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2 hello-algo DO Do
EXPLORER & my heap.py X D~ D © ® O -
~ HELLO-ALGO codes > python > chapter_heap > @ my_heap.py » ...
> B gt """Driver Code"""
> I¥ .github if __name__ = "__main__":
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> W cpp print("\ns#AFIRHEHEF")
> B csharp max_heap.print()
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v @ python
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> 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
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git clone https://github.com/krahets/hello-algo.git
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o hello-algo

Code Issues 11

Pull requests 10

chapter_tree

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

node: TreeNode = queue.popleft() # PAFILEL

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

if node.left is not None:
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if node.right is not None:
queue.append(node.right) # HFTHN
return res
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MrE— ez — FrEg=

STRLERIND HRF BN ERNINER

RETE
BENTB RISERR RREES
HizEH

At EIR i

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

& 0-8 HIRFESIHL

0.3 /&t

1. EREH

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

AR IR .

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

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

- ABMIURATE D ETTENIRAPHEX, WD 2 = RAEERS W,


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

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

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

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

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

FRERHEFIROAFHT

BEFRER: RIEE—HEEEEN » HF TR

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

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

Step 5

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

Step 2
—¥ sk

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

Step 4

;
—H TR

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

K11 BEFHPE

JA

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

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

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

1-2 vt PR

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

JE B AR TR AHE I S 5

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

KAREARHSE AN E 1-3 R &%,

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

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

AR
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S 31 = 11 - 1 = ()

HEET -20 -10 -1

TWENTY

hY
TWENTY ||

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

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

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

1.2 BiEREHta
1.2.1 HiZEENX

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

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

1.2.2 HHRGEMEX

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

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

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

1.2.3 HEEMERZENXF

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

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

BE—RIUREES

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

data structure

RS iEEE
SSPOIVI:NES ¢ s

B 1-4 BURSHSRIERRR

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

PRI BRI B DR FR AR 1-1 Fm,

® 11 RBIREHE S RIZEE N PRERIR

RS EE  PRERIR

W ABE RPFEERIFIAR

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

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

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

1.3 &g

1. EE[Ep

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

- BRI RE SHEAHPRERAER KO mAHFEIRE S H IR,

- RMRENPEAR EZIVORE, B PERICY ATE R4 HIERE,

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

- BARSHSEIRREE, BURSHREIRNEA, MRRNEBIREAEAL @,

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

2. Q&A

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

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

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

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

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

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

FERIREA, BACEIER AR AN Z R HAr.

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

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

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

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

2.1.1 SEBRMS

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

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

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

2.1.2 IBigEE

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

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

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

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

MR “PUg”,

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

C RS TINAINSE, rEERIEH TR T A,

- R DMAIEARIEGE & TRFIERCR, STHEEAREEE T IREIERE.

Tip

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

SRERMCAMS, X TRFERERIR, FIMEEA S, WX PNAESR, SREDHATRERK
EETENRITMHNINE, R, SEANNFIERE N EIRE s RER R R, e DO S Hr Hia T
2 A B O

£r BRTIR, EUIRERA S SI BRGNS RIRZ R, JONERE NP TR, DAERENSSE Rl
TR 7 HT

2.2 ER5E)I

FERES, BEEPITEMESRRE LN, ©5EREIEEM, B, fEM4 RS AR S RS 2%
JEZA, BAVER T AT ER R RSB EEHRUTIESS, HINMEARRFERa: B0 #,

2.2.1 #*

R (iteration) E—FEEHITHEMESHIEHIEMH, 1EERTD, BESTENE —EN54 FEEHITER
KRG, BEIIXD SR,

1. for fi&F

for EINERE WHNERIENE —, EEERCAEIR R

DUREREET for BRI TSRAT L + 2+ -+, KAGERMFHLZE res Id%k. FEFEMNZE, Python
H range(a, b) XMMMXERZ “LHAT B, SMAEHEEN a,a+1,...,0—1:

# = File: iteration.py =

def for_loop(n: int) -> int:

nunfop fEEFM

res = 0

# EHKRFM 1, 2, ..., n-1, n

for i in range(1, n + 1):
res += i

return res

B 2-1 2% R BRI AR I



H2w| GREDM www.hello-algo.com 20

LI Wit
=1

2-1 SRFIR B AEAEE

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

2. while f&F

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

AT while FEFRASBRA 1 4+ 24 +n
# = File: iteration.py =

def while_loop(n: int) -> int:
""Uwhile f&IF"""
es = 0
= 1 # WBRKEHETE
&R 1, 2, ..., n-1, n
hile i <= n:
res += i
i+=1 # FWEHTE
return res

= HH D

while fi¥RLE for PREARIE R, 1E while FEIAH, FRATAT LA Hsthi 45 F 28 B AR GR LA B3
%

FIanTE AN ARG, SRR o BRI T OCERT, IXAE A K TT A for JEPRSERL:
# == File: iteration.py =
def while_loop_ii(n: int) -> int:

nn "While ?EI%( (ﬁ;ﬁ@%ﬁ.) nnn
res = 0
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i=1 # BRHEHETE
# EWKRM 1, 4, 10, ...
while i <= n:
res += i
# EMRMTE
i+=1
ix=2
return res

JEERIE, For PEPRHARES AN, while DEPREMRIG, PIEHLA] DASKPENEEH, 16—
TR AL 7R SRR DRE

3. BMERIF

BATAT AE— DMERGE N HRE 53— DMERGEH, TE A for fEI I
# == File: iteration.py =

def nested_for_loop(n: int) -> str:
nnn XRE 'For‘ ?EI%(H nn

res = ""
# @F i=1, 2, ..., n-1, n
for i in range(1, n + 1):

# %@%F j =1, 2, ..., n-1, n

for j in range(l, n + 1):
res += f"({i}, {3}, "
return res

& 2-2 Bz EMARREER,

PTREF

H i+
]
H

SMEER

- EE

2-2 HREMEIRFEAEE
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TEIXRIE T, EBREERS n? BIEL, sERERISTR A ABIERN n B “FHXR",

BA AT ARSI EIER, B KIREAZE R “THE", RN EERERSE 7 RR" “TWRTT
KER”, DU,

2.2.2 ##I3

Y3 (recursion) Z—MEIERNE, EILEEOHH B S RBRAM, ©EEAEZWIHER,

L & BFPAMEAMEMNE S, EEEAENRERLISE, 208 “KbERA,
2. 1 g “RIEERMET 5, BREMAREZERAEBAREOHEZRIRR, CRE R,

MM ER, B EEUS =NER,

L &IbFAF: ATOUER 2R RE “8” 8“7
2. BV X 7, REGAM B S, EEmEAENSERLNSE,
3. BMIEER: XM 7, R HRNEITRKIEEFIREIE )=,

WERDA A, BATRFVIHEE recur(n) , FEATRASEAR 1 + 2 + --- + n UIHE:
# == File: recursion.py =

def recur(n: int) -> int:
"oEyg
# RIERH
if n = 1:
return 1
# & BAER
res = recur(n - 1)
# 3: RELER
return n + res

B 2-3 R 1 RIS IS AR

AT “&” mE 93
recur(n) return n + ((n-1) +..+2+1)
| ,/‘ w
recur(n-1) return (n-1) + ((n-2)+.+2+1)
| A
recur(4) return & + (3+2+1)
recur(3) return 3 + (i+—1f
| g
recur(2) MBI return 2 + (1)
l £IFFH ,4//’

recur(1) return 1
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K’ 2-3 SRF1EREYIE ISR

ERMNHEAKE, ERGEAR DISEHRFEMNAR, HEMMRER ¢ mRhse 2 A R 25 g o ) S i
E2v8

- 3B “ETRWLE” HhRRIAE, WREMEIP BT, KR MRS SRIMNXESE, HRIES .
- THEWRT MR AR, R R AN BENE TR, X (AN R R R A AR R A T K
PR T MIREAR SR 7O SN R, B EIEAE U 1L (AR RIAEE CATED.

DL ESRSRAFRONH], WA f(n) = 1+ 2+ +n.

C IR EIERTRRIRANE AR, M LIEPIE n, SERHITREIERE, BIRSRE f(n) .
- I KRS RN TR f(n) = n+ f(n—1), Rl GBI 2 TR, EEEARER f(1) =1
AT

1. AR

BB A B S, REESRNHOITER RN, DIEER R, AR A E RS,
XK SN 75 RIS R

- PREE BT SCEAREREREAERR . R R BIPAE XErR, B EOR A A SRR, B, @
W LB ACE IFE SN A 22 Ml
- )R B S A RSN DRI B LRGP TR R AR

N 2-4 FIOR, FEMREZLRIEZRAERT, RRAEE n DARIREEDEITEE, BITREM n .

AT & Bt 93

recur(n)

}

recur(n-1)

!
l

BIARE recur(4)
! }
recur(3)

!

recur(2) R

} ™
recur(1)

B 2-4 JEIEFHIRE

FESEPRA, GRiEIE S RVFRRINREE R R A IR, IERAIE T AT RE S B H A IR
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2. Ei#)3

HiEHE, UREEALEIRDE RGP A I TEHEE, WZRET DA dm e as sl R as ik, AR
BIRCR ES5IEARAHY, B SFRNERYT (tail recursion),

© BB HEREOREIE - BRREUE, FERSHUTRE, RERFFERE L—-BRAN LT
o

- R 3BIHVE R R BOR EIRTA R G — R, IXEWE REOR MR E—En, TS T HAth
B, HIHARGTIART E—ZREEI LTS

DAHE 1+ 2 4 -+ n Afl, BATATCUKEE R R res BNRESE, MmSEEEZEE:
# == File: recursion.py =

def tail_recur(n, res):
B ==t ] = R
# RIEEMH
if n = 0:
return res
# EEVFER
return tail_recur(n - 1, res + n)

FIEARIPITIS AN 2-5 AR, A EEE @@ AR, PRI R T U2 FR,

- HIEIB: SRRHRIERE 77 R RITH, SRIREEEE T UORNHRE,
- R SRFHRERAE “ET RIRETHITH, Y77 ERREREERE,

BT @ ML 93
recur(n, @) return n+.+5+4+3+2+1
recur(n-1, n) return Nn+.+5+4+3+2+1

} f

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

l f

recur(3, n+..+5+4) return n+ .. +5+4+3+2+1
recur(2, n+..+5+4+3) return n+..+5+4+3+2+1
recur(l, n+.+5+4+3+2 return n+ .. +5+4+3+2+1
S ) i
| wing |

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

2-5 REsB)dE

Tip
TEER, WeSmidaslReds SR i 0uik, Bilan, Python BUAASSCHF @I L, KRN
ERBUR IR, IR AT RE 2B 2 A Hi ],
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3. &3

SRS “IE7 MXRBEEREN, BEEEHIEARR B EMEN., AEENS 5, P LS
Hyflo

Question

g — PR3 0,1,1,2,3,5,8,13, ..., KIZEFINE n MF

RLPIACREINE n MEFN f(n), BIEWILEIL.

- BB N (1) = 01 £(2) = 1,
- BB AR IR, B f(n) = f(n— 1) + f(n —2).

FEROBHEOC R TIINVA R, KRl MR NR IR, a5 RIS, M fib(n) RIRI1SEIER
HRSEHNHIE n DT

# == File: recursion.py =

def fib(n: int) -> int:
v AERARERELG . 3
# KIERMHF f(1) =0, f(2) =1
ifn=1o0or n= 2:
return n - 1
# @A f(n) = f(n-1) + f(n-2)
res = fib(n - 1) + fib(n - 2)
# REILER f(n)
return res

WS LA EARD,  BATHEREPRITVE A 7D, IR ERE AT T AT 5. Wi 2-6 T
R, RXFERWNBITEATE, RELRTE—BRZECO n fEY3N (recursion tree),

f(n-5)

f(n-6)

B 2-6  LRRSESN I

MWARBEE, BIAERELT KR ENF R FER4EERN, XM IaRIEE R EE,
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- WNEIEMEE, @R fp, B 6. SSIRIRE VR 2 SR RR RIS B el AR N ] T XA R A
737K

- WBURGHIAEE, BARREGAIERER, WMAIERMHEXEE, FyEMHERIES Ao e 88T
o

2.2.3 FENL
MEED ENZE, Q13 2-1 FoR, ECHDSEIAESI. PREALEFM: EE TR,

*® 2-1 ERGEIAR R

JESAN uella|
KT TEIRGERY BRI E S
=
RISTEY QR & S £ S ek O DA R BRI O FAES 27 AR TP
R
PTEEE A [ RN T 23 ) SR EOPE F AT RE B AR R A A = A
H
G JEFATEREMES, REEN. AT @R T RS, W, B i, [IEE, RELSSHETE,
i 33 GL
Tip

QSRR DA A BRI A, FIDATERRSE KR ETEERE S,
Wz, BB EAG T 2WNIERRRIE? DLEREBIAREOR, SKREBRCEEEIAR 77 BT, XEK
A IR FH B PR ERSR PR 2 5 e SE AREORANIRAERY, IR TAEHLRI S %A “Te AJa ™ D) St 7] 1,
L, AT A SR XIBARTECERTR TE SR AN ETIR R,

L & HERBROARN, REXE AR EOVZEBOIECRRTARN, W TSR R R, S5
IR [l S E R
2. V3: HRBGERPUTHIREIRE, XA VAR ERRR, TR Al BRI TR,

(I, BeArTal DAE A —A™ R BRI TN, TR AL omiE K
# == File: recursion.py =

def for_loop_recur(n: int) -> int:

T@%Jﬂﬂi?ul_ﬁ
# FE—EXREMNARSTIARE
stack = []
res = 0
# . =YIIAA
for i in range(n, , —1)

# B NIRRT 1B T
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stack.append(i)

# 13: IREILERE

while stack:
# B “HIRRET B Y37
res += stack.pop()

# res = 1+2+3+...+n

return res

MEE A BRI, B AONENE, RIGZEREMER T, REEAMBIERZ T A DI,
HA—EERIXAM, AL NM AR A,

- AV SRR RTRE SEANE AR AR, AT RIEEE,
© N TR IR, BHURSTE ARRIT Al RERE R R,

Bz, EREAUERIBVTI O T RE MBI TR, EgmfEsiikt, AHTNE RIS HREE e A &R 75
REREE,

2.3 HEERE

BTN Al A] DAELUE EL it Sz R TR RORCR . Qi SRBA TR R 1 — B AIE RIB T R, ROZ AR Al e ?

1. BB Fh, GEEEE,. HEIES. RANEYE, XERZBHBSEMAREINBITRER,

2. VAR RIRE R RS AT I N, BIA0hIERAE + TR I ns, FIRERE « FTE 10 ns, FTEIR(E
print() FE 5ns %,

3. GEiHMCH A I RERE, PR FTEIRIERIHATIN RIRED, S ST ),

BIAnE LA B, f AR A n

# EEETEET
def algorithm(n: int):

for _ in range(n): #
print(0) #

R L3k, TTRASEISEEIOSTIIN (6n + 12) ns -

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

HSZPR |, SEiFRIARISITI R SERASE, &5, FOAmERBGN EsTradE, FAE
ERBEAESIARNE 6 LisfT. Bk, BAMMERSMERERBITIN G, X4 mGd Rk TR
1:38
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2.3.1 #itadiaE e

IR A T SETT AR RIRIS TR, MR RIAIST T Il R 2 2 R K 5

“BF AR XS RS, BB — MR DA, B ABAE K N n, BE=ANETE
A, BFIC:

# BE A WHREIERE: BHM

def algorithm_A(n: int):
print(0)

# BX B MEREIEZRE: LM%M

def algorithm_B(n: int):
for _ in range(n):

print(0)
# X C WHREIERE: BHM
def algorithm_C(n: int):
for _ in range(1000000):

print(0)

B 2-7 JeoR 1 DA B =N RTRR RN R B 20

©RIEARE L ATERE, BIRBITNEAREE n BRI, BAIPRLRER AE RN “HE
m’,o

- RIR B HTENRIERZEMEIA n X, BIRIBTINHEEE n HREERIEN K, HRIEAIN RS 2% AR
N MR

- BIR C RAFTEHRIER ZIE5A 1000000 (%, BRI EIRK, HESMABERN n Xk, Bt
AR TR A2 A% A0 A AR, (7o “HEE

Bk C - HE

1000000

Bk B — SR

BIRE{TRE 10
5 /Mm
0

@ 1 2 3 4 5 6 7 8 9

BNEHEA)

n

& 2-7 HiEkA. B CHINAHEKES

T BERGI RIS TN, I RS 2% A IRE R e ?

- NS ARERES A ROMG RIERCR, Fln, HIL B HIBITIN R BEMIEK, 7En > 1 INEETE A 18,
£ n > 1000000 W ELETE € 18, FL b, HEMABIEA/D n 2BR, EREN “FEH” ML
LT “EMER” BRR, IXIERR R KE RS
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- IR ARERHER R ERME, B, BT e E RIS IR TN R KB I, KW
WETER AR 2% oA, FRATTAT DA B R B A T SRR BRATIN RO AR B IRD ™, AT RS
“WRBFEBTNRSH” fih “HERIERESH, AR T

- IR AR R BRRTE, Bldn, RERTR AN C BRI EARIR, ESCRRaT R Z511R
Ko [FkE, RERRBRNHEZEL C &, EEMABIERN n BN, Bk BHEMTRIEC, X
TUSEIEOL, AT B e DA (R 52 2% HIWT R R B ik, 498, RUEfAE ik, SAvEn
WrATs SRR P A IR e A S HL R T 7.

2.3.2 HEAEER

BE AR n HIEEL:

def algorithm(n: int):
a 1 # +1
a a+1 # +1
a a*x 2 # +1
# & n R
for i in range(n): # +1
print(0) # +1

RAERR R R — DR TRABIE RN n B, 128 T(n) , WAL REEERIERE Y

T(n)=3+2n

T(n) R—ReA%, WIS TIN ARG KBS LR, R E RN A S 2% R RN

BATREIEN I RIE IR O(n) , IPMEFEFRNKR OES (big-O notation), FREE T'(n) 1Y
HiE L5 (asymptotic upper bound),

(W I 2B SV A IR “BRERCR T (n)” HOWHE L3R, & BT ECEE X
FRRHIE 5
EHAEESH ¢ MM ng , AR THEN n > ng, 6 T(n) <c- f(n), WAAH f(n) 4
HT T(n) —MHDE LR, 128 T(n) = O(f(n))

i 2-8 v, HHEENE ERURE SR f(n) , 554 n B8R TEHE KRN, T(n) # f(n) & THE
ARG, HHE—DMEERE c.
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c-f(n)
T(n)

ER{E ne

A.f——"‘-””ﬁ-'

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

é’ n > ng E‘j: yﬁ%ﬁ C'f(ﬂ) = T(I'I),
LEBIRIIAA f(n) B T(n) B—DELELSR,
8% T(n) = o(f(n))

& 2-8  PREYHL L5

2.3.3 #HEGE

Hk SRR LA N, WERIREIE IR A S 2B, D, BT DUEEBHER T, RN
SRR,  EAT DUR U HAE R

RIEES, WE f(n) 25, BAMETERINEERE O(f(n)) . BAWTHEERIT LS f(n) We? Bk
NP BRGUHREE, REHINTENL B

1. B—%:. HiHRFHE

MRS, BATM BRI IHERIAT, i, BT R - f(n) PEOEEBGERE ¢ FTMBUEER/D, BRI
2T (n) WIS FREL FEOH T PL2NE, ARYEIRIN, A] DUS\Es DU TR

L. 20 T (n) WREE. FOVBRNTERS n Tk, F DO I ] 5 2% BE A AR 52,

2. BWPAERE BN, 1835 2n k. Sn + 1R, #RA]DARIIC N n ik, B4 n AR R EOS I R 2
TR R,

3. TRFRIRERMERRIE, SRIEEESFTINEREANAZREIMNRERE W, &2 EIMRIAR] 25
B 1. (N5 2. RV,

B — R, BATTAT DU B3R B R Gt TR E R

def algorithm(n: int):

a=1 # +0 (15 1)

a=-a+n #+0 (15 1)

# +n (%15 2)

for i in range(5 * n + 1):
print(0)

# +nxn (15 3)

for i in range(2 * n):



H2w EREDN www.hello-algo.com 31

for j in range(n + 1):
print(0)

PATATER T ARG AR, MERE NN RS REEN O(n?) .

T(n)=2n(n+1)+ (Bn+1)+2 528G (]
=224+ Tn+3
T(n)=n*+n gt (0.0)

2. BZY: HErIE LR

IR A L T (n) PRERIBORIE. IXRENTE n BTEHFRN, SEITRE SR, Hi
TRH SN #R AT DA

R 2-2 R T LGy, Hrh Sk OER N TIRIE “REOTIRESN T X458, 4 n BT RN,
XEH ARSI R R,

R 2-2 ANFFBRAERCE NI TR B2 2%

HAERR T (n) 24 O(f(n))

100000 0(1)
3n+2 O(n)
2n? +3n + 2 O(n?)
n® + 10000n> O(n?)

2" 410000110000 O(2m)

2.3.4 FhR¥EH

RRABIRRN N n, W ILRI R 28 2PAN1E 2-9 FoR - GRIRAMMREI R B HESD .

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
HRE < ME < Sl < R < FI50 < F5EE < BrakRt
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S 0(2")
THB 0(n?) gﬁ
RN E ZHB 0(n) 3:§
T(n) I
FHEE 0(1og n) i
©
=

BB o(1)

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

BINEHRAN

B 2-9 B DRI ) 52 2% 2 7Y

1. B O(1)

TR R BRERE SRABIE R n Jek, RIREEE n (2L,
TEDUR e D, RUEBREECR size ATREIRK, HEITHSMALIEI N n JEx, FINRSZRETHN O(1)

# = File: time_complexity.py =
def constant(n: int) -> int:
n r‘%ﬁﬂ;&ml\nnn
count = 0

size = 100000

for _ in range(size):
count += 1

return count

2. %M O(n)

LRIER R FRCEADT TR AL R/ n EMESGIE K, SelERmaE & e R IE 3

# == File: time_complexity.py =
def linear(n: int) -> int:
RSV
count = 0
for _ in range(n):
count += 1

return count

T P B s P B R E N 2R E9 0 O(n) , Horb n B BER I :
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# = File: time_complexity.py =

def array_traversal(nums: list[int]) -> int:
nen ZRMRY (GEMHERER) v
count = 0
# BRI S A KERIEL
for num in nums:
count += 1
return count

EREERE, BSABIERD n TRIEHABISRRRRBATE, HAES —REIr, 28 n kA
TR, AR ARG, BERKE n HEARA/N.

3. F5H O(n?)

T3 W R ERCRARD TR AR RN n DOFT PGS, P BNE R HIEREIEAT, INZEAFINER
TEFRRII IR 2 E A O(n) , RUILEMARIRHRIE 250 O(n?) -

# == File: time_complexity.py =
def quadratic(n: int) -> int:

nnn IFE';)/l\unn

count = 0

# BIRORBSHIBAN n RFEHXR
for i in range(n):
for j in range(n):
count += 1
return count

B 2-10 XMEL T HE. LMERFIE 77 B =i (A2 2%

&3 n R

1R
BB A B E) 8 A& EE BHiE R R E
S8H 0o(1) LM o(n) TA5H o(n?)

RE—TITHRE

B 2-10 HE. SERTAIETT B R 2

CAEEHEF I, SMERIRAIT n— 1R, MEBAIITn — 1. n—2, ... 2. 1R, Fhn/2 R,
WEEZEHR O((n — 1)n/2) = O(n?) :
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# = File: time_complexity.py =

def bubble_sort(nums: list[int]) -> int:
e SEEM (B8R M
count = 0 # TS
# SMEIF: REEFEXER [0, i]
for i in range(len(nums) - 1, 0, -1):
# WER: ¥XRHFXE [0, 1] PHRATERMEEZXEN&RAIR
for j in range(i):
if nums[j] > nums[j + 1]:
# 3 nums[j] 5 nums[j + 1]
tmp: int = nums[j]
nums[j] = nums[j + 1]
nums[j + 1] = tmp
count += 3 # JTEXWEE 3 PNEITIRE
return count

4. {53 O(2")

AYPER AR RIREIN R IRGIF . WIRIRAS N 1 A, HE—RETN 24, SRS
44, DASEHE, R n EA 2" M.

& 2-11 AU RARRD AL T AR/ A AR, IS REN O(27) . HER, MiA n RoRSRLE, REE
count FREHIREL,

# == File: time_complexity.py =

def exponential(n: int) -> int:
men SRR (fEEFSSER) vt

count = 0
base = 1
# Apps—ah=, RS 1, 2, 4, 8, ..., 2~(n-1)

for _ in range(base):
count += 1
base *= 2
#count =1 +2+ 4+8+ ..+ 2"n-1) =2~ - 1

return count

for _ in range(n):
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beELS| EEMN
BE—9HZ TR¥E
zﬂ
21
22 - Hn B
2n-1
TR ERS gﬂﬁ'ﬁlmﬂ’ﬂ%,@a Bl
20 + 21 4+ 22 + | 4+ 201 = 2n-g $eB o(2n)

B 2-11 FeE A A2 2

TESCRRE A, R8N & WL IE R E, HlandE DA MR, HEgAt—a 8=, & n oGS
1k

# == File: time_complexity.py =

def exp_recur(n: int) -> int:
nen dEEY (EBY3semy) v
if n = 1:
return 1
return exp_recur(n - 1) + exp_recur(n - 1) + 1

TR AR R IR, fE57280% (BAOMR. FE) FEHEE L, N TEIEMEECRRI R, 82
FIREAZIY, I8 TR S AR S O RIS R MR,

5. 3% O(logn)

Sa8ia, MO RBL T “ERAGEREI T IS, WMAEGERNE n, BT SRR,
HABFRREUR log, n, Bl 2™ (K EREL

B 2-12 FPAFARIBEUL T “EHegRRE —" i, NREREN O(log,n), #icH O(logn) :
# == File: time_complexity.py =

def logarithmic(n: int) -> int:
"ONHERRY (fEFRSEEL) v
count = 0
while n > 1:
n=n}/2
count += 1
return count
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BNBAKEA n sEEE 1 1

s

TR ERE Bia] i
log,n +1 B 0(logn)

=

[N]

[y

B 2-12 GBI B) 52 2%

SRR, X BT IR R B, PUNRSEAL T — RN log, n WIS :
# == File: time_complexity.py =

def log_recur(n: int) -> int:
men SFEREY (EBY3seEg) v
if n <= 1:
return 0
return log_recur(n / 2) + 1

X BT R TOARIBHE RS, KT “—oh2” 1 REOVE” MNEREM, EKEE, 2
PURT W A BEAR I ) 52 2%

O(logn) MIRBUZEZ/V?
R, “— 9 m” MMM AERER O(log, n) . THEENEHURAR, HiIATIGHAE
RFEREL MR A 2

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

R, JERE m AT DAEAE I E 2 M RGHE ki, RILFRATEE SEHISRE m , BN B
28 O(logn) o

6. &3 O(nlogn)

LM B LT EREEAR T, NEIERIIIN RIE 2% 35009 O(logn) #1 O(n) o FHESAEHINT:

# == File: time_complexity.py =
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def linear_log_recur(n: int) -> int:
RS 45O (T

if n <= 1:

return 1
# —D R, FOBAIERN—F
count = linear_log_recur(n // 2) + linear_log_recur(n // 2)
# HEIFRIEEE n MEE
for _ in range(n):

count += 1
return count

& 2-13 J&oR T A BN AT e I — ZAHREEEE N n, WG log, n + 12, FIH
FEZ&EHN O(nlogn) .

EEMIRERR
O nx1=n
3 =
# logn+1 B
TR L IR L
leo:n
p p p ) —

n = (Llog,n + 1)

BB S A E

1R 0(nlogn)
— ’

B 2-13 LM AN TR 2 2%

10,

P

™y
=
n

=

FimHF FENN A EREEE N O(nlogn), GlaPEHT. V. HEHETE,

7. BER O(n))

sl BB B AT R, 480 n DNEARERITR, RHTARTRHIITR, 7788 EN:

nl=nxn—1)x(n—2)x-x2x1
Wi B RS ASK I, A 2-14 FIDLEATR, B—EBEaRH n D, E2E2RH n — 14, BUE
#, BEE n BERFE LR
# == File: time_complexity.py =

def factorial_recur(n: int) -> int:
SRR (BU3SEE)
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if n = 0:
return 1
count = 0

# M1 DRRE n D
for _ in range(n):

count += factorial_recur(n -

return count

HREH
DEYE

1)

2HFNARY (BIRKENTRKE)
n x (n-1) x (p-2) x .. x 2 x 1 = n!

n(n-1)

n(n-1)(n-2) - Ha B

n
!

BtiE
BBt o(n!)

B 2-14 i3 AR A2 2

HER, ENGn > 4RMEH n! > 27, FTANSRI BRI RIS E R, 1 n BRI AE 52/,

2.3.5 RE. Rff. FHYNNEERE

FORRIN RIBCR AR BEER, M SMABIRN A BIRmA—MREN n f98H nuns , Hrf
nums M 1 2 n TR, M HEI—X; ETRF2RELITELR), (£55 HFR2IRETR 11

R5lo FATATLAGH LIRSS IR,

- Hnums = [2, ?, ..., 1], B RETER 1 W,

o
- Y nums

WA Q(1)

R 2
T

BRI, SEBHR R A% O(n)

(1, 2, 2, ...1, BISEDTREN LN, LA RKEATERSIE, KSR

“ERZEIN R A" XM EREENE ES, AR O 105 %RR. MR, “BRAERN RS A" XN R EENE R,

H Qi S5RR:

# == File: worst_best_time_complexity.py =

def random_numbers(n: int) -> list[int]:
.o, N, IREEARFTEL

men ARR—NERE, TEA: 1, 2,
# £ nums =: 1, 2, 3, ...

1

n
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nums = [i for i in range(1, n + 1)]
# ME3TELS A TR
random.shuffle(nums)

return nums

def find_one(nums: list[int]) -> int:

nnn EEEE nums BEFE 1 FRERSIMMT

for i in range(len(nums)):
# HyTER 1 EEEESLERRY, KEREMNEEZRE 0(1)
# Hitkx 1 FHHESEY, KFREMNEEZRE 0(n)
if nums[i] = 1:

return i
return -1

ERRIRE, BOMEEFRHRDEHRENFERE, FOEE G ERDMER TAREIAR], rIRERH R
—EMRTME. MRZENREREE NI, FESRH T —AMReREEHE, BRI UL R,

ML AT, 220N 1 T IR R TS A BT “RSTRAOR A, Sr BER
TREMRD, HRAEBSOR M BT RCR, ML T, SRR 2 o] DAPS DU IAE RS A B TR0
BT, B O InE kAT,

TS, Bl VT AR 26 e B2t B LR A RO TR0, et BRSO R TAL
9, RIETEE 1 B RS MR AR A, TR SDAN AR SO R ALK —F /2,
BN EEZEER O(n/2) = O(n) .

(RS AL, b EETRIN I 20 PRI, TR R 0T H (R S RS (R 12,
TEICRIMTTSL R, el T3S 2500 ) B 28y B R AP

M LDES O 1752
FTREE T O R T TRARTE T, DTRAT38 ( F ERAr I 05 20, (ELAF R S B, 3
R RIIG, A BRI, BRI “EYNAERE On)” WRE, Wi
HEEN O(n)

2.4 FEERE

TEE#RE (space complexity) FTHIREZE G HINF2 RIREE LR B 2R AT K, XSS E
AREARE RN, HFEE TR By “SHENERET,

2.4.1 HEHEXZIE

BRI TR R 23 R R R DR LA,
- AN TR AR A E,
- BfERN: AT EERIRESTEREPIER, MR SR T CERRE,
- FHEEE TR A,
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—RET, FRERENSRIHCERE “GFEn” mk i,
B Aa] DOE— B =800,
C BRI ATRERRBTEETRSME R, TR N

- Bl T ORI BRE B RSCEdE, RGEE R ORIE R N A S AE RV A A — M, PR

RENE, ARz A S PR
YW : HTRFRFEINRFIES, LR a2,

T — BRI R E AR, ROBEF SO 8, iz B =5y, s 2-15 For.

BERR TEiEERENSITER

AL

e A
B8 HEEE Wi =2a
BNRIE B IR AR
HEEiE]
gl

2-15 BIEERIHIARSC 2 )

FERACHS AN :
class Node:
n ;tylén nn
def __init__(self, x: int):
self.val: int = x # TRE

self.next: Node | None = None # fEETF—TH=M5|MA

def function() -> int:

n @g nun
# PUTHELAR(E. ..
return 0O
def algorithm(n) -> int: # HIAEZURE
A=0 # BEIE (B2, RAKXSFHRT)
b=20 # HFHE (TE)
node = Node(0) # HEEHIE (WR)
¢ = function() # HmiziE] GAREE)
return A + b + ¢ # HHUE

2.4.2 #HAE

AR SRR TR S N RIS R RBAER, HFESt RN “BREE” o "SRR,

M5 RERENFERE, BANaENRERESRENE, XRE NN RZ TR ER, A2

HERAEFTH AR N A RS R A7 23 R TR
MELAM, RESRERETN “RE" ANEE X
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1. BUBESABERMEE: Y n < 101, SRR O(1); HYn > 10 1, WHANEE nuns 5
A O(n) 25, FEEEEREREN O(n) .

2. DASEES TR e I, R ERITRIG —1T2 00, & O(1) 25H; WAL nums
i, B O(n) 2, RILREEREREN O(n) .

def algorithm(n: int):

a==0 # 0(1)
b = [0] » 10000 # 0(1)
if n > 10:

nums = [0] * n # 0(n)

{EBIHPRED, TEERGTHRMIE M, ZE ARG

def function() -> int:
# PITHELAR(E
return 0

def loop(n: int):
e BIMNEEIERESN 0(1)
for _ in range(n):
function()

def recur(n: int):
" BN EEZREN 0(n)"
if n = 1:
return
return recur(n - 1)

BRI%L Loop () 1 recur () MR RIEZREHCH O(n) , B2 EE 34E AR,
PR Loop () TEERAHIEF T n IR function() , H5HH function () AR EIFHRER T Heizs ],
e EE A ET R O(1) .
© JBVAREL recur O EIZTTIREHRFENTEE n DARIRE recur () , MIifidi A O(n) FIARNIZS (AL,
243 BhAR

R ABIER N, B 2-16 R T H AT RAE R (AMREEHD .

O(1) < O(logn) < O(n) < O(n?) < O(2")
R < WEBY < LM < FITR < fE
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ATFEIERAN

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

BINZHRAN

K 2-16 H IR AR AR

1. B%HO(1)

R E LT RE SRR n TRIFER, T8, HR.

fa%ET o(2n)

E75B 0(n?)
ZH4M o(n)
FH#HF 0(logn)

BHH 0o(1)

MEER. MIEE

RETRRE, EIEIAPOIG AL B8 R S A E, EEAN N BN SR, RErER

B A2, SRS 2 O(1) -

# == File: space_complexity.py =
def function() -> int:

nnn @;&Kuuu

# PITELERE

return 0

def constant(n: int):

non v‘%ﬁ?&lgﬂn nn
# B8, T8, W&AHA 0(1) =
a=2=0

nums = [0] * 16000
node = ListNode(0)
# BHRHPHNTESE 0(1) =E
for _ in range(n):

c =20
# BIAFRREBEA 0(1) =i
for _ in range(n):

function()

2. %M O(n)

LLNERTE W T L REE S n BUELLIIEE, BER. R BB

# == File: space_complexity.py =

def linear(n: int):
non éi‘l‘iwl\"""
# KEHN n WFIREA 0(n) =i
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nums = [0] * n

# KEHN n BBHERSA 0(n) =E

hmap = dict[int, str]l(Q)
for i in range(n):
hmap[i] = str(i)

e 2-17 foR, BEEREEDEIIRER n, BIRINTEE n DMRIREIR Linear_recur () %L, M O(n) K

ZINE AR [ -
# == File: space_complexity.py

def linear_recur(n: int):
men SRRy (ERJ3seEL) v

print(" #Y3 n =", n)
if n = 1:
return

linear_recur(n - 1)

BARE
n

B 2-17 3BV EG A HIZR MR 2 A A2 2

3. FHH O(n?)

F’]-F “ﬁ”

linear_recur(n)

1

linear_recur(n-1)

:
1

linear_recur(2)
fib %z
1 1 S

linear_recur(1)

EREGEIIRBHRER n
HEEM o(n) AVERMIZIE]

I E DL RERERE, STREES n BOFTRR:

# == File: space_complexity.py

def quadratic(n: int):
nnn :Fjj_lzﬂ\"""
# “#5IREE 0(nt2) =E
num_matrix = [[0] * n for _

in range(n)]

ML
“I}a!!

return @

T

return @

!
r

return @

T

return @

DiEERE
LM o(n)

i 2-18 AR, IZBREHDEIAIREN n, £ DBIARBREGIGML T — M, KESHN n, n— 1,
201, CEKER n/2, HWEESE O(n?) 20:
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# == File: space_complexity.py =

def quadratic_recur(n: int) -> int:
nnn IFTJ_E}/I\ (%UHQQI)FJ) nnn

if n <= 0:
return 0
# #AH nums KEA n, n-1, ..., 2,1

nums = [0] * n
return quadratic_recur(n - 1)

¥R nums KE AT “&" ﬁﬁ

n ~——— quadratic_recur(n) return @
n-1 ~——— quadratic_recur(n-1) return @

" 1 1
2 ——— quadratic_recur(2) T return 0

1 b 1
1 +~—— quadratic_recur(1) return @
EEFMBEARMPHBALT —TME, BRER CEERE
1+ 2+ ..+ (n-1) + n = n(n+1)/2 EA5K 0o(n?)

2-18 JEJARETT LRI R A

4. {588 O(2")

FERN R WT X, SRR 2-19, BECh n B TR RN 2" — 1, HH O(2"™) Z8[:
# == File: space_complexity.py =

def build_tree(n: int) -> TreeNode | None:
nen SEEREY GRICEXA) "t
if n = 0:
return None
root = TreeNode(0)
root.left = build_tree(n - 1)
root.right = build_tree(n - 1)
return root
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BENTREHK
20
21
2 - Hn B
/TN TN N TN
2n-1
FiAT RS TEERE
2° + 21 4+ 22 4 - 4 271 = Qng B¥BT o(2")

B 2-19 il — R AR RFE S 23 R B 2

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

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

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

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

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

2.5 N

1. EREIH

BRIV

- IR S RIRCR R M BB IR LA B D E T FEbR.
- BATA] OB BRI IAG RIRRCR, (B DAHPRINAFAE R0, B SRR RE TR R,



H2w EREDN www.hello-algo.com 46

- BRI AT AT BRSSPI s, e RIEH TRrEBIT TG, T HREB R REIREAREE
RN EVE S

Hof ) 52 20

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

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

- EENEERESANY, ERGIHREEE, AEHINENT R,

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

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

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

BREAE

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

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

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

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

2. Q&A

Q: EBAMZRERER O(1) 14?

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

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

Q RETFIERUESIREIG R, JEFPER (SRR Uk

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

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



FB3IFE WESH
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48

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

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

3.1.1 ZELS: SitS5IFEN

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

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

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

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

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

SEEiESM ERMERIESN

e " & 2
array tree d \ / \

%‘gi 3 > — —
linked list

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

pop

s e e & s
FASY -
queue -— -— heap ¥\

pop push

BER {key 4 *}

hash table value

3-1 LRMEIRAEN SRS R4t

3.1.2 YR ESES55E

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

90 901 02 03 04 05 06 07

0x0000

0x0010
0x0020 a

0x0030

0x0040

AERESE ARG 020012 , SEIMIE

. ERANGSE  HENELE 0x0024 , SEIMIE

B 3-2 fFsR. WAEESTEL PAFHRAE

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

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

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

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

e FRERE | spssns
B sesannesa minamst | OAEZE
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K 3-3 ELRZE RIS B R

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

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

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

Tip

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

3.2 BAEhiEsedl

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

RABIRIARE CPU W DA TIB RSN, ERIRPEEEEN, ERUEUTILA,

- BRI pyte, short, int. long,

- TFEBEEA float. double, TRV

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

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

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

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

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

R 3-1 HARBEERAT 5 A 2 AR E G

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

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

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

FIF char 2 7 0 216 1 0

/R bool 157 false true false

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

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

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

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

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

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

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

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

# R STEARTIERE KA EEA

numbers: list[int] = [0] * 5

decimals: list[float] = [0.0] * 5

# Python MIFHEPRLEERKERN 1 WFFEH
characters: list[str] = ['0'] * 5

bools: list[bool] = [False] * 5

# Python HI5IRAILEAEMESWHEAEIBEREMNMRS|H
data = [0, 0.0, 'a', False, ListNode(0)]

3.3 HFLmI *

Tip
TEAFH, WEHEA * FFSRRIERET, GRIRN A RSURSBERE, TRV, FE5ea
RS P RO,


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

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

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

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

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

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

K 3-4 5, A5 Y B AR L

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

1+ (-2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

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

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

= 1000 0001 (J5r4)

——1

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

-+0 — 0000 0000
—0 — 1000 0000

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

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

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

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

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

(—127) + (—1)

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

— —128

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

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

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

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

3.3.2 Fm#mEY

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

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

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

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

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

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

TS s B E SN
D8888800

A A A A A

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

3-5 IEEE 754 tnifE Y float BB RH

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

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

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

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

% 3-2 RS X

8L E SEHLN = 0 SHBLN # 0 HEAK

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

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

o

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

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

3.4.1 ASCIl FH&

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

+idth i H ax +its i FH +it e FH +idt#l i FH
0000 0008  NUL e 33 0010 0001 ! 65 0100 0001 A 97 0110 0001 a
1 0000 0001  SOH TREFTA 34 0010 0010 C 66 0100 0010 B 98 0110 0010 b
2 0000 0010  STX EXFE 35 0010 0011 # 67 0100 0011 c 99 0110 0011 c
3 0000 0011 ETX EXER 36 0010 0100 $ 68 0100 0100 D 100 0110 0100 d
[ 0000 0100 EOT EmER 37 0010 0101 % 69 0100 0101 E 101 0110 0101 e
5 2000 0101 ENQ ER 38 0010 0110 & 70 0100 0110 F 102 o110 0110 f
6 0000 0118  ACK |5 39 0010 0111 ' 71 0100 0111 G 103 011@ 0111 g
7 0000 0111  BEL Let=d 40 0010 1000 ( 72 0100 1000 H 104  011@ 1000 h
8 0000 1000 BS B 41 0010 1001 ) 73 0100 1001 I 105 0110 1001 i
9 2000 1001 HT RTEIEG w2 0010 1010 * 74 0100 1010 3 106 0110 1010 j
10 eeo0 1010 LF #iTH 43 0010 1011 + 75 0100 1011 K 107 e1le 1011 k
11 0000 1011 VT SHHRF 44 0010 1100 5 76 0100 1100 L 108 0110 1100 1
12 0000 1100 FF Evat 3 45 0010 1101 - 77 0100 1101 " 109 0110 1101 n
13 2000 1101 R EEg 46 0010 1110 5 78 0100 1110 N 110 o11e 1110 n
14 0000 1110 50 TR®R 47 0010 1111 / 79 0100 1111 0 111 e1le 1111 0
15 0000 1111 SI BRI 48 0011 0000 ° 80 0101 0000 P 112 0111 0000 p
16 0001 0000  DLE  MiEEiEy 49 0011 0001 1 81 0101 0001 Q 113 0111 0001 q
17 0001 0001  DC1 R 50 0011 0010 2 82 0101 0010 R 114 0111 0010 r
18 0001 0018  DC2 RS2 51 0011 0011 3 83 0101 0011 H 115 0111 0011 s
19 eeel 011  DC3 B3 52 0011 0100 4 84 0101 0100 T 116 0111 0100 t
20 ool 0100  DC4 RS 53 0011 0101 5 85 0101 0101 [} 117 0111 o101 u
21 0001 0101  NAK 5L 54 0011 0110 6 86 0101 0110 v 118 0111 0110 v
22 0001 0118  SYN [BE 2200 55 0011 0111 7 87 0101 0111 W 119 0111 0111 w
23 2001 0111 ETB R 56 0011 1000 8 88 0101 1000 X 120 0111 1000 x
24 0001 1008  CAN B 57 0011 1001 9 89 0101 1001 ¥ 121 0111 1001 v
25 0001 1001 EM R 58 0011 1010 E 90 0101 1010 z 122 0111 1010 z
26 o000l 1010  SUB e 59 0011 1011 3 91 0101 1011 [ 123 0111 1011 {
27 0001 1011 ESC ) 60 0011 1100 < 92 0101 1100 \ 124 0111 1100 |
28 0001 1100 FS KSR 61 0011 1101 = 93 0101 1101 1 125 0111 1101 H
29 0001 1101 GS HER 62 0011 1110 > 94 0101 1110 " 126 0111 1110 -
30 o0ee1 1110 RS RRABE 63 0011 1111 ? 95 0101 1111 _ 127 0111 1111 DEL
31 eeel 1111 us PITHRE 64 0100 0000 a 96 0110 0000 N
32 0010 0000 sp =HE

3-6 ASCII 4

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

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

3.4.2 GBK ¥f&%

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

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

BEE RPN AR, FATRSIIEINE TR, THXHR TR, —J7H, XTI
HEXTREBSHTR, TEESESHE NER LE. H—7m, R—MESEESMTrrEnE, o
R AT RNUE RS2 AR gREEhRME, MRS BB = B IELA.

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

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

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

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

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

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

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

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

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

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

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

BN A ERHARATE RIS 2 AARE DY 10 We? S2br b, X4 10 RER IR IIERH. RIZRGM

—MERATFIIFEMNTOR, A7 3KEE 10 BERSAE B R GEPOE AT H =5

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

AR 0, ST E,

FH

H 00000000 01001000
e 00000000 01100101
1 00000000 01101100
1 00000000 01101100
o 00000000 01101111
" 01111011 10010111
* 01101100 11010101

BEE 3 UiRER 1
RRFHEER 3 F1

3-8 UTF-8 gwi il

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

- UTF-16 %at%: fEH 2 8 4 F1RFR—DFR, TG ASCIL FrHAE A AER 745, #FH 2 7
TR, OEERFFEERAD 4 F1RR. NT 2 FWHHFERF, UTF-16 4wf%5 Unicode 5 s5iHZE,
- UTF-32 9wt%: SNFRAERER 4 7799, XEKE UTF-32 bk UTF-8 f1 UTF-16 B 5 HZE, Fipld

XT ASCIT F4F o5 FLE R ISR

MAEESE SR AEE, EH UTF-8 R P ER @R, BOVENH 1575, /] UTF-16 gt

UTF-8

01001000

01100101

01101100

01101100

01101111

11100111 10101110 10010111

11100110 10110011 10010101

BHATHNE 2 i
BB 10

FEFSCFRF (BlanHs0 SEMER, BB 2 57, M UTF-8 AfREFR# 3 571,
NOREMERIMESR, UTF-8 REMIMRE, 2 TANFEMESHR: UTF-8 .



H3E BUES www.hello-algo.com 60

3.4.5 RIEESHNFHRD

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

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

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

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

KPR L, HWAEES NFRARmETT R MRABIEE, PRFZRR,

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

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

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

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

TP EIRE, #9EE SR T — AR5,

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

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

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

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

1. EREEH

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

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

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

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

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

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

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

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

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

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

2. Q&A

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

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

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

Q: char BBRKER 1 F704?

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

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

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

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

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

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

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

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

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

1110 — 1101 — 0010

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

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

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

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

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

K 4-1 e S EFETT

4.1.1 HAEBIRE

1. #MiafeEhd

BATTA] DARRAE 75 RO R R ARG 773 ToRIR(E. S IR ERTTERREIER T, K2
IRIZIE S 2 BHITERIE N 0

# = File: array.py =

# ¥Iga1LEH

arr: list[int] =[] x5 #[ 0, 0, 0, 0, 0 ]
nums: list[int] = [1, 3, 2, 5, 4]

2. ifinlcE&E

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

TE®Sl o 1 2 3 &

RfEt 00 04 08 12 16

TRKE - &

TRAELE - Bkt + TREKE « TRERS

(BT (GHHEISE)

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

K 4-2 BEHTRIINF LT

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

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

def random_access(nums: list[int]) -> int:
e EEAIARITTE
# X8 [0, len(nums)-1]1 HFEHIHE—NEE
random_index = random.randint(0, len(nums) - 1)
# FREFREIRENITTE
random_num = nums[random_index]
return random_num

3. ARE

BAHTTRENGFTZ “RIREN”, EMNZREA TSR REEE. WE 4-3 For, RAE A S A
AR, WRERZTRZ GHATAE LRGS0, Z/FRHTRMELRIZRG
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BUAhERTENE -
8000 - Epsi:zr—c;; FEX '
'
N

nums[4] = nums[3]

:

BERRAX

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

MRS 1 MENTEE 3 e

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

(3 W1 ]s]2]s]0 gg;igﬁﬁ 0 Bk

nums[1] = 3

:

4-3 BEHFENTTERHA

ERERRNE, BTEHNKEREEN, FEMA-MTROERSFERARTITR “BK7 BN
IR ARRTT SR BETE “FIER" BT,

# == File: array.py =

def insert(nums: list[int], num: int, index: int):
nnn FEERAARYERS| index ZFEANITTE numttt
# {BF5| index UKRZENFIETERGZ—L
for i in range(len(nums) - 1, index, -1):
nums[i] = nums[i - 1]
# ¥ num MH4 index MTE
nums[index] = num

4. MpRTTE

IR, 4N 4-4 FoR, ARMIERERS] ¢ RITR, WFRERRS| ¢ Z/RTTRE AT s —AL,
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fEmIpRTR

H
w
B

EEREEE

n:l.] = nums[2]

o BRERR

= MR —1

EMATHIRES] 1 TR ﬂ 515
N

nums = nums[3]

8000 -
~—r

nums[3] = nums[&]

i

TRMERG, SR TRERR
1

FETE & BERN, TIREER

B 4-4 BAMERTTERRA

WER, MBRTRERE, FAREBINTRES TR 7, FUBIMEIRER BN,
# = File: array.py =

def remove(nums: list[int], index: int):
e ERZRS| index AbRYITE"""
# {BFE5| index ZEHFIBETTERAAIBIM—AL
for i in range(index, len(nums) - 1):
nums[i] = nums[i + 1]

BHRE, BN SMBRREA LN,

- IR BEHRIE ARIMBRA N B E 2R O(n) , Hin HEBEHKE,

- B BTRANKEARTE, RlEHATTRE, BHEHAREEHENTRIER,

- AR WATA] DA — DR AR, HHATH — 5, IXFEEmMARIER, BENRETR
g TR W, (HIXFEHM SIS 72 AR 2R

5. EHEA

FERZHGEES T, BN OET RS e, tha] DERE IR PN ITR:

# == File: array.py =
def traverse(nums: list[int]):
n ;‘@E?&éﬁuuu
count = 0

# BRI IEHEA

for i in range(len(nums)):
count += nums[i]

# HiIZEEHHATE

for num in nums:
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count += num

# REBHEIERSIMTE

for i, num in enumerate(nums):
count += nums[i]
count += num

6. EHTE

FEHAHPEBIEE TR TR, SRHIWOTRER AU, AVLRE S VR,
KONEEH RS BR S, I DA LR ESIRERAR N “ERIEEER,

# == File: array.py =

def find(nums: list[int], target: int) -> int:
e AR E IR E TR
for i in range(len(nums)):
if nums[i] = target:
return i
return -1

1. ¥FEHA

FEERNRGNGE S, BREURIESEHZ FRIAFZ R AT, MWmMCEZ ety REEH AR, HItE
REHIEES T, BAHNRERSZEN,

HRIAIA By AR, WFEFEY —DNERIEA, R EEE TR RE R B, X2 —1
O(n) HRlE, EBARARRIEIN FIEREFEN . AR NFR:

# = File: array.py =

def extend(nums: list[int], enlarge: int) -> list[int]:
AR E
# MR —N BRKEREEA
res = [0] * (len(nums) + enlarge)
# BEHAFNFIE TR EHIRIF A
for i in range(len(nums)):
res[i] = nums[i]
# R BENFHEA

return res

4.1.2 FANRR SRR

BAAFBEESN N RAN, B, ZAMMEUEFEERRRER, RIa] DRI EE R
PABIREEFIHTHRIERCR,

- ERRCRR: B VBRI TIESIHINEER, TCAESMUZER T,

 SCRERERLYIR: B RVEE O(1) RNV FHERTER,

- RAFRERTE: HUIMEBETTRN, IFREAMUSINEE, X% A7 HE R AR, B s
17 RIETH IR AR BRI T IR
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TGS AR B8, HAFEDA R RRM,

- AASGMBRBCRIE: SRR, WA SRR ER S RERITER,
- REANZE: BAAEVGHEREREE T, VAT ERITARIEEHENEA, THHRA,
- MRS RBAH DRI NS KRR, AAZRIE RMATR S T .

4.1.3 #HAHTIMA

HEH 2 — R B WRBERSEN, BN e RE R, Al TSl & & 2 R aiig.,

- BEBLVIR : QSRR VEBEHLIE — LA A, TR AT AR B 70k, FHAER— PRI, HRAER515H
BENLEE

- HIPRER . BRI NEREREFEAREBIREHE, DOdip, VIR, o B REEH T B
BT,

- AR AREPOEES IR BRI, AT E N EIRR, RIS T E
ASCII FSRIBRES, WIAT DAY ASCIL BEIEAR S, Xt R ATC R A AR R R AL,

- PLERES) MR EMM TR, M, KEZRNSEREIEE, XEREAR R BEHE R
PR, KREH R AL I 258 g R o i i o FH O BSR4 A

- BIRETSEL: BT DI TR, BB IRk, HE. EISREARAEN, BN, EIRBEEFERORSE
B b — 4k,

4.2 R

NEFZRZATERFIARTER, £ MERNRFUSTIME T, DRNEZRAREBEENFRL, &K
THNE, fFAESEHINTE D R AURIESHY, T EBEHARR RN, FE A RETC R BLa R AIES 7SR, it
I RER A RGO BL R T

R (linked list) 2—ME&MEEdEL, HPRSNMTRERZ M RNR, B0 REE “5IH7 iz,
FIRIESR T =PRI HE, @ e m] PN BT R0 A2 — R

HER AR EEIS 21 (m] A BUF B E N AL, BRI P it AU S,

FHEERNAESER BN
SR
linked list
— —_— — — —» None
EAT MR
H 51A (EthH
L=
o AARESiE

node

FRERE | spexes
st | PAEEE



Ba4wE BHSHER www.hello-algo.com 70

K 4-5 BERE LS FETTR
MERE 4-5, BERMARBLZTR (node) ME, DT RMEEWIESE: TR “E” FMfam s —1
I 57

© BERIEADNYRBARY SR, RE—NTRERRN B RT.
- R AIEME ‘27, BAE Java, C++ fl Python H45I#28 null, nullptr #1 None .
-+ 7 C. C++. Go Ml Rust FZFHEEVES H, LR “5IH” Ml “faét”,

QBN RESATR, #ERT A ListNode bR T EEE, MEFHIMRE—5IH (B . RILEHERSEER T,
BER ELEAL S B2 N 22,

class ListNode:

nnn %ﬁ%%“ﬁuin nn
def __init__(self, val: int):
self.val: int = val # TRE

self.next: ListNode | None = None # }EMTF—T=RI5|H

4.2.1 §#ERTRIRE
1. MR

BRI NPE, B PRSI RNR, HPREET R RNGIHXR. B, &
TR AMEERR A KT i %, 85 S next ARIKITRIFTE 11

# == File: linked_list.py =

#NAEER 1 -> 3 -> 2 -> 5 -> 4
# FBRHETTR

no ListNode(1)
nl = ListNode(3)
n2 ListNode(2)
n3 ListNode(5)
n4 = ListNode(4)
# METRZE/NSIE
n@.next nl
nl.next n2
n2.next n3
n3.next n4

B —NZR, %A nums 5703 nums [0] F1 nums [1] 55, MifERZ M2 MR AT RSR
A, BATBEHRE N RS ERERIICRR, L DL AR P ABERATIC/ERER ne o

2. EATR

FERERE A SRR A S, W 46 (R, BISITEZERABIIRI A 2 00 Al nl Z A — PP,
MRS A TG (56D BIAT, W 2 O(1) .

M2, fERAPEATRNNAEARERN O(n) , EREHE R FRREREIR,



Ba4wE BHSHER www.hello-algo.com 71

°

..a nl
A

P.next = nl
B% P 5@ n1

e o_-0

EERTA n0 7 nl ZEEATS P i -

nd.next = P
B4 no 5@ P

B 4-6 HERAEAT AR

# == File: linked_list.py =

def insert(n@: ListNode, P: ListNode):
e ERERMT A N0 ZEBATS P
nl = nBO.next
P.next = nl
nB.next = P

3. MRS =

nE 4-7 FoR, FERERFPMERT SAER 7, RTE ARSI GEED B,
HER, RETEMBRRIERE T A P ARALER n1, (HE0R Lw At ERCETTRVINE P, IXEKRE P
EANHETIZHER T,

n@.next = nl
< no 3@ n1

A A

noe nl
A

il
ERERTHSETS P

MkRTErRE, 272 P HAER
nl ,

BEHEREELEFNE P,
HEZFMBART R P BHEBER
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K 4-7 FERMBRT A

# == File: linked_list.py =

def remove(nO: ListNode):
nnn RRIBRGERMITI S n0 ZEMEANTESa
if not nO@.next:

return
#n0 -> P ->nl
P = n@.next
nl = P.next

n@.next = nl

4. KRB R

TEREZ P IO RCRBRE, 40— AR, BATATME O(1) B R U AL (LR e R, BRI
9, FFEEMLT AR, BAEES, ARSI ERT . R, VIR N S
i — 1%, WIREZRENO(n).

# == File: linked_list.py =

def access(head: ListNode, index: int) -> ListNode | None:
"R EERAPRSA index BYTI R
for _ in range(index):
if not head:
return None
head = head.next
return head

5. TR

WEER, BIREAEDR target BT, WHIZTTRERERPNERS, HdREtE TF&EERK, BEaR
FlR:

# == File: linked_list.py =

def find(head: ListNode, target: int) -> int:

nen IREERPEREN target MENTAM
index = 0
while head:

if head.val = target:

return index

head = head.next

index += 1
return -1

4.2.2 ¥ vs. §ER

R 4-1 B4 7R BERN S IR R L T HBRERCR . T e IR A R S A7 BRI, (R A
FIRAERICRth 2N 2 AR R
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*®4-1 BEHSRERMRERXT L

g B
TR TR SEATEEE
BRIE  RERTE AR TR
PTERCR TR, HIRERESE  TESINES
pieE  0(1) O(n)
FIEE  O(n) 0(1)
WigEE  O(n) 0(1)

4.2.3 BRHERER

i 4-8 Fow, H LAY RERR AU E = #f,

- BBER: RIRTHE AR EEEER, SERERATT RS S ENEER T T RS NI, AR &
M RIMLT R, BRE DT RRNET A, BT RTERZ None .
- WBEER: RIS HEBERE T AREART R (HREMAR), WRE—PIPHER, EPHER
R, AR R AT AR ST R
- OWmEER: SRmMBERMLL, DERERICR TN AEG . ABERATT RUE RN & e a4k
Tl (R R) MR R (E— DD W5 (et ART AR, AR ER RS
P, ATCAEAMASTTIAE P RERR, (EAH Rt th R & S 2 R P A

class ListNode:
non iyﬁ%ﬁ%,ﬁ%" nn

def __init__(self, val: int):

self.val: int = val

self.next: ListNode | None
self.prev: ListNode | None

# HRE
None # IEMEHTIRRIS|H
None # 1EMEEIRTISBISIE

PrER

singly linked list

0-0-0-0-0--

IR

circular linked list

0-0-0-0-0

MR

doubly linked list

e O0-0-0-0
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B 4-8 HIBERMNAE

4.2.4 FERHEEINHA

BB R T, BB, I dm R S Bm 4t

- B BNII: LR AR BRI FARAE BER I — It AT, ERBIAVRHE N SERE G, WA, i AIR(E
TEFERM —IiitAT, MIBRRIEIERERAY S —ImitlT, ERIRRRoN et dett, X RS,

- TR RESUIER ARG PRI ER TR —, ERTRT, FrEMRIDURA SIS — MR
o

- B AERREFOREN—AE TR, EAP RSN TURERS — NMERMSE, RPN TRAR
TG RIS AHIE R HABTH

MAHERH T HR ZPOEE AT — MG — NT R R,

- RSEIREH: LN, B R, BANTETIRTRR T A, XA PUE R S R — e
AT RS I FSRSEEE, BT XABER,

- PISERR DR AEM DTN, S S AT S IR N, SRR EAIE A P i RN ARG —
JE— WL, AT HER AR P (SIX MR E 215 fa] B

- LRU B3k %A EIK (LRU) Bk, WATHEPOEIREIRIT R SR, PSR PIEE I
FIMIBRTY o IXMHBE AR A BERAAE R &1&,

INEBER TR IIERER 5, R ER S BRIRE E,

- IR RREPERIL: FERERGT, WA AR HEE R — M W CPU AR, BREXN—
FUARRHATIEIN, BN ERPORT— DN R, MR AT, CPU YRS N — MR, XAhE
MR RT DU R R R S

- BRI R RN X RISLBLT, MATRER MNP EER, LRAIEE, MRS, B
TATRES W R DERMBIF N —NINEHER, DAESIITICSERR

4.3 HI&R

FIF (list) B PMHRIBIRSEIMS, ERTRARFRS, FLRER, B @, mERiEmn
FHRE, TTOUERE S ERERBIRIRIE, 53A] DT R s S,

- R DVEE IR, HERrR &SR, I H T ARESEST A
- AW RTREM AR, HBETHREAAZE, REREEE—MEARERGIHGIR,

SEEHBAHSBIIRN, REAERNMERE SBEIRNLATERS, X2 ENBNEFE TEF e R =
fefitZ D EE, ATHE POERESERIFIRKE, HRE/D, MIRARETCEREEMRR, BHREDK, N
RIERANFZ HTR

HNFRRIF R, FATA] DA NS 3R (dynamic array) SRSEHIFIFR, B THEHRNATULR, HHHATLA
TR B T RTIE TS A,

Khr b, VPSP & TP RAR RSP RER AL T ah BB B, BI4n Python FPEY list . Java HfY
ArraylList ., C++ 1) vector I C# FHY List 55, FERE PRAYTHEH, TATRE “FIR" i “shassidd”
A5 R AR &
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4.3.1 FIRERIRE
1. MaksIR

BAT@EFEMH “TCOBE” f1 “BoaE" XPAYIGIL T %:
# = File: list.py =

# WMRHYIR

# THRE

numsl: list[int] = []

# BYHRE
nums: list[int] = [1, 3, 2, 5, 4]

2. FiElTE

FIFRA R RS, RIERTATE O(1) BFRINTTRATESTITE, R,
# = File: list.py =

# IhiRlTTER

num: int = nums[1] # HEZES] 1 B TE

# EHTHR
nums[1] = 0 # BZ=5| 1 AMNTEEHAN 0

3. EASHRTER

MR T, F1RAT DL BRI S MERT R, EFIRBERMTTRENNEEREN O(1) , B AFRMER
TERIBCER S EEMR, NREEZEN O(n) .

# = File: list.py =

# BTHIR
nums.clear()

# ERIARMTE
nums.append (1)
nums.append(3)
nums.append(2)
nums.append(5)
nums.append(4)

# fEREIEANTTER
nums.insert(3, 6) # 1£Z5| 3 WENEF 6

# MikRTTER
nums.pop(3) # MBRZR3| 3 ABTE

4, BHYIE

SEAH—H, PIRATDIRIERS 7, thal ERESITR.
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# = File: list.py =

# BERSIBHYIZR

count = 0

for i in range(len(nums)):
count += nums[i]

# BZEHYIRTE

for num in nums:
count += num

5. BHEFIR

LB — IR numsd ,  FATTAT DORF HDFRE R R SR AT 2 BE
# = File: list.py =
# PHERYIR

numsl: list[int] = [6, 8, 7, 10, 9]
nums += numsl # ¥§FJFR numsl BHEE] nums Zf5

6. HIFFIR

SEBSNRANTE, BAMERT A EBEEERINE P AEHER "0 M WEE" /i
# = File: list.py =

# HEyIR
nums.sort() # HFERE, JIRTEMNIIKHES

4.3.2 HIREM
WZmEIESNE 7515k, Fla0 Java, C++, Python &, BB E S, S MSEEE AR
5%, BIAWIEER R, T 5SS, OSBRI 38 A AE TR A T4 >
T HIRNFIR TAE R, AR — DM SRR, SR = E AR
© WIS R AR EBENEBEVIGA R, TEARBIN, BATER 10 (EAWIGRE &,
- BRIl AR size, FTIERYIFRYHITREGR, JFME TRBARMBREN EH, RHE
HAEE, AT LAEAFIRERS, DANHIME SRS A,
- PEYUR: EEATRERNYIRARCH, WFREHITY A SR 258003 — DN E RIS, Bk
YRR T TE A RO, EAORII, Sl WU RO 56 5 2 R 2 £
# = File: my_list.py =

class MylList:
non 7§|J§*7éll nn

def __init__(self):
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men S E "

self._capacity: int = 10 # FIRAE

self._arr: list[int] = [0] * self._capacity # #UH (FFHEFIRTE)
self._size: int = 0 # FIRKE (HYFiTtEHE)

self._extend_ratio: int = 2 # ®&XHIRY BEIEE

def size(self) -> int:
e SRENGIRKE (HEiiEHE)
return self._size

def capacity(self) -> int:
nnn ﬁﬁyb‘”%g%u nn
return self._capacity

def get(self, index: int) -> int:
e gpa)TE
# RS|WMRER, WMERE, TH
if index < 0 or index >= self._size:
raise IndexError(" ZE3|#RE")
return self._arr[index]

def set(self, num: int, index: int):
nn EEEITER
if index < 0 or index >= self._size:
raise IndexError(" ZE5[#FE")
self._arr[index] = num

def add(self, num: int):
nen ERERAINTTER""
# TEHEBHAREN, LT B
if self.size() = self.capacity():
self.extend_capacity()
self._arr[self._size]l = num
self._size += 1

def insert(self, num: int, index: int):

v FERRIEHEATTE" "

if index < 0 or index >= self._size:
raise IndexError(" ZE3|[#RE")

# TEHEBHAREN, LT B

if self._size = self.capacity():
self.extend_capacity()

# 5| index URZEWNTHRIBREHE—II

for j in range(self._size - 1, index - 1, -1):
self._arr[j + 1] = self._arr[j]

self._arr[index] = num

# EMTENE

self._size += 1

def remove(self, index: int) -> int:

R T

if index < 0 or index >= self._size:
raise IndexError(" Z3|HRE")

num = self._arr[index]

# BZHR3| index ZENTTEEEFIZEI—AL

for j in range(index, self._size - 1):
self._arr[j] = self._arr[j + 1]

# EHTENE

self._size -= 1

# REIRMFREY TR
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return num

def extend_capacity(self):
nen GRyTE"
# MEBE—NKEANRLIEE _extend_ratio ERVFTEER, FEREEAEHIZIFTEEA
self._arr = self._arr + [0] * self.capacity() = (self._extend_ratio - 1)
# EMYIRBE
self._capacity = len(self._arr)

def to_array(self) -> list[int]:
" IREIBEREKENSIR"""
return self._arr[: self._sizel]

4.4 RESEE"

TEAZRRTN T, FA RN T EAAM BRI R B B BRS, eNosRT G876 M
“IIEUEET RS,

KPR b, VPRGSO EUGE 7R M AR BE IR, s B TR R 7 BB A PR RE

4.4.1 HENFEILE

HEN ARG =M EME1%E: B8 (hard disk). W7E (random-access memory, RAM), 2&7F (cache
memory), 3R 4-2 JB/R T ENHEHHEN ARG AR A R ERER s

R 42 HENBIFER S

(T8 [FE A7

A& K iEdE, WISRIERS, IRREESANSTRRFIIE  fAREE R T MRS, B>
By, XHF FEACERATER CPU i

ZRNE LIEEVER S RIS S UIEEVERS GRS S LIEEVER S EPSESS S

wE BK, TBYH| BN, GBI JEH /N, MB 231

T g, JLEEJLT MB/s ek, JLt GB/s e, JLtEIJLE GB/s

ks (N B, JLIEELT/GB et, JLTEJLETT/ GB JEH 5, BE CPU TR

R

FATTRT UK H BN ARG R Y 4-9 IR BE G, AR T & 5 BE TV ) 17 1 28 AR P R, &
BN, AR, IR R AHER, TR EARE S TR RS RUE AR,

- WEEEDAINAF IR, B, WEFFPRIEIRAN R REE, FIENES KIEEREE, HX, W
HIRA SRR LA, IX (A e X AETH B8 T K

© RAFRIRA RMEEEAE DGRY, BEE L1, L2, L3 BENARBSMA, HYBER2TK, 5 CPU
D2 AR BREE B R, AT SRR RN RN, JTTRTRERE S, FYAERT, 22K
HIRAFEA R A R, TR A 2[RI R P
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CPU

e L2 Cache

HREE B8

{7354 HDD/SSD

K 4-9 HEHIFERS

Tip
HEHRIEE R REAIEIE TR, BFREMA =3 2RI, LR b, XA s AT
i Tk, BZSRBAHEA R BIPEEAIBR ] < AR B - R

R, BEELH T RIGIARER REBUE, WA TR AR 1217 EAE e PR, 2247 W T 120k
SWEVIMNBIEIES, DIREEFBITHCR, =& HAE, MR EIRESI0E1T,

aniE 4-10 FoR, ERFPIBITR, BURSWEEHHIEREINGEF, ft CPU HEMMH, &FaLEME CPU R
—#kr, BN MNEINEEWE, 4 CPU Rt miE R8I, MIMEE R FRIHITRER, #)
KRR HIAF AR

CPU

B 4-10 REEL. PITFRIZRAT < TR RO E

4.4.2 HIEEHHIATFRE

FENFERIFI7H, BEHMBERS HBAEMRRME,

—77 T, PWARARRE, HE—RAFARESZ MRS, KB E RS RENS R AT sE = ot Al
2, BEHRTTRREEHS, AR EHOMISRRAAERER T AR AT IR (FaEh), RIS AR e, SR1,
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BT E R E R B HNES SR, XATRESBNFIRSE, Y A th R EAIMO I A2 A RAR
MHEEZ T, S8R TR NRALEATAIAS N SRR, SRt T BRI RTEE,

i, RIS, BERENIESRBNE, ERNERRER R SRR, i TN
HMARCER AR, BHBTHESKFET R, HNAES SBAFERR . Mk, BERIIITTRR 2 HETFER,
FESREITR A S BRI, HR S FEPFRER L,

4.4.3 HIEEHWNERTTFRE

A BREZEAEE BN TAE, HELRRFREG S, ERFPITERE DEEECEZNEM. BTRF
A EAR, HREFE—NE Y RAEdE, FitY CPU VSRR EHR NMERA PN, MRk EE
KapH (cache miss), It CPU AMGAMIEERARHT AAF AR ANE T 7R 2,

BAR, “GAfARmD” @D, CPU BSBIRIIZR MG, P Eabthptiltr, BT CPU WNEFHHIIER
BEURRIELBIFR N EFa R (cache hitrate), X MMEFRIEH HREREZFICR,

N T RATREIREISE mAURCR, fr 2 RIA N BRI EALH

©BRAHT: RAATCRBRADT AR SINEEE, TR AR T AL, LT ARG, AT
Rt = R

- FRIOHUR: ACERER 22 AR BRI RS (BRI, [EE S KBTI RSE), FARFER E A
R E R 2 H, MMRT a2,

- WA R DB, AR ERNEREEE T REL I R e, I, BRI
fai, WSIEHENNLESE, PadmamrhsR,

IR AR D EAERTE, B ETENARR SRR AT REFHR BT H), A M — B, @i
TRE IV M BRI man R,

Khr b, BERMBERMN RN ABCR R AR, EZARBE IR L5,

- AZEE: BERTRMEATTR S AERE S, SBEFTENNAREIERE D,

©OBRAMT: REREURE D BENGERLL, MR TR By, RIS e R LB =,
- PHHLH: BEH EEBERA BRI UCE R TR,  BIRSTE A 206 BRSO 2 2.
- BRI BB R ER RN R, RN BRI A 2E A AT RERIR 7 M),

BATE, BHBRAERNEAG PR, FeEReEdes BaE Tk, XESERREIAREN, &
TR SRR R A A 1 B 52 X,

TEERRE, MEARCRIFAERABAERA N O P T8ER, SEhri A Frk IR aiig, MR
PR BT RRDUE, BN, BEHMBERAEATDASKE] “4%” HdREg (F—EX404), HEMER T
L7308

- TEMEEEIN, BATSBUA TR AT B SIRAR, EoOVERE T S aI R ERCRMBENL I RIATRE
5, AR CUR TR E RN B —E KN A3 R

- WEREIRRAEE R, shSERE, ARRIBUHARDELIE T, IBARTRERIIMAEI &E, HERAET
FeRBERUE B E T ARy, I Hit e 78 &I NT#.
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4.5 N

1. EREEH

- B R AR R BARSEN, A AREREBARE T BN PRI A7 3K e A A B
SR, B AR R S AN AR

- BERSGRRENLIAL, SRR (B ARIPRO TR IR, MG E KA AT,

- REREN ENG I (R SCBUEREIT RAE A SRR, HAT AR TR RS (R RRAR, o
MW, NSRRI s e, IMPBRER, TAHER,

- AR -MSRHEMERRITR A RS, EEETISBEHSEIL, CRE TEEHY, FRATDAR
GG NN

- FIRATHPURIETE = TR, EATRE BRI N7 2 AR PR,

- REPIBITN, BUETEAMEENGE T, BEHRHRE SNSRI, TRERNITEAN R 3R
o

© RAFIES AT, PO DAK =2 [ e P AT (R R SR MRS BdE B, O CPU $RBEPIEER VI,
BETITHEF I PTRCR,

- MTHHAAERENRFMTR, RILEEE R E SN, EREERaan, MARNE R AR RN
SIS kR,

2. Q&A

Q: BCEHFMEIEM ERIFARETEE b, XN TR RN 2 RIS 5 S22
B TEARR LA L AR AR A IR RSN F S RN, BEIRVERCRELA — B 2RI, ARAIHERAG % B IR
W, TS AT A

1. ECRIBERRICE . HB— B/ NINAE, rBCHSRIEEs BBh5eR; MHENFHENER, 7] DATEARES )
Ao, ERSWEA . R, HEERoECRTREGREE R LAk ERE,

2. KR/NBRH: HTFERE RN, HER RN —RSZ IR TR NAE, R HE B DS & 706 R,

3. RIEM: & ERBAN K NEFEEmRIFENE, MmN KN DAEIBT T BhASHE,
Q: N LBEHERMFEZRAITE, MERERPEAE A mIERE RS AE?
PERAMT AR, TAZENEDSIH (F8E) &R, SRR DAEMERFEIZRELAEE, 0 int, double,
string. object %,
X HE,  ERZH T RN BT AHEIZEBURY, IXFEA BRI T B WS & SRR BO N T BN B, Filan, BEHFRRE
& int F1 long MiRhET BANTESFIG R 4 0 8 &1, WHREMAREAMU TTARTEREE T, EH
BAHPERE TR TEKE,

# TEAFMNE = BARFLE (BxERELE) + TRKE *» TRRS

Q: MBRT A PG, BEFEM P.next %4 None ME?

AMEK P.next tha]PL, MIZBERHIAEE, MATNRIBHEIETREZNZBEIP T, XEKRETHRPE
ZEMBERFPINBR T, I L P ARIAIIR AR A S BE R AL R,
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MEHREE SRR (8D AR, THITHRAXR, HRERIEEFINEHEZEMIRIT. MAREZER A
EE, WITEMZE, @WREMEW. WRAMIT, BOREMERT SORBIER R, IRAEREIEET R
HIPAF R

Q: ERERTHARIMBRERIE NS RER O(1) . LRI ATEEE O(n) MNFAIRTE, W
LIRS ZERR O(n) IE?

MERAEHTE, FIRITE, NIEERERIUE O(n) . AT, BERE O(1) SRR DL E s
FA_EARBIRL, I, TFIBAE & MR, RN — MEF R RIS AL A, FR
NSRRI O(1)

Q: B “RERE ST, IREGIEMET IR S A IS ? IR AT RERS S
We?

ZoRBEREENROR, ERRRHRERERAREIET 2T,

- ANFEZEPUR SUE S B RS2 ERY, ER4N int, long, double FISERINR<E,
- TR R G RIS R MRIE T (8 AR E RGN AR TE, K2 N 8 F el 4 777,

Q: FEFIFAKRFIMTR R TNEZIZE N O(1) ?

GERAITRME AR KE, WTRECY RYRERM, RIEXHIE—HUINE, HREYRNTE T
Ezd %, XNENEEZRERSE O(n) .

Q: “FIERAHBIM AR I = T ARSI, HATRESBEER DN AR, X HE SRR SR R MY
A RAAE, KRE, 380 SHAEE?

XERS R EEEM IS — i, YIRARIBE MG RE, BN —EREARXLZ; 5—
Ji, NTBIESES R, PR BREEU-DRE, i x 1.5 0 Xk, hathBlRE A, BilE
HARETE 2R EN .

Q: £ Python HliAfL n = [1, 2, 3] /5, X 3 PCRABMALRMERN, E2400%EAkn = [2, 1, 31X
RIENFDITCRN id FHAZES, T2 HIER n HEIHRE, XETTRIHIENES:, T2 m 2
5?

[BRUHEFIRTCESAFER T A n = [n1, n2, n3, n4, n5], EHEEN NIX 5 MRS R WD BAEEEN
&AL, 8T, BE— NIRRT, BAWHARTLATE O(1) I ] PAERECT s AFE AL, AT ) 100 Rz F) 7
o XRRNBAPAERR T REIHE, AR RA S,

H5WZIEF AR, Python FREFHEEINNR, FIRPEEIARETAS, MENEFHITIH,
i, ML N BT FRER - id, HHRXER RN TCAUESE,

Q: C++STL H[HifY std:: list EAIH AHER, HIFE - LERRH ENE2BEZERE, B2 AERY
At 2 RRMENE?

—JiH, BAVEFEESRERBEHEBRE, mAELENAEHER, EZAWDER,

- BEJFE: BHTENTRFENDESMUIEHE (—MHTRI—ME, — P MHTE—MTR), M
std::list j@H kt std:: vector B 5 H=H],

C BEAKRG: HTEIEARRESLGFRD, KW std::list M EFNAHEHK —BRBERT,
std::vector FERES H LT,
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75T, AR FRER A T B ORI, HAIASITE T iR A S fR Y stack Fl queve,
MAERER,

Q: #fEres = [[0]] * n AW T —P4E5R, Hrpg—1 [0] AEMIZAINIG?

NRILH, MZ4EPIRAH, FrER [0] SR 2R — MRS M, RBMMELHF—IITR, KM
FITE B TR A = B 2 PR

WA 4G R AP AYEAD [0] AR MNZAY, ATCAER res = [[0] for _ in range(n)] RSEH[, XA
FFRBEFEZ YA T n MESZH) [0] FIERNS,

Q: #HfEres = [0] * nZEWR T —PAIE, Hbf—NEE 0 #RRIZHIIL?

FEIZINRA, A% 0 #RR — X RIY5IH. XZ2EN Python x/NE#r GEHZ -5 2 256) R T4
R, DUERARMASREM, MmiEHrEEe,

BRENHEAR — DR, EERIMBAA DHIZESSRP I NITR, X2EN Python FEEIE “AA]
TR, YEANMELFEANTCRN, SR LU S — DINRI5IH, RS ENRA S,

RN, HHIRTTRRE FIENR I (BIENFIEL, FHEEEAIE), BUGEN TR ERSE N ALY,
FTE 5 RZS RETTR A S A R 2,
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Abstract
Fean F 50, R SIS IE I HER o
ME AR NG R N B A,
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5.1 %

t (stack) J2—FmEfEL NG HIZE LM R,

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

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

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

mlmfﬂm \ / /

HRE

B 5-1 FAJe A JE AL

5.1.1 RS REE

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

R 5-1 FREYFRIERCR

Ttk fiipuy I ) A2 2%

push()  JEEAR (RMERTD  O(1)

pop()  IRIULH I 0(1)
peek()  VINIHLTILE o(1)

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

# #tatE
# Python ZEWNEMERE, ATLUE list HEtRRER
stack: list[int] = []

# TTENX

stack.append(1)
stack.append(3)
stack.append(2)
stack.append(5)
stack.append(4)

# IHIARITER
peek: int = stack[-1]

# JTERH%
pop: int = stack.pop()

# IREVERHIKE

size: int = len(stack)

# HIIEE AT

is_empty: bool = len(stack) = 0

5.1.2 #%RBySm

N TIRN T AR Ia L], BAPRZAE DR — S

FRIEIESE NG AR, BT S REFEARTAAS ISR, JAT, BN BERET AT AR A B AN
MERTCER, DRER Al AR —Rh3Z BRI B s ., Huf0idi, FRATATLL “Brill” B sieaRait o Jok

BfE, BEHXINRBIAEEAT SHARE,

1. BFERNEN

(P BERSCIARIY,  FRATAT DLRF R A S A ARTH, B A AR,
G 5-2 Fow, W AERAE, BATRTROTRMABERSLE, XM S ATTEBRR Y Sk, maT

HRR R, TR N EER AR IBR BT AT

EETRRER ]
RIS

Step 1 Step 2
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BRI S
ss ©
o

!
S
-]

EEXIRER 1
IR ,\?

)
s ©

pop()

[-[-]-]-]

‘ Step 3

Bl 5-2 B THERITIMERAI AR HARERE

AT 2 5 T HER LA A R I -
# == File: linkedlist_stack.py =

class LinkedListStack:
nnn g?%%;iﬁ!ﬂ"}*&“ nn

def __init__(self):
nnn *@ﬁ)‘j—iin nn
self._peek: ListNode | None = None
self._size: int = 0

def size(self) -> int:
te SRENAREVIE" "

return self._size

def is_empty(self) -> bool:
nnn ¥U|iﬁ$£%§ yy §u nn
return self._size = 0

def push(self, val: int):
N
node = ListNode(val)
node.next = self._peek
self._peek = node
self._size += 1

def pop(self) -> int:
num = self.peek()
self._peek = self._peek.next
self._size -= 1
return num

def peek(self) -> int:
R V1L = A bave
if self.is_empty():
raise IndexError(" #%AZ")
return self._peek.val

def to_list(self) -> list[int]:
nen B ASIRBFITED "
arr = []
node = self._peek
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while node:
arr.append(node.val)
node = node.next

arr.reverse()

return arr

2. BTHAENIH

(S FHECEH SEBIARIN, FRATTA] DURBCEHR RN ARTA, QI 5-3 R, A kk'S AR A E 7 710 i /5 242 e 0
AcRSMERTR, NRERERHN O(1) .

push(4)
B | mamsen _
N l ]H’ﬁ | RRE gﬁ:énga
g ERTIRRNA o g a EERERENAE
FIRMAEE FIMRIMAEE
a a8 e
57 | 1 n HRE n
HE o T
Step 1 ‘ Step 2
Hi%
pop()
HssBER TR
g EEERENA FE a
FIhRMAEE
a
[ 1 ] R
Step 3

Bl 5-3 B THEHITIERRI AR HAR R E

BT ARRITCER AT RE S TRIAS TN, R BATTAT DARE a8, IXARtTe /i B AT A0 BB ™ )
PAR 7l s -

# == File: array_stack.py =

class ArrayStack:
" BRI

def __init__(self):

S A
self._stack: list[int] = []

def size(self) -> int:
non ﬁﬁy*iﬂl\]ﬁ]gu nn

return len(self._stack)

def is_empty(self) -> bool:
nnn ;{U'igﬁ.*&%zﬁ: ‘\ §u nn
return self.size() = 0
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def push(self, item: int):
nun )\Till nn
self._stack.append(item)

def pop(self) -> int:
R o5 A
if self.is_empty():
raise IndexError(" #&RAZ")
return self._stack.pop()

def peek(self) -> int:
" AR IT R """
if self.is_empty():
raise IndexError(" #%AZ")
return self._stack[-1]
def to_list(self) -> list[int]:

" R[EFIRAFFTEI
return self._stack

5.1.3 FRFhSCINFTEL

SCRHRAE

ARSI IRAR SR T RIS TR (R, B SCIIRSNSCRBENLI I, (EXXEREH THAE ek, Kt —%
AZHE

RV ES

FERTREARISCIL, ABMIHAR BRI ERE R D BCAF RESE AT R IET, BATRGFIRFARINE, KRIH%
R R, WRAENEHBHA R, MY AHH, SBORRARENN RS REE R O(n) .

TERETHERASEI D, BERMY BAHERIE, NEE LIRS Y ANRCRER R, B2, AMHRFFRE
PG N GOH B dEEr, BRIRERAT IR, N, WRAMTTREARSMETRNR, AR AR

SRt ER, T RRCR,
LR LA, YRS HEARIER TR R A RTINS, HI40 int 5 double , FATATLASH DATREEIL,

 RET BB EAE A AN 2R, (EH T AR IR, HIHPIReRE &,
- BT RERRSCEIRIR AT DR AL S RS E HURCR R I

R

FEWIEIIRIS, RAXNIIRDE “WIEHRR", ZARARBBEHIIRTR,; HH, ¥ ayLsbE s 22k
SEER (BN 2 %) AT AN, PV ARENARBATREEL KRR R, Fit, TR REER—
22 IR B

2RI, HTRERTT TR EHME TR, IBLRERAT LS A2 MR,
gi b, BATIARERT S thifE WERP SCBLE AN & NAE, T e B EOUEAT 04T
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5.1.4 HRAHEWE

- PSPPSR SR, PP S R, SETANETITRRIM DT, MY ama E— R
TIAER, IXFEBATR AT DO e R R EE 2 E— 0T, JRIRIER(ESEPR BB AT IR, AR ZE RN
FEIBAATIE, BT Z N MR & 5

- FRPAERL, SRV RN, REESERRTNIN— ML, HTICRE S T SUER fEiEH
PR, A IR Be S AT T ARRERSE, T LRI B S AW T AR R

5.2 BA%I

FAZ! (queue) J2—REIESC AJCHE MM SRR, B8 S, BRAIRL T HEAERS,  BIGHr KA A AT
IMAAFIRERR, AT BASI SR NB A BT

G 5-4 FoR, BAOTRAFISKEFR Y “PAE", REARy “IARE”, RETTRIMARNRBRERIENR N “ABL", M
BRIAE TCRAVERIEN N “HIBL”

BAZY HBA HBA
queue pop() pop()

B [
i | /

A /

BAR [
NBA NBA
push(5) push(4)

B 5-4 BASIRISE A e AN

5.2.1 PASIERREE

BABNA 8 WARMEAN SR 5-2 FR, TETENEZ, TRMEESHINESATRES AR, RIELRHES
ISP ARE S

%52 RN
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kg R I [F) &2 2
push() JCEANR, BPRTEFMEE  O(1)
pop()  PAEJLERHIFA 0(1)
peek()  VilRIBAE TR 0(1)

BATA] LB R I iR 1 & AR A2 «

# = File:

queuve.py =

from collections import deque

# ¥R BAT
# 1 Python H, FNT—MEWN@EBATIZE deque HIEBAFIEEF

# B queue.Queue() ZBLAIERIPATIZE, ERKEFA, FILFHERE
que: dequel[int] = deque()

# TTENBA

que
que
que
que
que

.append(1)
.append(3)
.append(2)
.append(5)
.append(4)

# IHRIAETTER

front: int = quel[0]

# TR

pop: int = que.popleft()

# FRENPATIRIKE
size: int = len(que)

# FIEPATIR B AT
is_empty: bool = len(que) = 0

5.2.2 PBAFISCIR

*O

1. BETFHERMNEN

N TSI, AR E—FMEARLEH, P DE—SmAINTeR, HaES —umbRTsR, BERMBEHET S %

i 5-5 FioR, AT PLRFBERAT “SKT5 0" F1 RT3y “INE” 1 A", MUEIARE AT ERN

T, BANE DT A
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B b
FNERRED
- PE @ ::p:h(:.) KR 9
Ik 1 a .ED =E= QEi»
EELHESE ° n EELRERE 5
= M EELIIAF | o I EELIAT] /f
| rea (O (- )
- [ E@S
| step 1 | Step 2
oy
pop() iRk R

e @
,
EELIERE (-]
B8

PRI AIBATI

‘ Step 3 |

B 5-5 FETHERIIMBASIAI AR AR E

DA 2 FABER SR PA S A :

# == File: linkedlist_queue.py =

class LinkedListQueue:

non g?%%iiﬁlﬂl‘]ﬁkgu non

def __init__(self):
nnn *@iﬁﬁiiu nn
self._front: ListNode | None = None # kT1m= front
self._rear: ListNode | None = None # ETm= rear

self._size: int = 0
def size(self) -> int:
non g%ﬁyl}*yuﬂgﬁgu nn

return self._size

def is_empty(self) -> bool:

non 3{“&&[&*7;‘”%?%? nun
return self._size = 0O

def push(self, num: int):
e NpAM
# EETRERM num
node = ListNode(num)
# WMRBATIAZT, WSk, BEFSEBIERZTR
if self._front is None:
self._front = node
self._rear = node
# WMRNIFRAZE, W ZTRANIETRGE
else:
self._rear.next = node
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self._rear = node
self._size += 1

def pop(self) -> int:
A
num = self.peek()
# MIpRLT =
self._front
self._size -
return num

elf._front.next

s
1

def peek(self) -> int:
e e AETTE "
if self.is_empty():
raise IndexError(" PAFIAZE"
return self._front.val

def to_list(self) -> list[int]:

mn B RBIRAFFTEN

queue = []

temp = self._front

while temp:
queue.append(temp.val)
temp = temp.next

return queue

2. BTFHAENEH

TEHAA PR E RN A EAEN O(n) , XX FEHBIRIEBCREAR. AT, BATAT LR F5275

RS IX A AT

BATAI A — D& front fEMNETTENRG], HEF — 1L E size H TIERAIIKE, EX
rear = front + size, XPMANIEHA rear fFAINETTEZ T —MIE,

P, BaPhaSaE20EIXEN [front, rear - 1], SAHRIERSZINTEMIE 5-6 Fir.
ANAERAE: i AT EIRES rear RI4AL,

HK size N1,

HIBAIRAE: TR front 3HN 1, FFK size WD 1,

AIDAE ], APAFIH AR EET A TR AT — R AE,

front 1ERAMTIETR
rear {EEMFIBTE + 1

rear = front + size

PAE

front >

ok | Mo
size = 4
REEI2%A
IR IBAT

an |

rear >

e .
Step 1 o

IR AR O(1)

ABA
push(&)

Step 2

1. itHRIES rear
2. ¥TEFME rear &
3. % size B 1

front >

EEEREHRA
FIMRIMAPATI

BT

size = 5
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1.4 front B 1

2. %8 size B 1

HEA E
pop()

N PAFHERE
front n \ .
a EETRENE B e
] FHIMEIIIBATI a
o

Step 3

B 5-6 FETEEHIIMASIHI AP HBAIRAE

TRATRER B — DAL FEAWIHEAT ABARIH AR R, front F1 rear ARFEMIGRSEN, L EMSIAEAL
TR ERICTRARSRS AN 1o O T AR, BRATTAT DAR RN B AR IR

MNP, FANFELL front 8L rear LRI BB, BEHERIFIBEH LIRS E T, X0 IR
AT PAOEN “BURIRIE" RIS FAR:

# == File: array_queue.py =

class ArrayQueue:
mn BT IR A S RIBA T

def __init__(self, size: int):
nnn *’qﬁﬁ;i“““
self._nums: list[int] = [0] * size # BFIEMEMTITTENIERA
self._front: int = 0 # PAEIESt, FBANETE

self._size: int = 8 # BAFIKE

def capacity(self) -> int:
nnn XfHYBA@JE’\J@%" nn
return len(self._nums)

def size(self) -> int:
non ﬁﬁyﬁkyuﬂgﬁrgu nn

return self._size

def is_empty(self) -> bool:
nnn ¥|J&HBA§|J%?:I: ‘\ § nun
return self._size = 0

def push(self, num: int):
e ONBAM
if self._size = self.capacity():
raise IndexError(" FABIE#H")
# ITEBAEIEE, FEAPARRS| + 1
# BEEVRIZIESI rear HMITEEEIBGEIZEISLER
rear: int = (self._front + self._size) % self.capacity()
# B num FIDZEE
self._nums[rear] = num
self._size += 1

def pop(self) -> int:
nnn HjB}\II un

num: int = self.peek()
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# PAEISHREREs—, BEIE, NREIFIEHAELS
self._front = (self._front + 1) % self.capacity()
self._size -= 1

return num

def peek(self) -> int:
e pE A E TR
if self.is_empty():
raise IndexError(" BAZIAZ")
return self._nums[self._front]

def to_list(self) -> list[int]:
" R[EGIRAFFTEI "
res = [0] * self.size()
j: int = self._front
for i in range(self.size()):
res[i] = self._nums[(j % self.capacity())]
j+=1
return res

PAESCIRRIASN ISR B A BRI . HAREA AL, JRT, IX RIS ERRR, FRATTRT DLR B B o 3h 255
H, MmgIAY AL, AR a] 2 BT S5E,

PIRISCIREIN L it St —2, 1R EEIR,
5.2.3 PASIEEIN A
- W, WYE IR, TR, ARG S SRR A EERAS R AT B, AR
[, JERFRIN S EERITR, SR SO) TR 2 R B A A,

© BRI EMFRESI SORIER” IRERIR, BIATENHLRIESS RS, TR SIS,
PASIEIX £z 5t i DA Rt e AL BRI

5.3 WFEPBATY

FERRFI AR, BATMLREMIER K E TR eAE R B AT R, W& 5-7 iR, JX@EPFATY (double-ended queue) 2
T EEREN, VRS TICRAIAIN SR,
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WEPATY BAE ABA BAE HRA
deque push_first(1) pop_first()
BAE
|| A

PUN ™

PAR

5.3.1 WREPATIEAEE

(-] [~]-] - Foe
8000 - g

BARABA AR A BA
push_last(&4) pop_last()

B 5-7 XRIAIBAFI A

XEIRABI R R EANR 5-3 FioR,  BURRIT TR AR TR ZARIE A F G ARiE 5 R E

%53 FUANSHRIERCR

Tk

filiik I ) 52 2

push_first() FLRFMENE O(1
push_last() ¥ cEHRM=ENE O

pop_first()  JHERBAEITE o1

pop_last()

peek_first() ViMBAETTR O(1

peek_last(

)
)
)
IHBRBA e T3 o(1)
)
)

) ViR o

IR, FRATRT DAEREGE AR 1E 5 P E KB A A S 2E :

# == File: deque.py =
from collections import deque

# B INEAT
deq: dequelint] = deque()

# JTENRA
deq.append(2) # HINZEBAE
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deq.append(5)

deq.append(4)
deq.appendleft(3) # AMENE
deq.appendleft(1)

# iplETER
front: int = deq[0] # PAETTE
rear: int = deq[-1] # P\EBTE

# JTEHBA
pop_front: int = deq.popleft()
pop_rear: int = deq.pop()

# IRENWAPATIRIKE
size: int = len(deq)

# HETWEPATIRT RE
is_empty: bool = len(deq) = 0O

5.3.2 WmEPAFISEH *

XREIBABI A SERL S BABIZRAEL, AT DA RE R B 1 0 R R B RS

1. BEFNAHERMNSEN

# BAETTRLPA
# BAEITERHMA

(BB L — 5 P, BT M P 3 D B A BEROR SEBRAS, - R & AT DAY (B Sk 19 i O B EHBAFRAE) ANE
T UG AIET T 5 O A AERIE)

XSS, SkESAIE AR AT AT AAFIHI AR, 0uihiid, INEIBAA Te 2 SEELSS — A FR T 7]

AR, Dvitt, FRATRA “XUABER" 1EA A RS R Z B RS54

N 5-8 AR, BATPRE DA BER AL T AR T oA XX EI BASI I BA B FIRARE, [ SEELAE P R A B

e op
TR TIRE,
e
i | ue *HER
i AR
EELIENAER
HINETLRUAIAT]
nE | me (3T
B B

M2
Step 1

Step 2

KER 4
RINEREREE

AR

1l
tl

1l
ruz (@
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BER 1

TR BISRTSE
?.E:: l;)\irst(:l) *EE @P prﬂtto K C?
. s 3
a ERRIENASR @ a ERRRRNASE 5)
a FHhRIMATFEATI a I RIMATEBATI }k
s ) EHE @
RES
Step 3 step 4 |
I
pop_first() BRI
P (?3
5 ¢
n EEERRWFERER 0
o FIMRIAIXEIAT /{f\
RHA @
[ Step 5
5-8 ETHERSCIONABAS B ABA S AR
SEEE AT R PR :
# == File: linkedlist_deque.py =

class ListNode:
non Xyﬁ%%ﬂﬁlﬁn nn

def __init__(self, val: int):
nnn *@iﬁﬁiiu nn
self.val: int = val
self.next: ListNode | None

self.prev: ListNode | None =

class LinkedListDeque:
e BT WA SERSE I AT @I A

def __init__(self):
nnn *@Ej‘j—\;in nn
self._front: ListNode | None

self._rear: ListNode | None =

None # [E4fTi=5|H
None # HUIRTI =S|

= None # 3kTim front
None # ETi&= rear

self._size: int = 0 # WAPFIMNKE

def size(self) -> int:
" RERRAAS IR
return self._size

def is_empty(self) -> bool:
e RN EA SRS AT
return self._size = 0

def push(self, num: int, is_front:

EEPNT Sk

bool):
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def

def

def

def

def

def

node = ListNode(num)
# EHRAT, W< front 1 rear #BIE[AE node
if self.is_empty():
self._front = self._rear = node
# BABINBAIRIE
elif is_front:
# 3§ node FNMEFERLY
self._front.prev = node
node.next = self._front
self._front = node # BHkTH
# BAERNBAIRIE
else:
# % node FIMEHREDD
self._rear.next = node
node.prev = self._rear
self._rear = node # BFHETS
self._size += 1 # EHIAFIKE

push_first(self, num: int):
non B}\-é—)\l'g}\n nn

self.push(num, True)

push_last(self, num: int):
nnn FAE)\F}\" nn
self.push(num, False)

pop(self, is_front: bool) -> int:
e B RE
if self.is_empty():
raise IndexError(" JmEPBAFIFZ=")
# PAEHHBAIRIE
if is_front:
val: int = self._front.val # EELkPSE
# BBRET =
fnext: ListNode | None = self._front.next
if fnext is not None:
fnext.prev = None
self._front.next = None
self._front = fnext # E|ILTS
# BARELHBAIRIE
else:
val: int = self._rear.val # EEETSE
# MFRET =
rprev: ListNode | None = self._rear.prev
if rprev is not None:
rprev.next = None
self._rear.prev = None
self._rear = rprev # BHETS
self._size -= 1 # BHNIIKE
return val

pop_first(self) -> int:
nnn ﬁ}\-é—tﬂl“}\n nn
return self.pop(True)

pop_last(self) -> int:
nnn B}\EH:H]}\” nn
return self.pop(False)

peek_first(self) -> int:
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AT

if self.is_empty():
raise IndexError("

return self._front.val

def peek_last(self) -> int:

e g pAETTE "

if self.is_empty():
raise IndexError("

return self._rear.val

def to_array(self) -> list[int]:

IR[OI¥M LA FF4TED" " "

node = self._front

res = [0] * self.size()

for i in range(self.size()):
res[i] = node.val
node = node.next

return res

2. BTFHHENEH

XREFATIAZ=")

XEAT A=

i 5-9 AIvR, SETEBEHSEIAFIZEML,  Ffi Tt a] DA MR SEBAIBAS

front 1ERPMASIETR
rear IEAMFIRTE + 1

rear = front + size

FAREABA
AR push_last(4)
HE | | front » Pl o
ive - 3
8 KR ET A B o 2 ]
FGPRIIITNEAFY B
Wi ER rear >
AR .
| Step 1 ] U Step 2
1.3 front BF 1
2. BTEFME front &
3. % size B 1
BAETABA BAEZHBA
push_first(1) pop_last()
a a8
FABIHEE
a ize = 5 8
@  rEsmewems o a
a FHIPRMAN AT a
L
[ ster 3 | [ step 4

1. IHHREH rear
2. BTERME rear &
3. % size A 1

front > BT
size = 4
EEEHRRERSA
FIPRIMATAFATI
rear >
1. 4§ size B 1
front >
BATIKE
size = 4
RETIRRETFSA
FHIMRIAMEAT]
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1.4 front B 1
2. 4% size BH 1

BAEEHBA
pop_first()

front » a MFIHKRE

size = 3
ERTIREFSA

a TP AN EPAT n
] i a8

Step 5

5-9 FTHREHSLINABASIHIABA AR E

FERNIIRSCERELR b, (XTHIIN “BAEABL” F1 “BPAEEHBL™ B3 :

# == File: array_deque.py =

class ArrayDeque:

def

def

def

def

def

def

BT IR A SR W E AT v

__init__(self, capacity: int):

e S AE "

self._nums: list[int] = [0] * capacity
self._front: int = 0

self._size: int = 0

capacity(self) -> int:
e SRENNEPATIN B E
return len(self._nums)

size(self) -> int:
mn SRENEPATIBYEE

return self._size

is_empty(self) -> bool:
e HETNEBASIR S AT
return self._size = 0

index(self, i: int) -> int:

nen R ERARS

# B ERIREL I SE E EARE

# 34 1 BIHARESE, EFKE

# H 1 ARG, ERES

return (i + self.capacity()) % self.capacity()

push_first(self, num: int):

e AR NBA

if self._size = self.capacity():
print(" XXMEPAFIEH")
return

# PAEIEHEAERI—

# BT ERIBESEI front BT EASLEEEIFIESR
self._front = self.index(self._front - 1)
# ¥ num FINZENE

self._nums[self._front] = num

self._size += 1
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def push_last(self, num: int):
R VEIN
if self._size = self.capacity():
print(" SXEPAFIE#H")
return

def

def

def

def

def

# 1HEPAEISE, BEMERS| + 1

rear = self.index(self._front + self._size)
# ¥ num SFINZERNE

self._nums[rear] = num

self._size += 1

pop_first(self) -> int:

e BAE A

num = self.peek_first()

# PAEISFREB—(

self._front = self.index(self._front + 1)
self._size -= 1

return num

pop_last(self) -> int:
te BARE A

num = self.peek_last()
self._size -= 1

return num

peek_first(self) -> int:
B 11 =1 [YN==Prve S
if self.is_empty():
raise IndexError(" I@EBAFIFZE")
return self._nums[self._front]

peek_last(self) -> int:
e g AETTE "
if self.is_empty():
raise IndexError(" @EPAFTIRZ")
# ITEETERSI
last = self.index(self._front + self._size - 1)
return self._nums[last]

to_array(self) -> list[int]:
nmnn i&@%&éﬁ% :J:?]‘El‘_l nmun

# (FEIREREKESCERNYIRTER
res = []

for i in range(self._size):

res.append(self._nums[self.index(self._front + i)])

return res

5.3.3 WmPAFIRZA

XABNFIGR AR S BASIRZ R, Rt el DASKBX B A B 5, IRl BR 43k S i) B B

BAVHIE, AR W DhaBidE R (ARSI : RGUK B UCENERIE push Bk, RJEIEIT pop SLBI
Wo AT, FEFIRATTIRAIRG], KAEEIREFEAPE BIAATFRE 50 2, HHRA K-
50 I, BAFFREEARIE (BNE) HATHIBRIRIE, HEICTRSCBIZIIGE, B shT EaERDN AR, 15
TR, “HEH” RRLIZ RS RIS E RN, FUZXREIRASIRERS B8N R 15 SL B — LR NS .
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5.4 &G

1. EREEH

- SR MRS NS RN A BdESS A, Al B el R S,

- AERNTRRERTTH, ARSI A ARREFIRCR, BEY ALEP, BIRAMIRENN B2 E R
HUEO(n) . MHHZ T, HRMBERLIMAA ENFRENBCREM,

R ARCRTTH, FABASIARESH—EREN RS, HREERENR, SRS A

fad ] LB TR R,

- BAAIZ — ARG e A JE MR B EE,  [RIAE AT DOE IS B s BE R ST, FE I RICR R 23 [RI8R
RIXTEE B, PAFIRISESIE S AR RIS e M Bl

- OREIBNSIR — MR S E RIS, B AR VFE SR TIC R A TSINAI R R

2. Q&A

Q: MIVEERATATIE IR A2 XA BE R I ?

MEERATATIE S IRIREA B B2 "8 BUMRIL, S P sl —SF DU, %0 SNSRI, 4~
R EIRAZ LN, I UUH 2 MARTHSH o B8 R XA A AT DATS (A SR B — SR AMEAE, X DNE “XXERAS]”
ETHEE,

Q: G, BERERKHHET RIAE?

WRIGEASTEE AT N, WAFERRNGT, G2 RERE], Java fl Python FFIESHH Halhi
P, AR EFIRRANT; £ C M C HHREFIREBNTT.

Q: WIAASIRR M MEPHERE T —il2, BRAIREMHA?

L ERABRASZ I A S B & B D EPRE 1 i, BRI + AFIREH, [KIita] DAL SRS
AIRTA RLA], 7 H AR TE,

Q: ¥ (undo) MK (redo) BEAKZUNAISLELAT?
ERMMER, A FITHEE, B TR,

L FLAPHRIT R, RIX D RIEEAR A, FFESEB,
2. HRPHIT BT I, MR A e ERIT TR, HRHEEARB .
3. HMFHIT “RIMEET I, MR B AR RO RIIRME, FRIEHIEARRA .



104

Abstract
TEHFENIH R A, BmRME—IEENE B ER,
ELEI A ERBS, M DAPEERE] AR E
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BER (hashtable), XFREFIR, TEIETH key 51H value ZAIAIRLET, SZEIEMACEER, B
ma, FMAEHERPHEA— DR key, WETLAE O(1) BHENIREY MAYE value .

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

BRHE

hash table

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

K 6-1 M RIHRER

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

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

®6-1 TLREWIBCRILL

o HER AWK

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

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

6.1.1 MBERTEHIRE

G RAE WIEREERS: Witath, BIERE BIEEXNNIPREEEXF, RO
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# == File: hash_map.py =

# ¥R ER
hmap: dict = {}

# AIIRE

# ERFBRPAMBEN (key, value)
hmap[12836] = " /J\ig"
hmap[15937] = " /\IB"
hmap[16750] = " /J&E"
hmap[13276] = " /J\&"
hmap[10583] = " /)\gg"

# TIRIE
# MMRERTEANE key , BEIE value
name: str = hmap[15937]

# MHBRIR(E
# ERHERTHFREEN (key, value)
hmap.pop(10583)

G =AM RRNEN 77 eI RMERN . e AR e REIEET

# == File: hash_map.py =

# BABHR

# BHEEN key->value

for key, value in hmap.items():
print(key, "->", value)

# BIMEHHE key

for key in hmap.keys():
print(key)

# BIEHE value

for value in hmap.values():
print(value)

6.1.2 MFHREREI
TAVEEERFEAER, UI—DTBADREBIR®H R, ERHRT, ROTEBATHENZ AR 1E
(bucket), B MEAIFEME—DRMEXT, KL, EIHRIEPUZIE] key XM AN, FEMFIRI value o

2, GAIEET key BN B HIMENE? X RIEL I FHEER (hash function) KRR, MG EREEIMEAZR—1
BRI N2 N B — MU R B R, R RT, MIATHZTA key , it ZRZATAR (B
K30 BAEH, WA key , BT UER G RBIREZ key X P EAEN FEBEH P9 17 R0 EL

A key , MAmEEHTTHFREERE D WIS,

L. B IERIEREIL hash () HESZERE,
2. KT ENEE (BEKE) capacity BUE, MMZRENZ key XIRIAIMG (BZHZRS]) index,

index = hash(key) % capacity

Bjs, BATRERTDAMIA index FERG R R RIEIAE, ATEREX value o
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WK S capacity = 100, M7 E L hash(key) = key, ZIFIBAEECH key % 100, & 6-2 DA key
2SR value WA, /R T G BRE TAEREE,

BN key #5| | iatH value

key value

s B

s R - COES —— 3

37 15937 | “/hiB"

L, :
W pRER |, _ 16750
key %100
13276

m_/ 83 10583

" Il E. ".

“hEr

!
:

N

~
o
ven . wen . e . .

(B MERGRE—MEE
%)

6-2 MaAm R TR EE

DA ARSSEIR T — ME G R, Hr, AR key F1 value BEER—PK Pair , DAIFIREHMEN,
# == File: array_hash_map.py =

class Pair:

non %@{Eid-n nn

def __init__(self, key: int, val: str):
self.key key
val

self.val

class ArrayHashMap:
v BFHATIBRER

def __init__(self):
nnn */Lgi%]‘j—iinnn
# WMREE, 85 100 M@
self.buckets: list[Pair | None] = [None] * 100

def hash_func(self, key: int) -> int:
nnn uﬁ%@%&n nn
index = key % 100
return index

def get(self, key: int) -> str | None:
e A RRE
index: int = self.hash_func(key)
pair: Pair = self.buckets[index]
if pair is None:
return None
return pair.val
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def put(self, key: int, val: str):
e AINFIETIRE
pair = Pair(key, val)
index: int = self.hash_func(key)
self.buckets[index] = pair

def remove(self, key: int):
e BRI (E
index: int = self.hash_func(key)
# B None , MR
self.buckets[index] = None

def entry_set(self) -> list[Pair]:
" SRENPREREX
result: list[Pair] = []
for pair in self.buckets:
if pair is not None:
result.append(pair)
return result

def key_set(self) -> list[int]:
" SRERFRA R
result = []
for pair in self.buckets:
if pair is not None:
result.append(pair.key)
return result

def value_set(self) -> list[str]:
" RERFRAE"
result = []
for pair in self.buckets:
if pair is not None:
result.append(pair.val)
return result

def print(self):
men ATENRRAS R
for pair in self.buckets:
if pair is not None:
print(pair.key, "->", pair.val)

6.1.3 BRENRST A

MR EER, WRmEEEIERZEIE key M H AL ML 2 BEH A R MR EI 2], AL

AT A TR, Fit, B k@ “SA AR L.

X ERORBIFF RIS AR, SRR key JERAARRIRG, a7 R SR BAR, B, EEESH

12836 F1 20336 I NEAERS, BTS2

12836 % 100
20336 % 100

36
36

nE 6-3 AR, PIMNESHRE T R—MMES, KB AN . BATRIZRNZ M A R R — 4 18 SRR

HNEZEHZR (hash collision),
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BN key #=35| | iatH value

key value

Lt

‘
E. ".
J

— s 36 —] “iheg”

m_// 3:7 15937"11\“5" \w

D_A _ : :
/ gl 50 16750 | “/nE" \
76 13276 | “/NE"

"- I. ". .. .

83 10583 | “/\Fg”

s
e .

Kl 6-3 WA RoRHAl

AR, BARRER n A, 21 key HTECEIFE — M AIMERMEIE, MR, Fit, AT
STENE g RS QUL E R A

NIl 6-4 iR, T ARTHERT (136, A) #1 (236, D) RAEME, ¥ AEMRHL,

BERSE - 100 PMERTE 2 BEXREE - 200
MERR key % 100 » IBFEFEM key %200
#&al key value A key value

36

. -

o |

50

[y
. - w ae .
(=]
~
[y
W
(=3
s see see ase
J

83 783 “c"

183 783 “c”

I's
. . ven
I's
ven .

64 TATHRY %

RUTHAHY R, G/ BEREITERENMNERRRITBEFIGHE, EEEN,; JFHETRARER
capacity M, FAFTHEELMGHRBOREN AT RENFFECE, X2 T ad et
BOTH. vk, EESEE MM EWRNBRREYE, PIEEY &,

HHETF (load factor) RIS R —NEZEMS, HE ONRRRITREERDMER, A THERER

RAGZERE, WHMANRTRY FNMER. BIATE Java i, S0ERTEE 0.75 i, RGEXRKET
RITHEFIEH 2 %
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6.2 MR

E—RE], AN ORISR R EBEIE A IR T A ], KIS BRI RN AR A, b,
AR AR, RV BEHE RN, WA 2 N 2 R — MR
GRS SEEIWSIRIER, TEEIGH RN, T goaxiE, X820, B
AT RY R, ERMRHKOVIE, T ER R BAR, HERERKK, BOARHRY AHREHITRE
AIEERIRIZ SRR ETT R, N THRIIRER, AT PR DA 5,

1. S R REIRAE, MBS 2 nT DAL B A s R IEH A,

2. AR ER, IS RLEGVER, AT A #AE,

UG RAIEA RTTE AR “aECthht” 0 "I SHIE,

6.2.1 (it

TEFGaMRA RS, B MREEA M — D HEXT, gt (separate chaining) RFEDITREAOVEER, Kt
EXENEERT R, R R RV EX AR AR R — 3R, B 6-5 foR 7 — DE L IR 7 R A 1
T

=5l e MR (BEAREN)
00 1> —>
sttt . NN | |
FMEFE— R,
HAaamErRETHR .
5 _
ISFSEEN key % 100 76
ERAMEER key
SRERFE R o

6-5 SEXHIHIIE T

FAHEA ARG A RAGIRIE T IR T DA 221K,

- HWDLR: A key, LM AERBISEMRS, BIRITIRGER LT A, REiERERIFA L key P
AR HAREE{ER o

© OWMCER: E/EE SR REOMRERCSLT R, RER TR (BYEX) BRInEEER T,

- MBRIEER: ARAENGTY BRAAIZE RYTBERSLHS, R I BER AE H AR R R IR,

HEAHBIEFAE DA T R RS
- AHZMRR: PERE ST SRR, B B EANRE S N A
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ERCRIE: KOW TR 2R Rk B BT R,
PATAHSEE T e CHbAE RS 7 R T A SEEY, BRI .

EAAIR GhARED) FOFRER, MM, EXMBET, ik B S22 M, 80
R — MR,
DURSBI ST &Y A%, SHEN TR 2 0, ROV R EEFEN 2 15

# == File: hash_map_chaining.py =

class HashMapChaining:

nnn %ﬁiﬁi&uﬁ%?’%n nn

def __init__(self):
men AER A
self.size = 0 # BEWHE
self.capacity = 4 # BERRE
self.load_thres = 2.0 / 3.0 # fki BNOHETFEHE
self.extend_ratio = 2 # ¥ &EH
self.buckets = [[] for _ in range(self.capacity)] # 1@%4

nnn uﬁﬁ@%&n nn
return key % self.capacity

def hash_func(self, key: int) -> int:

def load_factor(self) -> float:
nnn ﬁﬁ?n nn
return self.size / self.capacity

def get(self, key: int) -> str | None:
men EERE
index = self.hash_func(key)
bucket = self.buckets[index]
# BHE, BKE key , NBREFR val
for pair in bucket:
if pair.key = key:
return pair.val
# EERILE key , MIRE None
return None

def put(self, key: int, val: str):
e AINRE
# HOgRFETHRER, RITT S
if self.load_factor() > self.load_thres:
self.extend()
index = self.hash_func(key)
bucket = self.buckets[index]
# wHAE, EBIIEE key , WEHFHMN val FiR[E
for pair in bucket:
if pair.key = key:
pair.val = val
return
# Bz key , NERENFNEREE
pair = Pair(key, val)
bucket.append(pair)
self.size += 1

def remove(self, key: int):

non ﬂﬂul}%%ﬁ.ﬂ;u nn
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index = self.hash_func(key)
bucket = self.buckets[index]
# wBHE, MEPRIFRREX
for pair in bucket:
if pair.key = key:
bucket.remove(pair)
self.size -= 1
break

def extend(self):
nen RRER
# HERERAER
buckets = self.buckets
# IR RENMIAHER
self.capacity *= self.extend_ratio
self.buckets = [[] for _ in range(self.capacity)]
self.size = 0
# BREMNMERERBEEMIGHR
for bucket in buckets:
for pair in bucket:
self.put(pair.key, pair.val)

def print(self):
nen ATENRRASR
for bucket in self.buckets:
res = []
for pair in bucket:
res.append(str(pair.key) + " -> " + pair.val)
print(res)

EERIR, MEERREN, SR O(n) R, HINTTLUSHREEEN “AVL W 5% “CCHBR”, i
S IR RO I 25 (L3 O(log ) -

6.2.2 FrSFut

Rk (open addressing) AR5 ABIMNISHELEN, TiiREIE “LRIEN” RALBRIAT M2, FM77 X3
SAFELR MR, ST R RN 2 A 75,

TR DAZRPERRI R B, BT HE T R0 TR,

1. &R

ERMEIRINR ] 0 KRR R RMEATIRN,  HARE77 1R 5 IS /i R A A Al

- AR EEEAEEITRERRS], HRIMNEETTR, MAWRCERELMEN GORIEE N
1), EELRFIZM, RKooREAHA,

- EPOLER: ARIRAR, WERHES KT, BFEHREXMITR, &E value HI
Al WEIBEIEA, R ERTRAERA RS, JRE None o

6-6 JEoR TITIS 4k (ERIERIN) Wafi RAVEE(EDN 04, ARIEIEIGT L, SBIEMMHER key #R B
S SRR A, TS ZRMEIRI, BT A B TE M DA S 2 T B
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3l

Hg
ah'-'?

00 <
FFht 01
MR, FKA 1 02

W ul

S S

= S
oo

a a

76 <

MAFEE key % 100 77

[ERERE key
IRERTFPR

3 w =
~ ~ ~
o o o

78

~
~
L=

o«
~
L=
aee
a H

B 6-6 JFiSak (IR W RASE(E X 0 A
SR, ERPERINA 574 “RIBMR”, BAORU, B MESHLE FIAI BRI, IXEE S B L G A
REJATREMERIR, MMIHE— R IR B RHEA K, ERCEIEIEI, RASBUEMESIRIERER S,

ERERNE, RO SHR AR FPEEMER TR, X2EIMERTTR X EREHNE — DM
None, TMiH#&EHITRM, SMERMENZSHRIZIRME, FIEZTM 2 FRTTRETTIEERI RS, Bpa]
REDRHANXELTTRAMALE, WA 6-7 AR,

=3l Bl

00 <

w (3
S (=]
S S

01

02 30

S
a

76 <
wirzE (DN =25,

REEEWIEZ THTERT

77

=
~
o

78

K 6-7 FEIFRSHEAHHPRCR SR E W RS

NT BRI, AT DCR FEER (lazy deletion) #lil: EAAE#MNBRRPEHRTE, m2AH—1
# t TOMBSTONE SRARICIX AN, 7E%HUHI R, None F1 TOMBSTONE #FFRFRZ3H, #FFT DUKCE AR, (AR
M2, LRMEIRIE] TOMBSTONE I RIiZAkSE T, [KoNH 2 AT REE A7 FE HEERS o



BowE IBmK www.hello-algo.com 114

SR, BT ] R 2 MRS R TEREIB 1L, 12 RN BHR BRI E T =74 — DIBRFRIC, BE%E TOMBSTONE
AUsgin, TEERA R, RSN AT RER ZBkid 21~ TOMBSTONE A REFRE| HARITR,

A, FEELSIRMAIC FIERE S TOMBSTONE &S|, HRFHE RN HARTE S5 1% TOMBSTONE 23 #t
8 IXFEMIIGFAL R S FRERSIRINTTER, RS E 2 SR E (FRIRG ) FIERH, M
A AL E T RCR,

AR SEEL T — ML S W EREIT RS E (MR SR, 7 BEnse o th i ARG R pas ), 34l
R BB P, SRS BE RN, [F2 Sk RAksmE 7,

# == File: hash_map_open_addressing.py =

class HashMapOpenAddressing:
nnn ﬁﬁ&%i&ﬂﬁ%%u nn

def __init__(self):
e SR A
self.size = 0 # PEEXWHE
self.capacity = 4 # BERRESE
self.load_thres = 2.0 / 3.0 # fki BNOHETFEHE
self.extend_ratio = 2 # ¥ &Z%
self.buckets: list[Pair | None] = [None] * self.capacity # #&#H
self.TOMBSTONE = Pair(-1, "-1") # MiB&tRE

def hash_func(self, key: int) -> int:
nnn uéﬁ@;&n nn
return key % self.capacity

def load_factor(self) -> float:
nnn ﬁﬁ?n nn
return self.size / self.capacity

def find_bucket(self, key: int) -> int:
nen R key MMAIERSIM""
index = self.hash_func(key)
first_tombstone = -1
# MR, HEETEEBkL
while self.buckets[index] is not None:
# =% key , REIFMAVEESI
if self.buckets[index].key = key:
# Ezandas T HkRisc, WEREMNBHEZRS I
if first_tombstone !'= -1:
self.buckets[first_tombstone] = self.buckets[index]
self.buckets[index] = self.TOMBSTONE
return first_tombstone # R[EIoIEHIEZES]
return index # REIFEZES|
# 1IERBERE BRI
if first_tombstone = -1 and self.buckets[index] is self.TOMBSTONE:
first_tombstone = index
# 1IHERERES|, HTEIBNRESLE
index = (index + 1) % self.capacity
# & key AEFEE, MRERMNSZERS]
return index if first_tombstone =— -1 else first_tombstone

def get(self, key: int) -> str:
nmnn ﬁi@?ﬁ{ nnn
# #E key WHHAIEESI
index = self.find_bucket(key)
# EIREIREN, MREMN val
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if self.buckets[index] not in [None, self.TOMBSTONE]:
return self.buckets[index].val

# HRENAFEE, MIRE] None

return None

def put(self, key: int, val: str):

e RNEEn

# HOHEFEISHEER, RiTT S

if self.load_factor() > self.load_thres:
self.extend()

# R key MMMIEES

index = self.find_bucket(key)

# EHIEIBREXN, WEE val FHiR[E

if self.buckets[index] not in [None, self.TOMBSTONE]:
self.buckets[index].val = val
return

# ERENAEE, WRIMZEEX

self.buckets[index] = Pair(key, val)

self.size += 1

def remove(self, key: int):

e BRI E

# R key WHUHIERSI

index = self.find_bucket(key)

# BIREIREN, WERRITCESE

if self.buckets[index] not in [None, self.TOMBSTONE]:
self.buckets[index] = self.TOMBSTONE
self.size -= 1

def extend(self):
e R R
# HERRER
buckets_tmp = self.buckets
# Rl RENMIaER
self.capacity *= self.extend_ratio
self.buckets = [None] * self.capacity
self.size = 0
# BREDTMNERERRESERRHR
for pair in buckets_tmp:
if pair not in [None, self.TOMBSTONE]:
self.put(pair.key, pair.val)

def print(self):
e STENI AR
for pair in self.buckets:
if pair is None:
print("None")
elif pair is self.TOMBSTONE:
print ("TOMBSTONE")
else:
print(pair.key, "->", pair.val)

2. FHEFEN

FTTRISG S AERTZEAL,  #RRIT IS HE AR WK —, SRR, P75 RIS 2 A S B — 1 [E
ERPE, MEPNS "R B8, B 1, 4,9, ... %,

R A DL AR
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- P RIGEE B R BT 7T R, T R AR R I 1 SR B R
- PRI R PO ORI EE BRI ALE, ABY T EEE S E IS,
ST, PO IRIFH A2 SE SRR,

 EERIEIIR, VSR B R B M
T, TR SR MAT R, R IR e A, TR A
T,

3. ZRBE

FAEY, ZRRFITEEH S N ERER S, (), (). fo(@)e ... BRI,
CHBATER: BITE L, () HEGE, W f(x), DA, EIRREIS AR AT,
- AHOEE: EHFAT RN R, ERRE AR RNRE; 85I A O AT
FEH, WGHERTREEGLE, WL None .

SRR, Z2XBFRTENDTERSE, B2 MRHER ST RIMIHE R,

Tip
THER, TPl GRIERI, F7 RN Z2RGT) I6fm&AEE “TREEEMIPR TR AR,

6.2.3 RIZESHNER

HAPGAETE S R T ARG A RPN, 2 LT,

- Python RAJFFHE, T4 dict fFAARENIEGEI TR,

- Java RAHBERMAE, B JDK 1.8 BASK, 4 HashMap WK EIRE| 64 HEERKERT| 8 I, LS
FEHON T B DATR T AR M RE

-+ Go KA ML, Go MIEE MARZEE 8 MNMEEXS, BMHARNER —MEHAMA, HkEHmmTZ
B, ST IREERSEY BRIE, DIFERIEEE,

6.3 BEFZ

R TI A28 T MG A R A LA R EAIIG A ot R AL BT R, RMITCIR RIS IS 2 etk MV REARIE
WA n] DAEAZE R IEH AR, miJCiiisl P Iaa th R &L,

ISR IOE TANE, I6RRAIEREN SRR S, WA 6-8 FiR, XN FRENMIEARR, FAKN N
EXSAALES D, BRREE YR, REH T RENSEESIE— M, NS RER
= O(n),
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sETUAERS TR

R{EER:
T BENTFHDHES MER
BfiEIEZE 0(1)

—— E— —— ] —

RERR:
BENSEIIRESMEP
RHEEZ~E 0(n)

K 6-8 M RIVRERILS REWH I

D o TS DL R BB . [AZIG T R BT R IR, SEIH RIS E, AR KU

index = hash(key) % capacity

ML EAK, HRAEAR capacity FEIER, MAHRIL hash O YU& 7 HihE, HMOE THREXNER
BRI

XERE, T RIS PRI AERR, AN SREE N EPERTEE hash O BRI L,

6.3.1 BREFRZENEIR

NTRI “BRRXAR” R R EIREH, e RIAN B AR A,

- OWEPE: STMHEIREA, WREIENGL AR XA RER ORI T R AT SRR,
©OReRE: HREIRREEENIZ RS HR, HEIFHE, I6R RS,
- B G REIANAE SR ER I S DA ER T R, TS, BRI R AR R,

Kk b, MAEEER T A DU TR R, & A T HA SR,

© WA N TR P RN ZE, RIUEE NS ERAMER T RIISCER, TR EED RIS
fHo HHMANEEN, REGWHMARNEHEITREGAE, K55 EERGHEEITHEL, MRMH L
Fie, AB2E AL IE#.

- BIRSERER . BR AR5 A] DA R BRI A E R L R E 1RO R DA T R ICGE R
BAERIGTE, HS5RWEINIEREEI T, WERMHILAS, ARABHEREA N,

MNFEMARERN A, N 7RG R ERES R EEEFY A TR, BHREATRERSESSRNL L
Ritto

- Bt JorRiEId M AR (E S O T R A BRI S R
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- PibEENE: SCSHEREIN D RFEIRE, E SRR EM L,
=15 A VAR VNG G IV B '€ el D < = R N R R

BER, “W50A” 5 “DiRHETE” RWASIEEE, RS A e e iR, flan, FERERL
M key T, IRmEE key % 100 A DUZELS R Ht, Az mEEL TEE, FrEEMAHEY
) key BYKEHARRHTR, RIEFRATTA] DARA 7 M IS A (B S RTFTRY key , AR AR T,

6.3.2 MFHEBEINILIT

IEREIRAIRIT R — MR ESEFZRRMERAE, A FREZRAER R, BATHRER &R
BHBRAER,

o AN AR AR ESATAFRY ASCIT A AR, S BIR SR E I TR {E,

ORI FIFSRIERAERNE, SRR DR, BB DT ASCIT M ERBE R EH,

- SR R ABURER S TR R e E R M e AR ET,

- BRI RN TATE ASCIT AR —NMeARESN, SRER AT WA [EET e B 1k,

# == File: simple_hash.py =
def add_hash(key: str) -> int:
nnn Duifuéiﬁnnn
hash = 0

modulus = 1000000007
for ¢ in key:

hash += ord(c)
return hash % modulus

def mul_hash(key: str) -> int:
R =2
hash = 0
modulus = 1000000007
for ¢ in key:
hash = 31 * hash + ord(c)
return hash % modulus

def xor_hash(key: str) -> int:
hash = 0
modulus = 1000000007
for ¢ in key:
hash ~= ord(c)
return hash % modulus

def rot_hash(key: str) -> int:
nn R A
hash = 0
modulus = 1000000007
for ¢ in key:
hash = (hash << 4) ~ (hash >> 28) ” ord(c)
return hash % modulus

MERR I, SRNE TR BIAR e — A #2 K Bi% 1000000007 B, DARRERIG 7 (EAE AIERTEEIN, (ETS
BERE, W2 Zs N FEURR, BB Y S BIRR R B2 4.2 X2 — D EBR R,
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Jesaigsie: MERIRBUMENBEL, vl DA KB ERUERR AR 5 504t RN TR 5 HAt AL
B, AT DAIRRD R BUSHR VR I 2R A R IV, AT SR E T v 5%

BT, RIS 9 MRy, B DAL 3 BB, ABAFTA AT DARL 3 BEBRIY key BB HMRESE] O,
3. 6 X=AMATRE,

modulus = 9
key = {0, 3,6,9,12,15,18,21,24,27,30,33, ... }
hash = {0, 3, 6,0, 3,6,0,3,6,0,3,6,... }

GEREA key TEUFIMEIXAPFE BN EAR G, BRAMGTERL S HEUSRHE, MR, BlfE, |
KoK modulus B misk 13, T key Fl modulus ZAIREIEALIEL, Rl H RIS (A I 5 1M 2B
X751

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,... }

ESUAHRYR, GERAENWEIRIE key RRENUIISI AR, ARAMEREEEE S EEEEE T DL, EfI# e
HES S ARG {EL 1124 key RIDMRFAERMHAMERE, XSO ER S HIIRENR,

BMEz, BB IEBEIEARE, XN PR R R, DR ATREHPRAMIMEN, ETHamE
TRHIRS

6.3.3 ENMREEZX

AHELI, DAENER R IR BRI LR “Hess”, WA IR RN BAR. flin, B
SO R A, R ANTANG T A S BRAG A JCTA X 0 WA REI S S FER A7 R, XAl RESIEIMG A 28,
FH ok — L2 n)E,
FESERRAR, BATEHE SH—ShRERA YL, F40 MD5, SHA-1, SHA-2 fl SHA-3 %, BT LUHERK
JEE P N B e St S K R A (L
E—MELLK, IEREESEAHTRS AR RT, —HRA RS R R ENERE, 59—
I N BB E N ECN TS ERIG R BRI L 2R, £ 6-2 R 1SRN H WA EIE,

- MDS5 1 SHA-1 BRI, FIEAHA 22 2 M.

- SHA-2 RHIFFE) SHA-256 R ZENMHRIAZ —, JIARHBISIINSERE], HibHRESEL 2

DA ESNANE N
- SHA-3 tH# SHA-2 RUSKPUTHEAR, HHRARE R, HEEATEREEEW SHA-2 15,

®6-2 HWUHIERERX
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MD5 SHA-1 SHA-2 SHA-3

e 1992 1995 2002 2008

1]

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

i3 bit

BEmmh Bz L g2 R/ R/

%

7% AR, OB &, E#RIK & =

% i

Y FH EWEM, MHATEEREMER BHEER MBEEDRZZEIE, BFE4L  THTEN SHA2
%= &>

6.3.4 PRGNS HE

BAVHIIE, WEFRAT key A DUZRERL, /INIELFATARSFEHEIA, HfeiE S0 H 2OV SRR R N E
e mE, ATIHHERAERPIFMERS B Python 6, FATAT LA hash () BECK I EAREHEE
R {E,

- BEA/R BRI ESUR HA S,

C FRERITAT BRI R ETT EROVE R, ANEBIEEE TR HT .

- TLAHNIGRERN HP S - T, RRRXERmEHSER, 2R R E,
- NRIIGRER T HAGFIEA N, B ETNRIGRITTE, A SBET AR ERIGRE,

Tip
TEER, TRIWEIES N ERAETREBEE 75 ER R,

# == File: built_in_hash.py =

num = 3
hash_num = hash(num)

# B 3 HGFHEN 3

bol = True
hash_bol = hash(bol)
# fR/R=E True MIIREERN 1

dec = 3.14159
hash_dec = hash(dec)
# /R 3.14159 BIPRFEEN 326484311674566659

str = "Hello E&"
hash_str = hash(str)
# FRIB “Hello BJE” BIISFHEN 4617003410720528961

tup = (12836, " /™)
hash_tup = hash(tup)
# JoiH (12836, ' /N\G') HIMRFE{EN 1029005403108185979
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obj = ListNode(0)
hash_obj = hash(obj)
# TEWR <ListNode object at 0x1058fd810> HIFEFHEN 274267521

TEVFZgmiiE =1, RATRNRA NG R RN key o [RINFAGFIR GIEBAD) 150 key , 251
RONEREZAN, ERNEREDRELSE, BITIEERTRTEREFELHN valve T,

BARBE SO (FAIRERY D AR R A2, (Rl Ia e JXIR PR b Xt GG 7 ¥ 2 2k
TR R, B RN ERLE T2MA, HERNAFIERE, BRETRENER,

AORIPRA] BE R IEAR AR & s TR, EH AR ERTFR, X2EA Python fRRESSERERIG
i, A NFIFBIEREEIA—AREILIER (salt) {H, XRAEEERT AE R 1L HashDoS %, 1@7Hia
mEIENZ 2,

6.4 INE

1. EREH

- KN key, WBFRAEBE O(1) HREINEIWE value , RRIEH R,

© HE SR RIFEEIEE N, IRINEE . MR (B R 7 e 7 R

- WEFEERECK key BRECABEHZRS], M T RDN RARIFIRE value o

< BDAREE key AIREESW B AR EUGSEMIFENEEE RS, SBE RS REHE, XFHHEEFIE
EERLIENN

- BERBEBK, WBAEMPERIERLEIC, Fitn] DU AEAERERS A PR, S8AT &%
B, WA Ry BIRENIF R,

- PR TE AT RY LR ER DR, RELTBAE PRI ERE, WAEMESERY A
& Ao

- FEHIIREI RN TR AONRER, BITE MR R FEER —MERT, AW, BRI KSERE
W, A DAEI I — D RER A N 21 B SRR,

© FFRFHEER Z RIS BRI A S, IR A EE DK, Sal R A REfBRcE, BB AER
o ZRETLHZ NG REGHI TR, HERKERNERS M ARE, B2 DMEHEEEM T IiHHE
BEo

- AIFEYRIRETE S R T ARG R L, Flan, Java B HashMap i BECHE, 7 Python Y Dict
KT,

- ERFmRY, RIMNHFEBRAEEEGWEN. SRENYSI AN R, EBEEEY, BHEIRENIZ
LA PUREFE 1A S HA RN

- IR BIRIEE R KRB E N, DR KR ICHIRIEIS R ESS S 0 A6, D IER o,

- E ST EEAEE MD5. SHA-1. SHA-2 fil SHA-3 25, MDS5 # FH TR S F 5288, SHA-2 #
T2 N5

© HIZESIEE SRR N ER AR, A TIHERAERPIOMES. BEENT, REARE
R IE R IE A,
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2. Q&A

Q: TR EREIE AR O(n) ?

UIET IR, IR 2 20B T O(n) o MIATFEOL IS R, ARILE R
SR WPIEHECTEIN, RS ZRE O(1) o RO RGEIE S B IIAT RN, WIS 22
o(1),

Q: NHAAMEABTEE f(x) = x B? XFERASEHRT,

£ f(x) = z WRMERECS, SATERNMME—RRT], XSEEAFN. A, WA REFZA TS
A (B KR, NI RE RS — P AR K U, HaIES, AR B — MR
RS2 IR B — NN S, FFREE O(1) &R,

Q: MARIRZLIREA, #ER. X, ENF2RERA] UL ETE mle?
B, MmRINRReRES, EEERRERT . BREAHS 2 ERER,

Hk, RREREMEA R PN RERE R T R IRERERS TEAH R AR A2 2N A B s R S
W, 2@ e RE R, XREVIERAEEOTETREITH, RS2 BOTTE R,

BJh, WMARINEEAEATRER A, FINTERER il , FRATREE BE R BLL B rh T B IR,
IRAIRILE O(n) I A1 XU

Q: ZRIGTA T REEEMBRITRAVEFEND? bRic )y CMHFERAD 2 I RE A AE A5 ?

ZRIGF BT F IR —F, PR SHEEEA S REERMPRoCRAIEE, FEEIARCHBR, frid oy EmibR
AU A ] ARHREE . SRFeRimA MR R, JF HIEEIE A EEEREIbRIC oy EMPREIA B, ZAE AT DL
BHTCRMEM IXFEMBEREARFFIR T RAVRINFZIAAE, XRERUEMG A RATZS R 2R,

Q: Nt ALELRIERNY, EHOTRAIN RS MBI A R0E?

AR A I i 3 e 7y R BSCER BT B AR BB, & IH key NUERE, IXUARERA IR MR, [Kitt, LR
RSMRIERCBOE R RARIR A N &R, EERENERE SO E Bk ik,

Q: N2 IG T Ry AREWS R MG I 5E?

e 7 PR AR B Je — DR R B K n B (BGR), b EVE SRS NEE N, £ A5, MK
& n ZAEZAL, T key XM ARG HBAIRER LR, FIEER—MERIZ A key , £ BERIRESHIIHC
FIZ A, TSI A PR A AR

Q: SN T ERIIFER, TR BB AT 1 I?

HEARH key BHELLH)/ ORI, ERABAN], fHsk. H24 key BHMIA (FIUNFRFER) K
LR B BIG A PR ECR key BRETVEEHERS|, FHIEMSAGFMHITER, XAENSEMEHRA R,
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Abstract
SRR )], REMX, 2EEkb,
TRHEITER T I 6N STES.
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7.1 =X

ZX# (binary tree) E—RHELM RS, R WL 5 a0 ZAMIREXRR, BT “—ah ="
M EEH, SHEREE, “XWIEARTTRET N, SMTAESE. A7 RS HNE 71 R51 -,

class TreeNode:

nnn :R*}?%ﬁ;’é”“”
def __init__(self, val: int):
self.val: int = val # TRE

self.left: TreeNode | None = None # AFTs5|H
self.right: TreeNode | None = None # AFT=5|H

BN EEERNSIH (85, 25HEREFT = (left-child node) FIBEFT = (right-child node), 1%
BRI F I REIRT & (parent node) . M447E — > BT mib, FRATPEIZY U097 7719 sl R
PR s BRI AR N %717 A4 (left subtree), FRIBEAISAFE (right subtree),

TEZ X, BRSSO, HAl R 1 e 0 R e A, B 7-1 FoR, SR “R 27 AR
WA, MEAFHAMEGEFTRSE 47 M NS, AFRE TR 4 REDUR T SRR,
GFRE a5 S PR SRR,

—Ri RN

binary tree

|
E@ZV ﬂ‘ﬁ,ﬁ

EFi aFH

ANV
Vivivi

7_1 Qdﬁ")ﬁ\ ?‘A—I_—"P/r\i_\:i\ ?‘*}j‘

7.1.1 ZXWMERKE

X ARTEIE 7-2 FrR.

- BTE (rootnode): HiT - XWMIAEMT A, HAERTH,

- M58 (leafnode): &A F1 TR, HMMNMEE IR None .

© i (edge): EBEEFANT RMREL, BNV S5IH (B,

- THEATEME (level): MIREJFEEE, R SMEEN 1,

- THEME (degree): AR AMEGE, EXMH, EEETEERZ 0. 1. 2,
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- ZXWMEIEE (height): MR REIFRIEH 1 ST ZE R RTEGR
- TRAPRE (depth): M RENZT R AL AR,
- TRIEE (height): MEEEIZT RUBOZHIH-TT R ENZ T RS R R R

)4
=E -3

M

7-2 ZXOMBYERIRE

Tip
TR, BOTEHER “SET M WET Oy "SRR, (B E M TR R HE
SO ST R, EXAMES, SR AT 1,

7.1.2 B AIRE
1. A —Xi

SEEREM, EemmntetiN, KRedsii (et

# == File: binary_tree.py =

# YR
# BT S

nl = TreeNode(val=1)

n2 = TreeNode(val=2)

n3 = TreeNode(val=3)

n4 = TreeNode(val=4)

n5 = TreeNode(val=5)

# METRZENSIE (58
nl.left = n2

nl.right = n3

n2.left = n4

n2.right = n5
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2. ENSHIFHSR

SRR, 1E Al A\ SRR 0] POE I AR E R, 1B 7-3 B T — 4 Rpl,

AT BBRTS
@ nl.left = P nl.left = n2
A P.left = n2

7-3 TE XA A SR

# == File: binary_tree.py =

# IANSHFFT R
p = TreeNode(0)
# 7€ nl -> n2 FEHEATS P

nl.left = p

p.left = n2

# MFRT S P

nl.left = n2
Tip

REERRE, AT R RES I — MR A ZARESH, TAHER T 0@ 5 R MERIZ T R
FE i BRI, £, FBASHERER 2 —ERER S 5EMA, PASKIA KRR SCHI#E,

7.1.3 ER-XHFER

1. TR

WE 7-4 R, SEEZXM (perfect binary tree) FiE BRI RS 2, 1E7838 = RH, 5 s
N0, HRFETNSERN 2 ; HRETEER b, WY EEECN 20 — 1, RIRERERSER, K

R =R e W 0P B IE 8

Tip
TEER, EFSGEXAH, 5838 A H SR Z XA,
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FERNiR
perfect binary tree

(oA Fr o il — )

FRB ERYTS R R

7-4 FER XY

2. B2XHY

WK 7-5 FirR, B2 XM (complete binary tree) (X ARFERKER T M ATEREW, HERIKZEIT 550
MEBEMRIRESIAT, BER, EREXMRE— e = XM,

RETWiH

complete binary tree

ERETRELER, AttETRERIER

B 7-5 sEe X

3. ERH—Xh

GHE 7-6 AR, SERZXM (full binary tree) BRT TR 2, HARATE T SEA NN T R
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SRR

full binary tree

FrETRRERA 0 = 2

Bl 7-6 S — S

4. FH -

WK 7-7 FirR, FHEZXH (balanced binary tree) AR sl B/ FHIFIAS 106 1 v 1 2 ZE 48 0 {E A e
o1,

i

balanced binary tree

BERN ETRBE - SFHBE - d
WFE =N TSHRE d] <1

B 7-7 - X

7.1.4 ZXMeNEk
B 7-8 JER T X R BRARSE M 5B AL S5 K, Y YRR SR, A R W 4R
G EEmA—, YRRl “HER,

- ERXREEERNN, ATDASE AR X aia” L.
- BERNIR S — R, A THREEE R E, RIS RERLE O(n) .
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4
N P
S\ ,
4
Biag J/ iBitE
FEE XA R

B 7-8 XA ERELI S5 R ZELH
R 7-1 R, TERELSWMRZEST, XM PR, TR, SEFRSINCRESWME,

R 7-1 “XRBRESH S =45

SR R
51 BT R 2071 1
FER h R R 28 1
FER h R R 2k — 1 h+1

TRULEON n ORIORE log,(n+ 1) —1 n—1

7.2 ZXbhEH

MPIEEERI R, PR — R T RERMBURS Y, R EE 75 2RISR MR R R0,
PR — AR ERSS A, X E S e P iR N 7, I RRRSI,

XM Wi 7T S NEAR R T, BT, AR AR i R

7.2.1 BFiERH
WE 7-9 Fir, BFEEH (level-order traversal) MIRESEIKENZR E XK, HAEG—ELBMNERGT
i 37 TR0 75 R

BERBHAR FE T EMR%ER (breadth-first traversal), AR Eiki€Z (breadth-first search, BFS),
TR T —f/ “—E—ERINT R B EED 7T
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I ERFEER
(H7E @ 2h4%iA

e \
L B
)

/ "'\'"j_‘;‘"j_‘_jj:i:t-‘/‘-‘\ R

B 7-9 ZXMWHIZFPEH

1. EE%EIM

JTEAL S @ ) “BAFIT SRSCH, PASIEENE “SeRESCH” BRI, i RS P Mg R Bt
ATREI, P e A AR — B, SRS R

# == File: binary_tree_bfs.py =

def level_order(root: TreeNode | None) -> list[int]:
# WIRBAT, MMART SR
queue: deque[TreeNode] = deque()
queue.append(root)
# PR E—15IR, BTFREERERFS!
res = []
while queue:
node: TreeNode = queue.popleft() # PABIHEA
res.append(node.val) # FEDRE
if node.left is not None:
queuve.append(node.left) # AFT=APA
if node.right is not None:
queuve.append(node.right) # AFTEAPA
return res

2. EREDR

- MISREN O(n) © FIA T SBN—, M O(n) M, Hrhn A s,
- SSMMANEN O(n) : EREWRT, Wik~ XHN, WHERKEZN, IR 2R F7E
(n+1)/2 48, & O(n) 22,

7.2.2 giF. PF. BFEH
MR, wiF. FEREREDEE T REMRLER (depth-first traversal), HFAGREMLIEE (depth-first
search, DFS), BRI T —& “JeEIRk, FBBIAgkar” 1977

& 7-10 JeoR T XA TR EE ALYl 3 9 RIS, PRIE IR e i skiG R Se6 B bR — IR “A8” —
B, RN REKIBR =MIE, oA AT, R AR R
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def dfs(root):

" R ERE R SR
A if root is None: return
: @ P iimAEF
dfs(root.left)
@ BisinEFH, MEHREFH
dfs(root.right)
© EEFRECHIE, FBEE]

REGIEE 0 Ok,

RiFER (F @ BiAETR)
1, 2, 4, 5, 3, 6, 7
fFiER (7 @ &iFnTR)
4, 2,5, 1,6, 3,7

BFER (& @ Li5RTR)
4, 5,2,6,7,3,1

B 7-10 —XHERMAETRF. . R

1. KE35%EI

RN RIE R BT IB)A50
# == File: binary_tree_dfs.py =

def pre_order(root: TreeNode | None):
R 111317 R
if root is None:

return

# I[AEMLER: BT -> EFH -> GFK
res.append(root.val)
pre_order(root=root.left)
pre_order(root=root.right)

def in_order(root: TreeNode | None):
e FREwA
if root is None:

return

# IFRLER: EF -> IBTPR -> GF
in_order(root=root.left)
res.append(root.val)
in_order(root=root.right)

def post_order(root: TreeNode | None):
R =15 51 R
if root is None:

return

# I[AELER: EFW -> BFF -> BTHS
post_order(root=root.left)
post_order(root=root.right)
res.append(root.val)
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Tip

REER SIS R AT DAL TR SR, A >GR3 AT AR TR

B 7-11 JeoR 7 R — WA AR, Halaoh “3%” F1 037 PADSEEaEs L.

1. %" ForITa#iiE, BRI T — N R

2. 17" FOREAEORME], REHHTTRCETIF5EE,

[ Step 1

(s

En

v 7]

B TR
3 B LEH

HIFFEH (F @ LiFETR)
1

& mTEg
3: B LEEH

RIFBFE (1F @ WiFETR)
1,2, 4

#: mTEE
13: @ EEH

HIFER (7 @ LiHRTR)
1,2, 4, 5

i#: T
13: B EELH

HiFFBH (E @ hiplET )
1,2, 4,5, 3

‘ Step 2 |

[ Step 4

Step 6

Step 8

#: AT

V3: LR

HIFFBA (7 @ LIAETR)
1, 2

& ETEh
A: A EEH

WIFFEE (7F @ LIEETR)
1,2, 4

#: Mgk
A mLEEH

HIFFERE (7 ® LiRTR)
1,2, 4,5

#: AT
Y3: L EE

HIFBA (£ @ &i5lETm)
1,2, 4,5 3,6
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i#: TR
13: B EEH

#: AT
3: B LE

HiFBA (£ @ Li5lETis)
1,2, 4,5, 3,6

HIFBR (£ @ 2i5iETEa)
1,2, 4,5 3,6,7

Step 9 Step 10

& ETE
13: @ LEH

HIFFEFA (£ @ LipiETR)
1,2, 4,5,3,6,7

Step 11

7-11 AP R R

2. EREDR

- WS AYE R O(n) © FIET S —R, @ O(n) K,
- SEEZIE R O(n) « FEREMIUT, BIRGEA RERR, WITREAS] n, RE0E O(n) Bz,

7.3 ZXMHART

EHERFOR T, “XWIFERITN T A TreeNode , R Z FNESFEEHAHIERE, E—T08 THERFOR T
A — AR A T AR

2., BAIRES AR IR X IE? B2 HER.

7.3.1 RERFTEZXH

FeohT— M BRREB, B —MRSEIE M, BATR A T IR R e I R A7 7 — DN e, W&
NI SRR B IE— IR S L
MRIEZ i@ PR, FATA DS AR RRG 5 FWRRIIZ AR ‘B A" HRENRNRTIN .,

WZWRIAEFTRRIDN 20+ 1, AFHRRTIN 20+ 2, B 7-12 Jon T &N T RRT | Z HRIBU 5
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Hana®&sl: i

1 maxs

EFTASES 2i+1
BEFHRRS|: 2i+2

fERREFT XN

¥EFEE 0 1 2 3 & 56 7 8 910111213 14

=razes (00080000080E00

Bl 7-12 583 “XMWIBHRR

WSt AU A Y TRER TP RSN (RED . BEBEAETRER — DT, ATER AT DOEE B 2 70Kk
WRERE (F) FHR.

7.3.2 REEEZ-XH

FERXIE—NRFG, £ X R EE R FAEVFZ None . HITBEFEFHIFF AL EIXLE None , Al
WEFATTCIR LT FIRAEN] None FE RN A ALE, IXEWRE AL M — SIS ERTT 3 2P w7
5l

K 7-13 FiR, e —RAEER X, BRBEHFRR TR LI,

EFT) (BER) TEME—HRRLE AN

BAFEl 0 1 2 3 4 5 6 7 8 9

k5 iz M 12 ]3] 4 6]7]8 o 12]15]

B 7-13 R A B 2 A SR RTREE
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MY FRRIETE,  BRATTn] DA B AL IR 5 b i s A None o 4NIE] 7-14 AR, IXAEERE)S, B
F 3 e 8 ] DAME — SR XK 1o B ARESAn :
# XA RT

# fEF None RFRZEAI
tree = [1, 2, 3, 4, None, 6, 7, 8, 9, None, None, 12, None, None, 15]

000

10 11 12 13 14

ZRFTI (3EH) IR T AN

BRI © 12 3 456 7 8 91011121314

=razrs @BO00 0000 | 8 @

=i

Kl 7-14 ERESRA IR IOR

EREARE, 522 XWIEREGHEMBEDRIOR. FsEe —XMEE L, None RHBIERIKZHEEH
AU E, PBLRTA None — tRBRTE IR iSRRI AR e

XEME BB RS2 X, AT AEIREERTA None , AR, 18 7-15 /T — Pl

EFERFT (8H48)

EAREZRH
NRERc:-Edi)

BFEmFY (#8)

8880808000

K 7-15 #=42 - YHIEEER

DA SCEL 7 —RRE TR FORH XA, GG DU LR,
C AR, RRERE, £ () TR R,
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PRI, HPEl, B, BRI,

# == File: array_binary_tree.py =

class ArrayBinaryTree:

def

def

def

def

def

def

def

def

def

Ol N 4 7 S

__init__(self, arr: list[int | Nonel):
non *llgiﬁj‘j—\;in nn

self._tree = list(arr)

size(self):
nnn 75”%@%" nn
return len(self._tree)

val(self, i: int) -> int | None:

e SRERZRS|IAN 1 TmmEyEnt

# HR5HEHR, MRE None , R=TML

if 1 < 0 or 1 >= self.size():
return None

return self._tree[il]

left(self, i: int) -> int | None:
nnn SRERZRS|AN 1 TR AEFT SRS
return 2 x i + 1

right(self, i: int) -> int | None:
" REVRS|A 1 TRNEaTFTERMES

return 2 x i + 2

parent(self, i: int) -> int | None:

nnn SRERZRS|A 1 TRMRT SRR
return (i - 1) // 2

level_order(self) -> list[int]:
e EEmmAt
self.res = []
# BiBHEA
for i in range(self.size()):
if self.val(i) is not None:
self.res.append(self.val(i))
return self.res

dfs(self, i: int, order: str):

o RERSER

if self.val(i) is None:
return

# FiFFIEBH

if order = "pre":

self.res.append(self.val(i))

self.dfs(self.left(i), order)

# RREIEHh

if order = "in":
self.res.append(self.val(i))

self.dfs(self.right(i), order)

# EFIEH

if order = "post":
self.res.append(self.val(i))

pre_order(self) -> list[int]:
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" HiFmBH
self.res = []
self.dfs(0, order="pre")
return self.res

def in_order(self) -> list[int]:
nnn EP’-%‘—J‘\%JEH nn
self.res = []

self.dfs(0, order="in")
return self.res

def post_order(self) -> list[int]:
nun E’%—J\EE” nn
self.res = []

self.dfs(0, order="post")
return self.res

7.3.3 (RRSRRHE

XM B R EZ A DA MR

- BAARETEIESIINAR SR, NEREREE, VRSP sk,
- ATREAETRE, BT R,
- FUVFREALIT AN R

SR, BEAAFOR A — R R

- BEH AR ZOESINF A, RIANE & 17 R R KRR
- R R EOE I R N SRR S, R,
- Y TXMARTEAERR None I, BEH AL S A9 B P BRI, 2 TR AR,

7.4 —XRiEER

E 7-16 flisR, Z—X4EZW (binary search tree) € DA R4

L AT R, EFRPara T siE < RYWSIE < G irE R iE,
2. RV RRE, AR T SARRN, RIFERERE R 1. .
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—RigFh

binary search tree

Bl 7-16 —XRRM

7.4.1 “XIEFRRIRIE

AT R 5N — 12 BinarySearchTree , FHAEA— R GAZER root , FEFIRTAHRT £,

Z8E HARTTAE num , AT DUREE — SHRRRMEPOR A, WK 7-17 FoR, BAIITEH— PR cur, W2
BRI A root H%, FEFAELELT RUE cur. val Fl num Z[RIFAVN KR

- #cur.val < num, BEBAHEARTTRLE cur UG FRH, FHEIT cur

cur.right,

- #cur.val > num, WEBHEARTISAE cur B TR, RIEHAAT cur = cur.left,
- Fcur.val = num, BWHHREIEART A, BEHETEAIFRENZT R
aEoxEEnrERTR @) E-xgEmrERtR @)

7”3 o O @ © 0 9 o

Step 1 Step 2
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ERIERNPERTR EZRIERHPERT R

0 AT

KB 7-17 = XAEEMETT Rl

SRR EBIRIES S EHRIAN TR 8, EURAHERR L IR XY
I, Y YRR, S O(logn) IR, REMESAR:

# == File: binary_search_tree.py =

def search(self, num: int) -> TreeNode | None:
"B
cur = self._root
# EFEHR, SdHTREHkE
while cur is not None:
# BiTTAE cur BAFHH
if cur.val < num:
cur = cur.right
# BT A cur MAFHE
elif cur.val > num:
cur = cur.left
# WEIERT R, BRHEEF
else:
break
return cur

2. EANTIR

B MHEATTER num, N TORIF SRR M TEF <R R < AFRT RO, A RERENE
7-18 fiRo

L BERAANIE: SEPRERE, MRT R, MR85 RS EN nun FARVNEREIAE TR, B
AT A (EPIEE None ) INBRHHIEIR,
2. EEAIERA YR WA R num, ROZTRET None (UALHE,
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E=xEFERREATR @

R H1T7 pre.right =

B 7-18 1 XAERM AT A

RIS, TEERLATMA,

XERMAARVHAERERE TR, SUREREE L B, HSRERATRERPERE, WARITH
A, HIZR[ME,

NTRIFEANT R, FATEMEYT R pre (/7 E—RIEHIT R XL ZE None I, FRATTATEA
ARHREIH AT AR, AT SRR s fdfi NIRAES

# == File: binary_search_tree.py =

def insert(self, num: int):
e EANTIR
# BWAZE, NBRTIRT R
if self._root is None:
self._root = TreeNode(num)
return
# BT, SdHTAEHkE
cur, pre = self._root, None
while cur is not None:
# RIEET S, HiFRE
if cur.val = num:
return
pre = cur
# HEAMIEE cur BIAEFHH
if cur.val < num:
cur = cur.right
# EALIBE cur WAEFHH
else:
cur = cur.left
# EATE
node = TreeNode(num)
if pre.val < num:
pre.right = node
else:
pre.left = node
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SERN AR, WA RER O(logn) WA,

3. MRS =

SEE X EIRE EAR T A, PR HEMIER, SEATSSRCL BATFHEFRIEEMPREEERE, —YHER
WY e T < AR < AT BIPERART B [RIE, FRATRIE BAR T 717 idE, 00, 1f12 =
RGN, PATAS RLFABR T R,

K 7-19 Fw, YEEMMBRTT AN O I, FRoriZ T s 2m- 1 A, AT CAE MRS,

E=xEEATREs @

v B cur B 2. EHEMR cur BIE
§ oA #5 11
Lo o i L FHEME - 0 $iT pre.left = None

B 7-19 1E - XIERMAPRT R (BN 0)

Nl 7-20 AR, YAEMHBRTT SEE D 1IN, KRR RO i 5 RRI A

E=xEEREsE ©

v BE cur B 2. ¥ cur HAHFTHR
At b el
1. ERFEHETS cur FEEME - 1 #75 pre.left = cur.right

B 7-20 £ AR APMIERT A (BN 1)
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SREMIERTT AR 2 I, BATCIRERMPRE, MRRZEH — DR 0L . BT EZ AR RN
TET <RI < AT B, BRIIX AN 0T BUR A TR N1 R R R R Y R

BORBANERA T B RN A (R N — D50, NWIMPRRIERZANE 7-21 For,

L EREIRHMBR T e i hps)” s — TR, 12 tmp o
2. i tmp FMEE S MBRTT RROME, FFAERHIEITMIERT A tmp o

E-semmEBsEE O aE=xEpeEsER O

o
\@ 1. EREMRER cur \ 1. EREBREA cur

/‘ / v R cur MFHANE - 2
ﬂ m . BIBRTE cur HH=H:

>

A Y Y \
3 Z’J\ [@\ [\ (1) B cur ERFBHNESTA nex
000000 ) O @ 3
Step 1 ‘ Step 2
e T a-xaEmrHEE 0

P A
o ] o
\ 1. ERFEEBEE cur \@ 1. EREBRES cur
/ \ oA cur HTBAME - 2 A / - B cur HIBAME - 2
€ \ 2. BBRHR cur FH=H: oS p y \ 2. BSHR cur PH=SH:
9‘ o‘ ] (1) B8 cur ERFBHRELBA nex @ ° (1) 8 cur EHFEFHEESA nex
\ \ (2) E=SRERABERSS nex (2) E-RBBABBTSA nex
(3) ¥R nex EEATSR cur
6

00000 (- s

Step 3 \ Step 4

B 7-21 fE = XAERMAHPRT R (R 2)

TERT S B EFREE O(logn) WA, HA&EHRAHMERT % O(logn) I1E, FREXH @7 5489 5
FE O(logn) ME, AEIFABITT:

# == File: binary_search_tree.py =

def remove(self, num: int):
e R
# BWAT, HiEREANRE
if self._root is None:

return

# BFER, ST SEHkE
cur, pre = self._root, None
while cur is not None:

# HREFFRIRRT =, BRHEER

if cur.val = num:
break
pre = cur

# FHPRTSRE cur MAFRE
if cur.val < num:

cur = cur.right
# FRBRTRTE cur HAFHAH

else:
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cur = cur.left
# BLEMBRT R, NEER([D]
if cur is None:
return

# FHEEE = 0 or 1
if cur.left is None or cur.right is None:
# HTTRHME =0 /18, child = null / ZFHR
child = cur.left or cur.right
# MFRT S cur
if cur != self._root:
if pre.left = cur:
pre.left = child
else:
pre.right = child
else:
# EMPRTRART SR, WEHEERTR
self._root = child
# FORHME = 2
else:
# RENFFIBHAYT cur WTF—1MHR
tmp: TreeNode = cur.right
while tmp.left is not None:
tmp = tmp.left
# Z2UIAMBRT = tmp
self.remove(tmp.val)
# FB tmp BE cur
cur.val = tmp.val

4. PEEHERF
G 7-22 iR, XM R nENE E — R — A7 BEHIE, Mo SAERMEE AR <R
TR <AEFIR" FRPER.

REREE X ERM TR, SRk F— MR, A H—PNEZEER: X
R bR T

A b e BT, FRATIE = AR R 5 BRI O(n) IR, TEAUATHIMNIHE AR 1E,
FEH =R

ZRREMPFERFT

2, 4, 6, 8, 10, 12, 14

TEARF

F iR,
TRE @ L5
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K 7-22 —XIEEWT R TS

7.4.2 “XIERMHIRE

B —HEE, BB BRI RM A, TR 7-2, ISR IR ERI 7] 2 2
AR, BAREHEREIERE. HAERMAN, RESMPREIRRRN, 8 b IR AIRL

HHR,

R 7-2 BAHSERMAIRCR

TR SR
H#HTE O(n) O(logn)
AR O(1) O(logn)
EREE O(n) O(logn)

FEHAEEIT, “XHERME P 89, XA PE log n SRR EBIER Ao

AT, A0RRR M7 — A Z IR NTHBAE ARIINRR 19,5, FTAE S8 URBE (LN 7-23 FURAOBER, X4
PR RE )5 2 2B ME 0 O(n)

4
N P
/\ )\ /
4
T D8 / BRI

Kl 7-23 “XIRRMIBL

7.43 —“X¥EFMERMA

- MERGHZRRG], SHEREIER WA MEREE,
- AN R R RIRR R R BARSH,
- AT EEEER, DMRREA RS,
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7.5 AVL g *

15 “THURM SRR HEE], ESUEARIMIRRIES, — URETTHER L R, TR,
AR I 20 O (log n) 1L O(n)

QNI 7-24 FioR, i IRIHBRTT it XA = ISR E IR ONBER,

[\ / /

Bib&T= 5 Hps= 3

[\ [\ /

b1:314 12314
Figi— i TZiE i R

K& 7-24 AVL SEEMERTT 5 & 4B L

AN, fERE 7-25 FRE5Ese O lm AT DT RS, SRR BUR, EHEROERIR R AR ke
1o

[\ [\ [\

BATR 2 BATR 1

/ /

B Bt
FTEXH FH_—i EiE—Xh

K 7-25 AVL STERAT mE & 4B L

1962 4 G. M. Adelson-Velsky 1 E. M. Landis f£ it X “An algorithm for the organization of
information” HHEH T AVL I, I SXHIEARIR T — RYHRE, FRIERSAIFIMER T U5, AVL SR
2IBAE, TS S FHRERN B2 242 (R51E O(logn) Fll, HeA)IEUE, 16 T S8 A T3 2 i i e
s, AVL REREGAZLRFS S B REVERE, BAARERIN HHME,
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7.5.1 AVL W& RARIE

AVL SBLR = SARERM, R P SO, RIS R SR BT TR, AR — R — A ER

(balanced binary search tree),

1. ¥55

it

I AVL SR EOAHSCHR B TR 2RI s, BRI BRATTTR 0T 285 height 228

class TreeNode:
"UUAVL RTIsREn
def __init__(self, val: int):
self.val: int = val # TEE
self.height: int = 0 # TEREE
self.left: TreeNode | None = None # AFT=5|MA
self.right: TreeNode | None = None # HAFTm5|H

MREET BEEMNZT REIENRIZH T SRR, RIFTEER “1L7 (EE, FERIEENR, MR
MEEN 0, T RNEERN —1 . BOTEEEMND THERE, %ﬂﬂﬂ%??ﬂﬁﬂﬁ%ﬁwmﬁﬁmf

# = File: avl_tree.py =

def height(self node: TreeNode | None) -> int:
e SRETREE
# wﬁmF‘h -1, HPAEERN 0
if node is not None:
return node.height
return -1

def update_ helght(self node: TreeNode | None):
nnn Ei}gﬁ_r_‘ -':fllllll
# n-ﬁmr“%? BTHEE + 1
node.height = max([self.height(node.left), self.height(node.right)]) + 1

nRFEEF

TR ETF (balance factor) %Xﬁ%}ﬁ&?ﬁmﬁ%‘ﬁﬁj&iﬁ?mﬂﬁ%IE, (7 I AR 23 5 s )P A
N0 BAFRERRICT PR 7 AT REET SRR L, TR SEEH]

# = File: avl_tree.py =

def balance_factor(self, node: TreeNode | None) -> int:
e SREN R
# THRFEEFR 0
1f node is None:
return 0
# TRITEEF = EFWHEE - EFNEE
return self.height(node.left) - self.height(node.right)

Tip
BOPEAF N f, W—#R AVL REFERT R B PERE T BEwe —1 < f <1,
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7.5.2 AVL Bihess

AVL REURFRTET “Hefe” #R0F, EREWEEIN XA R il IR RiIR &, BT R E ik
i, BAE, HEERIRIEBERECREY “ SRR MR, WAEREREHE N P,

PATRPHTR FAHME > 1 AU RO KRBT AR R DU, SRR PRt HE
TENE. SetibefaEie. Jeehefatilie. N EEN T X e R,

1. B

anE 7-26 Fow, TRRITOFER T WERETE, —XHMHE MR RUE 1R 37 BATEDIZK M
TRORTT BT, R R0 node , HZE T IEH0 child, AT “HhE” #fE. s, ¥
PRV, IF AR PR = SRR AP

N N\
/z
/1

Step 1 Step 2

. BAERSEOTFHE
ode ERTSIEH node
REFHRIZA child

‘\Q_S/ N
- @
z \Q/’=\

\ ‘B BERE: / \ “EHE e

- N
enzrs —(E)
1. Bl child AR, % node MANES ..71 1. Bl child ARE, % node [N
- ) 2. A child HRLET node WILIE
Q“ BV
f"ﬂ\ . BRI, T HERETE
node

Step 3 Step 4

7-26 HHEBRE IR

QE 7-27 Fir, M5 A child B4 7155 (88 grand_child ) I, B EATEH I —2: ¥ grand_child
Y84 node MY+ R,
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A
/ grand_child

K& 7-27 A grand_child B4 ERR(E

‘At lEr” R—MIERARBIE, SChR R FREEIS B SRR, S RR:
# == File: avl_tree.py =

def right_rotate(self, node: TreeNode | None) -> TreeNode | None:
e
child = node.left
grand_child = child.right
# LU child AES, & node mAHEH
child.right = node
node.left = grand_child
# BT RASE
self.update_height(node)
self.update_height(child)
# RO EFHIRT =
return child

2. EBE

TR, GRS RS — SR “BifB”, MITFZEHITIE 7-28 AR “ZEhe” 1,

MEhEY @

& 7-28 feliefifE



BT7E K www.hello-algo.com 149

M, WE 7-29 For, 478 child A& F 1A (28 grand_child ) B, TEAELEHHRM—5:
grand_child /E2% node M4 7711 5o

A
grand_child \ \

7-29 # grand_child (A FEgE

A DAOEE, AR R e e 2 LR BRI, ST MR RN R B RS SR R FRI, ZE T X AR
M, BANATRARRSIAREHRIFTAR left HH#) right , RKFTHR right FHON left, BIRNGE]
FE R SRS -

# = File: avl_tree.py =

def left_rotate(self, node: TreeNode | None) -> TreeNode | None:
e EhEiRE
child = node.right
grand_child = child.left
# LA child AES, & node MIZEhEs
child.left = node
node.right = grand_child
# EMTRSE
self.update_height(node)
self.update_height(child)
# RENEEEFMIET S
return child

3. SckhelRahE

XTI 7-30 FREIRETT R 3, AE I Al A DR T T R -, IR FR ZE5ERT ehild BT “ZEhie”,
FXf node $14T “HliE",
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Ft child 4T @ #t node H1T
e i

o

7-30 Sefehgatilie

4. FchHhEfakhE

GniE 7-31 Fow, M RIRH AR BHEIE DL, FEIX child AT “HHE”, Xt node $U4T “ZEHE"

5. BedsRYEsR

ERETH

K 7-31 Jetilela/ohie

K 7-32 oRBIPURI R B 1E S EIRRBNE MR, il TRERMGEE. e tle. Jonhea /ol o

HNEE
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FoAhE FAahE
i e =7 B

7-32  AVL BHPYRIERL 1%

QITRARAIR,  BATEE I S 79 s AP R 5 DR i — M 7 sl B PR A 7 B TE SRS, R R 9
J& T & 7-32 Fr R FE L,

R 7-3 PURPHEEL S AR A

KRR Y FHRREEET  RCRARERE 7R

> 1 (CEfmith) >0 filie
> 1 (Zfmt) <0 Jefehiefa e
< —1 () <0 FElie
< —1 () >0 Jetiliefe Fele

NTETER, BAOTRIERARIEE RN A TIXAEE, BAVRREX SR KB O T ek, R
WV R R P, AR TR

# = File: avl_tree.py =

def rotate(self, node: TreeNode | None) -> TreeNode | None:
e RAITHERRRME, BIZFWERREFE
# JREYT = node RYFEETF
balance_factor = self.balance_factor(node)
# Tlmi
if balance_factor > 1:
if self.balance_factor(node.left) >= 0:
# AliE
return self.right_rotate(node)
else:
# SLEhefahhe
node.left = self.left_rotate(node.left)
return self.right_rotate(node)

# afmty
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elif balance_factor < -1:
if self.balance_factor(node.right) <= 0:
# ChE
return self.left_rotate(node)
else:
# ShEEALhE
node.right = self.right_rotate(node.right)
return self.left_rotate(node)
# EER, Thei:, BiEoR[E

return node

7.5.3 AVL B RIR(E
1. EATSE

AVL B USRS = SARRRAE AR 2RO, WE—RIXHIET, £ AVL WA RS, T RE]
AT R R L RTRES B — RIIRMT Al BRIk, WAITRENRXANTROTE, AR EPITheRERE,
EEES /3R E | AT N

# = File: avl_tree.py =

def insert(self, val):
nnn #ﬁ)\‘_*l'__"')‘ﬁ“u nn
self._root = self.insert_helper(self._root, val)

def insert_helper(self, node: TreeNode | None, val: int) -> TreeNode:
e BEANT S (GEBYAE) v
if node is None:
return TreeNode(val)
# 1. BEREANUEHIEATR
if val < node.val:
node.left = self.insert_helper(node.left, val)
elif val > node.val:
node.right = self.insert_helper(node.right, val)
else:
# EETRAHEAN, BERG
return node
# EMTRSE
self.update_height(node)
# 2. PITHERIRIE, iR FWENIRE T
return self.rotate(node)

2. MRS

RO, 1E = AERBAIMIERTT 75 TR S b, SRR BT T e /E, EATA R RS -,
(VLRI

# = File: avl_tree.py =

def remove(self, val: int):
nnn ﬂﬂu[‘%jﬁ'nﬁ“u nn
self._root = self.remove_helper(self._root, val)
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def remove_helper(self, node: TreeNode | None, val: int) -> TreeNode | None:
men BRI R GEBhAE) vt
if node is None:
return None
# 1. THH AR
if val < node.val:
node.left = self.remove_helper(node.left, val)
elif val > node.val:
node.right = self.remove_helper(node.right, val)
else:
if node.left is None or node.right is None:
child = node.left or node.right
# FREHE = 0 , BEMBE node FHix[E
if child is None:
return None
# FREHE = 1, BEMER node
else:
node = child
else:
# FOR¥ME = 2 , WEFEEHNTIND MR, FEZTARSRYFTHR
temp = node.right
while temp.left is not None:
temp = temp.left
node.right = self.remove_helper(node.right, temp.val)
node.val = temp.val
# BHTREE
self.update_height(node)
# 2. PITHERIRIE, X FWNEMIRE T
return self.rotate(node)

AVL WWHT B SEIRIES XAERM —2, R,

7.5.4 AVL R8BIz

HERIFIEARTLRE, TG Tk, R e,

T AR R R 5 RS

21 R — R LRS- — SR, ARECT AVL B, ZDBMAER SR ERL, A S MERTT A
PR TRABEELIRIE T /D, 1 R MR AR AR T o

7.6 N

1. EXEIEH

CXMR AR RS, B (T BRI D X RS — ME I NE
B, o lfEE T RS T R
T ZXMPRIENTAR, HE (B) FHRNELMERIMEARNZTRIE () Fif
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© XWMBIRHRARTBCAERTT A, AL B E b SENIRESE,

© XHIRIAM, TR AT R BRI R SRR AR T IR

- WIR S XRERRIE SRR R, e R SR SO O, 5838 SRR AR AR AR
&, MHERERMERRZERE,

- ZXMATDURBEAHSOR, RS REM S Z RS, FRRIE A RS T R Z A
RGOS RR LB

- ZXMHEREDE AT R, BRI T RSN REEN TR, JEEE
BRI SL I,

- BRI ERED R TRERCER, ENEIT SUESIRSL, mBRaks:” fenri, |
{6 FH IR RSP,

- CXERME - MESE T R E SRR, KA, AR RN RE A EEY O(logn) .
Y IR OVEERN, SUNAEREXHLE O(n) .

© AVL A, AR — SRERA, eI e R R ORAE A T i AR ER Y U BT SR PR -1

- AVL WARVIeIRE RIS a e, Zohe. Jetahefahe. Je/hemahe. fEmABMPRT S5, AVL S
MR TS T IR LR AR, (ERTEHT IR -,

2. Q&A

Q: XFHAE MR XA, AR SHTR AR 0 15?

2, BN EMREE R E SO "G Rar SR,

Q: “XMREA SR — R —ERIELE 7N, KB “—ERIE" faftale? o] BN BRI ¥
TR B IR ?

EXARRRERZB, ERTT SEREE =RE IR, Hrh AR U R T 2 N RRA T AR,
Q: HMft2 DFSh —XMAHRT, . JF=R/E, 2alEt2amE?

S e 8RR, fir. BF B =M RN 7T, BT AR eS8 — MR

TEN T B4R, FIanfE — IHER, TR RNIE EFTRE < BTARE < BFTRE, At
BATRESEHE “FE — R — 17 B, st RIS E I R,

Q: AhEiRlERAH LMY 55 node, child, grand_child Z[AIf3EER, FF node HIRT A node KK
ERREAREETIE? ARG SR T

FATT BB VTR A SR B IX A W8, A HEEME right_rotate(root) AR FIAURT &, &K
return child JRIAER 2 J5 T HAIAR T fle FRTAIAR 1T s RN LAY s AIE B B A5 1% R BIOR [0 5 S Ak 1Y,
TE T A TeRER 4T,

Q: £ C+ H, HREHXI5 5 private il public H, XA HATLAEZEL? 224 height () BRERD
updateHeight () EREAIIAAE public A1 private HlE?

FEEHFENMEHEE, WRAZERERNTGEH, BN private o Fla0, H P SEH
updateHeight() B ARE XMW, BHEMA. MERBIEFN—D, M height ) ZViFTREE, RKLOT
vector.size() , KEIIRERK public DAMEMFH,

Q: AHfAT AN —2H g A BRI — PR SRR ? AR R IR AR IRE



BT7E K www.hello-algo.com 155

B, MR 7T R EAE XA RRH RS Y build_tree ) 77ikH &, ETRTAMNIER, BITEES
K NBEHE Ry, RERPROTRIEART R, SR TR, AT DA R ARIER Y Tl
a8

Q: f£Java i, FAFERXTILRG—EZEM equals ) 77i%?
£ Java i, XTEABIRERR, = HTX LMD ERIER G, N T5IHZEE, RIS E) TR
AR,

- o= AR ZEZGIERAR —DMXR, REMERE R ERZ AR,

- equals(): FHRATEEMI DX RIVER G,

[Rlik, anSRZEXS OB, BTV IZEH equals() o A, @I String a = ?hi?; String b = ?hi?; #]
BN FZIY R AEE AT R Eirh, BAHERE—MN%, Rttt PAH a = b SREERFH DNFERT R
ES

Q: IEEMRAEEITEIRR 2T, BATIFA ERE 20 15
SR, BRI h = 2 [, s = 7, MRETER 4 =20 = (n+1)/2,
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Abstract
Rt R ILEED, EERK, BEESR,
JREJRE L U i EREE V5, T e L R S R S AR 7S
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8.1 i

# (heap) 2R RIEFKIFAITER XM, TEAJNMREAL, 4 8-1 s,

- UNTRHE (min heap): TR AME < H7 1 S0E,
- KT (max heap): LR AIME > H 717 SHME,

N N
/NN N N

Wy Wy

= ‘B2XW B 2 “T2=X# B
HETRNE <« HFHRNE HETRNE : AFHANE
Nk KImsg
min heap max heap

& 8-1 /INTHiHE S R Tvibk

HEFEON e KM — R0, B DA R,

© RIRETRSEEETE, HMEAT AR,
o BRSO EARTT SO CHETR, CRERZE RS BT RN HERR,
- XTFRTUE ChTE), HETUTER (R WEZRKR &I K,

8.1.1 MRYE FRIR(F
FERHIR, TF2HEIE SRR 25T (priority queue), X2 —FMRIVEIRLEH, & S RA R
S HE IR

SKBR b, HEBH N T SCBOLERAS, RTHERT S TooE MREV MRS BRI IETERAS, A M R,
BATATLARE “HRIEASN” T “HE” BAEFTHIRIRETHE, Kk, ABXWENMIEEX 0, G—FiE “HE

HERYH I BRE LR 8-1, T5TEA T ERIERmAETE 5 R,

7 8-1 HERJHRIERR
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Jii%% iR I [R5 2% e
push() TERAME O(logn)
pop() HETRTT 2R e O(logn)
peek() VIFMETOTER G TR [ /NTHED AR K / /IMED 0(1)
size() PAGEITT IR o(1)
isEmpty () HI W HE RS O(1)

FESEFRML AR, BATTRT AERE(E R m i = TR RHIHESS (BRALTERASIZE) o

RUTHEREIETH “WNEIRHESN” F1“IWKEVINES”, BATA] OSSR B —> flag BfZL Comparator
I VNTHET 5 CRTHE” Z RIS, AU RTR:

# == File: heap.py =

# IR NI

min_heap, flag = [], 1
# IR KRIE
max_heap, flag = [], -1

# Python BY heapq 1RIREAIASSIU/NIRE
# EEE “TENN BBENE, XERALBEANKREE, MmSSIATME
# EARSGIF, flag = 1 BN, flag = -1 BYIFRZ AT

# TTENE

heapq.heappush(max_heap, flag * 1)
heapq.heappush(max_heap, flag * 3)
heapq.heappush(max_heap, flag * 2)
heapq.heappush(max_heap, flag * 5)
heapq.heappush(max_heap, flag * 4)

# FREVETTER
peek: int = flag * max_heap[0] # 5

# TR LM
# BT EITR— MR NES

val = flag * heapq.heappop(max_heap) # 5
val = flag * heapq.heappop(max_heap) # 4
val = flag * heapq.heappop(max_heap) # 3
val = flag * heapq.heappop(max_heap) # 2
val = flag * heapq.heappop(max_heap) # 1

# IREVEAR/N

size: int = len(max_heap)

# FHEET AT
is_empty: bool = not max_heap

# HWINGIRFFERE
min_heap: list[int] = [1, 3, 2, 5, 4]
heapq.heapify(min_heap)
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8.1.2 MERYSCIR

IR RRTIE, 45 R HAAO) N, HFR A NI TSR (BN, R > Fieh <).
JESSEBHTIRE A] DA ATSE

1. ENEH#ERT
X B, e XMARRIE S ABERER, HTHEER —ME e XK, RIBATRER B
HRA7EHE

SEHBAHFOR X, JTTRAETAE, RIMUERTRE XM E, WRAEHHEE RS I 2K
HRIB

N 8-2 R, SRS, HEFWRNRIIN 2+ 1, GFWRNRGIN 2+ 2, KNRANRGIHN
(0 —1)/2 (FMTHRR), HRFIBEN, FRZW RN AR ELE

MERZIEEH ERMIEEH (KR
7 B—1R “meIXW” A “ME” /T TR

#F o 1 2 3 4 5 6 7 8 9 10 11

= (3000800808008

(i-1)/2 i 2i+1 2i+2

" — ,,-rr”/\”"”-’f—- — ::’fi-———-"' -

QLER BA EF &F

" - HE BA
T RS B IS st

K 8-2 HERIFRR S 7k

FATA] DR 2R 5 [ B A BT RE A bR B, 7T S S -
# = File: my_heap.py =

def left(self, i: int) -> int:
" REVEFH ARSI

return 2 *x i + 1

def right(self, i: int) -> int:
" REAFRRAEES|
return 2 x i + 2

def parent(self, i: int) -> int:
" OSREXR T RAYERS
return (i - 1) // 2 # BAFER
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2. IFEBETTE

HETIT 2R RN — R R, 2 AR E TR
# = File: my_heap.py =
def peek(self) -> int:

nnn iﬁl‘ﬂiﬁmﬁi" nn
return self.max_heap[0]

3. TENE

HETCR val, BATEICKHHAMEMER, WiN2)E, T val ATRERTHERHMITER, HERTRLLZRFRTRE
CREER, DRIBETREBE AT ARV S 2 RS AT, XM RIERFONEN (heapify)

FEMNHET FITR, WRETHRITHER, W0 8-3 R, FAEAEHRA T RS HR SAIME, nFEAN
REER, WHRENzZet, REREPITIHIRE, WERZETEEHPS DT R, EREERT K082
SEHB T RN EE R

#E @ Mt HR @ Mg
1. ¥R 7 RNERE
ZRRERT
BERR ‘
000000080000 = (o [s]e o] [s[2]a]els]e]2]7] step 2 |
w5 @ e #E @ Mg

1. BHR 7 FMERE
2. WEETU#T#K (Sift Up)

“HRE s WRT

1. BHER 7 FMERE
2. MEETU#T#A (Sift Up)

T HR 5 < WRT

- THRETR
0000080800080 [ step 3 | OEEEEezOEEEEU Step 4 |
47 PN

1. BHR 7 FNEHRE
2. MEETL#{TH#A (Sift Up)
PR 6 s PR 7

- SR

-
0 B2 @ M
1. R 7 FNERE
@ 2. WEZETH#TH#A (Sift Up)
CEE e < BT
o o

FEODI@LLEEEEE [ step s | DEeDZORODEDEE Step 6 |
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o
w8 @ Mt / L1 PR
1. BER 7 FNELRE Y y 1. ¥R 7 RNERE
@ 2. NEETU#THA (Sift Up)

e 6
2. MEET#TH# (Sift Up) s ‘
YRR 9> BT

000000 - i

step 7 | DEarR2EEEEERE 50

TR @ A

1. BHR 7 FMERE

2. MEET#TH#K (Sift Up)
SEWSERE, ATUENEREIIESE

EEEEEEEEEEEEE) [ Ster®

& 8-3 JLRAHEDER

RV REE n, WKKEER O(logn) o HILATA], HEABRERIEREEERZ N O(logn) , RN
BAERINTIE R E D O(logn) o RIBUTRATR:

# == File: my_heap.py =
def push(self, val: int):
nnn E?Aiﬁuuu
# AT =

self.max_heap.append(val)
# MIEETUHEKL
self.sift_up(self.size() - 1)

def sift_up(self, i: int):
MR 1OFHE, MRETgER
while True:
# FRETR 1 IRTS
p = self.parent(i)
# 4 UERTR 3 “TRENMEE” B, GEREL
if p < 0 or self.max_heap[i] <= self.max_heap[p]:
break
# RIEFT R
self.swap(i, p)
# 1A Ll

i=p

4, fETRcELE

HETTOT R - XREIIRT A, BIPIRE TR, MRBANTERMIIRFRERETTER, A XHHATE T R
RIS REZM, X ES R T RGN, N T RERDITTRRG IS, TR
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TSR,

1. ZHRHETITR SHEROTR AR S BT RD.
2. HsEE, FHERMAIRAER (EE, mTogsct, BItshn EREREZFERITHETUTR) .
3. MR RUTSR, MR THEL.

aniE 8-4 FvR, “MIRIRHEL” BIFRAETT IS “RETHER” MR, BAPRARTT RAES D1 R
EHATERER, R T R AR R, ARG TR AT IR, BSOS 5 OB B e AU i T A

NS

u000000800

TR LS

[step 1 ]

ST

1. BHMTRSHERTRERZIR
2. BHMEIRRETR

Step 3 ‘

TMTRLE

1. BETMTRSHERTRER
2. BHNAIEIRETR
3. MIREE#{TH#A (Sift Down)

v TR 5, 8, 7 W, W 8 RA
- RWTR 5 5T 8

\ Step 5

ST LT

1. FBEMTRSHETREZMR
2. B MFTRERTTR

3. MIRER#T#A (Sift Down)

TR 5, 6, 7, BHA 7 BK
- PR 5 5HR 7

=

BOOEFEEEEEEE

H - e aaanaEE

BRDE - B EE

0000008808080

TR LS

1. BHTMTRSEETRZR

Step 2

SETRTR LS

1. BERTRSERTRZIR

2. PHHRIEHETER

3. MIRER# T (Sift Down)

v ETR 5, 8, 7, TR 8 |A

( Step 4

ETRTTR LS

1. BHTMTRSERTRZMR

2. BHMFINMETE

3. MIRER#TH#A (Sift Down)

v EHR 5, 6, 7, TR 7 B

Step 6

TR LS

1. BERTRSERTRZIR

2. SR METRERTR

3. MIREREHTEN (Sift Down)

v fETR 5, 3, 6 P, TR 6 |A

Step 8
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J///)‘&\\\\ TR .

- [
@ 1. BEITRSHETERR /
2. BHEFNRETE /

(6 ) ( ) 3. WIRERE#THAK (Sift Down) (6

/V SRR S, 3, 6 &, PR 6 WA
. SRR 5 565 6

& ¢

-

\

SETTR LS

2. BHUBINMERTR
r@ r@x 3. MIASE#THAE (Sift Down)

[ \
Y Y
Q /a\ 1. BETICESHRETESR

—

-

EWSERE, RTBERNERGEIESE

00 o )OO (

Y
00O000000800 s T

& 8-4 HETTTER PR
SRR NHERIEAEM, HETUTR M HERERN R E 240y O(logn) o ARESINRATR:

# == File: my_heap.py =
def pop(self) -> int:

non g%ﬂjﬁi"""

# HI=RIE

if self.is_empty():
raise IndexError(" #AZ")
RFEBRTRERAHTR (REETERSETR)

self.swap(0, self.size() - 1)

# MIBFTI=

val = self.max_heap.pop()

# MINZERHEL

self.sift_down(0)

# REPETTTE

return val

def sift_down(self, i: int):
MR 1 FFR, MIRERER
while True:
# TS i, 1, r FERANTSR, 124 ma
1, r, ma = self.left(i), self.right(i), i
if 1 < self.size() and self.max_heap[l] > self.max_heap[ma]:

ma = 1

if r < self.size() and self.max_heap[r] > self.max_heap[ma]:
ma = r

# EDR 1 &AREES U, r @R, WEhdrsst, B

if ma = 1i:
break

# TR
self.swap(i, ma)
# BB T

i=ma

8.1.3 MMERNA

- DRSEBABN: HEIE (O SRR SEAS I e e BE S5, BRI ARAE RN () 2 2% 2358 O(logn)
, TEHERIERN O(n) , IXEEBRAEERARE S0,

- MR g —dHEdE, BATRT DR ENTEZ—DHE, R RRrb TR e e, WIS EIH
i SR, BATNEE M —ME AR USEBER T, TR0 “HEHT” E,
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- RBURKI kAisR: 1XE - NI EIARE, RN RN, GIANESRERT 10 BT E
TENTEAE, EECGHEAT 10 BB hF.

8.2 EMHR(F

FERLMROUT, TR — NIRRT TR D, XN “EHEHRE,

8.2.1 fEEHINIEIR{ESCIN
BATE LR AN, RERFIR, REHENTERIT AR, BT E2R NS0 E, M
SHZTCEHUT MR Hefk,

Y —NITRAME, HERRERMN— BT AR NTRERAR AT = X, Fites “H km R
PR,

Bt REE N n, BOTRMAMERESEH O(logn) IR, K IHIZEMEAIENRFE 25 R O(nlogn)

e

8.2.2 @iTiEfhif (LI

Kk b, BATA] DASEEE— RN s HE T TR, AR,

L. RFIRATAE TR IEEA AN E e, HRHER PR R RS 2
2. it (BPEmmERE), RO MR T RAIT “ATRERHEL”,

T — ARG, PR ROV R PR R — A S . T TR EFE, RHER (A
SR A,

ZFRDAE BRI i, SRR IZAERES ARIE L AT T 2 PRI EL R ATAR THE, AL ST R4 2
AR,

EFVARE, HTHYRERA TR, BRILETRRsR S, ok, Wl MR, &ie
AR R R IE DRI R, BAIWETHAE R A THE(L -

# = File: my_heap.py =

def __init__(self, nums: list[int]):
e WSS E, RIBRAYIRERE
# BYRTERE AR
self.max_heap = nums
# EEWREH T RUIMIEMFIE T R
for i in range(self.parent(self.size() - 1), -1, -1):
self.sift_down(i)

8.2.3 ERENR

T, FRATREZIRE RS R T BRI A 28,
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- SRR R RO, TR AR (n 4+ 1) /2, HR /R R, R TR
R (n—1)/2.
- AEMITE AR RER, N EIR L FIN 2, R OR RSO — SR logn .
14 LRPIBHTE, IS SR S 24 O(n logn) o MIXAMEEESRIFRMER, FNTRITE
) R ORI S T TR PR
BT RTRA DREAT BRI T SE, T WIS, (A — R n . BN b 52—
SR, R R 2 R B A TE R

Ta=E BETANE

(BMg R AIERRE)

h 20

‘K///,/’ ‘\\\\\\‘ 1

([T Qe— 2

SN N |

SR Y S — 2

/NN

h-3 23
1 2h-1

(5EE, HYREER s () e 2h

0)

K 8-5 FEE_XMIFET REE

aniE 8-5 AR, iRl “MTIZERMEM” RIS UEE T B R EE RS, MIZEEER 1A
7, [Kitt, FRATATDONSRH “Im8ed x WREE” K, SR 1 R AR B S,

T(h) =200+ 2 (h—1) +22(h —2) + - 4+ 2" x 1
LT ERRE MBI REIOBIRIN, S8 T(h) FLA2, (530

T(h) =2°h+2M(h —1) + 2(h = 2) 4+ 2" x 1
2T(h) = 2th+2%(h —1) + 2% (h = 2) + -+ 2" x 1

R GRS, R 27 (h) B B T(h), 1fk:
2T(h) — T(h) = T(h) = —20h + 21 4+ 22 4 ... 4- 21 1 2ok

Mg EX, KT (h) 2—MELES, rTERFEHRIAR, SRR REZREN:
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1—2h
T(h) = —
(h) o b
=2 —h—2
= 0(2")

M8, BN h SR SO AR n = 2P — 1| SREAEN O(28) = O(n) . DALHE
R, WASIFIERENIMEIS 20 O(n) , TERERL

8.3 Top-k ial@A

Question
HE—NEEN n EFEAH nuns |, THEIRBIEAHF R kN,

A, BAC PR EES LR ERAIRE, AR E SRS,

8.3.1 Fit—: BH%EF

TATAT PORATIE 8-6 Fni k 5837, 2 RIESHEREGE 1, 2, ... kK KICR, WHEREN O(nk) .
WHEFOERT k< n BN, WY k5 n lEEEEn, HERRERE-EET O(n?), JEEFER,

k =3

nums n 7 naa BHERRATE

\
N

ﬂ E—WREE 1 ATE

N
™

ﬂ EoRREE 2 ATE

\
AN

an EoHREE 3 ARE

B 8-6 Sk AR k TR

Tip
Sk =nh, BATUASEEREOERFFY, WHENT & Bk
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8.3.2 F#EZ: HF

aniE 8-7 FR, FATAT LSRR nums BETHERS, FHREIRAGN kTR, NAEREHN O(nlogn) .
B, %Ik I RS T, FNERMRTHHERE kDR, mAREHT EATER,

k=3
nums
FHERFITHEF
‘ EE&A k MR

Lo

K 8-7 HEFIFEREAH k MITR

8.3.3 FiE=: i

FATTAT DAL T HERE I ROt gk Top-k A, AR 4N1E 8-8 FR,

L. WG — /T, HHETTOT R R/,

2. JeRBEHRTAT k DITRMIRAMSE,

3. M8 k + 1 DI, HERTRATHEDOTR, WRHETUTR HME, FHnimR AL,
4. wHhsERUE, HEPRFRIBURRART k TTR,

w OE000 — 0008 6
i i
1. Bal k DTENE 1. 80 k DRENE
s ZRERT 18 ZRERT
BART BART
v (@ v (©0)

Step 1 Step 2
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k=3

w (0000
:

i

1. Ral k DEENE

k=3

w (0000
:

i

1. 80 k MTENE
2. ME kel DITEFIRAIET

v HEITTE > WITR
o FPETRTRME

[ Step 5
k=3

w (@000
:

i

1. R# k MTENE
2. ME kel DITEFEHINT
v HEITR < BMTHR

Step 7

NIRRT

# = File: top_k.py =

ZRWET
‘ i BUART

atm

ZRWET
‘ < HART

:tm
o o

‘ ZRIET
BART

k=3

w (@0000

JBA5ER, BEl heap EIAT

Step 9 \

k=3

Ll [7]c [2]2]
R
i

1. BH k DEENE
2. M kel DITEFEAIT
~ YEITR > EITR

=1

k=3

— @000
:

1. BH k MTENE

2. ME k+1 NTERFEHIET
v SRR > MR

o FPETTR
ELRITTRNE
Step 6
k=3

w (2000
i

1. 880 k DTENE

2. ME kel DRI

v HPITER < HITR
- Beg

Step 8

21 @)
o o

‘ ZRRERT
BART

Kl 8-8 E:THETFHEAR k TR

def top_k_heap(nums: list[int], k: int) -> list[int]:
men SEFHEREBARRAN kK TR

ism
o o

ZRWET
‘ e WaART

‘ ZRWET
WART

*m
o o

ZRWET
‘ WART
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# FRNTIE
heap = []
# BEENET k DNITENE
for i in range(k):
heapq.heappush(heap, nums[i])
# MZE k+1 NTEFE, FEBENKER K
for i in range(k, len(nums)):
# BHAITTEATHIUTE, WEHETUTELE. SaimRNE
if nums[i] > heap[0]:
heapq.heappop (heap)
heapq.heappush(heap, nums[i])
return heap

EIEHITT n S NHERIHME, MERIBRARKE N b, HENEEREN O(nlogk) . ZTTARRCRMRE, 4
ko, WEE2ERER O(n) ; 2 kERN, NASKERZET O(nlogn) .

SN, BITIRER T ISEARRIE R EABTIIABEER,, BATa] DAFS4EHENRITTER, IS
BRIk NTCRIIEIASE T

8.4 &

1. EREFH

- HER IR R XN, RIESCLAE R O RTIHERTNiHE, K () TERTHETITR 2R () 1Y,

- ARIEBAAIRE SUZ A HBA LR BIBAS, 385 (5 I HER S,

o HERE AR AR SO BRI R B R S TR AME O(logn). HETTTRHHE O(log n) R RIHETR
& O(1) %,

- EERCXWHERIES HEBEHATR, RIHA D@ A AR i HE,

- HE(LERVER TR HERIPE T, AR AR HER R R A = I 2,

- A n DNTCEIFRERNINAE AR MEE O(n) , AEFE SR

- Top-k B—MEMAILRE, n] DA SRS SRR, NREREN O(nlogk) .

2. Q&A

Q: HdELHN “HE” SNFERR “HE” 2R —HEEE?

MEARRE— S, FURRETE “HE, HRYARGANE IR SIS TR — 0, BFEEE T
A DAE RV ERAF B RUE. Rl AER—E BAUHENTE, TS RS R a5, X R
HHREN, BFRERBOXENT, DPIEAFE, SR TRNT, SERNFREENERREEEE, &
AL AT RE S S BUAAF R AN S faE <5 A
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Abstract
EAEmRIES, BTG E— DR, HIEEENWILHEIE,
HF—RIMHIRSHEE, #EX5KE KRR 2SR 8RR EDID,
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9.1

(graph) 2 —FhAELM BB, M= (vertex) FIi (edge) Ak, FATATDLKE G gtz n—
ARV MI—Hil E EE. ANRAIER T —MLE 5 N 7 ZaavEl,

V ={1,2,3,4,5}

E={(1,2),(1,3),(1,5),(2,3),(2,4),(2,5),(4,5)}
G={V,E}

WERRTURENET R, RIDBEEERS DT RSN (a8, AR DLRF B 7E— M BE R R A EX
45, N 9-1 AR, MIETEMRR (BER) FIMGRR (W), PIgERR (B) MAmEES, HimE

!

| /\ S
!

i # &

(BHEXR) (SHE%R) (REXR)

ENZEEmERS, AMtRASER

B 9-1 #ER. M, BEZRIRIRR

9.1.1 EIMERAEBSKIE

iR G EA TR, a5 hEEE (undirected graph) f1BEM@EE (directed graph), 4N 9-2 FfizRe

- FEEET, BFORMTURZEIR AT ERRR, BINIEE QQ HHY “4FARART,
- tEAMEY, PRGN, A — B A« BWRANAREE TN, Flanm s -
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ZHE A
(aFxAm) (aBrm)

K 9-2 HHESILHE

WRIBATE TSR G EE, ] NiEEE (connected graph) FI13EE@E (disconnected graph), & 9-3 Fi
Ro

- NTEEE, WNENTRA, AR HARERTR.
© OTHREEE, WEADTURHR, 20D TRICIRENE,

N

8 B
(AT EEE) (FEMRAEE)

9-3 EEESAREEE

PATERT IOILEsm “FEE" &, MMSEINE 9-4 FiRiEIE (weighted graph). BIAITE (EHRE)
FEFWerh, RGN RN R RIS 2 MR “SRERE”, XM E M4t n] U A ERRR,

T HRE
(Fr&B%EAM) (LRAEWNER)
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9-4 HIESTEANE

BRI & DU B AR,

- ¢F% (adjacency): MM Z AIFIEILAHZER, FOXMITUR “QFHE"7, TEE 9-4 ) TR 1 ARRHE TR
TR 2. 3. 5o

-+ BB (path): MR A FITWR B S R REIFFIRFR UM A 2 B 1Y “B&127, 7EE 9-4 Hh, 4%
Hl| 1-5-2-4 2 TR 1 BT 4 19— SR8 12,

- E (degree): — M IURIMARILE, X THME, NE (in-degree) Fonf Z/ D FULFRMNIZTIN, HE
(out-degree) KA Z/DFIBMNLIURTEH,

9.1.2 BEIMERT

EH R T N “RRERERE” 1 “ABERT, DUNERI T A T2501,

1. 4BiERERE

RN AEE N n, $MEERE (adjacency matrix) HH—1 n x n K/NHEIERFRE, 8—17 ) 1R
T, ERETENRRD, H 180 ZRmAD S B RS EEN,

HIE 9-5 R, WAMHERRER M., TUSHIRN V|, ILmHIEE M, j] = 1 FoR V]i] #1105 V]
WD, ]2 M, j] = 0 ZRMIAZ TG,

mR%IE

#l o 1 2 3 &4
o e, 1 10

‘ ‘ \ 101 e 1 0 @

SRIREERE
graph adjacency matrix

9-5 EMMRIEFEFRIR

WIEHEFEEA AR,

- TERIRE, WURARES B SHE, HEIRRRRERE X A LOTRIAE
- TR, BRSO T X SR,
- RFARREFERITTRM 1A 0 BN E, WA Ron A A,
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i FH AT AR RN IR, FRATAT DAE R RIAE R R DAREGS, (R N E SR E IR IR &, IR A4
B O(1) . AT, MEFERZEEZERN O(n?), PfES RS,
2. SPiER

$BiER (adjacency list) fEH n MEFRRFTRE, HERTRFRTUL 8 1 DMER NI ¢, HAEME 7%
TBUSHIFT A BEETUR, (SGIZTUSHERITUR) o 1B 9-6 JBIR 7 — M ARRER R K BI7R B,

R SERAREENFER

™~
[ e« eole

Wiz
graph adjaceney list

B 9-6 ERIBERIR

AR MUF MR F R, THAMREOEH N T n? , WItEEN T, A, ENERPTEE
i P EERORE I, R RISCR AN A R R

WIZEE 9-6 , AREREEH SRR “BERIBAE” TR, RUARA 0T AR AU 7 R ARALRR,
HOA S A KR, T DU RE AL AVL RSRTSBA, MM O(n) L% O(logn) ; AT
DHEgEREEHONIA TR, TN E 28 O(1) .

9.1.3 ENERA
R 9-1 R, VFZEISERGUR] DU EDRGERE,  AH R A AN AT AL & TR R

#9-1 BAETEFE WE

i b el
RS R GFRRAR TBHELT I HERE
HEkERES  whe SRR R EHER

ENIEER 2k BARREDTESINER  TRPUEHE
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9.2 EREhLIRF

EIRSELAHRCERT 0o xt “I07 BORBRCERIN “Ti” AU3RME, £ “QBRAERE” R “QBEER™ MAFRTIAT, %
B AR AN

9.2.1 EF4BIEEEAYSCIR

NIRRT n BTEAE, NSRRI ER LB AnE 9-7 R,

ORISR : ErBEE AT R SRS R AR, A O(1) WAL, mid TREME, HtFEER
BB T 7 O,

WU (AN IR 1T %1, A 0 BIRT, A O(n) KA

MBI FEAREEERE bR 1T 5, UMM AT ESINA SRS, BB (n — 1)2 A EE
“Ffe LREE”, MR O(n2) I,

WM A n NI, WIAMCKEE N n TSI vertices , T O(n) B, 1B n x n K
INIARBESERE adiMat , 5 O(n2) B,

TRFl& bttt
® o 1 2 3 4 ®w e 1 2 3 4
o o 1 o 1 o . 0 o 1 1 1 o
—— MeaE —— winn )

\\\\ 110 1 o o \\\\ 11 0 1 o o

//// 2 0 1 0 1 1 //// 2 1 1 0 1 1

— 3 01 0 1 0 1 — 3 01 0 1 0 1

4 o 0 1 1 o 4 o @ 1 1 o

SBIEERE B PHEIERE
Step 1 Step 2
T TR (<)
® 0o 1 2 3 4 ®l 0 1 2 3 4 5
o o o 1 1 o 0 o o0 1 1 0 o0
— rz € —— Fm O
\\\\ 1 e o 1 0 o \\\\ 1 e 0 1 0 0o o0
//// 2 1.1 o0 1 1 //// 2 1.1 0 1 1 @
— 3 01 90 1 0 1 — 3 01 0 1 0 1 0
4 e @ 1 1 o :iy 4 o @ 1 1 0o o
N Y
. 5 o ] '] o ] [}
SPIERERE SPIEAERE
Step 3 Step 4

TSR (5
#w o 1 2 3 &4
o pr—s e o 1 1 o o
\\\\ 11 0 1 1 o
\\\\‘ 2 1 1 0 1 o
//// 3 0 1 1 0o o
CD 4 o @ o 0 o

3] BIEAERE

Step 5
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B 9-7 AREEIEFERIRIAGIL, B, SEMTTN

DA B A5 T AR R P 2R B A SE AR -
# == File: graph_adjacency_matrix.py =

class GraphAdjMat:
men BRI R I M T ESE

def __init__(self, vertices: list[int], edges: list[list[int]l]):
S A
# TmylR, TEREX “TRE", B3IRK “TMREs”
self.vertices: list[int] = []
# LBIERIERE, 1T5IRSIFN “TimZRE!”
self.adj_mat: list[list[int]] = []
# AT
for val in vertices:
self.add_vertex(val)
# AN
# EFE, edges TERARINAERS|, B3R vertices ;TRERS|
for e in edges:
self.add_edge(e[0], e[1])

def size(self) -> int:
return len(self.vertices)

def add_vertex(self, val: int):

non \Z\E\Hu:ﬁﬁ\)ﬁn nn
n = self.size()
# AR FIRPRINEI=E

self.vertices.append(val)

# TEHERIEMERRIN—1T

new_row = [B] * n

self.adj_mat.append(new_row)

# TESHEEREEFERRIN—5Y

for row in self.adj_mat:
row.append(0)

def remove_vertex(self, index: int):
e BRI
if index >= self.size():
raise IndexError()
# EMSYIRPBIRERS| index BTN
self.vertices.pop(index)
# 1ESPIZEEPEPMIFRZRS| index BYYT
self.adj_mat.pop(index)
# 1ESBIZEEPEPMIFRZRE] index BY%Y
for row in self.adj_mat:
row.pop(index)

def add_edge(self, i: int, j: int):
e At
# B8 i, j WM vertices TEHZ3I
# R5HASESIE
if i <0 or j <0 ori>=self.size() or j >= self.size() or i = j:
raise IndexError()
# TEXEER, PEFEMEXTFEMALEF, BEE (1, j) = (G, 1)
self.adj_mat[i][j] = 1
self.adj_mat[j][i] = 1
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def

remove_edge(self, i: int, j: int):

R[5SV R

# B8 i, j W vertices TEZES|

# WA SHEELIE

if i <0 or j <0 ori>=self.size() or j >= self.size() or i = j:
raise IndexError()

self.adj_mat[i][]] 0

self.adj_mat[jI[i] 0

def print(self):

9.2.2

nnn ?TEH$BE§%EWEHHH

print(" Tiz=%I5&k =", self.vertices)
print(" <PIEEMRE =")
print_matrix(self.adj_mat)

BT hERATM

RIRE R TUREEON n, JBEE0 m, WRTHAEE 9-8 Rl /7 iR I& MR E,
© WA AETRRON R RERRREAINIARITAT, fH O(1) WiE, FE2TrE, F AFRZER N R~

JITAIRIA,
- MR FETURON REER T EHOFINEREEIL, A O(m) NE. EXmESd, FHERNBERMNA 7T
EiSpuR

WD FEABER P —NMER, PR EER LT R, M O(1) W,
- MBRT: AR AR, MBREESEE TR, A O(n +m) IR,
- WL TESBERTEIE n AU 2m &3, A O(n + m) N,

TR SRIAAEENAEIR TR SEREENRTE TR

P P o a @
@—@\ weE o .0-0 (: %Q,\ w02 ©-0 0-0
N - ) _ —N ) _ SR,
o )~0-0-0 | . 0-0-0-0
N \/ O-O- D L ' o.O.P
- \.” e °
53] PiER 3] Mg
Step 1 Step 2

L SERIARARERFTE TS TWH SEREERFRAETIR

(» ) @\/ w2 -0 3 { : @ C\/\\/ wmms @ g @
z D )—-0-0-0-0 \{ /@ D -0-0-0-0
/5) 75 ) D—0-0-0 —~N "N 0-0-0
0—0 \ @ 9\»@ 0—0 %ﬂgf@
L2 ° @ A\ e
=] PER 3] WiExR

Step 3

Step 4
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MR SEREENFAERR

: < \ A= € "

PR

Step 5

B 9-8 AMRERIIPIGGIL. ML, HEMHTH

PUN BRI SEI, MEEE 9-8, LBl A AR AF,

N T TEBIMS MRS, DA, BAIEMSIR @) REEFRER,
TEIG T ZORFIEATIE R, key ATUNSER, value MIKTURAIHETRSIFR (BER).

b, BATEBERAF Vertex ZORFORTUN, IXFEMEVREDR : ARG MRIEFE—FE, MSIRRTIRK
XONETUN, IABRZERERR Sy @ (TR, WFTREHENBER, BIrERT i WRII2MK 1, &
RIRMK, MR EANTAERZME—H Vertex SEBI, MHBRIE — TS 2 et TE S HAh IR T,

# == File: graph_adjacency_list.py =

class GraphAdjList:
BTSRRI

def __init__(self, edges: list[list[Vertex]]):
nnn *‘qiﬁ)‘j—ifu nn

self.adj_list = dict[Vertex, list[Vertex]]()

# AMPRETN=FA

for edge in edges:
self.add_vertex(edge[0])
self.add_vertex(edge[1])
self.add_edge(edge[0], edge[1])

def size(self) -> int:
nmnn ﬁﬁx:ﬁﬁ)‘ﬁng %Il nn
return len(self.adj_list)

def add_edge(self, vetl: Vertex, vet2: Vertex):
R 7)1V R
if vetl not in self.adj_list or vet2 not in self.adj_list or vetl = vet2:
raise ValueError()
# A0 vetl - vet2
self.adj_list[vetl].append(vet2)
self.adj_list[vet2].append(vetl)

def remove_edge(self, vetl: Vertex, vet2: Vertex):
e glgsn
if vetl not in self.adj_list or vet2 not in self.adj_list or vetl = vet2:
raise ValueError()
# MR vetl - vet2
self.adj_list[vetl].remove(vet2)
self.adj_list[vet2].remove(vetl)
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def add_vertex(self, vet: Vertex):
if vet in self.adj_list:
return
# TESMIERPRI—EER
self.adj_list[vet] = []

def remove_vertex(self, vet: Vertex):
e BRI
if vet not in self.adj_list:
raise ValueError()
# EPIERTPMBRINS vet IMZAYFER
self.adj_list.pop(vet)
# BHEMINSEER, MBRFAIEESE vet B
for vertex in self.adj_list:
if vet in self.adj_list[vertex]:
self.adj_list[vertex].remove(vet)

def print(self):
e ATENRRIER "
print(" <pHER =")
for vertex in self.adj_list:
tmp = [v.val for v in self.adj_list[vertex]]
print(f"{vertex.val}: {tmp},")

9.2.3 RERLL

REFHA n AR m 58, R 9-2 W T MRIEREFI BRI RIBCR S RReR, BER, WHER
(BER) XMASCSEH, MAER (GRKR) THRRAITE RSOV RIGHISIL,

% 9-2 AN S BAARXT L

WREFE  AFHER (HER)  AWREER (BHR)

HWRENE  O(1)  O(n) 0(1)
) o1) 01 0(1)
ZS0) 01)  O(n) o(1)
VRIITILS o)  0(1) 0(1)

WS O3 Om+m)  On)
WEERGH  O(n?) O(n+m) O(n +m)

MERFR 9-2, PUIPABEER (IGMAR) RIRNARCR SRR R, H%0R L, fEBEEM A RIEDNERE
e, AR BT BRMEBRAERIRT, ZRERE, AHEERHAIL T “DAZS R | AgJE, T ekiER i
BT “DARF IR TR,
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9.3 EMER

PHRERRYR “—X 2" FRR, MENAEAESNEBE, AIURRERRN “2M2" XA Eit, FTAE
EMBERE—MRL, AR, PR E o P 936 D AR — Rl

PRI AR T 2 PR R R LB i, A 7 75 SR s ERTBH IR ER B,
9.3.1 [ ERFiER
VAR C D e — R I T K, MEAVI R, WREURTiMBERRIENTL, 22

ke WE 9-9 R, WA EATRHR, EoEmzIsiIpTa BT, RIEE T — PR BT A AT
IR, DAESRIE, BEREITE R 7EEE,

| Brr-ERiciEn
| (BFS)

BATAR HiEhs,
HIERGE. EEY HnEm=

| WA
0,1, 3,2, 4,6,5,7, 8

B9-9 BT AL i)

1. BN

BFS 3@ (EBIRASIRSCI, AR AR, AFIEA “SEASEH” FIMERL, X5 BFS 9 "ML Miz” #9848
FfFE To

1. ¥IBIE T startVet MABNG, FHIFBIER.
2. EPERI IR, A E TRFICSIA, SRERIZ TR B FTE B T A B BA S FE#R
3. IR 2., EEIFTETEBI R e EEE R,

N TRIIEER AR, BOIFEGE— MR ES visited SRICRIFLET L EHI I,
Tip
G AEIE— D HTEE key MIATEE value IIGAER, TRIPAE O(1) BHEE 2% FHAT key
A L R E, ARAE key RUME—1E, MEFRESETHTEIEREED R,
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# == File: graph_bfs.py =
def graph_bfs(graph: GraphAdjList, start_vet: Vertex) -> list[Vertex]:
e ERSTER
# ERMERRFRTE, UERBUEEINRBIFTE $BEINR
# RBHFS
res = []
# BHEES, BT IERERIAREHNS

visited = set[Vertex]([start_vet])
# BABIRFEI BFS
que = deque[Vertex]([start_vet])
# TS vet ANEES, BHAEERIHRITMENS
while len(que) > 0O:
vet = que.popleft() # PAETASHPA
res.append(vet) # iERiFEINS
# BZINSHIPR A $BIET R
for adj_vet in graph.adj_list[vet]:
if adj_vet in visited:
continue # BUIBHIAIEMINS
que.append(adj_vet) # RABAKIFIEMINS
visited.add(adj_vet) # #ridizIni=E#iAIn
# R[ETNIEH S
return res

TR, O ARIE 9-10 SRANPRPERE,

HBHEFF res EHFF res

BAZY que BAFI que

-— -— -— -—
HHBA N HBA ABA

IEFRE visited BERE visited

m () I, AT

[ (o) } 1. BEMAMNEFHEF] res { 000 ]

2. REZMREFE SPEMRAIT
ABA que FHAIA visited

(1] (Eem)
EHFF res HEAEFT res
(00 } CIT) J
BAZ! que BAFI que
000 000

BEES visited BFEES visited

T () B, AT R () B, FATUTHRE

1. REAMNERFS res [@@@@@ } 1. BETRMNBFFS res {@@@@@@ ]

2. RBEMRBFAE BRITRAIT 2. REZMREFE SPEMAIT
ABA que FHIA visited [ﬁ ABA que HBIA visited )
Step 3 ‘ Step 4
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T (E) B, AT

1. BEURMNERDFS res
2. REMREFE PERRAIT
ABA que FHIA visited

e () B, FATUTHRME

1. BEMRMNBFEFS res
2. BERREFTE SBEIRSAAT
ABA que FHMA visited

00— o
28

\ Y
Jr—— ——
7 - A /J

T () s, FAGTUTHRIE

1. BEARNMNBFERFS] res
2. REMRBFAE BERAIT
ABA que FHMA visited

EHFT) res

(0000 ]

BAFI que

0006
-— -—
HHBA U

IEHIRE visited

(0000000 |

BHFT res
(000000 )
00

TS visited

(00000000 |

(00000000 |
BAFY que
o

TS visited

(000000000
0 Step 9 ]

= AT que A%,
« FHEEE], SERUEH

R () B, AT

1. BEZM=MNERFF] res
2. BEIMREFE RURAIT
ABA que FHAIA visited

T () B, FATUTHRIE
1. BERRMNEFHFS res
2. HRTRFTE SETAHIT

NBA que FHHIA visited

0—0—o
{ ) \ i )
\‘/ \l/ \ 4
@ @ @
\ 4 \ 4 4

o—0-—0
N4 4

TR () R, FTUTRE

1. BEZMRMNERFT] res
2. BERIMREIFE BEMR AT
ABA que HIIA visited

BAEFF res
(000000000
BAI que

BHEE visited

(000000000 |

& 9-10 A9y FEA eI 0 3R

EHFF res
(00000 )
000

BEES visited

(00000000 |
[step s

BEHFF res
(0000000 |
20

BEEE visited

(000000000
[step s |

(000000000
BAFI que

WREEE visited

(000000000
Step 10 |

T BEAR S D iR 51 75 e —2
RME—, JTEEALSEIE A RER% “HE R BN, i 2515 1 P T et 2 B IO 7
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2. EREDR

AR : i TS NI HBA—x, S/ O(|V|) IWE]; (B PR s pnd i, b2 7mE,
R R A IR i 2 1k, A O(2|E|) WE; BEH O(|V| + |E|) Wi,

BRELE: §% res, BHEES visited, BAFI que PITISSERZ N V], #H O(|V]) 2,
9.3.2 RFREMTER
B S — R e BRI, ol B k& 5, I8 9-11 iR, MZE HATAEE, iy

AT AYIE DB TN, BEDERRSKINIRE, BARSUERRLHFIRIE, DU, BREAA TURE T 5
’&O

11 10
h EARE RSB
2 3 (DFS)
a2 4 ’ RS Fk2ta,
: EHAEE, BENKAEE,
s Bl - EESRER
Dl BHFFIH

0, 1,2,5, 4,6, 3

9-11 KEIRJIREALICE T

1. HETHm

XA “ERRSLERRET FEREFOE R TIE R, 5 EnE R, ERE s, A
MFEMEI— PRI ES visited RICKOWIIRIAIR, POB G EE iR TS,

# == File: graph_dfs.py =

def dfs(graph: GraphAdjList, visited: set[Vertex], res: list[Vertex], vet: Vertex):
nn SRERSTER B REL
res.append(vet) # i2FHEIAE
visited.add(vet) # #RiZZIN=BE#IAIE

for adjVet in graph.adj_list[vet]:
if adjVet in visited:
continue # BldEMIFRIBITNS
# BYFH R LPIETR
dfs(graph, visited, res, adjVet)

def graph_dfs(graph: GraphAdjList, start_vet: Vertex) -> list[Vertex]:
nnn ;‘ék'_‘\rg{t%i@mu nn
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res = []

# IBHRES, BFICREMIAREIINR
visited = set[Vertex]()

dfs(graph, visited, res, start_vet)
return res

IR S 7 SRR A 9-12 FR.

- HRBEACRM NEHE, FITE T — TR 75 R A TR
- HBZARER R LI, FORMEBIATECZRE], BTSRRI E,

NTIEREERE, EUCRE 9-12 5RME G, EMPRLL (FEMZE TR) 81 DFS 3, gt
BIATTIEMNITE, (AR [,

BHFF res EBHFS res

1 1 (T I—

@ e IREES visited REERE visited
. o |
© 090

(.7} |
M Eme:
‘ i @) s () msmEms
) asEms @)
Step 1 ] Step 2 ]
BHFF res EHFF res
' (000 } ' 0000 ]
‘o @ @ BFES visited BEES visited
J} (000 ] (o000 |
© 090
e wmme:
s () soomzrmn e (€ samEma
o E'Eiﬁrﬂg © ﬁuaiﬁmrg (5)
= st
BHFF res BHFF res
& 00000 00000
@: <°> @ BELS visited ) BEES visited
j (00000 | 00000 |
-] o
EHRE: IR
s () womzrma s () sFmAMEmRBERT
o ii')aiﬁiﬂg () RiszostEE, EaEms @)

[ Step 5 ] Step 6 |
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| Step 7
1
y, ) v
& - L\ °
4 J 9
5
N ~ N
© 0.0
7 |\E
©
o
Step 9

BRI res
000000 | :
MEHS visited 0\—‘@—(@
2 3
(000000 | 5«1
.
© 090
wmE: nile
serm () soamzms
s () o
Step 8 |
BHFF res

000000

IEES visited

1
oo o
12 4 9

(000000 | 5
0—90
AR il
mx (O sFmamEmEERR N
RitzsaE, BpzEms ©) @

suteese - maEmEmR (O

Step 10

BAHFF res
(0000000

EEE visited

(0000000

-0
) ¢
@%g

o0

EANE:

1w ) sFESEmABE
Btezrzam, mazms )

s () ktEm, mEmEn

Step 11

B 9-12  EIRTREE (L el P 4 3R

BHFF res

(000000 |
BEES visited

loe0000 |
[E1HRBAYER :

w5 () wFrBEmAEE
R, mnEms ©)

BAHFS res

(0000000

REERE visited

0000000

R
s () msmEms
wsEns ©)

DRI Ci i e 51 o e —?
Srrgsem 2, IR CE D PSR T AR, SRR, JeEMR T AR R AR Al
PA, BRRREETHURAIN S iT DUERSTHEL, #R2 R,
DI EIE A, MR — 7 =6 “E R =6 FE=H - W 2RINEEF. BE JERE
P, efER T =fi@Pitsed, Amix=#E TREMLLET,

2. ERESR

MR AE: FPETURE S 1k, 8 O(|V]) Iia; Fra sy 2 i, M O(2|E|) ki;

SRR O(|V | +

E|) i,

SR S res , BFHES visited MAMREEN V], SITRERAN V], HiEH O(|V])

ZE Al
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9.4 &G

1. EREEH

- BB, 7] RSN —H TN — I R 5

- METERIERR (BER) MniaxkRE (), MBXR (B) BAE&NBEHE, FimENEH,

- BREEGLEATTRNE, EEEPRERTUR AR, ANERNSROE SN EL R,

- RREIEFEMIERERERE, 81T G) RE-DIUE, BFTREE, 180 FrmTiEs
AR IAETE, AR MR I & 2R L RCR IR, (HS A S FHZ .

- AMERMEM Z MNERRORE, 5 DMRERN NI ¢, HAPEE DZTURRIRTA WU, BREFRM
X T ARRIEFEE AN A 2], (HiTREENERREID, I AR,

- HATERPAVERIS KA, A DU HONL B eG R, MR E IR,

- WRIERBRIAE T, AHEEFHAILT DA AR R, SRR T DA R s A7,

- BT RS EIIC RS, WML, HIRERIE 5,

- R —RRR B, bRkt P e T B — AR 1

- ERTESE R T ML, REY KSR, @GS,

- ERRERSSE LR M ERIR, o EN ERIARHER TN, R TIEIRLIL,

2. Q&A

Q: BRRYE SRR FHIE RN FHI?

R TR LA FRIE S RARE A8 S “BiRR— s, mhschiog ‘BRI
H1”, AR RIEXRRIESC: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

AL, RPN — DAY, MAZE—DIRFE, X BRI TR 2 R AT REFF R 2 50016, it
(RES UL I A ST E

Q: AREEE RS XA ik 22

FAREEE S, MWRADTURHE, B0~ PMIRICRENE, whiREaEmHEREZ NN, PoEhzE
HIRTAEE ) &

Q: FEAMER, “SIXNRAERNATAE TR BRI 25 A ZEK?

A DURAER . (BAESEPRM A, AIRER ZHL IR MUNRHR?, HAMEIR TS AR Ay, BB IR T
RAERDRIGFE, XA T HRIEER A EARE" BT,
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FI10E EF

Abstract
HWRZ—ARANER, BAIS8FFZEEEMMZ RPN AT, XaFa] DLPOEEIE B R,
ERXAI IR, F—IREE A RER R — MR ERHENE R,
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10.1 =—H&EX

—5&EH (binary search) BT IGRISH SRR REER, EFHEBIRINA R, SeH)h—FRRT
l, EEHEIERTRSEERXE NN,

Question
HE—NMKEN n WEEH nuns , TTERIEMNNEIRIIFHEY BEAESE, 1EEHIFREITER target
EZBAHAPHIRG |, HEHEANEZTE, MHRE —1 ., REEnE 10-1 Fir,

ERERERTHA
nums

BMANBEFHA nuns , ERBEIFTE target = 6

B 10-1 o EHORGIESE

I 10-2 fiw, BAVEWIGERIES i = 0Ff1 j = n— 1, SilfsREEHE TEMETE, REHERXHE
[0,n — 1] . EER, HESFRRHXE, HOEZL5HEERS,

BRE, TERHUTUL RIS,
L WREHERG I m = (i +7)/2], HP | | KRA FBEERIE,
2. H|Wr nums[m] 1 target BIR/NRR, 2N PR =FEN,

1. Y nums[m] < target i, UiPH target XAl [m + 1, 7] #, REHITi=m + 1,
2. % nums[m] > target i, BifA target EXIAE [i,m — 1] 1, FHHFTj=m —1,
3. Y nums[m] = target I, TiBHHE| target, HHIREIRSI m .

HHANEEETR, HREARERG/NNE, WRHEE -1,
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35 35
; 31 i i 31 m!
)3 26 53 26
i 15 | 15
: 12 ! 12
il il
#;l oo 12 3 4 5 6 7 8 9 #l 0o 1 2 3 4 5 6 7 8 9
A A N A A
i bl i m bl
RIF=—SER:
WAt i, j HIEABEETR. BTR 1. 8RR m= (i +3j) /2
mERRAXE [1, j]
Step 1 Step 2

| o

| == 1 2nll
b

s
1 3 1 3
= m D - |
#l o 1 2 3 4 5 6 7 8 9 #l o 1 2 4 5 6 7 8 9
A Aoa Aoa
i jom iom
BR_SER: EF=HER:
1. W&PEm= (i +3)/2 1. it8FE m = (3 +3j) /2
2. ~ nums[m] > target
Step 3 S HUT 3 = m- 1 EMERRE Step &
23
= 2l = aml
#l o 1 2 3 4 5 6 7 8 9 #l o0 1 2 3 4 5 6 7 8 9
AoAoa Aoa
m i j im j
RE—HER: RF =S ER:
1. H&hE m = (i +3) /2 1. HEPE m= (4 +3) /2
2. = nums[m] < target
S B SHE = m e 1 BN D G
rn
#l o 1 2 3 4 5 6 7 8 9
A
m

EF TR
1. HHbmm = (i +3j) /2

2. v nums[m] = target

(step 7 | - EERS|

K10-2 — &
ERTEERR, BT M #2 int 288 Kk ¢ + j aTRE@H int JAYHUATERL, Oy 75 KRBT,
BATEHERAARX m = [i+ (j — 1) /2] RIHEH R,
RIS PR
# == File: binary_search.py =

def binary_search(nums: list[int], target: int) -> int:
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e ZHER EAKE)
# MRLNFXE [0, n-1]1 , BD i, j #3EEHEETE. BExE
i, j = 0, len(nums) - 1
# B, YHRKEAHTHREE (X i > j BTAT
while i <= j:
# IRt E Python WYFAILERA EURFREKRD), BAEEALHER R
m=(1i+3) // 2 # HBEHFHRZES m
if nums[m] < target:
i=m+ 1 # IERHA target 7EXE [m+1, j1 &
elif nums[m] > target:
j=m-1 # WHERRE target EX(E [i, m-1] &
else:
return m # IXEIBFTE, REHZES]
return -1 # XKFIBirmE, RE -1

IREZEN O(logn) : fEMEHRH, XRESRGEN—F, FIIERREC log, n .
TRERER O(1) : F55H 0 f1 j (EREECR N,

10.1.1 XERTAG*

BT ARG, %R AR REE AT K, 20 [0,n), HEOREEHES, Haf
Fa&EY, ERRRT, K [i,7) i = j RN,

BATAT AR T Ao S B A RIS RER) — B ETA:

# == File: binary_search.py =

def binary_search_lcro(nums: list[int], target: int) -> int:
nen ZHER (EAGFXE)
# B ERAGERXE [0, n) , Bl i, j KRB ETE. BxtE:E +1
i, j = 0, len(nums)
# BIF, HERXEATHEE (H 1 = j BHAS)
while i < j:
m=(1i+3) // 2 # IHBEHFRES m
if nums[m] < target:
i=m+ 1 # IERRE target EXE [m+1, j) &
elif nums[m] > target:
j=m # WERWEA target XA [i, m) &
else:
return m # IXEIBFTE, REHEZES]
return -1 # XKFIBirmE, RME -1

i 10-3 FoR, ERMXEZRR Y, ZoERERRRat, TERAMgE N R &G T AR,

BT “KHAIXAE" RSO SO AIX TR, RIS T 4 AfaEr § 28N X Rt X AR
Mo XFEEAA G, Bt —BEBCRH “XWHAXE” 574,
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RE |

§§|“0123456789"“@123456789"10
i ERibREeEsss j i AKhReEsas riaRFE58T j
EFKE: WAXE [i, j] ERKiE: fRAFXE [1, j)
adkisst: i =0, j =n - 1 iatkigst: i =0, j = n
BEFEIESEM: i > 5 BEFERIESMF: i 2
GUKERE: i =m+ 1, § =m -1 BIRKEHRE: i =m+ 1, j=m

&10-3 FRPIX[AIE X

10.1.2 i=5RRE

o BEERAE I TR [R) 75 T A A BT B TERE

C BRI AR, TEAKEEE T, MBI RS 28 B B, B, SEdER N n = 220
I, SeMEAERAEEE 220 = 1048576 %AAIK, i /&I log, 220 = 20 418,

- ZOBERTCAEIN R, R T REMEESME RIS REDSE (FliamER), —aBEREnTEs
],

A, ZoESOHBEERTIAER, EEADITER,

- IOBEBRUER TAEREYE. AMABIETRE, N T ER B ET T, 50655 B
HF BN R EREERE N O(nlogn) , HHEMEBM —H&EREES, o TMEMATRNT R,
WA, FEETTRBATREMNE, NHEEREN O(n), WEIFE SR,

© ZOERPGER T, BT Rk ARESH) TR, MmAERERHHAITERERTT FHIRK
BRI, RIAIE G A B s T HER SRR EE

C NIRRT, AMEEIRVEREEME, ALRMEERT, FRAFE LRABHRE; ME_SERH, TE 1R
A, TIRBRIE, 1~ 3 RAIrRIE. 1 00I0E (TR, 3t 4~ 6 MEocife; B, SEIEE n BUh,
S BRI L = &R,

10.2 ZHEREAR

BRI TERERTER, A TRRIFZZRMEE, R B TR E,
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10.2.1 EEETENER

Question

BE—NDEKEN n WEFELH nuns f1—NICE target , AR GFEEE LR, W target i
ANEE nums /1, HRFFEHA R H8APCHFETE target, NHEEAZIEALT, EREHHEAG
target fEEAHFHIRSG], REIWE 10-4 Fi7R,

nums

BAR N target

nums

WABFHA nuns , BA5TE target = 6
N target WHEARESIN 2

B 10-4 &I ARURBIEE

AR M BT AR, RS DU AN A,
Bl —: SEAPEE target I, HARNRIIBERIZTRNRII?

WHERKE target FAZIMECEN AL, XEWEFHBAN target Bt 7 JFK target BN E, ik
0, HEAHMT target I, HWARPIRESERZ target &S],

M BT AELE target I, AR TRIRG]?

H—EE BRI XY nums[m] < target B ¢ B3, XEWEIEH | AR TET target FTE
i, A, $8%F j tARER/NTET target ITEFEIL,

R85 RN —E A o FRAE AT target HIITR, jI8AENINT target FTER. 59 SHAFE
& target I, FARTIN i, RBAITFFOR:

# == File: binary_search_insertion.py =

def binary_search_insertion_simple(nums: list[int], target: int) -> int:
e THERIEAR (EEERTR) "
i, j = 0, len(nums) - 1 # #EKNHAXE [0, n-1]
while i <= j:
m=(G+3) /2 # itEFRIERS m
if nums[m] < target:
i=m+ 1 # target EX{E [m+1, j] &
elif nums[m] > target:
j=m-1 # target 7EXia [i, m-1] &
else:
return m  # #}ZF target , REHEAS m
# K#ZF target , REFEAS i
return i
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10.2.2 FHEEETENBR

Question

£ E—R R b, e RE S ERE TR, HRAZ,

BB P FAEZ A target , NIIE - ERAGEIREIEA— target FERS], MiEREZTCENE
Bftibie a2/ target,
AH B B e 2 AR R AL, ILBRNEEERBA PR L —A target MES|, WIPF EETE
10-5 AR RS2,

1. PAT AR, BEEE— target IIES], IEM k.

2. \NES| kIFeG, mAEMTLER, MEREIRAIIN target KHR(E,

target

e

x ,.*\ PP

1. EZHEHRIER— 6
2. BEMEHRIIREIN 6

B 10-5 ZMEREE TTRATHA S

Wk BEATTH, HEAGESEER, FHNRIEREN O(n) . YA FERZEEM target I, %
FERCERR K,
WEERE D ERRE, WE 10-6 iR, BARERREAE, SRS EERTI m, BHHN target
M nums[m] FIK/NKER, 70N PAR LA,
- Y nums[m] < target & nums[m] > target B, WIBHIEATKE| target , FIHRAEIE &K
HIAE/ X BIHEE, MNmAEFSER « F1 j M) target %Eik,
© Ynums[n] = target i, BBH/NTF target MICEEXE [i,m — 1] &, FHRHj=m — 1%k
/X R, MmERRER § MV target BoCERRRIA,

TEIRERUG, © fRAR/ACUE target , JfRMAENDNT target BUTTE, BRG] @ SURA R

151
12
10

6 6 6 6 6
3

6 6 6 6 6
i3 i
b b e
- = L- L
# o 1 2 3 4 5 6 7 8 9 #®l o0 1 2 3 4 5 6 7 8 9
b] b
A —SHER:
WAt i, j HIEABEETR. BTR 1. H8FE m = (i +3j) /2
mEFRTAXE [, j]

Step 1 Step 2
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12
10
6 6i6 6 6
| 3 I:I H
L 1
= B RH
#®l o 1 2 3 4 5 6 7 8
A Aoa
i m

EF=RER:
1. 8RR m= (1 +3) /2

2. ~ nums[m] = target
Step 3 =BT G o= om - 1 GMERKE

10

>0 Tlw
-

b
#l o 2 3 4 5 6 7 8
Ao
i
BEF—SER:
1. H8HREm = (4 +3) /2
2. ~ nums[m] < target
Step 5 A HIT A = o+ 1 GNERKE
12
10
7 8
BER=HER:
1. H8HREAm = (4 +3) /2
2. ~ nums[m] = target
l Step 7 ~ BT § o= om - 1 GNERKE

Step 4

Step 6

Step 8

12
10
; 6 636 6 6
= S
SCR N R |
#l o 1 2 3 4 5 6 7 8
I i
iom j
BF =S ER:
1. 8RR m= (i +3j) /2
12
10
36 636 6 6
SHm
=& Lo |
=
#l o 1 2 3 4 5 6 7 8
im j
BR_SER:
1. 8RR m= (3 +3j) /2
12

- ARBEAREHE i < j
- BHTMER, EEF3 i

10-6 Z N EKEEITLRIIFA RN TR

WL DURACHD, HIWi5r 2 nums[m] > target #1 nums[m] = target HUER/EAHIE, RILFHE AT CLE T,
BEant, FAUDIART DRI SRR TT, RO EIB R B AE M, Al s s 4f,

# == File: binary_search_insertion.py =

def binary_search_insertion(nums: list[int], target: int) -> int:

e ZHBEHEBAR (FEEERR) "

i, 3 =0, len(nums) - 1 # WIAKNAXIE [0, n-1]

while i <= j:

m=0(@G+3) /2 # HERIFRS m

if nums[m] < target:

i=m+ 1 # target EXE [m+1, j1 &

elif nums[m] > target:

j=m-1 # target 7EXia [i, m-1] &

else:

j=m-1 # 8MNF target WTEEXIE [i, m-1] A

# IREFHEANS 1
return i
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Tip

AR X" Fik, AXGER5EE T DLETSEI “ERET ik
BHRE, —oESICARESTEE « M j ohiE R AR, BiralsEE— P EMARITRE (Bl target ),
rfRER—MIeREE (BT target HI7THR),
TERWIHIIEIR — v, 5% 4 M1 j BB INEL IS IRER Hin. &2, BENSRMINIREIESR, s0glidil
a1,

10.3 —H&EXHRE
10.3.1 &BEREBOR

Question
HE—NKEN n WAFEAH nuns , HPR[RERSEE LR, HREHATRE — TR target
MR, HHEHAFPAUEZIZITE, MRE -1,

O B RIEA S, MRERE (BARAE—1 target , RIEIIBA SA R ERIEEREA—
A target RIZS[,

FEEd A AR R BB AR D, TR, ST ATRETAEE target, XMIGILATRESBAT
RPZE R

- FARMIES] B,
- Jt#E nums[i] 5 target FHEE,

LB F A RSN, EREORE] —1 BIAT, ARSI RN
# == File: binary_search_edge.py =

def binary_search_left_edge(nums: list[int], target: int) -> int:
nnn T ATHRERALE— target"""
# HEMTFEH target BIEAS
i = binary_search_insertion(nums, target)
# kK3 target , &[E -1

if 1 = len(nums) or nums[i] != target:
return -1

# 3 target , REIZE3| i

return i

10.3.2 &EHAILR

WL UMAE R A — target WB? HEZENTREBRNAR, BHfE nuns[m] = target 150 FIFEE
WekEtRE, RESTELL NS, A 4ERAYIEEE Al DABATSEE,

NHEBA R E AN T
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1. ERERENR
SERRE, FATAT AR A ERR A TCENRECRERRAGTTER, BRAER: BERRA 1 target #ibh
A A target + 1,

N 10-7 Fow, EEGERUE, et SRR — target + 1 (WRAFETE), Wi j famsA —1 target,
PR3l 5 BIA),

target = 6
- (000000
A A A
j i i i
EREA—T
target+1
Fih
EHREE— EHEE—
target target

B 10-7 ReEHRAID SN EIR LR

THER, BEEARZ  , BEFRERER L, MRS j -

# == File: binary_search_edge.py =
def binary_search_right_edge(nums: list[int], target: int) -> int:
e ZoEREe—1 target"""
# BRUATHRE— target + 1
i = binary_search_insertion(nums, target + 1)
# j EERAHERAE— target , i IEEENAT target WITE
j=1i-1
# K#%F target , X[E -1
if j = -1 or nums[j] !'= target:
return -1
# %2 target , REIZES| j
return j

2. BUUAHERTER
BAHE, YEAHAAEE target N, B& Ml j 2altERENKRT. /T target HIITHR.
[Kltk, 40E 10-8 AR, AR DMGIE— MNP REERITER, ATERAGIHA,

- BHERA A target ¢ AT target - 0.5, FHIREHEE 0,
- BHREA A target ¢ ATDARELAEER target + 0.5, FIREHEH o
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target = 6
nums
i i i i
=i i34
target - 0.5 target +0.5
Fih Fih
EHRE— EREE—T
target target

B 10-8 KRBT N ESITR

RISTELL AR, DURMARESER,

- BEBANE/NYL, RERE RN O A PR HIE Do
- ROMIZTTIESIAN TN, TR ER MBI & target BONPEREEE (Python FEMEkE) o

10.4 MFEMRILER

FEREET, BRSSO EPOR P RIAR N AR, A8 — DR INE
BRfigE,

Question

B — MBI nums FI—NHFRICE target , EEEEHPIER “M” N target HANICE, 7
REIEMINEEERS], REMEE—MERIT,

10.4.1 ZM4EK:. UBEHRSEIE

EEEEREIETRENAS, R 10-9 Frr, BITEE—1MWNEER, EFFRAHBR N EEE0IFE SN
target, #ise, MIRMEIEIITNES],
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(ANELINNGS

# = File: two_sum.py =

target = 13

s - (@000

'il 9 13 17
18 22

B 2

BHFIEEES, HiBFMA
target (4H &EHR(D]

K 10-9 ZeMEEDOREMEZ

def two_sum_brute_force(nums: list[int], target: int) -> list[int]:
e HvE— BAOmEE
# WBTER, NEEREN 0(n"2)
for i in range(len(nums) - 1):
for j in range(i + 1, len(nums)):
if nums[i] + nums[j] = target:

return []

return [i, j]

W IR RS 240 O(n?) , ZEREAERN O(1), EABERR NEFFEN,

10.4.2 MRFEK: UTEHRATE

FRMEI - NamER, BENDHINBEHTTRNITRRS . ENEHEE, SRMTE 10-10 FruRii 5,

1. HIWET target - nums[i] BEERARS, G2, WEREREXMNITRIRII.
2. FFHHEXS nums [1] AR5 1 BSIIHERG AR R

[ step 1

target = 13

s - (DOOO

A
i

BHELA nums

+ 13 - 2 = 11 FE map
~ RITE 2 M map

Step 2

target = 13

s - (DOO0
A

i
map =
vatue [CN 63 =3l
WHEBE nums

~© 13 - 7 = 6 FE map
~ FFTE 7 HiE map
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target = 13

BHKA nuns

13 - 11 = 2 7£ map
~ BEFTRABRS| [0, 2]
Step 3

10-10  HHBONG A FOR MM Z A1

SCEARE AT AR, AR SREIEARIAT:
# = File: two_sum.py =

def two_sum_hash_table(nums: list[int], target: int) -> list[int]:

neeoEIET L MBI R
# HEBHISER, TRERIERERN 0(n)
dic = {}
# BEREF, FHEIEZRER 0(n)
for i in range(len(nums)):

if target - nums[i] in dic:

return [dic[target - nums[i]], il

dic[nums[i]] = i

return []

WA BB A B H I I 2B O(n2) 1% O(n) , KIBETHETACR,

HI T REGF —MMIIE R R, BBEEREN O(n) . REWIL, %77 5ERPRIR N 2335058 0 h 51,
Bt e R A SR RS

10.5 ENRRFE

EREE (searchingalgorithm) FIT1EEURSEN (BIan#e, B8R, RlE) AR Pel—Hile e s
HHITER,

TERAIE AR SRR 7 W DU R,

I BARGHRE N H bR TR, BIANEE, BRI
- FUHBIRAA G BIR SR REE, KRMBOTRER, I —0EK BREHH ISR
AHF,

AHEREL, XA R EAERTH A ETT AN, RIEREEN TR AR, AT, 3]
RMEIRGIMATIN, EHra IR,

10.5.1 8|HiEE

2N FEE L BRI E N TR RE M B,
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© MR EH T RAMBER SRR, EMNBUREHN TR, BATIRITER, EEKE
HARTEREENA S —unlieA HE BT R M ik,
©TTEARSEERT 1 CREMSER” REFIR B PRE R, TSR M T AT IR E
R, HEMIZYT R T R REIRRMNAET ROTEE, 18 —RsIEEREL, R
flbit, ELEE D 7e B EHRLE,
RIERIM VR R FIBAMELE, JEB0N BRI BERMG BES MA B IRE T .
SRIT, MERBIRIN WIS O(n) , Hrbhn e, e EERIIEI FIERER 2.

10.5.2 HiEMNEH

HIENAE RN AEBGRAR AR (BIE M) RICE R, s s RotE i B iR,

SO RIEORNE PSR AR, (OE T L

L IRTRAE RIS RA E AR S R R, TS R,

- SRR TERFEIORGAD (10— ARZH) R, HT T SR PORHERR S, TR B AR,
SRR RS, IR A TSSO (logn) #5 O(1) .

SR, MERADNXERAR AR TN BRI T AR B, BN, o EIRERERUR A THEE, Iam &R
AR TR LA BN BAR S, AEPIX AR At AL th el BRI M I AT 2 TR T

Tip
HIENAEREIRF PR EREE, RERATEREBIRG P IERR B,

10.5.3 $EFRIFEEN

BERNN n B—HEE, BATTAERLEMER, &R WEER BREBREZMITIENTERER
TER. B MNTTIER TAEFEEANE 10-11 R,

SZ14EF o(n) PAEEH 0(1)  #H key T value
key I S =
ZAs L O
—HEH 0(logn) WM& 0(logn)
= R

RIERIERE R a MERXIE)
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10-11 ZAME RN

IR URTTIRA R ERCR SRR 10-1 AR,

R 10-1 EREFBERX L

LRMHER AR ML MG AR A
EHHRTTR O(n) O(logn) O(logn) O(1)
AIATTR 0(1) O(n) O(logn) 0(1)
HERIT R O(n) O(n) O(logn) 0(1)
b= O(1) O(1) O(n) O(n)
Bkt / 7 O(nlogn) it O(nlogn) R O(n)
iR GHY TFp HFp fFp Terp

RREIRANEREIOUIRE, RIEREZOR, BUREW S EFiiRE,
&MEHER

- AR, AU ATBEETE IR, RNBA N FE R —IREE, IR AHA =5 TR BRI
FOR T FE e M PR 2R AN TRDE 2B K

- EHATHRERVNIEAE, HIEGE N RS A SRR,

© JER TR ERREGS R, RN AR N SR T TR e,

R

- OEHTRBIERRIEN, BCRRMEE, RENREREN O(logn) .
- BUERAREE R, BV EBEH TR RS A A
- NERT RIS MEBIERIR, ROVYEH R FER.

WS A AR

- EENEREREERIRES TR, PENREEREN O(1) .

- NEAHFEAFBIRSGEREERIR, ROVSH RICEGET B0 H P,

- IR AR B ERIG A I RAC BRI AU AL s,  BAABORIITERE S L X

- PEEEIR R RIIEN, RIS RRTEIINS AR EAREE E D mh 5%, Wit R e & it

i
PR

- JERTEREEE, EOVT AR R T BUE BRI,

- EETREYEA P IEESGEE AR R

 TERPSUEINT SR AR, ISR ATRE MR, NRIEAESEE O(n) -

- H{EA AVL WERZL R, WA THRIERLE O(logn) R FEEIBIT, (A R-F- SR 0E 288
ST
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10.6 /h&E

1. EREEH

C O BEBEEIRN AP, EIERR P AR R X R T A, EERMARIEA R, HX
3 TR B T R SR B A A

- B EREE I BARE R MR, SR RIEN TEEHMBER, MR RARE R
EH TR, HREBOERMELE, TANEIRI TR, ENEERE O(n) BH.

- IRTE, WEBR O EHE TR RITIE, A ER T BdRGSTr PuRE A HAT R, HERETEL
K, NEERERZE O(logn) #£2 O(1), (HIEHETEMIRIMNUREE,

- SEPRA, BATEN BRI, ERMEEER, BUREMME iR R R T B, NMEES
BRI,

- SMERRER T/ NSRS E IR, —O0BESIERTARE, firalds; BaEP0EH T ERRL
REGREGE BICAGE B B WREE, B OE ] T ZE 5 A0 SR Ve & R RS AU,

- HRFRERFRAMEERE —ME RIS TN R, AP EEREMN O(n) BZE O(1)
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F115E HF

Abstract
He it an —HORHRELZ AR P RO BETA AR, (HFRATTRE DATE SR 77 U R 5 A AR
o BN, RE 2T RHA, HramIRiIEr TEIRNFIEER,
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11.1 HIF®EE

HFE% (sorting algorithm) HITX —HEHRIZRKHE N EITHS . HFEREET 2N, KGR
HdfEid H RE B E SRt E R, AR,

e 11-1 Ao, HEr REETHROBERER R A DU RS, TR PR E TS, HE AT RN AT AR R 5k
B, WEEFR/AN, FAF ASCIL RBJIfT 8 E & A,

BRBRBFANEFER
20800800 (o]s]2]s]«]s]e]/]
RRTFHEHFTRES
CICDEIEDED = CHEDECIED
HRERAEXHANHFEFH S

G00A00G OoGcocDd

B 11-1 BESEERAI AL =51

11.1.1 N EE

BT BT EHER RN R EAERER, HEEAERERERD (NRIEMEFREEITE /N, X
FTREGEEMIEN, BITNREETNNEE,

P AR, Rt S T R A AR R RSB, IS BhERAN B, T NAE.
BEBNT, FRHHEREIERs @R D, BITHEE M E R,

ettt BREHFAESHTE, S CEEREHE IR A & 4K ZE,

REHF 22 H R 2B, RIRBNTE — MEEEAEERIRK, 6B 15 2 519524/
FS, EIXRMEN T, ERREHRTRES B0 ABIE A ks

# BMASIERRRY R HIFITS

# (name, age)

('A*, 19)
('B', 18)
('cr, 21)
('n*, 19)
('E', 23)

# BRISERIEREHFEZRERHFIIR,
# £58ch ('D', 19) 1 ('A', 19) HUHEMMIENRT,
# WNSIEREZHIFEREL

('B', 18)

('n', 19)
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(A", 19)
('e', 21)
("E', 23)

FUENTE: BERHERERA M A SR T AR E SR AR, RBERARRRER, BIENHF
SRR B I TR 52 2% 3 (L TP XI N TR B R

REET IR EFHRHHEIFRBTEIEER (<0 =, >) RAWTTRIMSRE, MR,
MIGRANHEAEN O(nlogn) . MIFLLIRHFE A LEIZHERT, NEERENE O(n), EHEHME
LERS R e

11.1.2 B EHIFERZE

IBATHR, e, FRE. EIERL EHITELF. B2, IS MIEMAREBIFRA L ERTERHERIHEE RE, B, 1E
PP IR, R R AR EE R RO R R SRR OE

R, BATRILFRIZES B RIE, HET BRIP4 & D7 BRI ROE T 04

11.2 #&FHF

EEHF (selection sort) AYTAEFEHEHER S THE—MER, SRMARHF XEIERR/DITTR, KHK
FEH P XRARE,

EEHRI RN n, ERHPRRTERENE 11-2 or.

L VRIS T, FrEeEAr, BRHE (R3D XA [0,n — 1],
2. JEEUXE [0,n — 1] HiERANER, BHSERG! 0 ATz, elE, el 1 MeiReHy.
3. EHUXIH [1,n — 1] shii s, KHSRS| 1 ARTRERH, ElE, B 2 HoReHr.
4. DAUHSRHE, &80 n — 1 RIERS R, B n — 1 MREHT.
5. PORII—NLRDERRATCR, AT, HIEBEHER 2.
s @ nums n@
% 1ws % 108
B, EERITE nuns(k] SBIRHAFIE, SARIEE nuns[k]

ZHBTR nums[k] FRHFXENENTE nuns[i]

Step 1 Step 2



H1E HF www.hello-algo.com 206

KHIFXiE KHFXE
i N
!_2 ik ﬁ_z ®ik
SEFRHFKE, SERIEE nuns(k] oS ——

ZHB/TTR nums[k] FFRHFXENENTR nuns[i]

[ Stenks ] Step 4
KHFXE RHFXE
-~ GO0000 - @00008
i k
g_a 0% g 3 ®iE
SR, FERITE nuns k] SEFRARE, HERITTE nuns[k]
ZTTR nuns[k] FRHFRENENTR nums[i]
[ Step 5 ] Step 6
RHFXE FHFEE
- (00000 - (00080
i k
g 4 % g 4 W%
JEHRHFXE, $ER/ITE nuns[k] ﬁl%%ﬁ;ﬁg[ﬂ, $EiER/NTE nums[k]
ZTTR nuns[k] FIRHFRENENTR nums[i]
[ Step 7 ] Step 8
RHFXE KHFXE
nums nums u 4 5:]
A A -
i k
g 5 % g 5 %
BHFRAFXE, EERTR nums[k] iﬁl%%ﬂFﬁEiﬂ, HEERTER nums[k]
ZTTR nuns[k] FIRHFRENENTR nums[i]
[ SxD O ] Step 10
SKHEFEE
nums
TR (RR—TREH
F)
Step 11

B 11-2 &R P R

RS, FATH k RICFARHF XRINAR/NTR:
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# == File: selection_sort.py =

def selection_sort(nums: list[int]):
vOEEHE
n = len(nums)
# SMER: RKHFEXER [1, n-1]
for i in range(n - 1):
# WIER: HRIXRHFXEAN®R/NTE
k =1
for j in range(i + 1, n):
if nums[j] < nums[k]:
k = j # ER=/)\ITENERSI
# Bz TERSFHFXENE N TERR
nums[i], nums[k] = nums[k], nums[i]

11.2.1 EE44

- RSN O(n?). EEERHERF: SMEFRLE n — 150, F—R0AHFRAKEN n, F5—i0
FIARHEF KRN 2, EISSMEIR IS n, n— 1, ... 3. 28P0EHF, KAy =lnt2)

- SRR O(1). BHHEr: f5EF i R j AT EOO MIRIMSIEL

- ARRGEHNY: Q1 11-3 FoR, 0% nuns[1] H ATRERAR IR 15 EAHSEI TR A0, BRI HIARS
WFE AR

RHHF A
-a

RITE R

FHIFXE
8080
TRE—-RIERE,
IR 4 BERIERETHE

B 11-3 ey IR R bl

11.3 BiaHiF

Si8HF (bubble sort) JEITIESIM LI S HAHMITR LI, X NIEREE TIRARERTT 2T —F,
K4 B,

N 11-4 FoR, B AT IR TC RS R R MBS AT A a7, IR EEEAHRRTT R R
AN, MR AETER > AR M WhERE, RRRITTR PR EI A R R .
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nums °0Q0°0 nums Q\éageg

FHRRRE—H R

TEANSEREFRIELL
MNEEGBHESTR:

« ETE > ATk

~ (0008 - RBERATER

[ step 1 ] Step 2

nums oe\coag nums gao\/aco

MEZGBHESTR: MEZEGEEHESTER:
v AR > BOTE v ERR > GOTE
o RPN TTE - THREFTTR

Step 3 ( Step 4 ]

nums oaooao o°o°@\/°

MEEGEHHESTR: MEELEHHESTR:
~ AR < AUnE v KRR > AR
o BRFT o X NTCR

[ step 5 ] Step 6

KIE

IKE
nums oeoooe

®H n-1 PEEEHE

BHTERIE,
BARETHAKE

Step 7

B 11-4 FIHTRZHBRERLLE i

11.3.1 EEnig

REAHNKEN n, BiRAFRPERINE 11-5 Frr.

L B, X nAmRIT “Bi”, HEBENEOTR R EIETAIE,

2. TR, MERn — 1ATRHIT “Bil”, FE ORI IEWAE,

3. DAEHE, &2 n — 15 “HiR” &, Ain — 1 KECRARPEHE IEm A E.,
4. QORI — PR R R/ NTR, LA, RIS 7E.
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“BikE  KHIFEE

i Spav
- 00008 3

miTE 1 ®ER.

paonan B -

MITE 2 BEER

HITE 3 ®EER

a0 8 -

[o,

WITE « ®EA

0800

HiT# 5 ®EE

088000

FTRHFE (RR—MaRTAHF)

[o,

[o,

K 11-5 Bifriite

AEIRET
# == File: bubble_sort.py =

def bubble_sort(nums: list[int]):
R =Pk I5 AR
n = len(nums)
# SMEIR: KHEEXEHRN [0, i
for i in range(n - 1, 0, -1):
# RER: BXRHFEXE [0, 1] PHRATEREE ZXEN&RAIR
for j in range(i):
if nums[j] > nums[j + 1]:
# 34 nums[j] 5 nums[j + 1]
nums[j], nums[j + 1] = nums[j + 11, nums[j]

11.3.2 ¥MEML

5]

4]

3]

2]

1]

o]

BA VB, RS B P TR R E, WIS CAe Y, ATEROREISIR, Kitt, #]

DA AN —RaBAL Flag SKRETTNZXAME L, — B Iz ELR[EL,

Zdtife, B ARIER MR RERER S RETS O(n?) ; H4MABHRLEFN, Ak

AR FEZE O(n) o
# == File: bubble_sort.py =

def bubble_sort_with_flag(nums: list[int]):
e BiaHE (REfife) v
n = len(nums)
# SMERF: RHFXER [0, il
for i in range(n - 1, 0, -1):
flag = False # #JAKARENL
# AEF: BXREFEXE [0, 1] PHRATERIREZXENRGIH
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for j in range(i):
if nums[j] > nums[j + 1]:
# MR nums[j] 5 nums[j + 1]
nums[j], nums[j + 1] = nums[j + 1], nums[j]
flag = True # iBRTMTE
if not flag:
break # It# “BE RMWEMTE, BEHE

11.3.3 EiEis4

- WRERER O(n?), BIERHE: &6 “Bi” wHNEERERIIn -1, n—2, .. 2. 1,
BRI (n—1)n/2, fE5IN flag (LG, SENFAEREAER O(n) .

- BRERERN O(1), WHHbT: 485 0 f1 j SEREEBO NSNS L

- RUEHEE: BTE BT PBEIESF TR,

11.4 ENHF

BAHEF (insertion sort) Z—RifE S RIL, ERY TIERES Fah el — I Ay R F AL,
BRI, BAMERHF X EEZE P EETR, FizooR 5 HAMCHP XRFTTRE —ERD, FR
LR A S ERAA E,

K 11-6 R T EAHm A TR, BEMETTERDY base , FANTFEHMERRTIE] base ZRIKFH
TLRMAEEE 0, AR base ES HIRRSI,

i o
8800088 -

nums[5] = nums[4&]

¥rxE 3 HAE nums I R
N o S TERR
EHEFXERER(LE e | DDEEOE

nums[&4] = nums[3]

AN
EIEEIEEE

nums[3] = base

e | D00000

B 11-6 AU A RS

11.4.1 EEniE

NHER BV ERAATTRANE 11-7 FoR,
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L WSS, BARE 1 D aRe e,

2. IEBCBERIES 2 N ITRIEN base , KHMAZIEMVES, BN 2 ATREH.

3. JEHUE 3 NTRIFN base , KrHIAZIEMM B, BALMI6ET 3 MR eH.

4. DAHSEHE, fEf/a—ferh, JEIRIE— P ITRIEN base , KHEMAZIIEMBS, FifixiRcHy.

BHIFXIE

[0, o]
[0, 1]
[o, 2]
[0, 31
[0, 4]

[0, 5]

B 11-7 fHAHEF R

RBIESNT :

# == File: insertion_sort.py =

def insertion_sort(nums: list[int]):
R NHER
# SMER: BEHfFEXER [0, i-1]
for i in range(1, len(nums)):
base = nums[i]
j=1-1
# WIEIF: & base WEwAZIEHFEXE [0, i-1]1 PHERUE
while j >= 0 and nums[j] > base:
nums[j + 1] = nums[j] # ¥ nums[j] BEHZ—
j-=1
nums[j + 1] = base # ¥ base WEZIEHMNE

11.4.2 &S

- WRERER O(n?). HIERHT: fEREHNT, SUEAREIBIFER/E L — 1. n— 2, ...
20 1R, RAEE (n— 1)n/2, WIENEEZER O(n?) . EBSIEFEIEN, HARESARML
ke HEABATE AT, BAHTBRIRENAERE O(n) .

- BMERERN O(1), i 1854 0 j SR FEEO DRSS,

- REiby: ERAREIES, BRONSROTRBAZIFFELROGM, SRBEENIT,
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11.4.3 {HNHIFERRE

AP FEZE R O(n?) , BRSSP F IR R 2% 0 O(nlogn) . RERMAHEF
RURTTRI R 2R s, (HAEBURREBVMOTEOL T, WAH i,

XANEEC S RIEE T D ERAEAE S IE RO, PudHFIXE O(nlogn) MERETET2AK
WP HE R TR, R & S BT AR, TIAESARERVINE, n? F nlog n MEUE SRR, SHER
m SN, SRR TTRERE RS POE R

Khr b, WEEHEES (B4 Java) RINEHFFRECRA THAHY, REBCEEN: XTREH, RAET
SHARMSHIHER IR, PInPOEHTY; X TR, ERERmATER.

BOREHET . R A I 2 S8 O(n?) , (EFESZRRIENH, NHER R 5%
He T HiRibrmEssiy, Z2HDITEE,

- BiEHPRE T TR, WREMB DR R, R 3 N ETTiRE; AR T TR ESE
B, 1 DEITEE, B, BiRHbER RO EIEE id A HER S,

©OERRHEAE B I NI R 2R O(n?) o WSRGAE — 81 A BRI HE @ 5 ik
B ReRE .

- IR, RN AT 2R,

11.5 1REHF

REHEF (quick sort) 2 MUk T/HARISHHEFRIE, B1TE%, M Z.
PRIEH PR ORIER IR ", HERE: EREAT RN TTRIEN T, KATAE /N TR
HUTCRBRIHAM, AT EMESE O TRBEHAM, BRI, HIXIREamE 11-8 For.
L R R/ me R E MR, WG NMEEE 1 A0 § BB EE AP,
2. WEBMER, ERRPER 1 ) AHISEEDHEERR O BTR, RN IR,
3. BT R 2., EHE i M jHIBNELL, &EREEBEGRER DTN

Step 1 2 Step 2 =

left]: # WERERE NI FRERTR

left]: # NEBGREMATRERNTER

# Ll nums[left] REMES

# ¥ IR n
4 EEEES®®ES 0 return i

# LU nums[left] AEMEK

# WERERE M TFRESNTR
# WERGREMATRERNTR
# ZIWXFNTTHR

# BEENSERERFRANSRE
# BEEREHNRS|
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FNE

Step 3 F-3574 | step 4 =35
) left right : left right
v v
ol [ [ [ ][]
A A
i b
def partition(nums, left, right): def partition(nums, left, right):
[ HERIS"
i, j = left, right # B nums[left] REEH i, j = left, right # LU nums[left] REEH
while i < j: while i < j:
while i < j and nums[3] > nums[leftl:  # MAEEAREMIFRRBHTR while i < j and nums[3] > nums[leftl:  # MEEEREMNFRERNTER
3= 1
while i < j and nums[i] < nums[leftl:  # WEBAREMATERMENTE while i < j and nums[i] < nums[leftl:  # WEBEREIATRRMITE
i+=1 i+=1
nums[i], nums[j] = nums[j], nums[i] # REXTENTR nums[i], nums[j] = nums[j], nums[i] # THXBANTTER
nums[i], nums[left] = nums[left], nums[i] # BRERTRERFRANSFE nums[i], nums[left] = nums[left], nums[i] # BREBTRERFHRANSRE
return i # EEAERNFRS| return i # EERRERS|
Step 5 E%:5d Step 6 %54
: left right : left right

v v
nums annnaa
X4

i3]

def partition(nums, left, right):
BRI
i, j = left, right
while i < j:

while i < j and nums[j] > nums[left]:

# B nums[left] JEMEH

# WEREREMINTFRERNTE

nums

B
j
i

def partition(nums, left, right):
IR
i, j = left, right
while i < j:
while i < j and nums[j] > nums[left]:

# B nums[left] JEMEM

# WEBEREMINTFEERTR

j-=1 j =1
while i < j and nums[i] < nums[left]: # NEREREMATRESHTE while i < j and nums[i] < nums[left]: # WERGREMATRREENTR
i+=1 i+=1
nums[i], nums[j] = nums[j], nums[i] # P DTH nums[i], nums[j] = nums[j], nums[i] # SHBXFDTTR
nums[i], nums[left] = nums[left], nums[i] # BRERTRERFRANS FLE nums[i], nums[left] = nums[left], nums[i] # BEENMSRERFRANSIRE
return i # EEEEBAFRS| return i # EEEREERERS|
[ Step 7 ] E %504 Step 8
left right left EEH right

def partition(nums, left, right):

nums

def partition(nums, left, right):
MRS

emERA
i, j = left, right # B nuns[left] SR i, j = left, right # B nums[left] HEMMK
while i < j: while i < j:

# NEREREMINTFRERMTR

while i < j and nums[3] > nums[left]:

e

while i < j and nums[i] < nums[left]:

i+=1

# WERERE M\ FRERNTR

# NEBGHREMATRERNTE

while i < j and nums[j] > nums[left]:
j-=1
while i < j and nums[i] < nums[left]:

i+=1
nums[i], nums[3] = nums[j], nums[il

# WERERE AT REHETR

# ZWXFTTR

nums[il, nums[j] = nums[3j1, nums[i] # T DTE
nums[i], nums[left] = nums[left], nums[i] # BRENSRERFRANSRE nums[i], nums[left] = nums[left], nums[i] # BEEYSERERFHRANSIRE
return i # EEEEBRARS| return i # EEEESRRS|
Step 9

nums

HFHE

‘WIS TRE, WRMTRG
EFSAARTER < BEN < EFREERTE

B 11-8 MHR) o558

LRI G, RS =5 8, Bl A8, B “Er8AEETRE <&
R < HTFEAERITR". B, BN TRATBIZND A THR .

PR HER 1 7 6 R
M1 0 B SR U R — DB AR A HE 7 TR T R D B B I HE e 1]
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# == File: quick_sort.py =

def partition(self, nums: list[int], left: int, right: int) -> int:
e Ry
# LU nums[left] REEEK
i, j = left, right
while i < j:
while i < j and nums[j] >= nums[left]:
j -= 1 # NEREHRENMNTFEESNTER
while i < j and nums[i] <= nums[left]:
i+=1 # NERAEHREINATEESRNTR
# TR
nums[i], nums[j] = nums[j], nums[il]
# BEEBREERFHENS R
nums[i], nums[left] = nums[left], nums[i]
return i # REIEEHNZES]

11.5.1 EEnig

PRIgHE R R AR TTRZANE 11-9 AR,

LB, MEEEHIT R WD, [EIRHEF AT BN T 8.,
2. g, MWEFEHNGFEAD BT D7,
3. R, EEFEAHKEN 1INEIE, MI5ERENEEHNHET

\
e [BlEEIEEE)

0
FEEI3
0

B CEEE

THEERIS

B0 - BaE T W

B FEA CBIATHREA - EETHAKER 1 BELE

BNE] SER A

1 lﬂlz
X5 Z=5410 8
08: 8080

2 Jlape JE] EzJ1=z e [E=J 1= 0E

B 11-9 PidHr ik

# == File: quick_sort.py =

def quick_sort(self, nums: list[int], left: int, right: int):
nnn :l\%ﬁ?iﬁ%‘u nn
# FEEEKERN 1 BRIEET
if left >= right:
return
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# HEXISD

pivot = self.partition(nums, left, right)
# BFELFEE. HFEEA
self.quick_sort(nums, left, pivot - 1)
self.quick_sort(nums, pivot + 1, right)

11.5.2 EEiS4

- NREZREN O(nlogn). AEAWERNHET: EVIER N, WERDHNEAEE logn , BEHH
EIEIRECH n, BUREEH O(nlogn) R, TERZEGNT, SIS RIEHRKEN n FEEHK
SHREEHR O n — 1WA TEA, NENEE0AE n, SEPNERECY n, BEER O(n?)
i 1],

- ZBMERERN O(n). FHHDY : EMABAZ2EFNERL T, RBEERTRE n, §/H O(n)
i, HE B E R AE RS LA TR, RAEBEIMIEA,

- ARl EHENONRE P, RERRTRER P ERHF TR M,

11.5.3 REHF AT AR

MAFR ERERER H, POEHEFERCRTTH N i BA — RS, RE PRI PN RIS R ES “TFHHE
R A CHEHERT M), EDE R POEHEERRCR E S, EEA TR,

- HBURENE U BRI BAVGRHEFNRENFE2RE N O(n?) , WHIDHHIFRE, BE4R
ZEIEBUR, PudHEFRETE O(n logn) MK RIS Z&E NIE T,

COBRAHEMRCRS: EHIITIHERRI M RIEN, RSN FRAMBRIZRSE, FITRTRIRREK
o Mg “HEHEE” XRBEFREBIFITER, M=z —Rt,

- ERNEREBRRUN: £ ER=REET, PuRHEE R, WE, RREFERENEBERD, X5
SHEAHERT e BT E R RS

11.5.4 BEHMRK

PRidtHb (e 2k A\ TR RBSCR AT RERRIS, 28— PHSmB T, BRI ABHZZ2RFER, BTHRAINERE
BRIETCRIE R, I2TEN XD e, BB fdnitm, SEETFEHARE N n — 1,
AFEAHRKEN O, MBI RE, FHRIEEKDERE DT EARNKEN 0, 2GR, it
B B fEriER.

N REREGIXAEOURE, BT AL S 57 v AR E RO ORI filan,  FefiTm] PABEALIER — 1
TERIENEER, A, WRETAE, BRIERAHEEREER, MRMATRWAE,

FREERNE, WEESEEAERIE “OhREHIEC . WIRIRATE X D BENL R 5 — R IR
AR 2 PRIEHE PP B RRAT PR T RE S 1o

N T PG, AR DERAAIER = MeEeR CEF MBANE., B, FRotR), IFRX=1 ik
TCRAPPOBA AR, Xk ok, B BB AR RIREREERIEIR T, R, TABER A
VEHUE 2 e, DI — SR m IR, RAIXFTIEE, NRERESLE O(n?) WHERAK
R
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NGV
# == File: quick_sort.py =

def median_three(self, nums: list[int], left: int, mid: int, right: int) -> int:
mn RN = MR TR A"
1, m, r = nums[left], nums[mid], nums[right]
if (L<=m<=r)or (r<=m=<=1):
return mid # m 7£ 1 # r Zja
if (m<=1<=r)or (P <=1<=mn):
return left # L & m # r Zid
return right

def partition(self, nums: list[int], left: int, right: int) -> int:
e e (ZEEHRE)
# LU nums[left] REEE
med = self.median_three(nums, left, (left + right) // 2, right)
# BRASMRIREHRAR IR
nums[left], nums[med] = nums[med], nums[left]
# LU nums[left] REHEE
i, j = left, right
while i < j:
while i < j and nums[j] >= nums[left]:
j-=1 # MERAEKRENMNTFEESNTR
while i < j and nums[i] <= nums[left]:
i+=1 # MNEREGHRENATEESNTR
# TTERIM
nums[i], nums[j] = nums[j], nums[i]
# BEEMIIRERMFEAEN D Rk
nums[i], nums[left] = nums[left], nums[i]
return i # REIEEHIZES]

11.5.5 BITFERL

TERLEEA T, POEHbP T RE S R, D22 A R ARG NG, R FEEHREN m
M IR R A RN 0 A FEAHNKEN m — 1 A T8, XEREES—EETE AR
AR RN CURD—A TR, AN EEREE n — 1, HINFEZESH O(n) K/ HE L,

N T B R R, BATA] DIERI I H RS2 iR, PR TR, DO EER 1 Bt it
T, TR RN KERSED n/2, FIHXF R ASITREET logn , MR RZEZS
FIEZERILE O(logn) o RESAIFATR:

# = File: quick_sort.py =

def quick_sort(self, nums: list[int], left: int, right: int):
e HUuREEE GRIIREMRWL)
# FEHAKERN 1 BRI
while left < right:
# THERIDIRE
pivot = self.partition(nums, left, right)
# WD FEARRIEE M A TIRIEH
if pivot - left < right - pivot:
self.quick_sort(nums, left, pivot - 1) # BJIHEAEFEH
left = pivot + 1 # RKFKHFEXEA [pivot + 1, right]
else:
self.quick_sort(nums, pivot + 1, right) # BJFHIEATFEA
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right = pivot - 1 # FRFHFKXENHR [left, pivot - 1]

11.6 FAHHIF

JAFHHF (merge sort) B —FETIERIEHNTE, WEE 11-10 Fosey “Xin” 1 “G3H7 M.
L RorBiBe: IRt B A AR TT, KRB A HE e (R R S R O HE e ()R
2. BIFBBE HUTFEBARKERN 1 INEIERY, THASH, Rt EZaM N ERENE P EH N — P
KEAERFHA, EEEH,

R BER

) mgen
T bR

SHHER

B 11-10 JAFHR R 5 & FF 0B

11.6.1 HEiHiE

N 1111 Fow, “XI BB TR R R 22 A i ) o3 A

L HEEBHD R mid, B D A TEEHE (XA [left, mid] ) A FEHH (XHE [mid + 1, right]
)o
2. BARTHER 1., EEFEAXRAEREN 1 NEIL,

BB WRETR L FBANEG FEASH N DA PEE, FEEENE, NKEN 1 T84T
waIE, AIHMEHREDN RGP,
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2080 J 2800
BERS BARS
( LR { LR
E#EH ‘ EH&EH [
step 1 | | step 2 ‘
#I3RI5 7
.- MREA ]
" LIRS LIERMF
E#EH <‘
Step 3 [ Step 4
MR | ¥l
LR LR
Step 5 Step 6

Step 7 Step 8
[
RIAYS ‘ >
= 7
EEH 2
[ Step 9 ] [Step m]

11-11 VA 38

MR, VAFFHEFP5 = SO i e i 3 3 U e 2 — B
Rl SR TR, FBIIA T, SRR AR A
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VFHbT: BT, MG, RELEEIF,

JAFFHE P R SEBLAA DA R ARBS R, THTER, nums BITFEIFIXEY [left, right], i tmp B9 R XIAN

(e,

right - left].,

# == File: merge_sort.py =

def merge(nums: list[int], left: int, mid: int, right: int):

def

T SHEFHBAMG A
# EFHAXEA [left, mid], GF#AXKESN [mid+1, right]
# BIE—NMERESERA tnp , ATFERSHENER
tmp = [0] * (right - left + 1)
# R A FEANA FEHARRRIEERS]
i, j, k = left, mid + 1, ©
# HEGTFHABEE RN, #THRHFRNNTRESE IR £4A
while i <= mid and j <= right:
if nums[i] <= nums[jl:
tmp[k] = nums[i]
i+=1
else:
tmp[k] = nums[j]
j+=1
k += 1
# BAEFHANAFHANRIRITREHZIREEAF
while i <= mid:
tmp[k] = nums[il]
i+=1
k += 1
while j <= right:
tmp[k] = nums[j]
Jj+=1
k += 1
# BIEEIEE tmp FRITEEFIEIELAE nuns BIXRZX 8]
for k in range(0, len(tmp)):
nums[left + k] = tmp[k]

merge_sort(nums: list[int], left: int, right: int):
e 3R
# RIEEMH
if left >= right:

return # YFHAKERN 1 BFRIEET
# RIDMNER
mid = (left + right) // 2 # H&EHS
merge_sort(nums, left, mid) # BFAEFEA
merge_sort(nums, mid + 1, right) # BJIHEFEE
# BFMER
merge(nums, left, mid, right)

11.6.2 HixisiE

AN O(nlogn). EAERHER: X724 mEN logn KNEIARK, R2EHNERELE

N, BEIEKREZZEN O(nlogn) .

- BEERERN O(n). WY : 329K EHR logn, #H O(logn) K/ R, &I HIER

ZEBBIEEHSI, [ O(n) K/ANRIERSMSE,

- REHbE: EEIFERES, HETRRF R,
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11.6.3 §#ERHIF

MTRER, VT A Rk AR BN, WL RERHIAESS B RS O(1) .

- RIorREE: ATDAMER AT B A7 SRSSNBERNI > TAE,  MIME 0836 I AR ],
© AIEREL: fERERT, TRIEMERCE TSI (EED BIRTSeE, RIEEFFME CRNADREE P EE
RAEHFN—DRAFHER) THOEBIMER,

HAASCIANTT LR 2%, A% A] DA R BRI T4 5

11.7 fHiE

Tip
PIBEATIR, EHRE S “H” E=,

R (heap sort) & FHERHREH SRR P B, BATA] DA B AR " HEHR(E"
“TURHHERRE" KIHEHE

L S NBEHIFRES/NTIHE, TR TR AT HET
2. AUWAIT HHERRME, MRUGCSRHHETR, RIS EIMWNEIRHF RIS,

PAETTIREIRAIAT, EFREMEY— NN R R HATER, AR, LR, ANER
— RO SE BT o

11.7.1 E&ERiE

BEHRIR N n, HEHERFRORURRANE 11-12 Fow.

L B ABEHFFRENLRTE, 5ehUE, RATTRATHEL,

2. BHEWOTR (B—IER) SHERTER (BE—1MIEHR) . e, HrIRER 1, EfFT
=HEML,

3. MWHETRTTEFFR, MIRBNRHITHEIRIE (sift down). SERUELSE, HERIMERSENES.,

4. FEINAATER 2. WM 3. o 1B n — 1§25, RIAISERcE T,

Tip
KPR b, JTREHEREPREESE 2. P 3. P, REZ T PHHTRNPE,
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- |
o ©
000

R RNET

t SERBAERT

nums
TR
| Step 1

o000

ENENKE SHFXE

A

N

nums

Step 3

U -

HNERXE BHFXE

e

nums

000

MNERKE SHFXE

nums

s

6 o

0060

ERRE EHFXE

~

EETR

IEHIF

1. MNBARFEE

S

1. BABEF R

2. EFMERRIBATE
(1) ZHSEMTRSHETE
(2) MTRERBITHEN

IEHIF

1. MNSRFERE

2. EFMERRIBATR
(1) ZHEMTRSHERTR
(2) MTREREFHTHEMW

S

1. BABEF R

2. EFMERRIBATE
(1) ZHSEMTRSHETER
(2) MTRERBTHEN

IEHIF

1. MNSRFEE

2. EFMERRIBATR
(1) ZHEMTRSHRTR
(2) MTREREFTHN

o ©
000

ERENKE BEHFXIE

Is =

| step 2 ‘

o000

EMWENRE SHIFXE

I N

nums

Step 4

[}
e ©
000

HNENXE EHFXE

Is I ~

nums

| step 6 ‘

6 o
ooo

MARKE BHIFXE
—

nums

Step 8

000

NENXE EHFXE

laeYs - ~

nums

[ step 10 ‘

SEHF

1. MINBERF R
2. BFRMEFRRBATR
(1) RETRTRSHETR

EHF

1. WABERHEE
2. fEFMEPRIBATE
(1) ZWEMTRSHERTR

SEHF

1. MINBURF R
2. BIRMEFRIBATR
(1) RETRTRSHETR

EHF

1. WABURHEE
2. fEFMEPIRIBATE
(1) ZBEMTRSHERTR

EHF

1. MINBERF R
2. BIFMEFRIBATR
(1) RWETRTRSHETR
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© ©
o o w o o

1. MNBABFHEE

@ @ @ 2. EFMEERREATE @ @ @

(1) ZETMTRSHETR
BNEYRE SHERE (2) MTREE#HTHL BHIFXIE

- 000000 s (00000

Step 11 \ Step 12

B 11-12 HeHE 0 3%

2. BIFRMEFRBATR
(1) RIEMTRSHETR

3. FR—ADTEREARE, HFTR

FERR S, BAMEA TS “HE” SRR sift_down () BR%L, EfSTERAZE, HTHR
KESFHEERBEEATTEMIR/D, HEBRINFES sift_down () BERM—MKESH n, HTHEEHN

ARTARIE, A RATR:
# == File: heap_sort.py =

def sift_down(nums: list[int], n: int, i: int):
T ERNRKER o, MNTR 1 G, NIRERER

while True:
# HHa i, 1, r RERAHTS, 124 na
1=2*1+1
r=2x*x1i+2
ma = i
if 1 < n and nums[1] > nums[ma]:
ma = 1
if r < n and nums[r] > nums[mal:
ma = r
# EDR 1 &ARI®ES U, r @R, WEhdrssfl, Bt
if ma = i:
break

# TIRFAT R
nums[i], nums[mal = nums[mal, nums[i]
# BEFE YL

i=ma

def heap_sort(nums: list[int]):

e EHEE

# EMER(E: EURHT SLUMIEMPIE TR

for i in range(lenCnums) // 2 - 1, -1, -1):
sift_down(nums, len(nums), i)

# MEFRRENRATTE, BIF n-1 B

for i in range(len(nums) - 1, 0, -1):
# PR TRERAEHTR (REETESETR)
nums[0], nums[i] = nums[i], nums[0O]
# DIRTRAESR, MIERFHITHEN
sift_down(nums, i, 0)

11.7.2 4§

INFERER O(nlogn). AEEHIERHNT : BEEHRIEER O(n) WA, MR ATTRIN RIS

ZEH O(logn), HEHRn — 1%,
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- BREREN O(1), by : JLMEEERMH O(1) Rl TTRHAHEMEREE LIRS b
HATHI,
- AT . ERHUETUTRAHERTERN, HE TR A B RER LR,

11.8 1@HiE

AR URHE R SR E R T “ ST AR RR”, e NEd BT R AR NSRS, IR IR
RIS A TERBR O(nlogn) o # TR, BATRHRN LA “JELEHEFRIL", BTN RS A AT DUA
FNEMERT

#@HEF (bucket sort) Z/ARIGHT— DRI, EIEdIRE L EAR/NIFRINE, &M — %
PECH], KRR PRI ARSI, A5, ESIMNERDBIRITHY  REHIRRRII R T E 8RS
it

11.8.1 E&EiniE

FER-NKEN n EEH, HoTRREE [0, 1) WAPZ RS WHEF R E 11-13 fir.

L. WIafe kM, R n DITRIBCE] kDA
2. NEMESAPITHT OXERAGEIE S INEHFEED .
3. HEIEHE N EIR BN & FF45 R

fHHFSeA - . e
iacanalil 03] o-55 [0-52 [0.09J .57 .43 [0.91 [0.75] .15 0.7 |V ERE PSves
—~— - SEBIRRIATHES
i HEMESI
buckets HiTHE
BFEE [e.zl;"‘ 0.4) [0.4, 0.6) l0.6, 0.8)
[ IR
. SR S EHER
LEMA
nums
11-13 M E LR
(AT (NN
# == File: bucket_sort.py =

def bucket_sort(nums: list[float]):
nnn *%ﬁtgnnu
# R k = n/2 MF, RS MESE 2 TR
k = len(nums) // 2
buckets = [[] for _ in range(k)]
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1. BEAETESEEIZMES
for num in nums:
# WANTUESEEA [0, 1), A num * k MEEIZR5EE [0, k-1]
i = int(num * k)
# B num F0EE i
buckets[i].append(num)
# 2. WENMERITHRE
for bucket in buckets:
# ERREHFRE, I UBEREMEIFEEE
bucket.sort()
# 3. BIOREHER
i=0
for bucket in buckets:
for num in bucket:
nums[i] = num
i+=1

11.8.2 HiZisiE

e IE A T PR BARRRIBAE, B, MABUEEE 100 51K, BHTERRG, RENFLE X
PEIEFTAEAE, M, FTRLREHE R 1000 M, ARl METHY, SEREREI.

- INMERER O(n + k) @ RICRES DRI, BAFIRARTCREEN T o RHF
AR O(% log ) I, WIHFERTEREH O(nlog %) WH, %R k BRI, W
JEWERIT O(n) » BHFEERNFEZRAAMTE, €25 O(n + k) WA, EREELT, Fra
AR MRS — M, BHEFIZRGER O(n?) I,

- BRERERN O(n + k). EEHHDT : FEED kMRS n ANTTRNEVNE L,

MR AR BUR T HE A TR RN SR

11.8.3 YNAISCINFEIY 53 L

FHEF RN 2 2 BT BOAE] O(n) , REHETRCRII S ECESZ AN, KOyLbREdREE 2
5504, BN, BRATEENR R = BRI B R TS TE B B S 10 M, ERR TS A,
XF 100 JTeRYAER 2, @& T 1000 TTAYAER D FRMEXENFSIRIZ N 10 4, SRR SEZEER
FEH K.

NSRBI EE, BATAT PAYEIRE — S RBUI 7 ek, KBty 2 3 Miirh. rBcsetein, PHERSh
BEMIMARSRIR 3 M, HEFTAMPRTRBER B,
i 11-14 o, XM EA R ER A —BOEIIR, B2 SRER AR, UK, A EE S
AR N 3, BARKI 7 75 AT AR R R R R R TG 1%
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BmiiE
(RS BUBRINER
S — g5y 20% 15%
MigKE HEELEE
HIEE — b 100-500 >500 <19 8%
- ~ 10-20 13%
(e . 20-35 12%
18% 35% 12% 35-50 10%
50-100 12%
<10 1o¢5o 50-100 100-500  20%
>500 15%
13%
10-20 20-35 35-50

B 11-14 BRI

QUERBRATHR AT AR AR 340, W] DURIEBARBER  BE B R R 0 SRR (B ERRR,
BARDATHA—EFHERFES, AT DURIEEERER ROR MR B A T B,

N 11-15 o, BB ST AR IR M IEAS 2047, XA ] DAS B A DX TR), AT R 125 23 e
FBMAH

HEEE

0.4

- K
0.0

+o  EmifthE

’ ﬁ@ﬁﬁ@ﬁ

frigseRE 3~10 10~25 25~80 80~200 >200

B 11-15 MRIEHER A0 K9 A

11.9 it¥HiF

IHEHEE (counting sort) JEIS ST TR EER TSI, J8H M H T 2EEE,
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11.9.1 {EEASEI

FeRB— MR, 257 — MEN n (9EEH nuns , HAReRaE “E008E0, HHEHIP AR
FRUNE 11-16 Frm,

1. %, SHEPRRRET, 12 m, REE—MER m + 1 B’HBIEA counter

2. 658 counter Giit nums B AIBBLREL, HA counter[num] XM ECF num FYHELIREL, it
FIERE R, JFEES nums GEMSRTEEN num), E5%F counter[num] 0 1 BIA],

3. BT counter BIBANRIIRAGT, KNS TIEBFZCEHIPT T, # Tk, Ff1EF counter
FRAE S ECF B BN N BRI nums BITA,

HHIFBAE nums

HEH nums HATEHRFHHIRER
counter[num] 3% num FIHIRE

brv '
%5l (B 0o 1 4

[ counter , FEHF
RBHIURBIAN nums BRAE]

2 3
F)

LR nums

K 11-16 i+ TR

(NN

# == File: counting_sort.py =

def counting_sort_naive(nums: list[int]):
BRI A 6 1= A
# ERXH, TEATHENR
# 1. FIHEBEHRARITE 0
m = max(nums)
# 2. FITFHFHHILREL
# counter[num] & num EYHINREL
counter = [0] * (m + 1)
for num in nums:
counter[num] += 1
# 3. B counter , BEITHRENEREAE nums
i=0
for num in range(m + 1):
for _ in range(counter[num]):
nums[i] = num
i+=1

TR S AHER IR
MIEHEF I R, BflTa] DORE HH R AR AT THEEA counter BB RGN — M, Fotit
BRERBRE RSN ICRIBCET MAREH. ABL, THEEHER R AHE R R N — DR,
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11.9.2 TEIIY

HORIIE R RERIL T, WA RATR, RS 3. SIS T B AL ER MmN SR, A1
TEm A CRPRRAZR) MM T, M BRI HEEA M HE P45 5

IR A GEAS 2 R BARAHE P 45 e ? FATE Jeit & counter [ “BIZRAN”, BB X, K5 i RIS
Ml prefix[i] FFEEHRT 1 NMTEZM:

prefix[i] = Z counter(j]
=0

RIS EA IR, prefix[num] - 14RFHCE num SR EA res e —REBNES, XNME
BAEECHE RN EEIRBIIS N TENIZ IS REEHWMIE, B Nk, BAMEFEHIFEEE nuns
FIEENITE num, FEEIERAPHITARS,

1. ¥ num BEAEEH res IIRS| prefix[num] - 14,
2. ZRIZA prefix[num] v 1, MIEEI RICE num RS,

e, A res HRUZHFFIFRIZER, &I res BEFEEH nums BIA], 18 11-17 foR 152 %R
R R,

e nune

LERMA res

= - (000000000

A L~ ye S
HF oum 0 1 2 3 4 HWFoum o0 1 2 3 4

M4 counter nan HIA prefix aannm

(counter)
B nums HEEIHEMAFHIRE
counter[num] A& num AYHILRE

Step 1

um
= (080000000
LRYA res

BF num o 12 3 4

WIS prefix annn

(counter)

EIFFER nums FEIEANTTR num , SRR

1. & num N res WFE3| prefix[num] - 1 &
—— 2. LHIEM prefix(num] BR 1 , MTSEITRKE num MZ3|
Step 3

itH counter MEIZM, i2) prefix
prefix[num] - 1 K&K num 7 res PRE—RHANES|

Step 2

= o (000000000

GRWAE res .- ....ﬂ.

BFoum 0 1 2 3 &4

HIZEH prefix unn

(counter)

EIFFBFH nums FRSDTR num , SRR

1. ¥ num A res WF5| prefix[num] - 1 &

2. QFIEM prefix[num] B 1 , MAREITRKE num KZ3|
Step &
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num num
v v
ma e (00000080 ma e (S E000080
LRMA res HLRYA res
HF num HF num
wan e (@EOOO wen e (@EOOE
(counter) (counter)
FIFFER nums FESANTTR num , SRHAT: EIFFEFA nums FESNTE num , SHRHT:
1. & num A res WF5| prefix[num] - 1 & 1. 3§ num I\ res BI%3| prefix[num] - 1 &
. 2. SHIEM prefix[num] BR 1 , MBI TRKE num W3] 2. SHIEM prefix[num] BE 1 , MESTRKE num BZ3|
Step 5 l Step 6

= - 000000000 = (000000000
s - (0000000000 as - (0000000000

BF num o 1 2 3 4 BFoum 0 1 2 3 4
wax e ((JEOOO wan e ((IEOOO
(counter) (counter)
HREHREHIE, HRRRIITRER LR res ERBA nuns EIF]

Y res HHREHFNER

| Step 7 Step 8

B 11-17 iR

TR B SEBLRRS AN AR

# == File: counting_sort.py =

def counting_sort(nums: list[int]):
e R
# TELH, IHENR, HERREHF
# 1. FITHBARATE 0
m = max(nums)
# 2. SIS HFHHIIRER
# counter[num] X5 num BIHILKER
counter = [0] * (m + 1)
for num in nums:
counter[num] += 1
# 3. K counter HWVRIZRAM, & “LIAE HigH “BERsI”
# Bl counter[num]-1 2 num 7 res FRE—XEIHZS]
for i in range(m):
counter[i + 1] += counter[i]
# 4. EIFIER nuns , BETRBENERIE res
# WMALEE res ATFIERE
n = len(nums)
res = [B] x n
for i in range(n - 1, -1, -1):
num = nums[i]
res[counter[num] - 1] = num # ¥ num BEFFNZ=EZ|L
counter[num] -= 1 # SERMNER 1 , BEITXKE num BIZS|
# ERERHAE res BEFEHA nums
for i in range(n):
nums[i] = res[i]
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11.9.3 HiEiS4

- NMERER O(n +m). IEAENHDT © W& nums AL counter , #EFHLMERE, —#%
BT n > m, MEEXHEET On) .

- BAEZER O(n + m). R E8 T KES 510 n f1m BI%E res F1 counter

- FEHbT: BT res HEEFOTREMNT 2 INATRAE” 19, FIEFED nuns AT DA GRS AEETT
R R E, WSIREHF, ik, IEFED nums AT AR RERIVHEFSEE, HEER
EARRRE M,

11.9.4 BiRE
EXE, frFSSAEEHEFIERIGE, (OB S EOER AT DA SR HE R, AT, (B
(TR B SRR T TR

e FUSH TS, A T HAMRTIR R, FEMRIXEEERE T DAy AR 85, JEH
TEFHOS R RESCE RN TLR Z AN RN R R, BN, T EE B E8E A, AT Ues i 8
M E— "N, RN ESR, HEP e UG AR 25,

B IE A T8 K HBERE RS DN, tan, 75 RIRREIH m RRERK, &M< A 22300,
MY n < m i, HEHFEER O(m) B, ATaEkk O(nlogn) MHEFHRIEEE,

11.10 E#HF

EEAET U, SIS TEER n BOCEEIRTEE m BN, BIRRIIFREN n = 100 M
EYHTHER, M¥5 21 8 My, XEWELIHEE m = 10° WK, HAHBHEF TR R RA
fradin], AR AT DARE X MR DL

HEHHE (radixsort) AL EAES MR —2, @RS MOk, R, B8R
RSO FENERRR, RO THEY, MR 2R HHER AR,

11.10.1 E&iEiE

DAEES ARG, BB RO 16, Sehress 8 i, AUHFRAEIE 11-18 k.

L Vet k =1,
2. WESHE kAT HHEBENTT. R, BIERIRIESE kA WNEIRHER
3. Rk tgin 1, AEIREIER 2. hEUE, ERIFTAAAHER US4 H,
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TNHEHFHAESER, T d RN o, BREHEHE kAL x,, ATRUMEARHEAK:

WABA nums
WAtk k = 1

B BB B HEE 24

10546151
35663510
42865989
34862445
81883077
88906420
72429244
30524779
82060337

63832996

35663510

88906420

10546151

72429244

63832996

81883077
82060337
42865989

30524779

35663517
88906427
82060337

81883077

305247793

42865989

63832995

& 11-18

Ty = |‘dk—1J mod d

CALbHE, HiF

HFSE 8 fi

B 3~7 11 HHHFER

B2 G2 38 O RERV

T

10546151

30524779

34862445

35663510

42865989

63832996
72429244
81883077

82060337

88906420

Hrb | o] FoRAHTE AR 1A R, T mod d Forat d BUSE (4. M T4S808, d = 10 B k € [1, 8]

o

HeAh, BAITEEMER SN R, (2 i DARE RIS kAL TR

# == File: radix_sort.py =

def digit(num: int, exp: int) -> int:
men SRENGTE num B9E Kk i, HAR exp = 104(k-1)"""
# N exp MiE k AILBRELRESHITRRIVAGITE

return (num // exp) % 10

def

counting_sort_digit(nums: list[int], exp: int):

w8 (RIE nuns Bk AR T

# THENGCEERN 0~9 , ERFEERKERN 10 p9fELA

counter = [B] = 10

n = len(nums)

# gt 0~9 BYFHIHIREL

for i in range(n):
d = digit(nums[il], exp)

counter[d] += 1 # SiIHE¥FE d HHIIRE

# REIZA, F LI Hign HARS

for i in range(1, 10):

counter[i] += counter[i - 1]
# BEER, RIERRFAITER, BETHEEN res

res = [0] * n

for i in range(n - 1,

d =
j =

res[j] = nums[i]

-1, -1):

digit(nums[i], exp)
counter[d] - 1 # FREX d TEERAAHIIZRS] j
# RKERITREANRS|

# 3RBY nums[i] % k fi, i2~ d
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counter[d] -= 1 # ¥ d WEER 1
# FREREBEZFEHA nums
for i in range(n):

nums[i] = res[il]

def radix_sort(nums: list[int]):
"B HE

# IREVEARIRATTE, ATHERAAE

m = max(nums)

# FREMEAEISMNIREERD

exp = 1

while exp <= m:
# WEHTENE Kk [URITIHHEER
#k=1->exp =1
# k=2 ->exp =10
# Bl exp = 107(k-1)
counting_sort_digit(nums, exp)
exp *= 10

It 2 AR 4aHER?

TEESHHE PR, e 2B ERT e HERIZE R, 28R, RSB —HFE R a <D,
M —HHFPER a > b, LB REREBIE 4R, B TRFI&ALEHRE TR
iz, HIERIZISEHF AL L,

11.10.2 HiXiSH

MR T EHE R, SRR IE T RERE R AR IS O, (H AT B an] Ao M e R 3%, HAE
BARREIL K, BN, P2 ONE S (R EEET, ROV EAE kK, ATRESERFE 2% O(nk) > O(n?)

o

- INMERER O(nk). JEAENHT : SEIREN n. BdEH d Gl SRECH k, NIXHE—AHR
THEEHEFER O(n + d) BE, HFEE kAER O((n + d)k) BE, BEERT, dFf k&R
BN, WA ZREER O(n) o

- BMERRERN O(n+d). JEEMHDY . 51 EEHIFHEE, BEHIF TEEBKER n fl d FEEH res
K1 counter .

- RAEHby: YitsdEERER, BEEdETRE; Y R RER, BEEHEFE A RIS 2ERT
HeF45 3R,

11.11 /&g

1. EREH

R AT ZOR ST R, B IR AR GRS TE ], Bl 1T LUK E
FO B I R B 2R (AL 5 O ()

R R R AR X R P TE SR A B E X A E R G2 B, TSRt Fr SRR ARG
2R O(n?) | {EHTFRTEH BRI D, FIAE NR RO L4532 H00,
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- DEEHER RTINS B S . RIS, A RTRERHRERE I E S AR, SBINTAE

EHILE O(n?) o BIANFNBCEMESERINE MR AR EOX RIS (LR, JE (S e 7
XIH), FIARORNEIFRE, BEEEARERARE O(logn) o

- VI HR G R A FE BB, SURIMMATE T IR, EVAFFHET Y, HE R T A B A

, SAEREN O(n) ; RTTHIFHERI 2SS AR DML O(1) .

- MHEPEE =P BdEO. MNHEEMG IR ERFMABL T TaRES, ST EERARRAK

AT, AHER A SC R AE TR Bt T2 70 i

- BT A R MR, EIE I ST EE B ECR SR HE Y, THEH R E TR R RE

BURTCREIARRAED, H B EREIRRES et IERE L,

- B IE R A HE RSB, ER PR TR B E AR T
©OREEREE, BAIRESRE-MHEEEE, BAERCR, BE, RPN BEM SR, AT, B

BRI IE A, 1A —MHE IR RN R AT A I 245 F, TESCRRR R, FRATIFR ZAR R
BAERIR RO R SER P B,

- B 11-19 X T iR EIRRRCR, R, At B IE N SR,

WEAERE SEERE R
st mm  me  ge | MEE e mEmE 5ThR
BHEHE o(n?) o(n?) o(n?) o(1) AR RE Rt E 3=} evd 1434
BPAT . mmME om oM o) on | BE  me  EE KB
BAHE  Om oM  om)  o() | #E  FH  GEm bW
BEHF  Onign) Onign) OM)  Ologn) | #BE B #EBEm
f(f"lf;'f) | 3HH#F  Oign) Omlogn) Ofnign) O | BE  #F #EBE W8
MHF  Onlogn) O(nlogn) O(miogn)  O(1) | iH@E  Fi  FEEW &K
BHF Otk On+k  OM)  On+k | BE  EEE  FEEm Fwm
FOAE MBS On+m) On+m) Onem) Omem) | BE  HEE  FEER  FER
EHHF O(n k) O(n k) o(n k) O(n +b) RE E[2:u B 1= D VA [ 33
n ABIEEAN
B w & | B

BEHMAFS, k ARAE, BB b s

K11-19 HipRENL

2. Q&A

Q: HIFRIEREEAEM A H I N 2ATHR?

EISEH, BATETRER TR RN EE>ITHE R, Blan, EEERMSG &SN B, BITmELH—
NP FeteiRuAiHTHEE, 1550 (A, 180) (B, 185) (C, 170) (D, 170) ; HX & &E#HITHF.
HTHFEEARE, RIkrIEES8 (D, 170) (C, 170) (A, 180) (B, 185).

AIDUKIR, 26 DRI C R BAR A Tci, WRRIARIERHESEA T, MXERMNAREESIN,

Q:

MHIERI A “MATEAER” 5 “MWEEAEK" B A AR ?

AT, HBMCARIEITTRANFIEEIN, B0 “MWEREAEER” B “WEEaEK. R IMEEFEREYR,
BATBRHINT— RIHE,
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MEIeX 3 partition () WG —H 22 nums [Left] Fl nums [1] o SRR HLG , FUEE /AR TT AR <= B
HERY, IXRRE SR n— 2 28 Hii nums [Left] >= nums[i] &FRL, FIRTAE “MAEFEAEIR”, IBAUTER
HAFNLEERCE RHTR, WAEL = j INBREIEER, N AIEE nums[§] = nums[i] > nums[left],
HWHtRESL, M RG— PRSI — D REECE R e B B R o0, SRR R,

BB, e (e, o, 0, 0, 11, WRe “MERGER", WE2EHAN [1, 6, 0, 0, 0],
IXAEEIRBA LW,

BRARE T, WRBANES nums [right] AR, AR SOk, &40 “NEFEER,

Q: KT PuEHEFRIBITREMAL, N A EFEREEH R IR E AL logn ?

TBYAVRE L2 2 R ARIR [ I8V 77 IR B R BRI B R SR BRI 5 A 8, TR )ATR AR
ua, 1A FEEHNFREKER RN KR —, RRRERL, —BEN—FKE, Bam&rd
REZE logn .

MR R PRI, BATAATRE SR I KRR, REBR T An, n—1, ... 2, 1, #
JARER 1o IR AT DURE GIX A E e HH

Q: MBAHATH TCRAM SN, POdHERE IR S 245 2 O(n?) 19?2 3ZAUar b BRI L% i ?

M, X TFIXFIEN, AT LA B MR KRR S A=A AT T RT R (A iz
JINTRIRTHIWE 7. FEZTTIET, MATCREEAEFREE, (Il o RIA] SE .

Q: MHHEFIIBE RS 2 R T 242 O(n?) ?

BEBNT, FrETEESER— M, DRBATRA— O(n?) BIERHFIXL TR, WK EE 4
HO(n?).
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F£128F #74

Abstract
MEHOR 2R, B — IR &S E o E R,
DMEZRT = PERNFEL: NERME, —UEAHEE 2
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12.1 #aEE
9378 (divide and conquer), 2FR3MIG2, & —MAEF EE HH WHYE LRI, /Ma@EwEETEAH, &
8“7 M98 MNP,

L g3 (RUITEED : BVTHCRE R RIS o D2 1o, B R ENE RN T FEN 2R L,
2. 16 (BIHHED : NEAIRER/DTREITR, MRETHCR 1 AT S, I B 5 A

HfiE.
niE 12-1 Fow, “VAFEHERET B TESRIS AN 2 —,

L g3 @A R (RMED K R F8d (7)), E8FHARR TR (Bh TR,
2. 16 WEETHR AP (FRERR) #ETEH, NmEEERREEE (R .

rooa (RIS
B)

BMFiERE

- A (EHEH
B)

B 12-1 JAFHP R R SRS

12.1.1 fATHIERSEIRER

—ANRBREIE S ERA DA, 8 R A% LN L HITREE,

L. FVEIRTCA R [ RI R AT DA RS /)N, RO TR0, DARZRERS DA A1 77 s A st T8 o
2. FIJSURMNIN: FREZ WA ES, DAMKE, A DRSO,
3. FRERMMTAETF: R R & 7 RS K,

BAR, VAHHE R DAL =AW,

L. MUSITCA R B R (RAED I A 78 (D,
2. FRISURMNIE): DR DU THE R (7RI A] DU HE TSR .
3. FREMMTUEH: WNEF R (FREE aJEHF N —DMERSAE (RREERR
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12.1.2 @I EIRAME
SYEAMU] DU RO RO, AT DA EIEReR, TR AT, PudiHi. VAR, e
FHB TR, B, BAHFEE, LR IR T 99450,

M2, BAIREELN: Mt2smian] DRIP RS, HORZZHR2? SaiE, KRRE A2
T, BTN R T RIS IO SR AR, X L RIRCR N 2 LU B R ORI RS R S 2
XA R A] AR EECE A AT TSP 75 TR I 18,

1. BFHEMRK

DL “EHEE i, FALE KRN n BT O(n?) MTAL BISBATHIRE 122 iR,
BEM A NP TAEL, RIS TEE O(n) M, HFESNTRATE O((n/2)?) HH, &R
FREATE O(n) W, MARFIEREN:

2

O(n + (g)2 X24n)= O(% + 2n)

FEEEEEEE FEEEEREE
by

o(n)

BiasF BigHF BiadF
o(n?) 0((n/2)2) 0((n/2)?)

DEEEEEEE

Bfx o(n2) Bk o(n2/2 +2n)

B 12-2 KBt Em B iEHT
FRR, BATHELATAERX, BB 739375 BRI 5 e 5

2
n2>n—+2n
2
2
5 N
—— =2 0
n 5 n >

nin—4) >0

XEWES n > AN, QRREREEERED, HipReRRIgER. HER, W0 ERIR R A E TR T
7k O(n?) , RREREHIEBINENT,
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A, WERBATHE AW ARSI A R, B B AE DT RN E R e ?
IXFURESLRR Bt “UFIFHERT, WREZREHR O(nlogn) .

BEE, GRERMNZSBEERINRD R, FEEHIRIDN kAT EATR? ZAEIS “fHr” JEH2E0L,
EAFREAEHFEREYE, it ENEERE ISR O(n + k) .

2. HTHERKK
BATABE, A RE) T B A2, KEt@EHE T DOHTRR. b2, 6 AT ARRE TR
IEEARE, EAHRTIRERFIIFFITRA.

HATMMAE AL AL BB IR U HA R, ROV R GER] DARIIN AL P 22 7[RI, 58 A8 70 HOR A T8
TR, AT D SRR IB TR AL,

FRANTERE 12-3 Fomfy “MiHER” w, BATR iR BRI BCE S M, WIRERE AT A AR B HE PR S5 70
B MR HEIT, EREEAHER

TTE

12-3 PRI THE

12.1.3 8ERMA

—J7H, iG] PARRIRRVE 2 2 LR A,

© FEREGE RN ZEIRE SR R RN, SRIE R PRI B RN, BRI R SR
TR XS o

- ORBEEERIL: U0 Karatsuba Ji%, BRAEEEERE 2N LB N E ISR,

- JERPSRIL: BN Strassen HIE, ERATEREIRIE M0 2D/ INERERISRIENINE,

- DOESERE: POESE TR AT DOBI S AR, X2 BV 6 SRS R .

- ORMEREX: DA, ARATH AR TR, BN DTS — MR KR
W Al AT DA v B AR, (R BhIAHHE R BT SR
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T3, SHAERIENEERAER R M SRRz,

C D ER CoEBRERERFEANTRRIIL T WERSY, REHYE HARMES RTTRE LR,
OUEHERRIR—FIX 1A, FFAERIR X AT R B =70 41

- VPR ATRKENEH, S,

- POEHER . PREHE T R NMEWE, REEBH IR FRE, — DB TTR AR E D,
55— FREAARITCR LA R, B PER AT AR 0180, EEFHANF T IR,

- WHEE . MHEE A AR R EUR D BE 2O, e IRNETTRI T, &ERS R
TERMKIXE, MMRE—ME .

- R Bl T SRR, AVL R, LR B A, B+ BESE, EMIRERL. FEARIMBREE SRR AT DA
THESRME IR o

- HE: HERRPRIRETE A R, HAAMRCE, WAL MHERAIHE(L, SRR EETRR S T 0TRR) B4R,

- A E BRBTH A AERNMAING, (BB RRRTT R BN T 3 iasks, fln, st
HEFP K BER S LR, DU A& IR,

FDAVEH, iRl “EPgies” WRIERA, REESMEERSBURSZ T,

12.2 9812 FEER

B, MREEDNHAK,
C RANER: CEOBFRIESHIIL, HEERER O(n) .,
- EIERHEER: TR BRI SRS B, R A A O(logn) % O(1)
Sebi b, WA O (log n) ISR IRTH RIETSARIGIBIN, HIin — 5 BT,

© S ERNE SR EBAHTERERTR) AN (SRR BT
), XM —ERSEEE s R B BT R ik,
- RN EAIER, TEIERRL AVL R, HESEIRG T, SRR RS2 EE N O(logn)

o

o BRI IHAREEN N TR,

- ISR PR " EPOBFHR R R (TR T EH) DT (B — T &
0, X R T RN H AT R KL,

- FRSURBNIN): £ ERH, SR DR, e SZ H AT AR,

© PRSI EI: o EREEER —MEETR, RARER FRIEEHT S, 47
SRR, BRI 2 R NS E R R

IMAREMSTRTHE R, AR ERENRILREL AR —MED, MG R0 BUHERR—Fi%
Wi,

1. BEFRakn=—a8H

FEZRIETH, Zo&EPEE TR 050 SBIK, BERMET G GBI KREHE,
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Question

BE—DREN n ERFEEAH nuns , HAFFTATRERE K, 1EEHITE target .

MIMEFIRE, TATAERXE [i, 5] M REIFREICA f(7,7) o
PAERIER f(0,n — 1) Jylddh, (@id DA NS EEAT — 2 &k,

1. WX [i, j] (R m, RHEEHR SR,
2. FEITRARMUBLR N — K9 T, ATREN f(i,m — 1) 8 f(m +1,5) .
3. fEIRE 1. R 2. %, EEHE target SUX AN AHHEL,

B 12-4 JoR THEREA A 0 EHOTR 6 B iaiE i,

A

\ 4 m
(o, 3) an 12 15 23 26 31 35]
A
n W
(2, 3) [1 3 nn 12 15 23 26 31 35]
A

m

A 4

BEREBTE 6 MW&KS|A 2

B 12-4 —ERIIEERE

TESEIARRD A, BATTATAH— BT R EL dfs () SRRMRIAIRR f (34, ) -
# == File: binary_search_recur.py =

def dfs(nums: list[int], target: int, i: int, j: int) -> int:

nen AR | F(E, o
# BEXERT, KFLBirxR, MWRE -1
ifi> j:

return -1
# HEAPERS m
m=(1+3) // 2
if nums[m] < target:

# BYIFE F(m+l, )

return dfs(nums, target, m + 1, j)
elif nums[m] > target:

# BYIFR@E F(L, m-1)

return dfs(nums, target, i, m - 1)
else:

# REIBWRTE, REHZES|

return m

def binary_search(nums: list[int], target: int) -> int:
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B 525 A

n = len(nums)

# KRfERA £(0, n-1)

return dfs(nums, target, 0, n - 1)

12.3 - Hin)E

Question
i — M XWAIRTFIES preorder FIH S inorder , 15 MHATEE R, IR[E] AR
Mo BIZ-XWAREEEENT R (WE 12-5 FirR),

BiFFER
/ \ 2w preorder
HFER
inorder

K 12-5 Fsd = R B RBIEE

1. FIERRE N5 EiRE

JE A E A M preorder F1 inorder #9728 R, 22— PNBYHISME I,

- PN DAS R NI TRRIAIEYIA, FRATTRTDORE IR RIS [ M7 T4, MR T4,
INbE—B 8 WHAMIRT Ao T TR (PR, BAMIARRTAE L ERIDTTIE, RHEX
SINE/NHIFR (PR, BEEBERDNFRE (BFRD LR,

- PSRN e RS TR ISR, EMNZRBA S, AR TR, BATRSRE
P e i P AT P D PR 5 2RO B AR e AR TR B

- PRSI LASIE: —BRE T AT R (FRIERIM, AR DU e EHERIR T A L,
(EEEA )i

2. nfarkl s Fi
FRAE DA_E 4T, IXIERTR] AR s va sk kg, (Havnfidid )50 preorder AP inorder X153 A
TR TR
HEE X, preorder F1 inorder &R LAKIS =" 8657
- HiFES: [ RES | BEFW | &FW 1, FIE 12-58MNM L 31 912171,
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- ohpEs [ EFR | BRER | BFR ], B RS5O T 9 1311271,
DA EEEE 9 E), AT DS E 12-6 ARG R R 4558,

1. AiFEINETE 3 MR RAE,

2. BRI 3 1E inorder FIRS], FIHZZESIAIK inorder XN 9 | 3 | 227 1,

3. R4E inorder MIRITEER, SIS TG TR REE& 2508 1/ 3, MM ALK preorder X5
HAL31912171,

HURPIRTER

BiFFiERH preorder

ERRT ARG

FEER  inorder P

e - X 7 31MHs
EFHE
1A

HiFFi#ER  preorder an

B 12-6 1Al J3 A R I 7 -

3. EFEEEAFRXE
RIECA BRI 775, BANCEMIURY A, 7R, HFHHE preorder Ml inorder HRSIXM, T8 T
RIXEER G| X A, FAIFZEHEB LM ZE,

- Y RTRIIAR T RE preorder HINRGEA 0 .
 KEYRIRITART SE inorder IIZREIEH m .
- BYHTMAE inorder IIRBIXENCH [, 7] .

R 12-1 fiow, @3 DL BB AR R R S 7E preorder FINET], DA FIAE inorder RG] X
(518

R 12-1 AR SR AE AT i PO A e I R R 2R 5 |

M S7E preorder HAVZS] FHTE inorder RS X ]
T i, 7]
FEFRE i+1 [[,m—1]
i i+ 14 (m—1) [m+1,7]

HIERE, AFMIRTERIIPN (m — 1) &0 iy s’ @R 12-7 B,
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@ L2 ST11,
preorder an...
A A A

@ @ i i+l i+1+(m-1)
E=st 17

inord(:" naa

o O v

B 12-7 MR AR TRIIIRG X RN

4, REB%EM

A TRAEW m IR, AU — A7 hmap SREGEEE inorder F TR R R TR :

# == File: build_tree.py =

def dfs(
preorder: list[int],
inorder_map: dict[int, int],

i: int,
1: int,
r: int,

) -> TreeNode | None:
men RN aE"
# FRIX[EHZT=EELE
ifr - 1< 0:
return None
# RIRT =
root = TreeNode(preorder[i])
# B m, MMRIDAEEFH
m = inorder_map[preorder[i]]
# FRlRR: ML T
root.left = dfs(preorder, inorder_map, i + 1, 1, m - 1)
# FiRE: MEETFN
root.right = dfs(preorder, inorder_map, i + 1 +m - 1, m + 1, r)
# IREIRT =
return root

def build_tree(preorder: list[int], inorder: list[int]) -> TreeNode | None:
e T AR
# VIBRER, =FiE inorder FTTEEIZERS|IAVBRST
inorder_map = {val: i for i, val in enumerate(inorder)}
root = dfs(preorder, inorder_map, 0, 0, len(inorder) - 1)
return root

B 12-8 JoR TAEE X ENBITERE, ST RBER T 8T AR, Mkl GIRD) ZAEM
B /= N pUR S SFE AVAL S
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-]
v 00008 9

preoraer (3 @2 (1 (7 @
inorder (B3 (1 (217

preorder aa
inorder na /
o o

= ]
Step 3 Step 4
° °
= =
Step 5 Step 6

@ inorder

/ 3 9 2 1 u preorder
D O
@ 9 3 1 2 n inorder O

st

=0

[ Step 9

K 12-8 M = XRAEI1E R
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BBV RE MR ET T preorder FIHFET inorder (IRIE5RA1E 12-9 Fir,

oo (O OO@
e OOOOEB

é 0eg -
0 ::000 -

® 9gsmn.

2 =0

12-9  FMEHRBHHRIRID SR

R SRR n, WIARE— TR (BUT— MRS dfs ) ) I O(1) iriEl, PRI E PRI )5 5
JEHR O(n)

575 K7 inorder TTREFIRS MM, BEEREN O(n) . EREHER T, BI-XRIBHOVEERN,
JAREEXS n, EH O(n) KBRS E, FEAERERER O(n) o

12.4 NiBIEIRER

FEVAFFHEFP R I SR AR, BATIHR R e T A o - RIS A S [ — A - [RD, SR e £ 1)
A, BATIR AR 70 i SR

Question

LE MR, DA BRI C, BIGKRET, HF A LEE n NES, BN LRI FZEMNNEIK
BN FHES . FRATTAESS R EAEIX n DEBBERT ¢ |, HRFENNEETFAZE (WE 12-10
FirR). TERENEFRIIS RS, FHEESF LT,

L RS HRBEN—HRAE T TR, M5 —HRAE T TR
2. BIHRER S — PR,
3. /NEIELANZIN T REEZ b,
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a_L L

Y #HEESM A BHE C
A B C

B 12-10 JUEEREURA

BAEREDN @ RDUERE RSN f(d) . Bl f(3) R34 3 DEF A BEhE ¢ DTSSR,

1. ZEELFHER

Qi 12-11 fizR, AT f(1), B RE—DEER, BROTREERZM A B3I ¢ B,

~L1l 1l4

R £(1) WPR:
HFGEZM A BEHE C BIF

@ f(1)

| Step 1 Step 2

B 12-11 AUBDN 1 YA A

Qi 12-12 fows, N TR f(2), RREEMAEEN, BT ENRWEDERERREZ |, B

B R5eIEEN,

1. e EE/NEFMNABEB,
2. BEREFEMABZEC,
3. &K/ NNAZMNBBEEC,
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=11 Lil

R £(2) SR
A f(2) 1. BOESRM A BEHE B
Step 1 ‘ Step 2 ]
A B C A B [
fBR £(2) WSR: R £(2) SR
1. FDEEM A BEHE B 1. FNERM A BEHE B
2. BAESM A BEHE C 2. BAERM A BEHZE C
3. BIESM B BEHE C
Step 3 Step 4

B 12-12 BUEDN 2 B[l fig

fRRORIFIEE f(2) B FEnT S BMABIERAEE B M ARSSE ., Hdr, CHAOVERME. B FRONZRMEL

2. Fin@shE

T f(3), YA =EEN, R EMMERT L%,

FOYEAT f(1) F0 f(2) BIf, FrUARRATATAMIA M ERE, B A BERIIPABEEREE—-ARIE, $0T7E 12-13
FREI R, XA =N RS IRt A BB C T

1. £ B NEAE, ¢ A%MHE, HHRNESMNABEB,
2. ¥ A HPEERF— DR A BEEESIZ C,
3. & C HEFE. ARZMWHE, BRMESEMNBRBREC,

a | | L4l

A B c A B c
R £(3) WPR:
i £(3) 1. FAEDEEM A BHE B

Step 1 Step 2
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lal Lla

A B C A B C
R £(3) MER: R £(3) SR
1. BEAIEEM A BEHE B 1. BEDEEM A BEHE B
2. BER—ESMN A BEHE C 2. BRR—MESM A BEHE C
— 3. BETESRM B BHE C
Step 3 Step 4

12-13  FUN 3 BN AR
WA EE, BAEERE f(3) R APAFRE f(2) —AFRE f(1) . HIF RN =AF Rz G,
JR AR 2 f 2R, X LR T RSB ARNZHY, T ELA# AT LS It

I, FATAT LG B R 12-14 BRI RRSGEES A 43 6 50 - SRR f (n) RIS AN TR f(n—1)
FI—ANFRE f(1), FHHEIBUL R X = A,

1. BEn— 17 EEMECMNABEB,
2. BFEIs 1R ABEEBEZEC,
3. Fn— 11 REMEBANBEREC,

MNFRBDFRE f(n— 1), WROEHFERT XTIy, BERXERNFR- (1) M f(1) K
R BRI, RFE— R ERERTA],

FirlE f(n-1): & n-1 MERM A BHNE B

L D
FFE £(n): #§ n PEEM A BHE C - 4

Fiel £(1): BER 1 MEEM A BEE C

.—J—.‘—

f(n 1): % n- 1AlﬁMH§niJ§c

B 12-14  fRORDUESE R 73 16 R0

3. HE%Em

R, BATFEH—MB)IEE dfs (i, src, buf, tar), BRWERHREFRE src TRERR ¢« NEEEB%
WHE buf B3 E HARH: tar :
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# == File: hanota.py =

def

def

def

move(src: list[int], tar: list[int]):
e RBE—NEE

# M src MHFEH—IEE

pan = src.pop()

# BEEBAN tar TNig

tar.append(pan)

dfs(i: int, src: list[int], buf: list[int], tar: list[int]):
mn SRESGEEE R F(L)
# & src RET—IEE, WEEEHBS tar
if i = 1:
move(src, tar)
return
# FElRl f(i-1) : % src TNZF i-1 NEEMEE) tar B3 buf
dfs(i - 1, src, tar, buf)
# FE@ f(1) : ¥ src FF— 1 EE®ZI tar
move(src, tar)
# FE f(i-1) : ¥ buf TNZF i-1 PMERMEBE) src #E tar
dfs(i - 1, buf, src, tar)

solve_hanota(A: list[int], B: list[int], C: list[int]):
e SRERSGE S Rl R

n = len(A)

# 3% A TER n PNEEEEN B B3 C

dfs(n, A, B, C)

GniE 12-15 R, POESERETE R — RSN n BRI, S0 RRE—DFR-, M —NITER dfs O
BREY, FIENMIERER O(27), BHEREN O(n) .

K 12-15 PEIE R R
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Quote

POESE AR 3 — N ERE T, EHEEN—ISEE, BEME=ReRNiatr, Pk 64
MR —HEEE, BEMAEEIEE, MIMEEERE - MREBSERMBENIR—ZI, X1
SR,

SR, BIERIEN1ERMREE—k, BETEEAL 264 ~ 1.84 x 1019 ), &%) 5850 124, Iminid
o TEEN FEHERNG T, TR, WX MEVZER, AT IZAFREROH TR HEEK,

12.5 Ih&E

1. EREH

- iR M IR RS, iR () Fie (BFF) MANE, EEE TS

- HIWTR SR OIEREIANERRIERS . FRRES M. FRER SN, FRERES S,

- VAFHHEE R GRS AT SRR H OB TR R 0 N F KA A, BRI N ITRNTT
wREETF, MMEREHE.

- BIAARBSEER] DARTTEIRRCR, — 77, 2GRS TIRERE; 5—JiH, 2iREaEMTR
GIHIFHATILL,

- oMIAREA] DURORVF 2 RIARIE, B N T EBdREi S BRI, AR H SR,

- ERTRNER, BEMERICRER. NAEREN O(logn) MIERERE R Z2HET ARG I
o

© SO BEBEMGRIGH S — NN, NS T RS T SRS B, TR POEIE
THAKM =73 E K,

- RSO, AR (BRARED AT DARI O A e RIS T (R, IX AT DA R
73 3 A PR P O 2R 5 | X TR R 5K B,

- AEDOESERIEF, — DB n BRIETRT DA AU n— 1 B RIS — DN 1 H9F(R]
Al AZIF ARPRIX = mldle, SR S 2R,
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BE13E [

Abstract
BATANERE R RUIRE S, FERTEAYIERS b rT e 1B 2 KX,
EIWARY D ELEFRATREF B4R, Wik, REIRENEAEHE M,
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13.1 [EIHE*

EIEE (backtracking algorithm) & —FuEid 75 2 R MR R 7715, BRI O B2 N — MRS H
K, BNERMAVRENRIAE, YBREMBNIKEHEICS, BRFREIREEE 27 Frh nl RER IR R,
TEFRENA IR,

[MIRRE R R “REMER” R, £ X B, BOURERTE. HENEpEn
B TIREM R, TR, BN AE — D a5 7 iR SRR R TR,

il —
BE R, EERIFERAEEN TR, BIRET 1L,

TR, BATET AR, HHEWTY AT SRER SN T, B, MR RREI AL RYIE res
ZHo FHRIEAESCELANE 13-1 M1 PA MRS AR

# == File: preorder_traversal_i_compact.py =

def pre_order(root: TreeNode):
" mIFFIER: flEm—"
if root is None:
return
if root.val = 7:
# 1BRMR
res.append(root)
pre_order(root.left)
pre_order(root.right)

BB — XA,
HiZREA 7 TR

13-1 FERTR PR A

13.1.1 =iH5ELR

Z AR MBI, REDNZFEIA RPN 2R “2” 5 “RNR” RN, SRR R

REFIB RSN IR TC RIS A BT RS B R SR AR, E SR E—PRksE, REEZ AR,
I H A AT RERTIZERE

XTI —, ViR AR “FRX7, MM SEORER TR return MIFTR MR,
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EREARE, PIBFFAUNRISHRBOR M, MR —, BTG —R 1 E.

Pl —
FE X IERATEED 7 (7R, IR IR R B L RN 12

TEBIRR— AR A b, AT EAEB — IR path IER VT R8RS VT RIZEHES 7 15 s,

NEH path FAIELRIIE res . wHEMIE, res HRFRIHUZITE M, A FAR:

# == File: preorder_traversal_ii_compact.py =

def pre_order(root: TreeNode):
nnn Eﬁgi@ﬁ: 1};’”@:u nn
if root is None:

return
# =i
path.append(root)
if root.val = 7:
# ICRfE

res.append(list(path))
pre_order(root.left)
pre_order(root.right)
# [EhR
path.pop()

R “ERAT h, BANEIT R AT AN path SRICSREEAE; TE “[
path Figitt, BPAMREARZIXZ AR,

»  r.

All, BAITFERIZT KM

WIERIE 13-2 i e, BT BRI ILRBEE ) “HiE” 5 “WEE”, WMNREL ¥,

' P

‘0 ‘0
Bid: RIEH, BFRS /_/\
[EhE: MERTS, HEER \

)/'/ox /:o\ path = [1] @ fo

Step 1 ‘ Step 2

Sl BIEF, BIRE
ElE: HERE, RBEE
path = [1, 7, 4]

res = [[1, 7]]

‘ Step 3 Step 4

£l BITEFH, BARE
ELE: RERES, HHEE
path = [1, 7]

BEITIR 7, WBBEFRMELR

res = [[1, 7]1]

Sk BI\H, BRRE
EhB: RERES, RKHEE
path = [1, 7]

res = [[1, 7]]
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13.1.2 B9

2R [ I D OE 1 — DB N, AR AT “BIE

£id: BIWH, BRRE
EB: ERE, RBRE
path = [1, 7, 5]

res = [[1, 7]]

£id: BIEH, BRRS
ElE: RERT, REEE
path = [1, 3]

res = [[1, 7]]

20 BIEH, BRRE
ELE: RERE, RHEE]
path = [1, 3]

res = [[1, 7]]

‘ Step 11 |

Step 10

Sid: BINBH, BRRE
ELR: RERES, REEE
path = []

res = [[1, 7], [1, 3, 7]]

K 13-2 ZiL5[ER

i BIEH, EFRRS
EB: RERS, RKHEE
path = [1]

res = [[1, 7]]

S BITEFH, BHRE
EHE: RERES, RECEE
path = [1, 3, 6]

res = [[1, 7]]

ik BITEFH, BRE

EB: RERE, RHEE

path = [1, 3, 7]

BETR 7, WEBEFRNELER
res = [[1, 7], [1, 3, 7]]

il =

FE R ERATEE D 7 BT, IR BT REIX ST SRR, FFERBRTP AR ESEN 31
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NT RN AR, BANHERMBIEARE: EERERES, FH82EN 3 WA, WHRAHEE, T
MEHLR, B NATR:

# == File: preorder_traversal_iii_compact.py =

def pre_order(root: TreeNode):

" HiEEH . flE="""

# BIRY

if root is None or root.val = 3:
return

# =i

path.append(root)

if root.val = 7:
# IDRfE
res.append(list(path))

pre_order(root.left)

pre_order(root.right)

# [ER

path.pop()

“BIR” R MNERTERIAIE, E 13-3 R, EEZRERET, Bl 9T 7 AR LSRR R
X, WRFZIERHIZER, MM TERERIER,

B BFER 3 W RNRAHRE

Bt A RIBH TR X AR R 8
MR HERME

13-3 IRIELIHRAFBIRL

13.1.3 tEZKE

TR, BANZLKEMN “20, FHR, 3987 MTMAHEZRIERSR, TR Ry .
FEDAMERRSH, state FURFEI S HTIRA, choices F/RAIIRAS Al DAL HIZERE :

def backtrack(state: State, choices: list[choice], res: list[statel]l):
nen [E) AR ANESR
# FIMTE SRR
if is_solution(state):
# ICRfR
record_solution(state, res)
# FEGEIER
return
# WA IEE
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for choice in choices:

# BIf: HNERRETEE

if is_valid(state, choice):
# =i MHEE, FRE
make_choice(state, choice)
backtrack(state, choices, res)
# [EhR: HHEIEE, MEINZFIRE
undo_choice(state, choice)

Bk, FATEETREZRARDRARAGIE =, R3S state N1 RUEIIERE, WEHE choices YT A AT
TRMG TR, 4R res BHEYIR:

# == File: preorder_traversal_iii_template.py =

def

def

def

def

def

def

is_solution(state: list[TreeNode]) -> bool:
e H R MRS RS A

return state and state[-1].val = 7

record_solution(state: list[TreeNode], res: list[list[TreeNodell):
nnn ia%ﬁgn nn
res.append(list(state))

is_valid(state: list[TreeNode], choice: TreeNode) -> bool:
n FERTE SRS T, EEESaE "
return choice is not None and choice.val != 3

make_choice(state: list[TreeNode], choice: TreeNode):
nnn E%ﬁ.){flj&u nn
state.append(choice)

undo_choice(state: list[TreeNode], choice: TreeNode):
nnn ’|\7’/—Q§>Ij€lil§" nn
state.pop()

backtrack(
state: list[TreeNode], choices: list[TreeNode], res: list[list[TreeNode]]

e EREE: =
# KEET R
if is_solution(state):
# ICRAE
record_solution(state, res)
# BIAHPTEIEE
for choice in choices:
# IRy REEERRETSEE
if is_valid(state, choice):
# = MHIRE, FRRES
make_choice(state, choice)
# BT —RIEE
backtrack(state, [choice.left, choice.right], res)
# [EhR: HHEIEE, MERZFIRE
undo_choice(state, choice)

MRAERUR, BAHEIREWEDD 7 B RUGROIZREHE R, RIHET R Ik 2 Ja i return IEAIMIER. & 13-4
X T R EUMER return IEATRVIERIL TR,
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Y return HBiE& return
iERBEIRE, FTEH4SIER IDRMBETFEE, HEER
K 13-4 RESHER return A RIS b
MR TR R SE B, BT EIEAEZR AL S AR BARWIR, (@AM EL . bk, 2

[l )R] PATE ISHEZR PIROR, SRR TR AR RIERE X state I choices , FFSRMMER IR TT
RRIA],

13.1.4 EAARIE

NT BB TR IR, BTSSR EEETEAARERE X, FHAMRBI =2 X RoRE], sk
13-1 FfiRe

& 13-1 H WA EHEIEATE

et TE pl=

fi# (solution)  MRIRE MBI ESRMFIESR, AIRER DD RYWRET A 7 BT R

2R ARG R M FIREIRA T TR &R, BEH  BERPAEETE 3
(constraint) FEIR;

W& (state)  IRESFRRAEERE -NZIRHER, CECEMHR SEICTRTY AR, B path T R51IR

S
E=4E VR IR AT EFORIAR S BRI AR, GG BAVIRAE () 79, KRR path,
(attempt) e, BRI, RERGAR AW RAER SN T
IS MRS AN R LRSI, ATm SR L SRR, JBEIE 3 1Y
(backtracking) HFESE, [AIZ] E—MIRES TRNZIEER, HEORE
LY STRCRARIE MR EM A R AR R E R R HBEIEN 3 BT, AR R

(pruning) BT, TR B RACR
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Tip
I, R, IRSSEMESRIEHR, fEoi6. B, siSHXL OFRIEPEAE Y Ko

13.1.5 i 5RRYE

[l AR - B —FR B R, C 2R T AT RERI IR 7T R B BB 2 SRR, X7 R
S AE TREAS R BN AT RERIMRIR 7%, T BLAE A BRI BIRARIE T, BARSEEE,

SR, TEALFE AR, 5 2% )R, IR RIB TR T REXE DL 2,

- IR (IR R e P RS R A R RE, IR IR 2% B AT DUK SR B B 3l
- 2] RV S RTINS (BIanEs e, AT 3IRMBIEESS), SIRERAN, =6
TR ATRER IS RA,

IR, Dl S e 5 R 1) BRI 24 i DI B AR R TT 3R N I B AR, Eh T Je ik vt
SN AT A A IR, R FRATIAAO Fir  ] RERIE R RE T IR T, EIXAMEIL T, SREER e,
LRI RERATT I PR,

- BB RRIERIME R AN ST AR, AT T R I R A

Ak AR EEREETIIAERISSE M THE, WML R A Al /e A BRI,

13.1.6 [o];AHR B (5

[ SRR AT TR ORVE 2 AR AN, £ 5 2 AL 24 & (LA
FRME: XA B AR REN R R SRR R 7T %o

- EfIAE: ARG, REHFTERTRERHIA S

© TEMAE: SE-DRAM—DERN, KERSHATENNEAANE T,

- DR 450 =R TR — RAIR/NRRIRYRIE, ZORE A B SR 3h 2 5 — IR T,
BIRHRER S — R, BARER KRS DR B,

LI ML X2 AR RS A A LR PR

- n2E fEn x n IEE ERE n NEE, SREMTEARTE,

- B £ 9 x 9 PIRTHIEART 1~ 9, f#EEET. SYNED 3 x 3 FMTRETAES,

- EEGEE: AE—-DEEE, ARVCHBESENENEER, EEHRTEEE AR,
HAERARE: XL R HARRTE — D G2 A PR ERE 7 i B2 55 P BRI e

- 01 HHME: SE-HYRN—-NEE, SMREENMENER, ERETURRRGIN, &
BRSO E R R,
- RATRIAAEL: - DE, N, RPTE Eta - RORIR AR A, SRR,
- ERRHIAE: BE—DEAE, KEIRRREeTE, BFEHREREREN DR Z FEE HE,
WER, T2 HG RS, FFSRRIHIRTTER,

- 0-1 T B RIFEE s E BN SHUAIRER,  DAOKE S = A RIS,
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© IRITRE R — N E AN NP-Hard [, & R A B G B IE MR LS,
- BRKHRBRZEISH— SR E, OB R & BRI,
13.2 £H%irnlE

LA SR PR R R — DRI, ERE SRS TE — MRS A — DS TITER) FHERT, X
HH AT RIIFTA ATRERIHES .

% 13-2 FI2E T LRGSR,  BAEm A BRI ST A HES

*13-2 2HFIRA

LTINS e P HEZ

1] [1]

[1,2] [1,2],[2,1]

[1,2,3] [1,2,3],[1,3,2],]2,1,3],[2,3,1],[3,1,2],[3,2,1]

13.2.1 THEHETENER

Question

MA—DEREEHAH, HPAEESESTR, REFTHTRERHE.

MIEELI R, AT DA RS FRAR SR — RTNEREIEE R, RIRB AL [1,2,3],
RIAVeerE 1, M3, BEEst2, MRSHS [1,3,2] . ENRFRREE— MR, Z/EaestiH
fibizE+E,

MEARIEHIAEE, BESES choices BRMIABAFHIFIEILER, KA state ZHEHATEHIEFEIT
o WHER, BMRAAFPOERE X, Wt state PIRIFTHICRAN %2 ME 1),

G 13-5 FR,  FATTAT DORHE RS R T R — BRI VAR, ST RS BTIRES state o MR
THa, O =RIERRENAM T, B RO B — R
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BRIk

B13-5 HR3IRE IR

1. ES%EEIEK
AT RGN TCERBEFE IR, BIAFESIA—NA/REEA selected , H selected[i] For
choices[i] B&EEHIERE, HETELI L NEIRIRIE,

- EfHI%ERE choicel[i] J5, FA1miHs selected[i] MRME N True, RFEEHHERE,
- IBPIIEFRYIER choices B, BRdATE EBOEREI i, BIBTAL,

G 13-6 R, RIS —HeERE 1, 4005 3, =ikl 2, WIREAS “HIHRITR 103,
TEH=48CR 1 HIICR 3 03

:

&EnEN 1, 2, 3

Wt 2
o HEEHEENTER 1
BIRERE 3 FFEETERN 2, 3
.01 ;1 09__
HERERE 2

B EHEENTE 1, 3
FFREETER 2

13-6  EHHBTETRA

W 13-6 KB, ZIRRIERAERERA M O(n™) BAE O(nl) o
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2. KEBsEm

BB EERZ)E, BATRIAT ARSI P B Es” T N TR, ARSI
R RIS EEL, TR ENRITE backtrack () B!

# == File: permutations_i.py =

def backtrack(

state: list[int], choices: list[int], selected: list[bool], res: list[list[int]]
):

nee [EAEE: £ I

# HRBKEET EZHEN, ICRfE

if len(state) = 1len(choices):
res.append(list(state))
return

# BIAPTEIEE
for i, choice in enumerate(choices):
# B AARTFEEEETER
if not selected[i]:
# = MEIEE, FRES
selected[i] = True
state.append(choice)
# BT —RIEE
backtrack(state, choices, selected, res)
# [EhR: WEEIEE, MERZFRE
selected[i] = False
state.pop()

def permutations_i(nums: list[int]) -> list[list[int]]:
nnn @HF;ﬂJ I nnn
res = []

backtrack(state=[], choices=nums, selected=[False] * len(nums), res=res)
return res

13.2.2 FEEFTENER

Question

BN DR, BAlhalRER S HE LR, IREATE A EERH,

BB [1,1,2] 0 AT HEXSRAEE TR, ROBHE A 1K 1,
i 13-7 fow, BT IRAEREIH A — R EE R,
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BRIk

BIERE

_—

BAEIR A EE S

K 13-7 EEHA

M2 RBREERIHAIE? RERH, FEME—MERES, ERXNHISERITRE, ARMIXAEHC
U huHE, PUONEREEHIIRHER T A BE, MSGERTRADFIAEE, Xk ] DO — IR RIARCR

1. BEFTREK

WUESIE 13-8 , (ESR 40P, JEF 1 sl TSN, (EXPIANERE S R R HE R RN, Hit
I IZIE 1 87KL,

FIBE, (EE—HRUERE 2 25, B 1R 1 AR EE S, IR e 1 87k,
MARBLEE, B HAR AR —REED, RIS M HSFRT R BHERE—IX,

E—iRE
o B
o=
BRIRE
.ﬁ%§§W1
QR#EE—R

BRERE

K 13-8 EHEHFITIR



13 E [E www.hello-algo.com 262

2. KEBsEm

£ L — B R b, A5 EBES - HIERETIFTE — MEH%ES duplicated, HITICRIZHLHES
ZERTR, HREEITRIE:

# == File: permutations_ii.py

def backtrack(
state: list[int], choices: list[int], selected: list[booll, res: list[list[int]]
):
e [EIMAEL: £H) I
# HRESKEEFTEZHEN, BRF
if len(state) = 1len(choices):
res.append(list(state))
return
# BIAPTEIEE
duplicated = set[int]()
for i, choice in enumerate(choices):
# Bif: ARFEEIRFE TR B FATEEEERSE TR
if not selected[i] and choice not in duplicated:
# =i MHEE, FFRE
duplicated.add(choice) # EREFIMNTEE
selected[i] = True
state.append(choice)
# T RIERE
backtrack(state, choices, selected, res)
# [EIR: HERE, MEIZAIRE
selected[i] = False
state.pop()

def permutations_ii(nums: list[int]) -> list[list[int]]:
men R I
res = []
backtrack(state=[], choices=nums, selected=[False] * len(nums), res=res)
return res

IEERFP 2 IR, W n AERIEE nl Fs] (HF0); (EI0REERN, FESHKN n 15I%,
] O(n) WAL, RILIMFISZ9E 8 O(nln) .

SBISRITREER 0, () O(n) Kbz, selected i O(n) 22, [{—H%IR%2364 n 4 duplicated
| 5 O(n2) 2, HIZRE RN O(n?) .

3. MFhEIRHILL

HIEE, B selected Ml duplicated #BAH THIK:, (HME ) BARAIE,

- EERBENE: BMEZI R A D selected . BICRAEMSETRAST RS TR, HIEHE
R AN TR state PEE I,

- MBS (BN backtrack EFED) #EE 1 duplicated . BICRAEIEA
@i (for fE3F) WP TREWNERY, HIEMRRIFHEE TE R ERE X,

B 13-9 JoR T NIRRT, TR, MPRYEN T RRER — RS, MR REIHT SR 2 b
AN A R — RS,
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,90
HESA— 3<
iR [1, 1, 21 [1, 2, 1] (2, 1, 1] HE&MHZ §

B 13-9 PIRIBIREZR A1 TE R

13.3 FEMin)EH

13.3.1 TEERENFR

Question

LA — N EREEEA nums FI— D EHFRIEEEEL target , IHIRHFTERTREMIA S, FHEHETRITE
MZET target . BEHHALEE LR, BPILRADIPHERZ R, ELIIRERIRENXLEHE, F
TR PN SEEHE,

flan, WMARE {3,4,5} FEREE 9, 0 {3,3,3},{4,5} . FEIEELTMA.

ARSI R AT TR U R,
C FHEARRASTEIY, i {4,5) F1 (5,4} BT,

1. BELHTIRE

KT EHAR, BATA] DHE TR E SO RE R K — RYNERRRIEER, FHEEEI RS g TR

M7, YILEMET target I, FOKFHEICKELEEYIR,

M5 EHP AR FREE, ARG PRICE ] DRICRRIER, FITCHEY selected fi/RIIFRILFR

TLRE S CPOER, AT PO 2HI I T/ MEE, 91215 2 iR s -

# == File: subset_sum_i_naive.py =

def backtrack(
state: list[int],
target: int,
total: int,
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def

choices: list[int],
res: list[list[int]],

R =17 =B S == T I

# FEMET target B, ICRAR

if total = target:
res.append(list(state))
return

# BEOFREIEE

for i in range(len(choices)):
# Bty BEFEMENE target , MBLEZIERE
if total + choices[i] > target:

continue

# =3 MHIEE, FHTEMN total
state.append(choices[i])
# HITTIIEE
backtrack(state, target, total + choices[i], choices, res)
# [EIR: HEEEE, MEIZAINRE
state.pop()

subset_sum_i_naive(nums: list[int], target: int) -> list[list[int]]:
e RRFEMN I (BEEEFE) "

state = [] # K& (F&)

total = 0 # FE&EM

res = [] # &RIIF (FEHIR)

backtrack(state, target, total, nums, res)

return res

A A3 AL [3, 4, 5) MEIRRTE O, Mthas Ry [3,3,3], [4,5], [5,4] . RARIIRE 7 HiATAIN
M4, P {AETEN T [4,5) F[5,4] .

R I R R K ARy, AT TR I, W1 1310 FR, 56k 4 5% 5 556% 5
Bk 4 BARILAE, (EMRE T4

choices =
target =
AR
TEM >9
BIERE y
e,
’O
>9
EoRERE

B 13-10 FHRERGHITETE

NTEPREETE, —MERAEBRNEERIIFGET RE, HIXDI7IRBCRIRAK, AW,
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- AR RZ, THEY target AN, EREESERBNEE TH,
- HETER (D) WRFEAEFEREN, TEICHIPRE, BHRSEPENITRRR,

2. EEFEER

BANZ BRI R PERE B T R E, WEE 13-11, HE FEREIRRIF IS T RN =40,
BN LA~ B B,

1. M5 AR A B 3 T AN, SERESIXIATERITTETE, 105 (3.4, ... ]
2. 25, MEHIERE AR, WIS ARRIRFOE 3, EONZIEREPER T 4,3, .. FI 1. SR
OEL TN T
ERRITR, RIS A DR, RS2 SRR %,
1. BPHEIERE 315, AERRTE 3,5, ...]
0. HIFESERE AR5, ARTE [4,5, ... ],

3. EHE RS, WP RGN 3R A, FENTE (5,3, R (5,4, ... ] 55 1. BRI 2. Hop
IR T

choices = a

FE [3,3,.] [3,4,.] [3,5,.] 3 [4,4,.] [4,5,.] 3 4 [5,5,..]

EREF&R EEF& ERTE

B 13-11 AREEy SEHEE 75

BERE, BEMNE (11, 2y, .., 2], WIRRLRAPEERIFINY [, @, , .. 2, |, WEEEFS)
FEWL i) < iy < < iy, , FIREAINERTIIBAERESE, PRIk,

3. =M

NSEBZEIR, BRI R start, HTHREHEEG R SMHHERE v, 5, B P —8NAR5] i IF
YR, IXFERO AT UL F IR 1 < iy < - <4, , MITIPRIETFERME—,

PRitLZSb, BABEXSRESHEAT 1 DA I L,
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EFF B RAT, S nuns HE7. fEIRIATEIZEN, S THEMET target B EHESRIGIE,
NEBRTEE LR, HTPEM—Tiid target
BEICEMZE total, WITTE target EPUTIRIZRSGETICEA, Y target FT 0 BFd®#E,

# == File: subset_sum_i.py =

def

):

def

backtrack(
state: list[int], target: int, choices: list[int], start: int, res: list[list[int]]

nen EAEGE. FEM I
# FEMET target BY, iZFfRE
if target = 0:
res.append(list(state))
return
# BIFREIEE
# BN M start FURIER, BREREEFE
for i in range(start, len(choices)):
# B —: BEFEMBE target , NIEIZELEREIF
# XRENBACHRF, BATRER, FTEMN—E8BE target
if target - choices[i] < O:
break
# =i MHEE, | target, start
state.append(choices[i])
# BT —RIEE
backtrack(state, target - choices[i], choices, i, res)
# [EIR: HEEEE, MEIZAINRE
state.pop()

subset_sum_i(nums: list[int], target: int) -> Tlist[list[int]]:
men SREEFEM I

state = [] # K& (F&H)

nums.sort() # X nums HITHIR

start = 0 # BHEES

res = [] # £RIR (FEHIR)

backtrack(state, target, nums, start, res)

return res

& 13-12 Fro k8 [3, 4, 5] FIEFRTTER 9 M LB E R A M 2,

M target
choices = B FREAMRE
target =
EREIE
Yo
ERUEE
RERTE 3 BELEm F<

i target EETE

[3,3,3]
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13-12 7R/ 1 BT

13.3.2 FEEETENFER

Question

HE— D IEBEEEA nums F1—EHFRIEEEL target , BHREFTARTRERNA S, HHRHASHHTER
T target . HEBAITREREHEEER, BN LR PuERE R, EDIIRIERIREIX LA
a, RPN ESEEHE,

FEE T L, ARSI AL S R ALER, 5| TR, I, sl [4, 4, 5] A B
0, MBERMBKHLLEEY [4,5),[4,5), HHTEETE,

ERIX AR S R R A RSP B IR, 7R 13-13 mf, BRI E =ik, HAmNER N
, SUEMANEENERDE, MmbtES7E; [, FRNMN 4 B EEE TR,

[4,6,.] [&,4,.]

EETH

13-13 METRSHWELE TH

1. HERES

NI, AT LR R b L REOERE IR, KISy TR EHF
9, BIAHSETCREGZMAN, XEWEERERE , AT RS HADREME, WHHE Ay
T, HtEZPNS SETTR,

5IEFR, ABRE A B TR RREPEEE— K, SEEE, BATEA DIFIAZR start Kil 2 1220
SfHIERE ¢, J5, ’E T HMNRI G+ LIHRAERED . XEREXRPRER 75, b E2iEsT
ES

2. fUEEEH
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# == File: subset_sum_ii.py =

def backtrack(
state: list[int], target: int, choices: list[int], start: int, res: list[list[int]]
):
nen EIAEE. FE&EM TI
# FEMZET target BF, iBFE
if target = 0:
res.append(list(state))
return
# BIFREIEE
# BIRY”: M start FWRIER, BREREEFE
# BIfs=: M start FRiER, #REEXER—TTE
for i in range(start, len(choices)):
# B —: BEFEMBET target , NIEIZELEREIF
# XREANBAEHRF, BATREKR, FEMN—EEBT target
if target - choices[i] < 0:

break
# BRI MIRZTESENTERSE, HRAZERSSEE, BiZd
if 1 > start and choices[i] = choices[i - 1]:
continue

# =i MHEE, B target, start

state.append(choices[i])

# TR —RIEE

backtrack(state, target - choices[i], choices, i + 1, res)
# [EIR: HEEEE, MEIZANRE

state.pop()

def subset_sum_ii(nums: list[int], target: int) -> list[list[int]]:
men SRERTEF IIMM
state = [1 # K& (FH)
nums.sort() # X nums H{THIRE
start = 0 # BHEKBS
res = [1 # &RIIR (FEHIR)
backtrack(state, target, nums, start, res)
return res

% 13-14 J&7R T8 [4,4, 5] MEFRTR 9 WEMISRE, HESTORITEERE, HIREERS RS
&, BERAERIEE, DSMETEIROER A TR,
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choices =
target = w_spiE

Q{)

nEm

-0F ;e
| BRERR

& Jo [4,5] EETE

HE=
FRUEE

ae— R

b i
B target

K 13-14 & 11 Bz

13.4 n EGin)#3

ER—%IR%T
%;E’é?&iﬁﬁ*;’;\ 09‘_ (x) 723

Question

RIEE PR RN, 250 USSR —1T, —F— &M%k LR, 8% n MEFRM—1
n x n R/NRIBE, FHERITE 25 Z RIJCEAHE SRR RTT %o

g 13-15 R, Y n = 41, HEADUREIR MR, MEEENAES, nx n KDABEIEE n? MM
¥, A TATERER choices . fERMHER/EHIERES, BEIRSEANRA, SMNZIMEERRZ

IRAS state s

| ) |

L3
€

€
I

| |

13-15 4 2JERIEERI#E

B 13-16 R T AR = DAFGEM: 2ARIEARRER 1T, [, F—RML L, EEERNE, Xt
LRI N ER LR\ RO FaLk / Fifd,
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i
1

TR AABAL BREREA RS
7

EARRES - YK

st —i7 — oo Yoo e &

/
" | , \
N N 7
& - _ f SRS S R VA B
X X X I A /
S - ’
7 o | A
f S &
N
: i 2
X X, ””*7-\*\”W*””
S| e—
| N

FRER—F  FRER—THBEL

K 13-16 n 2JSMERILIHRFEAF

1. ZF{THERER

SEHEEMEERNTEE Y n, BRBEMNESEE—MES: BT AR ariE -4 55,
WYL, BATRTDERBOZITIHE RS : WNB—1TITE, ARTHE 25, BEERE T4,

B 13-17 Aol 4 2R HREBEZITHRED R, ZEERT], & 13-17 (UIT 7B TR HP —MERD L,
H HARFA SN LI AT F IR 77 AT T 3%

w [T W] | ]
HE%E 117 N —— [ [
(&BR) (&B8) (&B8)
W | W W [ ]

REE 2 5 % . F %] W]

’:! v w | LW
el mEnl el i

W . v v !j ¥
BEE & 17 | L (= = =2 | =

W ¥ ] v :

i W W

13-17 IBATHCE RIS

WA EE, BITBCERIGES] ¥ OB e, e 7 R—ATHHZ D RISMFTE RS .
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2. FISHALERE

NTRANLIH, BATAT A —NREN n (H/REEE cols idkB SR EA Bh, EFRIVENRE
i1, BANEE cols KEHA L/RIFTEIE:, FHAERMBIHINEEH cols FIIRE,

Tip
THER, MERERATE LM, HATRIIMN LRI, SR MNESHEN,

A2, WAL LRI RE? BRI MR T IITHIR TN (row, col) , IEEFEREH IS TR AL,
BATVEIZN LR LA RATRIIRAIR S AT, BN M& EFA R row — col MaRE(E,
WEREW, WRAMETIRE row, — coly = rowy — coly , MEMT—EMTER—ZFX AL E, FIAX
PR, FRATATCAREBYIE 13-18 FnAUEH diagsl IDREHFR TN ALk LEGHER,

[FIEE, YO LRI row + col RMEEMH, BATFEREH AT CAEBIEE diags2 SRAEFEION fALE)
*o

ERAMAL
BEHEER

Goan

cols

BRIIBERER

13-18 AEERHNLHAMI FALRLTHR

3. %M

HER, n 4E5BEF row — col MEREE [—n+ 1,n — 1], row + col WuREIZ [0,2n — 2], ArPAFEX
FERAON A ZRI R 2n — 1, BIEGH diagsl #l diags2 MIKEHTHN 2n — 1,

# == File: n_queens.py =

def backtrack(
row: int,
n: int,
state: list[list[strl],
res: list[list[list[strlll],
cols: list[bool],
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def

BATIE n ik, BRI, WMNETERE—THE n. n— 1, .

diagsl: list[bool],
diags2: list[bool],

nee EAEE n BE
# HKREZFEITE, ERM#
if row = n:
res.append([list(row) for row in statel])
return
# WHAFRE5
for col in range(n):
# TTEZR TN E X AR AL
diagl = row - col + n - 1
diag2 = row + col
# Bty RAFZEFES. THEL. ANAKLEEER

if not cols[col] and not diagsi[diagl] and not diags2[diag2]:

# =i BEEHREEZIET

state[row][col] = "Q"

cols[col] = diagsl[diagl] = diags2[diag2] = True

# WET—17

backtrack(row + 1, n, state, res, cols, diagsl, diags2)
# [ER: BzRFmMERN=N

state[row][col] = "#"

cols[col] = diagsi[diagl] = diags2[diag2] = False

n_queens(n: int) -> list[list[list[str]]l]:

mneoRfE o0 2/

# ¥MAE nxn K/EVEEER, Heh 'Q RRER, '#' AR=M
state = [["#" for _ in range(n)] for _ in range(n)]
cols = [False] *x n # iERIIEETEEF

diagsl = [False] * (2 *x n - 1) # EBRIVNAZXLETEER
diags2 = [False] * (2 *x n - 1) # ERANALXLERETEER
res = []

backtrack(0, n, state, res, cols, diagsl, diags2)

return res

~ 20 TR, R O(n!) W

o ISR, FHIEEHIAERE state RN res , EHHRIEREM O(n?) WHE, [Filt, SRS
JO(n!-n?) . Fhr k., AR ALRL RN HALRERS RIEM MERZER), NS RBEREEM T DL

B,

4 state (] O(n?) 23, ¥4 cols. diagsl fil diags2 B O(n) 23, MABITRE N n, &
H O(n) tebizsil, Fit, 22mERERN O(n?),

13.5 /&

1. EmEH

- SRR TUR 52K, B RS R T IR IL el 7ok ST & SRR, eI, B2
JRAPFRIMENIC SR, B IREIFTA R el 7 5E BUS 45 38

- ERENERIE RIS ERN N2, BB RE R R SIS, HBRAHE

LJREFAFRITE O, IR E—PRiEse, IRMAEIZATHIIRE, Faksrstilihgss, 25 mREm

ANTT TR R AR AR
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- [l EDE R A S 2 DA, ENTRT T SEBIBIRAR R, BIRAT AR RTE RN AR 3, K
IETRTHERUR,

- [ ETR T A A TR O R A 2SR e A, A Uikl s 2R eT DU R BIA AR o, (BfEAE
FAERCR B =B RUER A R RTR.

- PR S ARG T RS TTRIITA ATRERIHES . BAE I — M EERIER N ITRE BB,
PSR TR RN X, WD ITRAPOEE X,

- AEEHAIRET, NRESHEAEEE TR, NRASGRSHAELHS, RONFELFMEETRLES
erp HREguiE— Ik, IXEFEEB — GRS RI,

- FEMPER HRZES T ESHEN N ERERNTE T8, 88T XATRNF, mMEREESR
W RTAENP ISR, FAEEE 7, BOVERBIRTREIRETHY, HRE - M ERERER T —r
i kdia R,  MITRAS KR R T BRI R 7 SO T8 KL,

C R TFrEMEE, BEHPHSTTRSEEERES. BNFREHCHRRTESR M, 1@ AEE R
TLRETAHFIIBIAR, MM CRAHSE TR R e pOE —IK,

- n BERAMESEIERE n NEERER n x n RSBE ERTER, ZRE 25 MM RTCEBE
Tio BIRBIILIRAMFAITAR, SILR, XN AEMOOS ST, NRRITLR, BITERAIATR
BN, RIESTRE DR,

- HILFHIS FALRETHRAAE BT SR, X FAILTR, BATHA—MERIER T ARG A ER, M
RIS F RS G, NTRALLE, BTGB DMK HIIEFZ L, RN Ak LB OFE
25, MERAETHRHELER —E (B NAL BRI TR ErIToIRT A,

2. Q&A

Q: B EREIHIMIEITHRR?
BHRE, B “RIARNT, mEHEGR - TR

- IERIEFEE TR, A, EREHNNA R —, BEIATEER AR,
- BAREARELT TR T RIRRETEK, FATRRE, [ SIS GRIZiE)n) S

i,
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Abstract
NS NCI N ARG V(5
SRR /N B AR SRR BN A 2R, — 2020 5 | SBAT T8 (Al o [l R A8
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14.1 ¥iREhEIEY

shSME (dynamic programming) 2 —PMEZEREIAERX, ER— N RN —RIVE N T FE, 7
AT PSR R R B TR, TTRIEER T RRCR

AT, BN DRMFIBAT, eantierg s, WEHPUSNESTRE, 525 T
B BN S S

JerEEh
BE—DIE n RO, (REEPRTDLE 1 e 2 B, iERA 2/ 0875 58] ARSI RETH?

i 14-1 FoR, X1 3 Birkksd, HHF 3wy 5a] DUEEIRET,

.

TetsE 3 pisdts 3 MpE:
0515253 , 0523 , 05133

14-1 TeZIZ 3 Firid 7y s

AT B AR K77 RECR, BATInT DA R Ik 75 2 A al REME. BRI, KIEMEE SO — 12
FIERRHI R MM A, R b 1 e 2 [, S BNARERR RN R T R AR 1, i e
THURR I R H BT AL, AN R AR :

# == File: climbing_stairs_backtrack.py

def backtrack(choices: list[int], state: int, n: int, res: list[int]) -> int:

L M
# HMERIFE n PABY, HRBEM 1
if state = n:

res[0] += 1

# BHPAEIERE
for choice in choices:
# BN AAFEREE n M
if state + choice > n:
continue
# =R MEIEE, FRES
backtrack(choices, state + choice, n, res)
# [ER
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def climbing_stairs_backtrack(n: int) -> int:
R (27 - B =1 i
choices = [1, 2] # Ah&EERLNE 1 Mgk 2 M
state = 0 # ME 0 MFFLANE
res = [0] # £ res[0] ERHEH=
backtrack(choices, state, n, res)
return res[0]

14.1.1 FiE—: BHIEH

[ ] SR 9208 B A S Ao A TR AR, TR SRAR MBI 1 — RARRP IR, @RI B0h:, RAT
A AT RERTME.

FRATTAT LAS2 BRI 53 R ) g FE AT IR SE R, IRTERNSE 4 Brdes dpli] ®OT R, A4 dpli] sUZ RS, H
TR A

dpli — 1],dpli — 2], ..., dp[2], dp[1]

A HAE R 1 ek 2 B, RIS IRATUGAESS @« Brpsis B, b—4e nTREuitEss ¢ — 1 fess « — 2/
o BRATTETE, FATHBEMEE « — 1 Bralss « — 2 FriZiass < Fi

FL A A — N E TS TERIEE ¢ — 1 B REUm LI ¢ — 2 B REBORS TIERE ¢ B sy
28, AW

dpli] = dpli —1] + dp[i — 2]
SXBEORAENEREREIAT R, T2 R, RIS DA 7 PRk, 1€ 14-2
R T B R

dp[5] =dp[3] +dp[4] =8

dp[4] =5

dp[3]=3

|

BEME n = 1 2 3 4 5 6
BEH dpln] = 1 2 3 .5 8 13
\\y‘

K 14-2 JTRBEIBHEXR
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AT AR A RIS R ISR R, DA dp[n] JAG A, UM — AN b R A el
BRI, BRI dp[1] f1 dp[2)] BHEIE. Heh, BN TSGR CAIN, B dp[l] = 1.
dp[2] = 2, FARMEHIE 1. 2 M5 1. 2 HE,

MELAUT A, ERbRIEER AR R TR LR, (HEE AR TS

# == File: climbing_stairs_dfs.py =
def dfs(i: int) -> int:
g
# B0 dpl[1] # dpl[2] , EEZ
ifi=1o0ori= 2:
return i

# dp[i] = dp[i-1] + dp[i-2]
count = dfs(di - 1) + dfs(i - 2)
return count

def climbing_stairs_dfs(n: int) -> int:

n e

return dfs(n)

& 14-3 [ T R IHERTEAHNEAR . S TR dp[n], HBIAMRER n, NREREHRERN O27). 1§
e TR EAR K, MREMMA—DHERE n, MRFEABREFRZ A,

dpl9]

dp[8] dp[7]

dp[7] dp[6] dp(e6] dp[5]

dp[6] dp[5] dp[5] dpl4] dp[5] dpl4] dpl4] dp[3]

RN INETEARES Tl
SRR ERERESR 0(2")

14-3 TRAKBEREIEITR
W 14-3, SRR 2R “HATRE" S8U0. B4 dp[9] ¥HM#N dp[8] A1 dp[7], dp[8]
oM dp[7) A1 dpl6], FIE LS TE dp[7] .

DA, FRIEFAEESENIES 7R, FFIMMES R, B0 HH RS IRER IR EIX B 1
Al L
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14.1.2 &= idlziigs

NTHTRIERCR, BHEAENES SRR R, Ovitt, FOTEH— A mem KidRE D
TSR, FFAERRIERE R EE T RS,

1 MR dpli] I, FAHEEITRE nem[1], A2 JE (.
0. MEREEIE dpli] I, BT EEEM men[i] FHRHGET, MR S 1% T,

AR AR

# == File: climbing_stairs_dfs_mem.py =

def dfs(i: int, mem: list[int]) -> int:
e gz g R
# B%1 dp[1] # dp[2] , REZ
ifi=1o0ori=2:
return i
# BFEER dpli] , WEEREZ
if mem[i] !'= -1:
return mem[i]
# dpl[i] = dp[i-1] + dp[i-2]
count = dfs(i - 1, mem) + dfs(i - 2, mem)
# 1BF dp[il]
mem[i] = count
return count

def climbing_stairs_dfs_mem(n: int) -> int:
SRR (777 - MR Tl VA Rt
# mem[i] BRMEHFE i MPAREE, -1 KRLIER
mem = [-1] = (n + 1)
return dfs(n, mem)

WERE 14-4 , edidi G, A RS RERREHHRE X, NREREREE On), 21 E
KHT KER,

N
maEiEg, g
HED

ISR T AR EIERER 0(n)
ERFFEESFRERRHEITE—R

B 14-4 L2 RN R A
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14.1.3 &= &R

IR R TR 897515 BATNERE RV R JTs, 3BTRS T R B+
i, BEEREMRNFRE (MR, 25, B EHREE 7 B, FE R s i

SR, shBMRRE—/ “IKET” 1757 N FIrERgres, SRt E v rEnmg, |
E=XE 2y Tbail ) s

BT S EERE, R RFRERERNEREM, TAEREA, £ H, TAI9ak—
NECEH dp SRAFIE T IRIEERTRE, B2 T 5IEIZ R EEE mem AHRIHYIC SR -

# == File: climbing_stairs_dp.py =

def climbing_stairs_dp(n: int) -> int:
R (127 27 =By 705 /b 4] R
ifn=1o0or n = 2:
return n
# MR dp R/, BFEEFRERMRE
dp = [0] = (n + 1)
# ARE: Fugs/)NFlalBHvfig
dp[1], dpl[2] = 1, 2
# KRB NBUNFIREUE D SRR K F 0]
for i in range(3, n + 1):
dp[i] = dp[i - 1] + dpl[i - 2]
return dp[n]

& 14-5 B4 1 DA RIS TIE R,

b N e N, “a e N, s
7 o~ 7~

MeaIRE:
dpf1] = 1, dp[2] = 2

KEHEBHE:
dp[n] = dp[n-1] + dp[n-2]

MABERZEFF S, #ITIREETS, DEBIRRERELE

B 14-5 TeHERRISN SIS R
HEMEZE R, ShASURMAER “IRE” SESRER BRI E B, 8 IRESHON B —> A8 A
KA RLE) Ryt (LA, 14N, TERAAE R R A TR A SO L R AT ERERRRIT 2 4 o
IRIELA LN, BATRT DU S s AUIB B R,

- EER dp #h dp %, dp[i] TR i M BT R,
- RN TRBIR RIRA (5 1 BORIS 2 BRshE) FROmaTiamas,
- AR dpli] = dpli — 1] + dpli — 2] BRNRBEB AR,
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14.1.4 Zialfik

MORBEEFTRER I T, MY dpli] RS dpli — 1] M dpli — 2] fR, BIRAITCHER —A 8 dp K17
BEFRE ¥ R8I, TR RN R RN ETERTRT, ARSI R ATR:

# == File: climbing_stairs_dp.py =

def climbing_stairs_dp_comp(n: int) -> int:
e erkts: =R RIS
ifn=1o0or n = 2:
return n
a, b=1, 2
for _ in range(3, n + 1):
a, b=Db, a+b
return b

WA LMD, BTEETEHA dp SHER, RHEERERENOMn) BE O(1).

FERNASHURIFEE S, HEPIRSEEN S A AR MRS A R, ZNBATAT DR REODEAIRE, Wl R
KATENES ], XA R BIIBRh R R” o R,

14.2 mhAEFIR )51

fE B, B3] T AR A ANE I 5 A R R MR (Y, KRR b, A1) e —Fna A
AOSRRIEES, 1EME. ShASHIKI (Rl A e RO ],

- MRS AR I R o 2 MR B R 7 A, E RN TR, R RS I Y
iR, BRZATENR AR
- BIESHUIHEA R TIEV i, B5 AR EZEXANR, AP REUR A AR, 1E
MR S IV 2 B 1 A,
- [EEIRAE 2 DR 55 25 AT A rTRERTRE, B BT EGE e N AR 3, R MR — &
FIRFT BRI, BATA] DORH R B Z AT FR B A — DT [l
Kk b, SIS AACRERILRE, e MIESEETWE, EEERINRRHE: RIETEHE, T
JERIE,

14.2.1 RAFEN

BATTR TEARBE RS VE e E, {62 EINE & BT R T a5 M2,
eREREE: MR
BE—ERS, RSB FIE 1 e 2, S—Bsss LEIEE — DN IEREEE, RRIREZEM
A B, A — AN RSB cost , H cost[i] RIS « N ENMTEER HEIRAM,
cost[0] MHIE GERIAE), EIHERDFEMN M S/ RN A BEBNATIEE?

i 14-6 Fow, #HH 1L 20 3B E08 10 100 1, WIMAHLETEZIES 3 Brays MU N 2,
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HEM%E n = 0 1 2 3
it cost[n]

]
)
)
=
(]
)

Tetss 3 piktsdts 3 MAR:
0515253 , 05253 , 05133
H 013 NHE&D, &IENA 2

14-6 ERIE 3 Hrim M

VE dp[i] AIEEIE § B IHSHORN, BFS i AR i — 1 Mei — 2 BEsk, Kt dpli] RTaE:
F dpli — 1] + cost[i] 5% dpli — 2] + cost[i] « BT RATRERD AT, Tl IRZERERE PR NI

dpli] = min(dp[i — 1], dp[i — 2]) 4 cost][i]

IXAERT AT | A ER LT AR S it Pl A 5 (IR A 0B B DL AR S AR

R BRI B T45H: BT TR dpli — 1) A1 dpli — 2] sPPREH BRI —A,

e R IR dp|i] FIESALR,

Mz, E—THITEREREE H A %A RO T40e? BRI ERERET SR8, B2 — MR, HEnE
H—RpRTA: RMRATTFEE", RITEIMULEL, BREHIBRRTERSEII, R T8l
T BnMRARTGTREEEFETEn — LIS n — 2 ERTTREEZM, FTPAR, RILFEHRRTT K

PR RS, EARFEF AN RS L,

FARARASEERS 12, DURIAIEES dp[1] = cost[1] 71 dp[2] = cost[2], TRATRLAT ARSI B A M 4AS

# == File: min_cost_climbing_stairs_dp.py =

def min_cost_climbing_stairs_dp(cost: list[int]) -> int:
e ekt E MO shASHLR
n = len(cost) - 1
ifn=1o0or n = 2:
return cost[n]
# iR dp R, BFEEFIRERIME
dp = [8] * (n + 1)
# PIENRE: FRER/\FIR AR
dpl[1], dp[2] = cost[1], cost[2]
# KRB NBUNFIREUE D KRR A F 0]
for i in range(3, n + 1):
dpli] = min(dp[i - 11, dp[i - 2]) + cost[il]
return dpln]

B 14-7 R T DA LRI REh SR A,
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cost[1] cost[3] cost[5] cost[7] cost[9]

|mﬁ\\a/4 ﬁmx_,/ﬂ ﬁ}\_,/q

cost[2] cost[4] cost[6] cost[8]
aR#E:
dp[1] = cost[1] , dp[2] = cost[2]
RERBHE:

dp[i] = min(dp[i-1], dp[i-2]) + cost[i]

K 14-7 Terkhim MU EIBIASMXIIE R

AEHLAT AT AL, 5 EEEELE, HESAEREM O(n) BE O(1) :
# == File: min_cost_climbing_stairs_dp.py =

def min_cost_climbing_stairs_dp_comp(cost: list[int]) -> int:
e RIN: TEMLCEREIESR
n = len(cost) - 1
ifn=1o0or n= 2:
return cost[n]
a, b = cost[1], cost[2]
for i in range(3, n + 1):
a, b = b, min(a, b) + cost[i]
return b

14.2.2 TR¥ME
a3 RS ASHUKIGENS B R B N E R 2 —, HE XN G- IHieEiRE, efRkEER
YRS E R, mSdEantimaihEsIee,

DATERERB RN B, e iRaS 0, ERERHINS ¢ + TRURAS ¢ + 2, 25 Rgk 1 Bk 2 25, et
IXPARMZERERY, BATTICHH IR « ZATHPIRE, BTG @ BIARRIAH R,

SR, WNERTATIA MEREAS RN — TR, TROUA—FE T,
W LIRTERERE
BE NG n NHERE, IR ATDAL 1 Fireld 2 B, [HAREESIPERRE 1 B, A2/ DRy %
A DATEE BT ?

GniE 14-8 A, eSS 3 B {GR] 2 Mml {7755, HAES: =Bk 1 iY77 BRI REN, RILBEEF.
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BT FEEESFRSLE 1 M,
ERAHE 0515253 HER — |

BEM® n= o 1 2 3 4 5 6

TetsE 3 MikEEE 2 #5
£

95253, 05153

14-8 HLIRNCEIE 3 [ired s s
TR, SR b —fRBk 1 B boRAy, ABA T —4entesik 2 b, XERE, B —2EEEAaelh ik
B CHRIPEREBIRE) NI OUE, AT — MRS (BRI EERR ) %,

FRERB, IR R TG R, RASER TR dpli] = dpli — 1] + dpli — 2] BT, EH
dpli — 1) fRFEAGEE 1, EEFEE TS “ E—fRBk 1B kN 7%, R Teds, RI%FR
BB dpli — 1] BB A dpli] o,

ik, BANTREY RAIRSE X R (4, j] F e i B H L —88k 7 j B, Hrbj e {1,2}, RS
TESCERHIX 70 7 E—5eBk 7 1 BesE 2 B, FRATTAT DASE I 4 AR AR AT TR Y

MR T LA, b R 2 B, B dpli, 1] RAEM dpli — 1,2) R,
C R RBR T 2 N, b bRk 1 HreRBk 2 B, B dpli, 2] ATRAM dpli — 2, 1] 8 dpli — 2, 2]
Rk,

s 14-9 FvR, TEGE R, dpli, j] FoRIRES (i, j] MBITT 8 RRSER TR N

dpli, 1] = dp[i — 1, 2]
dpli, 2] = dp[i — 2,1] + dp[i — 2, 2]

THEEEALMAERE 1 MY
EZTHEEE

dp[i-1,1]
dp[i-1,2] /1

dp[i-2,1] ——
dwpli-2,21 A ANL

dpli,1] dpli,2]
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K 14-9 HELHR NHIEHERR

F22, 3&E dp[n, 1] + dp[n, 2] VAT, P2 RUREITCRIE n W07 285
# == File: climbing_stairs_constraint_dp.py =

def climbing_stairs_constraint_dp(n: int) -> int:
" HLYREHERR: shASHIR
ifn=1o0orn = 2:
return 1
# Ml dp R, AFEETFRENAR
dp = [[0] * 3 for _ in range(n + 1)1]
# YA Fugs/\FIRRRYAR
dp[1][1], dp[1][2] =1, ©
dp[21[1], dp[2]1[2] =06, 1
# IRESEE: NBNFRIBUZE D SRR A TR
for i in range(3, n + 1):
dp[il[1] = dp[i - 1][2]
dp[il[2] = dp[i - 2][1] + dp[i - 2][2]
return dp[n][1] + dp[n][2]

£ LHERIZREBIF, TR ZE BT — MR, BIEBAMART DO KA E X, 1 a7 o i e
TRk, AR, FEERBAAIREERN AR,

TEREAE 5 KEhT 2L ik

HBE—NHA n IR, (REPFILLE 1 EE 2 B BUE SRR B, REANIAMER 2
Fir L ERERSY, e SeaERA e vrBkaIss 24 B o BN, TR AIBkEl T 20 3k, N
JEAREBREIES 4. 6 B Lo E A 2/ DRh75 SEn] DUTREIRETH?

FEIXAN A, TRBRERARUE BRTA RIRE, BROVEE—IRBRERE A E m AR LI B RS, FHRImAK
WIBkER, X FIXKMA, ZHARUIERE AR,

Kk b, W2 ERNHSMHARE (BIATRITRERED AFeEit. M FXRm, HANE%E ke d
MHEAMTTIE, BlanEA AR, BERE, A, IWTFEA IR R S 2] AT YR B LR

14.3 mhEIYIAES B

BT T SSHAFER SEAFE, TR IR B AN A AR

L. GapalbT— Al EUR A2 B AR ) ?
2. REFSNEMKNPEIZMTAEAT, DR 472

14.3.1 [RIRRFIBR
BHSRY, MR- NABASES TR, RITFEN, HRETTERE, Il E S SRR,

SR, FRATARME A e R A B PR B X e, DRI BRI B S50, SIS 7538 & Il
W %) Mok,
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ES TR BB H W “OSRRHBR”, X ARh R RERT DAEE R S5 RAR,  Hh g — 1 m R
—MNRE, BFKERARDREF,

HAgTEYL, AR S IR RS, BRIl — RIS AR, AR BRI R, E
AT DAGE A [ R AR

FEMCEA B, SZSHRENE A — 22 A “anor B,

- MEEERK (M) 82 () FRitmbi,
- IERIRSREB R — IR, YR SRR, I H— DRSS HABRIRSFEISB R R,

MR, AFE—L “RRoT I,

- ISR EARZ R AT E Al RERIARR TS, TR R LR,
- IERA AR EIHPH S RIRHE, FEREIEARRZ DT %,

QIR — NIRRT R SRR, FEEAARONIIER “maut”, A9 URIR B R — D EhSIKIRE, FF7E
R P RIEE,

14.3.2 [RIERBSE
BNASHIR ) R 2 R (A R ) 1 SRR MEE FE T B A ], (D@ R DA AP 3R RISk, 8 SOIRE, 7
dp R, HEFIREERBTIE, WMThREN%E,
NT BB B RS, BAMEH— MR “F NgER™ k2,
Question
LHE—Nn x m B Z4EMRE grid , PSRN RITAREE —NEAEEE, FRIZETTRIIRM,

Plas NBAZE M BoThEoniein e, BIRIARER ReRE RGBS —8, BEEENEEG MK, 1ERE
MEE EAEIE N MR N AR

B 14-10 fom 17—, 28 MRS RO/ NS AR RION 13 6

TR

1 3 1 5 3 1 5
2 2 4 2 4 2
5 3 2 1 5

4 3 5 2 4 3 5

m

sNEFERN 13
S RSRERRA 132323323132
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14-10 /NSRRI

B BHERRIYGR, @ SORE, Wmifsel dp %

AR B — R AR AUR A G RTA 10 R E — 8, YR FIITHIRS 0N [4, 5], WA A E
—%fE, KN [i+1,7] 8,5+ 1] . Fit, REMAETRIIMIIRTIHLER, 29 [i, 5] .

RS [d, 5] SRR TR : MEEASE [0, 0] FES [i, 5] 9B NIRRT, AT dpli, 7] «
i, FATHEETE 1411 R4 dp S, HRF S8R grid A1,

j j+1
1 3 1 5 dp[0,0] dple,1] dple,2] dple,3]
i 2 2 4 2 dpl1,0] dpl1,1] dp[1,2] dpl1,3]
e
i+l 5 31 2 1 dp[2,0] dp[2,1]1 dp[2,2] dpl2,3]
4 3 5 2 dp[3,0] dp[3,1] dp[3,2] dpl3,3]
grid dp &
SRAE: nAERTEE Finldl: MAELEMAEE [1, 51 N5/ EN
REEN: T5F5[1, 5] dp ®&: R<5 grid HHEMNER

Bl 14-11 IREZEXSE dp &

Note

SNAHRIAD B R AT AR IR — RSP A, MRS H T RSB, BN 4 B S it
EREEE, HESTEBNGEE, BERARESE T MRS

BAIRSHON N — N F R, BATSE N dp FZREMETE T RBRE, RSN A S5
& dp RIN—DNEE, NARFEE, dp RERSHFAEE 2 B BT,

B R AT, S IR R

FFA [1, 7], EREEN BT [i — 1, j] REBKT [i,j — 1] #mk, HatTats: sk
[i, j] B9 MR TR [3, § — 1] BOB NSRS [0 — 1, ] MR MR MR — AT,

MRHE LB A, RIHEHE 14-12 FoRBpRESE B T 1

dpli, j] = min(dp[i — 1, 5], dp[i, 7 — 1]) + grid[z, j]
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grid

RERBEE:

dp[e,0] dp[e,1] dp[0,2] dple,3]

dp[1,0] dpl[1,1] 'dp[2,2] dp[1,3]

dp[2,0] dpl[2,1] dp[2,2] dp[2,3]
—>

dp[3,0] dp[3,1] dpl3,2] | dp[3,3]

dp %

dpli, j1=min(dp[i-1, j], dp[i, j-1]) + grid[i, j]

B 14-12 ILFEE SIS T2

Note

ARIETE SCAFHY dp R, 855 R AR 7 R SR AR, $RHAE IS 5 ) Y e (1L AR 3 [ ) R ) e LA
M5, BRI T4,
—BEANHREN TR TEEH, i n] DAE e IR SRR 7T

B WA RAREIIRE LR
AR, SAEEATHIRSRBEMNEAEIDRTIRSER, A E SRS R REME EIBRIRASEK, HILETT
i = 0 FIES j = 0 Zib5E A,
A 14-13 FoR, TR ME TR BHETTE TR ETT FEASIoR, BRI BA 6 R iEErki 7 5, SME
WEEAT, WIEREL .

dp[o,0] dple,1] dp[o,2] dplo,3]
o—p  o—
dp[1,0] dp[1,1] dp[1,2]  dpl1,3]

dp[2,0] dp[2,1] dp[2,2] dp[2,3]

dp[3,0] dpl[3,1] dp[3,2] dp[3,3]

DREMEF. DRkETEY

dpfo,e] dp[o,1] dple,2] dp[0,3]
L - —==
R NS A
dp(1,0] dpl[1,1] dpl[1,2] dp[1,3]
— == ===
T T
dp[2,0] dp[2,1] dp[2,2] dp[2,3]
— — —
MR NN
dp[3,0] dp[3,1] dp[3,2] dp[3,3]
L - L

RERBIRF: EFEHER

B 14-13 D5 RS ISR

Note

DS ESSMXIH A T0I61E dp &, EERTHA TR
RESHEFL N B2 O R B CREAE T3 S 5T AR, TR BRI B8 /N7 R R T U E R

HHEHIR,
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WRIE LA BT, BAE L] AERS Hah SRR, FR10 A8 73 e — TR KA EAR, BIZ iR
“BIER — IR — ShESHRN” B SEELE AN & B 4E ST,

1. Fit—: BHER

WHRZS [i, 5] AR, RN BN [ — 1, j] A1 i, — 1], WITREED FEE,

- BB RE [ ] .

LB A [0, 0] B [7, 7] BRI R dpli, 7] .

- BIEEME: M40 =0 H j = 0K, RERMN grid|0, 0] .

©OBIEE M < OWNERj < ORGSR, HINIREIRM +oo, REARAIT,

SEELAHS G
# == File: min_path_sum.py =

def min_path_sum_dfs(grid: list[list[int]], i: int, j: int) -> int:
R NERRA BAOER"""
# BERNELABETE, WEIEEER
if i = 0 and j = 0:
return grid[0][0]
# BHTHESIER, WRE +o KM
if 1 <0 or j<0:
return inf
# HEMELEAE (i-1, j) A (4, j-1) BIsNEBEFRLN
up = min_path_sum_dfs(grid, i - 1, j)
left = min_path_sum_dfs(grid, i, j - 1)
# REIMELEAE (1, j) HsRDEELN
return min(left, up) + grid[il[j]

& 14-14 25 7 PA dp[2, 1] IR s amy, Hb @S —EE 7 mE, HEE XS R grid FRT

AR SR 2
MR LB, JERES T FBEEED : 72 AR DO LM EEEE— ek,

Bk R5IEA

dplo,1] dpl1,0]

0/ BN 8.
o LN e

dp[e,1] dp[e,2] dple,3

: : : ERT SRR
. dp[1,0] dp[1,1] dp[1,2] dpl1,3] dpli+1, 31 A1 dpli, j+1] #B&# dpli, j]
’ dp[2,0] dp[2,1] dp[2,2] dpl2,3]
dp[3,0] dp[3,1] dp[3,2] dp[3,3]
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K 14-14 2F3LRIBIN

BAIRESEA A FEAMAERE, WEEAESG TARKTEE m +n — 28, FbiRZENRIEREN
O(2™+™) , Hrfrn F1m 3 BI0 AR BITTERSIEL, 1R, X7 2UORS BIME MRIL SR DL, 4
ENARIRIL S RN —RPisE, RIS ERb> 5,

2. FiEZ iBiZwiER

BATBIA—FIRAE grid MIER STHIIEIZE03R mem , A TSRS TR, HEESFREHETE
%

# == File: min_path_sum.py =

def min_path_sum_dfs_mem(

grid: list[list[int]], mem: list[list[int]l], i: int, j: int
) -> int:

T ERNERARAN: iBfzfbiEER

# BERNELARTE, WAEEER

if i = 0 and j = 0:

return grid[0]1[0]
# BHTHESIWR, WRE +o KM
if 1 <0 or j < 0:

return inf
# HEHIER, NWEZERE
if mem[i1[3j] != -1:

return mem[i][7]
# IO BN BTREER/NERERLN
up = min_path_sum_dfs_mem(grid, mem, i - 1, J)
left = min_path_sum_dfs_mem(grid, mem, i, j - 1)
# IERFREELEAT (1, j) HNRNEEAN
mem[i][j] = min(left, up) + grid[i][j]
return mem[i][j]

N 14-15 AR, FESINIRIZMLIG, A R FEIHE—R, FEIN SRR TIRSEE, B
®RSE O(nm) o

& 14-15 212 ZRIB TR
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3. FE=: mhEMK

FEP GRS SAE, R oR:

# == File: min_path_sum.py =

def min_path_sum_dp(grid: list[list[int]]) -> int:

e R NERIRAN . shASHIRI
n, m = len(grid), len(grid[0])
# %R dp 3+
dp = [[08] * m for _ in range(n)]
dp[ol[e] = grid[0][0]
# REEH%: 817
for j in range(l1, m):
dp[01[3]1 = dp[B1[]j - 11 + grid[6][]]
# RE&E%: 85
for i in range(l1, n):
dp[il[0] = dp[i - 1]1[0] + grid[i][0]
# REE®RB. HRTH5
for i in range(1, n):
for j in range(1, m):

dp[il[3] = minCdp[il[j - 11, dp[i - 11[31) + grid[il[]]

return dpln - 1]1[m - 1]

B 14-16 /R T B N ERBPIRSHRS ISR, Hwlh 7AW, KRN EERER O(nm) .

HEH dp KAV nox m, BBREREN O(nm) .

1 vl 1 5 [} ] 0 [}
2 2 4 2 [} ] 0 o
5 3 2 1 [} ] 0 ]
&4 3 5 2 0 o 0 )
grid dp &
MRt dp &
Step 1
1 3 1 5 1 4 5 10
2 2 4 2 3e>5 0 o
5 3 2 1 8 o 0 0
4 ] 5 2 12 ] 0 o
grid dp ®
RERH

dpli, j1=min(dp[i-1, j1, dp[i, j-11) + grid[i, j1
Step 3

Step 2

Step 4

3 1 5 1 4 5
2 4 2 3 o o
3 2 1 8 [} o
3 5 2 12 o o

grid dp &

MaEST dplo, j1=dplo, j-1] + grid[i, j]
MalES dpli, 0] =dpli-1, 0] +gridli, j]

3 1 5 1 4 5

2 4 2 < 5 &> z

8 2 1 8 [ o

] 5 2 12 o o

grid dp &
K&

dpli, j1=min(dpl[i-1, j1, dpl[i, j-1]) + grid[i, j]

10
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Step 5

Step 7

Step 9

Step 11

4. Fjalkt

3 1 5 1 4 5 10
2 4 2 3 5 9 e>11
B 2 1 8 o 0 o
B] 5 2 12 o 0 o
grid dp ®
RERA

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]

x] 1 5 1 4 5 10
2 4 2 3 5 9 11
3 2 1 8 8 '—>1£ o
5 5 2 12 o 0 0
grid dp &
RERE

dpli, 31 =min(dp[i-1, j1, dpl[i, j-11) + grid[i, j1

B il 5 1 4 5 10
2 4 2 3 5 9 11
3 2 1 8 8 10 11

grid dp &

REETS
dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]

8 1 5 1 4 5 10
2 4 2 3 5 9 11
3 2 1 8 8 10 11
3 5 2 12 11 15>13
grid dp ®
RERA

dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j]

&l 14-16

1 3 1
2 2 4
5 3 2
4 3 5

grid

REFAS

4 5 10
5 9 11
i /) [}
] ') [}
dp &

dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1

K&

12

8 10e—>11

dp &

dpli, j1=min(dp[i-1, j], dp[i, j-11) +grid[i, j]

K&

&4 5 10
5 9 11
8 10 11

dpli, j1=min(dpl[i-1, j1, dpli, j-11) +grid[i, j]

Step 6
1 3 1
2 2 4
5 B 2
4 8 5
grid
Step 8
1 B i
2 2 4
5} 3 2
4 ] 5
grid
Step 10
1 B 1
2 2 4
5] 5 2
4 B 5]
grid
Step 12

B/ NSRS AR 72

BEIR/NBEMNN 13

12

4 5 10
5 9 11
8 10 11
11 15 13
dp &

M MET REEEIDMN BRI TAR, BRI ARH — D B TBEDREE dp &
THIER, BFIVEE dp REERR—ATHUIRES, Fr DARRNTCIRIRRTRIAA L E PR, TR e B T S e :

# =

File: min_path_sum.py

def min_path_sum_dp_comp(grid: list[list[int]]) -> int:
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e ENERIRAN: R ERIBhASELR
n, m = len(grid), len(grid[0])
# %R dp 3+
dp = [0] * m
# REEH%:. 817
dp[0] = grid[0][0]
for j in range(1, m):

dplj] = dp[j - 11 + grid[0][]]
# REEHB: HRT
for i in range(l1, n):

# REF%: 85l

dp[0] = dp[0] + grid[i][0]

# REFE%: HRY

for j in range(1, m):

dp[j] = min(dp[j - 11, dp[j1) + grid[il[j]

return dp[m - 1]

14.4 0-1 Haja)eH
HHAEE - MEE TSI TEE, 2SN ERE W REE. EEAFRZZR, Hl400-1
HHAE, 2T an, ZET RS,
TEARTH, AR K EH WY 0-1 5 B2 A]
Question
B n M, B ANSNERR wgt[i — 1], MER valli — 1], M—DEERN cap W,
M AREIERE—X, RTERES EAR FRERAY SR ANME,
WMERE 14-17 , HTYIERGRE © N 1A, BEHRGIM 0 FFEaTHER, IR ih @ WV EE R wgt[i — 1] F
B valli — 1] .

#S EE fi{E

i wgt[i-1] vall[i-1] LarE
1 10 50 [ ] cap = >0
2 20 120 2]~
3 30 150 " u
4 40 210 ¥
5 50 240 »

RAME: 270

BRAE: B . @& AT
HER 50 SEAE

& 14-17 0-1 B RATRBIESE
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BATATLLKE 0-1 HRLRIEEE— D n RRRAMANIRE, XN T MREE TBARIRAPFRSE, Kt
T2 [ i i R SR AR

AR bR kg “TERRE S AR FREMAYMEIRANE”, FEIHEAMRZ — 2SR A,
B BEBRNOUE, &XRE, Wil dp &
NTFMERY, FTRAEE, BUAENE; BAETE, HTEEER/DN, HIErSRESE S LY
s i MEEARE e, Kh i, ],
R[4, ¢] XRBFIRE: §i ¢ AMIRER RN ¢ RS RPmERIE, 12 dpli, c]
fRERIZ dp[n, cap] , RIRFE—DPRIHN (n+1) X (cap + 1) =4k dp K,
B IR T &, EmiE S ISR TR
BBARHYIE: @ FRSRSE, FERIVEN ¢ — 1 MISRUSRIN TR, A5 AR RS i,
© BN EERARRE, REBHH [ —1,¢,
C NI WEBRRRD wet[i — 1), MEEMN valli — 1], KEBHA [P — 1, ¢ —wgt[i —1]] .

ERATEBAER T AR T BRPHE dp(i, c] FF AN « FURAPIS @ Pifhys Ed
{ESERAIB—A  H AT G RS R 7T 2

dpli, c] = max(dp[i — 1,¢|,dpli — 1, ¢ — wgt[i — 1]] + val[i — 1])

/

FEEENEZ, EYAmER wet[i — 1] BERIREOAR ¢, NHBBERBIAL .
B AR ARIFRRE LRI
LY EE AR 0 NERARMMEN 0, BIES dpli, 0] MIE1T dpl0, c] #ET 0,

SFTIRES [4, €] M BRI [i — 1, ] Fide EATRIRES [ — 1, ¢ — watli — 1]] $6R5TK, RUHEEH 20
FRIERER A dp ZHTAT,

IRIELA L #r, BATHE TRIGIA SR IR, IR, SIESMNIE,

1. Hit—: BhEE

ERAHEUSUTER,

CRABEC A [ ] .

-l TR dpli, o] -

- BRAIE: RS i = 0 I ERAAEN 0 B, KIEBAEEEE O
COBEE RS R R AR, A RO .,

# == File: knapsack.py =

def knapsack_dfs(wgt: list[int], val: list[int]l, i: int, c: int) -> int:
-1 Ha: xR
# EERTFEYRIEELTHREE, WREME 0
if 1 =0 or c = 0:
return 0
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# EBRIEERE, WREBEERBRALE
if wgt[i - 1] > c:
return knapsack_dfs(wgt, val, i - 1, c)
# HEABRANNBRANY@E 1 BRANE
no = knapsack_dfs(wgt, val, i - 1, c)
yes = knapsack_dfs(wgt, val, i - 1, ¢ - wgt[i - 1]) + vall[i - 1]
# R[EIFEFHSG RPN EEARIB—

return max(no, yes)

niE 14-18 Fiw, TG S A RIERNEP RIS R, BRI REEZRER O(27) .

WGBTS, A RIMHPFERES RS, FlIdp[l, 10] 5, mNYaKe, SEARKK, THEHA
HENYRRZN, HE T NSRRI AEEZ,

MREs YaBE
dp[3,30]

BERANYSR 3

dp[2,10] ik YaERE > Se5E
&fi REHANE 2
dp[1,-10]

BEBND® 1

YImRS i 1 2 3 HEESE cap = 30
YMREE wgt[i]l 10 20 20
YEfE  vallil 60 110 120

K 14-18  0-1 H RIS 2 1L R IB IR

2. BFEZ: itiziigxk

A TRIEES FRE R g5 —k, BAMEBICIZY5R mem SRICE TR AR, Hb mem[il[c] XM
dpli,c] .

IR Z G, INRERERRT FRERE, iz O(n X cap) o KRB T:
# == File: knapsack.py =

def knapsack_dfs_mem(

wgt: list[int], val: list[int], mem: list[list[int]], i: int, c: int
) -> int:

-1 HE: BlzERE

# GEETEYRAEELHREE, WREMHE 0

if i =0 or c = 0:

return 0
# HEBIER, NWEZEKR[L
if mem[il[c] != -1:
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return mem[i][c]
# GEEEERE, WREEERABRANE
if wgt[i - 1] > c:
return knapsack_dfs_mem(wgt, val, mem, i - 1, c)
# HTEABANABAYGR 1 NRANE
no = knapsack_dfs_mem(wgt, val, mem, i - 1, c)
yes = knapsack_dfs_mem(wgt, val, mem, i - 1, ¢ - wgt[i - 1]) + val[i - 1]
# IERFHREIFHM A RFNEERBB —
mem[il[c] = max(no, yes)
return mem[i][c]

& 14-19 &R TR R AP BTRAE R 2 5

MRAE HEEE
dp[3,30]

EEHRANIS 3

B RERRR dp[2,10] ik YRBEE > Ha5E

= of

&fi REHRANE 2

dp(1,10]

= BEBNDSR 1
o = *
YRES i 1 2 3 YHEEE cap = 30
YEESE wst[i] 10 20 20
sfE valli] 60 110 120

K 14-19 0-1 B RMEAICIZAE R

3. FE=: oMK

BASHINISE o ERURAERSER HETE dp RAVERR, RS TRAR:
# == File: knapsack.py =

def knapsack_dp(wgt: list[int], val: list[int], cap: int) -> int:
nnng-1 HE: shEHE
n = len(wgt)
# Atk dp xR
dp = [[0] * (cap + 1) for
# KEE®
for i in range(l, n + 1):
for ¢ in range(l, cap + 1):
if wgt[i - 1] > c:
# HBEIEERE, WREYWHE 1
dplillc] = dpl[i - 11[c]
else:
# PEMEYm 1 XA RNRAE
dp[illc] = max(dp[i - 11[c], dp[i - 11[c - wgt[i - 1]1] + valli - 11)
return dp[n]l[cap]

in range(n + 1)]
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Ul 14-20 FFR, BRI A A S AR AR AR dp ANz, B O(n x cap)

- ]

ER wgt iH val el e 1 2

wgt[i-1] valli-1] 0 ] 0 )
1 s @ 1o
2 11 * 2 )
3 15 - 3 0

YEHE n=3 EEEE cap = 4
MEURTH (n+1) x (cap+1) B dp %EF%E

Step 1

) - -
EE wgt ifH val el oo 1 2
wgt[i-1] val[i-1] 0 0 o L)
550
1 5 [} 1 ) 5

2 1 * 2 )

3 15 (% 3 0

RS

®:
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

| Step 3

al - [}
EE wgt fiE val e e 1 5
wgt[i-1] valli-1] 0 0 ) )
1 5 () 1 0 5 5

2 11 * 2 )

3 15 (% 3 0

K&

dp[i, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

[ Step 5

al - -
ER wgt iH val A 1 2
wgt[i-1] valli-1] 0 ] 0 )
1 5 (] 1 0 5 5
% T
2 11 2 [} 5 11

3 15 - 3 0

ot

B
dpli, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + vall[i-1] )

Step 7
) - -
EE wgt i val el oo 1 2
wgt[i-1] val[i-1] 0 0 [} [
1 5 [} 1 0 5 5 5
. i
2 11 2 [} 5 1 16
3 15 - 3 0
RS

®:
dp[i, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

[ step 9 |

Step 10

- ] ] U
B wgt fHfE val el e 1 2 3 4
wgt[i-1] valli-1] [ [} [} [} [
— #5501
1 5 (] 1 5
2 11 * 2 ]
3 15 o 3 )
R
dpli, c] = max( dpli - 1, c] , dp[i - 1, c - wet[i-11] + val[i-1] )
Step 2
- = ] “
EE wgt fifH val N e 1 2 3 4
wgt[i-1] val[i-1] [ 0 0 [} [} [
550
1 5 o 0 5 5 5
2 11 * 2 0
3 15 (% 3 )
RS
dpli, c] = max(dpli - 1, ] , dpli - 1, ¢ - wgeli-111 + val[i-1] )
Step 4
- [} ] “
EE wgt fHfE val e e 1 2 3 4
wgt[i-1] valli-1] ) [ 0 0 0 [)
1 5 . 1 ) 5 5 5 5
¥
2 11 * 2 ) 5
3 15 (% 3 [
RS
dpli, cl = max( dpli - 1, eI , dpli - 1, c - wgtli-11] + valli-1] )
Step 6
- ] ] n
B wgt ffE val el e 1 2 3 4
wgt[i-1] valli-1] ] ] [} [} [} [}
1 5 ] 1 [} 5 5 5
11
2 11 * 2 [} s 1 16
3 15 - 3 )
RS
d‘p[i, c] = max( dp[i - 1, ¢] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 8
- a B “
EE wgt fifE val N e 1 2 3 4
wgt[i-1] val[i-1] [ 0 [ [} [} [
1 5 () 1 ) 5 5 5 5
2 11 * 2 0 3 1 16 16
3 15 (% 3 [ 5
RS
#:
dpli, c] = max( dpli - 1, ] , dp[i - 1, c - wgt[i-1]] + val[i-1] )
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a - - ] ﬂ
EE wgt ME val el oo 1 2 3 A
wgt[i-1] val[i-1] 0 ) ) [} [} )
1 5 (] 1 ) 5 5 5 5
2 1 * 2 ) 5 ill 16 16
3 15 - 3 0 5 11
REF
B
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, c - wgt[i-1]] + val[i-1] )
Step 11
«a & & @
EE wgt fifH val e e 1 2 3 “
wgt[i-1] val[i-1] 0 0 0 0 [ 0
1 5 1 0 5 5 5 5
2 1 * 2 [) 5 -\\Q 16
+15 !
3 15 @ 3 ) 5 1 16 20
Xk*ﬁ
dp[1 cl = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 13

K 14-20 0-1%

4, =SiEfkitk

BT MNRSE R S H E—1TRORAE 3, [RULFRATT AT DUE AN SRR, =R REM O(n?

= O(n) .

BB, BATRES (UH — M LIS RILLlE? IS RIHI,
M, STHREE o T, IZEE AR ¢ — 1 TR,

HURSREGE AR, I spiE dpli, 5] B, %177 dpli — 1,1]

IR, R

o, MRS S EMAIRSHR SR,
QSRR P, WARE RS

) - - (] ﬂ
EE wgt iE val e oo 1 2 3 4
wgt[i-1] valli-1] 0 0 [} [ 0 0
D e
2 11 * 2 [}
3 15 - 3 0

sen—rsrna o - ((DEDEDEDED

WA 1= 2 #f, 5K dp RERENR 1 = 1 WFTEMRE

Step 1

- = ] U
EE wgt i val N 0 1 2 3 4
wgt[i-1] valli-1] ] [} [) [} [} ]
1 5 (] 1 [} 5 5 5 5
2 11 * 2 05 11 16 16
s
3 15 o 3 ) 5 11 16
i
#:
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 12
a a & &
EE wgt fifH val el o ; 2 3 4
wgt[i-1] val[i-1] ) [) 0 0 [} [
1 5 o ] 5 5 5 5
2 11 * 2 ] 5 1 16 16
3 15 @ 3 [ 5 1 16 20

EENFIEMRBAE SRRANE 20

Step 14

SREARIER IS R Ub R S

~dpli — 1, — 1] ETREE.

[, IR AT DUEREE T,
K 14-21 AR TERADEEH TN ¢ = LATHIRER ¢ = 217, 1

- = ] n
EE wgt fifH val e 0 1 2 3 4
wgt[i-1] valli-1] ] ] ] [} [} ]
1 5 ("] 1 5
2 1 * 2 ] A
3 15 - 3 [)

sen—ruina o - ((DEDEDEDED

BFERE 1 = 2 17, MTRERB

Step 2

)

FARSERZHIE LT7ak BT IR 5%

s

R 1E e it P AE] e g P A DXl
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EE wgt A val ~.C

i

wgt[i-1] val[i-1]

« XKL

o
o o
1 o
2 ]
3 o

sen—rsrma o - ((DEDEDEDED

P BFEHRSE i = 2 17, HTRERS
Step 3

c a a A &

EE wgt fiE val <o 1 2 5
wgt[i-1] valli-1] 0 0 ) 0 0 []

1 5 ¢ [ 5 5 5 5

2 1 ¥ | . IEEEED

3 15 (% 3 0

sen—ratna o - (DEDEDEIED
) BFBHE 1 = 2 17, BITREES
| Step 5

Step 4

Step 6

EE wgt ffE val .C

i

wgt[i-1] valli-1]

v
o o|n|B

o
)
0 —_
o
o

0
1
2
3

@ +ts

sen—raina o - ((DEDEIEDED

BAFERE 1 = 2 17, MTRERB

BEE wgt fifH val .C

wgt[i-1] val[i-1]

1 5

o [EREPS I ™

©
"
=
"
o
"
o

N s oo

2 11

w N e

@ ~e

3 15

sen—rarna o - ((DEDEDEDED

STRERE, #A dp RENHE 1 = 2 WAER

K 14-21 0-1 HRAZFELERSIESMRNE R

TEAREESEIIA, BAULFREE dp BB —4E « EREMBR, JF BICPIEIASE B 17 i B ] -

# == File: knapsack.py =

def knapsack_dp_comp(wgt: list[int], val: list[int], cap: int) -> int:

neg-1 BE: TELAEREIESHR
n = len(wgt)
# %Rt dp *
dp = [0] = (cap + 1)
# REEB
for i in range(1, n + 1):
# EFIBHh
for ¢ in range(cap, 0, -1):
if wgt[i - 1] > c:

# EEIEERE, WFrEYm i

dplc]l = dplcl
else:

# NEMEYm 1 XMHSERRAE

dplc] = max(dplcl, dplc - wgt[i - 111 + vall[i - 11)

return dplcapl]

14.5 T80

AT, BRSNS —DME SRR it #7ReEr—MRpl: TEH
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14.5.1 258

Question
BE n M, B AENERR wet[i — 1] WMER valli — 1], M—DEEN cap WEH, &
APrihn] URAGERIR, [F{ERRE S BE R TRERAY MR RIME, ~EANE 14-22 FiR,

we EE -
i wgtli-1] valli-1] cap = 50
1 10 50 o 1 —

2 20 120 : x2 /“
3 30 150 B

4 40 210 *

5 50 240 (>

=AMNE: 290

BRAR: B—1 O AFET . KSR
HEA 50 HEEE

14-22 seeB W REE R EEHE

1. Zh&MRBER

Se T WA 0-1 F R MIEAEFARRL, DXL T A~ BRAIP S EER AL

- AEO-1 HEMES, SRR A, RIS AEEE, HEEMAETQ — 1 MsHEes
- fEEEHERET, SMYRREERE TR, BRI AT EIE, Tnl PG @ A PdhrbiEe.

d

TESERH WIRERE T, K3 (i, ¢] B IHFEDL,

RO G 5 0-1 SR, B [ — 1,
BN 5 01 WRAERR, #EE [i,c — wgtli — 1]

MR RS TR :
dpli, c] = max(dp[i — 1, c|,dp[i, ¢ — wgt[i — 1]] + val]i — 1])

2. RS

X EEIERE H AR, RAESERTHE N G — 130 1, HREE 80
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# == File: unbounded_knapsack.py =

def unbounded_knapsack_dp(wgt: list[int], val: list[int], cap: int) -> int:

nen e aIASHE
n = len(wgt)
# %Rt dp *
dp = [[0] * (cap + 1) for _ in range(n + 1)]
# RS
for i in range(1, n + 1):
for ¢ in range(l, cap + 1):
if wgt[i - 1] > c:
# EEMEERE, REmE 1
dp[illec] = dp[i - 11[c]
else:

# NEMEYm 1 XMHSEERAE

dp[illc] = max(dp[i - 1]1[cl, dp[illc - wgt[i - 2]1] + valli - 11)

return dplnllcap]

3. ZEfutk

T AR R AN BRI FeRs ok, st MR RN dp R — 1T T IR &,
XA FNFS 0-1 1 EIEFER, THEBIE 14-23 REEREME X5,

o - a @& ﬂ
EE wgt A val el e 1 2 3 4
wgt[i-1] valli-1] ] [} [} ] ] )
C e
2 11 * 2 [)
3 15 - 3 0
sen-racna » - ((DEDEIEDED
} B 1= 2 B, Bl dp IERENE 1 - 1 WRTENE
[ step 1 | Step 2
) - a B “
EE wgt ifH val e e 1 2 3 4
wgt[i-1] valli-1] ] ) [} [} ] [}
1 5 o [) [T 15 20
2 11 * 2 [) 5 1
3 15 ®© 3 o 1%
sen—rema o - (D EDEDERED
) EFFBHE 1 = 2 17, WTRERB
| Step 3 Step &
a a A @
EE wgt fiE val e e 1 2 3 4
wgt[i-1] val[i-1] 0 0 0 0 0 0
1 5 ‘ 1 5 10 15 20
2 11 * 2 o
3 15 @ 3 ) 11
san—racns « - ([N EDEIEIED
EFBHE i = 2 17, #TRERB
[ Step 5 J Step 6

- ] ] “
ERE wgt i val el oo 1 2 3 4
wgt[i-1] valli-1] 0 ] ) ) o ]
1 s ] 1 5 10 15 20
2 1 * 2 ] H
3 15 - 3 )

sen—ratma o - ((DEDEDEDED

EFBHEE i = 2 17, #MTREHE

- a B U
EE wgt fifH val N e 1 2 3 4
wgt[i-1] valli-1] [} ] [ ) [} ]
1 5 o 0 5 10 15 |1
2 1 * 2 ] 5 11 16
3 15 @ 3 0 11

weer—rarma o - (0 EEN S0 ED ED

EFBHE i = 2 17, #MTRERS

) - [} ] ﬂ
EE wgt fifE val e e i 5 3 4
wgt[i-1] valli-1] 0 0 0 [) 0 [}
1 s @ 1|0 s
2 11 ¥ 2 5
3 15 @ 3 )

sen—ruina o - (DEDEDEDED

SERBAE, A dp RENHME 1 = 2 MFTERR

300
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K 14-23 seedfREE S RIS ISR

RIS SCER AR B, AN TR dp YOS —4EMIRR
# == File: unbounded_knapsack.py =

def unbounded_knapsack_dp_comp(wgt: list[int], val: list[int], cap: int) -> int:
nen meBE TEHERISHE
n = len(wgt)
# %Atk dp *
dp = [0] % (cap + 1)
# REEB
for i in range(1, n + 1):
# IEEFIBH
for ¢ in range(l, cap + 1):
if wgt[i - 1] > c:
# EEdEERE, WREYE 1
dplc]l = dplcl
else:
# PEFEEm 1 XA RNRAE
dplc] = max(dplcl, dplc - wgt[i - 21]1 + vall[i - 1])
return dplcapl]

14.5.2 TR0
AR — KRB AR AR, A RZ AR, BN 28 b e n) 5,

Question

L85 n FPIETD, 58 0 RMRE R AYTEEDA coins[i — 1], EFREHN amt , SR AEEIER, W
REWS IR H AR MR AR DRE MR, QN RTCIRE H HAREH, WHRME —1  7~EIanE 14-24 For.

RS m{E
i coins[i-1] BirEE
1 1 ] amt = 11
\ as
2 2 $
3 5 @ x2 /

ROETHHE: 3
stiETas: @+ @+ ©

B 14-24  F RS IS IR

1. EHEMR B
FEIR AT B R 2T WS — RO, 38 B DURIRR S A G
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- PUIERTR] DAHELERHE, “Wpdn” RN CREMT, “PIAhEERT XN REMmEET, HHART XN CHRE
- AR, sEeEURER ER AR IME, FESREE R MU TR,
- EEEUREDER NEET BRI, BERGOAHER Ry RBE BRI

B BESRNIGE, €0RE, MNEE dp %

R 4, o] WRAF IR : Wi ¢ FREmRESS 22 & o A/ DREMER, 12 dpli, al .
“#Hdp BRI (n+1) X (amt 4+ 1)

B RINERIET &, HmiES ISR TR

AR EUREIRSERTTRAEN FRESR.

- AMESRECME, FILFRRIZER max() HEO8 min()
- bR mEE AR A E, FEE e m AT +1 BIRT,

dpli,a] = min(dp[i — 1, al,dp[i,a — coins[i — 1]] + 1)

B WIS
L EREIO 0 I, BEHEREOEmEEN 0, BEFIFE dpli, 0] #%T 0,

YICHEM, FIRBER > 0 MEER, RRTRR, NERSEE TR min() EEEEWIRHIH
I IRTCREE, FATEIEMH +oo RFREAN], BILEITHA dpl0, a] #EFET +oo,

2. KEBsEm

REEGIRIE S IFARIR ML +oo L, HABEAER int MRAERMAE, MXXSSFBORE@S: REH
IR +1 #RIERTREA A TR H

Mk, BATRHAET amt + 1 RFRTERR, FABEE amt MEEMEERZ N amt . &GERER], kT
dp[n,amt] BEFET amt + 1, FHRURE —1, RERIEZEE ERESH, RS IR

# == File: coin_change.py =

def coin_change_dp(coins: list[int], amt: int) -> int:
" OEERIR shESHE
n = len(coins)
MAX = amt + 1
# #aME dp =+
dp = [[06] * (amt + 1) for
# REE%: 217875
for a in range(1, amt + 1):
dp[0][a] = MAX
# REEK%: HRTHMT
for i in range(1, n + 1):
for a in range(1, amt + 1):
if coins[i - 1] > a:
# G ERER, NAEED i
dplillal = dp[i - 11[al
else:

in range(n + 1)]
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# FEFEREH 1 XS RNBIVME
dpl[il[a] = min(dp[i - 1]1[al, dp[ill[a - coins[i - 1]] + 1)
return dp[n][amt] if dp[n][amt]

I= MAX else

=dl

B 14-25 fon 7 FESURIESHIAERE, Mseeh tnmaE AL,

s & & 8
wS HEfE el oo 1 2 3 4
i coins[i-1] 0
1 1 @ :
2 2 @ -
3 5 @ -
WH#M%E n =3 BiFEE amt = 4
MERTH (n+1) x (amt+1) B9 dp %R
[ Step 1
s & & 8
wS EfE el 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ©® 1|0 1
2 2 @ - 0 *t
3 5 @ 3| o
REH
#:
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
[ Step 3
s & & ¢
®S i el e 1 2 3 4
i coins[i-1] 0 0 MAX MAX MAX MAX
1 1 @ : 0 1 2 3
2 2 @ [) 1
3 5 @D 3 0
K&
#:
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
step 5 |
i & & 8
wS EfE e e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ * Il - 3 4
2 2 @ 2|0 1
3 5 @ | o
RER
#:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 7

Step 2

Step 4

Step 6

Step 8

i & & 8
we A }{ ) 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ©® 11| o
2 2 @ 2| o
3 5 Ca 3 0
WHFHE n=3 BiF&E amt = 4
MAKETTA max = amt + 1 EBIIK 0
i & & 8
ws EfE Nal e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 1 | 2
2 2 e - 0 1
3 5 @ | o
RER
®:
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1 )
8 & & 8
WS HiE Nl e 1 2 3 4
i coins[i-1] ) 0 MAX MAX MAX MAX
1 1 @ : 0 1 2 3 4
2 2 @ > ] 1
3 5 Ga 3 [
RS
#:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
i & & 8
ws EE i\a [ 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! 3 1 2 3 4
2 2 ® 2|00 1 1
3 5 ® | "
RER
#:
dp[i, al = min( dp[i - 1, al] , dp[i, a - coins[i-1]] + 1 )
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i & & & i & & 8
wS mfE el 1 2 3 4 ws EfE Nal e 1 2 3 4
i coins[i-1] [ 0 MAX  MAX  MAX  MAX i coins[i-1] ) 0 MAX  MAX  MAX  MAX
1 1 @ 0 1 2 3 4 1 1 @ ! 0 1 2 3 4
2 2 @ 2|90 1 1 2 2 2 ® 2|e¢ 1 1 2 2
3 5 @ | o " 3 5 @ | o "
#: #:
dp[i, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 ) dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1)
Step 9 Step 10
i &4 & 8 5 & & 6
wS HEfE el e 1 2 3 4 ws EfE N e 1 2 3 4
i coins[i-1] 0 ) MAX  MAX  MAX  MAX i coins[i-1] ) ) MAX  MAX  MAX  NMAX
1 1 @ 1 ) 1 2 3 4 1 1 @ 1 o 1 2 3 4
2 2 @ 2 o } 1 2 2 2 2 @ 2 [ 1 } 2 2
3 5 @ 3 0 1 3 5 @ 3 [ 1 1
ot Riske
dpli, al = min( dpli - 1, al , dpli, a - coins[i-11] + 1 ) dpli, al = min( dpld - 1, al , dpli, a - coins[i-1]] + 1)
Step 11 Step 12
s &4 & 8 i & & 8
w5 EE Sele 1 2 3 %S @ Tale 12 3
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 @ ! 3 1 2 3 4
2 2 @ 2|0 1 1 2 2 2 ® 2|e¢ 1 1 2 2
3 5 @ - ) 1 1 2 3 5 @ - ] 1 1 2 2
#: B:
dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 ) dp[i, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 13 Step 14
s & & 8
Hs EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 1 o 1 2 3 4
2 2 @ 2 o 1 1 2 2
3 5 @ 3 0 1 1 2 2

EEEHEFEINREDRE 2

B 14-25 FESAHABAEh SR

3. Fiafkt

TR LA 2 LA AR BT 0 52 2 1 B e — 2K

# == File: coin_change.py =

def coin_change_dp_comp(coins: list[int], amt: int) -> int:
nen RERCIMA: R ERIBIASIIE

n = len(coins)

MAX = amt + 1
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# #%Rf dp x
dp = [MAX] = (amt + 1)
dp[0] = 0
# REEB
for i in range(1, n + 1):
# 1IEFFIEMA
for a in range(l, amt + 1):
if coins[i - 1] > a:
# EHad EREE, WAEED i
dplal = dplal
else:
# REFERET 1 XA RNRIME
dplal = min(dp[al, dpl[a - coins[i - 1]] + 1)
return dp[amt] if dp[amt] !'= MAX else -1

14.5.3 TERIEE N

Question
Y55 n FREET, 58 MEEMNEIER coins[i — 1], HARSEUN amt , SRR AT LEE IR, W
I HREPIMHASBE. REINE 14-26 Fr.

w"E EfE
i coins[i-1] BirsE
amt = 5
1 1
2 2 $
3 5 (5)

EHHAGHE: 4
EhAEHE: + + + +

14-26 TR A 1T BB

1. EHESHIRIBEE

T B, ABERERASEE, FikrrmEy: 6o M maesRnEm o MASBE. mdp
RIMKRBRSTH (n+ 1) x (amt + 1) B 4ERERE,

SHRTIRSHIE SRR AF T 2 AiThe 535 24 iR X AR ORIV AH SRR M, RS TN

dpli,a] = dpli — 1, a] + dpli, a — coins[i — 1]]
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Y EFREHCN 0 I, TCAVERRALAIREM I H AR ed, RIS ESITE dpli, 0] #eitan 1. 47T
REMR, JokBRMER > 0 MBS, HLETHE dpl0,a] #5%T 0,

2. fUEEEHM

# == File: coin_change_ii.py =

def coin_change_ii_dp(coins: list[int], amt: int) -> int:
nen RERCaiE I mhASHELEIt
n = len(coins)
# MR dp &
dp = [[0] * (amt + 1) for _ in range(n + 1)]
# R EY
for i in range(n + 1):
dplilfe] = 1
# REEB
for i in range(1l, n + 1):
for a in range(l1, amt + 1):
if coins[i - 1] > a:
# HEEERER, WAEED i
dplillal = dpl[i - 11[al
else:
# FEFLAEEM 1 XA RZM
dp[ill[a] = dp[i - 11[al] + dpl[ill[a - coins[i - 1]]
return dp[n][amt]

3. FiEfktk

ZE AR TR T SR, IR 4R R a] -

# == File: coin_change_ii.py =

def coin_change_ii_dp_comp(coins: list[int], amt: int) -> int:
nnn e I1: TEMLCERIBhESHE
n = len(coins)
# ¥MRE dp R
dp = [0] * (amt + 1)
dp[0] =1
# REEB
for i in range(1, n + 1):
# I[EFiBH
for a in range(l1, amt + 1):
if coins[i - 1] > a:
# BRI ERER, NWAREEM 1
dplal = dplal
else:
# REFEREM 1 XA RZM
dplal = dpl[al + dp[a - coins[i - 11]
return dp[amt]
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14.6 ‘miBREE n)RH

gmiEpEE, AR Levenshtein BEE, FEMDFAFERZ A EARF B R/ MBSO EL, B AT EERARNA
SRVE = MBI RN SRR

Question

AP NI s f ¢, RENE s 808 t iR/ D gntiE 0 8L

TRAI DIAE— DN FARFER R T =B e MA—DER. MBR— DR BBt E— 1+
HO

GniE 14-27 FioR, R kitten FHON sitting FRESMEE 3 0, TG 2 OEHURIES 1 IRTSINIR(E; ¥ hello
MO algo FHE 34, B4R 2 DO HURIEAT 1 RIMBRIRLE,

s - 3880800 s - (0000
lgm lsm lﬁm m%l lsm lgm
880808800 [a]1]g]o]

- 3800800 - (3E00

14-27 G B AR BIEHE

S B2 120 1) M AT SR P DR SRB BRDR AR, AT AR BB T, —HEORIR (—IRGmERTRAE) X R AY

—Zib,
N 14-28 FoR, EABRFERIEAIEOCT, ST R URAE HVF 2500, BA000 N —fiRlE, XK
& M hello #H#u5] algo HIFLAATRERIEETR,

MRS A ER, ABHEARERMET R hello M A algo Z AIFYRIEETE,

¥ e BftH a
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[ 14-28 T DRSS RYR R G 0 125 [V

1. =hEMRBER

F BERRNYUR, @ RE, Mmiftsl dp &
B RRIRIEXN FIFE s BAT U1,

T 17 BAERAHR IR, I RUBERTA S, XA R T I, RS0 s B £ RN
nflm, BAVEEERTERREOSE sin— 1) W t{m — 1],

C# sn — 1 F tlm — 1] MR, FATTABOE N, EEEE s[n — 2] F1 t{m — 2] .
C# sl — 1) W t[m — 1] R, BAOEER s 8T RGiHE GEA. IR, B0, MEFFITE RN
HOSPAEIR, T DABRIE A, R o N,

WELRW, BAMETFITE s PHEETHE R RR (GRERIE), BIES s M PRIERIORFILAC T 1T 4 422
o Btk, REJYRILE s F1 ¢ hBIBIE « FI58 J D54, 108 [4, 4] o

KA 1, 5] BRSO TIIRE: ¥ s I9RG § ANTAFESC t IR § A TAP B Do,
P, EE RS (1) x (G4 1) =% dp %,
b PRIRAR T45H, ST HE S R AR R

FERTWE dpli, j], HNERIWDNFAFRIRBEFN sli — 1| ft[j — 1], rIRERFEgREERED I E
14-29 FroRi =#1E oL,

1. 16 s[i — 1] 2Bt — 1], WEARTRE dpli, j — 1]
2. MR s[i — 1], MFATWE dpli — 1, 5] .
3. 9 s[i — 1] Bl ¢[j — 1), WRISTHE dpli — 1,5 — 1] »

—

HEREPHM e

dp[i, j-1]
HE: K
- (BBAC (6] o]o] (b]o]o
- G000
dp[i, j] dp[i-1, j]
1§ k BiA e
(b]oo]e]
(c]o]d]e] (c]o]d
dpli-1, j-1]

14-29 iR iE AR
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MR LT, FISRILTFEH: dpli, j] RRDHRESEET dpli, j — 1], dpli —1, 7). dpli—1,j—1]
=H PR DIRED R, BN EARRR G L o XN EIRASEAS TN :

VERE, M s[i — 1) R0 £[j — 1) M, JEAUGRERNRIE, XA R AR AR TR

B WA AR AR
SRS, AEEON 0, B dp[0,0] = 0, 4 s WEME L RN, RGBT K
BE, BIAT dpl0, ] = jo % s FHEHE ¢ NN, BORISEEEET s K, BIES dpli, 0] = i .
WEARASEERS /A2, 8 dpli, ] el 77, B9y, F2 E77RoMe, IS EIERER B dp FEA,

2. KEBsEm

# == File: edit_distance.py =

def edit_distance_dp(s: str, t: str) -> int:
" YRIERRES . mhASHELEICt
n, m = len(s), len(t)
dp = [[0] * (m + 1) for _ in range(n + 1)]
# REE%:. g17875

for i in range(1, n + 1):

dplil[0] = i
for j in range(1, m + 1):
dp[0][]] = 3

# REE% . HRTH5
for i in range(1, n + 1):
for j in range(1, m + 1):
if s[i - 1] = t[j - 11:
# ERTAESE, WEZEHDILHEFRT
dp[il[j] = dp[i - 11[] - 1]
else:
# RVRIETE = A kR, SEX=MRMENRIDREESEHR + 1
dp[il[j] = minCdp[il[j - 11, dp[i - 21[j], dpli - 11[j - 11) + 1
return dp[n][m]

GnIE 14-30 AR, gwiR R RS MRS R R 5 H WREEER 2R, &R DAE (RS — D 4R A
*5'30
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s |

Step 7

[ Step 9 l

h J
0
0 :
8 :
[
s = “bag"”
n=3

t = “pack”
m=4

MEWRTA (n+1) x (m+1) B dp R

(p Q0]

RER

4pli, 31 = min( dpl3,

wase
4pli, 31 = min( dpli,

dpli, 31 = min( dpli,

4pli, 31 = min( dpl3,

o 1 2 3 4

e 1 2 3 &4

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, j1 , dp[i-1, j-1]1 ) + 1

ooan

MeateETT dple, j1=3 « &F dpli, 01=1

Step 2 |
~J
0
0 -
B :
[ < S
wase
pli, 31 = min( dpli,
[ Step & ]

Rt
dpli, 31 = min( dpli,

e oslic1]=tli-1] = ‘a’

[ step s |
jj
o
0 -
B :
[ < NS
it
dpli, 31 = min( dpli,
[Step 10]

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

« dpli, 31 = dpli-1, j-11

j-11 , dpli-1, jl , dpli-1, j-1] ) + 1
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3] :

SNle 12 3 4 SNle 12 3 4

o o 1 2 3 4 o o 1 2 3 4

t’ 101 1 2 3 4 l' 11 1 2 3 4

l' 2 |2 2 1 2 3 l’ 2 |2 2 1 2 3

+1 +1
" 3 |3 3 !’ 3 |3 3 2
#: #:
dp[i, j] = min( dpli, j-11 , dpli-1, j] , dpli-1, j-1] ) + 1 dp[i, j] = min( dpli, j-11 , dp[i-1, j] , dp[i-1, j-1] ) + 1
|Step 11 Step 12

ooan ooan

;\j o 1 2 3 4 i\gi 0o 1 2 3 4

e o 1 2 3 4 o o 1 2 3 4

t’ 101 1 2 3 4 l’ 11 1 2 3 4

'E' 2 |2 2 1 2 3 IE' 2 |2 2 1 2 3

+1 +1
lE' 303 3 2 2 l!l 3 (3 3 2 2 3
i g&ﬁ
dpli, j] = min( dpli, j-11 , dpli-1, j] , dpli-1, j-11 ) + 1 dp[i, j] = min( dp[i, j-1] , dpli-1, j1 , dpli-1, j-1] ) + 1
Step 13 Step 14

ooan
h \j\ 0 1 2 3 4
o e 1 2 3 4
[ 5 I IE U G T
a 2 2 2 1 2 3
B s 3 2 2 3

BEIRDREIES K 3

Step 15

K 14-30 ZmHEEES SIS RE

3. FaEfiik

BT dpli, 7] B A7 dpli — 1, 7). 77 dpli,j — 1], % E77 dpli — 1,5 — 1] SRR, TERRH
SESTE b dpli — 1,5 — 1], BIRFBFHTEENTIEE dpli, j — 1], PRSI T,

ik, FATTAT DA — ANV & Leftup SREFA LTI dpli — 1,5 — 1], MR FTE R LT H#
R RTR LS e e E WEAEE, AIER RS, A NTR:

# == File: edit_distance.py =

def edit_distance_dp_comp(s: str, t: str) -> int:
nen YREIRRRES: e LERIshASELE
n, m = len(s), len(t)
dp = [0] = (m + 1)
# K& 817
for j in range(1l, m + 1):
dpl[3l = j
# RER%: HR1T
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for i in range(1, n + 1):
# KEE%: 85
leftup = dp[B] # &E7F dpl[i-1, j-1]
dp[0] += 1
# KEEE: HRY
for j in range(1l, m + 1):
temp = dpl[j]
if s[i - 1] = t[j - 11:
# ERMTAESE, NEZERIDILHEFRT
dpl[j] = leftup
else:
# RVRIEDE = A kR, SEX=MRMENRDREESHR + 1
dp[j] = min(dp[j - 11, dp[j], leftup) + 1
leftup = temp # EHFAT—HH dpli-1, j-11]
return dp[m]

14.7 NG

1. EREH

- BIESHKIS FEE T o0, B A iE T IR R IR E R TR, ST RRCR,

- AEBENREIRATE T, FrAZhSHURIEEER AT AR [ (BER) EATRME, EEIIR A E KRR
HE R, MR @5 ALK, AT RERTA RS R 7 R, AR IEE S T )
AR IR,

- IR R NI JRAE AR, M5 2 WA SR — R ETRAE R, A
aniE “HERKT k. BT HAPRS ML REIRE, FEIHIROTA DAERR dp RE—DHEE, N
T AR 23 (R A 2% e

- TR R AE R ARTE RS, G, ShAMKL B EA AR,

- BIESHKIREA = RRHE: EE TR, ROLTE. ToER.

 AERIR AR R AR ] AT AR A R AR A SR, MIE s B R L7454,

- SRR T RS, HARRERRAGZIEE X, MEERLmIAEIRSTIER, w2HA L
AN BEATCERME, JoiRE R sl SR POE K R,

GREADED

- HEAERRIIREESMXIRE —, BA 0-1 5., Bewd. ZEEUELM,

-+ 0-1 HRAPIRAEE SONHT @ MIRER RN ¢ NEEFRRANME, RIESRAT MR E WmFR
R, AMSEIRILTEH, R HIRSEE TR, ERd, B e MRS RmIE_E7 iz BT
WE, BILTFREEFEIYIE, w7 b7 IR 5.

- e SR AR S R R TC IR, IR A mEIRSESS 0-1 SRR, BT
IRESAFUE BT FIEZE T R, RIHAE =S AL AR 2 I i i o

- BERSURNEUR R 2T B — DR, BMK RORT MEZONK RN EmE, RIS
BTt max() MO8 min() o AIBR “Rl@id” HEARINER “IBiF” B ERSE, KI6E
M amt + 1 k¥R “TRBEHEREET 1T,

- BRI 1T MR “B/DBEMER SO “REMASEE", RSB RRHEM MM min() B8
RIBRET,

Zh R 2 124 )
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- GRS (Levenshtein MBS FITFMR M1 MAGHILUE, HE M —DFIFEEIH—
FHERIR O RES, GEHRECIER, MR, Bk

GRS R A E K s TORT i AN RSO ¢ IORT § TR BRI S R, Y
s[i] # t[j] B, EUESRGRSE: WL MR, B AT EMRAORLA TR, SR AT DU R O
FLEA S HEARASERS TR, 024 s[i] = t[j] I, ToAURIE MR,

- EREEE R RASRWCELIE LA, A, e AR, RIS RS I S i s ek
W TR AR, bk, FRATAIE — MRS/ LT, MTTEELE S 52 275 S
W, AT MESS AR T I R



314

F158F AN

el

Abstract
) H 2%6A%E KPHEE 8, BZIESR B 8 KR KT EE,
FUL RIS — R R BERE D, BP FRREER.
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15.1 JOEZX

ROEZE (greedy algorithm) 22— WLAIARRACIL MR RTR, HEA AR AL WA N RRITEL,  #
R ATE R R LAIESE, HSUOt it BB ILATRR, DIIERG 2R, OO IRREE HEiK,
FEVF KRB E & 2RI
FOLRIEISASMKIER A TR e, ez B E— SR A, HanEs iR a5 e, =
TAEREEA AL,
- BN SRYE Z BT ERIR A IRAOR B & S RIR, I IS 27 1A RS 2 24 A1 [ LA e
- ROLREARFBELRRE, T —BAnithiET ou0Ess, AW NRETEE, B2 R,
BAVREL G TR THERORIEN TIERM, XEMOSE “BeEme” =Y hagd, H
B EFH AR,

Question
57 n MR, 58 0 RPEEMITEIEN coins[i — 1], BN amt , ST AESIER, [
REMS I H BRI MEE, MRITEEH EFRER, NWIRE —1,

AR ZOL RSN 15-1 FioR. 28 HFREA, BSUOMNESE AT HERRE eriEm, THigaaix
S, BEREL BRSOV,

B 15-1 TRk 00 R

SEEACRSUT R PR
# == File: coin_change_greedy.py =

def coin_change_greedy(coins: list[int], amt: int) -> int:
v OEEGE o
# {Ri& coins FIRERE
i = len(coins) - 1
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count = 0
# BERHTRONERE, BITRREE
while amt > 0:
# HEVNFERIZERRESTMAVED
while i > 0 and coins[i] > amt:
i-=1
# %R coins[i]
amt -= coins[i]
count += 1
# BXRIEAETAR, WRE -1
return count if amt = 0 else -1

TRAJRER A HIHZ UL So clean | SULSIEURLHATICURD MR T FER S e fm) i,

15.1.1 BALEZENMRASBRYE

FLBIEAUR B, SRR, i EE PR MRS, 7500 B, 10 h R/ ESY min(coins) ,
W ZLOERE R Z A amt/ min(coins) R, NEEZRES O(amt/ min(coins)) . XHLANESMKIEZER
BRI ZE O(n x amt) /N7 —MER,

SR, MFREMMEEA S, SOORIIF A REIRSIRMNM. B 15-2 4 TR REL

- 1Efl coins = [1,5,10,20,50,100]: EZEHHAE R, SEMLE amt, TULEIEERAT DEREIRAL
fiet

- Bl coins = [1,20,50]: fBE amt = 60, ZWOEBEHEEE 50 + 1 x 10 Kysismd s, it 11
MM, (HEhASMKIAT ARSI 20 + 20 + 20, 1XFR 3 #hEm,

- R coins = [1,49,50]: Ri& amt = 98, FULEIEHEERE] 50 + 1 x 48 kA A, it 49
M, AHASHA AT DRI R AL 49 4+ 49, 7% 2 B,

Ehas BiFEE ALHERINEE ZhEMBIRM AR
(BEmieR) (ERRINR)
(D) 60 + @ 10 x 3

@ 98 + @ ~ 48 xz

B 15-2 SULRIRICIAIRH AL ARA R B
W, N TEEAMAE, SORRITERIERE 2R/ EIE, HHERIEIFRENR, EHEES
SIS HUIfR R
—RAROL R, SULRIRRTE MR PR PR,
L ol DIGRUERR BN L SO0 RAAE XA G I MEERRIERE, BOVEEEILE, Shm =&

2. alDARRBNEAUR LM : OO RIEAEIXMIE I T R A FIRY, N TRZE MR, SRR RIUAFE
HIRIXE, RE AV ERCRERENR LAt 2 AR AR,
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15.1.2 FOEEFH
LRGSR T, A ARER A EOE & 2O BERRIE? sE b, 0 EIEEN B0 R o] DURIER SIS
fige?
MR TFEIARK, SO0 SR NETZ, 3 TR R M M R
C TDEREEIR: VB MR BRI T AS B R R AN, SO0 EEA BRI SR B AR
IR TR R RN R AR L I R B A
BRTFEMOEE AR SHhNE, XEREKR, HEFENE, —SrSnER FaEmes
AR, (EATYSR AT SO LR,

BANEZEIRT OIRFEIETRIHINTTT 5. BARERITNAE RS, ELkh B TS nE, WD
EEEBOF RS 3

BlanZT e e n s, BATRRREWB A Z M2 H B, X SO PO TIE Dy, (EUESCHRIMERERR, QiR
AT 2 A E T 25 n] DU SO B0R Y. TR R RE R 6 B0 B B R4t — DRI T O
R, TAEDASE H R B U,

Quote

H—RIESXAH T —4 O(n?) RS & EEE, TRk — D RE M4 & RS 6 20O BIA R T
BB SR A AR

Pearson, D. A polynomial-time algorithm for the change-making problem[]J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 BAOEEROSE

FOL BRI R TR R AR AT 73 AR =2,

L. Rl WERS PR R, RARIRASTE X R BRI REAESE, X — P AERIAIEh SR
HHY K.

2. WA STLIRIG: BE AR & — D i SO 0ERE, IXNRIKREAS L — P I N AR MU, I R 2 i
DRAEEAN [l

3. IERATEUER: 38 T IR REEA SUOE S BRI T4, XD B RERR 2 BCAIER,
ANVAPTRESIETR S

AE SO SRR SRR AR O IR, (HSCER R Al REFF AN 5, A URIEE,

- AFIPTER FOLRISRZEREER, X T2 REURY, SUORIEHHETRE, B8 L AMIEES
ZUMRES tH, TN T — 2B kM, SOOI AT REAFR MK, XA EOUAER B 1R D AR R L S
RIKREN T

- FEEE GO AT SRR RN, S BRATIME O ITHT POL RS, 5 R R 281 T, 1RATRE
KIER 7 ARG TCIREE . IXR ROV O R IUZ “MER” B, EXXAHNF R 2
— MRS,

N T ORAEIERTE, AT IZN SUO RIS T ERECAIE], W R R RIERSRBEANE,
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ST, IERAMEIER AR FTRERN R —1F 5 Fe WFE A K4, FAlEH S sm iR T L, —
DBER S RIUE S0 R,

15.1.4 GROEEHRBGIE

SOLBIRE N TR E 5D DIE B B R AL 4 L imib,  DURAIZE T — L2 AR s OB )

- MERERFRE: EREEHAS T, RORERE IGEIRIE,

- DXMIERERDEL: R — 55, BMESE—BINRINEEST, REEARRZERRATREZHIESS,
REBREOE AR R RHIESS, I T00EIR AT SRR,

C PR EnE: G -Arai— N EER, R BERRIEE AV, @REERTEEEER, B
SMERR, WREBRANEFEEN ke (ME / ER) 198, IRATDRIRE —LEE 0T A] DUSE]
AL,

- REEFLIENNEL: G —HRERITI RS, VKA DAOET 2 IRESE, HIRIRE AR AR, IBAAESEH
ZHIARERFSE, HFR2IRBUR A,

- EREHNY: EREHGE TR R SO R, EIREREN, BIRIEREHINR
RN R EH, RERINERSRIHFPEEERE WHKE) &/,

- Dijkstra 5 ©2 RO E IR TS 2 H AR R Y SRR A2 R 50 O 3R

15.2 G|

Question

BE n NI, B AYENERR wgti — 1], MER valli — 1], M—DEEHN cap WER, &
MR REERE— R, (HR] DU — 5, ORISR E R e e, nEREE AR
TEEPYSRAME, ~EEE 15-3 Fir.

wS EE fifE

i wgt[i-1] val[i-1]

1 10 50 ¢ HAEE yanE
2 20 120 20 cap = 50
3 30 150 <& ~~ m
4 40 210 bd 0 —

5 50 240 (>

BAME: 120 + (30/40)x210 = 277.5

BRAR: BB . F 30 28 ¥ mAna
HEE 5o HERE

B 15-3 3 80H B R B R
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S ECE R 0-1 5 L EEAR BAER AR, ISR S LMY AR ¢, BRERRESUTE TN
BRI ME,

ANAFET, AT HIEREWRN—E7, WA 15-4 FoR, BT ORI Y5, FHigER
EEBIR T SRS

1 AT G, SRR R RIS valli — 1) /wgt]i — 1], BIFRERHMEL
2. B —EAR G, B w, WEEMMOEN w x valli — 1]/wgt[i — 1] .

Ks EE thid  BfifHE

val[i-1]
i wgt[i-1] val[i-1]
wgt[i-1]
1 10 50 5 ¢ S aran E Lk Hamnn
ERVER BT {E whnei{E
2 20 120 6 _ T
va —
3 30 150 5 B w x wgtli-1] = u
4 40 210 5.5 %
5 50 240 4.8 >

B 15-4 PishfE A E B N RIOME

1. BODRBRIATE

BRAAEUAYRENE, AR R ERANE R TP, Bt AR A 15-5 FRay 00K
8

L Rt i AR E M S BRI THER
2. WIS, RS OHLER AN R SR P,
3. HRARHHARAR, W ZATHISE— 0 i H .

RS EE i SP{IfE
val[i-1] IRIEA I HHE

i wgtli-1] valli-1] wetli-1] MEEHEHE

2 20 120 6 2

4 40 210 5.25 ¥ P

1 10 50 5 ) HEERBAUNEESNYR
3 30 150 5 8

5 50 240 4.8 L~

15-5 8Os SRS 50 LSRG
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2. KEBsEm

BATES T — D525 Ttem , DAY AR BN ERM THE R, TEINHITS00IER, YT EC R BkE
FHIR Al

# == File: fractional_knapsack.py =
class Item:
nnn #@E‘I:lél"""

def __init__(self, w: int, v: int):
self.w = w # YRES
self.v = v # ¥YIRINE

def fractional_knapsack(wgt: list[int], val: list[int], cap: int) -> int:
e SEEE ot
# IEYEYIR, EEaFmITEN: EE. NE
items = [Item(w, v) for w, v in zip(wgt, val)]
# BIRBAMNE item.v / item.w MEEUE#HITHR
items.sort(key=lambda item: item.v / item.w, reverse=True)
# EFGOEE
res = 0
for item in items:
if item.w <= cap:
# ERRBERE, WEHY@BNEZHE
res += item.v
cap -= item.w
else:
# BRRBERE, WEHYMIN—ZBoEHEE
res += (item.v / item.w) * cap
# BLFERBE, FILBREBER
break
return res

@

WEHE BRI E R EEE N O(logn) , ZHEREEHE N O(logn) 8 O(n) , BURTHREESH
BRI,

Ay 25h, TERZERNT, FEEHEMGIIR, FRNBERERN O(n), Hin Y&,
HTRIRML T —1 Ttem X RIIR, FRZEHEREN O(n) o

3. IEFfM4IERA

RARIEE. Big¥ih © R ER SV, ERERIERGRANEN res , (HZEH LSV ©
WENE U EH A EBREREY W, BV EENYS v . BTY © B MMERS, R
WIEHUENE—EKRT res . X9 res RERIMWEFE, BHRRGEPLHAMEDN © .

TR A&, B A] DA ERPE, BMEZ, MG EE RIS R B IR, X
B 00 SR 2 B R

QniE 15-6 FoR, QNSRS S E BRSO E 7 BB 1F — ok —HERIR AR, o380 B A L
o “SRAEA FRAEHIX AT A B R, 1S EEAT DAR BIERAT T LAl FEBR A 50 O SRS A 25
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YRR fE
5.25 o
¥ e = -
_ YMREE
4% 10 30
50
W susm

B 15-6 & "RER LARR

15.3 RABE(0)H#

Question

WMA—IEEA ht, HPSPNTEAR N EERRNEE. BEPNEEMNER, ARENZ
] =3 (A A] AZH R — D25

BERNARE T EEMEERNFRR (HH), KRR RERRE, 5EERMN N EREHRS |
2,

TBERHPIERER AN ER, EEHRNASRNARRK, RERAER, ~HAE 15-7 Fimr,

R

S B N W B U N ®

L

15-7 AR AEREER R

AHEEEM N FEARE R, FABRRE WA BRI, K [4, ]
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RIER, RESTRERUEE, K EERERIGE, %ERMERVEERS 22, RARN capli, J]
, MArS i EAR:

capli, j] = min(htli], ht[j]) x (j — 1)
BHEAKE N n, FNERNESEE (RESEH) N 02 = @ o IEEM, AT LA 2 iA IR
&, MNMREHRARER, MEEREN O(N?).
1. FAEERHRTE

SO A i MR R, A1 15-8 B, BUEHL—MRZS [3, 5], EWERE10 < j B ht[i] < ht[j]
B WM. KR

8
7
6
; | j
4 = |
3
2
: | ‘
. |
[} 1 2 3 4 5 6 7

i MW, §j AEIR
LUBIEE cap = min(3, 4) = (7-0) = 21

15-8 ¥R

aniE 15-9 AR, FHBERPREMR j s @ S8k, WIER—E L.

XRRNERLENR j )5, S j— @ HER; M HRERRE, FitmERrRERE G hRER) 5
BN (BBhjE g SO .
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8

7

6

5 . .
. | ;
3

2

. |

0 |

(] 1 2 3 4 5 6 7
ARBEEIR, BE—T R/

LEIARE cap = min(3, 3) x (6-0) = 18

15-9 [ANREI KU RIIRAS

i EE, BADZARPNBREGRR , AATREEFRER, BN RRTEE —E2/), HEEITREIER (B
SNIERIRENT ¢ FTRES AR . BIUNTER] 15-10 H, BalmEa HRZE K,

e B N W U N
———— <\l

L

0 1 2 3 4 5 6 7

MR EhiER, BEREEEA
LUFIAE cap = min(8, 4) x (7-1) = 24

B 15-10 (AR ah RIS
F R AT A AR OO RIS RIARLNTEEE, BEHPSIA AP, SRm AR Ve, HEEM
TEEHAHIA,
B 15-11 J&oR 1 S0 DRI B P TId AR

L. WERASR, $55E 0 R j S BIBELR,
2. M RIRASHIAR capli, j], HERBARE,
3. AR ¢ RN j (REEE, FRRRARIAPAS 15,
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4. PEFRPATES 2. P 3. 8, HE ¢ M j HIBINER,

< m

KR

S kB N W s O O N ®
S B N W H O O N ®

0 1 2 3 4 5 6 7 L] 1 2 3 4 5 6 7

YFIAE cap = min(ht[il, ht[j1) x (j-i) = 21
BABE res = max(cap, res) = 21

MaMIEE 1, § , EEHITIEAMNE, FERAME res = 0
[ step 1 | Step 2

< b
< He

8 8
7 7
6 ; 6
5 3 5 .
a4 4 3
3 &R 3
2 2
1 1
] o
o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
WHIAE cap = min(ht[il, ht[j1) = (j-i) = 24 YHIAE cap = min(ht[il, ht[j]) x (j-i) = 15
lﬁT BABE res = max(cap, res) = 24 m BABE res = max(cap, res) = 24
i i
v v
8 7 8 3
SR 7 fHR 7
6 6
5 5
4 4
3 3
2 2
1 1
] o
0 1 2 3 4 5 6 7 ) 1 2 3 4 5 6 7
LEIAE cap = min(ht[il, ht[j1) x (j-i) = 28 LFIAE cap = min(ht[i], ht[j1) = (j-i) = 21
{ Step 5 ‘ RABE res = max(cap, res) = 28 Step 6 BABE res = max(cap, res) = 28
i i
v v
8 8
7 7
6 6 2
5 MR 5
4 4
3 J 3
a2 2
1 1
] o
] 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7
HAAE cap = min(ht[i], ht[j]) = (j-i) = 4 YUHIAE cap = min(ht[i], ht[j]) x (j-i) = 5
[ Step 7 ] B|ABE res = max(cap, res) = 28 Step 8 ] BABE res - max(cap, res) = 28
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S B N W s O O N ®

\
\
\
o 1 2 3 4 5 6 7

v g 1 5 j 1EA,

Step 9 - BHHROER, BRERARE 28

K 15-11 mAAEERBL 7O

2. fUEEEHM

REERRZ n e, HENBEREN On) .
L' i, jo res EHEEOCNIIIMER], FRZERERER O(1) .

# == File: max_capacity.py =

def max_capacity(ht: list[int]) -> int:
e ERARBED wO"
# a1, j, BEEYIEHRARR
i, j = 0, len(ht) - 1
# YIRRAREN 0
res = 0
# BEROEE, BEEMIREE
while i < j:
# BHRARE
cap = minCht[il, ht[j1) = (§ - i)
res = max(res, cap)
# MAEEIEER
if ht[i] < ht[j]:
i+=1
else:
j-=1
return res

3. IEHAtEIERA

ZFTL D s 2R, BRIV R SOOI S (BT 2R

FEEAEIRTS capli, 5] F, @ ARIR. § KM, & DI RN « mNBEa—, SS8E 15-12 FoRipIRs
PR, XA Z R ICERIEX RS A R,

capli,i + 1], capli,i + 2|, ..., capli, j — 2], capli, j — 1]
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I | } #Brhiath
I

| |
|| ||"|‘||’||

capl[e, 7] cap[1, 7]
Bl AR 7S

caplo, 6] caplo, 5] caplo, 4]

IRt IRt NN

caplo, 3] capl[o, 2] capl[e, 1]

B 15-12 BaliEi SFEENg RS

WAL, IR IR LR AR KR j mANBSNFrE IS, aimRMNIELIEANBRIR—E S
SEHEREZ/N, WEEH, SEERISE T RERR IR, BB ENr & S3G R I,

DAL AR, BalEmRARiER “ 2" B, FORIEZAR,

15.4 mAH53Fin)H

Question
H[E—TIEREE n , BHEYI AEDADEREIA, K7 ERERZBENRAR K EZD, 1R
15-13 FlirRo

WAEE n , R max(ngxny xngx..xny %N, qxn,)

15-13  BARYI 2 SRARIAIEE S



BISE b www.hello-algo.com 327

BRIBATEE n U1k m DR T, 2% i MRFI n,, B

m

=1

AT B AR RIS B A TSR,

s

max(] [ n;)

=1

FMNFEEENE: VInBEm MiZZK, 89 n, NiZegZ/0?

1. BLDERBRIAE

RIEZE, BT E L eI MR E R, BI&M n o H—NET 2, MERED 2(n —2)
o BATRIZIRIG n 1ELLEL:

2(n—2)>n
2n—nm—4>0
n>4

nE 15-14 R, Hn > 40, JIrH—1 2 ERMEER, XEMRTHFT 4 FRBERRIZEY1I7 .

SOLHNE—: IRVIDTTRPEE > 4 WET, BAERNIZEREY) n, &RV RAMEHR 1, 2,
3 EX=RAF

n
b
D G

2 n-2

L n24 B, 1B 2(n-2) 2 n
RARENPHARRANEE 1, 2, 3 AF

15-14 Y153 FBERFZER

B TIREZEMNEFRZRMA, 7E 1 20 3RXR=AEFH, BR1TEBREN, BRH1 X (n—1) <nfEK
Sz, Bt 1 = SEGRIE .
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WK 15-15 R, Un =6, A3 x3>2x2x2, XEKETHHE 3 pE 2 Hik,
FOLSRIE - VI ERT, RERNEERN 2, BNEA 2 BRATAIEEAF A 3, MG E K KR

Mo

HEE=D 2 B, MEROHEEAED 3

15-15 &MLVIn K+

Zi ERTR, FIHERLH DUR 200,

WA n, NEAWHYI P HRT 3, EEREON0. 10 2,
AREOY O I, K n & 3 IREE, R,

HREOY 2 I, gLy, RE,

HREOVIN, BT 2x2>1x3, EMRRE—3 B2,

sl N

2. XE5sEH

i 15-16 Fow, BATCHUELIER Y] o258y, ] AR A RMEERRI2EASGE] 3 B M o, HEUEIZES
FIRED, HNA:

n=3a+b

R, MTn < 3RS, BFERSH—N 1, N1 X (n— 1),
# == File: max_product_cutting.py =

def max_product_cutting(n: int) -> int:
mn RAYISFER: o
# 4 n <= 3 B, BIATISH— 1
if n <= 3:
return 1 * (n - 1)
# OO 3, a I 3 BN, b ARE
a, b=n//3,n%3
if b 3

=
# UREKA 1B, B 1 x 3 Bk 2 x 2
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return int(math.pow(3, a - 1)) * 2 % 2
if b = 2:

# HFRHA 2 B, TR

return int(math.pow(3, a)) * 2
# HRFA 0 BY, R
return int(math.pow(3, a))

REb at3

n=3xa+b

K 15-16 sAYIIFRIHRT %

I} TR S E LR TG S RIS RSB L. DL Python Jufll, & ARV H R B E0E =#,

- SEEAT o+ AIEAL pow () IR 240 O(log a) -
- E¥ math. pow() PIBSEFR C 16 & Y pow() BRI%L, FUHTHTAECE, WREAUEN O(1).,

L& o f1 b FERFEEOONESNSE, BRERERER O(1) .

3. IEWRMIER
HEARIEE, Rt n > 4 KIS

L AR < 3 RIERRTIDTTRPFE > A WETF o, Ba—En] DUFHSASRID 0 2(x — 2) ,
MIMIRIFER (BAHSE) BRI, RE5RIETE.

- OIRTiEAEE 1 BRI TTRPEE-INET 1, BaE—ErI LEFH AR I PE T, B
PRERIFM, XE5BIEFE,

3. MInTiRmBUEMA 2 1 REEMVIDTEPUE=AD 2, IA—Er AW 3, FAHER,
XGRETJE,

15.5 /h&E
1. FEa[EIR

- ROREFRIER M TR R, HEER AR RN ORI BRI R BRI R, RG22 R
A,
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DL MR — D X M RLER, S EE L — AR NG T, B
BB,

- LRI, E AR IRER, KT AR, SO0 ) i E R A,

BRI, R TS, S0 DURERE R A KT 5 At R 4 AR
R, LA REREIR IR,

CEEH BRI A AR AL R T45H, SO R AR 2 0 HE
TR,

- ORPFREE A, ORI RO R, IR, EOEINA S, FIN R,

C ORRROFE RS = M, B SO, IEREER, Hr, B L LI,
MR A 5,

- MCS LR 0-1 B EATERE, A VEERYI AR5, AT SO R, 2SR T
il T A P VE SR,

AR VAT SR, RN O(n?) . JEEH SO0 NS, SR, o
TR R AL E O(n) .

- ERALIS TR, BB SO HR > 4 ARSI, RS T
N3, REPEESTEEY, HAERAERGTRESEUNE, @M O(1) % O(logn) .«
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16.1 (RIZIFIRRE

16.1.1 ®E IDE

HeF IR, B8 VS Code 1ENAHIERIT R (IDE), Vil VS Code F M, HIEERIERGHEAH
MIRAHR VS Code 3T REFIZSE,

a % O 0% i

Visual Studio Code  Docs  Updates + Download

Code editing.
Redefined.

Download Mac Universal | .,
Stable Build

mac0s Universal
Windows x64 User Installer

Linux x64

. & C *
master G014 » ) B CA2 Sonces? UTFE UF
Other downloads or cpen on web
0
T#i VS Code 85
IntelliSense Run and Deblg BONCN Git Extensions

16-1 MWER T~# VS Code

VS Code IR REASRS, KR ZEHREESHIZTHIEIK, LA Python M, 2% “Python
Extension Pack” #" B2 J5, BIA[H#EAT Python fXESVEIR, 230 3UIE 16-2 FliR.


https://code.visualstudio.com/
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Python Extension Pack vi.7.0
Don Jayamanne 7,005,466 % % % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable v Uninstall |~

This extension is enabled globa

DETAILS

Extension Pack (7)

REHRNT

A B P O AT autoDocstring - Python Docstring Ger

doc

! Install

|
j—ﬁf*?ﬁ% ython Docstring Gen...
@ Python
P

3

Jinja

Python Extension Pack

Install

= ] Python Extended 12M k4

16-2 %% VS Code ¥ B f

16.1.2 REESIFIR
1. Python ifi§
1. F#EFF%% Miniconda3, % Python 3.10 BEEHHRA,

2. £ VS Code idifERi 7182 python, %24 Python Extension Pack
3. (A1) fE@S T8I pip install black, ZEMmHEERTH,

2. C/C++IfiB

1. Windows R&FEELE MinGW (HLEZGE); MacOS B Clang, Toii#dk,

2. £ VS Code @RI R c+ , %% C/C++ Extension Pack

3. ([ &) FTJF Settings T i, 1% % Clang_format_fallback Style fRFSA% Lk, RE N
{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach }.

3. Java ifig

1. R#EF%% Open] DK (FRATEHE > JDK 9),
2. 1£ VS Code WHHFTI IR java, &2 Extension Pack for Java .


https://docs.conda.io/en/latest/miniconda.html
https://sourceforge.net/projects/mingw-w64/files/
https://blog.csdn.net/qq_33698226/article/details/129031241
https://jdk.java.net/18/
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4, C#iIfiE
1. FEFFZEE Net 8.0,

2. £ VS Code iR 71822 C# Dev Kit, %% C# DevKit (FlEZY,
3. WAl A Visual Studio (ZZAE#FE),

5. GoIfig

1. F#EHHLEE g0,
2. £ VS Code idfFfi 718K go, %2 Go,

3. ZFERE ctrl + Shift + PPRHHASEE, A go, 1%#E Go: Install/Update Tools, &HBAIE

FH22 2 R/IAT,

6. Swift Ifi%

1. FHEHFZEE Swift,
2. £ VS Code @RI R swift , 223 Swift for Visual Studio Code .

7. JavaScript g

1. F#EIFFZE Node js o
2. (A[i%) 1 VS Code WA 4R Prettier , MRS IULTH,

8. TypeScript IFix
1. [A] JavaScript SRR 2251,

2. &% TypeScript Execute (tsx) o
3. £ VS Code WyidifFHiA R typescript , &3 Pretty TypeScript Errors o

9. Dartifis

].. —Fﬁﬁﬁg Dart o
2. 1£ VS Code Wt HiipH ¥R dart , %2 Dart,

10. Rust Ifi8

L. FEFFLEE Rust,
2. 1£ VS Code R EE rust , 4 rust-analyzer o


https://dotnet.microsoft.com/en-us/download
https://code.visualstudio.com/docs/csharp/get-started
https://learn.microsoft.com/zh-cn/visualstudio/install/install-visual-studio?view=vs-2022
https://go.dev/dl/
https://www.swift.org/download/
https://marketplace.visualstudio.com/items?itemName=sswg.swift-lang
https://nodejs.org/en/
https://github.com/privatenumber/tsx?tab=readme-ov-file#global-installation
https://marketplace.visualstudio.com/items?itemName=yoavbls.pretty-ts-errors
https://dart.dev/get-dart
https://marketplace.visualstudio.com/items?itemName=Dart-Code.dart-code
https://www.rust-lang.org/tools/install
https://marketplace.visualstudio.com/items?itemName=rust-lang.rust-analyzer
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16.2 —iES 58k

HTEERIAR, HHXERFAE—BERMER, W, RELITER, BERRM. WEHK, X
FEL, A TEWEA TS AN GBS R, BB TBIE, DA IR E LB > B,

Fi 5260 A1 GitHub ID $$EAR B, MU PDF M 30T 3 TRR,  DUBSHIBA T IR X A TE
FAZE TR

JFIREE Sy
205 T AP R ENRI A TR BRI TR AR, PR ST IR 3 A 7T
MEATHRA A, WREIERIR RIS =8 H EE LN,

1. AEMA

e 16-3 iR, SATUERA EAEH “gmERERT. R DEZIE DU N P BRIESCOR B,

1. i “wBERR, WSBE “FE Fork e WIPR, ERRIZEE,

2. 1B Markdown JEXXFNZ, HENARMNIERYE, HRERRHRIE N5 —,

3. TETHIFEE BBORH, RERT “Propose file change” %%, TUHIBkE: /G, it “Create pull
request” %R RIA] &R HIEUE K,

o, o oe
Fudfi wello Bz % o Qoam L Ristiiiotts
Hollo W3k 31 HURLEM ‘ ‘ s
®Hom wE > ' o OEES ) a1 mmem: sesm
EERE R e > 312 MR S5O
8 Wom mRESE > ERMESIOERA. EE K. Wl SRR, B . B, TIIELUAZRGH R
e T
31 HUBESI S
2 WANERE 311 iBIEAN KSR
33 WEHE - Si
a - 7 B . RIET, BT IR TIEmiEHEE
. BHIERR; THERHD, SRS FRRANT), RNEAESERZPNTRERR; ENGTR
36 TR, RIRT BROAGRR.
B H4n mEsER >
& msw ML N 0B 31 B, SEMEEMATR AR A AN TR, SMAMILIEN, EEEENAR L2
= o E il; AEEIEEHNER, 244 i,
@ men nam ) GIET); AEAEEIIIAR, BRI
Aw7E B > - WIS B, R 5 DIL BEE.
A omem > - MG 1 . B, R
G Hom & >
= H08 B% > Erre T AR
] ENW >
- W2E 3% > L] ]
1 HIBE @H > . - JUN N
B E1am pEm s - P
@ His®W AL s .
@ ®ieE MR > = /|
B a H—

& 16-3 DU gm AL T

R TEEERE BN, FEEIHE [ssue BUFICH SREARIE, BAI2REREHIFEIRE R


https://github.com/krahets/hello-algo/graphs/contributors
https://github.com/krahets/hello-algo/issues
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2. RELIE

MREE GBS S5 HITRETE, fEAEBIEREMREE S, T RCENESE, IAFELAT Pull
Request TIEfifE,

. SR GitHub , KRB G F Fork 2D AKS T,

. AR Fork FEMTT, M git clone AR vafE £ A M,

- AEARHGEITNACIE, FHE TR, RuE RS E R,

. B AR CE R Commit, A5 Push FifE G,

. RIFTCEMTL, i “Create pull request” FZH1EIAT & EHBUE XK,

g W N -

3. Docker ZE
1£ hello-algo MRH®F, $UTLAT Docker A, BIRI{E http://localhost:8000 jRIATIH :

docker-compose up -d

{5 FH AR i < R RT R AR -

docker-compose down

16.3 ARiFFE
22 16-1 HIH T Brh I R EAIE, (HEE R L,
- EBOTAZIAR I, DAE SOk,

- B ATAAE AR SOEEAR AR SR BIIMTE AN

% 16-1 BURSHS5RIANEZE AR

English faT RS L {ENSED
algorithm =RFS CCRES
data structure HEaig BRLEig
code (E RS
file XA RES
function PR PR
method VERES T3tk
variable Iy SR

asymptotic complexity analysis ~ #NEE AT BOLEREE T
time complexity N 1) 52 2% P IRF M P
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English

space complexity
loop

iteration

recursion

tail recursion
recursion tree

big-O notation
asymptotic upper bound
sign-magnitude

1’ s complement

2’ s complement
array

index

linked list

linked list node, list node
head node

tail node

list

dynamic array

hard disk
random-access memory (RAM)
cache memory
cache miss

cache hit rate

stack

top of the stack
bottom of the stack
queue
double-ended queue
front of the queue
rear of the queue
hash table

hash set

bucket

hash function

fa R rsg
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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

fa R rsg

IS
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English

min heap

priority queue
heapify

top-k problem
graph

vertex

undirected graph
directed graph
connected graph
disconnected graph
weighted graph
adjacency

path

in-degree
out-degree
adjacency matrix
adjacency list
breadth-first search
depth-first search
binary search
searching algorithm
sorting algorithm
selection sort
bubble sort
insertion sort
quick sort

merge sort

heap sort

bucket sort
counting sort

radix sort

divide and conquer

hanota problem

fa R rsg
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English

solution

state

pruning

permutations problem
subset-sum problem
n-queens problem
dynamic programming
initial state
state-transition equation
knapsack problem

edit distance problem

greedy algorithm
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