERIMENE? JERIZBMRRT (hash function) BEHIHY, HMEZREAIMEHZRE—ME
TR A\ 23 RS — (i N Bt s ] fEARR R, WAZSRZATE key , WtH=RIRATER (51
RoDo HAEhH, WA—E key , BT LUZBMEZ RS key BHERISEFEE RS PR 70 B

A key , HEZREAUEHEEED 2L RS,

1. BEEFAEEZREERE hash () SHRISZIFEE(E,
2. MR EEEE (FYIRE) capacity BU, EMEHGZ key BIENIM (F5IZR5]) index .

index = hash(key) % capacity

BE1R, FIHEATDAMIA index fEAERRTRIHIBIEAIM, TEMER value .

R MH5 & capacity = 100, FEEEEE hash(key) = key, Z1S5MEERINA key % 100, [E 6-2 DA
key Z255H0 value W20, R T REZ R =AY TR R,

WA key #35| <37 W value

key value

a e

. S a3
37 15937

“/NER"

(1260 ICagl HRER | (e
key %100

— 76 —-{EF¥

@_’/ 83 10583

vee . e . ven . .

(’é@ﬁ?ﬂsﬁﬁ—ﬁlﬁfﬁ
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6-2 AR R AR

DAURRERIEER 7 — M EEER, H, &M key Al value BHEK— %R Pair , DAFRIRE(E S,
// == File: array_hash_map.c =

/> $B{EH int->string */
typedef struct {

int key;

char *val;
} Pair;

/* BEREFIBIRMNMEER +/
typedef struct {

Pair *buckets[MAX_SIZE];
} ArrayHashMap;

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

}

/* MR */
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

[* FTIZIR(E x/
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
[* MERIRIE =/

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

/* EEFRERES */

void pairSet(ArrayHashMap *hmap, MapSet *set) {
Pair xentries;
int i = 0, index = 0O;
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int total = 0;
/* FEBERREHBE +/
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;

}

/* ERFREH */
void keySet(ArrayHashMap *hmap, MapSet *set) {
int *xkeys;
int i = 0, index = 0;
int total = 0;
/[* FEBERREHBE +/
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;

}

/* EEVFREE */
void valueSet(ArrayHashMap *hmap, MapSet *set) {
char *xvals;
int i = 0, index = 0;
int total = 0;
/* SGEERREHBE +/
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;

}

/* FUENFEER 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 HEEREER
TeAE L&, MERXEREEITE key BRI A2 RS mLsI 51 TG 225 | RE R 2SR, s AZS
BRI 2SR, It BIGR E—E1EfE “ S\ BHRERRIG N BN,

BN EIRRGIFP AR, EEAR key RIAAHFIRE, Hik a0 aER AR, flin, EiR25E5
12836 #1 20336 HIMIfES ARy, FRFI1SH]:

12836 % 100
20336 % 100

36
36

niE 6-3 fin, MiEL2SEER T E— @4, SRR REN, FAPIHE S 2 MEm N\ B R — 1 RS
2% &5 (hash collision),

BN key #35| =37 &@itH value

key value

Y L

“ /s

— . 36 —|

@—// 37 15937 | “/hi@" \w
@// RERED 5@ 16750 | “/hE" \\m

key % 100

76 13276 | “/NiE”

83 10583 | “/hag"

s
e .

6-3 HEREZIRGI
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AT, WHERER n 8K, 2 key HTECEIFE —EMHAIMERMBE, ERHED, Fit, FRFITEL
EAA R AR IV HERE R

GniE 6-4 FR, JEARTHE(ER (136, A) 1 (236, D) #AMER, WMARERHEK,

BRRTE - 100 HREME 2 18 HERTE - 200
ERER key % 100 » HBEX key %200
EE] key value %3l key value

R
36
36
136
50
150

83
183

[E 6-4 HMERREAE

ARSI, MEREATNITE R ERE MR RER ZMER, IEWAER,; I HHRMERAR
capacity Hi%#, (MR ZIEBMER KA AR EHE BT RENRFEVE, SE DN 7 EFEENE
R, it, BAGESEEGHE R RNHERS R, PIHAEHRA,

B#HEF (load factor) BHRERI—HEEMS, HERSMERITRBERDMEE, HREEMES
RIVFEERE, WHIEMRRRANMRIRRCE. BI0E Java b, EE&HK -8R 0.75 K, REERMER
RIEAEIFICH 2 15,

6.2 HRMER
RS, WA PR R AR R, IR AR SR R R, e,
B M, R A MEIA RO, AR S O i3

MERER G EBENARINR, BREVEMZRIATANE. & T RRZEE, SEBSMRERR, M
TR R, EEERHRS L, T RMEEZBAR, HMEKK, RAEREAHREETRE
AR B ERT R, 2 THRTIRCR, TAMTR] DASRA DA T 2,

1. R RAHERERERE, SRR RN DU BUME G i 58N I3 LA
2. fEERERE, HVEMEERERER, A HPUTHERIE,

FMHE RGN R TR s A “FCE L,
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6.2.1 $E((Ink

TE MR, AR ERER T —(ER(EE, B4 (separate chaining) ¥ B8 TC R B 2 HELT ER A,
HESEE B A AT ER S BTG, RS P 48 AR 1 SR 1 SR (B S ol A7 AE R — A BB AR, 1) 6-5 Jrom 17—l s A
HEAERRAIBI T

=3l =7 TR ERT (hMAREN)
- | OEH-0E

st it .
@Jﬂﬁ?ﬁ%@—f@ﬂ.‘ﬁ%
5,

020

)
w
~
=
w
~

R aaFEHRTE o

750 850
BRI key % 100 7'6
?ﬁﬂﬂﬂﬁlﬁﬂ_ key :

6-5 SRR

FR A B B REE RAIRIE 7T TR 34 T DU MK

- BEICE: WA key , KEMERNBENRS], BIRTFARSEAS B IGHETRS, IREE 5SS BB 2 I
Lt key DA R HAZHEES,

- Wi BB R R AT AR Y SEEN RS, MBS ETES GREE) HrilgEss By,

- WIBRICER : ARIRREES R X AG SR R A BR A SR, R R A RAS B A AR 5 AR G 0 R L PR

SN AE DL MRFR S

- AR S ER S S ETRGTEER, E A ELES B ke B A e

DA RECHS 4G H T S U MR R A R B BB, R TR R

- FERES (BREMES) RAE RS, EmE RIS, EErRE T, MRk () &2,
TpfEtmEr 2 — A5,
- UTFERGSHMEREA L BAORETEE 2 5, RMEEEREATIREN 2 15

// == File: hash_map_chaining.c =

[* SEAEERTIENRL «/
typedef struct Node {
Pair *pair;
struct Node *next;
} Node;
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[* SENIAEER «/
typedef struct {

int size; /] BELHES
int capacity; /] BERARSE

double loadThres; // MEEBEANEHEFEHE
int extendRatio; // ¥EB(ZEX
Node **buckets; // #&@[E5!

} HashMapChaining;

/*x BHEF */
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;

}

/* MR */
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

/* BERET */
int hashFunc(HashMapChaining *hashMap, int key) {
return key % hashMap->capacity;

S

/*x BEEF %/
double loadFactor(HashMapChaining xhashMap) {

return (double)hashMap->size / (double)hashMap->capacity;
}

/*x BERIE %/
char xget(HashMapChaining *hashMap, int key) {
int index = hashFunc(hashMap, key);
/] FEHE, BXE key , BLR[EEE val
Node *cur = hashMap->buckets[index];
while (cur) {
if (cur->pair->key = key) {
return cur->pair->val;
5
cur = cur->next;
}
return ""; // BXRILE key , BREZFEH
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}

[* FTIGIR(E x/
void put(HashMapChaining *hashMap, int key, const char xval) {
// EBHETFEBRER, JITES
if (loadFactor(hashMap) > hashMap->loadThres) {
extend(hashMap) ;
}
int index = hashFunc(hashMap, key);
/] EHHE, HBEIEE key , BIEMHEE val IR[E
Node *cur = hashMap->buckets[index];
while (cur) {
if (cur->pair->key = key) {
strcpy(cur->pair->val, val); // BBEFEE key , BIEMEE val WiRE]
return;
¥
cur = cur->next;
+
[/ BEZ key , BISBER L EHRLELTED
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++;

}

/*x IBERMER */
void extend(HashMapChaining xhashMap) {
/] BEE#ER
int oldCapacity = hashMap->capacity;
Node **oldBuckets = hashMap->buckets;
/] BRIERERINMREER
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;
[/ BRESUERERRES AR
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;
// FEMECIERE
free(temp->pair);
free(temp);

}

free(oldBuckets);
}

/* RIBRIRIE */
void removeItem(HashMapChaining xhashMap, int key) {
int index = hashFunc(hashMap, key);



How MER www.hello-algo.com 118

Node *cur = hashMap->buckets[index];
Node *pre = NULL;
while (cur) {
if (cur->pair->key = key) {
/] WEHRmIBRERES

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

hashMap->buckets[index] = cur->next;

}

/] ENGEEIERE

free(cur->pair);

free(cur);

hashMap->size--;

return;
¥
pr
cu

cur;
cur->next;

e
r
I

/* SUENFEER */
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");

EFERR, HHASHETIRER, YR O(n) R%E. WIS RSIRS “AVL B 5 4%
B, QTSR R R R B O(logn) -

6.2.2 FELE

BIRMELE (open addressing) o NEEAMURRHERS, THR2BIE “LUURN” AEMMEEER, HlARE
TAFEGIRT. AR 2 UOE S,

NI DA PEIREE 00, 4R B BCE A R R0 T AR,

1. B4R E

BIERE R EE D RV SHGEITIRN],  HaR(E7 iR @z R A oA &,

- BATER: BEMERAGREWRS, SRBEMNCATR, AEERMCEARRIET (PRERES
1), EEHEEDE, RTRmAHS,

- AR ARBUERER, MNEMAMRS REORETRIE, ERIKEIEETR, &M value HI
Al anFGBEISM, SN EETTRAEMERERS, IRIE None .
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[ 6-6 Jon TRABCE L (BRIEIRE) MERRIIES i, RIRHAERERX, REMAHFR key #&#E
BREHFEIAIA, THEBSIERE, CFMBRIRGEE T EZN LA Z R HIRH,

=3l = 47

00 <
BARELL 01
SRR, $RA 1 02

wu N
=] S
S S

w
S
g
E

76 <
MR key % 100 77

EMAEER key
BREMWRER

N -} (=)
~ ~ ~
o o o
ﬂ a = :

78

~
~
o

o
~
(=3
see
a l

i 6-6 BARBCEHE (BRUHRE) MERRIVSEEE 2

R0, BPERER S AL “RIEBIR”, AR, RS HRA B, S B R R E
REJATREVERER, TEME— D ez A BRI R, TERCEIEERE, SAREEOHMENRIERCR AL,

EREENZE, WPIFREAERBOENEGRI T ERMERTR, E2 R & MPRTER & £ RS N 2L — 24
None , MiHEAHMITERR, MIERERZEMMEIRME, KItEZTN 2 NTRAEERpIRE], 2]
RERRHIELLICRAMFLE, WA 6-7 Fvro

#al =37

01 500 | D |

76 < | (0 [ 1 ]
flBRITE 876 “ 2%,

77 -m
MEEERTIEZ THRET -

78

I 6-7 AEFBUEHE BRI R B A R
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% TRz, BAM AT DAERF MBS (lazy deletion) #l: EAREZIEHZERTPERICE, MMM
8L TOMBSTONE 2REZE st iE i, 1E5%i%H] T, None F1 TOMBSTONE #RfFRZ3AH, #Fnl DUREHE Y, BARH
H52, AIEIRES| TOMBSTONE RiERZ LA RN, NAH Y NrIREIBTEER EY,

SRIT, TEMHRR BT GE € MR R UREIR (L, 15 2 R 2 B IR BRI E AR & 2 A4 — (EMIERA AT, BE3 TOMBSTONE
FBG I, SRR e, RARERE TREFRZPkiE 218 TOMBSTONE A REHKEI BEUTER,

Zitt, FBEGMEREFFCEBZ M E 1 TOMBSTONE RS, ik =200 B2 e H 5% TOMBSTONE X
NE, BRI R EE R EHRESEIYTRR, TR SRR EEEANE (RAEGE) HIiLrMm, ¢
M L EFREE,

AN ER T — A S WMMERAFERCEN: GRIERE) MER, & T BNl AR R=M, 3K
MR FERREE—E “BRIEMEE7, Eio@fy| BN, [ESIBE R E T,

// == File: hash_map_open_addressing.c =

/* BELHER */
typedef struct {

int size; /] RELHEE
int capacity; /| BERRE

double loadThres; // HEEIEAMNEHEFRIE
int extendRatio; // BEMEEH
Pair #*xbuckets; /] 1&ErES
Pair *TOMBSTONE; // fhlFRiZ5EE
} HashMapOpenAddressing;

/* EET */
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

/* MR */
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) ;
¥

/* HERR */
int hashFunc(HashMapOpenAddressing xhashMap, int key) {
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return key % hashMap->capacity;

s

/x BEEF %/
double loadFactor(HashMapOpenAddressing *hashMap) {

return (double)hashMap->size / (double)hashMap->capacity;
}

/*x 8 key HEMRERS +/
int findBucket(HashMapOpenAddressing xhashMap, int key) {
int index = hashFunc(hashMap, key);
int firstTombstone = -1;
[/ HBERE, EBITHREPL
while (hashMap->buckets[index] != NULL) {
// EBE key , REIHENERSI
if (hashMap->buckets[index]->key = key) {
/] BzZand% T MkRMER, AiSREHBEEZERSIE
if (firstTombstone != -1) {
hashMap->buckets[firstTombstone] = hashMap->buckets[index];
hashMap->buckets[index] = hashMap->TOMBSTONE;
return firstTombstone; // REZHHENFEZRSI
¥
return index; // R[EIEZRS]
¥
/] EEERIBEIMEERPRME
if (firstTombstone =— -1 8& hashMap->buckets[index] = hashMap->TOMBSTONE) {
firstTombstone = index;
}
/] stERZRE|, #HEEIPALREIEES
index = (index + 1) % hashMap->capacity;

+
// & key FEF7E, BIREFTIEFINES]
return firstTombstone = -1 ? index : firstTombstone;

S

/% EEIRE x/
char *get(HashMapOpenAddressing xhashMap, int key) {
[/ BE key HEMNFERSI
int index = findBucket(hashMap, key);
[/ EIXEIEEE, BIREEE val
if (hashMap->buckets[index] !'= NULL && hashMap->buckets[index] != hashMap->TOMBSTONE)
return hashMap->buckets[index]->val;
}
// EREHREFE, ARETFEH
return "";

}

[* FIEIRIE */
void put(HashMapOpenAddressing *hashMap, int key, char xval) {
// EBHETFEBEER, JITER
if (loadFactor(hashMap) > hashMap->loadThres) {
extend(hashMap) ;
}
/] 2 key HEMRFES
int index = findBucket(hashMap, key);
[/ GBIRFIREE, MEE val WiR[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;

+

[/ EREHREFE, FNLZEaEH

Pair *pair = (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++;

[* MUERRIE «/

void removeItem(HashMapOpenAddressing *hashMap, int key) {

}

// #E key HEMNBESI
int index = findBucket(hashMap, key);
[/ EBHERES, MERRIZETLEEE

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--;

/* BRMER */
void extend(HashMapOpenAddressing *hashMap) {

}

[/ BEFRE#EER

Pair **bucketsTmp = hashMap->buckets;
int oldCapacity = hashMap->capacity;
/] VR IBEREINIMEER

hashMap->capacity *= hashMap->extendRatio;

= hashMap->TOMBSTONE) {

hashMap->buckets = (Pair #*%)calloc(hashMap->capacity, sizeof(Pair *));

hashMap->size = 0;
/] BRESHERERRESHHER
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) ;

/* HIENFEER */
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. FHEHER

TR B AR R IR AR, FRR BT IR RIS 2 —, IR, 7T IR 2 i Bk —{E
SERPEL, TEBGE “HRERERTTT PR, B1,4,9, .. 8,

PRI EEEA RS,

- P RRER ORI BT 7T R, SRR AR TR A R IR,
- PR g PR E R B S AL, ABINERMS N A,

ST, PO IR AR SE SRR,

- MARGAEREBSR, IR E AN B EAR A,
© RPN, PR REA S RIREER R, ERWEIEERR AN, RN AT RE
HIRFHEE,

3. BHE

B A, UGG IEEH 2 EEER [ (2). fo(x). fa(z), .. AT,
- WBATEE: EHEER £ (v) HEEE, AER fy(v), DULERE, E3RES0BEATE,
- AHCE: EAFERGEEERIEY R, EEREEETERDER; BRSO s TE ik
BER, ROMEERDAREEZTE, HBEME None .

BARRVEREMLL, MRS EARE, B2 MR E G ARBIMIE R,

Tip
EE, FcEat (BYERE. PRI 2GR MEREGEE “TREEEMERTR” RHE,

6.2.3 ENESHEE
FRERETEE 5 PRI T A FIRAER R E BN, N BRI,

- Python $RABABCENE, it dict fEARREMEOEIT RN

- Java R4k, B JDK 1.8 DA%, & HashMap NSRS 64 Hilss s REZET] 8 Ik,
i RS R L KR DR T R RRE

-+ Go tRASEANE, Go BUE BRI 217 8 M EY, @A RANER MmO, EiRhAmE2
IRF, EHIT IR FEIE AR, DARECRSIAE,
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6.3 MiEEEE

AP B4R 7 FER R A AR A AR SRR ER 75, AT e 2 B ioE kg 2 g XAk, e RO
MR DE SR R R AR, ek DR R 3

NSV E SRR S, MEBERIOAEEIG 2R S, WiE 6-8 FR, BRBENAAFERR, BARND T #
E¥IS D HTE SR, ERREERRCR, REEDN A R 2R —EfTh, R
= O(n)

fETfatiRR
B{EER:
T REHTHOHESERD
RiffEE 0(1)
RERR:
REH2EOMEBRERT
R 0(n)

[ 6-8 e S R I BL 22 1 L

SEFBI M TE DL HE G AT . [IEAER R ART AP B, JEatRAERE, BRI R U

index = hash(key) % capacity

BIRDLERS, ERHERAR capacity [EERF, MEZERIA hash ) & T E, EmRE T #(EHE
MEE R DL

EREWE, 2T REMEERREMR, RMEEREENEPEREEEZE hash() RGN L.

6.3.1 MREFZNBER

& VBB CHRRT WRRRRERR, MEREETAE A DU TR R,

- MEETE: BRMHEIRERA, MREEIAEAAR RN L SR RERE AR R R AT SR,
© ReRE: AHERERER R RS, SRS, MRERE AR,
- Ao R EIRE TSR E R G MR R . RS, MR E SRR R,

B L, MEREEIERR TR DR EBRR R, BRI AR H AR,
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- IR 2 T REMAEEBNLE, REEE NG ERH T EHENISCRER, TR ERE
RE, ERPmAESR, REEEMmANES ERRE, ARG TFIMREEI TR, RN
DLEC, JREEE SRR 7 IERE,

- BRIEREPERRE . EORMENXTT A] DL R O RER (B R H — [RI R U5 P DA TR AR IR Y
BRI (E, SRR RMER EDET L, WSRWE TLAE, AR R 2 e,

BINET2AHRREM, 2 7RI ORER (S R i e TR, MR TR A SR L
2R,

- WRAPE: SRS MR (RS BRI\ R (T
- PiblEEYE: FEEMEEHEIM AR, E S MRREEERE R,
- HRORE: AR B OB B R TR AR

AHTER, “BA T BOCPRERETE” RMMEENRIREE, S A i e PR, BN, fERERE
WA key &, HMEZERN key % 100 r] DAELEG MR, AMaxiREERSNEE, FragmcH
FHY key SR HABMHIE, RIHEFRA AT DR A 2 AR E R P IR key ,  PETIRR M TS

6.3.2 MREFEZENRE

MR IR R A2 — AR S B 2 R R EARE, RN mAsR, B haERE—L&
fE B AR IR T,

ARG EHE AR EHE TR ASCIL BSEITANN, S IR AR 2R R

ORI FIRBRIERSHHBNE, SRR AR, AT IR ASCIL ISR MR A,

- HFERMEE R RI R T RE 8 B B R R AR AR E,

- S R E TR ASCIT WS R AR —EME R (ES, SHREMZ ATAR & B R (T heE 5o,

// == File: simple_hash.c =

/* &R */
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

[* AR */
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;

}
/* BERSHEE «/

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;
}
[* TEEHEE «/

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;

h

B3, SEEREEIRNRE —PER B REE 1000000007 B, DARECRFEZELE SEAERN, E
SEBHR, A BRI EEIE, &S S BUER SR 2?82 — AR,

Jea e SERIRHBE LB, AR R EREE MR AR5 i, A2 B B U B (7 A%
B, n] AR/ R U R e T 2 2R AR 5K, P S AR 2R

BEG T, PR S E O (R, Bnl DI 3 2ERR, AREERTA T ABE 3 BERRAY key &1 & #HBE] O,
3. 6 B =MEHHEE,

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,... }

GNEREA key TEUF N CIEMESF Z ARG RL M, JREERER(ERL & HBRHEAR, TEminEMER s, B,
{5 modulus BB 8 13, HIA key il modulus Z I RTEEAKEL, Nt A ENY IS
HgaTE T

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,... }

(EfFFIARTE, ARAESRR key BRI A, AREOEREBECE SREL BRI, EfTahe
HES A MEIFERE. TE key R M EEIEIMER, BEBIEER S HBRELR,

MimE 2, RMEFEREEEAESE, I HEMESRIRHA, DUEATREHPREIIMERR, fETHHEzR
FIRRIRR RS
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6.3.3 BRERERZ

AEEREE, DB EMER AR LR M, IR A ISR EIAN S B, B, B
RN el e s, DRI ANTARER A B siiR Sk L oy A AR RHEE AN FI R 525, 35 ] RE & s
BER, A5 2iE,

TR, TRAMEHE G H — SRR E D, Hla0 MD5, SHA-1, SHA-2 #1 SHA-3 %%, B{MAT DUKHE=
RN BRI E R AR (E,

IE— AL AR, MR IR RAE A R R AR R, — BB N BRI AE T R RUEE,
o — R N BRSO R SH R AR L2 EME, R 6-2 on 7 EEPREM H RATHEE
Hike

- MD5 1 SHA-1 EZIREREIRE, Rt eMpsE 2 e EmEm.

- SHA-2 ZHIFFE) SHA-256 B Z ERTMIRERIE L —, IRHBRIIHBERREG], KR HESHEZ
S Bk R,

- SHA-3 ¥ SHA-2 RYEBIFISH AR, sHENCRE R, (HHEHEZEE NN SHA-2 &5,

* 6-2 W AR ER

MD5 SHA-1 SHA-2 SHA-3

MR 1992 1995 2002 2008

5]

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

& bit

MEEE 0 R Ly E4 R> RD

%

ZRE AR, CHERYIEE K, EWIIR & =

5 £

&M BN, AR  EER INEENZ D, Brsa RSN SHA-2
# %

6.3.4 HR4GIEIVHERE

TAALE, HMERRA key A DUZREEL, /NS HBEERIRA, BGE 5B G RE BRI BRI
FEEED:, FURGEHEARERTRIMERS]. DL Python 26, FfMa] DAREIY hash () BAREH AR ALY
BIRTHEZ(E,

- BB M ERERER AR S,

o TR T ERRUAER E ST R A R, A RSB RIETE R BT

- TCAHRMERER HH S ETRE TR, KRG EMRER SRR, S2HE —REE,
- PIPERORER RN AR O A K, BB E R WIERIREE TR, ] EBE RN AL BUER(E,
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Tip
LR, ARIERGE S R NEFREEE R R XA E A7 E R,

// == File: built_in_hash.c =

// C KIRMHPE hash code EI

TERF 2 EAGES T, RAREYEA P2 R key o (RUNFRIMKEHS] (BIRERES) 1E% key , HH
FIMIN A3y, ERERENRE %5, FMERERERPERZFIER valve T,

HER BTV (LLansas S S ENRG) AUR B BUR TS, (HERnIERR. TR APk RaE
ARG R, RIEYIRRIN A A TEME, ([BERECIEREAIENEE, MR ENRE NN,

ADODRIRATREREBIE A R TR, @ MR ER TR, JERE %A Python HESERIREL
By, A& 2 HEEREUMA —HRERAIEE (salt) i, ERMIARTAERI 1L HashDoS K%, 1271iER
HEEN 2 2,

6.4 &L

1. ER5EIEE

- EA key, FEEREEMTE O(1) REINEHS valve , RORIER &

- W RRUMER R IR, R, MERSB RIS HER R,

- MEREIUR key BIIRZSFEAIZRS], TEMTRIFHE EAEER value o

- MEARFEIR key FIREFEASBAEZR MRS EIHFEIAISIRS], EEERGIRIEE, MBS
RER,

© O MERERAERR, MEERIMEHURR, BT DO B IR AR RAGR RS R, By A
L, FEZREARERIFHIRA,

- BEETERAMERTOTREERDNEE, /T HREROBRERE, BAEREMERES
S

- SEECAIHEEE S BT R L A A FR A, KT BT R G R — AR ER 8 b, SR, SEAG RS
B R G RERARRCR, Al DO — R Sl Ak 5 51 2 AL R R AR R R

- BABCEALIERE 2 DRI AR AR @ R, MR EEHEE SR, SRR NEMERCR, A% ELER
%o ZUUHERE M 2 MR R FUEITIRI, HESRMERE T EARE, HSEMREAS I 7 5HE
Ho

- AABERGESHER TARRERRES, #14, Java i HashMap I #AE, 1M Python B Dict
PRABACE I

- IERERRT, B EMEREEEE AR, SRR MR, RS, MREERE
W% EL AR AN S5 AR

© MEREEREE R KE B AR, DR RE MR EIS G M, s MERE SR,

W AR A RS MD5, SHA-1, SHA-2 f SHA-3 4, MD5 # RS R ek, SHA-2 #
PR 22 2 8 P B ko

- EAGETEE BRI BRI EMEREEER, ARG EMRERT MRS EEER T, A
SV IF R RTHER R,
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2. Q&A

Q: MM IR REE (M 2 O(n) ?

BAEAM SRR, FEAR NI @B E O(n) . BHEE R R, AREEHR
S EIEHBOTEING, BERIMEREE O(1) o TR S IO AR, 7 2R A R R 2
o(1),

Q: R EAMIMAMERN f(r) = 2 B? BRRAFEERT,

£ f(x) = x MBI, SETREEME—AUMRT], SRESSEE, R, A7 8 R
] (SRR, HIHMERRIRE D ETRBEYR R, RaEhE, MERRE BN — 8RN
R REZS R — R N SR, R O(1) ERRCR,

Q: MERIKEEBZMES, GRS, o, HERM BN DI Emle?
B, MRRIRRRCRES, EEEPEREIRT ., MREAMHE iR ER,

Hk, FURERIEMEA S5 PR RIRCRE & T a05R— (8 S RERES7EAH [R] 4R 46 e S (o P et 371 i 5
SIEHL, JREER LR RE R, EREAMERN G AR, REEMENEBUEE R,

A%, FEERRIRREME T RERAE S, FIAEAE, FRIFTEREESEAE B 51 sRAL R A rh T &1
78, REIRILE O(n) IR ERE,

Q: ZRFHEATREEFEMBRITRAVEIEIE? AR 2 T MR 2 T AE A R U5 ?

Z UK EBACE LR — R, BRBCEHETREA N REE R MIPR TR AVEAE, FEEIRLMER, a2 E PR
Az T DARHREE . B e sRim MR AR, I H OB R iR s ESE RL 2 CMPRAO A, By, %A E AT DA
BOFTTCRE M. ERRIMELRE LRI AR RIIRH P I8, RERAMER R A SRR,

Q: Rt BEERIEIRET, EHITRIIRHRE HBUERERIE?

AR ARG AR bR SR BB B AR S (S, 328 key NILHE, EMARAMEER, Fitt, HRIEHRE
RERBTHICRUE NP RARRE N, EEREE MRS E S s R Ry 1k

Q: 7T EMERRIEA RS R AR E R

HEZR R AR R — PR B YR n B (R, R ER SRS MEN,; EEAR, MR
J& n SEAESMY, T key BEMIRS BRI REZE LML, [FUTEER AR ZE key , EEBIRATREEHIINC
FZfatmb, Em EBRE E R,

Q: GHERZ T ESAIAFER, AREE B F s ANy 1 WS ?

EER key BHEGN/NEETRER, HERMMESIEN], fES% HE key BHMRA] (Bla05H) K,
HLR EFE MR R TR key BB IHSIRSG], FIEBMIRSIGKTLR, ERVGESHELZHZRR,
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Abstract
SRABFEWAEM S, RIREX, 2R,
TARMER T &R RE,
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7.1 —ciE

—7oi (binary tree) J2—REARARMERRIAM, AR “HIL” B “RAT ZMIIRERR, B8R 0%
=7 WG, B ERYIEE, —UTEEARITRER, SEERAUSE,. RS ARG ETE
ElLiEE

/* ZITHIENEAEERE «/
typedef struct TreeNode {
int val; /] EnE4(E
int height; /] EEEE
struct TreeNode *left; // AEFEIELIEE
struct TreeNode *right; // AFEIELIEIE
} TreeNode;

/* BET */
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;

FHEFEEAEMMES I G5, 2AFEAEFEE (left-child node) Fl#AF&iB: (right-child node), #%HiZ,
VRG2S P T Ei B AR EES (parent node) . &G — M8 ORI ETESIRE, R 5% S BS 0 /2 T H B M =
DA BB BT AS 2Z FBE A 748 (left subtree), RIFEAT{SAFH (right subtree),

fEoehivh, BREEEEGSE, AP iR AR R, G 7-1 PR, WERAE HTES 27 AR
iR, R/ HEIRGANAG FETE B TR 47 R0 “HIRE 57, LR “HIRG 4 SO DU NETRE AR,
HrE “HiRG 5 NHE DU EIRTE A,

— SLENRE

binary tree

|
Eq-fy wfm

A aFH

ANV
WVivivi

[ 7-1 AQEIRG, FHIRE
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7.1.1 ZcistsE Ri:E

TR H AT EE AN E 7-2 AR,

- IREAZY (root node): AR oI TEERIEIR:, RA XHI,

- EEEIE (leafnode): A THIBIAVEIR:, HMEFSEEIHEN None .

- 1B (edge): HEAMEEIBSAYAREE, BNEIRGSIH (FEED.

- HIEEATERIE (level): ETHZJCIENY, RETEIIEES 1,

- HIEEMIE (degree): EENMFHIEEMVEE, E o, ENBUEEERZ 0. 1. 2,
- ZICBIEE (height) : AR BT BL 2 s BEET RGBS I LR,

- HIESHIRE (depth): (AR BT RGEIE% 2L R4S 8 B Y B

- HIESHIEE (height): {ERERESZ EBGEOE I BEET S 2 RX BB P RB 108 1 B

RENRY
S

gL

¥

et
[}
=

TR

7-2 TR E R R

Tip
AL, RIMEHEAR “SET M T TR KRrSREE", (B8 EM TR HE
Fay “BREREE", EEENS, SEMREREEM L,

7.1.2 B IRE
1. ¥tk

EESE R AL, B eI LRy REEES I (B,
// == File: binary_tree.c =

/* WA _soht «/
/] VIIEILENRE
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TreeNode *nl = newTreeNode(1);
TreeNode *n2 = newTreeNode(2);
TreeNode *n3 = newTreeNode(3);
TreeNode *n4 = newTreeNode(4);
TreeNode *n5 = newTreeNode(5);

/] TEREEZENEIE (5%
nl->left = n2;

nl->right = n3;

n2->left = n4;

n2->right = n5;

2. HENSRMIBREDRY

B R AL, (£ TR P A\ SR H ERETRG ] DOZIB B SRR EEL, (| 7-3 At 7 —Es .

HNEES THPREDNES
ni.left = P nl.left = n2
P.left = n2

(& 7-3 1£ e A\ B ERET RS

// == File: binary_tree.c =

/* HENERMIBRERRY */

TreeNode *P = newTreeNode(8);
// £ nl -> n2 HREENELE P
nl->left = P;

P->left = n2;

/] MIBREREE P

nl->left = n2;

/] ERECIREE

free(P);

Tip
REERRR, AR ARG TR A A R TR, T I R R 1 5 TR T PRk B A
FTE R, BRlit, 7E—Jofirh, MARMERER 2 H —EREL SR, UEIA BRERIERE,
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7.1.3 ER_TEEE
1. TEZiE
NiE 7-4 AR, SR 5okt (perfect binary tree) i fEETBEHI W2 21N, TE523E —okirh, BERTREAEE

B0, HERFTEEBIOEES 2 ; HHEER b, BIEEAES 2T — 1, REREEEIRIEGR, R
Y B RS AR R R

Tip
AR, TEFPSCHEEAD, SE38 TR R 2 — ol

SEFR T
perfect binary tree

(iR R —Toh)

FRE FE R B REET S

7-4 SEFEITh

2. E2k

W& 7-5 iR, Se2 7okl (complete binary tree) {8727 i K /E B A2 2N, HRKENEBL0HE
AEBAGRIEFIET, HiEE, TR ITHtE—REe =ik,

SEeiTH

complete binary tree

REEHREAET, EtEEREWEN
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7-5 eIk

3. Mo

qniE 7-6 Fw, sTm—roit (full binary tree) BR7IEHEIRG AL, HERFTA EIRGE A mifE 1 ERG,

/ \
/ \ FEm_ i
full binary tree

FREEIRGEIEEE 0 = 2

7-6  SEim ot

4. FE

aniE 7-7 Fior, F#Zsoi (balanced binary tree) AR EIEGHY A FRIFIAS TR0 & 8 2 Z A EHE A&
B,

d=-1
7 o
d= 1/ d= 1/ \ balanced binary tree
d d= d-=
’ ’ ’ R EFMEE - SFHEE - d
/ \ I TP BRERE [d] <1
d=0 d=0

7-7 V5 ook

7.1.4 ZHEanEk

[l 7-8 R 7 s BARAS R BB AT, H TR RO BN RGO, E R ek ol miERT
A ERE A — IRy, —ITEHRRy “SEAEET,
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- SERITRHEBERNN, AIDAE T Coie” MR
- EESERSIRIE G —E, A TEIRIEARAE 2 R, IRRIBEEREE O(n) o

4
N P
S\ /
4
i ] / B
FeE ok iEAEERT|

[ 7-8 eI (A B AR 2R A A
R 7-1 FrR, EREGHENRZGHE T, —ofiERREE, HRRE SEFERIAESR/]ME,

R 7-1 TR R A B AR 2 A

SER ek A
5 1 JERIEN R B 211 1
FE A h B 28 1
HIES h R 2k — 1 h+1

ENRAREO n OBIASE log,(n+1)—1 n—1

7.2 ZiiiEss

TEPHAS A AR, KR — RS ARSI R BRI M, RIS 77 sURIE B FE R MR I E R AR
i, e —IERRIE R R, IS ERRS LR S ER S E A, RS E L,

el RAES R EIEE R . BiEE . PREETTBEE S,
7.2.1 EBIFED

WwilE 7-9 Fi, EBREE:R (level-order traversal) fETEEREE SRR G ER ook, WifES— iR £24A
JIE 7 7 e i
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JEFEFAE FBIREEBLEL (breadth-first traversal), tHWIHEEEE%LIES (breadth-first search, BFS),
TR T R rIMNER” REE T

RERTED

EFED ?ﬂﬁE.ﬁW%

B

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

7-9 ZITMRIERER

1. EARER

BEEESERNERFED “TH” AREBL, (THEE “JoEseh” fEA, R RIEE
AURIAN, E EIRE SRR, BEEREET:

// == File: binary_tree_bfs.c =

/* EBFEEH */
int *levelOrder(TreeNode *root, int *xsize) {
/* EEENTE +/
int front, rear;
int index, *arr;
TreeNode *node;
TreeNode **queue;

/* EEEN(TH +/
queue = (TreeNode **)malloc(sizeof(TreeNode *) * MAX_SIZE);
/] {THEE
front = 0, rear = 0;
[/ MONIRER,
queuve[rear++] = root;
[ B —ESY, BREHEEFEERFS
/* EEENMET x/
arr = (int *)malloc(sizeof(int) * MAX_SIZE);
/] FESIIEIE
index = 0;
while (front < rear) {
/] FXF R
node = queue[front++];
/] FEEEE
arr[index++] = node->val;
if (node->left != NULL) {
/] EFEIRANT
queve[rear++] = node->left;
+
if (node->right != NULL) {
/] BFEEANT
queue[rear++] = node->right;
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// EmERENE
*size = index;
arr = realloc(arr, sizeof(int) * (*size));

/] FERREEBhES =R
free(queue);
return arr;

2. EHED

- WERIBGRIEZ O(n) © A EVBNMEITE IR, BEFT O(n) WSR, o n sk,
- SBRIE S O(n) « {ERZEWIR, i IoRies, EHSRE 2, (75 R 2R
(n+1)/2 fEi%, 58 O(n) 2.

7.2.2 BiFF. HFF. BFEH

HER, FiF. PR ETE B RERIES (depth-first traversal), HWAREELIES (depth-first
search, DFS), 'EREI T —fE “SoER|HUE, HEHERE" mEF 7

7-10 JE7R T B I URHE TR TR A I AR, SRR SR R S TR TR B —
W, EREERAEESI=A0E, DRBERTFEN. P ERNERT E.

def dfs(root):

"R AR
4 if root is None: return
: @ BN AT
dfs(root.left)
@ EFMAETE, BEHHETFHE
dfs(root.right)
@ EAFHMEHMA, HEE

‘q 4 R ;
/' HFED (7 @ RHBMmE)
S e A 1,2, 4,5, 3,6, 7
»: p: i RIFED (& © EIHDE)
2 e 4, 2,5 1,6, 3,7
BEES (5 @ EpmHD)
4, 5,2,6,7, 3,1

i

& 7-10 —JciSBIETF. . Ry Ed

1. FARER

R SE i R B
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// == File: binary_tree_dfs.c =

/* HiFFE */

void preOrder(TreeNode *root, int *size) {
if (root = NULL)

return;

/] EREELIER: REE -> £EFE -> AFE
arr[(*size)++] = root->val;
preOrder(root->left, size);
preOrder(root->right, size);

I
[* HREFET */

void inOrder(TreeNode *root, int *xsize) {
if (root = NULL)
return;
/] hREMBEIER: AFE -> RER -> AFH
inOrder(root->left, size);
arr[(xsize)++] = root->val;
inOrder(root->right, size);

h
[* BFEEF */

void postOrder(TreeNode *root, int *size) {
if (root = NULL)
return;
/] REEKIER: £FE -> BFE -> RENRS
postOrder(root->left, size);
postOrder(root->right, size);
arr[(xsize)++] = root->val;

Tip
RS A] DIEOIAREE, A BEAEE n] DLEITI7,

[ 7-11 J&oR 1 R 7E R o RNRIEIERE, Az “B” " RE A e,

1 “B” FORBABCHTTI%, FEXTEHERR T —E iR,
2. " FoRMFGRE], AFRERTEIR CASHT A28,

X\\\L B: BRER
Y : BLEES

A A

‘ Step 1 Step 2

‘ SRS (@ MBI < \ f
” N y 2 * - N > ‘ y

iB: AR

@: @ e

HIFFER (7F @ Rk
1, 2
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Step 3

s

2

iB: ETE#E
@: EEEH

HiFED (E @ EaRIER)
1,2, 4

B: B
a: ke

BiFEN (7 @ MR
1,2, 4, 5

B TR
@: e ke

WIFFES (5 @ mRIE)
1,2, 4,5, 3

iB: TR
@: @ EE#H

WIFFEN (F @ ERIRER)
1,2,4,5 3,6

Step 11

s

B AR
a: e

HIFEN (7 @ RTRIER)
1,2,4,5,3,6,7

7-11 R ER AR E R

iB&: ATERE
@: @ EE

HIFED (£ @ EiRIEE)
1,2, 4

B AR
&: AL

HIFFER (7 @ RiRIER)
1,2, 4,5

B ETRE
&: mLE

WIFFED (7F @ EiRIE)
1,2, 4,5 3,6

i#: AR
@: e e

WIFFED (7F @ Rk
1,2, 4,5 3,6,7
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2. EHESR

- BRI 2 O(n) © FTEEEREI R, @ O(n) F,
- SHBRIE S O(n) « (EREWIR, HBHEL AGEEEIN, EEREES n, KM O(n) H
Iz,

7.3 ZifEdIRT

TEFEAE RN FOR T, ZIoRIREE T2 8%, TreeNode , HilGZ MIBIBIEEMEL, F—HiN4 TGS
FIFOR B TR A R TEE AR R,

AR, FeAFIRETS FIPES AR —oekifle? A58 HEhl,

7.3.1 RRFTETH
SEAT— B B M, 4T — MRS T IeR, TR T SRR R T A S O IE T B — MR, I
1] B S R D — [ B %) 225

R A R, TR DA A B2 5 | BT BB IR B A X" s RSk By i
H O A BB 2 20 + 1, AT TEBEARSI 0 2 + 2 o [ 7-12 JRR T A EEEE | 2 R
e

e N
SN e
PLUIVPL T s

HFHERARS]: 2i+2

7 8 9 10 11 12 13 14
b5 2RR — o

HRGERS| @ 12 3 456 7 8 91011121314
BRFESFR
& 7-12 523 e RIREA R

B2 O E R SESTERSTRRER S D GEED . Ay R EEE —(aEnRs, BMERAT DOEE B A
AKFHENE (G) FHiR,
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7.3.2 RREEZHE

SER TR ARG, £ TRt EEE R P AERT 2 None o HHIRJE P 7ERT - FINE AL EIE2E None
IR A 1B S A None RUBCRAN ZMIALE, TE RS A7 1E 2 M oA Rl AT iz v Wi )y
8

qnidE 7-13 R, A —HRAEsE R oo,  BIRMSIRORTT TR EAE KR

ZFY (E5)) LM —thRmt o

EFI#ES] 0 1 2 3 & 5 6 7 8 9

[ Lz l1]2]3]4]6]7]8]9]12]as]

[ 7-13  JE 7R 78 B IE S R T Rl e

5 T TRDRICRTE,  BRAPTn] DA R AENE e L s S h U A None o 4NIE 7-14 FIDR, ERERER, &
e B A A] DARE— 2R ek 1o RIS
[* ZToRHETIRT «/

/] R int RAERCEM, FRILEREREERES INT_MAX
int treel[] = {1, 2, 3, 4, INT_MAX, 6, 7, 8, 9, INT_MAX, INT_MAX, 12, INT_MAX, INT_MAX, 15};

10 11 12 13 14

ZFFT () mIME—RmIE o

fEFIF=SI © 12 3 456 7 8 91011121314

msery (@000 0000 © @

i
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7-14 AEEAIR oS RoR

ERHRANE, 582 JuhHEREGEEMESIRER, FEE e _JTEiER, None RHNBIERIKE HEEH
AINLE, BRI None —s& tBIENE )P EFITFIRA R,

ERME SRR 2 iR, A DUEISREZRTA None , JARHTT6E. 1B 7-15 At T —fEHI+

BERESFT (FEF)

ERTETH
AR ETFE

EBEEHFS (FE5)

8880808000

7-15 SEE ITRIIREEIRIR

AN B T — BRI RS FORE ks, EA5 DL R A A,

ST HLERG, EECERE. £ CB) THEIRL RHIR
EHGTER. e, RFE. ERFETF,

// == File: array_binary_tree.c =

/* FEHIRR TR ZoitEEeE «/
typedef struct {

int *tree;

int size;
} ArrayBinaryTree;

/* EET %/
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;

I
[* HBERE «/

void delArrayBinaryTree(ArrayBinaryTree *xabt) {
free(abt->tree);
free(abt);

}

/*x BIBRE %/
int size(ArrayBinaryTree *abt) {
return abt->size;

}
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/* EEZFRS|A i EENE «/
int val(ArrayBinaryTree xabt, int i) {
// BESMR, BlRE INT_MAX , RKR=I
if (i <0 || i >= size(abt))
return INT_MAX;
return abt->treel[i];

I
/* BRFETH */

int xlevelOrder(ArrayBinaryTree *abt, int xreturnSize) {
int *res = (int *)malloc(sizeof(int) * size(abt));

int index = 0;

/] Bk

for (int i = 0; i < size(abt); i++) {
if (val(abt, i) != INT_MAX)

res[index++] = val(abt, 1i);

¥

*returnSize = index;

return res;

}
[* REBFTET «/

void dfs(ArrayBinaryTree *abt, int i, char *xorder, int *res, int *index) {

/]l &A=, ALRE
if (val(abt, i) = INT_MAX)
return;
/] BiFFE:R
if (strcmp(order, "pre") = 0)
res[ (xindex)++] = val(abt, 1i);
dfs(abt, left(i), order, res, index);
!l HFEEH
if (strcmp(order, "in") = 0)
res[(xindex)++] = val(abt, i);
dfs(abt, right(i), order, res, index);
/] BFE:H
if (strcmp(order, "post") = 0)
res[(xindex)++] = val(abt, 1i);

h
[* HIFES */

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;

I
[* HEFESH */

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
[* BFEF */

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 BRLEMRIRE

TR RIS SRR A DL R

- BB A AR RO IR B S R, SPPRECRSE, WA BRI R R
- ATREGHFEE, s,
- SRR REE I TR

SR, FAIFOR W A — L2 fRIR
- BB R RO AR R IR R S R, DRI ENE & (el 7 R R RO

Y TR TR T A A SRR R R, AR,
- TR ETE AR None [, BB S BRIEE OR LR BR, 2 R I,
7.4 —igsHE

anE 7-16 Fizr, —ciE34 (binary search tree) i & DA R,

L BRARETR:, 2T ATA TR RIE < RETESHIE < G 8P ArE IR RE,
2. (EREIRSHYE, A FRHiE —orias, RIFEBEN 2T 1. .

ZiRa

binary search tree

7-16 —ori4 =1

7.4.1 ZciESERVIRIE

A T S 2 & —(E 48R BinarySearchTree , YWiE & —fEK 548 root , fRIAMBIKIARETES,
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1. EENES

#E HARETESE num , A] DURIE oo SRR E S, Qi 7-17 PoR, BIES —EHR cur, £
TURAARENES root Hi3E, P LLELEIRSE cur. val H1 num ZEHIAR/NETR,

# cur.val < num, #PHEEEIEE cor AT, FIEETT cur = cur.right,
#icur.val > num, @HiPHEEEIETE cur FETEH, FIEBUT cur = cur.left,

- #icur.val = num, FAAREEARERS, Bk R AR,

E=RasTEnEl O e L TG )

O 0 & o b 6 4 @
L dbabds NIVIVE
00000000 00000000

a-pamrEmnn (@) E-rpsmrEnny @)

é o 0 o o @
AR ARAR
000000066 00000060

Step 3 Step 4

7-17 s MR E RG]

—oni S B A E IR (R B S T RTAR TR B, AR B HERR — - 1E . T R R 2 2 — T
MUERE, B ook, B O(logn) R, ABIFRRESA R :

// == File: binary_search_tree.c =

/* EHEIEE +/
TreeNode *search(BinarySearchTree *bst, int num) {
TreeNode *cur = bst->root;
// EEEH, HBEEL
while (cur != NULL) {
if (cur->val < num) {
// BEZETE cur MUAFREIG
cur = cur->right;
} else if (cur->val > num) {
// BEZEIEETE cur WVATFRIR

cur = cur->left;

} else {
/] REEIZERE, BKHEE
break;
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// REIBIREE
return cur;

}

2. HENERRS

M AR AT num, 2 TOREE TS e TR < IRETES < AT AOME, WAL E
7-18 FiRe
1. ARHARAGCE: BUAGIRIERIL, FORENRG IS, RIRE ATERSERN num FVNRRIEE R s, B

FEETEETRG CERZE None ) RBkHHIENE,
2. (ERZACE NGRS WIAGILETES num , KERZERRSETL None UALE,

E-rpamtE DS @

pre
2. EZUBENEE @

#1T pre.right =

7-18 AE—JrAE I A ERS

FERAMERT, TEERDITHH
- DouS B R EEER, SRR TR, B, SEmAMBERTHEEE, AN RTHh

A, BfERMEL,
- Ry T EBUBAETE, FRMFEEEDHEIR pre M7 LB R AETR, SETEETIZE None IRF, FRAITATA

JEEEI L ACHTRG, 1 e A B A IR E,
// == File: binary_search_tree.c =

/* WENEREE %/
void insert(BinarySearchTree xbst, int num) {
/] EEAT, FIBIRER,
if (bst->root = NULL) {
bst->root = newTreeNode(num);

return;
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TreeNode *cur = bst->root, *pre = NULL;
// EEEN, SBEMEBE
while (cur != NULL) {
/] XEIEEREE, BiEHRE
if (cur->val = num) {
return;
¥
pre = cur;
if (cur->val < num) {
/] BAMNETE cur BIEFRIF
cur = cur->right;
} else {
// ENGIETE cur WIAFHG
cur = cur->left;
¥
¥
/] ¥ENEREL
TreeNode *node = newTreeNode(num);
if (pre->val < num) {
pre->right = node;
} else {
pre->left = node;

}

LA, AR O(log n) R,

3. fHBRERES

JotE R h AR R HARETRE, FORIEMIPR, B AETREEL, RMFEAFEMBRRIEERIR, —ouids
B TR < AREES < AR TEEARNS, R, FPURRERER THREE, 70, 12 =
MEIRDL, HUTHIERIMIPRETR R,

GniE 7-19 FoR, ERHNERETRGAEE Ry O K, FROZHETRZIERTR, 7T DAEREMIER,

E-iestnRDE ©

00000000

cur

1. EMSHIREE cur v EIBE cur WY 2. EHiEMBR cur BIET

THIMBE = 0 1T pre.left = None
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7-19 fE iR PRETRS (E%0)
qnie 7-20 FioR, ERFINBRETEGAEE 2y 1 IRe, KRR N R B R 2 H - B RG R

E-eamERDE ©

v HiRE cur B9 2. # cur BIRAHFER

1. BRI cur FHEHE - 1 S e = T

7-20 fETTiESrhimEREIRS (2 1)

ERAMERETR A R 2 Iy, FRMEEERMIRE, mFREEH —(EERTE R ER, BN E R Tl S
ETR < REH < AT ROME, Rbtis I8l BUR A 7R R R AL R N B OK B
(e RS G TR R MRS (PR E R —(E RS, RIMPRERERTAZAE 7-21 s,

L KB MBRENRSE "R ERIFA” o —EEIRE, 2 tmp o
2. tmp FEE S RFIHERENRGAY(E, WA HIREHERETRS tmp o

E=reamaReE (O EoEaETREs 0

s )
1. EWFRIFREE cur 1. EWSRIFREE cur
/Q\ /@ B8 cur MFMIHE - 2
L =3

e ﬁ jm ﬂ ﬂ @ fi>W§§ ?u:“éﬁgggﬁauﬁﬁ nex
b I\

@)@@@@ \/@@@

[ Step 1 \ Step 2

= D LT ) e L LT )

1. EHBRER cur \\ 1. EWRHBIREE cur
v EE cur WFEREHE - 2 he /Q v B cur WFEIRBE - 2
2. BISEDRE cur HASH: o y & @ 2. BIRSERE cur HASH:

(1) & cur EHFEHIRMETEE nex . € . . (1) %) cur ERFERHNRBIMES nex
(2) EZTHFIEEHPRER nex (2) FEZTHPIECHPREDRE nex
(3) H6HERRS nex {HFRAAERE cur

Step 3 \ Step 4
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7-21 fE—TiEsEhmpRETR (% 2)

R VSR ORI EE O(log n) B, FCsias e MIREBAATE O(logn) WM, JEEF A5 A
T O(logn) WM, RHVEAET:

// == File: binary_search_tree.c =

/* MIBRERL */
// BRBINT stdio.h , MEREXER remove RAE:A
void removeItem(BinarySearchTree xbst, int num) {
// EBfiAT, HiERHRE
if (bst->root = NULL)
return;
TreeNode *cur = bst->root, *pre = NULL;
/] BEZEN, HeEMEEE
while (cur != NULL) {
/] EIRFMIBRETRE, BiHEE
if (cur->val = num)
break;
pre = cur;
if (cur->val < num) {
/] FMIEREIZEE root MIAFHH
cur = cur->right;
} else {
// FMIPRETELTE root BYEFiEH
cur = cur->left;
¥
+
/] EESMPRERL, RIEZR(D]
if (cur = NULL)
return;
/] HIERFRIBREIR R T E FEIR,
if (cur->left = NULL || cur->right = NULL) {
[* FEIEEEZE = 0 or 1 %/
/| BFEHE = 0 / 1 B, child = nullptr / ZFHEIES
TreeNode *child = cur->left != NULL ? cur->left : cur->right;
/] MBREREL cur
if (pre->left = cur) {
pre->left = child;
} else {
pre->right = child;
¥
// FEGIEE
free(cur);
} else {
[* FEIREEE = 2 +/
// EERFEESFR cur BTN —EEIE,
TreeNode *tmp = cur->right;
while (tmp->left != NULL) {
tmp = tmp->left;
¥
int tmpVal = tmp->val;
/] IECMIBRETRE tmp
removeItem(bst, tmp->val);
// A tmp BZ cur
cur->val = tmpVal;
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4. HEEHERF
GniE 7-22 fiR, ZIoBIHRERIEE fE — R — 57 WEFIER, o T SBhN e IR < AR
iR < AFHIEE BRNER,

ERWEAE oS8 TR RN, SR GERICET N RN, e EEENE: o
HaBh R E TR THF .

AP EFHTHPEE, BRIMEZ TS EEA B RHER O(n) R, SZDETRIMHET BIE,

FEH =L

RSP EESFT]

2, 4, 6, 8, 10, 12, 14

TERAF

W EEE,
ENRETE @ BEHEAR

[ 7-22 —eissH T E S

7.4.2 ZiESBRRE

M AR, BRI @AY s T S, BURAR 7-2, i S B0 TEIR VR IR R MR L AT
R, BARE Heiikat. RATEREHY, OAERMPRERIFISRT, M o a8

SR,

R 7-2 [ B S R R B

Eii35 L TR )
##rE  O(n) O(logn)
AR O(1) O(logn)
MiExT®E  O(n) O(logn)

EHARTEIT, —oriEfhE “FE” /Y, EHREAT DATE log n il 8 N 2 5 (R R,

SR, ANSRFAAE e SR e A B el AFIHIBR RS, AT REES I TRR (8 7-23 FosrIsEss ersl, 18
R AR AR R A @RI 2 O(n) o
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o o
0000

ERNrcie S

plaa i o s

7-23 —JufE=fhRIL

7.4.3 —iESEERER
- FAERGHRINESRED], BEHEERNER. AL MR,

- AR R R SRR R E B R,
- HREEFERT, DREEA IR,

7.5 AVL ## *

£ ol EETPRMIER], EZREARMPRRIER, —ooaE I RER DA R, EERE

WR, BRI ERE S O(logn) %1E% O(n) .
WIE 7-24 i, SEOERIRIRETEHRIE, ST e fE L A s,

o o 0

@ @ BISEORS 5 @ BIRSERS 3 @
o o (N - o

B B
T o B ol el
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7-24  AVL SHEMPRETRR R AR

FEGIN, TEE 7-25 FroRiysese ookt el A M E TR R, B RRER A A2 R, AR AR e
1o

[\ [\ [\

NSRS 2 HENEE 1

Bt B
FEETTH Fg—i il i

7-25 AVL e A HRR IR AR

1962 4 G. M. Adelson-Velsky #1 E. M. Landis 7 & X “An algorithm for the organization of
information” HH2H T AVL#S, GSCHEEARR T —RVR(E, HECRTERHENTEFIMBRETRI®E, AVL A
IRk, P S SRR AR A RESTE O(logn) AN, HRAIEES, 167 20 BB T Aok
AR, AVL BHREGGARREF e BRHRERRE, AR RIFAIIERIEIE.,

7.5.1 AVL #& RA5:E

AVL iR —ooia, 2 Vi ook, FREEEWE _TBITaEE, FitE ST —oess

(balanced binary search tree),

1. BESE

HIHR AVL RAAAHBA B0 S I TR =, (R IR TR 0 BB SE BT hedight L

/* AVL WIEIEAAENERE «/
typedef struct TreeNode {
int val;
int height;
struct TreeNode *left;
struct TreeNode *right;
} TreeNode;

/* BHEF */
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;

“HIR ST RIRCRZEIRE E A RIEIERTRG MR, RIATAGEAT BT MEE, FERITEENR, EH
M2 O, TZSEIBRImEEZ —1 o TRz 8 TR, J5 7l A8 HOR 8 37 6 Bh A v

// == File: avl_tree.c =

/* EEERSE */
int height(TreeNode *node) {
/] TEHEHEES -1 , ERMEES 0
if (node != NULL) {
return node->height;

h

return -1;

}

/* BHEEE %/
void updateHeight(TreeNode *node) {
int 1h = height(node->left);
int rh = height(node->right);
// BEEEEFRRETEHEE + 1
if (th > rh) {
node->height = 1h + 1;
} else {
node->height = rh + 1;
}

2. ENBAFHREF

HIEEHTFEEF (balance factor) A HiIB /A T RIS EIREA TRV, [RIREER @ 23 #1851 SR+
F5 0o FRAMERAE B BRI RE B HE AR =X, R

// = File: avl_tree.c =

/* EEFEEF */
int balanceFactor(TreeNode *node) {
/] TEEFEHEAFS 0
if (node = NULL) {
return 0;
}
// BHFEET = EFEEE - ETEEE
return height(node->left) - height(node->right);
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Tip
PR T2 f, RI—ER AVL SR ERERA PR S weE -1 < f < 1,

7.5.2 AVL e
AVL BHORFEEIER el M0E, TREMIEAR S E B R EE S FAINIRTIE R, (310 i, & Bk iE
5, MATEER, TOEMRIEUEREORER “ TSR MTEE, WAMERIENIEL R TR,

BT A EHE > 1 AOETRERE 2 “RHTEITRET, MURETRRHT IR AN, DEEHRIE o A PO e
FEle. SehleR e, SeiEleR G, N AN A IS L e R,

1. Kt

e 7-26 FR, BRI AR T, (ERETRE, —JoihEEAHEIRE “ERG 37, BB DAk
B R ARETRE ) T8, TR R%EIRGRC 2 node , HEFHIBGRC child,, T “HHE #fF. ERARER, ¥
BHRIE VA, Sl BASSRPR —oei= B AR,

ES i / 2 \ / \
; - BAGESAET I
/ ode HEIREEAEES node
HAEFHEES child

/1

Step 1 Step 2
\ e e / \ R R
enavs (@)
1. Bl child A%, % node B /[“}\ 1. B child A8, # node B
i
& 2. A child BRLET node BIAIE
o R
/Zh;h}\ ; LR, BT HERRETY
node

Step 3 Step 4

7-26 HhERIEAER

WiE 7-27 fir, BB child B4 5% (524 grand_child ) B, EEAE A e HE —4: # grand_child
1E% node B9/ T-Hii%E,
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A
/ grand_child

7-27 £ grand_child A HERAE

“mGieE” 2R, BE EFEREERBMEEEERER, BB IR
// = File: avl_tree.c =

/*x BHERIE */

TreeNode *rightRotate(TreeNode *node) {
TreeNode *child, *grandChild;
child = node->left;
grandChild = child->right;

// A child %/RE:, #& node MGEHEE
child->right = node;

node->left = grandChild;

// EHEHSE
updateHeight(node);
updateHeight(child);

// RElEEE T HENREE,

return child;

2. khiE

FHIEH, IR IR TR BT, RITREATIE 7-28 AURIY “fchie” #RIE.

M @
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7-28 FrliEiRfE

[, @ 7-29 for, SR child A4 FHi% (2% grand_child) I, TREAELIETHHE—F: ¥
grand_child f£% node BYA T-EiiZ,

@ P @ BT

e \\
o o

A
grand_child \ \

7-29 # grand_child A HERAE

R DABUER S, e A ie i e 2B B, eI R R T Dt AR AN, LR
M, BMRFTHATRN BB E R left B2 right, #TART right Bz left, HIFITE
B e T B AR 2 U -

// == File: avl_tree.c =

/* EBERIE */

TreeNode *leftRotate(TreeNode *node) {
TreeNode *child, *grandChild;
child = node->right;
grandChild = child->1left;

// BL child %&JREL, #& node [FAIZZhEs
child->left = node;

node->right = grandChild;

/| BmEHEE
updateHeight(node);
updateHeight(child);

// R[EIhEEE FRERVIRETE,

return child;

3. Scikheikahe

AR 7-30 FRRYSCHTETES 3, (A HEak A Bl M T RIS -, MR child AT “AEle,
¥ node $/T “HIE
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% child #1T @ ¥ node 1T
EhE HiE

o

7-30 SefehEetg e

4. FchHhEEihE

qniE 7-31 R, B EIRLH TR AL, FREICH child YT “HHE”, 3 node BT “ZENE

/// BHETE
)

O ivor OO

KhE

7-31 JetihEfR ke

5. hEiSAYEIE

il 7-32 ORI PR B IR DL AR BRI IE, DhlTERAGEE. e ale. JonieR/iche. it
HNEE
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FAhE F*AahE
s &ane #AEhE B

& 7-32 AVL VYRR e E i

QUTRARAIR,  FRAMIZ 8 I B ot B R -1 R 5 DA R e v — M T B RGP A 7 A TE B3R, AR SR R
JERE 7-32 FR RIS L.

R 7-3 PUMEHEE SRR R

KEGERGHPHIA 7 FEIBSACERIE T EERARIEE TR

> 1 (Efwk) >0 filie
> 1 (Zfm) <0 JelE R A e
< —1 (i) <0 FElie
< —1 (ffwt) >0 Jetiliei% e

2 TEREER, B ieE R 2R — R, A TigfimX, RIRRES SRR HIUETIoE, 5%
PR E R -, RES A AR

// = File: avl_tree.c =

[* BITHeEHR(E, BZFREMMETE +/
TreeNode *rotate(TreeNode *node) o
// FEENERZE node MYFHEF
int bf = balanceFactor(node);
/] E{mtE
if (bf > 1) {
if (balanceFactor(node->left) >= 0) {
/] bk
return rightRotate(node);
} else {
/] FEheigEhE
node->left = leftRotate(node->left);
return rightRotate(node);
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¥
!/ GfRk
if (bf < -1) {
if (balanceFactor(node->right) <= 0) {
/] *hE
return leftRotate(node);
} else {
/] Sl
node->right = rightRotate(node->right);
return leftRotate(node);
¥
¥
[/ &R, #EkRE, HiER(D]

return node;

7.5.3 AVL &5 mBiRE
1. HENERES

AVL i B B A5 F B oo s it E 08 B0, ME—RYEERIMER, 7E AVL il ABTEGR, TERxEnasz]
MRETRABE S L AR & B — RYIK MR, [Ait, BT EEMEmEIEaMG, AR LaTiemsoe, o
Fif Rt R P, KRS AN AR :

// == File: avl_tree.c =

/* WENENEE x/
void insert(AVLTree *tree, int val) {
tree->root = insertHelper(tree->root, val);

hy
[* ECFENERE (GBI «/

TreeNode *insertHelper(TreeNode *node, int val) {
if (node = NULL) {
return newTreeNode(val);
}
[* 1. BEEBNUBELIHENEEE +/
if (val < node->val) {
node->left = insertHelper(node->left, val);
} else if (val > node->val) {
node->right = insertHelper(node->right, val);
} else {
/] EEEMEAEN, BRI
return node;
}
/] EHEEEE
updateHeight(node);
[* 2. BITheEHR(E, FZFREMRETE </
node = rotate(node);
/] REIFEBIRENE,

return node;
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2. THPRERES

R, 7E T BIRMBRETR AR b, TEMIRETRPUTIEERIE, MATE LR K T,
RN R R:

// == File: avl_tree.c =

/* THBREREE x/
// BRR5INT stdio.h , MERHEAER remove RAEA
void removeItem(AVLTree *tree, int val) {
TreeNode *root = removeHelper(tree->root, val);

I
[* EEMPREIRE (IR «/

TreeNode *removeHelper(TreeNode *node, int val) {
TreeNode *child, *grandChild;
if (node = NULL) {
return NULL;
+
[* 1. EHEHELMER */
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;
¥
/] FEIBEEIE = 0 , HiEMER node iR[D]
if (child = NULL) {
return NULL;

} else {
/] FEEREE = 1 , EHiEMIER node
node = child;
}
} else {

[/ FEIEENE = 2 , B EER TEERMPR, 1AZEEEIRE R,
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;
¥

+

/] EHEEEE

updateHeight(node);

[* 2. BIThEEHR(E, FZFREMRETE </

node = rotate(node);

/] REIFEBIIRENE,

return node;
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3. EERS

AVL SRR A AR R B —ori s — 2, TR,

7.5.4 AVL f5i8aBYfER

- AHARFNREERERL, BRSNS R

- FRRER BRI RS R,

- ALBRBIHR R R oo S, HEBIR AVL 8, ALBRIRCEE IR E TR, BRI BRETRS
TR B R TR /D, BRI P R B

7.6 NG

1. ERSOIEE

- ook ARSI RS, BB “— R IYMAEEE. S E TR ERG B S — MEE DA R E S
12, RGN ¥ EIRAAS T iR,

- BRITRTRRORLEERS, HE () THEIR DU REI BN Ak R e () TR

- KSR GE LA ARERG, TEERG. JE. E. B, SEMRESE,

- ZICRAARIAAML, TR M ARG B 1 B A H SR T IR

- WRMZITRRIEER TR, e ol SEIN TP ook, SE5E iR AR AR
fE, TS ERYR BRI R R,

- U AT DARBESIFROR,  J7 IR BT E A A (% e AR A HES, AR A E R B 1 TR TR
G| B R AR H AR,

- TUEIE R ET R R E AR ST, BT “—E-ERMERT WBEET TR, EEE
IBfTHIAREHL,

- HIR. PRE. RPET EENREE S, MY SUETIERE, BT AT, |
B RIS E B

- CoriSRE - T RE M BRI, HA, mAMMERRER A EMEE % O(logn) .
B TS R 2 SRS RS, RIEIRIBAEE & SLE O(n) -

- AVL B, tORS-PHy oo, CEE e (R CR LA BI i AR PRETRS RS T IR ORF5 P11,

- AVL BRBE SR E RS A e, fohe, Sohbeseie. Jo/ehemahe. EmASMPRETER, AVL &
TERATHS THE MR, R BRI TE -

2. Q&A

Q: BRI AR =T, YR AR IR IR AT O WE?
B, HZym RS TR R SRR,

Q: ZITRAHAYIR AR IHPR— R — BB S e, BHK “—EHRET 1R T DI B T
BTG B TR PG 2

E TSR R, MERENRE BRI —RE DU, Hrh AR R DU R ZE T 2 A0 BRI TR R,
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Q: Zf1/& DFS Ewi oAl . R=FEIEF, 2RIHTEMRE?

SEE R e s ARl miF. HF. B ER R R TeER T, M AT DA eS8 — R
ENEFFRERLA R, HIAN7E — o =mh, BRETRK/NNE EFEE < REEE < AFEHE, Kt
BMAERLIR “fE — R — A7 WELIERETE, 5ol DESE IR,

Q: AlEiRlE R RH L HHi% node. child. grand_child ZRIME{R, 7 node FIRHEIEEA node SR
BT EAMEER? iR ERE N2 T

P75 ZAEE 14 A R B IS A, A E#R1E right_rotate(root) A NE 7RI AUARETRS, H4&
return child JR[AIHEHE 2R TR ATHRETRG, R AR BT R AQ B % ) A2 7 % R ZUIR (A1 S2 Y,
AN e A MR

Q: £ C++ v, HRAW#|5 3 private M public #, BHEATEZEE? AT EZER height () KA
updateHeight () K53 HILTE public 1 private HIlE?

FEBFENGHEE, WRGERERENNIMEH, A Et 2% private o Hla0, A BEAEFEIY
updateHeight() BREEREMN, BEREHA. MEREEPR—D, Wi height() EHMEIESE, HELUR
vector.size() , AT public DAERER,

Q: G —AHm N RHE R — IR i ARETRAE R AR IREE?

B, REERI T R EAE or i SRS build_tree() kA H, BRMETEAEE, RIMER
NG, RBEPECEIEAREE, FREEELS T8, SR DR AL (R
e,
Q: ffJava ™, FHHILER—EZEH equals() FiX?
£ Java H, $TAEARERAR], = FRE L EESIERSHES, BRG], MmRERFER TR R
SEAE,

- o= FREEWEESERE GRRRE—EY A, e e a B R S,

- equals(): FIZR¥ LEMEYIEIIE R S,

R, GnRZEERE, FRMEZEH equals() o A1, & String a = ?hi?; String b = ?hi?; ¥
WHILH T BRER AR R E B, efMEmE—EYE, Rttt H a = b REEEME T BN,

Q: BB/ ERHERIE N, (FIFMEBER 2 2 15
R, IR b = 2 (6 Tok, EEBAR = 7, HIREEEERE 4 = 2" = (n+1)/2.
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Abstract
HerERt G R LRSS, EaRR, TBRRE,
JRE PR LU i ER BV, T e e O L I AR A ST B N R B




B8 E MifH www.hello-algo.com

165

8.1 iR

HHE (heap) 22— ERPEMRMAITER o0k, FERIZ2mERA], aniE 8-1 ffn,

- INEMERE (min heap): (EEHIEIE < HHiBHE,
- KIEHERE (maxheap): EEHEIBHE > HTHiEE,

N N
/N SN N N

Wy Wy

B ‘=2 B 2 ‘Re’miE” B
ARMMNE <« HFOHMNE ERERNE > HFHHaE
INEMTR KIBEH
min heap max heap

8-1 /NEHERREBLATEHERA

HERRTE Ry e & el iy —(AREB, BA AR,

- RIS ERG SR AT, LAt I B RS ED RN
- BRI RUAREITRRE 2 “HERATH”, AR ARG AV BRI “HERR
- BPRORTEHERE CNTEHERD), HERRTEDTER (RETED BEZ&EAR &) 1,

8.1.1 #TRRVE FBIRME

TEEHAR, 2GSRI ZEETT (priority queue), BR—FEMRERIEHE, TRABAE

FelE R HER T4,

TR L, HeROEH AR B ErS, KT R R C S RS MANE W et o1, G A
A&, BWMATDARE “BJefra)” M “HERE” BIFFERERASE, B, ABEEWE SHERRIEY, S

“i&%”o
HERRR B I BRE AR 8-1, T3 TAA T BRI T\ = AT

* 8-1 HERAIBRIERCR
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T4 ik IR R R
push() TERAHERE O(logn)
pop() SRR TE T 28 R O(logn)
peek() AMERTETER CBIAK [ /INTEHERE S B A K | /ME) O(1)
size() HERGREARIN T R BUR O(1)
isEmpty () HIBTHER R 5 222 O(1)

FEEPERT, AT AE R AR E S TR R HERDE (BB 81D

FCUAHE PR “ R NEIRHES” #1 “TERENHES”, AT 7] LUEIR 3% E — 1 £lag B{E4 Comparator
BHL UNEMERT BOORTEMERT < RIRE SR, REEEIN N TR:

// == File: heap.c =

// C FKIZ(HNE Heap %85|

8.1.2 fIFEMEIR

NEBIARARTEHERS, 5 2R H 2y NEHERE, NSRRI A BB T (B0, % > Bz
<)o LR P AHITHEEL

1. ERMNFEEFERRT
Tk EETEEE, e JrHAFRIE S HMYIRER, HRNHERIER e e ook, RILBAIRER AR
BlA il A7 HERE

B AEAIFRR o, STRARMEME, RoIMGRERE TR E, WATEEERR AR
AREBL

GHiE 8-2 iR, #ERG 1, HATEHRNRSIZ 20+ 1, GFEMIORIIR 20+ 2, KEFHNRIA
(0 —1)/2 (MTERR), HRTIBGRNE, FRBHIBEEBRREE,
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g
i

SEREE - SEMMEEN (RS
“HERR :%%ﬁ ‘LT L £ ‘B ®E TR

#5l 0 1 2 3 4 5 6 7 8 9 10 11
= (00000000000
(i-1)/2 i 2i+1 2i+2
~ T~
SLERRS 51 g; ga
ARG | B EIREEE

8-2 HERARYFRIRELfH T

FMeT AR R 5 [t A BT E AR K, T7 R -
// = File: my_heap.c =

/* EBAETFERNZRS] */
int left(MaxHeap *maxHeap, int i) {
return 2 x i + 1;

S
/* EEVAFEIRGEIRS] */

int right(MaxHeap *maxHeap, int i) {
return 2 *x i + 2;

}
/* TEEVEIREIRSG] */

int parent(MaxHeap *maxHeap, int i) {
return (i - 1) / 2; // ATFEEE
I

2. hRDEFRIETTER

HERATH T 2R A1 4 — e AUAR RS, g2 R yIRyE (8T
// == File: my_heap.c =

/* sERERIETER */
int peek(MaxHeap *maxHeap) {
return maxHeap->datal[0];

}
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3. TENERE

AETCR val, TR E o HopT i SIMERE R, BTl 1%, B val RTRERRHEREH HMTT R, HEREASOZIRIF
FIREC AR, RIBL T BB AL A B AS SURR EEGAE 1E_ LR S MRS, 1S (AR Es 2R (heapify).

FREIENHERAATRR G, TERBTHMITHERL, I 8-3 FvR, TR A\ BiRG B EACHTRE IO, N R4
NETREEER, AR e, RIRESTT IR E, TOREHBEHERDISIEEER, BEEERERE0E
B HEIE AT A B B4 5

% @ MR e @) Nem
1. R 7 FRERRE
*NL ' ZRERER \‘
BIRT o
8000066808008 [step 1] 8000000808000 [ step 2

w8 @ AR % @) AR

1. GERE 7 FRIEEREE
2.)&9&2]?3@51&3!% (sift

1. EEE 7 FIEEEER
2.)%}%?]@&?‘?‘&&1& (sift

‘?55555357 'Fm5555§E!67
- STHATRERRS
. 5
A
=3 (IOO00OH00D0008 step 4|
w8 @ NgH 8 (@ NEH

1. GERE 7 FIEEREE
2.)#£F§§]E§ﬁiﬁﬁﬂ: (sift
Uj

1. EEE 7 MEEETR
z.)ﬁélEE]EEﬁﬁﬂﬂﬁ (sift
Ui

-?msssaﬁsu fmﬁssaﬁan
- BRMENES
s | (0500080080800 step s |
8 @ A w8 @) e

1. 6% 7 RIRERIE
2. WEETATARK (Sift
up

9 > Wl 7

1. HSEE 7 FEEERK
2. WEEE&ITHENL (Sift
uf)ﬁﬁsa 9 > ks 7

- TETRIR

4

[9]e]7[6]7]6]2]a[s[3]6]2]5] | ster 7 (o]s]7]6]7]eJ2]a]«]3]6]2]s] Step 8
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/4///£i\\5>\

/0\ /ﬂ\ 8 @) Aem

PO N 1. MR 7 ST

©@ 0 o0 o 2. WEERHTARY (sift

U

/ \ / \ iﬁpﬁﬁﬁﬁﬁﬁ, KRN EESRIEE
000000
000200800080 (550

8-3 JERAHERDER

SIS 0, RIBIROR RS O(logn) » BILATAL, SERULIRMEREBGERS S Ologn) , TERA

HERR eI RIS 2 O(logn) » RS FFR:
// = File: my_heap.c =

/* TTENER */
void push(MaxHeap *maxHeap, int val) {
/] FERBERT, FREZIILERLER
if (maxHeap->size = MAX_SIZE) {
printf("heap is full!");
return;
}
/] FhiGEREL
maxHeap->data[maxHeap->size] = val;
maxHeap->size++;

[/ RRZETEEREL
siftUp(maxHeap, maxHeap->size - 1);

I
[* WERRE 1 BAtR, WREIBH#RL «/

void siftUp(MaxHeap *maxHeap, int i) {

while (true) {
// JEEXEREL 1 AUAEREL
int p = parent(maxHeap, i);
// B “HBIRENRY 3 “ENELMIABIET K, ARG
if (p < 0 || maxHeap->data[i] <= maxHeap->datal[p]) {

break;

¥
/] RIamEnEh
swap (maxHeap, i, p);
// EEmE R

i=np;

4. HRETRLMEE

HERETE LR 2 —rRUARETRS, BIASIETTR, (ERBMTERREHRSIHMERE TR, AR ok A ks
ARSI LR, ISR SR RGBT RGN, 7~ VRO TTRRSIEE), xR

FHIBA N RIE B
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1. SRR TE TR BT R O AN RS Bl A ARG )
2. SR, AHHERURIEERSITMER (ERE, mREAER S, KILERE EMERAZFERHERTETER).
3. TEARENEGBALS, PEIHEIRMITHERLL,

Qe 8-4 R, “UETHERHERML” MERIETTIMBL “GRIREETHMERIL” IS, FRAIRAR E RS B B o 8 -
REF(EEATELRE, R T HT BB ARG S, MBI T IR, B FRGEIEHTR BB R M Y

BITRbIRR A oA

SERIATR R

- v BFIRT

3000008808080 step 1 |

TR 1 am " smERE

SERIETTREER

1. RERRTRIVERETRRIA
2. BHERBERETER

=-:| (300000080800

SERIRTR R

1. FERRTRIBERIETRITR
2. BHENERETRE
3. WEEREITHEWL (Sift Down)

< fEEp%S 5, 8, 7 h, B 8 B
- IETES 5 RENES 8

s EarEEEEEEEEE

SERIAT RN

1. RERRTRIBERETRRIA

2. BHERRERETR

3. WEERETERL (Sift Down)
v 1EEEs 5, 6, 7 R, HARE 7 RA
~ IAEEE 5 REE 7

BaEa - B E R e [ step 7 | B - EEn 0

SERIATR R

1. iSERRTRBERETRIL

Step 2

SERIATR IR

1. SRR RIBERRTRIM

2. BHERAERETR

3. REERETERWL (Sift Down)
« {EH0RL 5, 8, 7 W, HiRS 8 A

Step 4

SERIATR R

1. ERRTREBERETRG

2. BHENNEERETR

3. WRERETERK (Sift Down)
v 1EEE 5, 6, 7, H% 7 BK

( Step 6

SERIATREIER

1. RERIATTREUERRITRIR

2. BHERERNETE

3. HEERETERWL (Sift Down)
v {EE0RS 5, 3, 6 1, HifS 6 RA

Step 8
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SERIRTR IR

1. ERRTRIVERETRZSR
. BHERIERRTER
3. WEEREITHEWL (Sift Down)

- 108 5, 3, 6 B, IR 6 WK
- IRERES 5 RETES 6

~

Step 9 ]

000000000000

SERIATREER

1. RERATRDERRTRRZIR
2. BHEBNNMBEETR
3. WRERETERKL (Sift Down)

ERbTERE, ATUERRMESEIER

OPoPEEEEaE0aas

Step 10

8-4 HERATEITER HIHERE D BR

BT R AMERERIEMELL, HERETE TR N HER R E IR R AR % O(logn) o FRAESUN FAR:

/]
/*

File: my_heap.c

TTRMMER */

int pop(MaxHeap *maxHeap) {

}

/] H=ERE
if (isEmpty(maxHeap)) {
printf("heap is empty!");
return INT_MAX;
+
/] RIGREERREAERME (RRETREETR)
swap (maxHeap, 0, size(maxHeap) - 1);
/] MIBREREL
int val = maxHeap->data[maxHeap->size - 1];
maxHeap->size--;
/] WIEERHERENL

siftDown(maxHeap, 0);

/] EREEETRTE

return val;

[* WERRE 1 BAtR, WIRERMERL «/

void siftDown(MaxHeap *maxHeap, int i) {

while (true) {
/] FErERgE i, 1, r PERAKERE, 584 max
int 1 = left(maxHeap, i);
int r = right(maxHeap, i);
int max = i;

if (1 < size(maxHeap) && maxHeap->datal[l] > maxHeap->data[max]) {

max = 1;

}

if (r < size(maxHeap) && maxHeap->datal[r] > maxHeap->data[max]) {
max = r;

}

/] EEE i |RAHES 1, r @R, BEBESHERK, BH

if (max = i) {
break;

}

/] RIRWEIE,
swap (maxHeap, i, max);
// EER THEREL

i = max;
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8.1.3 HENE RER

BRI MR R M BB KRR AR RS, LA S B R 492 O (log )
, TEHERERE 2 O(n) | JEHCARMEER R AL

- MERHE: S0E RO, BePTRT DA P (AR, SRR R T T R R, (e
Rk, AT, TRDEH oG R ARy BB, SR HEREE S,

- EHURARRY k MIER: JERE AR R, IR RIS, IR EERT 10 AOHT
RO 2 BB, SRR 10 BRI,

8.2 EMIRIRF

FERLEARUUT, TR 8RR TH TR AR (A, SIARR S EHERERIE,

8.2.1 FEBNINMEIRIZIFREIR
B E LA HERE, REGEFH Y, KR ETTRNT “AHERERIE", BTy SHERER 2
i, FBITRPUT WREE" HEREL.

SE— TR, MR R —, R TR R AT RO E TR, RIHERE “H bk
R R,

BT REE 2 n, BETTRI AR O(logn) IR, H sz @R AR EMEE 2 O(nlogn)

[e]

8.2.2 FERENMRLUEIR

B L, FATAT DAEB R 2 AR T 1, R i

L K ERAATA TR IEEA BT BERE T, R AR MR E MR 1S TN e
2. B ERHERE (B BB, RUCEHHEIEERRFNT “TEHE R,

TR HERAIL —AETRNIR, DS 2 AR 7 RO K — 8 SR iR, M R B E R, Rt HEAR
= “HTmET R,

Z DR EI B, BN A IERRREAREE B TETR . T FRICAR SAN THEM, SRR E ARG
ARARHI,

(AR, PRIERR A 7B, SR RRE &0 FHERL, SRR, QDL PRI,
15— S 2 B 5 — RO AL B, APV A 0 A0 3 A T HE R

I
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// == File: my_heap.c =

/* BteT, RIBTIREER «/
MaxHeap *newMaxHeap(int nums[], int size) {
!/ FRETTENER
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--) {
/] HERRWPRERRL SN E MR B IR,
siftDown(maxHeap, i);
¥

return maxHeap;

8.2.3 EHES R

N, FeAFARE AR AR AR 5 TR R R R R

- e T IEHIIOEEER S n, BEMEEURS (n+ 1)/2, Hrb / A0 TER, FEEERRE
FORRBEBR S (n — 1)/2,

- TERTEE AR, SR R B, R ROR RIS TR logn .
Y6 LIRFE AT, TSI ROB RIS R 2 O (nlogn) » (EIEMHAK FEAS TR e, 1R 28 3RIM3%
35— TR G R 2 R TR A Y 7L
T AT AT B 2 R R 50, 2 T WIS SEM R, (i — A BE RS n L BSRESs I 1y “5e25—
TER”, R O A A R IE R

BREE HEMRNE

(W*ﬁg?kﬁﬁﬁ

h 20

‘/////// ‘\\\\\\‘ 1

h-1 2

SN N 2
S Y S — 2

I\ SN S\

e he3 53
1 - . 2h-1

GBI, BREEES e 0 2h

0)

8-5 SEE UM E HIR R

qnie 8-5 i, HiAG “TETHRRHERL” MIRAOERIRBAF IR BB S SE R A BE e, TRk PEAE 2 “H0RG
T (Al BT DB CHTRECR < BRI SR, 19 21T EARHERLIE AR B AR,
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T(h) =2h+24(h —1) +22(h —2) + - 4+ 200"V x 1
i X P 2SI, Jold T'(h) FLA2, 1951
T(h)=2hn+2'(h—1)+2%(h—2)+ -+ 21 x1
2T (h) =2'h+2*(h—1)+23(h—2) + -+ 2" x 1
(EFISSRAIRE, FIRR 20 (h) W LR T(h), Al
2T (h) —T(h) =T(h) = —2°h + 21 +22 4 ... 4- 20—1 4 2h
Bl b, BB T(h) 2—EEFLEE), TEREHRMAR, SRR HEEMES:
1—2"
T(h) = — b
=2 —ph—2
= 0(2h)
Me—tb, B h M5 T ITRIOEEEE S n = 2M T — 1 BEEIREES O(2") = O(n) . DAL

R, RSN HER IR BGRE 2y O(n) , JER R

8.3 Top-k fiRE

Question

faE — R 2 n RIS nums |, 5HIRBIESH KR K EDTER

BIREZE, BFIe A AR U R E R, BRSO U HER R

8.3.1 FHix—: EHEIE

AT DOEATIE 8-6 ARAY K WhEw, 2 BIFESIRPIREGE 1. 2, ... kK RIICR, BEBEEEZ O(nk) .
W IRFGERR k< n IER, WA k8o Enns, HRFRERE-Emn O(n?), JEwFER,
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k =3

nums n 7 nn EHEBRARE

N

~—_

B E—RHREE 1 ATE
N
B BoRHBE 2 AR
\
\\
an BSRHEE 3 ARE

8-6 EFimiki AN k HTR

Tip

Bk =nik, BRMIUSIIZENERFH, RSER “BET" HEE,

8.3.2 AiE=: HIF

aniEl 8-7 FvR, FRAMAT DSBS nums EATHE, FHIRERAIEN kTR, REEMEZ O(nlogn) .

BOR, womik R ERUERS T, RARMRTHKHERE b ETRAE], AR EHE EATER,

k=3
s (L DEIEIZ)

HEFIETHIF

- Lo
RESA k ETH

000

8-7 HiF =ik AH k HTH

8.3.3 FiE=: 7

FATA] DAEE R HERS S AN = RO TR Top-k [, Fik24NfE 8-8 Fim.,
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1.
2.
3.
4.
k=3
el [ [ ]2
i
1. #80 k ETRNER
[ Step 1 ]

w @000
:

i

1. #H0 k ERENER

Step 3

k=3

— @0000
:

i

1. #80 k ERENER

2. % kel ETRRALIE
- EEITER > BHEETR
- HSERIRTT RGN

[ step 5 ]

k=3

- (2008
.

i

1. #80 k ETENER
2. e k+1 fEFTHRRAMGHIE
¢ WEITR < BERTR

| Step 7

Hha e —E/ TR,  HHERE TR RN
S BRI K AETCR AR AR,
58 k + 1 RS, HERTTRANHERIETR, ARHERETE TR R, MR E AT R AHERE,
FERTENER, HERP R RRH) k TR,

] @

' ZRBERT
L S -

heap

()
o 0

o ZiRTR
1 4 ki EFIRT

4 ZRHRT
EHIRT

BR @
© o0

=R
BIRT

Step 6

Step 8

k=3

w: (0000
.

i

1. #8E0 k BRENER

Step 2

k=3

— @0000
:

i

-

. ATk ETRENER
. S kel ETTERANIE
v ERITR > #MATR

~

Step 4

k=3

w @0000
:

i

1. #80 k ETENER

2. #5% k+1 fEFTRRGHIE

v ERITR > BWMETR

- ROERIRTTR RN
HRERTRENER

k=3

w: (0008
.

i

1. #880 k ERENER

2. #5% k1 EFTRFGHIE
v BHITR < $EETR
B 5]

AT @
o

4 20 MRS

EPIRT
o (@0

SR Q

R
EPIRT

§ #m

#RT @

SRR
EPIRT

1 em

#AE @
o 0

ZRBRE
EHIRT

v (DG

S ]
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,

s (@)
k=3 \
nums 7 . N A\
oooon o o
FERHTER, BE] heap BIET
ZRMRT
s EFIRT

Step 9

8-8 HLNHEREZH AR k TR

N/ lESa

// = File: top_k.c

/* TTENER */

void pushMinHeap(MaxHeap *maxHeap, int val) {
// TEER
push(maxHeap, -val);

S

/* TTERHERE x/

int popMinHeap(MaxHeap *maxHeap) o
// TEER
return -pop(maxHeap);

}

/* FhREEREIETE */

int peekMinHeap(MaxHeap *maxHeap) {
/] TTEERR
return -peek(maxHeap);

I
[* BYHERRHITER */

int *getMinHeap(MaxHeap *maxHeap) o
[/ BEBEFRETENRILFN res Y

int *res = (int *)malloc(maxHeap->size * sizeof(int));

for (int i = 0; i < maxHeap->size; i++) {
res[i] = -maxHeap->datal[i];

+

return res;

}

/* BXHERAITER «/
int *getMinHeap(MaxHeap *maxHeap) 1
[/ BEBEFRETERRILEEFEN res 5
int *res = (int *)malloc(maxHeap->size * sizeof(int));
for (int i = 0; i < maxHeap->size; i++) {
res[i] = -maxHeap->datal[i];
+
return res;

I
/] BREEEAETIRRAN k ExHERRR
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int *topKHeap(int *nums, int sizeNums, int k) {
/] MatNEERE
/] AR RMBERTAETRNR, KmBARIESERREE NEHER
int xempty = (int *)malloc(0);
MaxHeap *maxHeap = newMaxHeap(empty, 0);
[/ #EFIET k ExENER
for (int i = 0; 1 < k; i++) {
pushMinHeap(maxHeap, nums[i]);
}.
/]l #%E k+1 EcERR, REFEBNRES K
for (int i = k; i < sizeNums; i++) {
// BEFTEARERIERTE, AHERETRLER. EfiTtENER
if (nums[i] > peekMinHeap(maxHeap)) {
popMinHeap (maxHeap) ;
pushMinHeap (maxHeap, nums[i]);
¥
}.

int *res = getMinHeap(maxHeap);
// EWGEIREE

delMaxHeap (maxHeap) ;

return res;

LT T n W )RR AR, MERMIURACR IS k|, RIS O(nloghk) « i ENIRCRIR
B,k BN, RIS O(n) ; 4 k BN, ISRISE A @8 O(nlogn) .«

SN, ITIERERRBIEE RIS, BB RHR, B n] DU R R TR, EmE
BURKH) k TR ABIREEHT,

8.4 &

1. ERSEIEE

- HERRR RS e IR, MR AR 4 K TEERRNEERS, K (1) TEMEREA R T 2R
K UM,

LSRN R BT S SRR 1, IR PR B,

R PR B RO R I R B AR B O TEEAMERS O(log m). MERMTEIE HHERY O (log n) Fil
iR TR O(1) %,

- e A IehERE A IR, TR R 0 R (8 7 MR

- MR CARIE R AEERIOEE, E )RR R 2 51,

- n AT R R R AR T DU L O(n) , FERERL

. Top-k & —FACHUREIIARIE, 7T DARE I MER LGS R BRI, BERSBEARIE 2 O(nlog k)

2. Q&A

Q: HRIRER “HERE” BACITEREEER “HERET 2R —(EMSnE?

W AR A, FUZREEI “HERT, HREMARSC IR TP AR B e IR o O — R o), K
FEFUTIR AT DME R 2R R, BRaCAT DARE SR — & B AHERERCIRRE, PR (7 AN 0 Be 1) S5 A A
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EIESRER A ERER, ARSI, DB RO RS, BRI, R IR A
BT EEEE, EHAAE RS SRR A E RS .,
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Abstract
EAmIRIES, MG —EEETR, $REE T RAEHE,
H— ROV B, ERTEIE TRk ER B AR B HH B R I ERED,
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9.1

(graph) J2—FEAEGIMEORGEHS, HITEES (vertex) 38 (edge) ALA, FIATLUSIE G MgutFms—
UTERE V R —4L8 E RS, RIS T e 5 MEELH 7 R,

vV =1{1,2,3,4,5}

E={(1,2),(1,3),(1,5),(2,3),(2,4),(2,5), (4,5)}

G={V,E}

GNSRAFTHES B (RETRS, BB (AR AR RIS IR (Fa), TR RT DURFIEN S 1 — RISl Af ER A1 e T 2
AU RIS, QniE 9-1 FrrR, HIBIRSRIERR GERTHS) RIsriGRGR (8D, MsBiE (8) KB dEE,

* [\ TN

b i} -]
(AR 1ERRTR) (533aRR{R) (HBERRR{R)

B EEEHERS, AMthRsEM

[E 9-1 SEASHRS, K, (8 FRIR R

9.1.1 EMERBRISEAE

RIg RS A M, n5rAEmEE (undirected graph) fliEME (directed graph), 4nE 9-2 Ffi7R,

- TEHEEIE T, BFRORMITER IR “EEa” EARBRR, BIANRIEE QQ HY “4F KBR”.
- tEAmES, BERATAYE, A — B A« B WE7 RS R BN, A ieelE -
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SRE FRAE
(B m) (BHFHm)

9-2 A 1 ] B A ] ]

MR ATE THR R EE)E, 7] Z%E@E (connected graph) FI3EE&EE (disconnected graph), &NfE 9-3 Fir
o

- BEEE, (CRMETER RS, AT AR H AR TR TR,
- BRREDEE, AL TR, B0 ETEREIRENE,

N

EBE JEEEE
(FrETRA EEE) (FETRRARATE)

-3 Ju it f] il I 3 [

BTAVERT DAZIB WY “REE” 2%, [CMSZIANE 9-4 FRiE#E (weighted graph). BIUNTE (EHZENME)
ST, RGN ER SR AR IR < R BT, ISR AR R] DU A REE R RR

G)“@ .

FRAEE BiEE
(FrEB%E) (ERAEERT)
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9-4 eI B ARt ARE

[ A A A L 25 AT B AT R

- $B#E (adjacency): HEMITHELZ HIFIEIBAHEI, REISWIESS “H0HE", 7EIE 9-4 rh, THEG 1 AAFHRETEE,
ATEEE 2. 3. 5,

- BBAE (path): ETHES A FITHES B &EAVBRERNFHIBRE 27E A B B 1Y “B&C7, 1L 9-4 1, BF
| 1-5-2-4 2 TESG 1 BITEES 4 19— REE1E,

- E (degree): —fHTHEMERRISE., ¥NAMIE, NE (in-degree) FnA Z/MKBIEZIES, HE
(out-degree) FnA Z/MEBIEXTHRTE L,

9.1.2 EIMERT

[ ) 5 AR 7T UG AR AT “HBRERT, DU A S [ A TR

1. MBiEREpE

RETHE SR A n, AMEMERE (adjacency matrix) HFH—ME n x n K/NHEERFRE, 8—17 F) 1R
F—HTESS, FERUTENRE, H 180 ZoRmiEES 2 MRS E R,

WE 9-5 Ff R, SRHSBEkER M., TEBGERSI% V| ASEEMITE Mi,j] = 1 FoRIEs V]i] 21 V)]
YRIEER, B2 M[i,j] = 0 FonmTEs: > M,

TRRsETI

#l o 1 2 3 &
o e 1 10

‘ ’\\\\ 101 e 1 0 @

SpIEIERE

graph adjacency matrix

9-5 [EIRABEAE AR

HPEFERLEA DU R,

- TEMEIE, THRGNRESL A, CERP R A AOTRIA B,
- BRSEE, E TS T, AR R R S A AR TR
- R EERIR RN 1 A 0 B, RInRoRAHERE.,
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(AR R P R Ry, TR AT DAERERA AR TR DB EGE, (RIS & R O RCeR R, R A
¥k O(1) o AT, ARSI S O(n?) , iEm s HEZ,

2. MpER

AR (adjacency list) ] n (EEEAS ERSIACRIRE, HEALSHIHIRIRORTHRS 5 ¢ (A5G RSB IETHR o
, HAPlAE 7 RZTER BT A AR L TR (Bl THRS AR A TER) o (8] 9-6 Jeom 1 —flEl (o FH A 42 R A 17 ) [ ) s
1l

TRR  ERIRRSRENFTA IR

e &
[ e« 2ele

RBHER
graph adjaceney list
9-6 [ERMIERLTR

AR BRGNS, TSRO E/NA n? , WItEENEEa, A, EMERhREE
I E AT A RS AR A GIE, TRl ELIRF VSR AN AN AR R e

BUERIE 9-6 , MILRAREEUEERPH “SAE” AERAHOL, DRI ERAM el CAER ATSRL 75 15K B AL 3X
B, L E ARSI R, AT DRSS R 2%y AVL BTaRALRAN, MR RRERRE O(n) R s
O(logn) ; IEr] DAEGESS S5 ER MR R, TEm R mERER=E O(1).

9.1.3 ENERER

R 9-1 R, FFEBIEARFA] DT EACERE, AH AR th n] DAL 25 [ R TR

®9-1 BEALTEH RAYE

HE B [ AL
A R KRR TBAELT JCHERS
HhERARES  uhERE UEREREIAEE M B R BR AR RS

ENZER B ERMEEASINER  TREYEEE
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9.2 EIRVEREHEF

THE 2

V] &+ AR

[ Y SRR E AT 0 29 387 ROTRCEANSS “THRE” BUBRME. £ “MPREIERT 1 “MPREER” MMERRTIE T, B
B AR,

9.2.1 EAMHEIERERETR

A —(E TERR R 2y n ORI (E, RIS RERERER BB 7 S\ANE 9-7 Fm.

- WIERINRRE . ERAE AR B SR E ANEENAT, A O(1) R, iR M, R
IRy SE T 177 T 32

©OBTTERG: 7EABRERRA AT — AT 5, WM 0 BIRT, [ O(n) R,

- RRTEEE: FEASEEE R T, MR TSI BRI, BEE (n — 1) R
“Ffe LRSEY, FETEA O(n2) IR,
- WA (A n TETERS, AR S n (UTEBE S vertices , AT O(n) WS WIGIL n x n K
AN EEAERE adjMat , 5 O(n?) KSR,

Step 1

Step 3

TRRGRT
=3l

MEE

N Y

TRRGERT
=3l

ipRE G-

~ W N ke

S kB o kB o ©

S kB & o ©

s & r & »r &

s & r & e =~

B e ke kW
S r Rk o & =

B R e B e N

HpiEIERE ]

Step 2

B B e kW
S kB o ©

BR e kRN

HpEAERE -]

Step 4

s kB B B o ©

®© o r B o o ©

S & r & »r B

® o o »r o & »

PR e Rk RN
B e Rk e kW

ABIEIERE

®© kB e k| kB N
® B o B o B W

ABiErERE

S B B & o &

® o r B o o &

e o | ® o o
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msn (@ ©

=3l

G —\a\\ o
. 1
| e z
\\\\zs////

@3 4

Step 5

[ 9-7 HRFEMAIRTIAIL, BEME, S TERS

DA S BRI 5 i o ol = s [ ) B BRAR S -
// == File: graph_adjacency_matrix.c =

/* BERIMEERERNEDESEE «/
typedef struct {
int vertices[MAX_SIZE];
int adjMat[MAX_SIZE][MAX_SIZE];
int size;
} GraphAdjMat;

/* BET %/
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[i][j] = 0;
b
}
return graph;

}

/* MR */

void delGraphAdjMat(GraphAdjMat *graph) {
free(graph);

}

[* FIETERL */
void addVertex(GraphAdjMat *graph, int val) {
if (graph->size = MAX_SIZE) {
fprintf(stderr, " EINIEHHEEERAE\N");
return;
¥
[/ g% n @B, WHEE n THIIES
int n = graph->size;
graph->vertices[n] = val;
for (int i = 0; i <= n; i++) {

graph->adjMat[n][i] = graph->adjMat[i]l[n] = O;

¥
graph->size++;

I
/* MERIERE */

0

1

()
2

oo

3 4

SBiENERE
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void removeVertex(GraphAdjMat *graph, int index) {

if (index < 0 || index >= graph->size) {
fprintf(stderr, " TEEEZS[ES\n");
return;

+

/] TETEELEHIFEFRZRE] index BITERL
for (int i = index; i < graph->size - 1; i++) {
graph->vertices[i] = graph->vertices[i + 1];

+
/] TEABZRERERMIBRZRS] index BY9T
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][3j];
+
+
/] TEABZAEFERRIPRZRS] index HEY%Y
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--;

}

/> FriEE «/
/] 28 i, j HFE vertices TTEZRS|
void addEdge(GraphAdjMat *graph, int i, int j) {

if (i <0 [] j <6 |l i>=graph->size || j >= graph->size || i = j) {
fprintf(stderr, " BHRI|MRIHEE\n");
return;

+

graph->adjMat[i][j] = 1;

graph->adjMat[j][i] = 1;

S

/* MRIBRE */
// B i, j HFE vertices THZE3I
void removeEdge(GraphAdjMat *graph, int i, int j) {

if (i <0 || j <0 || i >= graph->size || j >= graph->size || i = j) {
fprintf(stderr, " BHEIMRIHEE\n");
return;

+

graph->adjMat[il[j] = 0;

graph->adjMat[j][i] = O;

}

[* BHUENABIZREME */

void printGraphAdjMat(GraphAdjMat *graph) {
printf(" TERLERS) = ");
printArray(graph->vertices, graph->size);
printf (" #BiZFEMRE =\n");
for (int i = 0; i < graph->size; i++) {

printArray(graph->adjMat[i], graph->size);

¥
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9.2.2 ENMIERMNEIR

A S ) [ A TERG Ry o, IBARELZ m, RURTARIRIE 9-8 FIURAY T TR B BLAS IR,

WIS (ETEEREEREAS R YIRRERTIERIA], (A O(1) el Fzy R emlE, fr AR RIS
P 75 TET i

- WHBRIE: TETERGE RS Ry rh ARG €18, M O(m) R, TEMEmE D, 52 RHMER
flE 75 T3S

OBTRTERG: AR EER AT — (ARG RS, MR TR (E 2 S AL ER A SRR, (EH O(1) e,

- IMBRTERG: FRETRMESER, MERESTEEMNTAE, 8 O(n + m) K,

- WL TEARER ST n (ETEESF 2m K8, [ O(n + m) Rk,

AR FTE TR
\ . - )
4 @*@

— ) 7 ) : =
Py 0:—*@ @\/ﬁ /\ wz -0
] I 9

BRZRRRERFE TR
0-0-0
©

0—-0-0-0 (<)

0—-0-0-0 @_Q\/
_ __ y

() GD*GS

—
—

=1

B

s

&
©0000 ¢
000060 =

L] ahER ] mpER

| Step 1 Step 2

TEY  REEREENFTETER
PN 000 .
0%@\ w200 9 .0 00— /\ wEss @
\T [ 0-0-0-0-0 \L /J
o—9o 0—0-0-0 o—o

0-0-0

] aER ]

| Step 3 Step &

TEE  SRRAEEREAPTA TR

0-0-0

(1 =) EE O | O _0-0-0
\ \,/\ (@/ \V/_ﬂgp\o/
A . p
[ o 0-0-0-0
o 0-0-0
@

L]

-]

B R

Step 5

[ 9-8 MEERATWIAGIL, BEMNE, S MTERS

UM R RS T EL, BLulE 9-8 , BRI H LA,

P 75 fEET B ERTER, DA ACRRSKES, TGRS (BRERES]) A A 5,
- ERMERFORE AR R, Key HTHRBIE, value Zix HRGHIAR TR ERS] (BEAGHS)
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7Ah, BIHERIZR B E Vertex BRIARFRIAR, BHMAVERZ: (IREREIER L, HHBSIRGIHK
[y A FITERE, AREERA EMIBRER 5 1 % 4 ROTERG, RIFRETREMER, AN « RS2 1, &
IR, TR EHETERAR 2 ME— [ Vertex BIIH, PR —TER 2 SRR EN HMTERS 1

// == File: graph_adjacency_list.c =

/% BENRLAEREEE </
typedef struct AdjListNode {
Vertex *vertex; /] TEEh
struct AdjListNode *next; // B4EEIEL
} AdjListNode;

/* EHTEEHENETR «/
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

[* FGEEBIRC */

void addEdgeHelper(AdjListNode *head, Vertex *vet) {
AdjListNode *node = (AdjListNode *)malloc(sizeof(AdjListNode));
node->vertex = vet;

// EEiEA
node->next = head->next;
head->next = node;

}

/* MBRBEBIRTC +/
void removeEdgeHelper(AdjListNode xhead, Vertex *vet) {
AdjListNode *pre = head;
AdjListNode *cur = head->next;
/] TESEAEERTIIEER vet HFERIEL
while (cur != NULL && cur->vertex != vet) {
pre = cur;
cur = cur->next;
¥
if (cur = NULL)
return;
/] & vet HFEEIELLHEAEERTIMIFR
pre->next = cur->next;
/] IR
free(cur);

}

/* EREMERERNVERELER +/
typedef struct {
AdjListNode *heads[MAX_SIZE]; // HEn&kE%l
int size; /] ENELREE
} GraphAdjList;

/* EET */
GraphAdjList *newGraphAdjList() {
GraphAdjList *graph = (GraphAdjList *)malloc(sizeof(GraphAdjList));
if ('graph) {
return NULL;
+



HIoHE www.hello-algo.com

190

graph->size = 0;

for (int i = 0; i < MAX_SIZE; i++) {
graph->heads[i] = NULL;

Iy

return graph;

}

/* MR */
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]) {
free(cur);
I
cur = next;
+
free(graph->heads[i]->vertex);
free(graph->heads[i]);
}
free(graph);
}

[* EHERRHEVETR +/
AdjListNode *findNode(GraphAdjList *graph, Vertex xvet) {
for (int i = 0; i < graph->size; i++) {
if (graph->heads[i]->vertex = vet) {
return graph->heads[i];
¥
+
return NULL;
I

[* FHEE «/

void addEdge(GraphAdjList *graph, Vertex *vetl, Vertex xvet2) {

AdjListNode xheadl = findNode(graph, vetl);
AdjListNode *head2 = findNode(graph, vet2);

assert(headl != NULL 8&& head2 != NULL && headl != head2);

/] ¥igig vetl - vet2

addEdgeHelper(headl, vet2);

addEdgeHelper(head2, vetl);
}

[* MERE «/

void removeEdge(GraphAdjList *graph, Vertex *vetl, Vertex *vet2) {

AdjListNode *headl = findNode(graph, vetl);
AdjListNode xhead2 = findNode(graph, vet2);
assert(headl != NULL && head2 != NULL);

// MERE vetl - vet2
removeEdgeHelper(headl, head2->vertex);
removeEdgeHelper(head2, headl->vertex);

}

[* FIETERL */
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;
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/] TERERPIIE —(EFEsE RS
graph->heads[graph->size++] = head;

}

/* THBRTERE =/

void removeVertex(GraphAdjList *graph, Vertex *vet) {
AdjListNode *node = findNode(graph, vet);
assert(node !'= NULL);
/] TEEMERPMFRIESE vet HIEAVIELE ST
AdjListNode *cur = node, *pre = NULL;
while (cur) {

pre = cur;
cur = cur->next;
free(pre);

+

/] FEFFEMIEHMNEEELS, MRFIEEE vet HIE

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;
¥
}
}
/] EZIEEZ BRIEREFITEE), DUEHTHR
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 R=EELL

A [E A n (ETERA m FRiE, 3R 9-2 BIH T A REE R AR BRI R BCR M S HIRCeR,. AR, MR
(R s) BEASCEDL, MR EER) SIERITH A R A MR R R EEL,

R 9-2 HSHERE AR ARB L

AREERE AR (EASES) R (RERR)

s EEwE  0(1)  O(n) 0(1)
g o1) o) 0(1)
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gRREME  ARERR (BEREES) R (R

kRS o) o) on)
T om) o) on)
A TELR Om?)  O(n+m) On)
AEmEEEEE On?) O(n+m) O(n+m)

Bl 9-2, PUP#EER EER) WRFHRCRE SRR RE, HERE L, E R R R 8eRE
e, ARSI ERE BRI AT, AR GG, ARSI 7 " DA AR, iz
BT “DARpfE#es i BRI

9.3 [EBVE:S

BHURIZE " 827 MBIER, MENASAESNABE, TDFRMEERN 282" BiR, Kk, 1A
ERE VA —RERFB, BEAR, RASE S PR i e ) A SR i A — R B

] A S e 2 P PR PR R T LR AR BUE AR F o [EIRERTTT SN r] 7> 2 i . BB E MR EBLER.
9.3.1 BEERKED
JEE A e e — MR SORAERG T, TeSLME RGN gE, (R B CRiRIAR R A TERS, 3 —fE g st

PSR, GNlE 9-9 Fow, 1/ bATHRGHEE, BEIUETIARAIATA MIETER:, REET T — AT R FTH A
RTERG, DULEE, BEEFTATERTIH SR,

| [ElRVESEE B 5 ERh
| (BFS)

LATERE Aieha,
EE R, BB R P IR

| EEIA
0, 1, 3, 2, 4,6, 5,7, 8

9-9 [EIH BB CAE]

1. REZRR

BFS @I THIRET, AWM TR, (THIEA e Aet” F9ME, S8 BFS By "Ml fom” fIE
LTI
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1. HERHRIATESS startVet AT, i BHROERE,
2. tEEE AN, S THIE TR ORI, R TERGH PG A R TER I A ST 51 5T
3. JEEWER 2., BEIFTATEEBGIR S REATH,

7 7L EAGE A TR, TR ERER — MR ES visited ARALERMPLENRE T WG,

Tip
B SR LB F— I RETE key MIARRETE value RUEER, ERIE O(1) ReEAEE NIEST key
SN A A, ARIR key AOME—1E, FERESEFHANENRESFS R,

// == File: graph_bfs.c =

/* BEARG(TYI4ENERE */

typedef struct {
Vertex *vertices[MAX_SIZE];
int front, rear, size;

} Queue;

/*x BIEF */

Queue *newQueue() {
Queue *q = (Queue *)malloc(sizeof(Queue));
g->front = g->rear = q->size = 0;
return g;

}

/* FENTHIRE AT +/
int isEmpty(Queue *q) {
return gq->size = 0;

h
[* NFUHRME */

void enqueue(Queue *q, Vertex *vet) {
q->vertices[q->rear] = vet;
g->rear = (g->rear + 1) % MAX_SIZE;
g->size++;

I
[* HFHRIE */

Vertex *dequeue(Queue *q) {
Vertex *vet = g->vertices[q->front];
g->front = (g->front + 1) % MAX_SIZE;
g->size--;
return vet;

}

/* WBETERETERSAME +/
int isVisited(Vertex xxvisited, int size, Vertex xvet) {
/] EFEHER, £H 0(n) KHE
for (int i = 0; 1 < size; i++) {
if (visited[i] = vet)
return 1;
+

return O;

}

[* BEBFTES */
/] ERAMERRERTE, UEERSERRBVPT A AR EIRR,
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void graphBFS(GraphAdjList *graph, Vertex xstartVet, Vertex **res, int *resSize, Vertex

< *xvisited, int *xvisitedSize) {

/] FHIRREIR BFS

Queue *queue = newQueue();

enqueue (queue, startVet);

visited[ (xvisitedSize)++] = startVet;

[/ LIBEEL vet AfcEs, EREZEEMTEIEH

while (!isEmpty(queue)) {
Vertex *vet = dequeue(queue); // {THIETERLH P
res[ (xresSize)++] = vet; /] ECEkERRIERL
/] EhZIBHBIPRE AR IEIER,
AdjListNode *node = findNode(graph, vet);
while (node !'= NULL) {

// BRBE#EREEITER,

if (lisVisited(visited, *visitedSize, node->vertex)) {
/] BNFIRARERIER,
AR Gl ]

enqueue (queue, node->vertex);
visited[ (*visitedSize)++] = node->vertex; //
}
node = node->next;
}
}
/] IR

free(queue);

RIS, ERRERIE 9-10 AINTREEME,

EBS

[ 00
155 que Ce °>_<°
o

o > o9 o0
MEES visited — @ —
[CD } 1. WETRMAEWFS res

2. REEXTRRSRIPRE MR TRRE BT

A3l que AN visited

Step 1 \
T res
155 que
Wyl AF
HARS visited
m (@) o, AT viette m () 5, werTE
pummemz, (00000 ] mmmamg
. # 7 . L T
A%l que M visited ‘StT‘ A5 que AN visited

EWFT res

(@

1550 que

00

HFl

HBEL visited

(000

[ Step 2

ELFS) res

A3

(000

75 que

eo00

-—

51

BEED visited

(000000

[ step &

A3



FoE www.hello-algo.com 195
FEDFT res EMFT res
(0000 ] (00000 ]
1751 que 1551 que
0006 000
HRES visited HRES visited

mns () ), WHITATHRE

1. KEIARIMANEDRFS res
2. HEIREMATE NIRRT
A%l que M visited

0—0—0
4 N 4

mrs () w3, WETATHRE

1. KEBRMNERFS res
2. HEIRREFTEAREIERS ST

A3 que AN visited

G%—é%~6
mns () w3, LRI

1. WEIERMNERFT) res
2. REIREMIFTEMETRR T
A7 que AN visited

(0000000 |

FEHFT res

(000000 ]

1751 que

00

-— -—

Y AT

MEES visited

(00000000 |
[swn 7

(00000000 |
551 que
o

MEES visited

(000000000
Step 9 ]

s () 3, BT

1. WEBMMANERFF] res
2. WHIBREHFEAMRIRRHIT
A5l que AN visited

e () w3, BT

1. WZBEMANEDFT] res
2. HEIRRMFEMBERRT
A5 que AN visited

A 4 .

s () w3, LTS

1. WBZBBMNESHFT res
2. HREIERBIPIEMEIREIT
A5 que AN visited

(00000000 |
[step s

(0000000 |
1551 que
20

HREE visited

(000000000

[swep s
(000000000
1751 que

HREL visited

(000000000
Step 10 |

FEWFS res

f“( ff 000000000
Q—Q\—Q/ 550 que

1 KL ,L 2 ol
o 00 = >

BEL visited

(000000000

= {75 que A%,
~ HEEE], SERER

[@ 9-10 [ F B R I LE A 20 BR

o R 4 e A i B 51 A M —?
AN, BEEEERSCAE A HERG “HNE SR RINEREAERT, M 2 AR 1] R A TR A A e Fe 3
EEATAL. DA 9-10 2, TERS 1. 3 AOUFLMHINERS AT LAZ e, TERG 2, 4. 6 AU RHINER th ] DAMER 2,
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2. EHESR

RIS . TR AT A —IR, 6H O(|V]) R, (e ER R TEBs R E R, H 2 ) &,
NULFA SRR G s 2 Ik, A O(2|E|) Kfd; 488 EH O(|V| + |E|) K,

DB : $5 res, MEES visited, 75 que PIVTEEBERZ A V], #H O(|V]) 2=/,
9.3.2 REEBKE:
RIS R — MBS ER, MRSl T R, E 9-11 FoR, ek b TEB R, FiRE

AOTECRG RO ME AR e TR, EEDESIREERIR M, FHAESERSRERE, DA, BRI TERGE <
’&O

11 10
h ERE R
2 3 (DFS)
f a2 4 ? LUTESS B,
’ EETEARE, BENEAEE,
s LU - EESRED
Tl EEIIA

e, 1, 2,5, 4, 6, 3

911 BIIVRIE B

1. BHZER

e ERREERET FERAR R R E S, B EETEM, EREETETT, &,
MR R — MR RS visited AGLERTHFIMAITERG, DUEH B M A A THRS,

// == File: graph_dfs.c =

/* BETRREEWAME */
int isVisited(Vertex x*res, int size, Vertex =*vet) {
/] EHEHERE, FH 0(n) KR
for (int i = 0; i < size; i++) {
if (res[i] = vet) {
return 1;
+
}
return 0;

hy
[* REBFTENEHBRI */

void dfs(GraphAdjList *graph, Vertex **res, int *resSize, Vertex *vet) {
// seEREHRETEERL

res[(xresSize)++] = vet;
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/] EFHZIBREVFRE AP IRIER,
AdjListNode *node = findNode(graph, vet);
while (node != NULL) {
/] BLEEEERIER,
if (lisVisited(res, *resSize, node->vertex)) {
/] EEEHREARETER,
dfs(graph, res, resSize, node->vertex);
+

node = node->next;
}
[*x REBIES +/
/] ERAERRRTE, UEREEUETETERAIFTA AbEIaRs

void graphDFS(GraphAdjList *graph, Vertex xstartVet, Vertex **res, int *resSize) {
dfs(graph, res, resSize, startVet);
I

RS ER R BIA RN E 9-12 FR,

FEURRAMCR A IR HE, RGBT — (BRI 75 75 20 53 8 TE R
RS I I, SR HRE R T AR, [EIE T R RO T IR AL E

T INERPEE, R 9-12 B INHSAS Skl fERNPRR (B R T B(E DFS @, tufiE
AR 75 TR IR BRR,  fATIRF IR [,

EDFT res EDFT res
: | @ : 00 |
o—0 HAES visited @}—@H@r WEES visited
2
JEC | 00 |
y y y \ y / ’F\‘ y
© 090 © 090
T BHRRR: B
@ rmes ) P rewmss () sommrms
@ @ e )
Step 1 Step 2 |
FEDFFI res EWFT res
3 \ (000 J v (0000 J
( j,—( MBES visited P@—@ WBES visited
h o N 2 o 3
[ (000 ) [ “ cooco |
A A a N N
@ ( _4 C 4 @} @/
BIRE: iR
@ rewsns (6 sompeTans a rewRs () somETERs
L) mavmEs @) o mevmEs ©)
Step 3 Step 4 ]
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FEHFY res EMFT res
(00000 | (00000 |
HBEES visited BRED visited
(00000 | (00000 |

TBHEREER: [EI¥PEER :
— e ——e
[steps |
(000000 | (000000 |
(000000 | (000000 |
IBHEREER: [ElHPEER
— S e
FEHFT res EFT res
(000000 | (0000000
BEES visited HRED visited
(000000 | (0000000
B SBIRREER:
e ——e —
i - aeEmERs (0
=20 X0
0000000
(0000000
[EIHPEER:

Step 11

mx () wmsmmERRSES
Rikaszam, Epzmss )
m () mixtEm, mrmEs

9-12 [BAIPR B ERT 5]

W B LR SR I —?

Bl S E ML, IR PRI AR M — Y, AR BETERS, SerEmbE T R R A AT
PA, BASEETERSHINERS ] DUERGTEL, #RRIRE BT,

DISHEF 2B, “|R— 7 = H" “E—-R=>6" £ —H - R 2hIEERF. BF BFE
i1, efMER T =HEFBEIER, RiME=4ENREEET.
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2. EHESR

BERIREARIE . PG TEREE G 1k, (A O(|V]) IR BTS2 %, M O(2| E|) W
W O(|V| + | E)) s,

SIBGRIE . #5 res , MBS visited FEBURES S |V, EEREREAS V], ELER O(|V])

'5‘5' FEﬁ o

9.4 g

1. ERSOIEE

- [EFHTERS SR, A DAFROR 2 —MHTERG A — MBI R 5

- MHEBGRARMER R GEESERSD) FIoiaRR (8, MG (8 BAE&EERE, KimsE e,

- BREFEEATT AN, HEEE PR ERTER A, AR RS SRR

 RMRIERA R ORE, BT B RETER, EEOTRAERE, W 180 FoRmiETER
MAESEUEIR, MRERAE R M &SR e LR R, [EES R,

WA A 2 AL FR AR OR I, 5 G (RS AS A ST IETERS ¢, A fEE 1Rk TER R E AR TE R
PN BN AR ERE PE EAN G A 2, (H TR EE A Al R A AR #NE, AR R RR AR,

- ERERTPARAT R R, AT DU SR S AR SORER R, MR AR,

- AR AR AT, AREREREREEL T DA RN, AREERBEE T DARFRE R

- BN SER B RS, WSS, HOBARES AR

- R EIE AR, A R R I Y AE A A — AR

- EREEESEN R LR, EERRIE SR, EEE T,

- ERRE RSV REETERR, R ER RN ST, BRI E,

2. Q&A

Q: FIERERBTER IR RIBFHI?

HEEER EARESRANERS - g “BER—EEFy”, msahivg “BRISE —ETER
17, PARZIEHRES: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

FEARSCH, BEHARA—EE P, MR —ETER 7S, &R R % M ETER ~ W RTREfF 2 R AR, It
fR Fp {152 AT S JEE — R B

Q: AFEUEE RS & A EIRE 2 HR?

fEAREEE P, ERIETERS S, B0E (ATHREIREE, R IR0 E T o 2 E R,  DUERT 2 E
AT A EIE 7 &

Q: 7EMRESRT, “BLFZIERAIEAATATER" FITHRSIEY 2 & H ZK?

A URERER, (BAEEREM, RIRedREgifae SRIERH?, HAEIRIER RSy, BB %IHTE
REERNIINERFSE, EtRE A TIEER WA ERE AITER,



200

F10E g

Abstract
M2 —IGARAMEbE, BMelir 2GR S e AvE, XEEFRT PAPIEEH E B,
EESG=mRZIRY, SRR A RS2 — AR G RHENE R,
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10.1 =—HiEs

—5#% (binary search) BN IGRIGH SRE SRR, EMAERIE R, S h—FEs
filE, EEKFHETTRSE SR AT 1k,

Question

fE—ERE R n KIS nums , TTRIZNEIRIIIERFHP HAER, #E#HIHREITTR target
PSR RIRG ], HRPIAE SR, ARE -1, /~E4NE 10-1 Fis,

35
31

26
23

15
12

fERERERTES]
nums

BAEFES] nuns , EHEETE target = 6

10-1 =orisonplEr

AnE 10-2 Fior, MRS i = ORI j = n— 1, S BHEABMSIE TEMRITE, (REEaER
0,0 — 1], LR, PERFRMAGRE, HOSEREAY,
R, TR,

L GtRARERE I m = [(i 4 ) /2], Ho | | FoRMA FIOERLE

2. H|Er nums[m] 1 target B R/NEMR, 7224 LL N =F1E M,

1. & nums[m] < target I, &BA target 7EIEM [m + 1, 7] 1, EHBHITi=m+ 1,
2. Hnums[m] > target W, A target &M [i,m — 1], FHHITj=m—1,
= target I, ZRPHERE| target, HRIMIRFEIRS] m .

3. & nums[m]

LIRS HETR, MaERREEH M 2, KRR -1,
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35 r 35|
| 31 i | 31 i
)3 26 53 26
i 15 | 15
: 12 ! 12
B“BHH sanill
#;El oo 12 3 4 5 6 7 8 9 #®l o 1 2 3 4 5 6 7 8 9
A A N A A
i j i n b
EE=3ES:
Weate i, j HREAETIETR. BTR 1. StEFE m = 1+ j) /2

MEXRTHEYD [1, j]

Step 1 Step 2

| == 1 2nll
b

6 s |
1 3 g . 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
i jom i om
EE=EE: EE=3EE:
1. BERE N = (4+3) /2 1. tEPR m = (i + j) / 2
2. ~ nums[m] > target
Step 3 ~BAT § = m - 1 GNEBER Step 4
=:.mi =:oml
#l o 1 2 3 4 5 6 7 8 9 #l o0 1 2 3 4 5 6 7 8 9
AA A Ao
m i j im j
EE=SEE: EE=SHE8:
1. StEFE n = (i +3) /2 1. MEhE W = (i +3j) /2
2. = nums[m] < target
Step 5 S BT A = mo+ 1 GNEBER Step 6
- “
= anf
#l o 1 2 3 4 5 6 7 8 9
A
m
EE=5E8:
1. BB m = (1 +3) /2
2. ~ nums[m] = target
~ BEFRS| m

Step 7

10-2 —n#smns
ERERRZE, BN f j AR int 2451, Wbk + j nIREEEE int BUBIRHUERIIE, % 7k RBHESR,
BIVEHRALR m = [0+ (j —1)/2] KatEAE,
RN R R:

// = File: binary_search.c =

[* Zonw (BRER) */
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int binarySearch(int *nums, int len, int target) {
// ¥FIRHERER [0, n-1]1 , Bl i, j #KRERAESIETR. Bnx
inti=0, j =1len - 1;
/] BE, EE=SERATENE (B 1 > j BAT
while (i <= j) {
intm=1+ (3 -1/ 2; // stEHEERS m
if (nums[m] < target) // WIEREREA target EER [m+l1, j] &

i=m+1;
else if (nums[m] > target) // LLIERREA target EEM [1, m-1] A
j=m-1;
else // #%FNBEZETR, REHZES]
return m;
}
[/ RKHFBETER, RE -1
return -1;

BERIBIARIE 2 O(logn) = TE—4NEEH, RIS #REN—F, FILEERES log, n .
BRI O(1) + 4518 i A1 j (EAIRMOR/ VR,

10.1.1 ERTAEZ

BT ERSEERS, HRNENRREE ERAR B, T8 [0,n), IEERASHE, HER
RUEHY, FERRT, W (i) i = j KA,

FfMr] SRR BB A A FIDIRERN — S A
// == File: binary_search.c =

/* ZH#EsE (ERARER) */
int binarySearchLCRO(int *nums, int len, int target) {
[l B ERARER [0, n) , Bl i, j #KiliEEENIETER. Bxx +1
int i = 0, j = len;
// EE, SESERATERE (B i = j BAR)
while (1 < j) {
intm=1+ (3 - 1)/ 2; // stEPFEERS m
if (nums[m] < target) // IEiERREA target EERD [m+1, j)

i=m+1;

else if (nums[m] > target) // WIEHREA target 7EER [1, m) &
j=m;

else // HEIEIZERER, REIHES|
return m;

}
[/ KIKEFBETE, RE -1
return -1;

qnE 10-3 R, TEMMEEMFOR T, o ESERRAIGIL. RGN E RIRE A TR,

RIS “EEPAIAT FoRPRAEAA S AT AR, KIMOEBIERR  AOFEEE M/ R A SR 2
M. JEREEAA G, It —RaieRm “SEPHER MR,
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7_1'.§ E H H
ﬁ%l‘"@ 1 2 3 4 5 6 7 8 9"1 ‘"m 1 2 3 4 5 6 7 8 9"‘10

i by Lo =F-4 j i AEaEReEs8s HERFE82E8E j

ERERWN: 8FEMH [i, j] ESEM: £AAEEM [1, j)
MiatkiEi®: i =0, j =n - 1 aMkiEiE: i =0, j = n
OEELIEfRA: i > 5 EEERIEES: i 2 j
SNERMEME: i =m+ 1, j=m- 1 MOERHEE: i =m+ 1, j =m

& 10-3 P [ ) 7 5%

10.1.2 {2ELEMERE

oy AR AR IR TR 23 R 5 T T A AT A RRE

TS IR RR . FERRHR T, SRS AR R M R B B B, I, B RN = 220
R, #RMEAHEE 220 = 1048576 i, Wi~/ ESEF log, 220 = 20 i,

- DS EARAN BN R EREB RN M e AR (PlniEEER), s EmEE
aliie

A, ZofEsIrEEARTA SR, EEADTER,

- CoEREERINERER. AWMAERHER, & THEH o RImEFTE T, SMEK, KAk
FPE RN R BB R 2 O(nlogn) , HARMEEM S48 =, BRVEZEEATENS R,
AR A P, FERTRBAZRENE, MEEEEZ O(n), WE2IFFHER,

: *%ﬁ%@@%#@ﬂoiﬁﬁﬁ*%ﬂﬁﬁ(#ﬁﬁﬁ)%%ﬁ%,ﬁﬁ%%$ﬂ¢%ﬁ%%ﬁ%ﬁ
AORCRIGAI, PRI ANIE 5 M FH A St £ 71 e R S £ 71 BB S R

- NERET, MUEERSREELE, ERIEERT, SREE L RAERRE, mE_osh, |E IR
%, VIRBRIE. 1~ 3 UCHIBHRIE, 1k (BIR), 34~ 6 ERTTRME; B, EERE n SV,
SEER R M == R,

10.2 ZHiESHNES

s NS BETTER, BEa AR SR, s B ETRIEA N E,
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10.2.1 EHETEMNER

Question

i —EREZ n WA FHS nuns fMl—ECE target , MFIRNFEEEICE, B target
ABEF nums /) WRFFHA P, HESITCEFETTE target, HFEAZIHAETT, FIREHFAR
target 7EMFIHFHIRG ], REIAE 10-4 AR,

nums

BAR A target

nums

BAEFES] nums , BiZTER target = 6
Bl target RUIEAEIES|% 2

B 10-4 —SHESHHABRHIRDR

QUARAEHE ] b — B oA s, AIFRE I DA R A .
P8 —: EEYITHEE target K, HAMKNRIIZELZZTRNRG?

A EHE K target FHAZMHEF TR AR, BEKENEAN target B TJEXK target N E, 5L
i, ERYIEE target I, HMABNRSIEREZ target &S],

FIRE—: EEYITALETE target I, HABZWHMETTRIRT?

P EE M SiER: & nuns[n] < target I ¢ B8, EREMERRER  ERKRER target AITER
S, [FIEE, IR J SA%AEAVIVRSEIR target HITTREEID,

Rt — SRR —E @ fBAEERR target RI7TER, j fRAIEME/NR target KITTR. HIFEHSIAA
# target B, WARTIZ i BXBWFITR:

// == File: binary_search_insertion.c =

[* ZHESENY (BEETR) */
int binarySearchInsertionSimple(int *nums, int numSize, int target) {
int i = 0, j = numSize - 1; // ¥AEKERERE [0, n-1]
while (i <= j) {
intm=1+ (3 - 1)/ 2; // stBEHEFRS m
if (nums[m] < target) {
i=m+1; // target EER [m+l, j] &
} else if (nums[m] > target) {
j=m-1; // target 7EER [i, m-1] &
} else {
return m; // %3 target , REHEANEL m
¥
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¥
// FEF target , REHEAD i
return i;

}

10.2.2 #FEEHETRENER

Question
£ F—E AR L HERy S EETTER, R,

R AR E 2 AE target , RIREE 8= HAEIR B H A —{E target MRS, MMILERHEEZCENA

BGIBIEA 2D target,

HHERR TR A SRS, PABRMSEA MG R target RG], #1205 1% i [
10-5 FRHP BREHL,

1. BT ==, [JEUEE—M target RS, LAk,
2. RS k BGG, METHRIEEY, EHREIRAIBN target FHR(E,

target

X ,.A\ A

1. EZHIESEES—E 6
2. B EREIRLEN 6

10-5 #RPEE A EE TR AR AR

au
Y

W IEEER AT, (BHA SRR, FIREERER O(n) . EESITEERZEWRN target K, %
TIERERR AL,

B R o e, WiE 10-6 Fox, BEAEAR AL, S/ostEHRR5m, HHE target
1 nums[m] BIRVNBRATR, 7075 DA RREIE DL

- Hnums[m] < target @ nums[m] > target IR, FRPHIBIREIKE| target , R EE g =
4/ N E R, femAEFREE ¢ Al j 1) target %0k,

- Hnums[m] = target Ff, /A target MICREEM [(,m — 1]/, FHRH j=m — 12k
fi/NERE, fEmpEREEE 7 M/NR target MCR R,

EE e, @ faARAEN target , jISAIER/NR target FITR, KRS @ HU2HHAR.
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15} 15}
| 12 [ | 12 i
i 10 i i 10
6 6 6 6 6 | 6 6 6 6 6
. E 1
*ia > 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
EE—53EE:
Wiak i, j DREARTIETR. BTR 1. tEFR&E m = (i + j) / 2
WERTHERS [i, j]
Step 1 Step 2
15 15
12 [ 12 []
10 10
6 6 6 6 6 6 6 6
gl mE 1 {
> im = a
#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 iom i om i
EE=ER: BB
1. st m = (i +3§) /2 1. 58P m = i+ j) /2
2. v nums[m] = target
Step 3 LT 5 = m - 1 RMESER Step 4
15 15
12 [ 12 []
10 10
6 6 {6 616 6 6
o | E 1 [} |
=R k| = o D
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A A oA
m i j im j
EE=ER: BB 3RS
1. stEHRE m = (i +3) /2 1. stEFE m = (3 +j) /2
2. ~ nums[m] < target
step 5 SBET Q=+ 1 RINESER step 6
15 15
12 [ 12 []
10 10
6 6 6 6 6 6 6 6
|
b TR ‘1‘ [ ‘
&3l o 4 5 6 7 8 9 #bl o 1 2 3 4 5 6 7 8 9
A
i
EE=51E8:
1. st8PE m = (i +3) /2 v FRETERYE: i< j
2. = nums[m] = target = BhiH=s)iE, EEm3| i
[step 7 LT 5 = - 1 MESER Step 8

10-6 il BT R AT AR BR

BIZX DU RAERE, #7502 nums[m] > target Ml nums[m] = target AYIEIEARNE], [RIHRiE AT DLEBE,
BB, FR(MMIIRRT DRI BR R OR 4 B, R 2 @R s hnys iy, nIsl e sa 4f,

// == File: binary_search_insertion.c =

[* oSN (FEERTR) «/

int binarySearchInsertion(int *nums, int numSize, int target) {



HloE M= www.hello-algo.com 208

int 1 = 0, j = numSize - 1; // ¥IAHERER [0, n-1]
while (i <= j) {
intm=1i+ (3 - 1)/ 2; // #AEPEERSI
if (nums[m] < target) {
i=m+1; // target EERM [m+1, j] &
} else if (nums[m] > target) {
j=m-1; // target 7E[ER [i, m-1] &
} else {
j=m-1; // BENR target WxHREERM [i, m-1] &
+
}
/] REFENE 1

return i;

Tip

AERIREREESRE “EPAIEM" Fik, AEEBEE T ATER “EHAHRT Fik
RIRE, o ESMEARURATEE « 1§ philEds B, BIETsEE—EARKTR (Bl target ),
WATREE —MECREE (FIU/ R target HI7TER),

EARERERE 5, 8120 f1 j #RENER e E M B, &4, EMEUERIREIESE, S0
gk,

10.3 “HiESER
10.3.1 EHEER

Question
HE—MERES n WAFMES] nuns , EHrfRERSEEITE, IR EIMEY| & ALA—HETE target
&5, HEYIPAEEZTE, HIRE -1,

B oS AT, EE5eliE i fem /e —E target , KA EALAE ERERRA—
il target KIE5],

ERIEEE AR KA ERAR AR, EER, AP REREE target , BB ATREESLAT
ﬁﬁ@%ﬂ%o

ARG 1 85,
- JuZ nums[i] B2 target FHEE,

BT DA TGN, BHORE —1 B, R AR

// == File: binary_search_edge.c =

/* ZHHEERE—E target %/

int binarySearchLeftEdge(int *nums, int numSize, int target) {

/] HEBRE target AUHENEL

int i = binarySearchInsertion(nums, numSize, target);
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// *#EF target , &[E -1
if (i = numSize || nums[i] !'= target) {
return -1;
}
// #Z| target , REIZE3| i
return 1i;

10.3.2 EHEER

ARG &SR A — M target WE? REREATT N2 BEAEANS, BHRIE nums[m] = target [ FHIHE
AR e, FEHETEIL NS, A BEAREE r DLE1TEEL

T T FRAM A A P A B I EC ) 7T

1. ERENEER
BE L, M UAAERRLATENRRRERRGITE, Hi85EAs: HaE#RG —M target L%
s/ —M target + 1,

qnE 10-7 iR, &g, 161 ¢ fRhER /e —E target + 1 (WIERTELE), i j EA&A 1 target
[KIgLig Bl 5 Bl

target = 6
- (000000
j i j i
EHRA—E
target +1
*E
EHIRE—E EHRA—E
target target

10-7 ERAIEFEL A E# S R

R, IREREARE ¢, RIEFTREAHR 1, EmES 5 -
// == File: binary_search_edge.c =

/* ZHHEERE—E target %/

int binarySearchRightEdge(int *nums, int numSize, int target) {
/] BUAEHRAL—E target + 1
int i = binarySearchInsertion(nums, numSize, target + 1);
// j EARE—E target , i IEABEEAR target HITE
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int j =i-1;
// &#%EF target , &[E -1

if (3 = -1 || nums[j] != target) {
return -1;

¥

// %3 target , REIZES| j

return j;

2. BUREATE

TELE, EFEFIAEE target I, &A1 @0RHEFREERR. /MR target FITTER,
It 4nfE 10-8 Fw, FfFA] DS —(E RS A FERTTR, HRE#RAAGIES.

- BFR/E M target : AIRAEIMLAEH target - 0.5, ARMEFERE .
- BHERA—E target : DAL A AEH target + 0.5, WIREFEE 5

target = 6
nums
j i j i
= &
target - 0.5 target +0.5
*H= *E=
HHIRE—E EHRA—E
target target

10-8 &g g L &R

RBHEEIL ARG, DU MRERHER.

- KRR SN, I8 RORAE TR 2R O An AT R A SR B D
- RREZITIESINT /N, AR S R A target B2 TRREEURA] (Python #EZHELEN)

10.4 FEERIELER

FEMRETRRE,  BRAMTHE I 15 A PR A G 150 2 M P sl R B AR T R TR R R BRI . FRAPTRE B — (s ST
AHITREERE

Question
4 7E —EEEHHS nums F1—fE BT E target , FAIEMYIHIER “F1” % target IIMMEITE, i
REEMARES RS, IR EEE—EERTR],
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10.4.1 4314EH: LSRR

FRERETTA RIS, WIE 10-9 Fr, FMBHR—EREIERE, 7556 A B SR 2 6 2
target, s, HERFEIEMIRS

target = 13

nums =

EFHFrEEE, EBINS
target A EHHR[E]

10-9 #RMEE SR EMRECZ N

R NFrR:
// = File: two_sum.c =

[* FE— BHHIE x/
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;

WP IR R 2 O(n?) , ZERIHEREE 2 O(1) , fERERHRE NIERFERS,

10.4.2 HiEE#: LISSHEHRER

BREREE MR, A DRI R EYTTRNITRRG, WEEESY, SHmEITE 10-10 FinrPek.
1. FIERET target - nums[i] BEEMERTD, A2, HERRENSHETRIRS,
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2. SES nums [1] AR5 1 HriiERERR,

target = 13

- - (@OO0
:
i

FEHMES] nums

© 13 - 2 = 11 74 map
~ TR 2 FEE map
Step 1

target = 13

‘ Step 2

s - (DDOO

map =
value 1 =3l

[

EHET) nuns

© 13 - 11 = 2 7€ map
~ EEFTREERS| [0, 2]

Step 3

target = 13

w - (BOO0
A

i
1 2 | 7 R
map =
value 1 #3|
EHHES) nuns

13 - 7 = 6 R map
o TR 7 FIME map

10-10  WBMER FOR M B 1

BHREENAUR, (55 B E e ay

// == File: two_sum.c =
[* FER */
typedef struct {

int key;

int val;

UT_hash_handle hh; // Ei® uthash.h B
} HashTable;

/* FEERETH x/

HashTable *find(HashTable *h, int key) {
HashTable *tmp;
HASH_FIND_INT(h, &key, tmp);
return tmp;

I
[* BERRITREN +/

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(*h, key, tmp);

} else {
t->val = val;

h
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[* FAEZ: EhER */
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;

W77 B SRR A AL R AT O(n?) B O(n) , KIBFRFHAITACE,

R M — RN RS, RIS S O(n) o WL, 05 TARPBRING 22808 6 2 11,
e R A S e A

10.5 ERRESERZE

SEE L (searching algorithm) FIRTEE RGN (BN, SE&5Es, BietE) HER—E—HNE
FEE RIFIITTE,

AR PR E BRI 70 2% DU,

- IEEEVERSREGE N HEDTER, FINRES, SERTESI, R I A E R
- PRI ARA R s RDRH S el al, EBSRPOTRAN, Hlin— s, MREsin —ooidae
AHF,
AEEIEH, EENRRGE AR EE h A S, KRR R A4, A, 3K
MR ATIA, ERFRESEER

10.5.1 |hHiEs

2 SEEE TR TR ACE M TR,

© RIS B R SRS FR S SE AR R, EICERIATER —Imbads, BEFIFDTR, HE
B AT REENE S w2 A IE TR M1k,

C CBEEESEST M REESCE R R R MR ARG, B BT S I EITR 462
=, HOL IR S AR, IR SR ERERG, g — PR IOESIEE, F S el
fhEsfs, EEGEFE R BRI,

RS NEREME @RS, SCRBRORHTREBL RSB BN ROR GRS
RN, MMESIARIN AL 2 O(n) , Hbn 2uREE, FIEEREBRARIED N ZE.
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10.5.2 HEfEES

HiE RS SRR EEE (GnaR) RetEdEsiate, 1EmEsdutEs BETR.

“Toris” MEERIAE IR SR, (AR,
- UMERAERT M AMRIOHE SR B AR S S E B, 7T E A R
- R ERPE IR (Bl T T, B ARG (E A PRIEHERR BT, e L HAR TR,

A E R R AR, MBS NES) O(logn) #E O(1) .

SR, MERE S EIATE R RE PRI R R, fla, — s REFECHEINETHY, MEEHRN
AR T LR B RN ORI RE, A EIE L R R th R R S NI IR R 2 1 B 8

Tip
0 S T R TA O R BT, EERRAERE BRI R DR H BT

10.5.3 E&757%E

RERIN R n —MERL, PRI DMERISR S, s, B, EERS AR EE
TLRo AV TAR TAERERANE 10-11 Fis,

g8 o(n) MEE 0(1) A key & value
key N Sl =
value
ARMERER RS
Z5#E% 0(logn) #ZE:#H 0(logn)

FE SRt
EHEARERS

A

REENEFERNMNESER

& 10-11 =K%

TRAERE T TRRIRERCR BUR AN 3% 10-1 Fiomso

% 10-1 EHBEAIRNCRE
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s o ESE) R A

AFTTR O(n) O(logn) O(logn) 0(1)

AATCR 0(1) O(n) O(logn) 0(1)

LGS O(n) O(n) O(logn) 0(1)

RN O(1) O(1) O(n) O(n)

B RTH / ¥ O(nlogn) ##5 O(nlogn) #ikER O(n)

BERER AT ey HiF =152 ELida 2

RS EETRAERIR IR, ESREEOR, BRI B TR E,
ks

BTG, BEAEMTRORITHR PR, (RURFETR L — KGR, IR A =177 TRA R TR R B
FORe ] AR P 1 = AR DB BB

- EARREREUNTER, RN R A BRI

- EARERERURRR &R, WA AN TR BRI T TR MEE

s
- OEARKERENEN, SERBEE, REREERES O(logn) .

- ERHENREIRR, K% (7 RS T B A RO TR S R
- NERR MRS R, RS RS E BRSO,
A
- EEB AR RS, FEREEREES O(1) .
- NEATREAFENSEIEERNSER, RNaRREAEEER .
- IR o AN R R A B RS O R P s, B ORI RIRE S (LR
- PNEGEREIERIIED, FRMERRTR RIS MAR R R D E SR, iRt R i &R
AE.
L EOG)
- EFRERER, AR ER A RO TR R R 0 A AR Y
- EETEMEE A AR e E AR RS R
- TERHENMERRS AR, ToTiE ST REAE MR, RIS LE O(n) -
- HER AVL BEAL RS, RIBTEERERTTE O(logn) BOR FRUEST, (HAEEB T EARIEE N
SRS,

10.6 /&t

1. ERSEIEE

- IoERAOEERE RN, EERER RS R AOE TR, BERMABREF, H#
T8 FH R P 271 s i R P01 B B S et
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RIS RIEEE R R (YR, SIS S R R R, R R B AR
F i BRI, OB T EAT, S RN (TR T, (ERSRS BRI O (n) e,

R, BRI MU SN SRR, AR R R B E TR, MR
SoRES, MIEEEE O(logn) B O(1), (R@% HEHHEING RS,

R, RMTEREORRL ST R, R AR TR R S T, (TR S
R TIE,

G EE N SRE E RO B T, HEROR VA I P A
SR SR LR 2O s R 3000 P A T A s N S R A B R ),

AR R A R R TR R LTRSS, TSRS R O(n) BB O(1)
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F115E HF

Abstract
HE iU — O RHRBLE AR P B AR, (HFRIMRE DA &k 7y SRR g B R B ke
R T, BRI EHEY, Hipa R ER TR RIS E,
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11.1 HIFEEZ

HFiEEE (sorting algorithm) AIRS —HERHZ IR EIEFEITHS . HFHEEAERIZAEN, FX
AP ERRE F RES S MO, AT IR EL,

qniE 11-1 s, HrEEEPRERRA AT DURREEL. PR ForsTHSE, HE RO I AT AR SR R 5K
ROE, BRI/, T ASCIIL HENEFP Y H & R,

EREFNFFEY

HRFHFAIFFSH

EREERRUAFES

11-1 BRI B B AR A1

11.1.1 HELEE
BATECR . BAMEAEH R EE LR R S R A, HARRSREEER /) (RRRIEME P EEIEEE N,
HRKEREEN, BUTHRESILAEE,

Rt A ER, RHRIEIR AR - ERAREE Y, SRR RSME N, 1E A R
B, EHEWERT, Bt ERHRE R, SUTIEE D,

RErE: BEHFAEESHIFR, MHSETTRERSHHIABIE P A 34 s,

REH R R 2P 5 R AR E R BRI — A2 EMAIRRS, 5 1515 2 510 B2 2
ik, EIEMEBIT, FEEHFATREEE AR A TR

# BMANBHERRY R AT

# (name, age)

('A', 19)
('B', 18)
('c', 21)
('n', 19)
('E', 23)

# (BREAIEE R BB E R T R,
# R ('D', 19) A (A, 19) WABRIENE,
# BNEREREHENERE

('B', 18)

('D', 19)
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(A", 19)
('e', 21)
("E', 23)

FIEIEYE: B@EaE e s A i AR CARIER B aURED R R, R EENREECR, BEET
T R TR ) B A P R R P 5 (B 1P g B P MR

AR EREBRNHEIFMELEER T (<0 =, >) KHABTRIOHEINER, 7EmHEsE e,
MR R R 2 O(nlogn) o MIFLLEHIF A LLBGER 7, RREMERE O(n) , EHEHME
M,

11.1.2 BEHIFEEE

PUTHR, L, R, BEEE. JEMPELE. B, IESRIEMOREBIRA DL ERTERHERHEE AR, K,
FERHE IR, TR AR B A R R AN R RERR SR AR ERE

R, TR ILRISE SR AR, MR LR SHE M B A HE e T R TR B A ET 04

11.2 #EHF

EIEHF (selection sort) AYTAEFEHEHERE: FM—IEERE, SWRICAHFEMERR/DITTR, fFHK
FIEHFEERE.

RIS n, EEHP BRI E 11-2 iR,

. PIEIREETR, FTETCRAHT, RIARHT (R5D ERMZ [0,n — 1],

R [0, — 1] PERANER, HHEERS 0 BRTRRM, sEiig, MEH 1 ETRCHT.
EEER [1,n — 1) PIRANCR, REERT| 1 RINITRSR, e, MEET 2 Ry,
o DARSEHE, #6080 — 1 WSRE YR, [IET n — 1 EoREHRF.

- ERE—ETRAE R RATTR, HAENT, BIESIHER .

KHIFER FHIFER

. @ - @
Aoa i
i k
21 mE 1R
iﬁ*}#ggﬁﬁx BER/TR nums[k] E%ﬁﬂiﬂﬂ?@lﬁ, BIER/NTE nums[k]
HBNTR nums[k] FRHFEMNEETE nuns[i]

Step 1 Step 2
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RHFEN KHFED
Pk -

%2 nu % 2w

ERHFER, RARITE nuns(k] A

ZHBRTR nums[k] FFHFEMMEETR nuns[i]

Step 3 ] Step 4
KHFER RHFER
- (00000
i k
# 3 W %3 B
: - M
EWRHFER, BBR/TE nuns[k] EHRAFER, BIERTE nuns[k]
TR nuns[k] FRHFEBNEETR nums[i]
[ Step 5 ] Step 6
KHFER FHFER
- 00000 - 08800
i k
; 4 g ; 4 W%
EBFRAFER, RER/TR nums[k] téﬁﬂiﬁFﬁfEFﬂ, SBIERTE nums[k]
TR nuns[k] FIRHFEMNEETR nums[i]
[ Step 7 ] Step 8
RHFER KHFER
nums nums n 4 5:]
A A —
i k
; 5 W ; 5 W
EHRHFER, BBR/ITE nuns[k] téﬁ;ﬁg;[:ii@ﬁﬂ, SBIBRGTE nums[k]
TR nuns[k] FRHFERMNEETR nums[i]
[ Sxp O ] Step 10
KHFER
nums
%ﬁ#ﬁ (RsF—ETRERAE
Step 11

11-2 BEEH PR

AT, WM kARG EE N &N TR
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// = File: selection_sort.c =

/* FEEHE «/
void selectionSort(int nums[], int n) {
// NERE: kHFEMZA [1, n-1]
for (int 1 = 0; i < n - 1; i++) {
// WiEE: HREERHFERBNNRINTER
int k = i;
for (dnt j =1 +1; j < n; j++) {
if (nums[j] < nums[k])
k = 3; // sifs&/\cENERS
¥
/] #EmNTRERFERNEETRERIR
int temp = nums[i];
nums[i] = nums[k];
nums[k] = temp;

11.2.1 EHEZEE

- WRIBEIES O(n®). FEENEREHDY: SNEREE 0 — 16, F—RIORIPFERIRES n, BE
AR ERIRRES 2, EEHANIEARIEE 0, n— 1, .. 3, 2@P0EE, kg 22

- RERBEIE S O(1), JRHEHER:: I R j G R RO NIRRT,

- AATEHDE: W 113 FOR, TR nuns[1] A ATRENCRHR B SIS A TE R4S, BEE A
MR8 2 5,

FHFER

oo @

HITE—EE
iﬁﬁ@ﬁ
a0 o

SERR R — IR,
METE & HESUERETRE

11-3 EEHEEAERE R A

11.3 @%HIF

EAHF (bubble sort) JZI@IHA M LR B IR T R BB AT, SSRGS R T 2ITHE — 4K,
S AR .



F1E HF www.hello-algo.com 222

Gnie 11-4 FroR, B IEERE AT DRI TR A AR F AR (ERRS e e sm B da A E 7, MR LA TR AR
N, WIS HETER > AR MR H, BRI, RARRITTR GRS EIEIA R A .

- @000Q0 - 0Q00Q0

REFIARRE—H R

TEEREANEEMBARIELL
WEEREHBMTR:
v EBTE > GETE

nums ‘\nana - RMEMETE

| Step 1 Step 2

- 080000 - 200000

WEEEEHEMTE: WEEEEHEMTE:

v EETR > AETR v EETR > AETR

~ ZIMEMETE -~ IREMETER
Step 3 Step 4

nuns 0°0°°O nums gegcéc

WEEGEHBPTR: WEEHEREMBTR:

v EBRE < ABTE v EETR > B8R

o MR - RHGEMETER
Step 5 Step 6

KIE KE
nums o e o ° o °

(B9 n-1 EREAHE |

EHTERE,
BARERTHKE

11-4  FHTTER R e E

11.3.1 EBEZRIE
MBI RE A n, EEHEF S BWE 11-5 iR,

L B, ¥n ETRIT B, FRESINERTR LR IEMAE,

2. BERAR, HFER n — 1 E7TRAT “BilR”, 8 ORI E,

3. DAMCESE, &l n — 1 “Bil” &, 6in — 1 KECREP i IEmA E,
4. (R —EReE BRI TR, BANR, EIRESIHER 72K,
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“BikE  KRHFERM
B9TE

nums nna [o, 5]

BiTH 1 BER

paonan .

7% 2 WES

BITE 3 WEER

a0 8 o©o=

[0, 3]

BHITE « BEA

0800

BiT%¥ 5 WEE

088000

FeRHE (RIgf—ET=ERET)

[o, 1]

[0, o]

[ 11-5 R

RBIFE SR
// == File: bubble_sort.c =

/* EEHE */
void bubbleSort(int nums[], int size) {
// SMERE: RKHFERZE [0, il
for (int i = size - 1; i > 0; i--) {
// WIEE: BERHFER [0, i] PHRATERMEZERBN&REGH
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 ¥EREK

FeMEss, Wi “Bin” g EPITIE A e, SRABY CR 5w, rIERRMEGSE, ik, °T
DABE N —(EREEEN, flag 2REAHIEREGEM, — HHBEZELRE],

KB EEAL, TPRHER I R 2 e R A B A PR R R AR 2 O(n?) 5 (EEE A 267, "%
SRR O(n) o

// == File: bubble_sort.c =

/* EFHEE (EsE&EN) +/
void bubbleSortWithFlag(int nums[], int size) {
// INEE: RXHFEME [0, i]
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for (int i = size - 1; i > 0; i--) {
bool flag = false;
/] NERE: ERHFER [0, 1] PHNERATERREZEBNRAR
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 EEZEREHY

- WEEIBGRIE S O(n?). ELEHEHY: A% “EN ENIEEIRERR A n — 1 n—2. ... 2 1,
W (n — 1)n/2. 15N Flag BRAELE, BEMMMRERES O(n) .

- SRIBGRIE O(1). FUHLHERE: $5H 6 F1 j AT BO MRSV,

- RBEHDY: HRME B BT R A

11.4 EANHF

EAHEE (insertion sort) JE— S EAHEF T, B0 TOERBEERT B — R A ERIEE AL,

B, BMER P EEEE AR ETR, Mot REHANCHF RERTRE — B, A
IR A ERERIN E

11-6 JE&oR T BB A TC RAVIRIEIRE, RAEMETTRS base , FMFEAIEHERSIZE base ZHWFTH
TERAGHE—(L, A& base AR HIERS

‘ooopog -
P AR nums[ nums[4]
x 3 nums _ N
E AR ERNCRLE ﬁig;ﬁé 2[4 ]5]s
nums= nums[3]
080000

nums[3] =base

eness L 300008

11-6  BLUGH N IRIE
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11.4.1 BEZRIE
$7 N HE S s e Rt [ 11-7 FoTs,

L. WIGIRRET, FAIRYES 1 BT R E e,

2. BEEFINTE 2 HICRIER base , HMHMAZIEMAER, MSIRGET 2 fcR iR,

3. BICH 3 ACRIES base , MFHIAAZIEMAER, WSR3 ek CHi.

4. DURSESE, fEmRE—dnh, EEEE TR IER base , MHEMAREMAER, FifixiRIcHy.

BHFER

[0, o]
[, 1]
[0, 2]
[0, 3]
[0, 4]

[e, 5]

11-7 A7

RBIFE RS
// == File: insertion_sort.c =

/* HENHEFE */
void insertionSort(int nums[], int size) {
// NERE: BHIFEMRZE [0, i-1]
for (int i = 1; i < size; i++) {
int base = nums[i], j = 1 - 1;
// WEE: #& base WAZIEHFERE [0, i-1] FWERGE
while (j >= 0 && nums[j] > base) {
/] # nums[j] mABHE—AL
nums[j + 1] = nums[j];
Ji==
}
// #& base REZFIERUE
nums[j + 1] = base;
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11.4.2 BEZFH

- WEEREE R O(n?), HEREHDT: (RN, BUEAREIHIFEEE . — 1. n—2, ..
2. 1R, RAMEEN (n — 1)n/2, WIS O(n?) . EESIGRF R, iAREGIRAK
ke BRI RE TR, AAHHTERRERBERE O(n) .

- BHBRES O(1), WHHbT : 4868 ¢ f j (R EEO RSN SR,

- RREHEE: ERAREEET, RMERTRBAZMHETRNGN, TEUEEEMrIER,

11.4.3 {HEANHIFBES

FAHEF R A 2 O(n?) , MFMETIE2 S A POdHF R R 2 O(nlogn) o fREREAHET
AOiRe I AORERE S, (HAERDRHRBOMOTEDL T, idAHE I E i,

TS 18 sl B AR VA SN — 0 S A A I DL AS RO, POl HEFIE M O(n log n) MITEERIE BN 016
SRS HHE PSS, A S S UTE R, TERRHREUNE, n? Al nlogn MBUE ISR, ik
JEAME TGN, B A BT R FBOR AR B DRE MR

BEEE, #r2EAGEES (B0 Java) FINEHDFERM THAHNY, KEUERZS: BIRREZ, SRAZER
SHERMSHIH AR, Flntigdtr; BN, EREREATER.

BESRIETRHE RS, RIEHE RIS A HF R R B # 2 O(n?) , (EAEEBRRENH, FAHEF IR SR
HRRIETRHE AR, 3 EA DR ER,

- RHP RN TTR AR E T, R AR R, RPN 3 (E BT, AR TR EE
B, (7% 1EETHiE, B, WURHEE RSB S 5 LR AT 5.

OREHF AT PR S O(n?) o WUREE ML A IFIROR!, FAHDTIE 5 L%
FRHEP R T .
B AR, BERERR .

11.5 HRiEHF

BREHF (quick sort) 2R IMERISHIHEF AT, BTaik, BHEZ.

PIEHE OB “IHI#l 7y ", HEER: BRI PR ETTRER R, AFTH /MRS
HITT BB HAR, MAREREE I TRBEIHAMN, BREAGR, THIeE R E 11-8 For.

. RIS B eI ER A 2 R TR R, WUALRIETEER 1 70 3 20 BTG AIRES I .
2. o — ek, TiﬁAﬂF‘ﬁﬁH i (3) mhlsE—ELERER (D) BTR, REZRIEWETR,
3. EEHITHER 2., HF 1M j HIBRHEIE, BRI EEC R S miflE 1 FHA ) 7 5.
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[ step 1 |

def partition(nums, left, right):
[R———
i, j = left, right
while i < j:
while i < j and nums[3] > nums[left]:
while i < j and nums[i] < nums[left]:
i4m1
nums[il, nums(3] = nums[31, nums[i]
nums(i], nums(left] = nums(left], nums[i]

return i

ster 3 |

nums

def partition(nums, left, right):
[N
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:

while i < j and nums[i] < nums[left]:
i+=1
nuns(il, nuns(3] = nums(3], nums[il
nums[i], nums[left] = nums[left], nums[i]

return i

nums

def partition(nums, left, right):
e RR
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[il, nums[j] = nums[31, nums[i]
nums[i], nums[left] = nums[left], nums[i]

return i

BEY

Step 7
left

nums

def partition(nums, left, right):
gy
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[i1, nums[3] = nums[3], nums[i]
nums[i], nums[left] = nums[left], nums[i]

return i

# BA nums[left] AEEH

# WEREREE M ERHNTR
# WERGREEANEREMNTRE
# SHREMETE

# BEEHCIAERTHTINS R
# EEREHNF|

# B nums[left] REEH

# WERAREENBEERNTR
# WEBGHEBEARNSRMNTE
# REMETE

# HEEHCHAERTEYINSFAR
# BEREHNFRS|

# B nums[left] REEEH

# EEARE B EERNTR
# WEBGHEBEARBREHNTE
# REMETE

# REEPCHRERTFEIIRS TR
# EEREHNRS|

right

# LU nums[left] HEAH

# QERERE R EEMNTR
# WEBEREEAREEHNTR
# SHERRTE

# RBRYCHRERTHEINS R
# EEREHNRS|

[ Step 2 ]

nums

def partition(nums, left, right):

,. jgyn

i, j = left, right
while i < j:

while i < j and nums[3] > nums[left]:
j-=1

while i < j and nums[i] < nums[leftl:

i+=1

nums[i], nums(3] = nums(31, nums[i]

nums[4], nums[left] = nums[left], nums[i]

return i

Step 4

nums

def partition(nums, left, right):
R
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]:
i4s1
nums[i], nums(3] = nums(31, nums[il
nums[i], nums[left] = nums[left], nums[i]

return i

BEH
left

s

nums

A
j
i

def partition(nums, left, right):
M T
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:
j-=1
while i < j and nums[i] < nums[left]:
i4=1
nums[i], nums[3] = nums[j1, nums[il
nums[i], nuns[left] = nums[left], nums[i]

return i

=0

def partition(nums, left, right):
[N
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] AEER

# WEREREE N EEHNTR
# PERGREEAREEHNTR
# SREMETR

# BREHSIREMT ISR
# EEREHNF|

# BU nums[left] AEEM

# WEREREE N EEHNTR
# REBEREEARERHATR
# SEMETR

# HEEMCHAEM TINS5
# EERAEMFT|

right

# BU nums[left] AEEM

# WEREREE N EERNTR
# REAEREEAREEHNTR
# ZWEMETRE

# REEYCHAZMFEIIRIS R
# BEREHNRT|

# BUnums[left] AE2EH

# WEREREENEEHNTE
# WEBEREEAREEHNTR
# ZEWETE

# RRRWCREHT MRS RS
# EEREHHFS|
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Step 9
BEY

.
- 00088

EFES HFES)

‘YRS SERER, WEMTHRE
EFESIERTE < BEM < ATFRIIERTE

11-8 Il 25 BR

W SeE| e, TR R = ARy e RS, R A, Hike A rESERETR <&

R < A TEIUERITR". Wi, B TARATEISHE T EE THER

PRIBHE I 56 R

VS 1) 5 1) B 1S MR R 1) ) I e L 1 2 119 R R 371 I e P

// == File: quick_sort.c

[* TR */

void swap(int nums[], int
int tmp = nums[i];
nums[i] = nums[j];
nums[j] = tmp;

I
/* HEEID */

int partition(int nums[],

i, int j) {

int left, int right) {

// L nums[left] BEZEH

int i = left, j = rig
while (i < j) {
while (i < j & n
i--; [/ ®EA
+
while (i < j && n
i++; /) ®EkmA
+
/] RiEmETER
swap(nums, i, j);

}

ht;

ums[j] >= nums[left]) {
EREENREEHNTER

ums[i] <= nums[left]) {
AR EERNEEEHNTER

/] BRI TR

swap(nums, i, left);
/] REIEZESHNZRS]

return 1i;

11.5.1 BEZRIE

PRIgEHE R R R AR AN E 11-9 PR,
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1. HJE, BEESISIT X “THEED ", SEIRHER TSR TR,
2. %, BAEFRESIRAG TS BRIERAT “IE )7,
3. RINEE, HETHYIRER 1KLL, TEmospeE @ HER

\
e [BIEIEIEEE)

FRGET
B EEEE
RS
B0 - Bae BT W
B8 F gl EEATEY - BEETEIIRES 1 RELE

X BRRI SERL RS HE

%iﬂﬁ %iﬂﬁ

#IEREE #mﬁL 1EIEE

11-9 PudHErp ik

// = File: quick_sort.c =

[* RIEHE */
void quickSort(int nums[], int left, int right) {
/] FEIREZRD 1 K#RILEED
if (left >= right) {
return;
+
// HEZ D
int pivot = partition(nums, left, right);
/] IEEAFES). HFET
quickSort(nums, left, pivot - 1);
quickSort(nums, pivot + 1, right);

11.5.2 EBEZISYE

- WERIBIAEE 2y O(nlogn). FEABREHDY: 7E°FIENT, IHREDIREEERS logn , SR
MR 0, SEEEH O(nlogn) R, TERZERIT, SN ICEI BIER-REZ n ARHE#]
S B RES O n — 1 ME T, REREEEER n, SEPOEEES n, S8ERE O(n?)
IRl

- RS O(n). e : @AY E2E P IER T, ERRZRERE n, £H O(n)
B, HP BRI AR BT, REEBHEESNES,

- AR EWEEIONRE -, EREETREE PR EHETTRIA AL,
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11.5.3 tREHIFAER

e ERtRER t, PORHFFERCRTT HEZAA —ERES, 8 PRI PR R E R 50k
R A “HEREHERST AR, (EDEE DORHR R ORCRE S, EEA DR,

- BURERE DI BRI SEAPURHEF R ERRIBIRE S O(n?) , WHAHETRRE, EEER
ZEUEN N, POEHITEELE O(nlogn) MIRFHIMEHEEE FEUT,

- DRERIRCR S EHUTIHSRB IR IR, RATADR A T S BB ER, BT R AR
o Mg “HERHEP” SRR AR TR, mEk=iE Rt

- BAPENREBIREUN: £ R —MEERET, PORHPTRIILR, RME, ISR EER D, SR
SEAHERT L “TERHERT SRR RE L

11.5.4 BEHREWL

POEHE P E Rl PRI RISCR al RERFIC, 22 —(EMsn(l 7, IREE@mARSIZE 2 2fFR, HRTiEeE
BRIEITCRIERAETEE, IBEENRE ) 7R, AREEWEREMY I RA W, B FEYIRER n — 1.
AFHEARER 0. HGEE NX, SmEEEMERE Ml B RES 0, ARG, s
BICR “TRIRHERFT BEPIER,

7B IS, AT USRI el o rp RSSO IBORIE, 140, FRATR] DAREHHEE —
ETCERIE R EL, SR, WSRIESCME, BEDESIA BRI, RN RIAE.,

FEERNZE, BGESEEARNE “RRERED . WIRIRMTE B R EUT IR — 8 R e ISR,
AREEPRIEHE PP B RRATI A PT RE S 1o

R TG, FRITAT DATERS IR E = A e TR OB MR E, B, PRITR), AiffiE =1k
FURI PR B E R ST, JERE AR, B “BEAAUMBAAR” MR RIER T, ER, FMER A
EHUE 2 RIBITE, U — S IR m AN R R, AR A, MRBEMESLE O(n?) iR
KFEAR,

AR R
// == File: quick_sort.c =

/% EEN={E{&ETRAPUE +/
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 & 1L # r Zf
if ((m<=18& L <=r) || (r<=18&1 <=m))
return left; // 1L & m M r ZfHE
return right;

h

[* HEESD (ZEENHE) «/
int partitionMedian(int nums[], int left, int right) {
/] FEE={AEETERPAIEL
int med = medianThree(nums, left, (left + right) / 2, right);
/] HEPRLIERIRE Y R iR
swap(nums, left, med);
// L nums[left] ZAEZEEL
int i = left, j = right;
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while (i < j) {
while (i < j && nums[j] >= nums[left])
j--; /] RaEEAEKREENREESNTERE
while (i < j && nums[i] <= nums[left])
=g /] WERAKEERNREEHNTER
swap(nums, i, j); // IEWETE

}
swap(nums, i, left); // BHEEHMEMFRETINSRIZ
return i; /] REIEAEEZERS|

11.5.5 BEFERENL

TEREEERA T, POEHbP T REMS I . DUE A i ALY 20, SR i)+ fes R 2 m
TR SCE IR AR E A RS O B FHSIMRER m — 1 G 7RSI, ERRE S — IR b
RIREAEAEE /N CURD—E7CR), IREMASEEES n — 1, ’FFEWH O(n) RN HER =S

FEﬁ o

7 BB R R, BT DIE RIS e iR, EE e AR R I, BB 7 i)
AR, HABE TR RENEEE n/2, RIS IAREMERREREEE logn , (EMkRE

HEEAEERENTE O(logn) . XA FATR:

// == File: quick_sort.c =

/* REHE (BEREREN) */
void quickSortTailCall(int nums[], int left, int right) {
/] FEIRED 1 BRIk
while (left < right) {
/] EEEIDRE
int pivot = partition(nums, left, right);
/] EHWEFRES REE A ARE B TR
if (pivot - left < right - pivot) {
/] IEEHF L FRES
quickSortTailCall(nums, left, pivot - 1);
/] FEFERHFERZA [pivot + 1, right]
left = pivot + 1;
} else {
/] EEHFEETFRES
quickSortTailCall(nums, pivot + 1, right);
/] FEERHFERA [left, pivot - 1]
right = pivot - 1;

11.6 &HHIF

BHHEF (merge sort) 2 MR /MARISHIHEF A, WEE 11-10 Forig “#ln” 1 "G50 .

1 #5yREBE: BRI AT R RS B o B, HF R LS - e PRl REL AR 2% 5T el T e P
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2. APHREBE: B IR S 1 R EE Sy, BRIAEOF, FREMbf /oG RGN A 7 81 & OF 2y —
RIS, EEAH,

FEEIEEEEE

RIS PEER

) EEEm
SRR

B

11-10 EOHHERRIE o BL & B B

11.6.1 EEZRIE

GniE 11-11 fzs,  “EorREBE” A8 TE 22 PRI AR M #8740 r G T 70 20 i1 B

1. BHEEY| B mid , JEEE A Y] (R [left, mid] ) fAFA] (&R [mid + 1, right]

)o
2. RERITHER 1., BEFEHFIEM RS 1 R 1L,

“EOREE” R R THMR e TR A S OF 2 — A RS, REERRE, ERER 1 KI5
waaE bk, SOFREEHREE T EAEUR A .

BEEE ]
BEEIS < SRITES -
EJ13000 ( [J13500

EHEH <

‘l IREHEID { IRERE
E&Es <

0 Step 1 Step 2 |
| J
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EEEIS BiOES -
EEHEE
fJ1aE30
EMEst EMEsE -
| Step 3 Step &
EO#S < BE#S <
‘\ _ EmgEa
" 3125000
EE \‘ EEs -
[ Step 5 ] ( Step 6
BOES -
EEHEE
fJ1aC30
EMEs -
[ Step 7 Step 8
BEOES
EEst -

[ step 9 | [s:ep 10

11-11 &0t ER

B3, SOt B TR L R RIRENE 2 — B,

- RN SRR TR, FREG TR, REEFARETR,
- AP JEREAE TR, FRES T, RIRER S D

HERE
(315500

ERE
[315500

AR BB LI ERSAUR, SR, nums RIRFEOHERZ [eft, right], T tmp AYBHELRE K%

[0, right - left].

// == File: merge_sort.c =

/* BHEFEIINEFET «/
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void merge(int *nums, int left, int mid, int right) {

/] EFEFEMA [left, mid], AFEFIERZA [mid+l, right]
/] BA—EERRREY) tmp , AREREHENGER
int tmpSize = right - left + 1;
int *tmp = (int *)malloc(tmpSize * sizeof(int));
/] A FREyHA FREYpERE RS |
int 1 = left, j = mid + 1, k = 0;
/] BEAFEIEZEETERER, ETHLRIFE/ TR E RS
while (i <= mid && j <= right) {

if (nums[i] <= nums[j]) {

tmp[k++] = nums[i++];
} else {
tmp[k++] = nums[j++];

+
+
/] WEFRESIFNG FRESIR R R TR E N RS
while (i <= mid) {

tmp[k++] = nums[i++];
+
while (j <= right) {

tmp[k++] = nums[j++];
+
/] HEEREFRES tmp HEYTREHNEIEES] nuns RYHEER
for (k = 0; k < tmpSize; ++k) {

nums[left + k] = tmp[k];
+
/] ERECIERE
free(tmp);

}

/* GHHEE */
void mergeSort(int *nums, int left, int right) {
/] #&IEEH
if (left >= right)
return; // EFEIIREZA 1 FHRILEE
/] B BEER
int mid = left + (right - left) / 2; // stEHEL
mergeSort(nums, left, mid); /] EEEFRET
mergeSort(nums, mid + 1, right); // EEHEFEG
/]l EHBEER

merge(nums, left, mid, right);

11.6.2 EHZEFHE

IFRIBARE 2 O(nlogn). JEEEEHY: 81575 EESE 2 logn FIREE, B8 0HARERE
Zn, FILAAREREEMREZ O(nlogn) .

- BEBHERES O(n). JEFMHET: EERES logn, #H O(logn) X/NAHEBIE=M, &0HRE
TEFER MBS BB, A O(n) RANRESMSRH,

- Rty wathafEt, HETENRT IR,
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11.6.3 $ELERTIHF
SHAGRESERDY, & DHHER AR A P L B B 5, 1] DA E S (S 2 AR B
£ 0(1),

- Al BEBE: ATDAGERT IR R IR ARE BT R A > TR, DEE 2R e A HE AR e
© APRREE: 1ERASESIR, EIRCEHERHERSEES I (e HIRTEE, RLEHREE GEmfEEs
FRisfs R SOt R — A RA P A1) N BRI NG R A,

HAGE BN Ll i, A BB AR v] DA R MR BRI E T2,

11.7 MEHIF

Tip
R AT, AR “HERET B,

HREHF (heap sort) /&R ERMGS I BB s RCHE PP RTR, TR A] DA A CAS SRRy “EHERE
BAE” R TR HHERERIE" EBIHEREHT

L. S PRSI S/NEHERS, R iR/ N TSR R HERATE,
2. DErHTHHERRE, RIXECEEHERDTR, RInSEIIENEIRHE 51,

DA BT TREEPARIAT, (HFRZERER— RSN S A 7 BT R, R B, EEPRT, BMEH M
— AR B 7T

11.7.1 BEZRIE
A RE S n, WEHEFIHREWE 11-12 R,

L. #@ PRSI RTEHER, SER, ATTRANHERETH,

2. FERETE LR B —iics) BHERROTR (RE—ETR) . B, HRPRER L, B
HePeREEM 1.

3. PEHERETECRBALA, METHERBITHERLIRIE (sift down), SERUMEREILR, HERRIPEERENEE,

4. EEMITH 2. PIE 3. D WE n — 1 @R, BIRTSERBESIHER

Tip
HFE L, TROMREREPHEEE 2. PHE 3. P, HEZ 7 TR PER,
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C) <> THIF () ()

1. ENEFERER

@ @ @ 2. OB ERREATE @ @ @

(1) WERRTRIVERRTR

ﬁfﬂﬁgﬁa&grﬂ Ent&ﬁﬂ-‘i (2) WEERE(THERENL EnFEEFﬂ
wes (000 we: ()EIENEEIED
Step 11 \ Step 12

11-12 HERaHER P B

2. EEMHSEREPRIBATER

(1) HERRTRIBERRTR
(2) WREREITERMWL

3. FS—ETREARE, HFTM

TEREARSEBI, MM T “HERT SEERNETEERER sift_down () B, ESERNZ, B
FAHERER RS G R TRIURATTR T, R HRMTEELS sift_down O HEUHTYE —HRESZE n, AR

TEEHERER EATA AR, RIS FATR:

// = File: heap_sort.c =

/* HRBEHNRES n , ER 1 BB, RIEERHERLK «/
void siftDown(int nums[], int n, int i) {
while (1) {
/] PIEREREL i, 1, r PERAKER, 524 ma
int 1 =2 %1+ 1;
int r =2 % i+ 2;
int ma = i;
if (L < n && nums[1] > nums[mal)
ma = 1;
if (r < n & nums[r] > nums[mal)
ma = r;
// EEEE 1 RAEZES| 1, r @7, BEBEEERY, Bih
if (ma = i) {
break;
+
/] RIRWEE
int temp = nums[i];
nums[i] = nums[mal;
nums[mal] = temp;
// EBEETERL

i= ma;
}
/* EREHE */

void heapSort(int nums[], int n) {

/] EETRIR(E: HRMPRIEMRE UM E MR B

for (inti=n/2-1; i>=0; --1) {
siftDown(nums, n, i);

}

[/ EBRRERATR, EBE n-1 &

for (inti=n-1; i>0; --1) {
[/ RIREE R RAERHM (RMETRERTR)

int tmp = nums[0];
nums[0] = nums[i];
nums[i] = tmp;

/] VIRENREAEERE, RIRERETHEN
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siftDown(nums, i, 0);
+
}

11.7.2 BEZEH

- RIBEES O(nlogn). EREMEHET : BERIRIERER O(n) R, 1EHRETIRBUR KTTR IR
MR % O(logn) , HIEE n — 1 .

- BHEERES O(L). DY BEEEEEEER O(1) 220, TTRASHRAHERILIRFATZ 15 5 iz
AT,

- AR R T T SRR ROT RN, ST R AL B T REFE AR ML,

11.8 1@HiF

AR AR R A Y N LA H PR, EMEE LBOTR MR AR EBIHEF ., WEHER T
FOEIR R M O(nlogn) o HEFAK, BAMKHRR %M “AELbctrsEis”, ermmr sk
JE AT AE R SR IERE

#@HF (bucket sort) Z/IARIGHI—ESVRIER, CE@BOE L EAR/MEFRFHINE, 3085 —E 2
TRELE, RERPPE RIS AR AR, EREMNE D BIBITHE . RTINS B RS
(i

11.8.1 EEZRIE

FR—ERER n WY, HrR2#E [0, 1) NRTEEE. WHEFmERwE 11-13 Fir.

L. #IaME k (EAE, & n @R oEE] b E,
2. ¥HgfERE o BIBITHEY CEERAERE S INEHF D,
3. TZHRAEIE/ NEIRRINER & HF R

bW o -2 .2 [o-0s o-31[o-ia .1 075 [o.15 ] .57 | REPSRgne
- "'_::'-':7:':"155'.-';1':;:,-;—;,.;: S ~e - SERRISERNETS
8 HE@EmaR
buckets HITHERE
HFEE
RRENIER
AHER
SERET)

nums

11-13 M EEERTE
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XA R
// == File: bucket_sort.c =

/* BHEE */
void bucketSort(float nums[], int n) {
int k = n / 2; // ¥R k = n/2 B
int xsizes = malloc(k * sizeof(int)); /] ECEREEBRIAR/N
float **buckets = malloc(k * sizeof(float *)); // BHREREFIRIMESI (FF)
/] AEERES MR
for (int i = 0; i < k; ++i) {
buckets[i] = (float *)malloc(n * sizeof(float));
sizes[i] = 0O;
}
/1. #E5ITRSERZERES
for (int i = 0; 1 < n; ++1) {
int idx = (int) (nums[i] * K);
buckets[idx][sizes[idx]++] = nums[i];
}
/2. BEEFRNTHRF
for (dnt i = 0; i < k; ++i) {
gsort(buckets[i], sizes[i], sizeof(float), compare);
}.
/] 3. BHHFEENE
int idx = 0;
for (dint i = 0; i < k; ++i) {
for (int j = 0; j < sizes[i]; ++j) {
nums[idx++] = buckets[i]l[j];
+
/] ERELIEEE
free(buckets[i]);

11.8.2 EEZIFMH

THER B AR AR PR BRI ERL, Blan, SABERMLE 100 BMEyR, HRSRHIRG, RECEmssEE—
RYERAFTHE R B, m]DGRERL K 1000 i, SRR AIEHHERETHER, SRR E D

- IREHBGREZ O(n + k)« RROCRIESERMN PG, IREFEMRNKTREER T o BRiF
BEMEER O(% log ) Refd, RIHEFPRTEREH O(nlog 7) Wefdl BEATEUR kb HLBOKIKS, IRFRIBEHE
JERBIR O(n) . BOFEERNFRZETNAMAITER, €% O(n + k) R, EREEN T, THE
R ECLE—(ER, BHEFZAER O(n?) Rk,

- BHBRES O(n + k). TRy FEHED EEREL n Mo RIEssm.

MR R A RRE B HE PN TR I ETR R SR

11.8.3 MAIFIRFIY 5L

WHERP (IR R B LB S L PT DU O(n) , IHSEERSIFCRII MBI MD, KA ERrEpEar~g
AR, BIan,  FRFVAE SRR B b AR T A A P o EC R 10 A, R R ERS 0 A,
IR 100 TeRYAER 22, @ik 1000 JTAYAEHR Do F5 i ES R R8I 70 7 10 8, SEMPrIm S EEE e
FEH K,
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REBLFINEL, TR DUCBE —REI 0 SR, RIS 2 3 (AT, SrBLse R, P RS
B2 AIRIARATI 73 2y 3 I, EEFTAMPRTRBER KRB,
qniE 11-14 foR, G IEAE EREY R, B2 REmREE Y, BR, AT
Wil ERHE > 2% 3 M, BLRSE 7 75 URTRRIRE R R R S T R

HEMAEE —

HRER —

18%

<10

13%

10-20

EmEE
e HHESER
65% 20% 15% o
ERER &HrMbEE
T
s 100-500 500 <10 18%
. 10-20 13%
G 20-35 12%
35% 12% 35-50 10%
; 50-100 12%
1n|¢50 - .50—100 100-500 20%
T >500 15%
12% 10%
20-35 35-50

11-14 IR H| 734

QI SR PRA R AT R e A RO AR 204, BT DURR PR SRORI M3 S s R IE RO (RS 70 SRR . (B TE RV,
BRI —E T RESEr, R DARIR R B PR SR MR R A T AL

qniE 11-15 Fiow, B ah EAS ARTE L RE 0 i, IS Al i A B 3 e (B I R, FRE TR A P22 20 T

AR

WETE

0.4

o \
0.0

0 3 10 25 80 200 +oo  Emmf{ERE

. 0 0000 O

{EiREEE <3 3~10 10~25 25~80 80~200 >200

11-15 MM il oA
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11.9 =HEHIF

stEHEF (counting sort) EiBStat L REEAREEHF, 1EH EHREEEH,

11.9.1 fHEEIR

FeRE ARG T, HE —ERER n B nuns , HiRTREE “ARERE0, SHEHIP RN
FRUNTE 11-16 Frm,

1. EFMA, FRHHEPRRKET, s m, REEYERES m + 1 W] counter

2. B counter &t nums A B FIIBLRE, HAF counter[num] HEEF num B BUREL, #iEt
FFIFREHE, HFEEN nums GRERTEF A num), iR counter[num] 0 1 BIA],

3. HIIA counter WHMRTIRAGT, HKHERMERZCKEHIPT 7, # 7K, F&ME counter,
MBS B R BLR B N ER NP A nums BITAT,

SHIFEE] nums nnnnn

FEsh nums AT BEER IR RS
counter[num] €3 num MBI

® M 0 1 2 3 4

stz couniir

£ counter , EEHUF
HREIREIEN nums BPA]

45 RMES) nums

11-16 #HEHEF A

AW RFR:
// == File: counting_sort.c =

/* StEHERE +/
/] BEER, \EBARHEYH
void countingSortNaive(int nums[], int size) {
/] 1. #EtRESIRATTE n
int m = 0;
for (int i = 0; i < size; i++) {
if (nums[i] > m) {
m = nums[i];
}
+
/] 2. HEBEFHLIRRE
// counter[num] & num BYHIRREX
int *counter = calloc(m + 1, sizeof(int));
for (int i = 0; i < size; i++) {
counter[nums[i]]++;
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}
// 3. FE:H counter , BRITHENEMES] nums
int i = 0;

for (int num = 0; num < m + 1; num++) {
for (int j = 0; j < counter[num]; j++, i++) {
nums[i] = num;
+
¥
/]l 4. EBHRGEIERE

free(counter) ;

A P ECHE P B HE P ) B i
ermHE RIS, Bl AT DU et 8 FR RO R B8] counter RYRHIEIZR S I —MEAE, HHtat 2
BB P S ETTR RS ERNT, AHLE, SHEEHEF M R ER T B — R,

11.9.2 TEER
MOHEE TR T, MR ANRRIR I, IR EE 3. SRR T, (B NGRS, TR
SRR SR ERS CEBINRR BEE0 BIR ETHER, M R R RELS B AV HE R 45 5

TREEGNRI A REAS B R HEFP 45 RIE? TR S35 counter 1Y “HISAI", BEAIEFE, Rl 1 EAIFIR
Ml prefix[1i] SFRFEFIRT 1 ETRZH:

prefix[i] = Z counter|j]
=0

HISAL AT WIRERESE, prefix[num] - 14RFILHE num EAIRES] res iR —IRIBUNIRG]. ElEE
AAERBASE, B SakRMS E TR B BRI AR B, 5 T2, FRFEFE RS nums
AIEEETTER num , FEEEIEARFTHRT LR,

1. # num AR res RS prefix[num] - 1 &,
2. DRI prefix[num] BN 1, REMEE] NRRE num RS,

ERTENIR, 5 res FRUEHIF ORISR, BAREEH res EZE/FFES nums BIAT, & 11-17 R T 528K
At EHER R,

BEum 0 1 2 03 4 HFoum 0 1 2 3 &4
e s (DOOD wan e (@OO00
- (counter) —
FEBH nums WHAHSEBFHHITRH EtHE counter WHIRA, 524 prefix
counter[num] X% num BHTDRE prefix[num] - 1 R num % res HRBE—RHFENFRS|

Step 1 Step 2
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RS nums

KERMET] res

HBF num

Hi4EH prefix
(counter)

FIFFED nums PRSETE nun , SHAHT:

1. # num N res WFK3| prefix[num] - 1 &

2. PHIEA prefix[num] BRE 1 , #MEHTRKE num HZR3|
[ step 3 |

num

:
= (000000000

RS res

BFom 0 1 2 31;

WM prefix nua

(counter)

EIFES nuns RNSETE nun , SRHT:
1. #§ num N res WF3| prefix[num] - 1 &
2. LHIRA prefix[num] il 1 , RFMEHTRKE num BHR3|

Step 5 |

= (000000000
wwen - (000000000

HBF num 012/31;

BUEA prefix nun

(counter)

HREFIREDRE, HENRITRED
1R res HREBHFNER

=

REF nums

KRS res

HF num

HIgEA prefix
(counter)

BIFFEDS nums FRSETE nun , SHRAT:
1. # num N res WHS| prefix[num] - 1 &
2. QRMBA prefix[num] BFE 1 , KWEBTRKE num W5

Step 4 |
num
v
RFES) nums
KERET) res
HF num
BIEEA prefix
(counter)
BIFFES nuns RESETR nun , SRHIT:
1. #§ num 3N res WF3| prefix[num] - 1 &
— 2. QG prefix(num] B 1, HMEATRKE num K3
Step 6
wen ne: (JOI0EB008000
o (000000000
HFoum 0 1 2 3 4
wan e (OO0
(counter)
PSR res WERMES nuns EIR]
[ Step 8

11-17 a8 BR

At B R BB RS A TR

/!

/*
//

== File: counting_sort.c =

TEHE */
TRER, JHFEYN, LEREERF

void countingSort(int nums[], int size) {

// 1. #EtESIRATE m
int m = 0;
for (int i = 0; i < size; i++) {
if (nums[i] > m) {
m = nums[i];
+
+
/] 2. GEEEFHILIRE
// counter[num] & num BYHIRREL

int *counter = calloc(m, sizeof(int));

for (int i = 0; i < size; i++) {
counter[nums[i]]++;
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}.
// 3. K counter HIEURA, #§ “HITXE &g “ERS
// BN counter[numl-1 @ num £ res FEE—XHIFNZET|
for (int i = 0; 1 < m; i++) {
counter[i + 1] += counter[i];
}.
// 4. BFEES nuns , BRTHREBENGRMEY res
/] W% bES) res BRRECERGER
int *res = malloc(sizeof(int) * size);
for (int i = size - 1; 1 >= 0; i--) {
int num = nums[i];
res[counter[num] - 1] = num; // #& num HEZHEESIRE
counter[num]--; /] LEBHBER 1, FRITRBE nun RS
}.
/] ERERMEY res BEEMES nums
memcpy (nums, res, size * sizeof(int));
// 5. BREIEE
free(res);
free(counter);

11.9.3 EEZERE

- IFEERRES O(n 4+ m). IEEBEHET © ¥ GET nums FUER counter , B FARMERFR, —M%
HEH R n > m, REREEHEER On) .

- BEERES O(n +m). AEEHHET: #B) T REDAIZ n F1 m KI5 res Fl counter

- Ry HiRm res FEFITRIIEFZ “CAMAE" 1, FIHETFED nuns 7] DURE GRS T
RSN E, KmEREeHTE. ERLE, ERFED nums AT SR ERENHFER, HER
ARRER,

11.9.4 {GEMR1E

BREM, RUFFERGEHFIFETY, (EERsEEENA DEHSMHE. A, EHEHEH
HY R B I AR S 2 A

At EHER OB B, AR R B RIR R}, RIS R ] DU 2 AF e sy, I H
FEE R RER ST R Z BB MR, Blan, B E A BEvBEREY, o] UBSIrE 8T
nE—EEE, FERETElsIEE, Hr g mEmE X,

At B R R RO H RORHR R B TS DE,  ean, 12 BRRBIF m REERK, Il A i 2 22
o <mB, H8HFEER O(m) K, FIEEl O(nlogn) WHHF A DR ZE,

11.10 E&3E

E—EAR TR, SRR RR n SO E R m BN, BRI n = 100
SEETHER, TISESEE—E 8 My, EEUEEREE m = 10° JEE A, AR EEFEES AR
e, MR ] DO IS IE I,
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HEHF (radix sort) AL EAHEEHEHE — 2, thi@ZESEHEBCREBF. AR L, EEHFA

MBS AL MRGRERR, QUG —ADETHY, RS EIRARRIHF AR,

11.10.1 EEZERIE

DAEHSRERL 0, BB IIRIAORE 16, Ssfo2ss 8 A, HEEHFRIMAIE 11-18 ik,

L. Wathik =1,
2. BHESRAVE k ACRAT RHEEETT. SRR, BRVERIRSE kA NEIRHER .
3. 0K kRN L, AMRIREIPER 2. 4EFDAN, BERIFTECERHET e R R,

TEF RS EBL, BN d SRS o, BEREE kAL xy, , ATRPMEADURERE A

NS nums
WAtk 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

DAtessit, HF

HFE 8 fi

B/ 3~7 fil HHHFAR

11-18 REHFEERRE

x
Ty = LFJ mod d

10546151

30524779
34862445

35663510

42865989

63832996
72429244
81883077

82060337

88906420

Hobt | o] RTENTES o W FE, T mod d FmE d BUS (B, BV2SEYR, d = 10 A k € [1, 8]

o

eoh, MR 2/ NME B E B RS, (2 AT DARIBEC TS k ADETHY

// == File: radix_sort.c =

/* JEBYTE num BIE k fi, HA exp = 107 (k-1) */
int digit(int num, int exp) {

¥
/*

B (IRIE nums 55 k UHERE) =/

/l BN exp MIE k ALUBRELEERRITRENRGFE

return (num / exp) % 10;
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void countingSortDigit(int nums[], int size, int exp) {
/] TEMHINUEERES 0~9 , RLEERES 10 HI@ES
int *counter = (int *)malloc((sizeof(int) * 10));
memset (counter, 0, sizeof(int) * 10); // #iakA 0 LIHIFERECIBEER
/] #5t 0~9 BEFHRILIRRE
for (int i = 0; i < size; i++) {
// ¥EEY nums[i] % k fi, 54 d
int d = digit(nums[i], exp);
/] HEtEFE d BHIERE
counter[d]++;
+
/] Rei@EH, & “HIRES” Sins RS
for (int i = 1; i < 10; i++) {
counter[i] += counter[i - 1];
+
/] BIFEsh, BERNGSER, $ETHREN 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; // ¥BY d TEfEFIHHZERS] j
res[j] = nums[i]; // BERITREANRS j
counter[d]--; /] #& d ERER 1

+
/] EREREZRERES nums
for (int i = 0; i < size; i++) {
nums[i] = res[i];
}
// IR
free(res);
free(counter);
}

/* BEHE *x/
void radixSort(int nums[], int size) {
/] EEEFINRATTE, ARFIERAUE
int max = INT32_MIN;
for (int i = 0; i < size; i++) {
if (nums[i] > max) {
max = nums[i];

i

}

/] REBRREAEISUNIERES

for (int exp = 1; max >= exp; exp *= 10)
/] HEFITENSE k (ITEGE
// k=1 ->exp =1
// k =2 ->exp =10
// BD exp = 107(k-1)
countingSortDigit(nums, size, exp);

S EGE AR BRARHE?

FEEGRIHF @O, R—Wir @EEN W RATR, BERE, RSB —WHFESRa < b,
M —EHEPAR a > b, AR AV SRS — WAV R, HREBFRIS MBI SRR
i, RIIERZSEH RN L,
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11.10.2 EE Y

MR G BHE R, SEBCHE I R B E S RIS DL, (H AT RORLA S n] DAFOR 2 Bl LB R X, HLAE
BWARRER K, BN, IZEECNES (BT, RAHAE LB, ATREEEREAEE O(nk) > O(n?)

o

- IEBGRES O(nk). AEABEST: RERER n, RS dERHL BBk, RIS

SUTAHUHERF AR O(n + d) W61, HERPRTA ke BT O((n + d)k) RS, SRR, d 71 K #5H
HEN, BERTHEAREEREN O(n) o

- BREEES O(n + d). AREHHY : SEHEHEF R, S8 TERERES n fl d 5] res

K1 counter .

- REHEE: EstEdEReRy, REsHEERRTE; EstEdr A RER, R EARES R

HEFP AR

11.11 /&

1. ERSEIEE

- AR E A AR TR AR E B, B HTY AR AR BB AR ], B n] DR IRHE T

B S5 FE IS R MR I L5 O ()

- AR SR AR T EE N TREA R CH T B HEAERAE, My, MR AHFR

RFRIEAEIE 2 O(n?) , (HER BTSN, I NERHR I HE T H h I 220,

PR RIS R E Y . I E 0, A RTRER SIS B 2 N AR, BRI

MEHLE O(n?) o FIAPABEEESE MRS R IOSE S LR, BB ERE g T
[, AIA R MEEIRE, K EE R ERERES O(logn) .

- AP GRS R A A E R B, SUREEE T AR, EA O, HE R R R N i B

5II, SRR 2 O(n) 5 SRTTTHER S5 EHI U2 R AR T DU R AL O(1)

- WP RS =R BRI, MNHEE A MA R, BRI T AN, EAHREREE R

AT, AHE RS (B S 72 IR B BRI T2 70 i

- AHEHE R R R AR, EER st BRI B IR BUR E B, sHECE R E R R R E

ERHRE R A IRAEDL, B ZORE R RES i 5 2 IR R

- BREGEFIEER A K EEE R, ERERRER IR S B E A BT
- ORRAAE, WM ERRE - MEHE AR, BASCR, R, Rt DI BB SR, BN

HAngRS MR E 8, 6 PRI RN e T A IS Lk . fEEPRIEAI, |
EHURE R R AR R S A7 AT,

- [ 11-19 BT FimH P EEARRCR, e, st R B S,
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R SRR R
ee  ms  me  mw | EEE wem  oEmm g
®mEAR o) o  om oM ‘ HEE R FEEm e
FORT . wAWE  om oM o) on | wE W EmE KB
fENHE O(n) o(n?) o(n?) o(1) EE Rt B @ i 14
BOEHF  Onlogn) Ofmiogn) O()  Ofogn) | HilE i FE@EE  HL#
é’;flff) . @HH#F  O(logn) O(mlgn) O(mlogn)  O) | ME  HEM HEEE  E#
M Onign) O(nign) Ofmiogn)  O(1) ‘ FEE R FSER LR
BAF | On+k)  On+k  OM) On+k | ME  HFEE FEEE  FHE
BOnF  WEE On+m) On+m) Onsm) Omem) | WE  HEE  FEEE  FER
EMHBE Ok Onk Ok  Om+b) | MR FEE  FEEE R
n AEREAN
= - w | Hm e

FEHEIES, m AEREE
EHHFED, k RRAMIH, HHS b &R

11-19 HermREE

2. Q&A

Q: B AR E A BEIEN RN

EHRET, BMETREENY @ E I ETHE R, flan, 240N gEmmiEEE, RMmEEEH—
fEZ ey feteiRdRiETH T, 550 (A, 180) (B, 185) (C, 170) (D, 170) ; H¥ G EiETHF.
HR e EE AR E, FItATaeEfS%] (D, 170) (C, 170) (A, 180) (B, 185),

AIDAEREE, 24 D C M EHRA TR, AN ERESEIE T, mMERRMAREERIN,

Q: WHEHIH “MAEEEER” B “NAEAEER BINERF ] DA HIE?

T, ERMUAR LT R A, WAL “CHELEER” B “NCEEAER, Bl aEtrRES,
B ET— TR,

N Se#1 5y partition () MR — 222 nums [left] Al nums [1] o SERAHLR, FAERUC BT RAR <= 5
B IR ER BB — 2 2t nums [left] >= nums[i] B, REEFRMAE “DEEFEGER, AR
AR RN ICE, MIEE 1 = j RpkERE, sERaTEE nums[j1 = nums[i] > nums[left],
EtEaR, R — PR e e il —(E LB EOE KA e R B A B A v, B fe ] 73 B
BEH] 7, sGEMS [0, 0, 0, 0, 11, WHRL “MEMEAER, HHl7&EY A [1, 0, 0, 0, 0],
BEGE R RN,

FRNEEZ T, WRFBMEE nums [right] AREMEE ARERIELF OB, WEM “CEEAERR,

Q: BANRPEHEFRIERERE R, At SRS RS IR IR E A #iE logn ?

R R FE T2 AR B AR 7y PR B, i M e 1) 50 TR AP TR e 271 381 g 2 D - B 51, A SR DR VR S e
FERiZ, W NIRE) YR E R K AR R ER—F, BERERERN, —EBA FREE, IERKENIE
TERERLE logn o

[\ R A R HE R, FRMAE r] RE e B IR B R B i KM, mEBN FAn. n—1. ... 2. 1, &
TEVRFE A n o JRIENRFE BAEL AT DURE SIS R Tl B,
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Q: EEHFIFHATH TCRAM SRS, PO R AT 2 O(n?) W52 sXaal fR SRR (L% I ?

. BIREREEDN, AT DA RIE BN S #] R A 2 2 =8 ANRL SRR RIRETEE, fEH IR
B NAFURIR I ER e FERZITIE S, EATTR EMMHFRIRES], (2T o B AT 2 e,

Q: HHER IR R 212 O(n?) 2

BEWIT, FrEEEMA SR — R, GRRPHRA 0 O(n?) WEEAH FEt T2, RIRR i
Rt O(n?)
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F£128F #74

Abstract
HEMOR B, BRI e S B A R,
DMEZER T —AERENEE: HBEME, —UEIEEH,
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12.1 SasEE*
334 (divide and conquer), £z, BRI EE B RIEETERE, 268 FERIEEEH,
BEE “57 MO9RT miES R,

L g3 (B REEY) « BRI I AR o) it 2 IR B 2l 1 R, B EE R/ 7 R AR 1L,
2. 16 (GOREED - REAIR R/ T IR, PORETEME MR MET S 08, TEmm t s

HfiE.
qniE 12-1 fow, “GHHEET ZoERIH I EHN 2 —,

L g3 JEEMR RS (D S 2mifE ) (7R, E2FRIRE—ETR (G FHE,
2. 16 WREEMEAFR S (FRENR ETE0F, RmEErE RS (REER.

roar (BIEE
E)

BFHIE

- (B
B)

12-1 AP I TSRS

12.1.1 NfATRIERS JERIE

— (TR Al & I SHERRIR, JEH AT A2 DL B R
L. PRI CA R s FRE AT DA OSSR+ FTRE, DA RES DA R 77 sOEE st 1 T 81 7

2. FRIERENIN: FREZMIRAESR, DM, o] DIESZRR,
3. FRIERRT GO R BRI RER & O 7 FRER RS,

UK, A0 IR DU = MEH R iR,

1. PRI DA SRR s (SRR 850 2 1 ps] (R
2. FRIERBNIN: B8 REE T DI HE THE Y (PR ] DUBSLETT KA
3. FRIEMMTAE0E: WEGR Y (FRERE "] EH 2 — RS (RFERR
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12.1.2 BB BIREAME
SYIEAME] DA RO R D R, TR DRI R, TEH A, kY. S0,
HEREHE MRS, B, AHFED, MERATMER T 6%,

AR, FITALEEER: R n] DAPRTHESIARCR, HR s (g fasis, MRMEDMAZ
8 TR, BER T, # T RIS OF % IR ERERIE, ISR FIRCR 2B L R DR T RE AT R 3
o2 IS M T RE A] AR BRI A T 5 5 75 T A Ao

1. BFHERENL

DL kbR A, EpE A RS n SRS O(n?) B, BRBMRIEE 12-2 FrRirR, 1
FBUGE B 20 2 A TS, FIBIA T O(n) WERE, HEF A TRSITRE O((n/2)2) Wi, &OHmME
TRFIFE O(n) B, HOBSESRI BRI %

2

O(n + (g)2 X24n)= O(% + 2n)

FEEEEEEE FEEEEEEE
b

o(n)

EHE BEHF BEHE
o(n?) 0((n/2)2) 0((n/2)?)

DEEEEEEE

4888 o(n2) 4888 0(n2/2+2n)

[ 12-2 &7 AR R AR
R, BAEHEATAER, HAEEMNAGE 7 28 7w # o &R R

2
n
n®>—+2n

2
2
s M
oo
n 5 n >
nin—4) >0

EEWER n > AR, BIRMOREBERED, HipReRlZeEn. ST, 0 RNRREMETRR T
JilE O(n?), FURMEME P EUESN T,
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DA, RN 7 RSB e bRl 7 2 i - Bies, B 28 B L — e T R R 1 1 e ?
R ER EAUE “BOHEET, REERES O(nlogn) .

A, WURBAM S e a3, RS E 0 2% K E T REEIe? ISR AT AR,
AR BESH T IERER, M LFREERE DUESI On+ k) .

2. FITHERERL
PRI, 204y TR AR AR hy, RO o DO TR, thRLA, SN AT ARSI
FIRTIRTREIE, AR SRR T AR AL

WATRAENAE S Z R ERH BRI AR, BRG] DRI R 208 1, Emsen A Hat A
IR, REE T DR A TIRE

FRANTERE 12-3 Fomfy) “MHER” d, B ERERPEE S ECE S EA T, RIRTHE AT A AR B HE RS 70
FIREEHRETT, EREREEIHER

{/Eé \\% |

12-3 PRI TR R

12.1.3 8ERER

—J3MH, Z3E ] DAR AR 2 AC M SRR TR

- SIREOEEE: SRR E SO BRI EE r, SRR BIERH MR 0 AR O R, AR R
R B RO R

- ORBEERIL: U0 Karatsuba 5%, ERRBEEERIE D R 72 2088 N R BIHISRIEATINE,

- JERESRTL: BN Strassen BT, EORFAERHIRIE T i R 2 8/ NE R SRIE R AN TR

- ISR R NRERE AT DOBEIEIE MR, 1SR S IR RIS

- ORMEREE: EEFAI, RATH BT NI S, ISR R E S, KR
Wi pr B T DM R R AR, REBh & OFHE R T SRR
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T3, SHATEEEIAME RSN P SRR Bz,

- DS SRR ARSI EER S R ARy, SAERAR HARE B TR E A R,
DRAEHERRIR—F=[5 [, A SR BRI R A TAH R = 0 1

- AbiEE: AEBRECE, SR,

- POdHEE . PREHE R R AR, SRR ) R M E S, —{E RS TR EE R DN,
b — P RESIRTCR LA R, FHERNEM R EIT RIS 2180, HETHEYIHE T —ETR,

- WHE MR U EA AR R B R BB 2 EA, RRBEERMNETTRETHY, REFSER
TERMIXE, M2 —E A R,

- OB Bl ToTEEt. AVL R ALRE. BRI, B+ 85, EMAVER. fEARIMERSE SRR T DAL A
THERMEHIE

- MERE: HERERR RERPRAVSER TR, HARERRCE, A MIBRFIMERE L, ERFR EARRRE T ARIE
i

- MRS MENMERR S ERIENI G, (BREARRE R R ERIER T ek, fln, s
b rR RS ER A1 S BB S KLR K, DRI ERRCR,

AIDVEN, it AR AR, S SRR R .,

12.2 9ARIESER

BMCAERE, B EHETR R MR,

RIS CEBBETEREHER, RRES O(n) .
- ERMEY: TR VORI BBV, BRI RS O(log n) HE O(1) .

TR L, KRB S O(logn) MHESBEIRIE T IR IR GRS EBIN, flan — 70 208,

- oSN E PR RE ERYTH R BETTR) DN —E/NEE FERAIN— SR BT
F), B —EREEINY 22 s S BT R 21k,

C BRMIERENARR, £ TESH, AVL Bl HERESEREMET, SERENREEREZES
O(logn) »

oS E ARSI,

- FRER PR o SR R R (TERRS A T AR s T (TERFIA —F i T &
i), EREE L I T RN H TR AR E R,

- PRBERENE): EooEsd, VR T HEE, EASZ M T HERE A,

- TRFENEHSOR: —oa 5EER A TTR, HARES FRENRET S0 & FRE
TSFRIRTRIRE, i Pl & (R IRF S Z TR

IMARESITETHE R RCR, AH ERK AR S LR —EEIE, moraiEa s v DUHERR %
ﬁ@

1. ERaAaBlR—_niEs

fEZAiEF, —o@sFERERE 050 HEK, BERMERDE (BE) KEBE.,
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Question

M —ERER n AR nuns , HARFTATRAERE K, EEITR target

o, HMFESEE (4, 5] BN FRERLZS £(4, 7).
DUERIRE f(0,n — 1) Alctal, &bl N S EREIT — e S,

. stEEREM [0, 7] B8 m , R EHRR— S E R,
2. MR SR RIS N — I TR, AIRER f(i,m — 1) 8 f(m +1,j).
3. S 1. B 2. B, HEE target Bl 2RI [E],

12-4 JoR T ARSI rp 0 80K 6 I TRIR,

A

2 "
f(o, 3) an 12 15 23 26 31 35]
" W

(2, 3) [1 3 nn 12 15 23 26 31 35]
A

m

A 4

BAERETE 6 MHR3A 2

12-4 o ¥sK061ERE

FEEBERIE,, FME & —EREER dfs () AKRMEHE f(i,7)

// == File: binary_search_recur.c =

/x oS BE fd, j) x/
int dfs(int nums[], int target, int i, int j) {
[/l BEMAZT, AFXEBIExR, ALRE -1
if (4> 3) o
return -1;
+
/] ETEAHEZRS] m
intm= (1 +3) / 2;
if (nums[m] < target) {
/] BEEFEE f(m+l, j)
return dfs(nums, target, m + 1, j);
} else if (nums[m] > target) {
/] EEFEE f(1, m-1)
return dfs(nums, target, i, m - 1);
} else {
/] HREIBExER, REIHZES|

return m;
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hy

[* ZDES «/

int binarySearch(int nums[], int target, int numsSize) {

h

int n = numsSize;
/] KfERE £(0, n-1)
return dfs(nums, target, 0, n - 1);

12.3 BE_JciERE

Question
AT M I AT EST preorder A1 FERT inorder , FEMEHPREE —JOM, IR (A ot AOHRES
2, Rk ooB IR EEEENES QNE 12-5 iR,

B ER

/ \ ER i preorder
‘ i ED

inorder

12-5 TR RIRBIE R

1. HERRERSEME

R IREE A0 preorder F1 inorder R ol 2—EIAK /M TERIE,

- BRI DA MBI BRI, FRATAT AR JoE P e ) 2 o flE - A A, ARG R,

b= OIGHARENRS, TR SR (FRIED, MR RT M LA ESI2 771k, R
RN TR (FRE), ERERENFHE (8D Rk,

o FRERBNIN: T RRG TER AN, e MR A R, R TR, M ARREE

PR AE AR P E a7 Fh B AL T R IR e A5 TR R B

- FRENEAIAE O — B2 T ETEIG T8 (FRERM, BIMTHEAT DURE s 2R RS L,

SR R,

2. ARG FHE

WRIELA L4, IEXERE A] DAE I 216 AR R, ABAMANZ BT EFi preorder MIFpFEi inorder Kl
TR T RE?
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B ER, preorder F1 inorder #A] LAE S 2 =155

- RIFER: [ RER | EFE | BFE ], BIANE 125/BEIEL 3 1 91217 1,
- hEER: [ EFE | RERE | AFE ], BIANE 125M0BEIEL 9 | 31127 1.

DAL BB R 2B, FRFAT DOZEE 12-6 Frni2 8BS 21E| 70 4551,

1. BIFERNE TR 3 2R EE,

2. EFHARETES 3 /£ inorder FIIRSGI, FIHZZESIFIHF inorder &l [ 9 | 3 | 127 1,

3. 1R¥E inorder MEI &SR, DL TEIA TFREIPETEEE DA% 1F1 3, EMmal# preorder &4
HL31912171,

HiTRARER

HiFFESS  preorder

IR
O O ot soorser (ENEDEDEDED s
. - ‘ 3 {EENES
EFiHE
o o

RiFFER  preorder anan

12-6  AER{ R AE R L 7 - #t

3. BEREHEAFHER
RIBLA #7775, BMCEMSIURER, 278, A 7RHE preorder Ml inorder R SIER, 7 T
RIS R W, TR ZRE AR AR R,

- JSERIBIIRRETES(E preorder HIYZT A i .
- HSERTRIIRETES(E inorder SIS m
SEAIIE inorder RIS BRI [1,1] .

Wk 12-1 R, & DL BB ET ] RRIR S B preorder HIYZERS], PAK FRILE inorder FIYRS|E
FEﬁo

R 12-1 AREEEFIFRIHERT R E ST P ERT IR S|

FRENEETE preorder YT FHHTE inorder AR [E R

st i [, r]
Tt i+1 [Il,m —1]
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FRENEEEE preorder YT FHTE inorder IR ER

LT i1+ (m—) [m+1,7]

SR, AFERETERS I (m — ) &R AR, SR aE 12-7 FiE

HiFFED
o000
preorder
A

A A
i i+l i+1+(m-1)

PFEED
inorder n
A A A

1 m r

12-7 AREVERIZEA T BIRR S EERR

4. EXBER

2 THRTFE R m IRCR, BMFER)—(EMEE R hmap 2 1EME] inorder FHICE R 25| ¥
// == File: build_tree.c =

/* WBEZTE: 298 */
TreeNode *dfs(int *preorder, int *inorderMap, int i, int 1, int r, int size) {
/] FiaEEATEELE
if (r -1 < 0)
return NULL;
/] R IIRERE,
TreeNode *root = (TreeNode *)malloc(sizeof(TreeNode));
root->val = preorder[i];
root->left = NULL;
root->right = NULL;
// & m, {MmaEDEETHE
int m = inorderMap[preorder[i]];
/] FRE: SR
root->left = dfs(preorder, inorderMap, i + 1, 1, m - 1, size);
/] FRE: EEEFE
root->right = dfs(preorder, inorderMap, i + 1 + m - 1, m + 1, r, size);
/] REIRER,
return root;

}

/* WEEZTE +/
TreeNode *buildTree(int *preorder, int preorderSize, int *inorder, int inorderSize) {
/] ¥aEEER, f#1F inorder FTTHREIRS|IAVEM
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;

12-8 JoR TR T RIRIRIE AR, SEERRER N BT BT, g GIRD BER
BT R R AL,

v OOOOA
- 00008 9

preorcer (3 B2 (17 @
snorcer (3 (1 [2 (7

[ step 1 | [ step 2 ]

v (SOOOA
v (BOOOE /

@\Q

B 9 n preorder
@ inorder

‘ Step 4 |

/ 3 9 a preorder

9 3 a inorder

preorder [[3 [0 [2 07
inorder (93 (@92 (7 :

o E— Came ] 7 |
Step 5

‘ step 6 |

/ / 3 9 sV preorder
B..

/ 9 agg -
3 921 n preorder
@ m inorder @ @

Step 7 Step 8 |
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wreorcer (E)ENEDEDED
inorcer ([E)EEDEDED

Came J 7 | 27 |

Step 9

12-8 feft st AR AR

BRI K N R AT R E T preorder M FERT inorder AYEHI 7 RANE 12-9 AR,

.
—

preorder | 3 92 1 7
inordern3 12 7

preorder || 3 9 | 2 n7
inorder | @ | 3 n2 7

39 2 lnpreorder
9 31 2 u inorder

I =0 B

12-9 {0 2 R X O ) 5 2R

SRR 2 1, DML (BT —EEE R dfs Q) 5 O(1) Wi, [HAIN B
Bl On) .

HMEBERRF inorder TTREFIRSINEB, SHEHRER O(n) » EREBIT, B ICIRK 2545
I, REREEER n, A O(n) MHEMEER, KISz O(n) .

12.4 FANIERE

FEE OFHE R AR T, AP R o PR 08 7 P B AR 25 S R — - - AT, RIS TAT S )
, FAIER AR 70 R RS
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Question

ME=MMT, i A BHIC, EIHRET, 7 A LEZE n FEEE, BEMRELEETHZRIENEIK
RINEFEHES . MR R ZIE n MEBBEET ¢ b, WAREMVEAEFR A2 (nlE 12-10
FR) . fERENERAERES, TEEF IR

1. (A8 HRETE — AL T THER S, 185 —HRAE T THRR
2. BIRAA

b
=
HRERS B —fEl Bl
3. /NEER AR ZIN KB Z .

ALl

Y wEEEELE A BBHE C
A B C

12-10 {RINIERTERBI

TRV BUELR @ R OIERTERCAE f (i) o Blan f(3) FRFK 3 [EERRE A IR C RV,

1. ZEELHHER

aniE 12-11 Fzs, BARE f(1), BVE A —(EESER, M e ERE A 8= ¢ A,

8 N B

A B [ A B c

MR f(1) RBR £(1) TR
BEiESERYE A BBHE C AR

Step 1 Step 2

12-11 R A 1 RS RE A
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aniE 12-12 fow, $HREE f(2), BIEAWERESR, RN MR ERRE b, R
B AR5ERFZ

1. Jeif EEE/NEERE ABEB,
2. HiEKEBEABEC,
3. BREKNERIEBREC,

=l 1l Lil

R £(2) PR
FiE £(2) 1. WERE A BHE B
Step 1 ‘ Step 2
A B c A B C
R £(2) WER: BR £(2) MR
1. #ERE A BHE B 1. #ERE A BHE B
2. RAEZYE A BBHE C 2. BAEEYE A BBHE C
—— 3. RNERESE B BBHZE C
Step 3 Step &

12-12 Ff6E% 2 AR R R
R f(2) B AT AR 2y R EERAED) B R A S C . Hrh, CBABEEM. B MARE,

2. FRESHE

BRRE f(3), BVEE=(HERR, SRR T —L,

RZCHA (1) F0 f(2) Bf, FrARMTATiEmiam RS, A% A TERRIK s BV A 1 —fafi, BiTiE 12-13
PR ER, SR =B IEF e A= C T

1. 2B & HEEAE. C A&EE, HmEEREABEB,
2. 1% A HRIERH—EEIEETE A EREBEIE C
3. X CAHARHE, AR, MMEEBREBHEC,

all Lal

R £(3) WER:
iR £(3) 1. RW{EEZEYE A BBHE B

Step 1 Step 2
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lal Lla

A B C A B C
fRR £(3) MPEW: R £(3) WM
1. BTWEESHE A BBHE B 1. TEEER A BBHE B
2. BRIG—EERYE A BBHE C 2. BRK—ERSRE A BBHE C
3. MR B BBHE C
Step 3 Step 4

12-13  KifsEZy 3 AR R R
WAE LF, BATSERE f(3) 8155 Zmifd 7R f(2) M— 7R f(1) . e RNE =8B 1%,
JRFERE 2 2RI, IS T SR ALY, T ELA#A] LS OF,

b, FePTAT A B 12-14 ORI NS RN 5050 : JSEIRE £ (n) 815 2 TR f(n—1)
(A TR £(1), AL PR RS = (8 7R,

1. #n—1{EEE#ECIEAREB,
2. #FER 1 (EEBME A B ZEC,
3. #%n— 1 AEEFEB AREBEEC,

SHARTE T f(n — 1), USRI g HREES, EEEsR TR f(1) . 1 f(1) 1
RBERIN, R — DB (T,

FRIE f(n-1): #§ n-1 EEEK A BHEB

A |

) 4
FRE £(1): $HE 1 EESNE A BHE C

.é—.*.—

FRIFE f(n-1): ¥ n-1 [EEENE B BHE C

TTA

[RR3E f(n): ¥ n EESE A BHE C

12-14 R NS TR E R 70 16 SRS

3. EXRER

ERERER, BMES —EEEER dfs(i, src, buf, tar), BERTERZF: src THERY ¢ (EEEFE)
REAE buf BEIE BT tar :
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// == File: hanota.c =

/* BE—EEE */
void move(int *src, int #*srcSize, int *tar, int *tarSize) {
// # src ERFEH—EEE
int pan = src[*srcSize - 1];
src[*srcSize - 1] = 0;
(*srcSize)--;
// EEBBRN tar TEZR
tar[*tarSize] = pan;
(*tarSize)++;

I
[* REFANERE £(1) */

void dfs(int i, int *src, int *srcSize, int *buf, int *bufSize, int xtar, int *tarSize) {
// & src RET—EERE, BEEEEBZE tar

if (1 = 1) {
move(src, srcSize, tar, tarSize);
return;

}

/] FRE f(i-1) : #& src TEEP i-1 {EE#EFEED tar #BEF buf
dfs(i - 1, src, srcSize, tar, tarSize, buf, bufSize);
// FEE (1) : #& src REF—EEEHEE tar

move(src, srcSize, tar, tarSize);

// FRIRE f(i-1) : # buf TEZF i-1 {EEEEFEED src %3 tar
dfs(i - 1, buf, bufSize, src, srcSize, tar, tarSize);

h
[* REEFINEERRE «/

void solveHanota(int %A, int %ASize, int *B, int %*BSize, int *C, int *CSize) {
// #& A TBEB n {EEAEFEED B B3 C
dfs(*ASize, A, ASize, B, BSize, C, CSize);

qniE 12-15 Fw, {ATNEERTRE T A — AR 2 n BOIRIERS, f I RGOSR — 8 v RIRE, EHE—ER R dfs O
B, PERESREES O(27), THEMES O(n) .

12-15 (A NS I RE AR e At
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Quote

PN RETR B — S E e, EhEEN—ESEEE, BEME=RERNEaET, DAk 64
TEHR N —HEE R, BEMNEEEER, MMEEERE — [ ERYOEMRENI—Z], B
TH SRt & AR,

SRIM, BN PSSR —k, SHTEARL 204 ~ 1.84 x 1010 #, &% 5850 {4, isid
8 7R T E AR, TR, MEEEERZEEN, RMEZAFEROETRHNEIR,

12.5 /i

1. ERSOIEE

- oriaR R RREETARGET RS, EAE o @) fe (B0F) Mg, 8 RRIREEE,

- BRSO IGTEEIAFE IR MRS R, TRER SR, TRIERES S,

- AR R TR RIS SR ER], R bR P A 03 2% R AR E RS, EE R AT R R
wEa v, 1EmsERidHET.

© BIAARIGERE R DARTHERIERCR, — 750, 2ERIEED TIRIERE,; H—Jim, SHaREAIR
RHIAMATIREE,

- oMIAREA] DURIRET 2 IR, Rz B e R B RA RS, R n] R B,

- MEBR RS, BEEMSECRER, FEEMEZ O(logn) MRS ZERHERIRE
B,

- S ESEIRRIEH S IR, ENE SR T REERRET S A RIP B, I AT DO E IR
THAEB i,

- ERME TR RTE S, MR (SRR AT DAB ) i e TR T (D, g Rl DAEE ]
SR AR R AE AR 5 | [ AR B B

- AEFINIERES, —E R n AR R DAE > 2 MR 2 n — 1 B9 R — BRIy 1 A9
o TZNER RS = 7R, JREERE SRR,
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BE13E [

Abstract
BN ER = R RIR RS, FERTERIER ol sE e 2| K&,
[EIWARY D &R M RE S E TR LR, TETER, RAIRENEAEHNE M,
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13.1 [EIEEZE

EESEE (backtracking algorithm) & —fHiEE 53 AR IR ER 7%, B0 B ZIE—EIiaIkGE
3, RAOMISFERTREIMIRTT R, EEFEMARIEERER, ERHEIMEEER T rTReny e
IR AR A 1k

mIEEREFE RN REER RS AGETRSH. £ "ok BEEh, BT, R RFE
BN, AR, BRI E G — (8RR, 25 R s R A LR,

ol —
fE AR oTh, S RCERATAER 7 RIETR, SEIREIEIR S,

BRIGE, WA ETSRE, WHEERERMIER SR 7, A2, ANZEREEMALSRES] res
2, FHEDERE BN 13-1 F1 2L RS R

// == File: preorder_traversal_i_compact.c =

/* BIFEES: BIE— +/
void preOrder(TreeNode *root) {
if (root = NULL) {
return;
¥
if (root->val = 7) {
/] ECERAR
res[resSize++] = root;
¥
preOrder(root->left);
preOrder(root->right);

BIFFEsA—7ui,
WECHRMER 7 BURARS

AiFFES
£ @ RERs

[ 13-1 FERTFEAE A IR TR

13.1.1 ExFE[O);ER

Z i DARE 2 25 IR R, RN 2 X RA R SRS IR G ER L “ERL B R BSRIS, ETERIATE
B B R SR R TR ST TE B TR BTN R R AR RO, B RGP RRE, RAIF AT
ARRE, & R H A AT RERIEEE,
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BRBIE—, FEEEERHAAR X BT, MR EEE R EOR AR EIRE return RIFOR “[MHR”
ERHRIRE, PR EERREGRN, ZipRs R, BIMTBEGIRE—MIEnRE.

Pl —
FE TR RATEE R 7 AOHIRS, IR IR S L R B

TEBIE— TR Y BESR b, FAMFREER) — 5% path sCdkan B AV EIREERIE, Eanfi2HEA 7 RYEIRLEE,
AR path W HHESIR A res . EFITEMIR, res PREFIFLRITAIM, FXEEWNR:

// == File: preorder_traversal_ii_compact.c =

/* BIFES: BIEZ +/
void pPeOPdeP(TPeeNode *root) {
if (root = NULL) {
return;
}
// ER
path[pathSize++] = root;
if (root->val = 7) {
/] ECERAR
for (int i = 0; i < pathSize; ++i) {
res[resSizel[i] = path[i];
+
resSize++;
}.
preOrder(root->left);
preOrder(root->right);
// [EhE
pathSize--;

fERR B, RNEE K E AT EIRGTEE path RECERERAE; WAE “[ENR” A, TR EAFZETRRE
path i, PAMRTEAIRE A ARG,

BUgzlE 13-2 FonfiEts, BT PO E sUMERBEE 2y “HiddE” B “MEN”, MEIRIE I 2K,

4 )
/C )\ Wil EOE, ERRE \ /\ W BOEY, BRRE
EB: AR, EEE EB: AR, EetEE
path = [1] path = [1, 7]

/ \ / \ 'v\ / \ ‘ BIIEE 7 , ASREEEER

res = [] - res = [[1, 7]]

Step 1 Step 2
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BE: BOE, BRI
E8: tRERAE, RRE
path = [1, 7, 4]

res = [[1, 7]]

BE: BOES, BRI
EB: 1RERAE, RRE
path = [1, 7, 5]

res = [[1, 7]]

Bl BOEY, BHRE
ElE: {RERAE, RUEE]
path = [1, 3]

res = [[1, 7]]

WH: BOES, EARE
ElR: REIRAE, RUEE
path = [1, 3]

res = [[1, 7]]

[step 11

‘ Step 10

path = []

13-2 EatiEng

B BOEY, BERRE
ELE: REBRAE, RUEE]

res = [[1, 71, [1, 3, 7]]

EE: EOEDS, EMRE
EB: RERE, KRR
path = [1, 7]

res = [[1, 7]]

EBE: BEES, BHRGE
B RERIE, KRR
path = [1]

res = [[1, 7]]

EH: BEEY, EMRE
EB: YREIRAE, RURE
path = [1, 3, 6]

res = [[1, 7]]

EE: BEES, B

ELE: iR, KEE

path = [1, 3, 7]

BEIRS 7 . BUISEREIIEEAR
res = [[1, 71, [1, 3, 7]]
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13.1.2 B
0 14 T 9 B 0 & — (e 2 MR SR G, SR B TR B,

il =
fEZTeR R RATE AR 7 AUEIRE, EIREIRRERZNE LR RS, BRI EES 31
Hiidho

2 TR A BRI R, BT EEHI TR SR, FHARMES 3 ROETE, RIRAHRE, A
Aesuds, BB N TR:

// == File: preorder_traversal_iii_compact.c =

/* BIFES: BIE= +/
void preOrder(TreeNode *root) {
// B
if (root = NULL [| root->val = 3) {
return;
}.
// ERA
path[pathSize++] = root;
if (root->val = 7) A
/] ECERAR
for (int i = 0; i < pathSize; i++) {
res[resSize][i] = path[i];
¥
resSize++;
¥
preOrder(root->left);
preOrder(root->right);
// [EhE
pathSize--;

“BIR” R EARETER G, G 13-3 R, fEfEsEtE, B 9T 7RSSR S
X, W EERNES, miEs TS8R,

BB BEES 3 MERRIRHEE

HRE R ESRERNESTH
RMmEAHESE

13-3  HRARKIRARIF BT
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13.1.3 tEZIEE

BT, RRMERISEIN “Ei, IR, R EMERRRIA, SRR E
(EDL PR, state FURMIMATRNIIRAE, choices i ARAE T AT LUK 1%L

/* [BIEEEES «/
void backtrack(State *state, Choice *choices, int numChoices, State *res, int numRes) {
/] HERR T AR
if (isSolution(state)) 1
/] ECERAR
recordSolution(state, res, numRes);
/] THBiEELES
return;
}
/] EFHFREIEE
for (int 1 = 0; i < numChoices; i++) {
/] Bt FEMEERT S
if (isValid(state, &choices[i])) {
// ERl: MEEEE, FHIkRE
makeChoice(state, &choices[i]);
backtrack(state, choices, numChoices, res, numRes);
/] [EhR: HEHERE, MERIZAIRIREE

undoChoice(state, &choices[i]);

FETAR, BB AR R G =, RRE state #AHEIREDIEE, B choices A HE HIHTRIAA
THIRGAIG TEIRG, AR res EBEKFER:

// == File: preorder_traversal_iii_template.c =

/* FEREFIIREEE AR «/
bool isSolution(void) {

return pathSize > 0 8&& path[pathSize - 1]->val = 7;
I3

/* GCERRE X/
void recordSolution(void) {
for (int i = 0; i < pathSize; i++) {
res[resSizel][i] = path[i];
+

resSize++;

}

/* FIEREERIARRET, ZBERTEZE +/
bool isValid(TreeNode *choice) {
return choice !'= NULL && choice->val != 3;

}

/% BHTARRE +/
void makeChoice(TreeNode *choice) {
path[pathSize++] = choice;

h
[* MRAEARRE */

void undoChoice(void) {
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pathSize--;
}

/> EESRE: flE= x/
void backtrack(TreeNode *choices[2]) {
/] BERTAR
if (isSolution()) A{
/] ECERAR
recordSolution();
+
/] EFHFREIEE
for (int i = 0; 1 < 2; i++) {
TreeNode *choice = choices[i];
/] Bt BEEERT ST
if (isValid(choice)) {
/] ERl: MUHEE, FHkRE
makeChoice(choice);
/] EIT T —EEE
TreeNode *nextChoices[2] = {choice->1left, choice->right};
backtrack(nextChoices);
// [ELR: fHEEEE, MIEEIZaI8IKEE

undoChoice();

IR, HFMERENES 7 ERREZESY S, FIR I Demg 2% return SEAIHER. (& 13-4
BT R EUMNER return SEATRYIE @R,

Rume o

fFikiEg
Q- et
(e}
*Y return B return
CiRMRRIRE], FEEEES SeERRERERE, BELS

13-4 {RBFELMIES return B9 SHEFEE

MELEERATREF AR B, R EEE AR AR BB RS S, (e, 'R L,
WP 2 [l PR ] PAERZHERR PR, TRIM A TARIR BB B ACE 3% state ll choices , M EFIHEA YA
{75151
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13.1.4 ERW:E

7 7 EIEMTH AT ETA M, FRMARAS— R EIERE T AR S FR, B IR RE =4 B R,
% 13-1 fimo

R 13-1 W R EE RN

4 s =

fig (solution) fRZMEHEREHANIESR, nREA e RETREEIETR 7 O 2 8RR AR AL

HIF G RGIFERTER R R AT R, B BRI SHE: 3
(constraint) REIRL

RAE (state)  JREEFORMIEERL—RZIEDN, WEACAEMIEEN ECHRERETE, B path Eik5H5

S
gl ERUSRR T B AR R R S HAERE, s BESMAE (B) FERS, KERIEE path,
(attempt) HSEE, HHTIRRE, MERGNR HBTEREHER AR 7
[EIpIES [FLREIE SR C A RO ERIRRER:, WEHRTII  EROAIEMTR, SRERIR. BEER 3 1
(backtracking) iR, [AIZ] - —{FEiKRE EIE S It S M B w A |
Bk SURCRMR MR A R R i e R s EDEZIES 3 UENESRE, AT g

(pruning) BRIEHTTIE, AR iR

Tip
MR, e, IRREEMTSREHRY, fE076, [E, BIEKE, SRS EERTEHEY M.

13.1.5 {2ELE1ERYE

s IAAE R R A SR, CERATH FIRERIRIR T RE IR S R R, BT
IR BERE R RESEREIFTH Pl RERIARR T 2, T HAEGERAVBIRARIE S, BARSIIRER,
SR, FERR PR MUl MUMERTRER, Il Bee R A B TR0 T e DARE 32

- WERE [P SR O R B IR S IR AT RE,  IRe R T DUSE SIS B B R SR

- 2 R R R A E ATATRRE (BIANESTE, NSRBI Es), BIRERAR, =M

TR ATRE &S RA,

RIEEGnt,  [IBRE R AT R o B e BT RN A A e BV AR TT R BINIGLERE, R SR TE
MR8 2 ] A A R, R ERAF 0ZH AT Rl RERYIISEME T B R, (EIERETRTL T, BASER Al iR R
B, RRRCRE AT IRA WL,

- BYRL RIS E AN A AR E, T B R e A 2

- s A SRR EEHE, ST SR A Al REE L A R,

0
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13.1.6 [ClAHBYIRE

[l SRR A TR IR AR s A, 2SR 2 PR AN A & B A TR
S SRR B AR RN R R R R T 5o

- EHPIEE: fAE S, KREHATEATRERIHSIM S
- TENEE: e EESN—EEEN, KEESTHIENZEENN &,
- RIS A = ARAE TR — RN FIR B, BRI BRI AR TR 32 55 —IRAE T,
RSB AR, HARERREBBAENE -,
FITGR R ISR TR H AR TR A A SRR PR A
- n2BiE: fEn xn RS ERE AR5, FREMEARE,
©BOE: E9 x 9 ERTIEART 1~9, #EET. SINEE 3 x 3 FEBTRET A ER,
- EREOHE: AE - EgmE, HRONEGOSE T SETERE G, EEHRBIEME AR,

A LR : SRR H AR A — 8 & 2 BT e S R B AR

- O-1 HHEEE: A —Aei—EEE, SEYas ENEENER, ERETEFRRGIN, #
Y LIS AR E R R,

- RATRIFE: fEEE, (EERGHIE, ST E HARAL - OURIR AR, SRR,

- EROREIE: A —EdE e, PRERORRYSE T, Rl T I TE R < R A 38 A

LR, BIRFF A G BB RTE, AR R ERTT %,

- 0-1 5 B PR Y (E BN REAR B AR, DARE S B i AR RS
- BRATR R R AT NP-Hard [, 5 FHMREE SR EAMIE AR,
KB E R P — (AR, a] A R A B R A AR

13.2 £HYIRE

EHBFE R RERE AR — RN, ERERREAE RS W — TR FERT, X
HHARTTRIIFTA ATRERIHES .

R 13-2 FIER TR R, WG A RSN B FTH HES

®13-2 EHFIRA

N2 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 FBFTRIER

Question

i A\ —ERE S, HrpAEEEETR, REFTH RTRERIHES,

TERE AN A A, Rl ARSI B A AR SR — RYNEFRMA R Bt AR5 % [1, 2, 3],
RIS 1, PRI 3, BIREIE 2, RESHS[1,3,2] . ENRFURHGH —(EEE, ZREMER
HAhsE

RSB R AR, REES choices BWMAMBSIFTHIFTAILR, RE state BEHZE HATCHOEER
TLR. AL, BETTRAATPORE R, FIt state FPHIFTA TR M1,

qniE 13-5 AR, WA DURF @ AR R B s — PROIR IR, R P AR E ETRE AR E ATIRRE state o TEARENES
Bildh, #SfE —fmStRRENEIEER, SIEIEERAREE S,

choices = na state =

E—imiRE

EImRIE

13-5 2 HES AR E s

1. EEEEN

7 T BB MEITERPOEE R, BMFBESIA— @M HRA ] selected, HH selected[i] ER
choices[i] BACHHER, WHRNTEH DI NI,

- TEMHEEE choice[i] 18, Mt selected[i] BEA True, RFECHHELE,
- FEFEERY choices IR, BKIBATH CHORSAVEES, BIBIR:,

qniE 13-6 Fs, (RS —EmERE 1, 55 WERE 3, F=EE 2, QRS “RTITR 1 93T,
TR =R BTHTR 1 TR 3 93
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L)

,L axnEH 1, 2, 3

s o e (-
HEo —~|
L HRBRERENTE 1
BoHREE 3 a‘@ﬂﬁ%‘éﬁii?ﬁﬁ, 3
B o
A
BSHREBE 2

HCHRENTE 1, 3
RS EETES 2

13-6  2HHIBIETRHI

A 13-6 95, ZWHREIHESERAME O(n™) WAE O(n))

2. ERBER

B LR MR, BRI RS RRE H “IHE" 7, % 7 AR, B rEEE
BIHEZRE SIS PR AR X, TR E MR BHAE backtrack () B!

H

// == File: permutations_i.c =

/* BIESRE: 285 I +/
void backtrack(int *state, int stateSize, int *choices, int choicesSize, bool *selected, int
< *xres, int *resSize) {
/] ENREREFNRTERHNER, CiRMF
if (stateSize = choicesSize) {
res[*resSize] = (int *)malloc(choicesSize * sizeof(int));
for (int i = 0; i < choicesSize; i++) {
res[*xresSize][i] = state[i];
¥
(*resSize)++;
return;
¥
/] EFHFAEIEE
for (int i = 0; i < choicesSize; i++) {
int choice = choices[i];
/] BN AAFEREETE
if (!selected[i]) {
[/l Efl: MUHEE, FIE
selected[i] = true;
state[stateSize] = choice;
/] EIT T —EREE
backtrack(state, stateSize + 1, choices, choicesSize, selected, res, resSize);
// ELR: HiHEE, MBS FiRIAKRE

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 EFEBRFTENER

Question

N\ —ER B, BFIrb el e SR TR, IR M FTA N ERRHES,

P 52 [1,1,2] . BT EE ) WEEREE 1, RS —m1as1,
WIE 13-7 FoR, iR 7k S — b R,

choices = state =

E—HER
BowER
BHER
—
R EIRAE RS

13-7 EHHEHA

AR RERERATHESIE? e, R —RRR S, EREHVIAREITRE, RSk
S, ALK EEHPIN S S SR AN R, ERETRTERNEEIE:, ISR DOE — PR THEE AR,
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1. HEREER

BUsIE 13-8 , (L5 —imrp, B 1 oUEE 1 RE(E, (EEMERIEY FAERKFTEHET 2R, Fit
FERZAE 1 BIAL,
FIBE, TESS—BRIRIE 2 21k, SERIERI 1A el EES S, FI LR E Rmi 1 38

EAH LE, WK HESRAERE D, S MAER TR EPORE K,

choices = ne state = [?

ﬁﬁgf
FE—RE
T WEEE 1 LB
OpEERIE—R
EwmEE
.iﬁﬁE§§§%I1
QFERRRIE—R
EoRRE

13-8 EEHSITIE

2. EXRER

£+ RIS b, BMH S SRR R ES duplicated, MR BT
RERBRICR, WFERTTRITE:

// == File: permutations_ii.c =

/* BIMEEE. 2H5 II +/
void backtrack(int *state, int stateSize, int *choices, int choicesSize, bool *selected, int
< *%res, int *resSize) {
/] EREREFNTEHNER, CHRMF
if (stateSize = choicesSize) {
res[*resSize] = (int *)malloc(choicesSize * sizeof(int));
for (int i = 0; i < choicesSize; i++) {
res[*xresSize][i] = state[i];
+
(*resSize)++;
return;
+
/] ERFREEE
bool duplicated[MAX_SIZE] = {false};
for (int 1 = 0; i < choicesSize; i++) {
int choice = choices[i];
/] B AAFEREETE B FAFEREEESE TR
if (!selected[i] && !duplicated[choice]) {
/] ERl: MUHHEE, FHkRE
duplicated[choice] = true; // EHEEBMNTERE
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selected[i] = true;

state[stateSize] = choice;

/] EIT T —EmEE

backtrack(state, stateSize + 1, choices, choicesSize, selected, res, resSize);
// [EIR: HEEEE, MERZEIAIREE

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;

RETCRMIMZ AR, Jn ECRAE n! HHES (BE3R); fERCERAT RIS, TEERRES n KBRS,
M O(n) K, FILRREMEES O(nin) o

RAIEERE 2 n i O(n) HEBME=, selected i H O(n) 23, A —FRZIHR24HH n 18 duplicated
, 1 O(n?) 23/, HItasmsEs O(n?),

3. MEBRELL

MR, #ESA selected M duplicated #BFIAETIR:, (HM#H M BRI,

EELEEIR . SR HA —f selected , E#ZERRETE ML TTE, HEHRE
B HARTTEE state HEEHH,

- M BN SimEE (SEMEIUAY backtrack FR) #EE—E duplicated . ERCERAVEIEAR
iR (For MHRE) ML C RO HOEER, HIEH BRABHSE TR ISR X,

[ 13-9 fEoR 1 MBS B R RO S5, TR, AP RORH R ENRG OR —(EE, TEARENRGZZEE R b
A2 Ml R A R — 8 HES
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HEBE— <
WHHTIS [1, 1, 21 [1, 2, 1] (2, 1, 1] nEMEZ S

13-9 PRSI R kA1 F 2 =]

13.3 FEMRE

13.3.1 EEERENER

Question

i —E EEE B nums FI—{1 B AR EEEE target , SEHRMEATARIRERVAL S, (H1SMH SRR
FISFI target o MAEMAIEERICR, FETRADPIRRZR, #FURSEARMELEHS, 5

IR EUSERES,

flan, WARE {3,4,5} MEEREEO, @5 {3,3,3},{4,5} . FEIEELINME:

SR A T 2T LU U R R,
- FHEREATERIER, i {4,5) A {5, 4) BR—HTE,

1. S2ELHTIREE

LRSI, BT DSR4 OB RRARR L — RYERAAR, WS EEREP I TR

7, EIURMER target R, B FEILEREHEREBY,

iR A AN FE R, AR EPITE ] DI OGER, KIS selected MRS E

TLEES CHOEE, T o] LS 2RSS T/ NMEB K, WP 52 ERE TS
// == File: subset_sum_i_naive.c =

/* EIESE: FEM I %/

void backtrack(int target, int total, int *choices, int choicesSize) {
/] FEMER target B, L8R
if (total = target) {
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for (int i = 0; i < stateSize; i++) {
res[resSizel[i] = state[il;
+
resColSizes[resSize++] = stateSize;
return;
+
/] EFHFREIEE
for (int i = 0; i < choicesSize; i++) {
/] BiFy: BEFEMNBB target , BIBBZEE
if (total + choices[i] > target) {
continue;
+
[/l Ef: MEEE, EHFcERM total
state[stateSize++] = choices[i];
/] ETTF—EEE
backtrack(target, total + choices[i], choices, choicesSize);
/] [EhR: HEEEE, MESIZAIRIAREE

stateSize--;
I
/* RBFEMN I (BEFEFE) */

void subsetSumINaive(int *nums, int numsSize, int target) {
resSize = 0; // ¥BHENEES 0
backtrack(target, 0, nums, numsSize);

DA R A5 [3, 4, 5] FIEIETE O, Wi [3,3,3],[4,5], [5,4] . MEARIHRE THiER
20 T, P EERBINT9 4,5 F[5,4] .

ERERN RSB BRI R, AT FRAEERIERE, HE 13-10 frr, Joi 4 1218 5 BLITE 5
1238 4 BAFR S, HEER 15,

choices =

target =

EoEmiRE

[3,3,3]

13-10 v BB 3L

T APREE TS, —MERNERRNERINET R, IS IRBCRIRAK, AR R,
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- BMEYTREZ, THEE target BRK;, EmmAeELRENEETE,
- bR (RS MRFEHERFERS, REICHEFRS, s b ETT R R,

2. EEFEER
iM% B i fdoES R e BT 2 E, BISKE 13-11, SEE T8 REDUAEEFREA T ER AL,
BN DA R 1E

L SRR o B 3 4 1, SARESENMETRNTAFE, 28 [(3,4,...].
2. 21%, HEWEE AR, BE TRERENE 3, RAERELNTE (4,3, . M 1. PHEK
T EREREE,

T, B EREERRICEREEOREE S, KRGS R S AR,

1. AIFEIE 3 FI 5, LR T [3,5,...].
2. RIFHEIZ AT 5, ARTH[4,5,...].

3. HH WS, RIS Bk 3 M4, WA TED,3, . M54, EE 1 BRE 2. S
IR T EERERE,

choices = a

FE [3,3,.] [3,4,.] [3,5,.] 3 [4,4,.] [4,5,.] 3 4 [5,5,..]

ERTFE BERTE EETE

13-11 AFRBEERNEEHHIEE 45

HKEAE, SRS (1), 2y, ..., 2,], BIGSWEISRIBIINS (v, 0, . 2, |, BT
FEMIL i) iy < <, FWIEHIEPHIGRIL I TR, HER IR,

3. EXRER

HEBZIIR, MO CEE start, FNEICERREMGRS, BIHURE v, &, 3o PRl B
YA, SRR AT R IIINE 1 < iy < - <4, , TEMEREE FHRME—,

Pritbz b, BAHESFEEEST 7 DU miTER .,
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EFIGE ST, JoAFEs nums HEF. FEERATE BER, & FHENEB target RFEEA R,
EBBITEELR, HTPEM—THEE target
BEITLEMBE total , BIBLE target LPITIRIE KRG CEM, & target Fi 0 RFECERAR,

// == File: subset_sum_i.c =

/* BIERE: F&EM I +/
void backtrack(int target, int *choices, int choicesSize, int start) {

/] FENMER target B, :CHRAE

if (target = 0) {
for (int i = 0; i < stateSize; ++i) {

res[resSize][i] = state[i];

IF
resColSizes[resSize++] = stateSize;
return;

}

/] ERFREEE

/] BT ¢ start BHRESS, BREMREEFE

for (int i = start; i < choicesSize; i++) {
/] BFy—: EFEMBIE target , BEZEEROE
/] EREARESIEHRF, BETREAR, FEMN—EEE target
if (target - choices[i] < 0) {

break;

¥
// EF: MHEEE, B target, start
state[stateSize] = choices[i];
stateSize++;
/] EITTF—EmEE
backtrack(target - choices[i], choices, choicesSize, i);
/] [EhR: HEEEE, MERIZEIRIAREE

stateSize--;

I
[* REBFEM I =/

void subsetSumI(int *nums, int numsSize, int target) {
gsort(nums, numsSize, sizeof(int), cmp); // ¥ nums E{THIE
int start = 0; /] FEHECIARh
backtrack(target, nums, numsSize, start);

13-12 Ffm At beis) 3, 4, 5] FIEAETR 9 i A\ DL LR SR A B R [ e i,
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i target

choices = BRAMRE
target =

BE-RE

B=owmRE

i2if target BETFE

13-12 F5F0 1 [mEE

13.3.2 TEE/|RTENESR

Question

40 E —(E EEE S nums F1— M B EREE target , sERHFTAATREMAA S, HSMHEAHITER
FI%EIR target o 4AEPSIRIRER S EBICR, BMCERTHHER X, D EBSIE R ENELEH
&, PP EaSERAS,

FEIELS LR, AR ABRBIRT AL & RRER, JE5IA TR, i, sl [4, 4, 5] AL
0, ARG RES [4,5), [4,5), BT EETE,

16 P e P S AR A S R AR R b 2 IR (IR 13-13 vh, SR —dRdh =R, A miEE
4, GEAMEEEIES S, EmmtEE TR, FHE, B WM 4 thgEt 5w 4,

choices = a
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13-13 M TRERWERTHE

1. HETRH

DI, BAMER RGBS R b L RESORIE IR, HEU By miRESIR EHT
[, RIHMSETTREEARAR, SRS RS T, HEADTREEEZTRMAS, AR e CAge
i, FtEEEETTR,

BLPERIRY, ASERUE REIERESC R N REBORIE — K, SERE, M R] DI AR start A 2 %A :
EHEE v, 18, RE N WERG 1+ 1 RGARET, ERRERRER &, Mt EREET
Fo

2. ERBER

// = File: subset_sum_ii.c =

/> EESE: FEM II %/
void backtrack(int target, int *choices, int choicesSize, int start) {
/] FEMNHER target BF, :CiRAE
if (target = 0) {
for (int i = 0; i < stateSize; i++) {
res[resSize][i] = state[i];
+
resColSizes[resSize++] = stateSize;
return;
+
/] EFHFREIEE
/] BT ¢ start BHIAESS, BEEREEFE
/] BIR=: 1 start BHIEESS, BREEEER—TTH
for (int i = start; i < choicesSize; i++) {
/] BER—: BEFEMBA target , BIEZEDHA
if (target - choices[i] < 0) {

continue;
+
/] BIREPY: MRZTRELIBITRESE, SRAZESSTER, BiEE
if (i > start 8&& choices[i] = choices[i - 1]) {
continue;
¥

/] ER: ##EE, T target, start

state[stateSize] = choices[i];

stateSize++;

/] EITF—EEE

backtrack(target - choices[i], choices, choicesSize, i + 1);
[/ EIR: fHEHEEE, MBI ZAIRKRE

stateSize--;

}
[* KEBFEM IT */

void subsetSumII(int *nums, int numsSize, int target) {
// ¥ nums ETHIF
gsort(nums, numsSize, sizeof(int), cmp);
// BAtRELH

backtrack(target, nums, numsSize, 0);
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13-14 /R TR (4,4, 5] FIEITR 9 WENER, HESTIREBIRRIE, SRR E R 2SR
fitr, MRfRPR(EESIERE, DEREBIEIRIER WM TR,

choices = ﬂ
target - s

BRI Bk
EE—&wPIH%ET
&- FERREHRE—R 09‘- % 7%
-UF 7 Jom
&_ ‘?O | WRER
[&,5] BETE
X
W=
FHh#FER
BHE— . =
WA EIERES TR
#BiA target

13-14 FHA 11 [EiE e

13.4 n 2/5E

Question
BB S AERRA, 2/E0 DASREREFEE—1T. —FIS— R4 LT, 47E n @25 —E
n X n AP SHEERTE 25 2 M EEE LR RT %

NiE 13-15 FoR, B n = 4 8, el DERBImER, REIEERNAESR, n x n K/DIELE n?
T, & T ITEREE choices . ERENE EEHIEREF, HEHREEREIS (L, SERFZIIBSRE
ZAREE state,

) | ) |

L3
L3

€
L3

L3
L
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13-15 4 2jaRHERfE

13-16 JoR T AR = AR R 20 RIAAREER 17, W5, F—pEmes L ESTERNE, B

RRER— RS BRERE ARG
Faezem—17 x| W foxefox g b8

O e < | .
N ¥
- -, 7
X X - B N
N | P
o+ s N S
i o o
N
s i P
X X. RO -
AN | —
e NP

FRER—F REERA—THREE

13-16 n 2JERHERILRIET

1. FTHRERRK
BIEMNEEMEBRAITEE A n, FLRMEZSE @i WRSTrEasr AR adritE —M2)GE,
Wt EsR, FRMTUIRBOR TR ERNG: 15 —1ThtG, EETRE —HREE, EERE 1THE,

13-17 fim7s 4 2/aHERNZRTREBR, ZEERE], & 13-17 #RH 18 TR HP— S5,
i B AFAN I RS S SRR R A TR 77 SRAEAT T 39K

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

@ 13-17 ZATHCE RN
EAH LA, BIVBCERIGES] ORI, et 7R T HEZ MRG0 3
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2. FIEHAREIR

2 T RANFIH, TR AR — 8 R E 2 n (MRS cols itk SR G A Bh. ERIERE
i, MBI cols M CA R/ERIFNEITITR, WAERPHENETEH cols HIRRE,

Tip
FETER, JEMIERSAONE B, HATRSIE LRI TM, IR ARG,

FIOE, W R R ARAT TR SRR SRS TROTAIRDI % (row, col) , R MEMEFR A FoE B4R,
TRIMES B2 o LA 07T 25 I3 AT, MBS LR 709 row — col 2.
WA, WIRRIAR TIE row, — coly = row, — coly , HIEM—HAER— =SS 1, R
S, BlPAT DAHEBIE 13-18 T RABESY diagsl 3OS B M LR A 25,

IR, BB ERFER I row + col RIHEME, FMFEIFRT FEDES diags2 A EFLE A ARLY
*

diags1

iEERAR
RERER

G

cols

EHRIIZEERER

13-18  FREESIKIHAIE A SRATH

3. EXBER

SR, n #EHBEF row — col MEIEZE [—n + 1,n— 1], row + col MEIEZ [0,2n — 2], FiDAEE
FARFIUCE F AR B AT 2% 2n — 1, BIf%) diagsl 1 diags2 UREHZ 2n — 1,

// = File: n_queens.c =

/* BIERE: n EE *+/
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]) {
/] EHEFEITR, sCixfR

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;
+
// EFFFREY
for (int col = 0; col < n; col++) {
/] FTEZRFHENTHAENRERIR
int diagl = row - col + n - 1;
int diag2 = row + col;
/] B ARFZISFAES. THAG. REASEEEER
if (lcols[col] && !diagsi[diagl] && !diags2[diag2]) {
/] ER: BEEKREEZNET
state[row][col] = 'Q';
cols[col] = diagsl[diagl] = diags2[diag2] = true;
/] BMET—1T
backtrack(row + 1, n, state, res, resSize, cols, diagsl, diags2);
// [ELR: EZEFMEATAL
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];
/] ¥iEE nxn K/NEURERR, Hep 'Q' RRER, '#' ARTM

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}; /] iRFIRREER

bool diagsl[2 * MAX_SIZE - 1]
bool diags2[2 * MAX_SIZE - 1]

{false}; // HETHABRLETEER
{false}; // EHARHBRLEDEER

char **xpes = (char **x)malloc(sizeof(char **) * MAX_SIZE);
*returnSize 0;

backtrack(0, n, state, res, returnSize, cols, diagsl, diags2);
return res;

BATIE n ik, FBEIKIH, WRETEEREATHE n. n—1, ... 20 1EEE, 8 O(n!) K
[, B ACERN, TREAEERE state MW res , WM O(n?) Wiftl, [N, ZERMISRIBIHEE
B O(n!-n?), BEL, RIEEAHSERIVITE A RIS MY S, RIS SR A7 DA _E R

f%1] state i O(n?) 23/, W51 cols. diagsl fil diags2 Erffifl O(n) %M. SARERE S n, f#
i O(n) ez, Wik, SMBEEES O(n?).
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13.5 /h&E

1. ERSOIEE

o I AIEAH R R, B AR TR RS SRR, SRR, 8E
R IFIFRARRIREER, B EIRBIFTH RECERT IR S R,

- [AE AR SR R A E SR AR AR ), EIEERE RS A B M SRR, EEEINW
FRATRMEAFRIIE DR, RIREE E— P RS, REIEIZATHGIRGE, WAEGTE UL ANEE, EiliEiRZ2

PRI 75 TR B 3
- [l R S 2 AEA AR, MR R BB YA R, BRAT DR ATAT R E A 203, K
EfRTHE =R,

- [l SR T S AT R TR = R RE AN A TR R TR AL B A R R SR T DA [T SRR R, B
FEEAFAERCR E S BICR E AP IR,

- EHIHE SRR T RS TRIATE FTRERIHES, TAIMFED) —(E 8 AR AL B E T 3R 2 5 PSR,
SR IRIR A TR ES 0 , WREBETTRAPOEE K,

- AEEfRIREES, ERESHFEREELR, AREHRGHEEEY, RFMTREHRAETRER
i HEERORIE — IR, Sl — AR R SR E D,

- TEREMMEN SR ES TR ETREMS EEENTE T8, R MRS TTRIERF, MEsERE
W FTA IR RORR, EAEE TR, RIHERMRTRERETHER, MR —AEEoRk iR T — W
AERRAARS, TEMR A e R A =) SOEITBIRG

- BPRTERMEE, MYIRRES TR G EEERRE S, TFAREY CHEF AT E R, B A AR
TEREGHEEERA, TR RS TR - L RESOEH — K,

- n REHESESHRE n @2EHED n x n R ERTTSR, ZRATE 2500 f R SR
Tio iAFERIKIREFAITAR, SIKIR, ZEABMIUCE AR, R ITAH, TR T
BHREE, RESTRE 25,

- FIRIHHATE A ARET R R LT B, BIRFIATER, B —ER R S SR G A Ba, e
TREPRIR TR E GTR. BIRBAATR, FAMFEmEES A flskaz . KA LR G
25, HRERNRHEER —T (FED AL BRI 7w e TAIRT IR,

2. Q&A

Q: BB A AR I A B R?
MEARE, [ EEIRREET, MEEEAE | A",

- [EERREEANREE L, A, ERRENERS R —, BREEE S METER,
- IREAGSHEREEL T (RO R, WG, [, BIREE GRIRRE) SFRH
e
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145 EHRERE

Abstract
/INRRE AT, TLIRTRE AN K
EREH SN E R BRI RENE SR, —0 5 [HBRAME MR E R R
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14.1 ¥IREHREIRTY

BREFRE (dynamic programming) & —(EEERHELEE R, i RS A — RV E/ N FRIE, i
BRI E AR B R, e RIEEE AR R,

TEAH, FMEEEMBFEAT, Jeatierg s, BIRHhUSHERTHE, BZEPEH
B B RE R B TR

JerE
fE e n BERUAERS, REEPAIDAL 1 BEEE 2 B8, sERH 2/ 080T 5A] DATERHTH?

qniE 14-1 Fiow, SR 3 BEIERS, Htf 3 M7 5n] DAUEEIHETH,

0

BEES n= o 1 2 3 4 5 6

TetsE 3 [EigiEds 3 BrE:
0515253 , 05253 , 05133

14-1 eZIZ 3 BE 77 8=

AR B K AT RECE, BT AEREIE B IR s R Al REME. BB, RTEHEER S —E%
TREAE AR (CHE At fERIRE L 1 PEe 2 [, SR PR TEAR R T REBEM 1, B
THERIR LR IR, REXCHBUN R RR:

// == File: climbing_stairs_backtrack.c =

/* B %/
void backtrack(int *choices, int state, int n, int *res, int len) {
// EIMEEIZE n FEE, ARHEEMN 1
if (state = n)
res[0]++;
/] EFHFREIEE
for (int i = 0; 1 < len; i++) {
int choice = choices[i];
/] Bt RAAFFHIBE n
if (state + choice > n)
continue;
/] ER: MHEHEE, FHE

backtrack(choices, state + choice, n, res, len);
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2

/] [EE
hy
[* Tetgss: B «/

int climbingStairsBacktrack(int n) {
int choices[2] = {1, 2}; // "EEMLIE 1 FEZ 2 &
int state = 0; /] 7% 0 PERAsANE
int *res = (int *)malloc(sizeof(int));
*res = 0; // 1M res[0] BHEHERHE
int len = sizeof(choices) / sizeof(int);
backtrack(choices, state, n, res, len);
int result = *res;
free(res);
return result;

14.1.1 Fix—: BHiEs
(e 0 0 2 I AR B M S R DA THR A, T R SRR B E — RYIRE S B, BB IR, s
A6 T RE R AR

T AT LB BRI RTRE 7 R g FE AT IS E R, sRIEENE 4 BEIA dpli] FE/T %, AR dpld] B2 R,
FHEEAE:

M
/i

dpli — 1], dpli — 2], ..., dp|2], dp[1]

A Bl RE B 1 PEER 2 B, [RUEFRFUGAESS @ BEMRE By, b—fm A rTREu1E58 4 — 1 BEEEs « — 2 FR
ko AR, FAMHREIES ¢ — 1 BEERES ¢ — 2 FEIEMIE ¢ B

FH L TS H—EE R TS ¢ — 1 BEMI T RBUM_EICEIE ¢ — 2 BENT REURSRESIE « BEs
£ /N W

dpli] = dp[i — 1] + dp[i — 2]

ERWRE ORI, #5087 M EIRMERR, DREERMERT DU 7 RS REE 2, [ 14-2
JeoR T AR HER R
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dp[5] =dp[3] +dp[4] =8

dp[4] =5

dp[3]=3

|

BEE#H = 1 2 3 4 5 6
7E# dpln] = 1 2 3 5 8 13

[ 14-2 75 SRECRIEHER (R

AT DB A RIS EI R 9 BRI, DA dp[n] 2 E0A%, I HONS— NEBE AC A7 92 (/1N
IR, EEFE RN TRE dp1] f1 dp[2] BRIE, Hi BATRENRZCAN, B dpl] = 1.
dpl2] = 2, FRMEEE 1. 2 AR 1. 2 BHE,

BRI EE, ERESE R A AR S B s, (B NEE:
// == File: climbing_stairs_dfs.c =

/*x B2 %/
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

/* Jei8HE: #E «/
int climbingStairsDFS(int n) {
return dfs(n);

h

[l 14-3 JrR 7 RS R AREE, BiRME dp[n], HIREBIRES n, KEERES O2"), &
BRI R R, R A —E BRI n, A& ANIBRIERFZH,
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dp[9]

dMé] dp[7]

dp[7] dp[6] dpl6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[&] dp[4] dp[3]

ESLMEDMETEARERTFHE
HHRMEREAENE o(2")

14-3  TCHE A6 6 R U 30 st

BB 14-3 , FSBOBSIIBE BRI 2 A TR AN, Flan dp(9)] Bsr dp[8] A dp[7], dp[8]
WM dp[7) W1 dpl6], RIEEHEE TRIE dp[7] .

DAMCEESE, FREPEESEDNIES FHE, FrRARESED. B0t EE IR B RS EEN T
fif Lo

14.1.2 FE=: soigkiEs
72 THRAEEERCR, RIS S 1 PSR NS R — R, 2itt, FME S —E ] mem TR
&l ¥R RE R AR, I AE 48 o A R R T R RE BT A
1. BEWREHE dpli] B, TRIFUSHTHE nen[i] , DUEZBMM,
2. BFRHEESE dpli] B, FRMERTERN mem[1] HEEAS R, FEimke s B 5 H % R,
AW RFR:
// == File: climbing_stairs_dfs_mem.c =
/* IRWES «/
int dfs(int i, int *mem) {

// B%0 dp[1] # dpl[2] , &EZ
if(A=111i=2)

return i;
/] BFEERR dpli] , BIEHEREZ
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);
// &% dp[il]
mem[i] = count;
return count;
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/* Jet8Hg: IRIWES +/

int climbingStairsDFSMem(int n) {
// mem[i] ZCERMEEIZE i FERISRARE, -1 KKRELER
int *mem = (int *)malloc((n + 1) * sizeof(int));
for (int i = 0; 1 <= n; i++) {

mem[i] -1;
}
int result = dfs(n, mem);
free(mem);

return result;

BllE 14-4 , SBCELERE, Fif SR PERREE R, REERERELE O(n), B2—M
EORHITREE,

N
"9 niEw, g
B#EE

/\ B IE B ENRIERES o(n)

ERFEEEFRBERFRAE—R

14-4  GCIS IS = R A

14.1.3 &= BRERE

e —f “RIEENE W5k RMTEERME (RERD B4, RE MK BOR T M 0 e BN F
i, BEEMOANNRNTHE GEHR), 218, ZEEWHZEUER 7 RERM, R RRERR,

Bl M, BHRERIER M “TOREE” WA WEehFRBERERY, EAREERFHENRE, &
E1FE AR

R BIREHRE A S EERE, B A FREHERERER, MAGHRE, AR, FMonit
—fEREF dp AfEF TR, SR T BRI mem AHRIHYRCERE :

// = File: climbing_stairs_dp.c =
/* ei&ts: BIRERREI «/

int climbingStairsDP(int n) {
if (n=1 1l n= 2)
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return n;
[/ Mk dp R, AREHETREERNZE
int *dp = (int *)malloc((n + 1) * sizeof(int));
/] ¥EARRE: FER &/ FRIERVAR
dp[1] = 1;
dpl[2] = 2;
/] REEER . WE/NFRERD RERAFRE
for (int i = 3; i <= n; i++) {
dp[il] = dp[i - 1] + dp[i - 2];
¥
int result = dp[n];
free(dp);
return result;

14-5 B 1 DA B RE sCHE BB Tl AR

N e N, “ e N S
7 o~ 7~

SRR
dpf1] = 1, dp[2] = 2

IKAENIS 578
dp[n] = dp[n-1] + dp[n-2]

WANIAIRRERYR, EITIRAEETS, BEERRERARLLE

[ 14-5 EHERRRIENRENIHE R
BT RIR bR, BIRERIEILE A RRE” MESARFRRHE R R HR I RE B, AHAIRREHR B I — {7
DARAH ME R sk M B (B, 5114, TR A PR IR B 3% 2 S T AE R R R B 0
IRIZLA L, BAPTRT DA AG H B RE RS ) B AR5

- WEEE dp W% dp %, dpli] FoRIRAE | BIET BB,
- RN TRIBEIORAE (5 1 BERIS 2 FEHBE) HR A aT0auRRe,
- WREIRAR dpli] = dpli — 1] + dpli — 2] BAREEBESRE,

14.1.4 TRHREL

ACEEE FTRERIL T, W dpli) R dpli — 1) M dpli — 2] 1B, DR Amesa i — MRz dp se6
TEFTA TRV, T e R B AR AT, RS SR
// == File: climbing_stairs_dp.c =

/* TetgHs: TRRENERNBIEE «/
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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;

Bl DL RS, HREE T dp WA, BEEEEER O(n) B2 O(1)

FEBRERIEIRES, ERTIRREEEE AT A RERE G, SRR U R BB ZAIRRE, ZH R
AREIE LIRS SRS MR W2 “TREEhSERE R “IERE,

14.2 shREMREIRIERE

£ b—irh, FMSEE T ENRERIERUMAEIE 7 R o AR R R R, ERR B, 7R R R
AT IERG, TE0TG. BOREAREE. (Rl A HI R R

M IRTE SRR AR IR [ R 70 2% 2 (B B2 B R, EEE/DFRE, AR RS o R
WO, ERAAS 2R R R

- BRERIE S R TIRE R, (HEMEEEIAN EERAIE, BRERIE AT R R A B,
FE 7 A & BT 2 SR R

- IR AE B S DR R S BR A A A RER AR, MBS BT EOR RS 0 5, SRR —
RIYNRAD BRI, PR DURF IR SR BR 2 BT 7 e 51 1 — {7l

B b, BhREREE RACK R ELRE, EMMEESEEBTHE, BREEHINNARE: &RE A,
R

14.2.1 REBFEE

FRATE T ERE R RS kB, (8 SN A B T R B T S MM &,
ek M UE
45E —EHERS, (RSP RIDAE 1 BEEE 2 B8, &P LEAE —MEAEE e, FRRIREZZERE
FRR B MR, A€ —EIEEEEBET] cost , H cost[i] FRRIEE i (HZRE T2 HIRUE,
cost|0] ZHuE (REE), sEatB RO FEN H2/ MREA GERETERR?

GnlE 14-6 FoR, &% 1. 2, 3 BERIREZBIZ 1. 10, 1, RIfEtmes|ss 3 FErvm/ MUER 2 .
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EIFMES n = 0 1 2 3
18 cost[n]

]
)
)
=
(]
)

Tets 3 fEBEHE 3 BAE:
0515253 , 05253 , 05133
Her 04123 BIRKESD, RMIES 2

14-6 TezI% 3 P AR/ IME

% dpli] RNCRIEE @ BERFHT MR, HHREE @« B ATRENE ¢ — 1 BEal  — 2 BEAESR, itk dpli] HATRESE
A dpli — 1] + cost[i]| B dpli — 2] + cost[i] o &% THEEFTREIRME, FRAERLE LM E Ty MR —E:

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

ISFERATDAS | AR B T AR R it T e A AP 1R 0 L) e PR AR R 15 2R M)

ARREREIREA BT BRAMIETE T R R AR dp[i — 1] F1 dpli — 2] B M@ AR —ME, 1A
EREHFERE dpld] B9RER.

AR, E—ERTErEREE B AR A R TAERIE? ERIEEERRT REE, B2 st EME, HmE
—FERR: SRR REE", KRNI, RS BB R AN, (B T AIREBL K
T B n BERARTTRBEFNE n — 1 BENE n — 2 BERERTTRBE M, PG, &EFEH0meE7 X
Fegdgis, EARFEH A NRNSE,

IRIBR R 7712, DARWIIEIREE dp[l] = cost[1] F1 dp[2] = cost[2], BAMmRAT A5 2B RekH ##2 0
fig

// == File: min_cost_climbing_stairs_dp.c =

/* eEeR/IVRE: EhRERE] +/
int minCostClimbingStairsDP(int cost[], int costSize) {
int n = costSize - 1;
if(n=11l n=2)
return cost[n];
// #EE dp 3+*/, AREEFREENE
int *dp = calloc(n + 1, sizeof(int));
/] ¥taARRE: FER R/ FRIRERVAE
dp[1] = cost[1];
dp[2] = cost[2];
/] REEEEFRS . BV NFRIEZRD KRR A FREE
for (int i = 3; 1 <= n; i++) {
dp[i] = myMin(dp[i - 1], dp[i - 2]) + cost[i];
}
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int res = dp[n];
/] ERELIEEE
free(dp);

return res;

[ 14-7 o 1 DA - A2 KIS RO B RE AR H B AL

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]
IYEHRAR :
dp[1] = cost[1] , dp[2] = cost[2]
ARAEER SR

dp[i] = min(dp[i-1], dp[i-2]) + cost[i]

[ 14-7  TEAE B MU BB RE AR H B 2

AEMAT DUET SR, W —HBEETAE, FESMEERER On) B2 0(1) :
// == File: min_cost_climbing_stairs_dp.c =

/* s RE: TERECBRIEERE «/
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[il;
a = tmp;

}

return b;

14.2.2 EEXKY
TSR R B eI B R SRR R R R S M —, HEF A R —MREERRGE, SrkkaRn
BB AARAE W, T B 25 KRR IR B SE

DATCHEER 7B, %57 iRRE ¢, EEgfetiikig i + 1 RGIRRE 7 + 2, 2AIBIERL 1 PHgk 2 25, 1Efft
IS ERE, RIS R ¢ ZATRIRRE, EMEHARE ¢ IARAGRAEE,
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SR, AN SRFAFIAA TEAE AR R — (AR, TEC A —hE T o

AR TEHR
fE—EIE n BEROMERS, UREEPRTDLE 1 REEEE 2 B8, fHAREMISIRmBE 1 K, sifA 2/ 0 %
A DATESIFRTH?

qniE 14-8 o, MEEEE 3 BEER 2 FERIAT/7 S, HATBGT=0k 1 FER77 ST R ARG, BItase,

MR FeeEEmEmek 1 FE,
FELtAE 0515253 BT —

BHRES n = 0 1 2 3 4 5 6

etsE 3 EEHEEE 2 B85
=:

05253, 05153

14-8 THHIRNCEIES 3 BEAY 7T REE

M, R LW 1 R LR, ADEE R WAL 2 B, SRS, TSR R AR
fE CRATATEEMEBERERO BIvoE, BAING RS (L—SRRTTEMRER0 i,
RERFEE, ML ORI SRR, RS T2 dpli] = dpli — 1] + dpli — 2] BRXT, WA
dpli — 1] (REAMBE 1 B, EIHPEETHS “ L8Rk 1 B LR 7E, Ml Tess, R
RN dpli — 1) EHERE A dp[i] s
B, BIMAETREARAEE R IRGE (i, j] FoRMBAEN | RS L BBk T j R, Hob € {1,2). stk
ERENOOES T Bk T 1 OB 2 B, JRIPTAT AR 2 AR AR e i A

C M ERBET 1R, b BRI 2 B, B dp[i, 1] RAERE dpli — 1, 2] EAsIEK,

LM WRBT 2, b LWL 1 BESkBE 2 1, B dpli, 2] FTAGE dpli — 2, 1] 5k dpli— 2, 2]

B,

WE 14-9 FiR, (EREHR R, dpli, ] ZoRmee [i, ] SR/ R, HIRRAERRS TR A

dpli, 1] = dpli — 1, 2]
dpli, 2] = dpli — 2,1] + dp[i — 2, 2]
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FEEEEmERDE 1 M . .
micpomgex Pl deld2]
dp[i-1,1]
dp[i-1,2]

dp[i-2,1]
dp[i-2,2]

14-9  HREATH T BUBRHER (R

s, 3B dpln, 1] + dpln, 2) BIAT, W2 RIREIEEIS 0 R RAN:
// == File: climbing_stairs_constraint_dp.c =

[* TBHURCIEES: SHREFRE «/
int climbingStairsConstraintDP(int n) {
ifF(h=11 n=2){
return 1;

+
/] e dp x®, BREEFEERNR
int #*xdp = malloc((n + 1) * sizeof(int *));
for (int i = 0; i <= n; i++) {

dp[i] = calloc(3, sizeof(int));
+
/] ¥%AARRE
dpl[11[1]
dp[1]1[2]
dp[2][1]
dp[2][2]
/] ARREEETE: B/ NFREIEZRD KFERAFREE
for (int i = 3; 1 <= n; i++) {

dplil[1] = dp[i - 1][2];

dp[il[2] = dp[i - 2]1[1] + dp[i - 2][2];

Ak i/ |\ FREIRERIAR

1
0-
0
1

]
I
]
1

+

int res = dp[n][1] + dp[nl[2];

/] EEEIERE

for (int i = 0; i <= n; i++) {
free(dpl[il);

+

free(dp);

return res;

£ LRI BIF, HRMET 25 ERTE —ERRE, EIF IR DOE S SRR REE 2, (E 1S R EEHTI 12
R, A, FEREARAIREEERN AR,
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JT€ Pt B it~

s AR n BEAUEES, REDATDLE 1 BEEE 2 B, BUEETEEIE « BN, REABHETEH 20
R L BBy, 2 mPE RS FORr BRI 20 B L. Blan, mimiER o BIBEE T 2, 3RE L, AlZ
RALAREBREIS 4, 6 F& Lo R 2/ )5 58 n] DUREIIETH?

FEISERIER, T RBRBRAKEOE R ATE ARRE, A2 R — PR & 15 3 e AR R R T febse, IR
HBki, ETRISHERE, BhRERIE R DR,

HFE b, SRS REMHME (GINRITRIFRE) AR, BNEEME, | ek
(ERHEAR T, BlanpE g, BETEETR, sRIBEE, REMEA RN HNSE] R A iR B

14.3 EhREREIMRERRR

AR T BN RERRE RN B, 1 AR AR TR {1 B B P T RE

L. G —(E R A R B RE R B A ?
2. RIFFNERBIMEZIEMRAT, TREDERZME?

14.3.1 RIEFIER

AREARE, AR RE S A TR, Bl TR, RS SR A, R B S Eh RE S SR AR
SR, FAMREEAE R RN T B RIS 2, R FRAIE S RO, BRI &l & (8 )
W) IR,

8 A R R B S T e “DRSRBRRL” | JE AR R AT DAGE R R A At Horh g — (A TR AR
—ERER, AR PSR,

HATESEE, AR G SRR DRSNS, I BB —RIIRRELR, R e R R, E
AT DA A (B A AR
FEMENE b, ShREMEIFEE A — LB “hnorIE”,

- HEUERKR (N iRk (D) FRgEARMHIE,
- EEARRERES RE ] — B a1, ZHERE MRS, I B —EiR AR S [ R R A7 LR B (R

HHIE, thiFfE—L& “JorIE",

- FER H R E A RERIARR TR, TN R i B,
- FERA A HBEH SRR, R EOR B A 2877 %,

05— M T R R SRR G AR AR NI, TRt AT AR T B — (B R IR R, iAE
KB BT,
14.3.2 RIREKRRPE

B RERAE A R RE A & A R A PR E A A BTN, (HIEHIEE DAV BR: MIRDUR, TIIRRE, E
dp %, HEEREERRE, WEER RIS
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7 7 BIPR MR R BR, TR —(EAC BRI /NIRRT ARER I,

Question

HE—ME n x m N _HEMEK grid, ERTPIEMEETHREE—EIEaREE, RRZETHIRE,
BEs NDAE B BT 25 itcipdh, BOUHRER FECE MG REI—8, BERIEL NAEITE, HiR[E
e EAEIAT A R ER NRSH,

14-10 Jon 7 — (8B 1, %A E s aR NIRRT 2 13 6

i

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

BRI 13
HESMERES 192529332512

14-10 s/ N TSERIR B R}

B0 BERRYOR, CRINE, emER dp %

RS — W IR R R TR T PR 2, SRS FIOTAIRE1 % [1, 7], BUFA Rokrs &
i, FEIEA i+ 1, J S (i, + 1), B, AR STTRE AT WA, 5 (i, ] .

RAE [4, ] BIRERT RIS Htetams [0, 0] 2% [i, 5] OB NESESR, MR dpli, 7] «
b, SRS T B 14-11 BRI 4 dp 5, ER MR A8 grid MM,
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j j+1
1 3 1 5 dp(o,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]
L
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] dpl[3,2] dpl3,3]
grid dp &
BRRE: DAEBTEHE FRIE: WAEEAE [1, j] s/ EM
MEEER: 75%R51[1, 5] dp ®: R<TH grid {ERIAVIERE

@ 14-11 REEEFRE dp &

Note

B REFF AN (B @2 AT DA IR % — (PRSP 41, MidKRE A TR B AL, TS (S i it
ERATASE, HESTEMNEM, #e%AHARMEE L N —{EikRE,

TERREET B E—E TR, MG ER—E dp REGEFEE FRERRE, KRB E S B
& dp RIN—EHEEE, WARE LG, dp FEARERFRE M 0B,

P R TR, MRS IR RS ) R

SHRAE [1, 7], TIEER FIBIRT [i — 1, j] BT [i, ) — 1) S, FitRE s 5
[i, j] B9 NRERTER [3, § — 1] BOB NSRS [i — 1, ] MR MR it MR — (e

IRIELA L4, AT 14-12 FonrOREEFS 7T :

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 J.I 2 dpl1,0] dpl[1,1] dpl[1,2] dpl1,3]
5 3 2 1 dpl2,0] dp[2,1]1 dp[2,2] dpl2,3]
o— —
4 3 5 2 dp[3,0] dp[3,1] dpl[3,2] dpl3,3]
grid dp &
ARREIIS IR

dpli, j1=min(dp[i-1, j], dp[i, j-1]) + grid[i, j]
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14-12 BB TR IR EER 72

Note

RIBERGH dp 2, BFREEMN 7 FEERN R, HOHEIE 1R A B R AN 15 i 5 RE Y A
H771%, BB T4,

—BHIRMERE T BB T4, BhaT DAGEH B AR E AR R

B2 eTiE SHRETERNIR R AR
A, JRAEEITHRE L REIEH /B RGBS A, R B YIRGIRE L REREE_ BB AIRREIS 2, I E AT
i = 0 FIES j = 0 2@

QniE 14-13 AR, BN 72 BH T8 FA_EDTHS IR AR, DR (8 A e a R R, SME
EERST, WIEREEF5,

dple,0] dple,1] dplo,2] dple,3] dpf0,0] dp[0,1] dp[e,2] dp[0,3]
—3> —> — — —

VAT T

dp[1,0] dpl1,1] dpl1,2] dpl1,3] dp[1,0] dpl[1,1] dp[1,2] dp[1,3]
— — —

VAT T

dp[2,0] dpl[2,1] dpl[2,2] @ dpl[2,3] dp[2,0] dp[2,1] dp[2,2] dp[2,3]
— — —

VAT T

dp[3,0] dp[3,1] dp[3,2] @ dp[3,3] dp[3,0] dp[3,1] dp[3,2] dpl[3,3]
L L 3 [ =
BREG: MAKETEY REERIERF: EFEhERE

14-13 18 5 Ak Bk REAE RS IE

Note

B FUR BB R wIMGM dp &, EE =T R,

IR RETERS N7 1% O 2 BAR S AE ST B E R RTE MRS, P E EAREA R 5 /1[5 E I i ER B A 7 E R
FHEHAR,

RIELA B, FMEASR DNERR BB RE RS, 28T - o e —EIETHE A B4, RItig i
‘BN - RS — SIS BN BB S R MR,

1. Fit—: 2hiEs

WEHREE (7, 5] BGAT =, BT MERAE/NIGIRRE [0 — 1, ] f1 [, 7 — 1], IBERAEELATEE,

L RESE: HRAE [, ]

LRI [0, 0] 1[4, 5] BN dpli, 7] .

LM B =0 B j = 0, JREE grid[0, 0] .

MR B < O < O BEEREIA, MIREERM +oo , RFERALT,
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BB HUR

// = File: min_path_sum.c =

[* BNERERN: BAOES */
int minPathSumDFS(int grid[MAX_SIZE][MAX_SIZE], int i, int j) {
/] BEAKLABETNE, AlEEES
if (A1 =08&j =0) {
return grid[0][0];
+
[/ BITHERS|IER, BlRE +o B
if <0 |l §<0){
return INT_MAX;
+
[/ SAEMELAR (i-1, j) M (1, j-1) HsR/NEEEAE
int up = minPathSumDFS(grid, i - 1, j);
int left = minPathSumDFS(grid, i, j - 1);
[/ REMEAE EAR (1, j) Hs)ERERE
return myMin(left, up) != INT_MAX ? myMin(left, up) + grid[il[j] : INT_MAX;

14-14 48 T Pl dp[2, 1] ZAREIBSADRIER, Hrb@ S il i, HEEghEEEK grid )RS
BRI SEIE 2,

WAH LB, ERERFMENEEZ: ARSI ] DA LA BER —Heh,

Bk REIRR

dp[1,0] dpl2,-1]

0/ ) “9
°X {° LN

dp[e0,1] dple,2

: : : EBFRIERE:
do & dplt, 0] Fdpl 33208 dpl1,2] | dp[1,3] dpli+1, 31 #0 dp[i, j+1] #&# 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 RE R

FHERREE A A NRIAA AR, 4 EAERA MARETRE m +n — 28, FilRZERHEHES
O(2™+™) , Hrhn #1m 53 B 288 B0TTBASIE, s, ISRy sURS ENL RSB RSN, B
FEARZ S FUR N MR, NI EPRIE B E gD,
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2. FiEZ: miEniEs

MG N—EFI A4S grid MHFERSTRIGCIE SRS mem , FRRCERSE 7 REA MR, 0 &8 7 75y
e

// == File: min_path_sum.c =

/* BNEETEAN: SERWES +/
int minPathSumDFSMem(int grid[MAX_SIZE][MAX_SIZE], int mem[MAX_SIZE][MAX_SIZE], int i, int j)
o
[/l BEAELABETE, BRLEES
if (i =068&37 =0) {
return grid[0][0];
}
[/ BTHERSIER, BlRE +o B
if <0 [l 3<0){
return INT_MAX;
¥
// &BEEETE, BEZKRE
if (mem[il[3] != -1) {
return mem[i][j];
}
/] B EBETR R/ NSEAE
int up = minPathSumDFSMem(grid, mem, i - 1, j);
int left = minPathSumDFSMem(grid, mem, i, j - 1);
// sEERMREAL AR (1, j) HRNEERE
mem[i][j] = myMin(left, up) !'= INT_MAX ? myMin(left, up) + grid[il[j] : INT_MAX;
return mem[i][j];

GniE 14-15 Fow, ESIAGRIEIRIR, ATE FRIENMBATEE R, IR EREE BRIk A E, 4
RS O(nm) .

Bk BARik Bk BWElER

dp[1,1]

dp[2,0]

9 7T T8,
ox 12,

14-15 FC iR 18 SR e At

3. BiE=: BERE

FPRIEEBRE RIS, B IR
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// = File: min_path_sum.c =

/* BRNBEEH: BREFRE] %/
int minPathSumDP(int grid[MAX_SIZE][MAX_SIZE], int n, int m) {
/] #EKE dp &
int *%dp = malloc(n * sizeof(int *));
for (int i = 0; 1 < n; i++) {
dp[i] = calloc(m, sizeof(int));
+
dp[0][0] = grid[0][0];
// RREERE: BT
for (int j = 1; j < m; j++) {
dp[0][3]1 = dp[O]1[]j - 11 + grid[B][j];

¥
// RREEE: 55
for (int 1 = 1; 1 < n; i++) {
dp[il[6] = dp[i - 1][B] + grid[i]l[6];

+
/] iRREEEFS . HERITAID
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];

/] ERELIEEE

for (dint 1 = 0; 1 < n; i++) {
free(dpl[i]);

+

return res;

14-16 J&7: T S NS ISRIRGIRAERIES BT, FUE T REM0Hs, IREBIRIE S O(nm) .
W51 dp KAV n x m, BIEZRBERIE S 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 o 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 &

HRAGEFS IRAEEE
dpli, 31 =min(dpli-1, 51, dpli, j-11) + grid[i, j1 dpli, j1=min(dpli-1, 31, dpli, j-11) + grid[i, j1

Step 3 Step 4

10



H14E

Bl RE A

www.hello-algo.com

310

Step 5

Step 7

Step 9

Step 11

5 1 5 1 4 5 10
2 4 2 3 5 9 e>11
3 2 1 8 o 0 o
B 5 2 12 o 0 o
grid dp ®
KRB

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 &
AR

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 o 9 11
5 2 1 8 8 10 11
3 5 2 12»1;1 0 o
grid dp &
RREETS

dpli, j1=min(dp[i-1, j], dpli, j-11) + grid[i, j]

3 1 5 1 4 5 10
2 4 2 3 5 9 1
3 2 1 8 8 10 11
3 5 2 12 11 15¢>13
grid dp ®
KRGS

dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j]

14-16

4. TRREWR

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 ®

RREE
dpli, j1=min(dpl[i-1, j1, dpli, j-11) + grid[i, j]

] 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 &
ARAEESTS

dpli, j1=min(dp[i-1, j], dp[i, j-11) +grid[i, j]

3 1 5 1 4 5 10
2 4 2 3 £ 9 11
3 2 1 8 8 10 11
5 5 2 12 11 »1;5 0
grid dp &
ARAEESTS

dpli, j1=min(dpli-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 ®

REIR/NEEMR 13

/NS FERT R D RE AR B AR

AR B RS R B E 2 B2 AR A B, IR Al AU — (B TR AR B dp 3K
FRTERL, RIZks dp REERR —1THUIRRE, R ARMEETRIZRTRIAAIL E SRR, TR EER TR e :

// == File: min_path_sum.c =

[* BNRTEN: TREREMRNBERE «/
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int minPathSumDPComp(int grid[MAX_SIZE][MAX_SIZE], int n, int m) {
/] #EE dp &
int *dp = calloc(m, sizeof(int));
/] IRREEE: BT
dp[0] = grid[0][0];
for (int j = 1; j < m; j++) {
dp[j1 = dp[j - 11 + grid[0][j];

¥
/] KRBT HERTT
for (dnt i = 1; i < n; i++) {
// Hﬁ!ibﬁvb EEdl
dp[0] = dp[0] + grid[il[6];
/] ARREEFS: HERY|
for (int § = 1; § < m; j++) {
dplj] = myMin(dp[j - 211, dp[j]) + grid[il[j];

¥
}.
int res = dp[m - 1];
/] TERECIERE
free(dp);
return res;

14.4 0-1 5 8IfRE

HEMER A ER BB AMEE, BEENE TR RRER A, HAGRZEE, i o-1
HEME, 2R EME ZETEMRESF.

TEAHTH, FRAMSEARK MR KA 0-1 B R &,
Question

G m (DN, 4§ IR ER % wotli — 1), BES valli — 1], R—AAR% cap 5, 5
YA BB, FEERR A B A R AE RO\ 5K UL,

BU(E 14-17 , HAYIARSE ¢ 1 1 BRGAETE, BRI O BRAASTE, R s © BIEE R wet[i — 1] f1
EfE valli — 1] .
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Wk EE fHfE

i wgt[i-1] valli-1] YasE
1 10 50 ‘ cap = 50
2 20 120 ¥ |~
3 30 150 - “
4 40 210 ¥
5 50 240 >

RAEE: 270

BEARE B 0 B BT
H{5E 50 HEEES

14-17 0-1 HEAIRHEIE R
BRI LUK 0-1 15 CRIE B —EH n MTRRALRAER, BN EYREE A SRR, Kt
2 T R JE TR R,
R B K “ERREE AR FREAYI IR AREE", RIEAHERE —(EE e R # M E,
B BEBBROUGE, ERINE, ®Rmed dp &
IR AR, NRAEE, BUARNE,; MATHE, SEEER)., mtrSiREER: S
AER M RARRE c, (i, c].
ARRE [4, c] BB FRIEZ: A ¢ AYIER R ¢ RS EPERER, 25 dpli, .
RERfERZ dpn, cap], RRFE—ERS% (n+1) X (cap + 1) K4 dp %,
B PR A, R TR B )5 R
BRI & ¢ TR, RIERZAT ¢ — 1 YR PSR T IR, RTor 2% DL RIS i,
RIS HEARASE, RS [ —1,c].
BN WEARERD wgtli — 1), EENMval]i — 1], REENE [i — 1, c—wgt[i —1]] .

ERAT R T AR R BT R dp(d, o] SR ¢ FURAPIS | WRETT R
(SRR —MEl, bt m] P R B A 75

dpli, c] = max(dp[i — 1,¢|,dpli — 1, ¢ — wgt|i — 1]] + val[i — 1))

FERRE, EENYRER wtli — 1] BHEGEEAR ¢, AABRERIAT A,
P HEE A ERR AR

B TR R 2 0 BRI O, BT dpli, 0] MEAF dpl0, ] HE7 0.,

BRIRAE [i, ] B 177 HIRAE [0 — 1, ¢] Fe L ATHORAE [i — 1, ¢ — wgt[i — 1]) EESMIZK, BB EMEE
P LE M dp AL,

RIBLL L2, BIAHETARIGEFESR NS, EEs, BEREE,

44
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1. Fit—: BhiEs

HaEABEE N ER,

- BB RE i, ] .

- JBMUA: TR dpli, c] .

- RIEME: EY)RAITET i = 0 U ERIERA RS O 1, ALRENHREEE O .
- BIRG HERYSERBL T ORGRARE, FHREENRAE .

// == File: knapsack.c =

/* 0-1 BE: BHiES */
int knapsackDFS(int wgt[], int val[], int i, int c¢) {
/| BEETEYRAEEERGEE, AREEE 0
if@A=01] c=0){
return Q;
}
/| EEBEEARE, IREEEERHRALE
if (wgt[i - 1] > ¢) {
return knapsackDFS(wgt, val, i - 1, c);
¥
[/ FABEFRBRANNBRANY@E 1 WRAEE
int no = knapsackDFS(wgt, val, i - 1, c);
int yes = knapsackDFS(wgt, val, i - 1, ¢ - wgt[i - 1]) + val[i - 1];
/] REImESRHEEE AN —E

return myMax(no, yes);

qniE 14-18 Fw,  HIAEHEY) v El & e AL ERDE MRS S5, BRI RIS 2 O(27) .
BleRimst, ASBBHPFERRTHE, Gl dp(l,10] %, mEDMEZ, TEAREKR, JTHZMERA
HENYNE R, BB TRENEESEREEZ,

MRieR YaEE
dp[3,30]

ETHANIR 3

dp[2,10] i YnER > HE8E8

%,\%‘ RTHAME 2
dpl[1,-10]

ETHEANIR 1

YImimaR i 1 2 3 HEBEE cap = 30
MRESE wgt[il 10 20 20
saEE valli] 60 110 120

& 14-18 0-1 & EHIRER & 711 SR e i
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2. FiEZ: miEniEs

B TAREES FRIE RS E R, RMEBGCIEEY mem Rt 8k T REM, Hb mem[i][c] HE
dpli,c] .

SINGLIRIZ %, WRIEARERUOR R, 2 O(n X cap) . BHEXEIT:
// == File: knapsack.c =

/* 0-1 B8: TIEKES +/
int knapsackDFSMem(int wgt[], int vall], int memCols, int **mem, int i, int c) {
/| BEEETIEYRAEEERGEE, AREEE 0
if A =01l c =0) {
return 0;
¥
/] EEBsiix, BEERE
if (mem[il[c] !'= -1) {
return mem[i][c];
}
/| EEREERE, AREEEERRAY
if (wgt[i - 1] > ¢) {
return knapsackDFSMem(wgt, val, memCols, mem, i - 1, c);
¥
/] EEABNMBANYG 1 NRXEE
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];
// EoERiliR[EIMAE RPEEEANA—E
mem[i][c] = myMax(no, yes);
return mem[i][c];

14-19 JEoR 7 e B L s s ny i S 00 >0

Yaies YaEE
dp[3,30]

REBNYG 3

Bk $REISER ik WREE > HE5E

dp[2,30] dp[2,10]

% o ?%‘ REHAME 2

dp[1,30] dp[1,10]

S BERNIS 1
o = *

YImmimaE i 1 2 3 YHEEE cap = 30
YRESE wet[i] 10 20 20
Y)EEE vallil 60 110 120

14-19 0-1 R ERYRC IR A SR e s
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3. FE=: BRERE

BIRE B HE bR R HIETE dp RAIERE, BEXEINRITR:

//
/*

File: knapsack.c

0-1 B8 BEHRE «/

int knapsackDP(int wgt[], int vall[], int cap, int wgtSize) {

int n = wgtSize;

/] #tE dp &

int *xdp =

for (int i =
dpli] =

+

/] ARREEF

malloc((n + 1) * sizeof(int *));
0; i <=n; i++) {
calloc(cap + 1, sizeof(int));

for (int i = 1; 1 <= n; i++) {
for (int ¢ = 1; c <= cap; c++) {
if (wgt[i - 1] > ¢) {

/I E8BE

dplillc]
} else {

2E, AfEYm 1
dpli - 11[c];

/] FEMEYS 1 EMERENRAE

dpl[illc]

+
}
int res = dp[n][cap];
// FERGEIREE
for (int i =
free(dp[il);
}

return res;

myMax(dp[i - 11[c], dp[i - 1][c - wgt[i - 21]] + valli - 11);

0; i <= n; i++) {

QIE 14-20 FfrR, IREREIAEHERE R 22 BIMEREFE BRI REES ] dp /R, BT O(n X cap) o

- a = “ - a B n
ER wgt {H{E val i\c 0 1 2 3 4 EE wgt (M val \N ° N B 3 4
wgt[i-1] val[i-1] 0 0 [} [ 0 0 wgt[i-1] valli-1] [ 0 [} [} [
+5°
1 5 ¢ ) 1 5 o 5
2 1 ¥ 2 0 2 11 * 2 [
3 15 (o 3 0 3 15 - 3 )
KRG
YRBE n=3 HEEE cap = 4 %:

dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

MERTA (n+1) x (cap+1) B dp %R

Step 1

Step 2
e - - [ ] n - = ] n
EE wgt {H{E val }{ ° 2 3 A EE wgt {H{E val e e 1 2 3 4
wgt[i-1] val[i-1] 0 [) 0 0 ) wgt[i-1] valli-1] [} 0 0 ° 0 [}
4554 _ +5°0
1 5 [ 1 ) 5 1 5 () 1 [} 5 5 5
2 11 ¥ 2 [) 2 11 ¥ 2 0
3 15 (O 3 0 3 15 @ 3 )
KRR ARREE
#: %

dp[i, c] = max( dp[i - 1, c]

Step 3

, dpli - 1, ¢ - wgt[i-1]] + vall[i-1] )

dpli, c] = max( dpli - 1, c] , dpli - 1, c - wge[i-11] + valli-1] )

Step 4
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- a B ||"
EE wgt (HfE val el e 1 2 3 A
wgt[i-1] valli-1] [} ) ) [} 0 0
NG
1 5 (] 1 ) 5 5
2 1 * 2 )
3 15 - 3 0
RREE
B:
dpli, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] )
Step 5
- a B n
EER wgt {H{E val el 1 B 3 A
wgt[i-1] val[i-1] 0 0 0 0 [ 0
1 5 o ] 5 5 5 5
11 v
2 11 ¥ 2 0 11
3 15 (% 3 0
R
®:
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
| Step 7
al - [} ] Hl‘
ER wgt {H{E val el oo 1 2 3 A
wgt[i-1] val[i-1] 0 [) ) 0 0 [}
1 5 ("] 1 0 5 5 5 5
% T
2 11 2 ) 5 1 16 16
3 15 (O 3 [
REE
#:
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 9
- [} ] Hl‘
EE wgt (H{E val el e 1 2 3 A
wgt[i-1] val[i-1] 0 ) ) [} 0 [}
1 5 (] 1 ) 5 5 5 5
2 11 * 2 ) 5 1;1 16 16
3 15 - 3 0 5 11
RREE
B
dpli, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
[ step 11
- - [ ] Hl‘
EER wgt {H{E 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 11 ¥ 2 0 5 1 16 16
T
3 15 @ 3 ) 5 1 16 20
R

dpli, c] = max( dpli - 1, c] , dpli

|s:ep 13 |

-1, ¢ - wgt[i-11] + val[i-1] )

- [} ] “I“
EE wgt (AfE val el e 1 2 3 4
wgt[i-1] valli-1] ] [} ) ) 0 ]
1 5 (] 1 [} 5 5 5 5
v
2 11 * 2 0 5
3 15 o 3 )
FRAEEY
#:
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] )
Step 6
a a & @&
EE wgt (HfE val N e 1 2 3 4
wgt[i-1] val[i-1] 0 0 0 0 [) 0
1 5 o 0 5 5 5
+11 v
2 11 ¥ 2 0 5 1 16
3 15 (3 3 )
R
#:
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 8
- - ] u
EE wgt (EE val el e 1 2 3 4
wgt[i-1] 0 0 ) [) 0 ]
1 1 0 5 5 5 5
2 2 0 g 1 16 16
3 3 0 5
RAEE
®:
dpli, c] = max( dpli - 1, ] , dp[i - 1, c - wgt[i-1]] + val[i-1] )
Step 10
- [} ] ‘l‘
B wgt (HE val el e 1 2 3 4
wgt[i-1] valli-1] ] [} [) ) 0 ]
1 5 ] 1 [} 5 5 5 5
2 11 * 2 ] 5 1 16 16
\7IE‘\\\\\\\s
3 15 - 3 ) 5 11 16
FRAEEY
#:
dpli, ¢] = max( dp[i - 1, c¢] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] )
Step 12
- a B "l“
EE wgt (A 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 ] 5 1 16 20
EEHFIEMRBAE SRRAEE 20
Step 14

14-20 0-1 = B FHERYEhRE S E AR
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4. FRIREN
F AR ARG LB b — 4T (R ABA A, DRI P ] DAt P o R Rt B e, K s R AR O(n?)
= O(n) .

P, BIMBES A —EMES B 2 MR A Ve? BISAIAl, SERERR R HIE BT eE BT RIRS +
BN, A, ERAERSE ¢ 7T, ZEFIREARSE ¢ — 1 THIRRE,

- NSEREUES R, BEERIR dpli, j]| W, £ LJ7 dpli — 1,1] ~dpli — 1, j — 1] {ERIREC AL
2, R G R E AR RS AR
GUIRERE RIS, RIS & st LR, IR AT DAEMEEST,

14-21 /R TAEBR RS TESE « = 1 ATHHRESE ¢ = 2 1TRUEM, 558 1E & FAHE & Fi Al

) - ] [ ] “ - ] ] “
EE wgt {H{E val el o 1 2 3 4 ERE wgt (H{H val el o 1 2 3 4
wgtli-1] valli-1] [} [} [} ] [} [} wgt[i-1] val[i-1] ] ] [} [} [} ]
L e S e :
2 11 * 2 [) 2 11 * 2 ] gl
3 15 (3 3 [] 3 15 - 3 )
R 0 [ s [ 5] ] ] eer—murrres) oo - (N OEN) OEN (EN D)
ER 1= 2 B, By dp PEENE 1 - 1 HFAENE BIFESE i = 2 17, ETRESS
Step 1 Step 2
- a @& U - a B “
EE wgt HfE val el oo 1 2 3 4 EE wgt (AfE val el oo 1 2 3 4
wgt[i-1] val[i-1] 0 [} [} ] 0 [ wgt[i-1] vall[i-1] ] 0 [ [} [} [
1 5 [ 1 0 5— 5 W 5 1 5 (] 1 5 5 5
2 11 * 2 [} * 16 16 2 1 * 2 ] B
3 15 (% 3 0 3 15 (% 3 )
aen—anin o - (I EDEREDED aen—awin o - ((DEREDEDED
BFEHE 1 = 2 17, BITRESS BIFESHE i = 2 7, ETREEB
| Step 3 Step &
s - - [ ] n - - ] n
EE wgt (H{E val el oo 1 2 3 4 EE wgt (H{E val el oo 1 2 3 A
wgt[i-1] valli-1] 0 0 ) 0 0 0 wgt[i-1] val[i-1] 0 0 0 0 [) 0
1 5 [} 1 [} 5 5 5 5 1 5 () 1 [} 5 5 5 5
2 11 ¥ 2 [} s 1 16 16 2 11 ¥ 2 [) 5 1 16 16
3 15 (O 3 ] 3 15 (3 3 )
sen—msnn o - ((DEDEDEDED aen—msas o - (D EDEDEDED
BIFEHE i = 2 17, BITRESE SERUERSE, M5 dp HENRE i - 2 WFRER
[ Step 5 Step 6

14-21 0-1 BN HREMRIEEREERE

EFEARS B, FRAMEFEE] dp FIEE—4E ¢ ERMIpR, 7 A P R B ol 2 (8 e 2 i Bl
// == File: knapsack.c =

/*x 0-1 B8 TRREHENEIRERE «/
int knapsackDPComp(int wgt[], int vall[], int cap, int wgtSize) {
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int n = wgtSize;
/l %k dp R
int *dp = calloc(cap + 1, sizeof(int));
/] ARREEEFE
for (int i = 1; i <= n; i++) {
!l EIFES
for (int ¢ = cap; ¢c >=1; c--) 1
if (wgt[i - 1] <= ¢) {
// RENEY)@S 1 EMELRNRAE
dplc] = myMax(dpl[cl, dplc - wgt[i - 1]] + valli - 11);

+
}
int res = dpl[capl;
/] EREEIEEE
free(dp);
return res;

14.5 5 EMHRE

FEAHH, TR —EEREEME: 228 E, HEmer—mRo: TRk

14.5.1 =25 ERHE

Question
S7E n EYIE, B EYSNERS wgt[i — 1], EER valli — 1], M—EFES cap WE . &
e el AR BHER, FIEMRE S OA R FREAY R K EE, ~EanE 14-22 Fimr,

W EB {H{E Sass
i wgtl[i-1] val[i-1] cap = 50
1 10 50 ¢ 1 —

2 20 120 2 x2

3 30 150 Y

4 40 210 *

5 50 240 (>
RAMEE: 290

BEAR: @ O M6 = HAES
HikFH 50 HEEE

14-22 e R REIER
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1. BHREREIBER

SE T BRI 0-1 R REAR AL, WML RS PRI S SR L

- AE0-1 HEMES, s E M, BRI A ER, HEEREET ¢ — 1 [EPihiEEE,
- fEREHEMET, SEYNBERERN, R AT EE, ThnlCAGERT @ fEPndhrbiges,

fER T HMERRE T, RE (i, c] )WEMLT R MBI,

ORI BL0-1 R, B [ — 1,
MNP 01 SRMERR, BBE [, c —wgtli — 1]].

TEIMIRRE RS T e 2y -
dpli, c] = max(dp[i — 1, c|, dp[i, c — wgt[i — 1]] + val]i — 1])

2. ERRER

BrEemiEE RS, AREER T E—E s — 1 8%, Hikwe—3C
// == File: unbounded_knapsack.c =

/* TE2HE: BREHEE «/
int unboundedKnapsackDP(int wgt[], int val[], int cap, int wgtSize) {
int n = wgtSize;
/] #EE dp &
int **dp = malloc((n + 1) * sizeof(int *));
for (int i = 0; 1 <= n; i++) {
dp[i] = calloc(cap + 1, sizeof(int));
}
/] ARREEF
for (int 1 = 1; i <= n; i++) {
for (int ¢ = 1; c <= cap; c++) 1
if (wgt[i - 1] > ¢) {
// BEBREERE, AfEYE 1
dplillc] = dpli - 11[c];
} else {
/] BPEFNEY®S 1 EmESENRAE
dpl[illc] = myMax(dp[i - 11[c], dpl[illc - wgt[i - 1]] + val[i - 11);

+

}

int res = dp[n][cap];

/] ERELIERE

for (int i = 0; i <= n; i++) {
free(dp[il);

}

return res;

3. TRImENL

AR E ARG R /B L AR B miAe g, Rt M LR % dp Rrp i — 1787 IR E
Wi
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EMEEFNEF L 0-1 WRIELHS, HFEBNIE 14-23 ACEARME I,

c s o & B a a & @
EE wgt (H{E val el oo 1 2 3 4 EE wgt (HE val el o 1 2 3 4
wgt[i-1] vall[i-1] 0 0 [) [) 0 0 wgt[i-1] val[i-1] [) 0 0 0 [) 0
2 11 * 2 [) 2 11 ¥ 2
3 15 - 3 [] 3 15 [ 3 [)
uwrn—muams < - ([T IEDEDEDED aes—muams « - | ([T EDEDED

EH 1= 2 5, BY dp PREEFENRE i = 1 OFAEN8 EFEDHE 1 = 2 17, ETRESE
[ Step 1 ] Step 2
n - a @ “ - a B u
EiE wgt (HE val el oo 1 2 3 4 B wgt (HE val Sl oo 1 2 3 4
wgt[i-11  valli-1] ] ) [} ] ] ) wgtli-11 valli-1] [} ] ) ) [} ]
1 5 ('] 1 0 5 10 [EEEREPY) 1 5 ] 1 ) 5 10 15 [eLS
2 1 * 2 ° 5 11 2 1 * 2 ] 5 11 16
= L
3 15 ® 3 o *1t 3 15 - 3 o 11
wen-swn » - (D EDEIEIED wen-snen o - (D EDEICIED
EFEDE 1 = 2 17, EfTRESE : EFEHS i = 2 17, ETREES
[ Step 3 ‘ Step 4
) - a = u - a B u
EE wgt (HE val el oo 1 2 3 4 EE wgt (AfH val el o 1 2 3 4
wgt[i-11 valli-1] 0 0 0 [} ] ) wgt[i-1] valli-1] ] 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 w» 3 ) 11 3 15 - 3 0
- | ] —— - [ ]
) EFESHE 1 = 2 17, BITRESRS SERED®R, B dp MENHME i - 2 MAENER
| Step 5 Step 6

14-23 seei WA S HRER R EREEEERE

REARSEBILLRAE, EFREHS] dp F9E—AEMIER:

// == File: unbounded_knapsack.c =

/* TEEE: SHREMENEIERE «/
int unboundedKnapsackDPComp(int wgt[], int val[], int cap, int wgtSize) {
int n = wgtSize;
/] ¥sE dp *=
int *dp = calloc(cap + 1, sizeof(int));
/] ARREET
for (int i = 1; i <= n; i++) {
for (int ¢ = 1; ¢ <= cap; c++) 1
if (wgt[i - 1] > ¢c) {
// EEBREERE, AfEYR 1
dplc] = dplcl;
} else {
/] FENBEYISR 1 EMEARENRAE
dplc] = myMax(dplc], dplc - wgt[i - 1]] + vall[i - 11);
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2

}.

int res = dplcap];
// EWGIREE
free(dp);

return res;

14.5.2 THERIGME
HEMEZ - KHEEERE HER AR, HEA R, flanTe b,
Question

ST n FEREYS, 55 0 MEREWSRVE(E S coins[i — 1], BREREZ amt , HRREE] DAEBHER, [
REFR Y RS DR R, N RETAGR G HAR R, RNRE —1 . SREIANE 14-24 FR,

iR E{E
i coins[i-1] BiZSH
1 1 1 amt = 11
\ -
2 2 $
3 5 @ x2 /

BOBEHE: 3
sEEsEs: ©+©-+ O

14-24  ZE 4R R B ER

1. EHREREBIBER

TSR AR RS 2T W —REREDL, W B DT B S [F R
 PIERER] DA, YT BE CRETT, “PahE R BIE HEREET, HUART HIE "HES

B,
- RECEHENR, BeE EMRERERAMY)MEE, TECHMHER SR/ MR,
- RETUMERR NEE"T FEAR TR, TEORER R ZE RS,

S BENRIIPOR, ERRE, R dp %
RAE 1, o] BHREHFRIES: 1 0 ARERAERTEM AN o M DRIBOR, 52 dpli,a) .
4 dp RIRSTS (n+1) x (amt +1) .

S PR TR, T R RS 7 R

AR BB 415 B PR R B RS 77 L7 1 DA R 22 52,
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- RREERIEME, FRFHEE T max() B min() .
R R R BOR TR M, PR PR AT 41 BDAL,

dpli,a] = min(dp[i — 1, al,dp[i,a — coins[i — 1]] + 1)

i e Uyt S LR RV INT L Tl
HERSHER 0K, BHENROEEERES 0, MESIFE dpli, 0] #%1R 0.

E AR, MHABIMER > 0 MEHELSH, BURIR. A EREER 7 min() BRI
B IR, FME R oo RFREM, ELEITHA dpl0, a] BEFR +oo,

2. ERRER

REBREGE S UARIR AL +oo 8%, HABMEAEA int MR AKERNE, MiE X &ESCREBS: ke
IR +1 R IE A REFE A AN,

ik, BERAET amt + 1 RFREIIR, FRHEL amt FIEEEERZ S amt . &ERERT, HE
dp[n,amt] BEER amt + 1, FHZANRME —1, REEERL HESH, 20 FR:

// == File: coin_change.c =

[* ZEERM: BRI +/
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));
}
/] REERE. 51775
for (int a = 1; a <= amt; a++) {
dp[0][al = MAX;
}
/] KEEEERS: HERITAIS
for (int i = 1; i <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 11 > a) {
/] EEBEIZEEE, B EEE i
dpl[illal = dp[i - 1][al;
} else {
/] FEFEEE 1 EmEARNBIME
dplilla]l = myMin(dp[i - 1][al, dpl[illa - coins[i - 1]] + 1);

+
}
int res = dp[n][amt] != MAX ? dp[n][amt] : -1;
/] ERELIEEE
for (int 1 = 0; i <= n; i++) {
free(dp[il);
}
free(dp);
return res;
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[ 14-25 @R T ZER A BIRE S ENERE, MsEen tMEIER ML

5 & 6 6 5 & 6 &
R mfE el e 1 2 3 4 R EE [ 1 2 3 4
i coins[i-1] 0 i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 1 1 ® ! 3
2 2 @ 2 2 ® 2| ¢
3 5 @ - 3 5 @ :| o
EWER n=3 BifEE amt = 4 WHESR n - EiESE amt = 4
MEURTS (n+1) x (amt+1) B dp JERE MBUETTA max = amt + 1 | BIIS 0
Step 1 Step 2
5 & & 6 s & & &
R EfE el e 1 2 3 4 4 EE [} 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i coins[i-1] ] 0 MAX  MAX  MAX  MAX
1 1 @ ! [] 1 1 1 @ ! ] 1 2
2 2 @ - 0t 2 2 @ - ) 1
3 5 @ | o 3 5 @ | o
R REE
db[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 ) d.p[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )
[step 3 | Step 4
5 & & 6 5 & & 6
R EfE el e 1 2 3 4 R EE [ 1 2 3 4
i coins[i-1] 0 ] MAX  MAX M?X MAX i coins[i-1] ) 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 1 2 3 1 1 © ! 3 1 2 3 4
2 2 ® 2| o ‘1 2 2 ® 2| o *1
3 5 @ 3| o 3 5 @ 3| o
HRAEE RAEE
#: ®:
dpli, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 ) dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1)
Step 5 Step 6
5 & 6 6 5 & 6 6
E ] EfE el oe 1 2 3 4 R EfE [ 1 2 3 4
i coins[i-1] o o MAX MAX MAX MAX i coins[i-1] [) ) MAX MAX MAX MAX
1 1 @ ! 0 4 2 3 4 1 1 @ ! 0 1 3 3 4
2 2 @ 2|0 1 2 2 @ 2|90 1 1
3 5 ® | o 3 5 ® | o™
KRG R
#: #:
dpli, a] = min( dpli - 1, a] , dpl[i, a - coins[i-1]] + 1) dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]1] + 1 )
[stop 7 St s
s & & 8 i & & 8
R EfE el 1 2 3 4 R EfE ] 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 12 3 4 1 1 ® ! 3 12 s
2 2 @ 2|0 1 1| 2 2 2 @ 2| o 11 2 2
3 5 @ 3 0 " 3 5 @ 3 0 +1
G RAEE
#: B
dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 ) dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1)
[stepo ‘Step 10
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s & 8 8 s & & 8
=R EfE el e 1 2 3 4 (] EfE h [ 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 ¢ B 2 2 ® 2| e¢ 1 ¢ N
3 5 @ - 0 1 3 5 @ - 0 1 1
i KRGS
#: ®:
dpli, a] = min( dpli - 1, a] , dp[i, a - coins[i-1]] + 1) dpli, a] = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1)
Step 11 | Step 12
i 5 &8 8 s & & 6
MR HfE i\a ) 1 2 3 4 RS 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 2 3 4 1 1 e : [ 1 2 3 4
2 2 @ [} 1 1 % 2 2 2 e - [ 1 1 2 7
3 5 GD 3 0 1 1 2 3 5 GD 3 [ 1 1 2 2
ARREE RS
#: #:
dpli, a] = min( dpli - 1, al , dpl[i, a - coins[i-1]] + 1) dpli, a] = min( dpli - 1, al , dpl[i, a - coins[i-1]1] + 1)
m Step 14
s & & &
E ] EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX MAX MAX MAX
1 1 @ ! 3 1 2 3 4
2 2 @ 2]e¢ 1 1 2 2
3 5 @ - 3 1 1 2 2

3. TRImEWL

TE SR 2 M R LA R T s 2 R — 30

// == File: coin_change.

EEEHEESENROEEHE 2

Step 15

14-25 ZEESCHHERB)RE R E R

Ch—

/* SEIM. THREMERNVERERE] «/
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;

malloc((amt + 1) * sizeof(int));

amt; j++) {

/] RREEB

for (int i

1; i <= n; i++) {

for (int a = 1; a <= amt; a++) {
if (coins[i - 11 > a) {
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/] BEBIBEIZEEEE, AfEEE 1
dplal = dplal;
} else {
/] BEFEFEE 1 EmiESENE/IME
dplal = myMin(dp[al, dpl[a - coins[i - 1]] + 1);

+
¥
int res = dpl[amt] != MAX ? dpl[amt] : -1;
// FERGEIERE
free(dp);
return res;

14.5.3 EERFIGMRE N

Question
G57E n REREYE, 58 ¢ FEREWEINTEES coins[i — 1], BRELSEEA amt , SRR AT DAEGER, M
H RS HR A S BOR, RBIAIE 14-26 Fi.

fmsR EfE
i coins[i-1] Bif&E
amt = 5
1 1
2 2 $
3 5 (5]
ERHEHUE: 4
EEESHR: + + + +
+ + +
+ +

[ 14-26 FEESTHHE 11 FREER

1. BEREIBER

FAHE b, A E SR AR, [HI RIS §i i AR 2 o ALABUR. T dp
FORBR 2 (n 4+ 1) x (amt + 1) (-4,

B ARG A AH & B AF NS AT B A RS AR R S R A IR TR 2

dpli,a] = dpli — 1,a] + dp[i,a — coins[i — 1]]
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HEESES 0K, MAUEBEMRER R R BIRE, BUEA SIS dpli, 0] Mutasy 1. B
PR, SENEMER > 0 MBS, HEETHE dpl0, a] #ER 0,

2. EABER

// == File: coin_change_ii.c =

/x BEERIML 11 HREIRE] «/
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;
+
/] ARREEF
for (int i = 1; 1 <= n; i++) {
for (int a = 1; a <= amt; a++) {
if (coins[i - 11 > a) {
/] EEBEIZEERE, B EEE 1
dplillal = dpl[i - 11[al;
} else {
/] FEFEEE 1 EmEARZM
dpl[ill[a] = dp[i - 11[a]l + dpl[illa - coins[i - 11];

+

+

int res = dp[n][amt];

/] ERELIERE

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

+

free(dp);

return res;

3. FHRER

SRR R T E],  MIRRAE s 4 R A] -
// == File: coin_change_ii.c =

[*x SR 11 TERENENERERE «/
int coinChangeIIDPComp(int coins[], int amt, int coinsSize) {
int n = coinsSize;
[l W%k dp R
int *dp = calloc(amt + 1, sizeof(int));
dplo] = 1;
/] AKREEETS

for (int 1 = 1; i <= n; i++) {
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for (int a = 1; a <= amt; a++) {
if (coins[i - 11 > a) {
/] EEBEIEERE, AIfEEE i
dplal = dplal;
} else {
/] FEFEEE 1 EmELEZM
dp[al = dpl[al] + dp[a - coins[i - 1]];
}
+
+
int res = dpl[amt];
// FERGEIERE
free(dp);
return res;

14.6 #mEEEEEERIRE

AREREEAE, A% Levenshtein EERE, HEmifE— 5 M BAHEHRI R/ MBSOREL, @HEHREETRRMEA
AR 5 e 1 A7 AU

Question
TAETER s ft, REH s @Rz ¢ iRm0 aiE D 8,
VRAT DATE— {8 7 Ef A T = A AR . A —EFon. MBR—EFT. BFoBhsttE—EFEc,

QniE 14-27 Fios, i kitten By sitting FREMEH 3 20, GG 2 U HRRIEE 1 GHTHEIR(E; i hello
L algo FRE 30, B4R 2 DO BURIEAT 1 IRIMBRIR(E,

s - (88800 - (80080
lgm 1§§lﬁﬁ mm]lsmlgm
20800808008 0000

- (3808800 - (3800

14-27 #iEEEAERRBIER

AR P AR T DR B 2R T DR BRI R, —WMDROR (—IRAWTEE) EIERIR—
iz,

qniE 14-28 FoR, TEABRFERIEAIEICT, SEETRARR URE HFF 2058, SrgEE —ERiE, SRk
EHE hello BHE] algo At 2 HE Al REMYFETE,

ORI AER, AEREEEREHTE hello MEIRS algo < MIRIERFEIKIE,
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s =
Wg%g/\
o /\

t =

14-28  FEFATR A F S e e A ]

1. BREREIBER

P BERRAOR, EFNE, Rms dp %
BRI T s AT IR,

T AR IEIGRELR, R RRBORNA ), SR AR T, R s At I RED A n
film, % A R IE sln — 1) f1t{m — 1] .

- % sl — 1) F t[m — 1] MR, BFAABOBE, B s[n — 2] A t{m — 2] .
C % sl — 1) t[m — 1] R, RPFEEE s 7RG GRA. MER. B0, M1EmF BRI
SR, HETTAT BB T, 2 A /MR,

htiEn, RIFETS s FEFIE - RPEE GRIHRE), MEMEE s A ¢ PRIBIF IR FT 3R,
R, SREEZERILE s F1 ¢ % RIS § O30 j 59T, 325 i 4]«

RAE 7, 7] EHRERO TRIRE: 0§ s MR ¢ M7 et ¢ AT § I CRT i D B,
i, BEERS (i + 1) x (4 1) 4 dp %,
o PRINEREE T, R AR s R

FREFEE dpli, j], HHERMEFEREBFITA sli — 1 ft[j — 1], AAREAR SRR 7 2
14-29 BB =FE 15 L,

1. 1€ s[i — 1) 250 ¢[j — 1], RIS TR dpli, j — 1] .
2. MW s[i — 1), HUTISRTRIE dpli — 1, 5]
3.0 sli — 1] Bt t[j — 1], MRIBRTRIE dpli — 1,5 — 1],
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RS e
(0[o]o]x]e]
(c[o]d]e] (c[o]aE
dpli, j-1]
k% k
s - BB0C 080 (b]o]o B
‘- (T ]e]] Boonc
dpl[i, j] dp[i-1, j]
1 k iR e
(b]oJo]e]
(cJold]e] (c]o]< B
dp[i-1, j-1]

[ 14-29  HiiE EE A IR RETE RS

HRISDA LA, TR TA5H: dpli, f] MR SIES WS dpli, j— 1), dpli—1, ], dpli—1,5—1]
SHBIR RIS, ARSI 1, B TR

2493

dp[lmj] = mln(dp[l,] - 1]7 dp[l - 17.j]7 dp[l - 17.7 - 1]) +1
RETERL, B os[i — 1) M t[j — 1) IR, MM E R, SREN NrREHER 7%

W= o s SRR BRI

BT RS, S E 0, B dpl0,0] =0, & s %MHE t Sz, KD

4

»

D BN R,

BIEAT dp[0, 5] = jo B s FAZe(E ¢ 220, BOMESBEER s (R, BIES dpli,0] = .
SRR /A, 8 dpli, ] k7T, B2y, Je b ATIONE, BREE B E R R dp ERT,
2. BRBEER

// == File: edit_distance.c =

[* HREHEERE. BNRERRE) «/

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));
+
// REEEE: 517E5

for (int i = 1; i <= n; i++) {
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dplil[e] = i;
}
for (int j = 1; j <= m; j++) {

dp[01[j]1 = 3;

=

+
/] ARREEEFS . HERITAND
for (int i = 1; 1 <= n; i++) {
for (int j = 1; j <=m; j++) {
if (s[i - 1] = t[j - 1D {
/] EMFcEE, BEZBBIMFT
dp[il[j] = dpli - 21[j - 11;
} else {
/] =VERESE = A bR, BREZFRENR IV REESE + 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];

// EMECIERE

for (int i = 0; 1 <= n; i++) {
free(dp[il);

+

return res;

QniE 14-30 B, 4 A ] R A B RS o e B RO RV L, AT DA VR IEUR — 18] — e AR 0
.

ooon ooan
Nle 12 3 4 SNle 12 3 4
o e e 1 2 3 4
n 1 u 1|1
a 2 a 2 |2
e 3 a 3 |3
s = “bag” t = “pack”
n=3 m= 4

MAKETT dplo, 1= « BF dpli, 0]=1
MAWRTA (n+1) x (m+1) B dp &R
| Step 1 Step 2

ooan ooan
~J o 1 2 3 4 ~NJ o 1 2 3 4
1:: i
o o 1 2 3 4 o o 1 2 3 4
+1 +1
o 1 1 1 u 1 1 1 2
o ;| CIERE
AR IR
s KR
#: B
dpli, j1 = min( dp[i, j-11 , dpl[i-1, j] , dpli-1, j-1] ) + 1 dpli, j1 = min( dp[i, j-11 , dpli-1, j1 , dpli-1, j-1] ) + 1

Step 3 Step 4 |
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R
#

dpli, 31 = min( dpli,

FRAEEY

4pli, 31 = min( dpli,

s ]

HRREE
#

4pli, 31 = min( dpli,

=0

ik

dpli, 31 = min( dpli,

| Step 11

e

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

HRAEES
-3

dpli, 31 = min( dpli,

‘ Step 6

e

"o s[i-1]=t[i-1] = ‘a’

=0

1R
dpli, 31 = min( dpli,

Step 10

HRAEES
B

dpli, 31 = min( dpli,

‘ Step 12

R

4pli, 31 = min( dpli,

[ Step 14 ]

j-11 , dpli-1, j1 , 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-11 ) +1

j-11 , dpli-1, jl , dpli-1, j-1]1 ) + 1
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__ _oooo
I\J (] 1 2 3 4
u 1 1 1 2 3 4
u 2 2 2 1 2 3
B 3 3 3 2 2 3
EEIRMRESH 3

Step 15

14-30  #miEER A p BRE Al AR

3. FRImEWL

R dpli, j] 521 B3 dpli — 1, ). 775 dpli, j — 1], 7175 dpli — 1, j — 1] #ASTIAHS, IR
@EKSE L7 dpli — 1,5 — 1), BIFEBICEIRAIME dpli, j — 1), LRSI R,

#ltt, FRATAT DAGEA —ES L Leftup 2RE 72 LTTME dpli — 1, j — 1], 1Emi & AT TR _LITH#,
R I B se 21 U REA R, AIERIERERT. BN R:

// == File: edit_distance.c =

/* fREEEERE: THEREMBIENRERE «/
int editDistanceDPComp(char *s, char *t, int n, int m) {
int *dp = calloc(m + 1, sizeof(int));
/] KREEERE: BT
for (int j = 1; j <= m; j++) {
dpl[j] = 3
+
/] RREEEFS . HART

T
i
/1 ;{j;ﬁ%@zi;;‘rz BY

for (int i = 1; i <= n; i++) {
I
int leftup = dpl0l; // ®#F dpli-1, j-11]
dpl[0] = i;

/] iRREEERS . EHERSI
for (int j = 1; j <= m; j++) {
int temp = dp[jl;
if (s[i - 1] = t[j - 1) {
// BEmMFTEE, EENEITEMTFT
dp[j] = leftup;
} else {
[/l RVERESE = A, bR, BRE=FEENRVREETSEH + 1
dD[J] = myMin(myMin(dp[j - 1], dp[31), leftup) + 1;
¥
leftup = temp; // BHAT & dpli-1, j-1]
¥
¥
int res = dp[m];
/] TERECIERE
free(dp);
return res;
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14.7 &L

1. ERSOIEE

- ENRERIEIHEEIT M, WOEB R T REIER AR EEE R, SR ERCR,

- ABREREITATE N, FrA eSS a AR (B a) @R, (R RKERR
HBTHE, YR ERGIAGIRCERS, A AR ERTA R RIB R HERI R, T or 8 1
AWK,

- AL SR I THE RANEE A, M BB B R E TR R AL, H
GnlE HEARMT A BREATIRE AR B IR, R IR AT DATHER dp RET—(EHERE,
e R R R

- FRES R EE I REEEER, Eoih, BENEL mhRE N EIEE,

- ENRERIEIRREA =R R, R TR, R,

- USRI PR R AR A T DA PR R B A AT 2, HIE i B i 1A

- ERBUETREN —EARRE, HARAR IR BEGIREAR, ELE RAEEFTA RG], fF2 o RE
LA B SRR, TR G P Eh B PR R

G

- R R R BIESEIREY —, B 01 . e a, SEENSE,

C 01 TSR REE R 2§ AT RAER S ¢ (T U RUBCIEL ARIRRHONTS RO TS L ATAED
G, ARSI TR, AR AR AR R, (R, B EHERAERRAIE TR b
HoRAE, DR B ED s, B/ E TR 2,

S AT PR AR SO LR, DRSSO SRR AR RS 5 0-1 75 BRI, phiR
SRAEFRHATE b7 ATE 277 (RS, DRI 2 B (P S T PP E 3.

- BRI 5 T R AR, AR CRR” EEEAR CEN RN, [ AR
BRI max() B min() . OBR FEE” SEARIIER BRI ENEEE, EHE

M amt + 1 ¥R “HERH EESET AHER0E,
- RPROIRATE IR “R/DRE R KRk WAL EERT, AREER T AR B min() 2R
RIER T
A 2 AT )

. 4WEHEEHE (Levenshtein Bih) FARAMEBAINAS 4 2 BIAUMILUE, HEsmit—H7HE 5158 — s
OB DA B, AR LR, TR, B

G P R R BB S A 0 s MR 4 AT ¢ R 5 IR R D S,
s[i] # tlj] W, FUESREASE: WM. MRR. R A RIS TRIE, S A DA
TR AR AL AR, T s[i] = ¢[j] B, MG ATTIL,

- {EARIRIENE, IRABRRCELIE L7y, (AT, Je b ATIOIRAE, DRI L RSB e S A
ERHEATIRAE RIS, Zutt, TRIFRIR — (A0 17 2 LT iRAE, FETi (LS 505E 27 RS A
W AT DR R R L AT P
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Abstract
Al H 25 KI5, ReZIER B & R EE,
BAE RIS AE — i Y f BB, BPEMREE R,
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15.1 S¥ERZE

BEEEL (greedy algorithm) 22— RARD R AL RERTIRE,  HAEA AR AE P ) £ 8 DR SRR
B, WOREATE AR EREE, Rt Bt R ERRER, DHER et R, S8mEk
R E R, TERF 2 HIRME G ERZRIER .
B IR EN B R R R, B A MR, iR B AR,
B AR AR,
- BYRERE SRR RIS BRI A DR B RTTRER, {38 2 7 R A e A s i PR A i
- BMEERAGEREENDGR, M2 —RAaTHE T B2, TR, BB,
FMCE BB TR A EIAR TAERM, EEECRE el iiE” =ZHih 4, A
BUREFE AR,

Question
47E n REEEYE, S8 ¢ REREWSTNTEES coinsli — 1), BRESEA amt , SRERE ] DIEEER, [
RSB BIESEN R DB R, REREL RS, ARE —1,

AR S AE RIS AN 15-1 e a7 AR, SRR KR Hidin enins, Bz
LER, HERBESEA L,

[ 15-1 FEEITHLA) ETAE RN

BB TR
// == File: coin_change_greedy.c =

[* ZERM: BF «/
int coinChangeGreedy(int *coins, int size, int amt) {
// 8% coins EFIERE

int i = size - 1;
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int count = 0;

/] BEETEEEE, BRIERGRESRE

while (amt > 0) {
/] EINR BRIZRE R AR S REAVRE S
while (i > 0 && coins[i] > amt) {

1--;

}

// ##E coins[i]

amt -= coins[i];

count++;
I
[/ BERXEFIEITHZE, AlRE -1
return amt = 0 ? count : -1;

YRATRE & 3% H/EE . So clean | BAAHEITAEMAHTRENHERUMIR T Z 8 (o il

15.1.1 BREREZNEMRERYE

B IRA R B, BB, L@ R PR AR, 12 DA LR, SORE RN E{E A min(coins)
, RIBAEEISE 2 WM amt/ min(coins) R, RHEHER O(amt/ min(coins)) . & HLEIRERIBIfEE
RERIEREE O(n X amt) /NT —(EBELR,

SR, BRSNS EEA S, SRR RERBR . (8 15-2 &t T mEs .

- BB coins = [1,5,10,20,50,100]: fEZBSAHET, SEMEE amt, EEHEEILEA] ARER
{378

- Ml coins = [1,20,50]: &% amt = 60, EEFDEHAERE 50 + 1 x 10 WEHES, Hat
11 #hsitss, (HBHRERIEIAT ARSI SLHHR 20 4 20 + 20, {87 3 B,

- B coins = [1,49,50]: &% amt = 98, EBEEIEAAEIKE 50 + 1 x 48 il s, Hat
49 WrEs, (HBYREAREI AT DARFIR MR 49 + 49, (47 2 B,

13 Bifst ARRNARESR BRRREIRESE
(IR RRR) (SIRIERBAR)

(1) 60 +@x10 x3
@ 98 +©x48 xz

15-2 B AR RIRIE R i R AR B

WtEH, BRTECREE, SAHEREAREIE 2R ER, 3 HA A REREAER R, ©E
18 5 B RE R AR

—RRILS, EARERIRRIE AL DA R,
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L. nfCAPRGER B B B RIR RS I MEE R R R, R T AL, BhREREE &5,
2. nIDMRENEUR R SAEEIATEIERE AN MR AT IR, BIRNR 2 AR AR, SHesitRE
AR IREE, BE DA SRR ER BN AR A A EERY,

15.1.2 BEERERNE
ARERIEA T, A BRI & S A SRR R e ? siE s, S BIAEM BTN il ARE RS R
Ei?
METRENREME], B RTARI MR EINET I, HE E R R M
- AANRIEENE . A ERREEEAA A ISR e R e AR, SAEEIR RERES 2 R AR
- ERETAR: RN RERE S TR R SR
REFHEMOEE “BIRNE" P NAE, SEAEER, BESEENE, —ERENERE TR
HAEE, (EA52R AT B AR TR IR

B T ER T AR E A7, R ERRE R, HERE BRI, Saik
IRV REAE S 3

BIanF eI, WMEEARES A BRI B, BB EDE T, HREAERER WIRM:
TR PR PF A B AR 5 vl DAfSE P SR R OR MR TR RIS B R sl R B - Ak At — (AR R P P Y
B, M DAE R R B,

Quote

H—RasSGE T8 O(n®) WA OB,  FARAIBT—(E R AL & fl 75 58 P B A T SRR
HE R SRR R

Pearson, D. A polynomial-time algorithm for the change-making problem[]J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 S¥ERIRETE

BHARER R A 22 AR =2,

L. S0 e SRR R, AR IR. R BAEMAHRRAF S, 18— P AE A1 Zh e Sl
FHEET M

2. W ARG FEE AR Dt AR, IS RIS RESIE o — DB NEERT R, M AR
DR (A,

3. IEREVERN: B R EERE A BRI E RS T, SRR RETRE MBI, B
QRERANIR B SR TR

HEE SRR 2 SRR OV B, (BB AR AR A 5, TEAUREE,

© AIRIETER BRI 2 BB, BT 2 AR, BN LR R, BB — LA S B
ERUAEIS o TSR — LM, SRR AT REAR RS RS, SRR DU TR =5 Bl A\ e Ae B b
HRIRREN 7o
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SR ARG AT ORI R B RS O R at i SRR, 5 AR G R ST, RAT
REFEBLAR > HIBARPIETR R, ER N DRGNS 2 "M EME” 1), BRI i
o (1 HSE SR

7 T REEIERENE, FRIMERZE SR TRGER BUR R, W T B S sk ol R B i

R, IEREMEREPI AR ATREAN R — MBS, AnAs I saRE, BAMIEE & s m i E B TR S PR,
— B SR E AR R

15.1.4 BRERZADFIE

BEASEELIRE AR B AR R M E AR AR I s AL R, DURAIER 7 — S SR S AT RTA
ﬁ:ﬁ% o

- BT A ST, ASERIRGUE A DS B R .

- ImPEHPRRE: (REURE — TS, BEERE BN EPEST, IRAYE SR SEE Al REZ RIIEFS. W
REFRESE R RN R e FAUERS, R S AR RTR L A] DS 2 B B

© rBE B AT AETE R ERER, REEEREE Y, ARRERTEARER, H
ABEERR, WRSEEREN RS (FBE/ EHE) Y8, IR ERIRE—EEI T A S
Elll g 3N

- REEHERRE: A AR R ERER, (KA DUETTZREE, EARIREAER AR, AREEE H
ZHINRERE, BRI AR,

- ERBHNE: ERSMIE NN R R B AR, BEMEEREN, BUOERHBUR
KRR AR S 0F, RESZINERSMIVFERERE WGBRE) &,

- Dijkstra 3RE: B2 —FEARRAE T IR TERG S AR-2 TERG A B R s 1S P R BT AT TR

15.2 HEEaME

Question

B n @IS, B EYSNERS wet[i — 1], EER valli — 1], M—EEES cap W&, &
E i R BERE — R, (HA] DUEEWIN— s, BFARIEEENE R LIS, MERES AR
NHEAUPYEARREE, REIE 15-3 FR.



H15E BE www.hello-algo.com 339

W EE fHfE

i wgt[i-1] val[i-1]

1 10 50 ] BAER HazEE
2 20 120 20 cap = 50
3 30 150 B ™~ m
4 40 210 bd 30—

5 50 240 (>

BAEE: 120 + (30/40)x210 = 277.5

BESE: BRE A 30 58 ¥ pAEe
H{EM 50 HEAE

15-3 P BUE SRR G R

SRS CLRIREA O-1 75 CLPAEACRE FAERAE0L, KBRS AT | AR o, EEERIE S RAR T
N
RFBHER, ABAT RGN 5y, W6 154 Fis, BPio SUEHms e eiTYI5y, kit
B st S .

1 SOAYIR TSGR R RIS valli — 1)/wgt]i — 1], BRSALEIE,

2. [ER A i, ER w, B EMIIEES w x valli — 1] /wgt[i — 1] .

RN EE HE BEE
val[i-1]
i wgt[i-1] val[i-1]
wgt[i-1]
1 10 50 5 ) B BRI Hanm
ENER BIEE MnEE
2 20 120 6 _ e
va -
3 30 150 5 & Yo gtlicll u
4 40 210 5.5 %
5 50 240 4.8 7

15-4 PyinfE A R B NYEE

1. ERIREE
RAMHE RN RREE, AH BREACEA R FRYSMELL, I r] R E 15-5 FroRi s
[

L ¥t SR BN EE T s EHROETHER
2. FEFAATEY)SL, e AR B A AR S P
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et FH B T At — B 0 R 7

w
i
ﬁ
®
T
@
oY
o
3
F

W EE HE BAEE
val[i-1] R E{IAE

i wgt[i-1] val[i-1] wetli-1] HEBEHERE

2 20 120 6 2

4 40 210 5.5 % P

1 10 50 5 ™) BOREEUEEESNYR
3 30 150 5 @B

5 50 240 4.8 | 7

15-5 2 BE R S AR5

2. EARER

AN T —EYSSER Ttem , DAMEHEY) IR BN EEMETHEY, BEMEITEZEE, BN MR
HA I 3R [ i -

// == File: fractional_knapsack.c =

/* & */
typedef struct {
int w; // YREE
int v; // Y@&EE
} Item;

/* DEEE. BF «/
float fractionalKnapsack(int wgt[], int vall[], int itemCount, int cap) {
// BiYmey, eamEBY: EE. EE
Item *items = malloc(sizeof(Item) * itemCount);
for (int i = 0; i < itemCount; i++) {
items[i] = (Item){.w = wgt[i], .v = vall[il};
+
/] ¥RERE(IEE item.v / item.w WSIULETHR
gsort(items, (size_t)itemCount, sizeof(Item), sortByValueDensity);
/] DR EEEE
float res = 0.0;
for (int i = 0; i < itemCount; i++) {
if (items[i].w <= cap) {
/] ERGFARERE, WEETREEEESE
res += items[i].v;
cap -= items[i].w;
} else {
/] BRGARERE, ENYRN—FoEESE
res += (float)cap / items[i].w * items[i].v;

cap = 0;
break;
+
}
free(items);

return res;
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PN 0 B (RIS RS SR FEE 2 2 O(log m) , 2SRIMERREDER 2 O(logn) 5% O(n) , BUARAERES
GECTE )

i oh, TERERNT, FEETREY B, FIERNEBRES O(n) , Hin Y80,
HURWIEAL T —18 Ttem W51, FEZHEBHES O(n) o

3. IERET4:8HH

BRHRETE, B o R RER S, SRRERDORIGRAEED res , HEBHIUSYM
x o

BERH U EHEMEENEEY M, WERASEAERYIN oo BRY5 v MR EERS, KIS
BIRIMEE—TE RN res . 1EH res RREWPE, SHRERPLHEEETMN .

B ER A, B AT DIRER  EA P, MIME 2, BAEEE RPN EL E R, 50
HH B AR SRS 2 B R

GniE 15-6 Ffow, 4n SR b e BRI it BB 70 BB 1 — Tk — A R ARl AN At e, R o> B0 [ R ) i
P2y “SRAEA PRSI T [ A AR TIAE” IS {RE ] DAR BP0 A (e Ay E B A B 28 SRS (4 R o

YmEEE
5.25 5 5
* v & -
YoES
40 10 30
50
| “uzE

15-6 U L RER &M FRR

15.3 RAFEME

Question

A —EES] ht , HAPEEETRNAR —EEERRAEE, BATRREEmRERR, ez
[l ) 2 [ AT DAAH B — (A

DERNA RN @A R ER R (HE), HoeEhBIERRRRE, M ERR AR 2R 5|
2%

SR AL REA IR E R, SR AR RREAR, RERKAR, ROIA0E 15-7 Fir,
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R

e B N W B U O N

BAAES (5-1)x7=28

15-7 BRARARHERREE R

AR M EREAIE AL, RIEASRERGIR R 2 MR RRAR AR5 ], Re [4, 7] o
HURER, ARENEERUEE, HrhmmEhERIE, SERmRRINESIRT 22, S &2 capli, j]

, BIAT{3aH AR
capli, j] = min(ht[i], ht[5]) x (7 — 1)

STIER Y 0, WERRIALA R0 CREERED 2 C2 = "L (0, e, Fll] DSk
fE, FETIRIHRARR, WRBERES O(n?) .

BEEEA S RCRIIE, W 15-8 Frx, BURE—EIRGE [, 7], HiWE R < j BEE ht[i] < ht]j]
, B i BRI, § AR,

8
7
6
5 | J
4 = |
3
2
1 | ‘
. |
0 1 2 3 4 5 6 7

i Z5ER, ] AER
BIAE cap = min(3, 4) x (7-0) = 21

i3
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15-8 WI4HiIRGE

QniE 15-9 R, FHBLRHRFHRAR j %R ¢ SRk, WA R e s,

BN ERERR j 18, R j— @ §E8/0; MeERERIE, FtmERRENE (%8R 5
SN (BENRM § AR .

pE—— < e

e B N W s 0 N ®

BNBERR, BE—E)
LRIAE cap = min(3, 3) x (6-0) = 18
15-9 MNBEIRREZIIAGE

i, BMRARMRNBEERR  , AATREEAREER, HAMARTE T/, HEElRegEAn B
BRI © FIREEEER) . BIANTERR 15-10 1, BEHREHIRHIFEEEKR,

e B N W & 0N ®
ess—— <\

L

0 1 2 3 4 5 6 7

mPRERElR, BEAREEA

BIBE cap = min(8, 4) x (7-1) = 24

B

15-10 [ ESEN AR R ARG
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P I AT A R B AR . RGP AR, 7 asphivn, ki PO WS A R S T O A,

TETAHIE,

15-11 R 7 B SR B A T iR

W e

Step 1

KR

Step 3

KR

Step 5

S kB N W s O O N ® S P N W s GO O N

S kP N W s O O N ®

PIGIRAET, $5H2 5 1 § 45 5URBI s,
S RTIRAERI A capli, 7], WERTEA
HOBER i VIR j IO, SRR B — .
EEEGTE 2. HRE 3. 5, HE DR,

o 1 2 3 4 5 6 7

MBKIER 1, j , EHDTIESIME, SRRAME res = 0

< He

—— < .

o 1 2 3 4 5 6 7

HHBE cap = min(ht[il, ht[j1) x (j-i) = 24

RABE res =
3
v

0 1 2 3 4 5 6 7

max(cap, res) = 24

< He

HHIAE cap = min(ht[i], ht[j1) « (j-i) = 28
RABE res =

max(cap, res) = 28

Step 2

Step 4

Step 6

it

KR

S B N W H O O N ® S kP N W s GO O N

S kN W F O O N ®

HHIB® cap = min(ht[il, ht[j1) x (j-i) = 21

B|ABE res = max(cap, res) = 21

< b

j
v

o 1 2 3 4 5 6 7

EHIBE 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

ERAE cap = min(ht[il, ht[j]1) x (j-i) = 21

BABE res = max(cap, res) = 28
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KR

S B N W s O O N ®

HHAE cap = min(ht[il, ht[j]1) x (j-i) = &

Step 7 BABE res = max(cap, res) = 28

Step 9

2. EERRER

S kP N W s O O N ®

Kt

S Bk N W H U O N ®

o 1

MEE cap

Step 8

i3
;

v iEiE i B AEE,
- BRHAREE, BEERASE 28

15-11 mAHFRMEN B

BATEERZ n i, FILREEEEEZ O(n) .
BAELG. j. res (ERIRBOUNORESMER, FLEHEEEES O(1) .

// == File: max_capacity.c

[* BRRBE: B */

int maxCapacity(int ht[], int htLength) {

/] et i, 3, EEDTIETImG

int i = 0;

int j = htLength - 1;
/] VIERABESR 0

int res = 0;

// CBEEEEE, BEEMRIEE

while (i < 3) {
/| BMRAEE

int capacity = myMin(ht[i], ht[j]) * (3 - i);

res = myMax(res, capacity);

/] EREEEIR

if (ht[i] < nt[3]) {

i++;
} else {
J==F
¥
+

return res;

b
v
2

3 4 5 6 7

= min(ht[i], ht[j]) x (j-i) = 5
RABE res =

max(cap, res) = 28



H15E BE www.hello-algo.com 346

3. IEREMH:EEA

ZF S Es B, REABREEEENE Pud” —SiRE,

FLANAERRRE capli, j] T, @ 2980, j 25 RIR. 5 BRI ¢ B —i8, E8sE 15-12 Frnrikig
B, JEREWRE IR TR E LN B A D,

cap[i,i—{— 1],cap[i,i+ 2]7 ,cap[i,j - 2],cap[i,j - 1]

|
| R | ||
il o I | [ | |
EEREEE g ERREEN
caple, 7] capl1, 7]
BhBAYIAE
| | |
] | |
| | ] | | | | |
| | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | |
caplo, 6] cap[o, 5] caplo, 4]
| | | | | |
| | | | | | |
L | | || | || ] |
oy ||| HEE | | ] ]
caple, 3] caplo, 2] caplo, 1]

15-12 B RS kiE ATk RE

Blas, EEupbB R EERE LR R § NBENFAEIRNE. fiERMCEERNERR—E g
HEAREN, WptEH, SEanRER I RERRERE, BOREMA eEBEnR R R,

DAL, BEERAIRIER 2" 1Y, SRR ARN,

15.4 mAY)5 FiRREE

Question
HE—HIERE n, BEYIDAZ/DWME BB, RUIDEMEBRENRERAZZ /D, WE
15-13 Firre
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| =

BIANES n , R max(ngxnyxngx.xng o xn, 4 %ng,)

15-13 RV SRASA R 7%

R B n Uo7 m BN T, Hh% i MR n,, B

m

=1

AER) HAR R A BN TR AR, H

MRARAEER, MERE SRR EMRIAE R, & n ot —ER T 2, RIEMfRER 2(n —2)
o FRAFREZIRAEER n (ELLER:

2(n—2)>n
2n—nm—4>0
n>4

GniE 15-14 R, Hn > 48, J)rH—E 2 BRBEEER, EHRIIRRFR 4 K BHEREZS) 7.

BRI —: AIRVIDTTRPES > 4 WET, BECIEZEAESTY) n. RARRIY) T R A 10 2,
3 E=MKT,



H15E BE www.hello-algo.com 348

(=]
=)

nz4 B, 58 2(n-2) 2 n
ALRESAERERFE 1, 2, 3 BF

15-14 Y EBEREER
PR ARBEWER R REN, 7£1, 2. 3E=MFE T, AR LREEN, FH1x (n—1) < n K
3z, BI)orih 1 e & EBERER N
aniE 15-15 iR, En =60, B3 X3 >2 X2 x 2, EEEEVISH 3 LUt 2 HEE,

BARRS . YIRS, RS EREEEME 2, FR = 2 SR ISR ZME 3, MRS E KRR
FHo

EFEE=ME 2 &, @S iamE 3

15-15 &EDInHF

Fr PR, RTHERLH DUN ARSI,

WAREH n, EHAEMY)I R Y 3, ERERES 0, 1. 2,
EERE 0 IR, 1R n 2 3 IR, R MUEmERE,

ERREUS 2 R, ARSI, RE

B LR, HR2 x 2> 1 x 3, FEERERE M3 Hihs 2,

BN e
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2. EERRER

Nl 15-16 AR, BAEEZEEEIE R A Y] 88, ] ORI A MEPRERSE] 3 BIEE o , HEEIESS
FIERE b, A

n=3a+b
TR, R n < 3HEBFRIEN, LEFRSEEL, #BEAL1 X (n—1),
// == File: max_product_cutting.c =

/* RAUIDTIE: B *+/
int maxProductCutting(int n) {
// & n <= 3 K, HEDSH—E 1
if (n <= 3) {
return 1 * (n - 1);
}
// %*%ﬂﬁﬁ:S,a%i5M@%,b%ﬁﬁ
inta=n/ 3;
intb=n%3;
if (b = 1) {
/] BEREA 1B, % 1 x 3 ks 2 x 2
return pow(3, a - 1) * 2 * 2;

}

if (b = 2) {
/] ERREA 2 B, THERIE
return pow(3, a) * 2;

}

/] E8REH 0 B, FMURE

return pow(3, a);

L . ] D
2B b af@ 3
n=3xa+bh

15-16 AV FRENEH RTTE

Iy ] R FE B DR Pl SRR R BB TA. DL Python 261, ARG B EUE =,

TEFE T %% FEE pow () MRFREEES%A O(log a) o
KX math.pow() PERIEAY C 755 EAT pow () BRI, HBTIBECR, RREMEER O(1),

S a F0 b A FEBOVNESNER, ISR O(1) .
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3. IEREMH:EEA

AR, Rt n > 4 RIS

L AR < 3 BRE&EEYIS T RPEE > A WET o, IE—E DU HES# 2 2(x — 2),
TEMAES R (B RIS, SRR E.

2. VInTiFAuE 1 BEREEYIDTTRTPEEERF 1, BEE—EA LEHASD IR FH, DA
RS ERARE, ERBERTE,

3. ViR mBWE it 2 « (Rt BY) T RS =8 2, ARE—E Al DR mifE 3, SRAEE R,
BT JE

15.5 Ih&E

1. ERSEIEE

EUAR TR B PR NI B L R, EUER R A (P SR R D I M I R DA, DO
(B4 R,

R L (O — (T TR SR, S TR L — (R STRLE N TRE,
PR BRI,

- AL R RS, R AR RENR, MBS, S RS O
15,

BB, B RAL S, ASHOIAT AR SR A R 5 S A & H R
R, EUE R SRR,

A AR R R R T AT SRR AR TN, SR T (R A
W T R

- BRSO RN, MIEAR, BAEMNA S, GBS,

CORMRERIE RS A PEAN, W ARG, IEREMEE, Eh B AN L,
B TP S

-V ERIEETE 0-1 TR b, AR, AT SRR, EEIGHY
AT A T A,

- R RN SRR, BERIRERES O(n2) . BB NS, SHRABEIEN,
SRR L% O(n) .

- ERKYIS TR, B A T R > 4 RIS, REVISRE T
%3, RO AR, W R RS BB TIE, B2 O(1) 5t O(logn) .
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16.1 X HIRIERE

16.1.1 #FE IDE

HEEEGE BT, R VS Code ERAMILSFIFEEE (IDE), #iftl VS Code B, MIRIEERFIEEM
JERRAE) VS Code AT FHEUFIZEE,

Q% OO0 F :

Visual Studio Code Do ¥ Download

Code editing.
Redefined.

Download Mac Universal
Stable Build

Stable Insiders

mac0s Universal
‘Windows x64 User Installer

nnnnn

e K Ie

.rpm

0417 ©OAO K1 © Gatsby Develon (gasby-oraph-apo)

8 .
mecan 2 ks 1
T# VS Code
Run and Debllg BUNT-IN Git Extensions

16-1 fEE# TH VS Code

Other downloads or open on web

IntelliSense

VS Code A BARBREARBRG, XFRZHRNGESWPITHERSE, LA Python 26, % “Python
Extension Pack” g 21%, BIAIEST Python #ENNERREE, 24P ERANE 16-2 R,


https://code.visualstudio.com/
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[ Extension: Python

Python Extension Pack .70
Don Jayamanne | <> 7,005,466 %k % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable [v Uninstall [v O

This extension is enabled globa

n Pack DETAILS
udio Code extensions fo...

Du;\ J;ya & Extension Pack (7)
RERTTINRE

Python Environment Manager wnn  autoDocstring - Python Docstring (

_r.

Extension

Python

;ﬁxmgﬁmﬁ I

m Python 84K * 5
P

@  shirc Install

Jinja

Python Extension Pack

Install.  /\

p I Python Extended

16-2 %% VS Code /R

16.1.2 REEFESIZIE
1. Pythonigif

1. F#fiZ4E Miniconda3, % Python 3.10 BEEHHRA,
2. 1£ VS Code M7 DIRETT G HIEE python , %% Python Extension Pack .
3. (A[) 7Em2HEi A pip install black, ZERFEHRAIMLTH,

2. C/C++IRIR

1. Windows R&#asELEE MinGW (HLEZGE); MacOS B# Clang, fZHZEE,

2. £ VS Code MEFAINRET HHIER c+ , Z#E C/C++ Extension Pack .
3. (A1) BARK Settings E i, %5 Clang_format_fallback Style F&2zUHEH% =X (k% I1H,

{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach }.
3. JavalzRig

1. F#Ei%%4E Open] DK (AR W2 > JDK 9),
2. 1£ VS Code WIHEFTIHET G 18R java, %4 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#HIRIR
1. F&EZ2EE Net 8.0,

2. 1£ VS Code HHEFEIHRET GRS R C# Dev Kit, 2% C# Dev Kit (AlE#H),
3. tA[{# A Visual Studio (245041,

5. GoIRiR

1. TGl %24 go .
2. 1£ VS Code HRFEHRER TR go, %% Go,

3. ZIREERE Ctrl + Shift + P BHEMSMW, WA go, #i%¥ 6o: Install/Update Tools, &HBZE

A2z & RIAT

6. Swift IRiS

1. F#EfZe8E Swift
2. £ VS Code HIIEAINHET TR swift , 2% Swift for Visual Studio Code

7. JavaScript IRI%

1. F#fR4E Node.js o
2. (AJ#&) 1E£ VS Code MHEFRINRET SR Prettier , ZHEMAMKAMTA,

8. TypeScript IgiE
1. [A] JavaScript BRIR 2244 B8,

2. &4 TypeScript Execute (tsx) o
3. £ VS Code MHEFIIRETIHHHEER typescript, %% Pretty TypeScript Errors .

9. Dartigig

1. N#AE2ZE Dart o
2. £ VS Code HIHEFEIIREM IR dart , & Dart,

10. Rust i

1. T#HOEZ%E Rust o
2. 1£ VS Code RYHEFEIIREMIHHER rust , %% rust-analyzer


https://dotnet.microsoft.com/en-us/download
https://code.visualstudio.com/docs/csharp/get-started
https://learn.microsoft.com/zh-cn/visualstudio/install/install-visual-studio?view=vs-2022
https://go.dev/dl/
https://www.swift.org/download/
https://marketplace.visualstudio.com/items?itemName=sswg.swift-lang
https://nodejs.org/en/
https://github.com/privatenumber/tsx?tab=readme-ov-file#global-installation
https://marketplace.visualstudio.com/items?itemName=yoavbls.pretty-ts-errors
https://dart.dev/get-dart
https://marketplace.visualstudio.com/items?itemName=Dart-Code.dart-code
https://www.rust-lang.org/tools/install
https://marketplace.visualstudio.com/items?itemName=rust-lang.rust-analyzer
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16.2 —iCZ2EBIE

HNEFHRENAIR, HPERFE SR MIERR, e, TUREHEE 7R, MR WAL, X
FEER, MREATEWEI TGS GEERE, MR METEBIE, DUasrE R E R 2R I,

i 566 AR GitHub ID #S7EAZ A E, A EMAN PDF M3 H FIEITRR, DURGEHIAM S B Tt B i
FAZR R

BHIEERE ))
AR [ 3 1 R O BTV B P R RS AR TR, N ST AR RN 75 (.
TEABHIRE Y, A SR A IRp 45 A0 R 22 B H 2R 2R MR

1. NEMA

GniE 16-3 Fow, SHEHEMEA EAEA “AWEEDRT, An] DI LS P BRE Oy Bl 2,

1. BhE “4RiREIR7, WFIBEH “F2E Fork A" IR, sERIEZERIE,

2. 8% Markdown JFRERNE, WENBRERME, MRS % —.

3. EEHMARTIES BRI, AEREE “Propose file change” #%8H, HmptiEiZ, B5% “Create pull
request” %5 RTAT S ECHIEGE K,

“x D 0@

Pudli _etomst % % Qmn O e
Hello 3 31 4t A BR
B ®O™ Mk 1 SREE %R 300 BN HES TR

B 1% MRk
B ®2® BRESH
o BIW MRS

31 BBGEHH%R

< v ovov

312 WIS EREHR
BROMIBENEIENA. BRI BAR B . B, TNERAEEE R n
ATHREDETHN.

32 WABBAE 311 BIELEN: M S5IEEMN

=
33 e - s T A . HilEmfmiEiaiE
s s IR T MBI OMEMA R, MR, WERRERRIT], LT HE2
e BN TR, MBMRRIM TREANG), MIHRASERZEMRERR; MUEBSR
38 M AR, RAT ERDRERR,

B MaR BASER

s Wsm HSUI ,  HMESIEE, 2 SRR AR, SRR, BESNRAE LR

o [ ; EEER, 2 X

@ mom mAE L DL SHSIAR, SR

A 7R B > © BMIRAN: WA, B, 1. DI REE

omew > « ARSI B M B, AR

& wowm @ >

= BI0E BE > armsan et

tlmnm > L

-3 W2W A > e T2 # ;‘/ \

19 W13 % @H > are S LA

g%mﬁ wamy > - -0-0-0- '
BI5H Hd > ke t O—0O

.
@ WICE KR > £ o _\/_‘/'
B 2 [2fafzls )] —€
T e

16-3 [ i 2

[ SR BB, REIEBFTE [ssue BT B S AR, B & S PR B A RO E Fr o


https://github.com/krahets/hello-algo/graphs/contributors
https://github.com/krahets/hello-algo/issues
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2. NEEIE

REH B2 I FIRE R, R EXBSRRERHMERGE S, BRCENEE, REFREERLAT

Pull Request TAEifRfL,

g LN

3. Docker ZfE

B GitHub , ARSI 055 # Fork 2IMEAMRSE R,
HEASER Fork GREAE, #FH git clone 2 iHE i mibE 2 A M,
TEAHETNABINE, WEFTEERE, Bt Aas ErEE,
A AT E L Commit , A% Push Zja & #,

BT RMEE, 5% “Create pull request” %81 EIATZEE RIBGE K,

1£ hello-algo iRH® T, #ITLATN Docker #5215, HIRJYE http://localhost:8000 #ifIAHRE:

docker-compose up -d

{5t FH AR i <> R AT HIBR AR -

docker-compose down

16.3 #5:E

® 16-1 P 7 EPHBIRE MR, ([ESTERDUT %8,

- EERELEA TR HSCUTR,  DARER s SOk,
- Bl e AR P SO B P S N RYIMTA AN,

% 16-1 E RS TE E AR B A

English

algorithm

data structure

code

file

function

method

variable

asymptotic complexity analysis

time complexity

fii
Bk
Blmaity
(N
&G
BRIEX
Tiik

=X
L

AL = AL T
I R &2 2

ZHh

USES

EFa

Ttk
LR AT
I i R


https://github.com/krahets/hello-algo
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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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English

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 g i
min heap /T /INTEHERE
priority queue N sl
heapify Hefl HEREIL
top-k problem Top-k [Al& Top-k [l
graph &

vertex ToUA THRS
undirected graph TmE 3 1 ]
directed graph Al A I [E
connected graph e E JeEL A [
disconnected graph ez E 3 ey [
weighted graph AE A P
adjacency LB skE

path JEgEs PRTE
in-degree NE NE
out-degree HE i
adjacency matrix RAFEHERE AR
adjacency list LBfER HhER
breadth-first search ISR R
depth-first search RENEHER RER S
binary search TER “ofds
searching algorithm HRAR A RS
sorting algorithm Her ik HEFp IR
selection sort e BEHE
bubble sort B HERZRE FB
insertion sort AT AT
quick sort PRIEHE Y StSEEag
merge sort HHHEF At
heap sort HEHER HEREHE?
bucket sort HER? WY
counting sort T g /€ 352
radix sort R GE 35 2 23 GE g
divide and conquer GaR(=| PaR(E]
hanota problem IS ] TR N EE R
backtracking algorithm IR RES [ e 5 1%

constraint IR IR
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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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