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chapter_graph
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(v v VvV VYV VY

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

¥ Pmaing I Lotests ®OAO

BITRIBRETE TIE RS N=2F,
B &
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\

EVIPAY

yabEER FEACH B, mifE

%0 Git Graph

PR GFEIRSE, TES IR SRR 20

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

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

# IREUETATTR

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

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

# hello-algo

main ~

i “Download ZIP” 151 B4 NEUASE46 L,

(I Unwatch 312 ~

Gotofile Add file ~
Local

B3 Clone
HTTPS SSH GitHub CLI

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

[ Open with GitHub Desktop

Open with Visual Studio

[} Download ZIP

7,5, 2, 1,

Ln 118, Col 29 Spaces:4 UTF-8 LF {§

<> Code ~

DO 0o

v D © ®o -

4, 3, 6, 2])

TERMINAL

Bash +v O @ - ~ X

Py base 18:18:47

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

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

A PO AR a2 e A G

SRFGTEA I B
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REXIFE R

Python C++

def level o

# Mkl

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

= deque()

# Miatt—17IR, BTREFEHF?

res = []
while queue:

oe

% W Q

J V# Go Swift Js >
binary_tree_bfs.py

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

node: TreeNode = queue.popleft() # PABIHIBA

res.append(node.val) # {R7FETiAME

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

if node.right

is not None:

EFHRAR

queue.append(node.right) # HFTSAB

return res

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

IEREER LET ¥

0 hello-algo

Code Issues 1 Pull requests 10

chapter_tree

9 krahets
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Y
e 7 RAREECHF
a
binary_search_tree.py
binary_tree.py

binary_tree_bfs.py

binary_tree_dfs.py
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Hello 3%
Ego# Mz
B %18 miswE
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41 ¥
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45 S
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PR IEVERVERY
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A% 0 Oe

( g krahets/hello-algo

[ @ EELETT

v] ER

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

return res

“*"Driver Code""

-
if

-

Visualized wi

__name__ == "_main_":
# MafmE

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

nums = extend(nums, 3)

print("HEERESRE 8

Edit Code & Get Al Help

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

)€ ZBENE

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

Objects ,ﬁ EEH

Global frame function
extend(nums, enlarg

Frames

extend

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

412 HENRSASEEE
413 HERREM

nums

[ 0-6 Python R AIM{LIa T
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H
(]
{1t
=
ol

M — FrEg— FrEg=
SERLEREND AR EBEAEAGR

BERE

BENDB RISERE FRRIESR
BB

ARt EmR ISt

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

K 0-8 RIRAF I

0.3 /&

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

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

- MNTEENT, EOENBRR-AANHERER, AIEFZEHK,

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

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

- ABMWTURAE D ETENILATHEX, WL 7 =R 5ER S W,



10

Abstract
—/ DR SR, SEIERATE—R, HBE LIS BRI,
Gg BRI SR, 15 RIRMEIP R, BAFTHEES RN E LA,
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1.1 HEETRFE

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

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

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

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

FRERHEFEROMFHT

EFREN: RIEE—HEEEEN ¢ KT TR

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

Step 1 Step 2
5
—H B —HIBL

EFRSR: EFASE:

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

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

e
—¥ M
EFHRSE:

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

Step 5

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

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

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

1-2 $hwHEp PR

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

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

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

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

FHRERE, 7TEN204+ 10+ 1 = 31 75

ok wn e
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BirE 31 L2 11 = 1 =» 0

EELH -20 -10 -1

TWENTY

\
TWENTY ||

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

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

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

1.2 BiERHa
1.2.1 EZEENX

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

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

1.2.2 BHRGEMEX

B (data structure) RIFEAFMHSFIFESIENTTX, BA MR ER,
- ZBEAHRED, DAEITEINT,
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- BAERBRERATREDUE, RSEEURTIR. A0, WBR, EHTEE.
- REERTE SRR RZEER, DERIESR0ST.

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

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

1.2.3 HEEMERZNXF

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

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

BE—RIIRFRES

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

data structure

RIS IFREREGE
S MSERIR S &

1-4 BURSHSHEIERIRER

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

B RTTRAIN B SR R ANR 1-1 Fmo

®1-1 REdRa SRR O PRERIR

BlRai 5 RE PRERIR

LN S ES/EENIAVN

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

it Rl PR

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

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

1.3 &

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

- ATHIEES S0 BEREEME R ZoBEREIAREL T amia M EERTREAE,

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

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

- BARSH SRR ERE, BURSHERIRNEN, MRRRBIRAIFERrSES.

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

FERIRRAT R, BACEIER AR AN ZE T H A

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

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

- WRIEeR: BRISTEERRE,

- ZBRIBCR: BRSNS RN,
sz, HAMERRBRHT “BRE” WEBIRaSRE, mMAERMITERERNREXEE, HARE
XEE, BAARERASR IR TX L, B SRERT S U Ld R,
RERVFAETTIREZE 0 WA SEBRA, BRISAR,

2.1.1 SERREMR

BORBATIERRIR A RBEIL B, EATERREARRIFE — I, BUAETRZN HLIX M DNEIRRIRR, mERERTTTA
AR, BITRMADNRE, FFREEIER eI AN S RE. XA PG 75 CRENS S A
KGN, (EBFERRRRRTE,

— 75T, HECAHERRMAPA S TR, BEOHAC B 25 AR MERE,  HRnER G RN, Bk A 19iBfT
I R EE % B A (BAES — BRCE AR RN, AIRESEARRIMIREE R, XEWE A T ZAE AL
e BTN, SEiH-FIgReR, miXR AR,

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

2.1.2 IBigEE

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

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

Tip
GRRARA B ERIMESBBINER, TAEL, BIIERLEET RGN,

SR NN T —JEPHERIERCERE “FrR”,  BEEATTAT DA S AT 5D SRR Pl 5 (9 I TRV 2 ) B3
IR, MHARREZEZ AR,

SRERMCAMS, X TREE AR IR, FIMEEA S, WX PNAEER, SREHATREARK
EETENRIMHNINE, R, SEANNFIERE N EIRE s RER R R, e o Hia TR
2 A B O

LR BRE, BWIRER AN ST BARESH 5 RIR 2R, ORI TR, DAERERS el R
IERINE=RAT 1S f T

2.2 53

EEZES, BEEHTEMESZIRENN, E5EXEEEMEIE, ik, TENAREE 4% /=S R 2 44
B2, AR TR ERFR P EEPITES, MR ANREFGIEN: B EH,

2.2.1 #K

%X (iteration) 2 —RMEEHITHENMESIEHIE, EIERF, BESERE —ENRE FTEERITER
RAG, BEEIXNEAFATE .

1. for &%

for TEINZ I H WANEUEAZ —, EETERCHTEIE OB E]

PANRREET for BRI TR 1 4 2 + -+, KRIGERBEHLEE res idxk, TEEEREZ, Python
H range(a, b) XIMAXENZE “EHATF B, MMEEGTEEN a,a +1,...,0—1:

# === File: iteration.py ===

def for_loop(n: int) -> int:

"for fEER"T

res =0

# fBFAKA 1, 2, ..., n-1, n

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

return res

2-1 SR ZORFI R B I ARAE
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LI it
i=1
B
=
i+=1 X

B 2-1 KA R A

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

2. while f&IF

5 for fEFARLEL, while fEIAMLZE —RSCINERAITTE, F while 1B, RFERAXTRERMS, WRA
HFNE, WIARSLIATT, SNIRRES RGN

THEFEATH while TEIRSIARF 1 + 2 + - 4 n

# === File: iteration.py ===

def while_loop(n: int) -> int:
"""while {EIF"""
res = 0
1=1 # YRkEHETE
# BIAKRA 1, 2, ..., n-1, n
while 1 <= n:
res += i
1+=1 # ENEHTE

return res

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

BUanfE A NS, SRR o AT, XS DA AT R for fEIASEEL:
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# === File: iteration.py ===

def while_loop_ii(n: int) -> 1int:

"""while f&¥F (FREH) """
res = 0
1=1 # VB ERHTEE
# fEIRSRA 1, 4, 10, ...
while 1 <= n:

res += i

# ENERHTE

i+=1

=)

return res

SRV, For FRIFAGICASSEMEL I, while DEPRE MRS, WHEHSA] DASKBENLEM, W A — 5%
AR (PR TR KR DU

3. EREENF
PATR] DIAE — MG NHE 3 — DMEIRGEH, R A for TEIA NI
# === File: iteration.py ===

def nested_for_loop(n: int) -> str:
" IR for fEHR""
res = ""
# B 1=1,2, ..., n-1, n
for 1 in range(1, n + 1):
# BF j=1,2, ..., n-1, n
for j in range(1, n + 1):
res += f"({i}, {iH), "
return res

2-2 B ENER RN
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SMEER

2-2 RENEIRIFFEAE R

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

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

2.2.2 #3

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

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

MM A EE, B EEAES =PER,

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

WEE DU RS, FATA T VIS recur(n) , FEATDASERL 1 + 2 + --- + n WUTHE:
# === File: recursion.py ===

def recur(n: int) -> int:
A=A
# ZIERH
U m == 18
return 1
# 3% B)3EA
res = recur(n - 1)
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# )3: REILER

return n + res

K 2-3 foR 1% BREL IR I AR,

AT “&@” BmE 93
recur(n) return n + ((n=-1)+.+2+1)
| A w
recur(n-1) return (n-1) + ((n-2) +..+2+1)
recur(4) return & + (3+2+1)
recur(3) return 3 + (2+15
} g
recur(2) Py return 2 + (1)
| P —
recur(1) return 1

B’ 2-3 SRFIREHTE SR
BARMEAEE, BRSBTS EIERANER, EENRER T PR e 2 A8 R B E R R 8 e
iﬁo

- OB “ATRmE” HUEREL, MEEERLFP IR, RS NMES SRS, EEIES R,
< 3B TEEWRT MR AR, R AR AN SR NS TR, X (DR R R LR A AR RN T K
PR T RIREAR SR 7 B/ N RN, EEIEAE U 1 (AR fE E AT
PALIRSKRFEREC B, BFM f(n) =142+ +n,

CORER: TEMESRTRHURATRL, M LBHE 0, SECHITRAEE, BIATRE F(n) .
- BB BN TR f(n) = n+ f(n—1), R GRITHY SRR, AR f(1) = 1
L,

1. AMRE%
BIFREE KA B 88, RGN RNERROEINTG, DEEREA R, 18R kA =G R,
1R S8 7 TH 4 R

- BRI _E TR SCBURER A R ERR . R R NI, EEREBOREE A SR, R, @I
B AR IFE B A7 22 ],
- BBV AT RS AR RS MO DR IR B LGP I TR R AR

G 2-4 FoR, EMAZ RSP, FNFE n DARIREERITEE, EHEEN n .
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BITRE

n

FESERRAR, GifETE S VPRSI S E A IRAY, I IRAVEYT AT RE S 20kl iR,

2. Bi#)3

AT ‘@ Bt 93

recur(n)

!

recur(n-1)

!
|

recur(4)

!

recur(3)

!

recur(2) Py

} -
recur(1)

B 2-4 BT AIRE

HEBAE, WERABAEIR AT EIG — A ATV, W% R EOR] DAt it as s deiiifl, e
AR L SIE Y, IXMIEOLHAR N RE) (tail recursion),

- B SRR EIE E—BRREYE, FENRSEHTRE, RERSGFEAE E-BRAN LT

o

- R B ITE R M EOR AIRTHYRSE — DA, XEREREBOR AR E—BH)a, TR T H At
BlE, HIERFTMRST - — 2R BT

AR 1+ 2 + -+ n Wfl, BTATTATDORES SRR res IRNERESEL, MMISLBLEE:

# === File: recursion.py ===

def taill_recur(n, res):
# RIEFM
if n == 0:
return res

# ERVIFEB

return tail_recur(n - 1, res + n)

B ARSI TIE RN E 2-5 FiR. X ELE @B VARI RIS, I BISRAIERERI AT RO AN FIAY,

© MBI SRFIR(ERAE A7 AR PITRY, SRR S EE AT — OOR TR,
- RBIBH: SRAHRERAE “H7 IRRPHITH, 97 M ERTEREREL,
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I.E‘]-F “E" I.I-:]J: nuau

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

f

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

|
} f
|

recur(n-1, n)

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

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
@, ) A
l KEFH T

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

K 2-5 Ri#)dE

Tip
TEER, WesmiEasslRed A SR RIEAE. BN, Python BUAASH @I, KRN
R I, AR RERIE Ak tH R,

3. &Jan

SREE “IE7 HXIEIEREN, BEEEHIERR B EMEN., AEEMS 5, P RS
Hifls

Question

e EPIREEH0,1,1,2,3,5,8,13, ..., RZBIIHE n MIE

VEERIREGIE n AR f(n) , BERAGE,
- BB NG f(1) = 0F1 £(2) = 1.
- BB N RATAEIOR, B f(n) = f(n—1) + f(n —2).

TEIOEHEOCRMEATIZINA M, Al NN RS, fEaTS BB, A fib(n) RITRIS2IZERI0
ZHGNHIE n DT

# === File: recursion.py ===

def fib(n: int) -> int:
v OAERARERERT) EY
# EIERH f(1) =0, f(2) = 1
if n==1o0r n==2:
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return n - 1
# B)FEA f(n) = f(n-1) + f(n-2)
res = fib(n - 1) + fib(n - 2)
# RELER f(n)

return res

ISR DA EARED, FRAITERRECNZETE A TR, IXEBRE NN TR AR, R 2-6 Fr
R, IXFERWHRITEA R L, B&E74E—MEEC n 1938 (recursion tree),

f(n)

f(n-2)

f(n-3) f(n-3) f(n-&)

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

B 2-6 EPARZELBHIE T

MARBLEE, BIAERBLT R R W ENF R FEAEEN, XA IaRIE R E
- WEIEAEE, #R HE B, ol sSMKXISEVE 2 BB TA RIS B RE el R A 1 axX A R
Ji 3o
- WEHRESHAER, BIARKIESCETER, RAERAESKRE, FOAEMHERIES A G B8 T2
#ro

2.2.3 mEMLL
BEELL N, G15R 2-1 FoR, IEUNBBIAESLEL, PERERNE M M LA T AFEL,

% 2-1 EREGEBEIAR ST

IER =9

I

sy

77 TERESH BRECA A E &

a1
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IER I
IR BCRIEHEE, JoREIH I R R = = AT
%
PIFERE 38 B T R N PR A7 25 ] SRR B AR FH ] RE O FH KR R A ]
H
EHF EHTREAIEIMESS, BENL, AT G TR, W, B oA, [IINE, REEEHEETE,
& 4 GL

Tip
GRERIRGE DA T AR E, A]DAERESE M BETEERE S,

W2, BB RE T 2WNIEERRIE? DLEIRBIAREOB, SREBRAEEEIAR 77 BT, XEK
& BRI E B R SR b R R m SE CHORAHRAERY, XA LAEHUR S e “Je NG H” SRR 1,

FHE B, PAAART R HRMESET OXEARTE LR 78S R ETIR R,

L. 3% SREWIRAAN, RESME AR EONZRBOEORRARN, AT EMERSR R R, 28
1R [ SR
2. VA: HEREGERPATIOREIN, X EARMESHM TR ERRR, RS FR B AT,

Rt BRATTAT U — A X BR B TR T 0, NIRRT A IR A

\\\

# === File: recursion.py ===

def for_loop_recur(n: int) -> int:
" T%ﬁﬁi%ﬁ*%atui_ﬁ' "
# FA—EXRRRIEN R R R AL
stack = []
res =0
% B)3EH
for 1 in range(n, 0, -1):
# B NERRIE RIS
stack.append(i)
# 3: R[E4E
while stack:
# B “HRRE B 37
res += stack.pop()
# res = 1+2+43+...4n

return res

MDA BRI, LB AOENUE, RIEZEREMER T, REEANEIERZ T A DAL,
EA—EEIXFEE, A AP A,

- RS AOARRD PTRE SEAIME DARRAR, mIRMEsE 2=,
- RGN R, RURGE AR TN AT REE R IR X
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Bz, BEEEROE IR TR MR, EgIESCErh, DM E RIS HRIE RS ER 7T
REXREE,

2.3 HESRE

IBATIN TR AT DBV EL TR S BR TR ARG . an SR IRAT AR HERA TG — B ARG RIS TIN R, R ARl R0 ?

1. BEidiT e, OGS, FEES. RSNES, XERRTSHIRBERIBITRE,

2. VAR R IRE R R ST ), BIANNIERAE + T2 1 ns, FIKIRME « TE 10 ns, FTEHRIE
print() #Z 5 ns &,

3. GNP EARITHEERME, TR AT EIRERIBATINRIRAD, MM1S 2217 L,

fanfE LM RES R, BABEREARN A n

# EEETTAT
def algorithm(n: int):
a=2 # 1 ns
a=a+1 #1ns
a=a*2 #10nns
# fBF n X
for _ in range(n): # 1 ns
print(0) # 5 ns

UL, E771%, ATOMSBISANE(TI N (6n + 12) ns -

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

HPR b, SHHRERBITIBIBEA SRR, &, BAIARERHENEZTFadE, HE
EWRBEESIARKTG a7, Bk, BANRMERSMERERNS TR, XG5 RRT R 17RO
1:38

2.3.1 #ithtiEigkiass

I I A5 T SEiT AN R RRISATI R, M2 RTAIST TN Il R i 2RI 5

“IFRE KBS XSS, A8 — M RN AR, BRI AR RN n, BE=EANEE
A, BFIC:

# BA A NEERE: BHM

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

# Bk B MEEIERE: LM4M

def algorithm_B(n: int):

for _ in range(n):
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print(0)
# 8% ¢ WNEIERE: BHM
def algorithm_C(n: int):
for _ in range(1000000):
print(0)

K 2-7 FoR T DL E =N RIERR BN A2 2%
CRIE A A 1 MTENRE, BRSNS n AT K, FAOWRLEIRIR RE AN “HE

%8l

1

- BE B HIFTEMREFRBIGIN n Ik, BIRKBITINRIFEE n K 2K, B TERN RS 2 E 3R
AR

< BE CHRYFTENRERREEIA 1000000 (R, SmARBITREIRE, HES5HAZIER/N n LK, HIitk c
AR R 24 EEAD A AR, o “HEN”,

HiE C - BB
1000000

Bk B - St

RAEBThE 10
5 >
/ﬂ_%m
/]

] 1 2 3 4 5 6 7 8 9

BNEURERN
n

&l 2-7 RIKA. B C RN KES

T BEREGHRIRNNS T R], IR 2B TR IRLE R e ?

- IS ARERES ARG RIERCR, BN, ik e HIBITIN R BLMIE K, 1£n > 1 WHEE A E18,
£ n > 1000000 R ELSRTE c 18, FsL b, HEE AR N n R, B2EN “HHH” EE
—EMT “EMERT AR, RXIERN RS KBS

- N AERHERT IR ERE, B, BT e R RS RIRs TN R KB IE H
BEAEI RS2 AT o, FRATTAT DA SR A T SRR RIS TIN IRV ARIRIAY “BAAZINFR]?, AR
“HHRBREBITN RIS foh “THRERERES”, I RAGEXEE AR T,

- WRE A AR RBRYE, Blan, RERIR AT C B RIE ZEAER, (HEPRISTTIN R Z AR
Ko FIFE, REREs MNREREL &, EEMABIERN n BN, BiEsEMTHEEC, £
XEAFHLR, BAMRAECUE R 28 AW RIRRBCR AT K. SR, REFELRRE, S0
RBIPHIEIRRCR B A R HH R T %,

2.3.2 HEGEHE LS

YE —NEINFIINK 1 RS
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def algorithm(n: int):
a=1 # +1
a=a+1 #+1
a=a*2 #+1
# 8 n R
for 1 in range(n): # +1
print(0) # +1

REERIR R R — DR TRABIE RN n BIRE, 100 T(n) , WAL REEI B RN

T(n)=3+2n

T(n) 2—ReE%L, WHTHIBITIN R ERLNER), IR R E AR 2 LR

BA TR A2 EILHR O(n) , BMCERFERAKR OIBE (big-O notation), FRREE T (n) 1Y
ik ES (asymptotic upper bound),

IRV S AT AT BRI “BEEE T (n)” L B3R, CEAHMRECEE X

BRRHIG 5
EHAEESH ¢ M9 ng , AR THEN n > ng, 86 T(n) < c- f(n), WAIAH f(n) 4
BT T(n) B—MHOE L3R, 128 T(n) = O(f(n)) «

N 2-8 fivR, HEENE FAMESH—NEE f(n), #1524 n@RTIHRN, T(n) M f(n) L THHRE
AR, (UHZE—DEEIN ¢ B

c-f(n)
T(n)

S e

/

@ 1 2 3 4 5 6 7 8 9 10 11 12 13 14
BANBIEAN n
Y n>n, B¥, $BEE c-f(n) = T(n),

Eta A f(n) 8 T(n) W—PIHELER,
8 T(n) = o(f(n))

2-8 HERHNE EA
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2.3.3 #HEEE

#nE EAREFIR) LA S, GERIRESERA S 2B AR, WICAUHL BT URERIHER IR, AN
KA, w AT DOR M O H A R

RIEES, WE f(n) 25, BAMETERINEERE O(f(n)) . BAWHEEIL LR f(n) We? Sk
NP ERGUHEEE, REHINTENL B

1. -9 GiHEENE

RS, BATM EBIRIHERIAT, i, BT Rk - f(n) PEOEEI ¢ °TCABUER D, IRV EEUR
T(n) RIS MREL HBORERRT LUK, FRIEHEN, AT DU ESH DUR T 5.

1. 20 T (n) PRI, FRHENIES n Jok, i DO I [EIE 2% A AL 500,

2. WGP RE. BN, 78R 2n X, Sn + 1IRSE, #RRTLARHEIC n ik, BN n AT EREOS I R 2
TR RN,

3. TR ERENRE, BRERESTINZEANNZ @M BRI, R mMIAR] 25
BERE 1. 5N 2. JAYETT,

BE DR, BT DA BB BT RGHHRF R

def algorithm(n: int):

a=1 # +0 (KI5 1)

a=a+n #+0 (IG5 1)

# +n (I5 2)

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

# +n*n ($15 3)

for 1 in range(2 * n):
for j in range(n + 1):

print(0)

PARARER A LREIGRIENGHESR, W& RS ZE 8RN O(n?) .

T(n)=2n(n+1)+ (bn+1)+2 5L (-]))
=224+ Tn+3
T(n)=n*+n @it (0.0)

2. B FAELESR
W ERER T (n) PEEINCRIGE ., IXZ2ENE n TS KN, REMNITEEIETSIEH, Hith
T s M A] DA

R 2-2 o T Ly, Hrp RS aRpIER N TRl “REBOTIRES T X451, S n BT RN,
IXEEE ARG IC R,
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R 2-2 AN[FRAERCR S R YN TR

BIEsCR T(n) IS ZRE O(f(n))

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

n® +10000n> O(n?)
27 41000001090 O(27)

2.3.4 HRxE
REABIRR N n, 8 DL (A1 2 2% BERAUANIE] 2-9 Fn (R MRE & I HES 1D o
O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)

HA < AR < SetEBr < ST < FI5F < S8R < Birskkt

fa¥E o(2n)

E5H 0(n2) gﬁ

R L8 0(n) §
T(n) g
BB 0(logn) i

o<

=

HEH o(1)

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

BNBEER )
n

2-9 H WLHII TR A Y

1. #HEO(1)

WA HRERE SMABIE RN n o2k, BIARE n B2,
TEDUFERErh, RERIEEGR size WIRERK, EHTHSMALIEKN n K, FIHNRSRETN O(1)

# === File: time_complexity.py ===

def constant(n: int) -> int:
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o Ll

count = 0

size = 100000

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

return count

2. %M O(n)
LRSI FH BRI o DRI K, RPN B S R R

# === File: time_complexity.py ===

def linear(n: int) -> int:
MR
count = 0
for _ in range(n):
count += 1

return count

o [ LA 7 SR SRR I R 240 O(n) , HAr n B SR KE
# === File: time_complexity.py ===

def array_traversal(nums: list[int]) -> int:
R GRAERAE)
count = 0
# EIRRMSEAKERIEL
for num in nums:
count += 1

return count

EREERE, FABIERD n BRI BISRRRR BATE, eSS —Rlr, 28 n kA
fERN; FEBAREIY, BEEKE n BRI,

3. K O(n?)

ST MR ERRAE A TH AR AN n A AR, 7@ HBIE T, SMNEIRRAIR
TEPRI IS 25 O(n) , B ARIIR 24N O (n?) -

# === File: time_complexity.py ===

def quadratic(n: int) -> int:
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U 52 Rk
count = 0
# B RBSEIEBR/DN n BFERXER
for 1 in range(n):
for j in range(n):
count += 1

return count

B 2-10 XFEE TR, SRAERAIT 77 B = R0 R 2

B n &

B3 n X f&¥F n R
1R

0 @ @

AiE) R A Atial S A BBl R
BEE 0(1) £k o(n) F75B 0(n2)

(] wE—itmme

B 2-10 HEWT, LMERTAIFE TR RN A 2

DABEHERE A, ANEGRERIT n— 1R, WEMEHGn — 1. n—2. ... 2. Lk, TN n/2K,
WS AR O((n — 1)n/2) = O(n?) :

# === File: time_complexity.py ===

def bubble_sort(nums: list[int]) -> int:
e EEH (BiEHE)
count = 0 # jtEkes
# SMEIR . REFXIEAN [0, 1]
for 1 in range(len(nums) - 1, 0, -1):
# MBI BARHFXE [0, 1] PHSRATERIEEZXENREGIH
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 # TTEXMEE 3 NEITRE

return count
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4. $E8HO(2")

AWER R BRI KAYIRG - WK 1 MR, RN 24, AR PR
LR AN, DS, 2R n fIEH 2" DI,

B 2-11 FIARARRS AL T 4Ry 1A F2, ISFRIE AR O(27)
# === File: time_complexity.py ===

def exponential(n: int) -> int:

RS (RS
count = 0
base = 1
# MEER—H N, FEES 1, 2, 4, 8, ..., 2°(n-1)
for _ in range(n):

for _ in range(base):

count += 1

base *= 2

#count =1 +2+4+8+ ..+ 2n-1) =2 - 1

return count

3 BN
BE—9N= TREE
Zﬂ
21
22 £ B
2n-1
HHIRERE (RLEAMMIT SR BB RE
20 + 21 + 22 4+ |+ 201 = 2nq B o(2n)

B 2-11 5RO R 2

TESCRREES, 88 & LT IEH R E P, BlandE AR, HEHt—a0 8=, & n oGS
1k

# === File: time_complexity.py ===

def exp_recur(n: int) -> int:
SRS (GBIASEH)
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if n == 1:
return 1

return exp_recur(n - 1) + exp_recur(n - 1) + 1

TERBT AR IR, 57280 (BAHER. BE) FFEHEE W, N TEIEIRECRI R, 582N
AIRERZHY, JEH TR EE RSSO RIS RO,

5. b O(logn)

SRR, NEB T GRS ST, BEMAEIE RN n, BT SRR —F,
HABFRRECR log, o, BT 2™ IR,

B 2-12 ML FAREERBHL T “EHegEEl—F" g, NREAREHN O(log,n) , e O(logn) :

# === File: time_complexity.py ===

def logarithmic(n: int) -> int:
mOSEREY (BERSRIL)
count = 0
while n > 1:
n=n/2
count += 1

return count

BANBEKE A n sREE 1 1

E e
IR SEBE—¥ R

s

THEIRERS N BiE]E A
log,n + 1 B 0(1logn)

~

[N

[y

B 2-12 P HIIN A1 A

SRR, X TR R, UM T RE N log, n ARSI :
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# === File: time_complexity.py ===

def log_recur(n: int) -> 1int:
" SHEE (GBIASEE)
if n <= 1:
return 0

return log_recur(n / 2) + 1

AR BT R T OERISHE RS, AT “—ahZ2” W OREONRET MEREM, EKEE, 2
AR B () BAE A I TR 42 2%

O(logn) MIERBUZRZ/D?
HERRBE, “— 9 m” MMM EERER O(log, n) . MHEEMBIRAK, FiTTUSFEHEA
ANEERE. MR A 2

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

WAEV, BB m FTDTEARENE A AR ML, R TEE S ERRE m, R B %
12 O(logn) o

6. LM O(nlogn)
QMBI BT R EE R, MEEIANNEERES 510 O(logn) f1O(n) o MHAREBATTR:
# === File: time_complexity.py ===

def linear_log_recur(n: int) -> int:
"SR TR
if n <= 1:
return 1
count: int = linear_log_recur(n // 2) + linear_log_recur(n // 2)
for _ in range(n):
count += 1

return count

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

e

B 2-13  Zelhxt B A A2 2

&

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

7. BB O(n))

SRR A B “ e B, B n NEARSRTTR, KEARTRERHITTR, 77REEN:

nl=nxn—1)x(n—2)x-x2x1

B s A, s 2-14 MACMUEATR, SB—BRaRE n D, BESRE 0 — 14, DU
#, HES n BRHEEDH:

# === File: time_complexity.py ===

def factorial_recur(n: int) -> int:
" RSRH (GBIASEE)

if n == 0:
return 1
count = 0

#M1APEE N D
for _ in range(n):
count += factorial_recur(n - 1)

return count
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EEHN RN
DRHE TRNE
n n
n-1 - “ee n(n-1)
n-2 n(n-1)(n-2) - #£n B
1 n!
2HTINARY (AIRKENT SHE) EERE
nx (n-1) x (n-2) x .. x 2 x 1 = n! FisEBH O(n!)

I 2-14 el I A2 2

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

2.3.5 RE. RiE. FYHEERE

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

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

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

# === File: worst_best_time_complexity.py ===

def random_numbers(n: int) -> list[int]:
"R —NEE, TR 1, 2, ..., n, IEARITEL
# HEREEE nums =: 1, 2, 3, ..., n
nums = [1 for 1 in range(1, n + 1)]
# BENFTELS TR
random.shuffle(nums)

return nums

def find_one(nums: list[int]) -> int:
" BRI nuns BEE 1 FIERE[

for 1 in range(len(nums)):
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# HiTE 1 TEEEAKERY, REIRENBESEFRE 0(1)
# SHink 1 AR, RFRENBIERE 0(n)
if nums[i] == 1:

return i

return -1

B RIINR, BTSRRI R AR I 20, OIS L EIMIER R A e, MBSk
MRS, WA AR E RS, BB T AR, LRI OO R .
M LSRRG DA, 220N 5 IR R TS 2 BT “RSTRAOm AT, SXEE t B R
ATRERD, HRAEESHUR M RBITRCR, I T, TR IS A4 ] APS DU e RGNS A B i
BT, O e RET.

TS, FITT AR 26 e B L B LR S RO THEIL,  Ean R, ph T A S B TAL
[, PRIETEEE 1 HBIFE LR RS MR RS, TR SOAN AR SO R AL K —F n /2, F
IS Z4EER O (n/2) = O(n) .

(B TR BRI, bR RI ) 5 2 A AR, TR A RS AT MR A R IR RSO,
TERIE LT, Bl DR RN 17 208 (N B R B

MLV RE © 1 E?
TR T O 7Pt FRINTEC, FRURATE 3 R AR TN S 20, (EMPR RS b, 3X
RIS RMTE, (AR, 28BS0 TR RERE O(n)” WRR, W
BEfRN O (n) .

2.4 FEERE

RIS ZE (space complexity) T &E %S AR RIBEE IR & LRI KBS, X MES 5 HE
BHIEAEHEML, JIFH BITRET Bioh “HHANESE,

2.4.1 EZHEXZaE

BRI T AR A I 23 1R E 2 RS DR LA,

- RAZEE: T E IR AN,
- BN AT EEREIEEBITIREPER, MR RBE T CERE,
- HEEm TR AR A,
—IET, FRERENSRIHCERE “GFEn” mE M,
G R ] P — X0 =07
- EERYE: ATRERRSTEEPRSAE R, LR, NR%
- KeizEml T ORAE R P R B _E T SCBARE, RGUER IO F RN AR R AE TR I — M, PREL
RIENE, A A SRR,
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- RN AT RERFENEFES, EXRRAEE R AL,
T —BAEF R AR R R, BATDAR ST A8, b MR 8 =85, WK 2-15 R,

BEER TEEERENSITHEE

4 A h)
WA= HE=iE W=
BNIRIE B IR
e
15

B 2-15 RIAE AR

FERAHE AT :
class Node:
" §HHH
def __init__(self, x: int):
self.val: int = x # TRE

self.next: Node | None = None # fEM F—T=RI5|A

def function() -> int:

# PITHELIRE. ..
return 0

def algorithm(n) -> int: # FNERE

A=0 # HFHE (B8, —RAAXEFERT)
b=0 # HEHE (T8)

node = Node(0) # BEFHE (WR)

¢ = function() # t&mi=iEl GBAREE)

return A + b + ¢ # WHEUE

2.4.2 #HHAE

ZRSRENHERTTESNAERERBOHR, HFRIGHRNRMN “RIERE" o “BRZERKN,

SR A ZREARREE, BANEROGEREZRE R, X2E NS ER —TREEER, A0
HPRAE T i AR N EA RS R A7 23 R T

ML, RESEERETN “RE" ANEE X



B2 SREDH hello-algo.com 42

1. DUREHABIRNE: Y n < 101, SREZEN O(1); B n > 10 K, PHALIEE nuns &
i O(n) %2, FILEEZERERERN O(n) .

2. DASEIEIBTTPIINEIEIAE Ml : BI, FRFFERITRIG — 17200, S O(1) 25 MWIAAAEEL nuns
i, R O(n) 250, RILEEZAEREN O(n) o

def algorithm(n: int):

a=20 # 0(1)
b =[0] * 10000 # 0(1)
if n > 10:

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

TEIERAEeh, TEEESE iz, W5 LA AE:

def function() -> int:
# PHITHRLERE

return 0

def loop(n: int):
"t BRI EIERE S o)
for _ in range(n):

function()

def recur(n: int):
" BIAREEE RN 0(n)" "
if n == 1:
return

return recur(n - 1)

B4 Loop() Fil recur () I I Z&EH N O(n) , (B2 [AIE 248 R,
- BREX Loop() TEMEFAHAM T n IR function() , ALY function() FRIRMEIFF B 7 ARz (R, Hitk
B RETHN O(1) .
- BV recur () TEIBITIIEH SFNETE n DMARIREE recur(), MIIEH O(n) BIRMZ L,
2.4.3 ERI}EH

BRABIRR N n, B 2-16 R T H WS E AR (MEREEHESD.

O(1) < O(logn) < O(n) < O(n?) < O(2")
WER < X < KU < P < 58
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EHE o(2n)

5B 0(n?)
AFZEAN £ o(n)

HEE 0(logn)

MEER. MIEE

BHE o(1)

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

BINHRAN
n

2-16 B RS A A 2R 2R

1. BHHO(1)

R A TRESMABIER DN n TXHE, TR, X5,

FEERNR, (EOGERYI4A (1A Rok Vi R BT & IITE, (A T — IR R iR, MR R
B A2, S RE 2T O(1) :

# === File: space_complexity.py ===

def function() -> int:
# PUTHLERME

return 0

def constant(n: int):

" r‘%—ﬁ%&&l"fl\nun
# BE. TE. YRHAH o(1) =[E
a=20

nums = [0] * 10000
node = ListNode(0)
# BIFHPNTELA 0(1) =iE
for _ in range(n):
c=20
# BERPRREGEA 0(1) =i
for _ in range(n):
function()

2. 4HH O(n)

LR W T L REE S n BUELLIIEE, B3R, R BB
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# === File: space_complexity.py ===

def linear(n: int):
" AR
# KE7N n N5IREA o(n) =i
nums = [0] * n
# KE7N n NIRFERSA 0(n) =g
hmap = dict[int, str]()
for 1 in range(n):
hmap[i] = str(i)

auiE 2-17 poR,  EREERBIIRE n, BIRNZLE n DNARIREE Tinear_recur() H¥L, M O(n) K/

A= [A)

# === File: space_complexity.py ===

def linear_recur(n: int):
MR EYTSEI)
print(" I3 n =", n)
if n == 1:
return

linear_recur(n - 1)

T “&” mLt “3”
linear_recur(n) return 0
linear_recur(n-1) return @

" | r
linear_recur(2) return @

l i RiE

ZILRH T
linear_recur(1) return 0
REGEIFEBHREN n FiEERE
HEEA 0(n) KYIRIZIE 1R 0(n)

2-17 BB A LR IE R 2 TR 52 2%

3. 58 O(n?)

FIIBE LT REREE, JTTREES n RFTRR:



H2E HREDH hello-algo.com 45

# === File: space_complexity.py ===

def quadratic(n: int):
U 521
# ZHHIRER o(nr2) =i

num_matrix = [[0] * n for _ in range(n)]

e 2-18 FoR, IZBREABIAREN n, £ DBIAREHEIGL T —ME, KE2HI n, n— 1,
201, PRER /2, FLEKSH On?) 2H:

# === File: space_complexity.py ===

def quadratic_recur(n: int) -> int:
" ERSH GRIEKEY
if n <= 0:
return 0
# BB nums KEA n, n-1, ..., 2, 1
nums = [0] * n

return quadratic_recur(n - 1)

W nums KE AT “&" Bt “7”
n ——+ quadratic_recur(n) return @
n-1 —— quadratic_recur(n-1) return @
' ! f
2 ~——+ quadratic_recur(2) e return @
l KL &H T
1 ~——+ quadratic_recur(1) return @
ESNBTRHPEELT — A, B RKER PEIERE
1+ 2+ ..+ (n-1) + n = n(n+1)/2 EAMH 0(n2)

[ 2-18 I RRE =L I S B R A
4. $55M O(27)
FERN R T X, WERE 2-19, BECH n i TR X" B9S8R 2" — 1, HH O(2™) zH:
# === File: space_complexity.py ===

def build_tree(n: int) -> TreeNode | None:
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"R (RIGEA)
if n == 0:

return None
root = TreeNode(0)
root.left = build_tree(n - 1)
root.right = build_tree(n - 1)

return root

BENTREH
20
21
x// \\\ z// \\\
22
/N TN N
2n-1
FRETRE TlEERE
20 4+ 21 4+ 22 4 .- 4 201 = 2n-g B8 o(2n)

2-19 5 — SR AR AR R S (R R 2

5. 3 O(logn)

M E W T a5 BIIAFHET, MAKEDD n AEEH, SREBIPREEMNRER5 RE, TR

N log n BEVARE, EH O(logn) HiiizFl,

O T RN TR S, WA DER N, BRMEOY [log, n| + 1, BN FRFHEKEN

[log,, ] + 1, HHAREZREN O(log,,n+ 1) = O(logn) .

2.4.4 NERES=aE

BUARTROCT, FRAA BRI R 52 2% B 22 (R 2 2 AR REIAE e (L. SAMIAE SEPRIG O, RIS R &2

PR PN [R) 52 2% PR T TR R M

R AR 1] 52 3% L I 3 T R DATR T B MU BN, R ZIPER . FRATPRAITE P17 28 AR IR T BRI TIR L Y

RBEEFRN “DISRHUN A7 ez, WIFRA DA Rl A,

R B RS BR T A TEB BN TTH, ERZEIENT, MRESEEES, Rt DA E”

HRER AR, S22, EEEERRIELT, HHlERERE RN EE,
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2.5 Ihes

1. EREH

FLIERCRIPG

- IR S RRCR R M B IR LA B E I FEbR.

- BATA] OB BRI IAG RIRRCR, (B DAHPRINAFAE R0, HSFER KRB R R,

- BRI AT AHBRSE R IR R s, e RIEH TArEIBIT VG, JF HREB R EIEE AR EE
MU T HIRCR

I Pl B A

- IRV 2% T BRI TIN IR SO B KA, AT DAE ROTAG BIARCR, (AR50 R ]
REJSRY, ANTERm ARIEUE B Nal N T 2 2R EE AR RIN, TERAE I LL e 55

© RZENREREMAKR O FESFRR, NNVEEENL ER, KBS n BELHN, BERE T (n) 1
R,

- BN AERESANL, ERGITHRERE, KGRI ER,

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

- FERDIN E R A AEEE, iR SMASIRR AR, NRERES NRE, RiE FHNAE
IR, NS RETLTAH, B9 AR — MR 200 i S A REIR B R L

o SN A A P R PR ETE BEAT LSS N RIS ATR0%, i SRR Hh iy SRR, THEEIIN
(A1 7% 7 Bt L N B 010 DA SR & TR RIBCE

BRI

S IR TR S A, R 5 P 2 RIS R K 38,

LR A A T A AR, B, A BRI, AR
oSS A T, BT AT S W AR R, MeMZS IR 2, FLr b2 RS 3 (L T B
B2 ) B R,

Rl BEE AR R A A, BV AR SRR S BTN 2] R 2 A,

L HWAERERAREMERIEIEIE O(1). O(logn). O(n). O(n?) f1 O(2") %,

2. Q&A

Q: REIAMAE R O(1) 1?

g b, BB S RERER MR O(1) o NI RZEGmWEIES (BIA Java, Python, Ct+,
Go, C#%) AR EINMLLEBH, Ft@EHEIANNZERERER O(n) .

Q: BRI TRIXM AN ARIBERIX AR 42

% (function) A]DABARSZIAAT, FrESEEAEREIE, 757% (method) 55— PXRKHE, #ilE L
AHERNR, REMSXTIASE]H L& H B TR R,

i PA LR WA R TE = BRI

- CHEERUEARRIES, AR, UEEE, B30T DOE eI LK (struct)
SR X RS, 545N SRR B Bt 5 T HAth e 15 = 751
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- Java 1 C# BHEIANRIGIEIES, R O7i%) BEEENEDEN T, FETRNTREAT
BRE, OAEHIb ek b, AREVIRIRFE R LB &,

- C++ #l Python BESZRIEREASE (8D, HFFmmax Rtz 5k,
Q: K “H WA R A IR SRR A2 o5 A R AR /N2
Ne, ZEBRIRSRERE, HRRAZEKES, AR SR R RN,
B n = 8, IRATRESR A ARERAIE S MBS A b IXZRARRISERE S MBI, AR
HUEVE 4 ) — MR IE AT E
FESERRH, RINBA @R ARDER N7 IEN “HEHIT SR Z /D, il —BICEMITE R ERiEEn = 8
Z PR, BT n = 8° MUAET, XNHMKERELLEST,
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Abstract
LS AN [E — BIAS E T 2 AR HEZR,
ERABIENEFHLSRME TR, BIES AR A SRR,
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3.1 HELEHMnE

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

3.1.1 ZiE4EN: KMESIELH

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

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

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

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

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

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

push |/I ™~
i = — graph o /
stack -

pop

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

pop push

hash table value

BEE {key o & w}

3-1 SMEEdREi SRR

3.1.2 ¥PBREEN: EEE59H

HEIARP BT, IEECBRRBEE RN AP, & 32 ROR T MRS, KN RETT
PR R & —tRNAEZE ], BRATAT DU N RE R B — D ERHY Excel 4%, HA &N ETTARER AT DAFEIE—E R
INHTEUR



HI3E HELH hello-algo.com 51

FRGUEN 7 RV M B U E R BEE. & 3-2 FoR,  HENURSEREE MU ks s A & B TAS 0BT
G'S, WREDPNESREA RN L, A TSk, 2R AR N7 R EE.

00 @1 02 03 04 @5 06 07

0x0000

0x0010
0x0020 n

0x0030

0x0040

STENESE ARG 0x0012 , BEMIE

. BERESE ARG 0x0024 , SEMIE n

B 3-2 WfEsk. WTFaSHL A7 L

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

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

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

EGTiETFhE YRS EEfE

TEAEAE I TF =S (Bl R SR A ERERNNEZEZIEN

aaaan

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

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

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

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

Tip

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

3.2 BHiERE

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

- BERAY byte, short. int. long,

- PEREBCERA float. double, FHTFFERT/INEL

© PRI char , ATRRSHIBESNTE. A SEERERNSE,

- fi/REE bool , ATFR “B7 5 “B HW,

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

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

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

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

R 3-1 EALARIAIN & 2 A AT EUETE

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

short 2 FH —215 215 _ 1 0

int 4775 —231 231 1 0
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I (SRS? dAZE BIME IZUNE] BIAME
long 8 Fi —203 263 1 0

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

TR char 2 FH 0 216 1 0

7R bool 157 false true false

THER, R 3-1 (W92 Java FEALIRRAIRIE L, RRIZIE SHA & B VBERREDE X, eNrG M
A, BUETEEFERINME R Re 2B A,

- {E Python H, FEHERA int ATDVREREAR/D, HZRTRIHNE; 1FREL float B IEE 64 if; &
A char B8 BAADFRFRR LR KERN 1 PR stro

- C I C++ R EREABIRRAIN AR/, MREMAEE8 R, 38 3-1 EE LPe4 £ufEisis HHFF
AIFE Linux #1 macOS £ Unix 64 (IR{1ER S,

© FHF char IIR/IME C AT CH+ HON 15277, TERZBUERIEIE S MBI TREEN FAFRMAS /715, TENL “F
Frgmbs” FE,

- BMERRA/REMNTE 1 (08 D), BENEREFEOEEN 177, XERNMARITENL CPU M
¥ 1 =N E R/ NS U B TT,

W2, BRI GEIRGE Z AT LBRIE? JATHE, BRsit 2 et E AR S SRR
Ko RANEMZIER “G507 mAE “BdE",

FRAEFOR T, BATERASBRIEASA, X 2R NBEHRI LS n] AR BT AR A A
JFRR, HETHFHEINTREL int, /MU float IMEFHF char , N5 “BHESH" Tox.

ATEYL, FEABERIURME T BUER “MAERRL”, mBIRSREt T BRI “dgli”. Bl bR,
BAVAMFEIRERSH () KRB SFRARIREARYEIA, 15 int, float, char, bool 5%,

# fEFR SRR IR R R Ia L IR

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

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

# Python NFRFEMERBKEN 1 NFRFH

characters: list[str] = ['0'] * 5

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

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

3.3 #F4mtg *

Note
AT, bRilmE * fF S0k IRET, WRIRE RA R 2 R, n] DBk, FE5En
R 5 F A


https://en.cppreference.com/w/cpp/language/types#Properties
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3.3.1 /R85, REH+hES

fE E—THIRAG R IRATE I, A BEESA G SR i BB L IE 8 2 — 1, 140 byte AYIUETE 2
[—128,127] o MR EY, ERINTEREYREH, G, *MERHESEIR,

BT EAR, BBl W RIESEETE T RPN, TR R B, Bt =FRE
N

- RS TP TR RN RS AT S0, Hirp 0 FoRIES, 1 R, HRMFRRET
HIMEL

- RBh: BRI S E R AR, SO SRR R RS BRAT S SMNE AT A AU

AN IEREORNG S SRR, SRR SR L R A AR B 1 o

B 3-4 Jon TR, A RIAND 2 IR B R 75 7K.

+0 +5 oF -0 -28
0000 0000 0000 0101 [R5 1000 0000 1001 1100
BRRS s,
HHERFABE R
0000 0000 0000 0101 =G 1111 1111 1110 0011
ERBEEM EN 1
0000 0000 0000 0101 63 0000 0000 1110 0100
EMHNED,. kB, HEES HIMNERID. kB, HMEEERR

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

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

1+ (—2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

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

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

= 1000 0001 (J5h5)

— —1

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

-+0 — 0000 0000
—0 — 1000 0000

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

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

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

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

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

(—127) + (—1)

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

— —128

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

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

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

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

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

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

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

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

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

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

(14N) =(1+) by 27 C[1,2—27%]
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float KEH 4 bytes = 32 bit

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

E
N

124
22+273 = 0.375

1x0.125x%x1.375
0.171875

3-5 IEEE 754 FrifE N9 float BB R A

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

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

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

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

*3-2 fRENIE X

RS E SN = 0 SEBIN £ 0 HHEAR

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

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

o

WUFEIE double HIRHIZEMLT float MFRTTIR, TEULAMEIA,
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3.4 FFRS*

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

3.4.1 ASCIl &

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

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

3-6 ASCII #4

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

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

3.4.2 GBK ¥f{&

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

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



3w BUEL hello-algo.com 59

3.4.3 Unicode &

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

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

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

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

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

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

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

1 00000000 01101100
o 00000000 01101111
-} 01111011 10010111

- KER 2 FENFXFR
it 01101100 11010101

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

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

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

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

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

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

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

FH Unicode UTF-8

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

& 01101100 11010101 11100110 10110011 10010101

BES 3 REN 1 BEHATHOS 2
RETHEER 3 T4 BEN 10

Kl 3-8 UTF-8 4wl

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

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

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

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

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

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

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

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

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

KPR L, HEEES NFRRmE TR — MRABIEE, BRFZRER,

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

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

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

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

HTLALERR, #ogREE SR T — S AR5 7T %,

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

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

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

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

1. BB

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

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

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

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

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

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

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

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

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

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

2. Q&A

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

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

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

Q: char KR KEZ 1 F1I5?

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

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

FRIFSEA] DASERIENAS AU BURSRE, (BEIRSGEMMAR “HE (REAAER) 1Y, REETHHNEIRSE A
s s ERoT R, HEMERZEERN, WREIERBEL 7RI AN, iR ZeE —
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BRIV, FH RSN AL R Z5 i+,
Q: etk (BAF) BINR, RIEEERIRD, M2l “WSBEasy” e?

FERPGETES T, BAEMATIEEH B FRaEe, XD TIERENEEEIE. FlU, Java £
Arraylist FIRIMEA BB N 10, 540, JREERZ AL, IS “FIR" &=,

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

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

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

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

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

1110 — 1101 — 0010

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

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

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

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

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

00 04 08 12 16
memory location

AIAREZE

L BHENRNTFEE

4-1 BEAHE L HFETT

4.1.1 ¥EAERIRE
1. 3aEea

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

# === File: array.py ===
# ¥R EA

arr: list[int] = [6] *5 # [ 0, 0, 0, 0, 0 ]
nums: list[int] = [1, 3, 2, 5, 4]

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

TLRNAHLAE) FIFEATCRIRS], BATAT PUEAE 4-2 R AR RASRZT RN FE L, B
VIZITT R,
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¢

TE®Sl o 1 2 3 &

Rttt 00 04 08 12 16

TTRKE - 4

TRAENE - RARERLE + TREE « TERS

(BT (GRS E)

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

K 4-2 BT RBIA bk TR

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

TEREH P TIRTRIER @R, BATAIAE O(1) WRINEEHLYT R P RERE — IR,
# === File: array.py ===

def random_access(nums: list[int]) -> int:
"t BEAIAIR TR
# 7ZXI8] [0, len(nums)-1] FRFEHIHEX—"1EF
random_index = random.randint(®, len(nums) - 1)
# REFHIREIRET TR
random_num = nums[random_index]

return random_num

3. fARE

BAHTTRENFTR “BREN, ENZRRE S REEREREYE. WE 4-3 FoR, 05REE R R
AR, WRERZTRZGHATA LRGS0, Z/FRHTRMES XRS5
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BAPERTERE -
8000 Eﬂi)%:r‘cﬁﬂ; EBY '

:

EEEEC

nums[4] =m5[3]

BERRAX

= et (8000
‘ nums[3 nums[2]

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

:

(3 W1 ]s]2]5]4 ;}ﬁjgzig;—uﬁ 0 =%

nums[1] = 3

K 4-3 A ATTERRG

ERERNE, BTEHNKEREEN, FHEMA-PMTROEXSFERARTITR “BXK7 BN

AR AR R E “PIR” T ITIe,
# === File: array.py ===

def insert(nums: list[int], num: int, index: int):
"t ERAIERS| index RFEAITE num"""
# HBZ5| index MURZEWFIE TRRAGHEI—II
for 1 in range(len(nums) - 1, index, -1):
nums[i] = nums[i - 1]
# ¥ num TEZS index 2HYTEH
nums[index] = num

4. HBRTTE

IR, & 4-4 R, HAEMPRRS] 7 ERTR, WHZERRS] 0 2GR —aL,
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fElIpRTR

88000

nums[1] = nums[2]

BIRER

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

nums[3] = nums[4]

sehERE, SAERTRUEH 1,
KETTE 4 BERN TAHEENR

Bl 4-4 FEHMBRTERA
EER, MPRTRERERE, FRARBRITERRS “TRE T, DB EEBRE,
# === File: array.py ===

def remove(nums: list[int], index: int):
"t HHBRZRS| index AAHITTE"""
# HBFR35| index Z/EHWIPRETTEMAITSEI—IU
for 1 in range(index, len(nums) - 1):

nums[i1] = nums[i + 1]

BHRE, BN SRERREE DT 6,

- ISR BEHRE ARMBRA N B E 2 O(n) , Hib n HEEHKE,

- BIOTR: HTEANKEAE, FERATTRE, BHEHRKEEERTREER,

- PMFARSE: AT DAFHA L — D EEB B, HOAIRTTE — 380y, IXAEEm ARG, BRATRETER
g R W, (HIXFEM RIS 172 AR PR

5. BHEHAE

TERZHWEIES Y, BB DUBEE RS [, a] DLE R RS DT E:
# === File: array.py ===

def traverse(nums: list[int]):
B
count = 0
# Wid RS |BH %A
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for 1 in range(len(nums)):
count += nums[1i]

# EEBHHATE

for num in nums:
count += num

# EIELHIERS | MTER

for 1, num in enumerate(nums):
count += nums[1i]

count += num

6. BHixE

FERAHPEBIE TR TR, SRAIWOTRER SN, AVLENE S VRS,
KON RS BR S, I DA LR E SRR ERAR N “ERIEE R,

# === File: array.py ===

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

return -1

7. E%A

FEERHIRGUAG S, P URIESEHZ RN R AT R, MWmCEZ ety R A R, HItE
REBIREES T, BAHRRKERANZER,

RRTRAIA B AR, WFEFE —DNERIEAH, ARG TTRRE R B, X2 —1
O(n) HRE, EBLRARIIGN FIEREFEN . R NER:

# === File: array.py ===

def extend(nums: list[int], enlarge: int) -> list[int]:
T REAKE
# MRt — M BRKEGHNEHA
res = [0] * (len(nums) + enlarge)
# BRIATPNFRETEEHEFHERA
for 1 in range(len(nums)):
res[i] = nums[i]
# IREY EBEREA

return res
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4.1.2 ¥AMMRRSRERYE
W ETE BN S AN, HrERAMHE, XMEAEEEREREE, R A DR XS E kK
A BRI R ERCR,

- SR B BIR O TSRS, TN TR,

- RHERERLYIN: A A YEE O(1) BHRIM LR,

- PR UVIRAITER, RS IR, IR (L E AR, M) s
AT SR T

S R iE R —TEXTI8, HAFELL R RRMY.

- AAASMERBERIE: YEBAHPITRR LN, WA SMBRRERERRERTTER,
- REANE: BAEVBREREREE T, VARATRERITEBIR SR, THHRR,
- MRS AREEH A RCRI R NEIE LR, A2 R IR R T

4.1.3 ¥ABEIN A

BEH R — LA B WSS, BN e R ER e, Al TSl S & 2 dm s
- BEOLYIM: GUERIBAVAEREN LI —2RE AR, B2 ] DUREE g, FHAER—MREUFS, IRIERG15C

BEN AL,

- HIPAEER : BRI R AR RS, PORHT, 1P, o B RS EER
2 BT,

© AR AREPOEER IR RECRE, AT DA ABERENE RS, RNBA TR 2]

ASCIT FHBRES, WIAT AR50 ASCIT W EMENRS, XM H TR AR BXS A B

- BLERES MM RSN TR, B KEZRIEERE0sR, XEHdEEE DEEHRE R
R, R P2 I 28 G 12 P i B 6 FH B B8R 454

- BRSSP TR, BB RatR R, HE. EISFEURSEA, BN, EIRSBEREME IR
bR b — 1 48,

4,2 §ER

N ERMERFIALER, £ PMERNRGUSITINET, SREINEZ R EREEENT S,
THIE, TEEEEHRI N AU ESLN, TS EEH IR K, NTERTRETC IR LA s R AE L=, It
I BE R RIG TR R T

R (linked list) B—FMEdRSH, HPMENMTRERZR P RAR, #0108 “5I07 Mg,
SIFICR T N — DT R AL, @I B R AN A s A 2R — D

HER AR RS2 D1 Rm] A BB ENAF AL, BRI P Hit AU £,
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FHEERNAET RSN
R

linked list

0-0-0-0-0--

BE TR
H s|A (&sh

T
node

A AAREFZE

FHEERE | speans
thenmies | REZE

4-5 BEREN G
MEE 4-5, BERINHARALZTR (node) MR, BN RMESHIELE: TRE “E” FMfEmE T~
RHE 5187,

© BERIE AN AR KT, RE DAY BT,
- B RfEAZE ‘27, BAE Java, C++ # Python #1453 5I#%12 9 null. nullptr 1 None o
- 1 C. C++, Go 1 Rust HXFHEHES T, ik “SIH” NEEEHh “fe8”,

WP FTR, BERT A ListNode R T RLEE, ERIVMREE—D5IH (F8EH). FIEHREIERET, B
FLLBALG B 2 RN,

class ListNode:

nun %%"ﬁﬁ;\\%ll nn
def __init__(self, val: int):
self.val: int = val # TRE

self.next: ListNode | None = None # &M TF—TH=RI5|A

4.2.1 ERFERIEE
1. #ahER

HNBERIIAPL, FBLRIBAMCS DT RN, B RMET R ESIHXR. ek, &
AL AT DANBER A SL T it A, 3835 TR next MRIXVIFIFTE 19 o

# === File: linked_list.py ===

# WA EER 1 ->3 ->2 ->5 -> 4
# MIRKE NI R
nO = ListNode(1)
nl = ListNode(3)
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n2 = ListNode(2)
n3 = ListNode(5)
n4 = ListNode(4)
# METRZENS| A

n0.next = nl

nl.next = n2
n2.next = n3

n3.next = n4

BEHERE— DR, A nums 570 nums[0] 1 nums[1] &, MR HZ/MHNIAY T SR AL
o FRODEHF IV O ERERMCRR, bban DA EARS A BER rICERER no 6

2. fATIR

FERHRPHATRAFE RS, W 4-6 R, BIRBATELEMHBRIN DT no Fl n1 ZRIFEA— TR P,
W TBCEWA RGN (R Wl, WNEE2EN O(1) .

M2 T, ERHPEATRINTEREN O(n) , EREER FRIRCRER.

P.next = ni
EI< P 5@ n1

= ./
ERETA n0 M nl ZEEATS P o n

nd.next = P
B4 no 3E@E P

B 4-6 BERTAT SR

# === File: linked_list.py ===

def insert(n@: ListNode, P: ListNode):
" ERERIVT R n0 ZEEATSE P
nl = nO.next
P.next = n1

nO.next = P
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3. BT =

nE 4-7 FoR, ERERPMERT R MARR T E, @SR -ARRGOE (EED Bl

THIER, RETEMPRRCETE SRS A P RER n1, (HEIR LEHERCETETIRE P, XBEWEPE
SAHBETIZER T,

nd.next = nl
H_T@J E“@ no ;Elﬁ_‘ nl

ERRTHIFTNR P

MERTERE, 272 P {(HAA%ER nl ,
BEHEREELEHRNE P,
HEFEITHAATR P ERBIER

4-7 HERMMPRTY A

# === File: linked_list.py ===

def remove(n@: ListNode):
" BIBREEREATIS 0 ZENE TR

if not nO@.next:

return
# n0 -> P ->nl
P = n0O.next

nl = P.next

n0.next = nl

4, FRHR

TERER PP R B a0 BT, FATATME O(1) WHE RGP IERETE, #RIR
R, BEFFEREMNKT AL, BNAEES, BRI AT S Wi, VimsERmNE « D R EE
Wi— 1%, NRERIEREHNO(N),

# === File: linked_list.py ===

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

return head

5. BEHTS

BIRER, EIREAEN target BT A, FHIZ T RERERPINES |, L EtE TE&EER, AR
TN

# === File: linked_list.py ===

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

"t ERERPERERN target HEDTI A"
index = 0
while head:

if head.val == target:

return index
head = head.next
index += 1

return -1

4.2.2 ¥éH vs. §ER

R 4-1 BGE T BAHMBER ISR RO E THROERICR, T EMN IR A RAE S BUFE BRI, IR AR
FIARAERICER AN, 2 BN 32 A94RF R

*4-1 BAHSTERIIBERA

e B
el LA SYEATEEEA
BROE KRS AR R
PtERcE RGNS, ETRERESN RSN
piEE  O(1) O(n)
LR O(n) 0(1)

W7 O(n) o(1)
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4.2.3 ERpERAER

G 4-8 v, H ULHOBEFRER A TS = A,

- BAREESE: RIRTI MR E R, SABERATT R SEMTER N — SRS R IEE, BT E
M RIAT A, FRE— DT RRNET A, BT RTEHZ None

- IBEER: RN HEEEERE T RIEALT A (BEMR), WRE—PIPHER, PR
R, R R AT DA ST R

- ONEES: SERRRERMLE, EEERICS TN TTRRS . A RER AT RO SR B S R S 2k
Tl (R ) MR (E— D RD W5 (k. ARRT AR, WRiERER RS
PE, ATDABAR A5 A0 D RE SR,  EAR Mt 75 2 o FH 3 2 B P A7 2

class ListNode:

nwnn yxra%%jﬁ‘nﬁ“iunn
def __init__(self, val: int):
self.val: int = val # TRE

self.next: ListNode | None = None # FSME4T=AI5|A
self.prev: ListNode | None = None # FSMAIIRT SHIS|H

BRER

singly linked list

— — — —> —> None

R

circular linked list

[V '¥ V]

R

doubly linked list

\——/ — \——/ —/ —> None
None <— — -— fe— -~

4-8 B ULEERANE

4.2.4 §EREENA

BAABEROEH Tk, BB, I dm R S R 4hit.,

- B BNII: S AFOIERIRFARAE BER I — It ATIN, e RBU St iE AR, XRG4 AR M
TERERM —ImittAT, MIBRIRIEIERERA S —ImitAT, BRI SEESE AR, X RIBAS,

- AR EEUHIERRRIE R MRV ER TR —, EZART, A FRIITRESRE— MR
o
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- B AERERRFORER AR AT, KRB TUEES — MR RE, SRR TR
R %I R HAB T

MABERH A TR EPEE AT — DG — NT R R,

© ERBIRETH: LLAITELLBRRE, B AR, AT EVIRT AR A, XA OB R T R P R e
AT YT I SR SEER,  SRLT XA e,

- PSRRI AEM DU YA, P R AT USRI, (X ST AR R RIE AP i R BT —
JE—MIITT A AV EER AR E SRR AL 1S faT 5

- LRU Rk eIk (LRU) Bk, BT EREE SR/ ERRESE, DS PRIEG I
FARMBRTY slo IXMH i A XA BE R AR A 51,

INPBERT T HREMIRERNIR, HURERFRI BRI,

- N RRREIERIL . ERERGD, WRAREEERZRE —fE WL CPU REREE, BEREXN—
HUAFERATIEIN, BRSO T— DN R, MR AZER, CPU YRS N — M, XAhE
AT DU R R R B

- BRI ERERR RN X RSB, MATRES MRS, HRAIEE, MRS, B
A RES B N DRI AN —DINERER, DUESLHITC2E R

4.3 HI&R

FIR (list) B MIRIBIREIS, ERRTRAERES, XFTRVM, B @, MERFEmn
SRR, TOUERE SR RIRFIN R, 517 AT DA T HER s LI,

- EERRARRI DB MIIR, HERrR &SR e, I H AT AREShEST A
- B RTREM AR, HHTHREANZ, REREEE—NEERERHINYIL,

HEHBAESBIIRN, KREANERNMERE SBEIRNLMTERL, X2 ENBNEE TEF e R =
fefitz/ DEdE, MTMAELOERSERISPIRKE, A RED/D, WIRAEEMEHEMTNR, HFRETR, M
RIEENF 2 HTR B

Aot Al @, FATA] DA S sk (dynamic array) SRSCEISIZR, B9 TEAMN ST A, FFHATPA
TEREF I TR TIST A

SR b, VP2 gnFEiE T TP IAREFE BRI A R T A B IS, B Python AT list . Java Hf
ArraylList . C++ i vector Fll C# HY List &, fEE FRAUIICH, FRATEIE “FIR” 1 “BhaAEdH” M
IR I

4.3.1 FIRERIRE
1. YakTIR

BANEHEM “TCHHAE" M “BHRE" XML
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# === File: list.p

# IR
# THAE

nums1: list[int] = []

# BHiAE

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

2. hiRlTE

FFRAJT R, R PAE O(1) IRIN YT RIATERTUTER, R R &,

# === File: list.py

# MiRTE

num: int = nums[1]

# TR
nums[1] = 0

3. EASHRTER

# pRER5| 1 ARITER

# BR5 1 RBITEREFHN 0

T EE, FIRATLE dtis i S MERoc R, EFIREMRRINTTRINRIEARERN O(1), (5 AFIMER

TERIIRCRI S BAMR, NAERERN O(n) .

# === File: list.py

# BTHIR

nums.

# EREAINITER
nums.
nums.
nums.

nums.

nums

# TEREEANTTER
nums.insert(3, 6) # TE&5| 3 WENEF 6

clear()

append(1)
append(3)
append(2)
append(5)

.append(4)

# fBRTER

nums.

pop(3)

# MBRZ=R51 3 LBy E
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4. BHYIER

SR, FIRATDIRIERS IR, el AEREH %R,
# === File: list.py ===

# BER5EHYIR
count = 0
for 1 in range(len(nums)):

count += nums[1i]
# BEBHYIRTER

for num in nums:

count += num

5. HHEFIR

L7 — TR nums1 , FRATTAT LR HBHE S 551 3R 1 R #E
# === File: list.py ===

# PHEM IR

numsl: list[int] = [6, 8, 7, 10, 9]
nums += numsl # B%IFR numsl BHEER nums 25

6. HIFFI®

AR R, BAWER] AR ERA R BRI EHEER “ &I M TUEH” Bik

# === File: list.py ===

# HF5IR
nums.sort() # HIFEE, FIRTEMNEIARHS

4.3.2 5IREY

WEHmIEESNE 7Y5, fll Java, C++, Python 5%, BEMISKBILLEE 2%, #MSEIIRELIRE 2

F, PINPIR AR, § A EEEE, BOGERBEEE rl A& P IRIEA T3,
N T IR FNER TR BB, B2 — MR ZRYIR, BN =1 E AR,
© PR R DB A AR, ARG, FATER 10 ENE1G

- BEIES: A NER size, MTIERVIRLAITREE, FHEHETRMAFMERSER i, AR

BEAE R, FRIVTATDUE IR, DRI RS TEY 2,
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PEOH: SREATRNYIREREH, WHRZEHTY R, oiET A ERerE - N ERNKA, Bk
SRTEBEHRIFTE TR IR S . EAOREI, BAIME IR B EZ A1 2 15,

# === File: my_list.py ===

class MyList:
nwnn 7;”%%" nn

def __init__(self):
n SR E
self. capacity: int = 10 # JIRBE
self. arr: list[int] = [0] * self._capacity # #UH (ZfE%IRTE)
self._size: int = 0 # FIRKE (HFix=IHE)
self._extend_ratio: int = 2 # @XIIRT BHIEE

def size(self) -> int:
"t SRENGIRKE (HRimmERHE) "

return self._size

def capacity(self) -> int:
wnn ﬁﬁyb‘u;ﬁggn nn
return self._capacity

def get(self, index: int) -> int:
Ao S
# HSIINRBFR, WHERE, TE
if index < 0 or index >= self._size:
raise IndexError(" ZE5|#MR")

return self._arr[index]

def set(self, num: int, index: int):
o R
if index < 0 or index >= self._size:
raise IndexError(" Z5[#HR")

self._arr[index] = num

def add(self, num: int):
" EREERAINTTE "
# TEHNEBHAEE, MLy BN
if self.size() == self.capacity():
self.extend_capacity()
self._arr[self._size] = num

self._size += 1

def insert(self, num: int, index: int):
nnn Ecpia?ﬁ)\ﬁgu nn

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

# TERNEBHAEMH, MLy SN

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

# KR35l index UNZENTREEREEEEH—AL

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

self._arr[index] = num

# BN RERE

self._size += 1

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

n pBRITER" "

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

num = self._arr[index]

# KR35l index ZERITTEREBRFIEE—{L

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

# BN ENE

self._size -= 1
# R[EEMIFRAI TR
return num

def extend_capacity(self):
By E
# ME—MKENFEHA _extend_ratio fERVFTEE, FHIGREAESHIZIFEA
self._arr = self._arr + [0] * self.capacity() * (self._extend_ratio - 1)
# ENTIREE

self._capacity = len(self._arr)

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

return self._arr[: self._size]

4.4 RIESEE"

FEAZERRTN T, BRI TEAM R R BB R BRES, eMNosfR T “E8miE"
“OYRRAEE” R BEEER

KPR b, PIBRESHIEAR RS L OE TR X AR A7 OB RIRCR,  EMT RN S TR AR P R BE A PR RE
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4.4.1 HBENEHESS

RN =M AR5 & (hard disk). W7 (random-access memory, RAM), #&7F (cache
memory), 3 4-2 J&/R T e HEH ENR G PR A GFPERERE Rl

* 42 HEAHNFER S

(TSN [NEE &7

Mg KU OESdE, BRRIERSL G i S RTNSTRIRFPAIE  FEEHETIREBIEES, W) CPU
P, XfFE TEAC TR AR iR AR

Sk WREBEEARRER LIGEVE GRS S LIGEVER S ETPREE S

13

wEOBK, TBYY B, GB 45l FEH /N, MB 5l

HE B8, JLAELT MB/s gk, JLt GB/s JEF R, JLHEJLE GB/s

ks BfEE, JLEFHJLT/GB 25, JLTEILET/ GB JEH S, BE CPU TR

AT A H BENAZ E RGN E 4-9 s S TIEE5H, BEE EFETm A7 i I i R, &
BN, AR, IR R ARME, TR EARE SR TRITE I IR RUE AR

- WEEERAINAAII, B, PEFPRIEIREN AR ER, FIENES KIFERDE, HX, W
HIRA SRR LA, IX (R e ATETH B8 T R

- RAFRIRA R EEEAE DGR, BEE L1, L2, L3 REMNARBIHA, HYERSISEK, 5 CPU
bz MR EREE B R0, AT SRR EN RN, JTRVTERE S, £4AERT, 2R
RIRAFEEA R A R, TR A 2[RI B P

CPU

L1 Cache

Ecd L2 Cache

g

4-9 HRHFERS

HREE s
g HAk
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Note
RN EZ IR T IHE, AR =5 Z BIREOFE, Lhr b, XS EFEET
FiE T, B SR BATHEAR R IR R Hl < [ 5 A 1 R

R, SRS T R RER REBUE, WA TR R a1 T e AR PRGN, 2247 W T 120k
LW VIMNBIEHIES, DIREREFIBITHER, =& HAE, WRHEIRESI0ET,

NI 4-10 FoR, FERERFIBTTIN, BdE R AR HIRREIAGFES, 4 CPU HEMM, 27 a] IEE CPU Y
—Ekor, BN AR NP INEREE, 4 CPU R miER IR, WM EERTHEFRIHITRER, #D
KRR HI A AF B

. —>
p <— - R

l
|
D

WiRgE EF RTFE 7354

CPU

Kl 4-10 BEEL. W% 2 RIEHE R

4.4.2 HIRLGHINRNTFRE

TENFE A7, MRS EBAIEMRRE,

—J5m, PFRARRE, HFE—RNEARER S MRS, BRI RS e R AT RE Mt
2, BEHRTRREEHS, ATREHIMNI RRAAERER T AR5 (FaEh), RIS RReRE &, 2R,
BATE R BHESNF 2R, IXATRESFBUNIAIRSE, By A th el RSN I AR 23 Rl A
MEEZ S, BERDL A7 MR TE AN A BCAIEI, SR T R R TG M

S, RIS, BEEREPIE SRR, RPNAFIRER (R gOoRERE, I S BN A7 Y
FARCR R, BAHBTHESNFET K, HNAR S SBNFERR L. Mk, BERIIITTRR TR,
BRI SRR e, RS SFBNER AL,

4.4.3 HIBRGHNERTFRE

R BREDAAE R NTAE, BERRNFRGE S, ERFITHRE LS ECEZENER, BTEF
MEEARR, JEEFME—/ N ME TR EDE, Kt CPU iR EHEAERGF TN, ML LR
KaH (cache miss), It CPU ANMFAMIEEELIGHI N7 BT s,

BAR, “GArARanh” @P, CPU BSBIRIIRAR MG, 2P EREthatistr, AT CPU IR FFIIER
EEURHILLBIFR I Fa =R (cache hitrate), X MMEFRIEH R REFICEE,

NTRATREIREE S AR, A 2 R E A MR AN EALH,
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© BT RAFANZRA TG S INEREE, TEARGFT NN, TR TR, %17
R = R

- FREOHUR: Ab B 2RISR R (BN, EE 2 KBRERTTRISE), FARMER e A
R E R 2 H, MMHRT R,

- MR WUER D EARRIE, B2 ERNEREEE TR I SO, Ei, RAFEANESE
faly, REHEMNIAEEE, DaEmmahR,

- WA AR — N EARBIIR], AR EEAARIRERIR AT REFFRB I A, 22 A7 A X — R B, @i
TR B BRI V5 A1 R B R AR A R

bR L, BERMBERNRAAFI AR R AR, EEARBAEUT L5,

- AN BERITRIBETTR SR E S, SBRAHENNEREIRRE D,

©OBRAHMT: REREURE D BENGERLL, MR TR 8, RIS e R L =,
- PHHLH: BCEH EBER BRI CE R TR,  BIRSUE A 206 BRI B £,
- MR BB R ER TR A, RN BRI A 8E A AT RERIR T M),

BARTE, BHBRAERNEAG R, FCeERredes BaE Tk, XESERREIAREN, &
TEAH IR RR A A 5 52 X0,

TEERAE, MEFICRIFAEWERAENAN O MMETBER, SChrR A ik IR BuESsA, AR
TRRATIRCROGE, Blan, BEHMBEREATDASLEL “H” BdRgs (F—=EXE40 40, HEMEm T AHE
75

- EMOERTRRN, AT T TSI, FOVERME T AR ERCR A BEA LI R A 5E
71, A CUR TR E RN i —E RIS AL,

CARBHRRAER R, SSHRE. AT NERME T, IR TR SRR E N SIS, HERAET
RER BRI BUFET NI ARIER Y, FF Bl 7 ey A A RN,

4.5 g

1. BB

- BEHMBER R RS A RIBAREER, I AREBUERAE T BN PR R 7530 3L RA7 B
IR, P RYRE R S P EANR

- BEHSRRRENLTIRL, S HRFRD, EEARBBRITRSERR, BGHEKEARZ,

- REREN G I (FEE) KRR RAE A SRR, EATDAR IR R (R RRAR, &
RN, HIULRRERRRI AR AR, IMERER, TAHER,

- HIRBE MM ERKTTR AR S, ERE TSI, ERE TEAHES, RNFTLAR
AR,

- HIRAHBURIETE & T BRI, (HATRE B 2 N2 RITR 2R

- RFIBITR, BdEEEAMEENT, SRR EE SRS RRCR, MEERNENF M _EENR
o

© RAPIENRAFAT. B AR 2 1R R MR (R R R S R B L, v CPU R Bt Pid B i/l
BETETHEF R TRCR,

- HTEABAERNERFMTR, RIWEEE LR E & EREREIRSn, NARYE BATR R
oy anl EEpriEE N
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2. Q&A

Q: BAAFIBLER EAIFIBLESE L, X RBACRM S R 2 S A2
TR LA L AR AR IR AE RSN R S RN, BEIRIERCREA —B 281, ARAIHERAG % B IVR
R, MBI AR .

1. DECFIRECER : #B— B NINAE, BLH Wy B ahsen; msEMNFEAENER, A] DAERS )
Ao, EAZWA . B, #E BRI IGREE R b BRI,

2. KU/NBR: RN RN, MR R/ N—RSZBR T AT HNAE, R INE & 7 R,

3. RIEME: B EREANRNFEEESRENTE, i LA N DA T 8hASHE
Q: N LBEHESRMEFZEAIRITER, MIERER AN A SV RS AUE?
PERBT AR, VAZENESSIH (88 &R, S0 R DAEEARREAEHE, 140 int, double,
string. object &,
FEATHE, A TRENAIUEMERISERI, XA GBI T R EoRIRBOS R TR A E, Filan, HEARR
& int A long PIFIZRA BAANSTESHIGH 4 779 f1 8 719, WREEAREHA L FARX T EREE T, KH
BWAPES TR “TTERKE,

# TEAFMIE = BARFIE (ExEREMIL) + TEZKE * TRR5I

Q: MBRTA PG, EBETEH P.next 529 None IE?

AL p.next HATLL, MIZBERIGAEE, ALY AOBITERE T M OE R85 p T, JXEE TS P 04
MFERPIER T, I 2 P AT R 2 R B 27 L B,
MEHREA 5% (M) MR, RNTFREXR, NI EE R EROMT. MR
BE, WOTENZA, WEEMEN. GRRNTIE, MR SRWE S E, T T2 RS2
P EIR.
Q: TERERFEANMIRRI RS 22 O(1) . [EEMMHHFTRE O(n) W HEHILE, Wi
LIRS ERE O(n) 12
MEREEHITR, FMRITE, WS REHITE O(n) . AT, BEFI O(1) RIMIIIH A e M
F_EASEIABL, B, WFIBAIE S (RSB, Bl — ME RIS A, RS, B
A SRR O(1) .
Q: B “RERE LSRR, I CITE I SRR R T — B HAEID? SRR A
g2
R RN REIET, ERETH AR,
- RFRAI AU S IR R AR, HAT int. long. double FISZHIR 5225,
4SRRI R A MR G R R G R, KN 8 TR 4 777,
Q: TEFIFARRIFIITERE TN ZLE N O(1) ?

GUERIITRNE IR KE, WTRECY RYIRERMN, RIEXHIEHUINE, HREYRNTE T
Ezd £, XNENEEZRERSE O(n) .
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Q: “FIRMHBIM AR & 7 AN, HATRESFBER D NSRS, X EAZ FIR SR FE MY
I RINA R, KE, I AEET S RINEL?

XERS R EEEM IS — i, FIRARBE MG RE, BMIAEREARXLZ; 5—
JiE, AN TRIEEY R, IR -REEU-DRE, A x 1.5, XAk, WREIRZ A, BiTE
HANRESE IR EA

Q: f£ Python H#J4atk n = [1, 2, 3]1/F, X 3 PMICRAVHEZMER), (B2 n = [2, 1, 3] K&
ENHFNITRE id FHFARIESR, T2 AR n PR, IXLETTRITHIEANESE, B2 m IR EEH IS ?

[BAnIEFIRITTEBABER T A n = [n1, n2, n3, n4, n5], EHEEH TIX 5 N RN RS EAEMEENTTF
b, R, EE—MHIRERG], BAUHIARTE O(1) I EPARECT RN IbE, AT 7 IR IR B9
XIREN B AR T RS, TR R B

SWZIESF AR, Python FRIEFMEEIRNNR, FIRPFERNARETAS, MENETHIGTIH,
I, BANSEZIHR DN EBAHFRAHERR AR~ id, I HIXER R AL TCAESE,

Q: C++STL HH std: : list EAKNH 7T WABER, HIFE—EREB EAELHE#RE, 2AN2EN
At 2 RRMEDE?

—J5H, BAVEEEFREABESEIRNE, mAELEN AR, EREEWER,

- FREFFE: BTSN TERFTEMNESMYET (— MR TEI— MR, —MHTE—TTR), il
std::list BH L std: :vector & 5 HZ(H],

© BIFARKRE: HTER AR RIESAE Y, R std: : List X BAEIR I RER, —fZIEIT R, std: :vector
HITERES AT

77, EE A RER A 0L R T AIE, ARSI 2 6 g iE 5 12 LAY stack F1 queue ,
MAERER,

Q: WIHILHFR res = [0] * self.size() ##1E, =FE res N TTR S| FAHIE RIS ?

ANe, [HOHASH XN R, MIayial — 455 res = [[0] * self.size()], MZXRIIHTE—
HIF% [0] o
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Abstract
Fetn RS S, A Y EUGIETEHERA
M AR NG R NSRBI R,
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5.1 %

% (stack) B—HmNEfEL NG HIZE LM R,

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

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

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

ll S/

BRI

B 5-1 ARG AL

5.1.1 R RIRE

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

R 51 FRAIBRIERCR

PR o fif ) 2 2

push() TEEAM GFIEEID  O(1)

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

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

# fatR
# Python EBERERIRE, AILUE list SH{EHERER
stack: list[int] = []

# TTENE

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

# RRIT R
peek: int = stack[-1]

# TR
pop: int = stack.pop()

# AR KE

size: int = len(stack)

# FII RS AT

is_empty: bool = len(stack) ==

5.1.2 RBYEMm

N TN T AR T, BAPRZA A LB

FRIEIE S NG AR, R BT R REFEARTRA NS ER TR, AT, M FIBERHES AT DAEAE R AL B AN
MERTCER, DREReal DAMOA —Rh3Z BRI B s B ., uf0idi, FRATATEL “BRill” B sl aRkait o ok

BerE, BHXINRBIREEAT SHARHE,

1. BTFH#RNIH

(S FBER SRR, FRATAT DORF R A Sk 1 A ARTH, B A AR R

i 5-2 Fow, T AR, BATRFRROTREATER KSR, XA mEm AT AP AT, T

HARRRME, HFRSLT RONBER AR HBRET AT
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A b
SR
Qimn Py
IR
A l ] e xR S°> o
2 o B ]
ERTIESE ] ERTRESR
HIRIAIE 2 ) SR (2)
a 8 4
RHA @ 8 RS <©
| Step 1 \ Step 2 |
iﬁ) froees
ssx (@)
2 EESMERR °
g HINERAIE )
l"’ BH5 "
| step 3

B 5-2 FETHERTIRMI AR i

DA 25 T RER ST A R I :

# === File: linkedlist_stack.py

class LinkedListStack:

def

def

def

def

BT ERTIOE" "

__init__(self):

R

self._peek: ListNode | None = None

self._size: int = 0

size(self) -> 1int:
" RERHRE

return self._size

is_empty(self) -> bool:
nnn ¥u&ﬁ*§%§“ §|| nn
return self._size ==

push(self, val: int):
N

node = ListNode(val)
node.next = self._peek

self._peek = node
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self._size += 1

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

return num

def peek(self) -> int:

" BRI ITER" "

if self.is_empty():
raise IndexError(" HHAZT")

return self._peek.val

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

n BT RBFETED

arr = []

node = self._peek

while node:
arr.append(node.val)
node = node.next

arr.reverse()

return arr

2. BTFHENEH

S PR SCEARIS, FATTAT DR BEH R MBI RI, A& 5-3 Fvs, AR ka0 At A 22
WITRSMERTR, NRERERHN O(1) .

push(4)
=

r BURRIREE(
PN l I i

BE 4
ARINE LB EED

REEMENA
FIMRAAR

RELHE%RE
FIRAAE

-1
[-T-T-T-T-]

l Step 1 } Step 2
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Hi%
pop()
ISR R TTE
g EEERENA R g
a FHohRMAE a
1 ] HRE l'

‘ Step 3

5-3 AT HEHLBURA AR MR E

BT AR TTER AT RE S TRTF AN N, R ERATT AT DAGE R ShASEE, IXFERE I/t B 17 A BRE ALY 2 TR)
PATR AR BAHs -

# === File: array_stack.py ===

class ArrayStack:

" EFRASIA

def __init__(self):
wnn *’@iﬁﬁ;i" nn
self._stack: list[int] = []

def size(self) -> int:
" REVRHRKE

return len(self._stack)

def is_empty(self) -> bool:
mun 3{”&’&*&%%{ ‘\ ?u nn

return self._size ==

def push(self, item: int):
nwnn A*&u nn
self._stack.append(item)

def pop(self) -> int:
T
if self.is_empty():
raise IndexError(" HEAZT")

return self._stack.pop()

def peek(self) -> int:
" BRI TR
if self.is_empty():
raise IndexError(" H%HAZE")
return self._stack[-1]
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def to_list(self) -> list[int]:
" R EFIRA T

return self._stack

5.1.3 FRFhSCINFTEL

SCRiRAE

PARPSEELER SCRAHOE SR IR, BEH KBRS SCRREN LI, (HIX TR TARE Gk, Rt —
A=HE,

SITEves

TERT RN, ABA AR BRI ERE R AL RES N T, BARGFIEREARIN, FIH
K. R, WRAENEHBARR, MLy AHH, SBOZRAIRENNRISZRELHN O(n) .

TEAETHERMISCII, BERMYBAERE, A LAY ANBCRE R, B2, AMHREHRE
PIGAAT RN GOTERAEE, RIERCREN R, AN, WRABTTRAGMZ T RNR, IARTLE 28]
WP IR, TR RRER,

LR LRI, UAES HEARIER TR R EARIREALNS, HIA0 int B double , FATTRTDATSHHH DA RESIE,

BT BB EAE AT AR 2R, (BT AR IR, HIH PR E &,
- BT RERRSCEIRIR AT DR L S RS HURCR R I

iy &

TEWHAAIERN, RGERNIIRDI “WIaAR", WA RAREBEHERHEXR; HE, ¥ AU 2R
TEREER (BN 2 15%) TP AN, P RENARRAREBEHIIRTRR, B, JET AL fEEmR—
SE A RTRBE

SR, I TRERT T EHME O TEEr, PBLRERTT RLE 2 MR,

gi b, FATIARERT s st MR AP SCELEANTT & NAE, To 2 e B OUEAT 04T

5.1.4 HRBBEEINA

- PINESP RSB SRS, PO S R, SEBATTHRIM DT, M8 E— R
FTINKR, RXAEBA AT POEIS R IR 1R AR 2] E— D 0T EiRBRESEPr LR AT ik, ARZE RN
RGBT, AR T ZM MREL &5,

- BRI, U0 EEN, RGUARREARTRARIN— MR, T ICRE S LI ER. i
R, AN IEHER B RITAT ARARAE, Tk [R1RT BOU S AN AT AR R

5.2 BA%l

PAZI (queue) J2—FEIESC AJCtH UM IEIERARESE I, B8 S, BRARRIL T HERATRR,  BIFrRAT AT
IMAAFIRERR, AL T-BASISLHERH NB A B TT
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i 5-4 FoR, BATRBAFISKERFRO “BAE”, EEFCN “TAR”, RAETTRIMANERIERIEN S “ A",
BREAE TCRAVERIEN N “HIBL”

AT HIRA HEA
queue pop() pop()

B /.n B
i | /

Ak

NBA PN
push(5) push(4)

5-4 BASIRIFC AR

5.2.1 PASIERREE

PABIR R WA R 5-2 DR, REERNZ, NAMZESHTIRARATEEREAR, JRIELRAS
HARRIT /T %4

52 BAIIEBRAERCR

T ik I [P 52 A
push() JCRABN, BRRTCRIFMERE  O(1)
pop()  PAETLERHIFA 0O(1)
peek()  IMBAETCER 0(1)

PATTRT AE R E w2 18 = IR AIRASIZE |

# === File: queue.py ===

from collections import deque

# ¥R 1EBAT
# 7£ Python A, F1—AREINMEPATIZE deque H{EPAFIER
# BIR queue.Queue() BLLIERIPAFIZE, BRKITFHA, FLLAHEE
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que: deque[int] = deque()

# JTRENRA

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

# RIPAE TR
front: int = que[0]

# JTEREBA
pop: int = que.popleft()

# FREVATIRIKE

size: int = len(que)

# FIMIATIRE AT
is_empty: bool = len(que) ==

5.2.2 PAFISEER

Ko

1. BEFH#RNEH

N T RIS, BT R EdRairy, A DIE—SiinonR, HaES —mMEReR, MRS a=

aniE 5-5 Fw, BATAT DURFBERAY K" M “RAR” ARy “BRET F1OCBAET, MUERARAATERN

T, BAE DT IER T A

s
an |6
'a
a ERRIESE
o FHIMREHIAT
an |

Step 1

Step 2

NBA
push(4)

EEEREER
FIMRIAATY

BHR 4

RINERERE

(TR

A
o
L

S

P

p

2 A &
@ - —
- -

S
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pop() BIBRET R

B g?
3 ] P
- ] EELRRER (- )
o HSRIHIATY |
]

o
BEHm é

{ Step 3

K 5-5 FETHERIIABASIAI AR BAIRAE

DA /2 I BER SIS A AL -
# === File: linkedlist_queue.py ===

class LinkedListQueue:

nun g%%%iiﬂﬂgl}*ﬁu nnn

def __init__(self):
e RE A
self._front: ListNode | None = None # 3kTs front
self. rear: ListNode | None = None # BT rear

self._size: int = 0

def size(self) -> int:
" RERABIB R

return self._size

def is_empty(self) -> bool:
mun 3{“%"5}\5”%%{“ EII nn

return self._size ==

def push(self, num: int):
e ONBA
# EETHEEARM nun
node = ListNode(num)
# MRATIAZ, NSk, BENREERZTR
if self._front is None:
self._front = node
self._rear = node
# MRAFTIANE, WEZHRRNEIENRE
else:
self._rear.next = node
self._rear = node

self._size += 1
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def pop(self) -> int:
TN
num = self.peek()
# MR =
self._front = self._front.next

self._size -= 1

return num

def peek(self) -> int:
" JAEIANETTE"""
if self.is_empty():
raise IndexError(" BABIRZ"
return self._front.val

def to_list(self) -> list[int]:
" R ABIRATHED
queue = []
temp = self._front
while temp:
queue.append(temp.val)
temp = temp.next

return queue

2. BFHARTH
TEHEHP PR E RN EERERN O(n) , X2SFEHIBIRERCRER. AT, BATAT LR RSG5
TR 3K [

BT AERH — N2 & front FEMAE TR RG], HEP — DL E size HTIERBAINKE, E X
rear = front + size, XMNARHEHN rear HEAINEBITEZ G F— M E,

HF Rt BAPREICRIAERX BN [front, rear - 1], FMERIEIISLITIRUE 5-6 AR,

ABAERAE: K NTTRIMES rear KT, ¥ size fN 1,
HiBAIRAE: TR front 8900 1, FHF size B 1,

FIDAEEI, ABAFHH AR RS LR T — e, INEERESN O(1) .

front iEEPAFIETR 1. HERIEH rear

rear HEENFIRTE + 1 2. BTRRME rear &
rear = front + size 3.9 size Fift 1
ABA
B push(4)
front » front »
HPA T BAFIHEE BAFIHEEE
size = 4 size = 5
EERERENRA EETREHRA
FHIMRIMAPATY FHIRIMAPAT
A T rear > |« ‘ rear > n
MR

Step 1 : Step 2
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1.4 front B 1

2. 3% size BA 1
HEA E
pop()
B) front » n MBI

ize = 4

a8 EELRESE ﬂ o
] FShEIIIBATI a
o @

Step 3 U

5-6 T SLHBASIHI A BN H AR

TRATRE S IR —NAR: CEARMTIEAT ABAHTEHRARYIE A2, Front HT rear ERIEMAHE), HEMNFAEEE
FRIRTICIRARSERS AN 1o O T RERIEIE,  BATTRT DUR BRI B AR AR,

XTI, BAOFTEIL front 3L rear FERUS B RN, BEHERIFI AL KRR SE . IXFE BRI
FIDOEE “BURERIET RSB, AR RTR:

# === File: array_queue.py ===

class ArrayQueue:

" BT ARG

def __init__(self, size: int):
n SR E
self. nums: list[int] = [0] * size # FAFTTEHETITERIZA
self._front: int = 0 # PAEIEE, FEMIETTE
self. size: int = 0 # PABIKE

def capacity(self) -> int:
[INIRT} ﬁﬁyl}*ﬁ”ﬂgg%u nn

return len(self._nums)

def size(self) -> int:
" REUABIRORE "

return self._size

def is_empty(self) -> bool:
nnn ¥U%KA§|JIEEIZZI:%EE nnn

return self._size ==

def push(self, num: int):
A
if self._size == self.capacity():
raise IndexError(" BAFIEH")
# ITHEINEIES, EMAERRS] + 1
# BT EVRIRIERI rear MU EAR S EMEIFKE
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rear: int = (self._front + self._size) % self.capacity()
# 3 num RINZEPAE
self._nums[rear] = num

self._size += 1

def pop(self) -> int:
A
num: int = self.peek()
# ABIESTREH—, SEHidEER, NiREIF$HKE
self._front = (self._front + 1) % self.capacity()
self._size -= 1

return num

def peek(self) -> int:
" IhEIPAE TR
if self.is_empty():
raise IndexError(" PAFIAZE")

return self._nums[self._front]

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

return res

PAESCEIRIBASS R B JRIRE . HAREARTAE, 2RI, XD RIEANKERRR, BT DOR RS Hoh 585K
H, MmsIAT AL, A4 rieE a] A BT S580,

PIRPSEELRAS LS Ie S — 8K, fEA BN,

5.2.3 PASIEEIN A

- IR, WYE IR, TR, RS SRR BRI B AR
[, JERFAIANSEERITR, SR BON TR 2 RSO A,

© BRI, EMFREII YOREET IRERIZR, PIANITENNLRIESS BB, BT H SIS,
PABITEIX £tz 5t il DU Rt 4E4r A BRI

5.3 EPAFI

TERRFI TR, BAMLAREMIBR K E T R e E R AR AT R, W& 5-7 AR, IXEPATI (double-ended queue) 2
T ERAREN, VSR B AT e R AN R
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WFBATI PAENBA PAEHIPA
deque push_first(1) pop_first()
UN=}
||| am

(-] [~]-] - Fo
8000 - g

A ]|

PAR léll

FARNBA FARHPA
push_last(4) pop_last()

B 5-7 XAIASI AR

5.3.1 WEAEPATIERIR(E
XTEIABI ) PRI EANR 5-3 FR, BRI 75 IR0 PR T ZEARYE T (o T O R T8 5 SR

%53 WIANTHRIERER

JiiE% Eripn I ) 52 2

push_first() HFCRBMENE O(1)
push_last()  WILRRMENE O(1)
pop_first()  MIFRFAETTHR O(1)
pop_last() JHIBRBAEE TR O(1)
peek_first() IHRIAEITE O(1)
peek_last()  ViABAEILE 0(1)

e, FATAT AEF(E AR AR1E S H LSS R A A RAFI2E :
# === File: deque.py ===
from collections import deque

# a1 AT
deque: deque[int] = deque()
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# TTENR
deque.append(2) # AINENE
deque.append(5)

deque.append(4)
deque.appendleft(3) # HIMZEPAE

deque.appendleft(1)

# ihRlT R
front: int = deque[0] # FABEITTZE
rear: int = deque[-1] # PAEBTTE

# JLERHPA
pop_front: int = deque.popleft()
pop_rear: int = deque.pop()

# REVWEA TR KE

size: int = len(deque)

# FIMINEAFIRE A=
is_empty: bool = len(deque) ==

5.3.2 WmEPAFISEIR *

# PABETTERLHM
# PARTTERHMA

KEASIEISLBL S PASIZEAL,  w] DO RER S M N IR B ERES .

1. BEFNAEHERHER

(BB L —5 P, Bl M 8 J PR A REROR SEBLRAS, R e mT DAY (A BRSk 17 s O B EHBAFRAE) e
R RUGAIET 1T 5 O A PAERIE)

T XAASITT S, SkESFIRE AR AT AT NAFIHI BN, Hmgimid, INEBAS TR S S — R FRTT 7]
AR, Dhit, FRATRA “WABER" (E A SR R EBHREEH,

A 5-8 AR, FRATTREXR A BER A ST MR s A XX A BAB I A AIBA R, [ AR SEELAE IRt R AT AR

TR RE.

PAE

ne | | na FBR
A AR 1
EEEIENAER
FHIMRIA AT i
PAR T l BAR BTR
ABA HBA

PR
Step 1

Step 2

FARPA BER 4
push_last(4) RNEFEREE

xwE
1l

EEEIENAEE
FHIMRIA AT N
a 1
resn (@
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B 1
FNERERAS WISRTE
REAR BRI
push_first(1) ES @ pop_last() EAHR g
° $ .
a EERRENASR (2 ) a ERERENAEE 5
o TR EAF o HIMRIA AT
© BHE @
RES
| Step 3 Step 4 |
I
pop_first() BB R
xsa @
B  =EmEmamx ©
a S RIF AT /[
BHA !5
[ Step 5
5-8 FETFER ST AFAZI A PN H A5 E
LIRS R FR
# === File: linkedlist_deque.py ===

class ListNode:

nun yﬂﬁ%ﬁ*ﬁ/ﬁ‘ nnn

def __init__(self, val: int):
n ME A
self.val: int = val
self.next: ListNode | None = None # /54*Tim=5|MH
self.prev: ListNode | None = None # RUIKTIs5|FH

class LinkedListDeque:

" BT IR

def __init__(self):
n MG E
self._front: ListNode | None = None # kTism front
self._rear: ListNode | None = None # EETif rear

self._size: int = 0 # WAEPFINKE

def size(self) -> int:
" RERIREBI K

return self._size
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def

def

def

def

def

is_empty(self) -> bool:
" SR S

return self._size ==

push(self, num: int, is_front: bool):
mr ONBARRAEN
node = ListNode(num)
# EPERAT, ML front A rear #FHEM node
if self.is_empty():
self._front = self._rear = node
# FAENBAIRME
elif is_front:
# & node FINEHERKE
self._front.prev = node
node.next = self._front
self. front = node # EFHkTS
# FARNBAREME
else:
# B node FINEFERESD
self._rear.next = node
node.prev = self._rear
self. _rear = node # FHETS
self. _size += 1 # BEHIAFIKE

push_first(self, num: int):
AR

self.push(num, True)

push_last(self, num: int):
nnn B}\E)\[}}\“ nn
self.push(num, False)

pop(self, is_front: bool) -> int:
ner HBARRLE
if self.is_empty():
raise IndexError(" W@EPAFIAZT")
# FAE HPAIRME
if is_front:
val: int = self._front.val # HELTHE
# MERAT =
fnext: ListNode | None = self._front.next
if fnext != None:
fnext.prev = None
self._front.next = None
self._front = fnext # EFLkT=
# FAR AR
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else:
val: int = self. rear.val # BHEFEETSE
# MERET R
rprev: ListNode | None = self._rear.prev
if rprev != None:
rprev.next = None
self._rear.prev = None
self. rear = rprev # EHETS
self. size -= 1 # FHATIKE

return val

def pop_first(self) -> int:
wnn ﬁ}\_éth'ﬁ)\" nn
return self.pop(True)

def pop_last(self) -> int:
nnn ﬁA}%H:”}}\“ nn
return self.pop(False)

def peek_first(self) -> int:
" BEAE TR
if self.is_empty():
raise IndexError(" W@EPAFIAZ")
return self._front.val

def peek_last(self) -> int:
AN S
if self.is_empty():
raise IndexError(" WEPAFIAZE")

return self._rear.val

def to_array(self) -> list[int]:
" REIEEERTFATED
node = self._front
res = [0] * self.size()
for 1 in range(self.size()):
res[i1] = node.val
node = node.next

return res

2. BTFHENEH

s 5-9 FoR, SETEASCIIASISEEL,  BATH AT DUE AR RSB ET RS
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1. iHBRIES rear
2. BTERME rear &
3. % size B 1

front IEEPAFIETR
rear EEMFIETE + 1

rear = front + size

BAEBA
AR push_last(4)
&5 a l &a front > I‘}:FUKE MF‘H}’:&
size = 3 size = 4
a RETIREFSA a REEMRREFSA
a I RMAMFATI a FIMRIAMEAT]
PAR 1 l PBAR
ABA HEA rear >
ME
[ Step 1 ] Step 2
1. % front B 1
2. BRRME front & R .
3. 4§ size B 1 1. % size HAE 1
U=PUN BAEEHHPA
push_first(1) pop_last()
1 1
g BAFIHEE = BATIKE
size = 5 9 size = 4
ERERREARE n ERER2EARA
B PRI I AT B HIPRI AT
l Step 3 ] Step 4
1.3 front Eif 1
2. % size BA 1
BAETHHEA
pop_first()
front > BAFIHKEE
size = 3
EESEERRIFRA
a FHIMRIMATEAT]
‘ Step 5

5-9  FETEEA I FBAAIEI A B A1
TERAFIE)SEERESR b, AXFRIEAN “PAEr AR 0 “BARBHHRN” A7 i%:
# === File: array_deque.py ===

class ArrayDeque:

n BT IR SR A AT

def __init__(self, capacity: int):
A
self._nums: list[int] = [0] * capacity
self._front: int = 0

self._size: int = 0

def capacity(self) -> int:
" REIREBI R
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def

def

def

def

def

def

return len(self._nums)

size(self) -> 1int:
" SRR B I KR

return self._size

is_empty(self) -> bool:
AR EASIRE

return self._size ==

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

" R A RS

# B ECRIBERI AT ERE

# 4 1 MS¥AESRS, EFKE

# Y 1 MEEAkEE, ERES

return (1 + self.capacity()) % self.capacity()

push_first(self, num: int):
KB
if self._size == self.capacity():
print(" XAEPAFIEF")
return
# PAEIEST RS —(iL
# BT ERIRIESLI front #LTEAALIEEEIESS
self._front = self.index(self._front - 1)
# % num RINEE
self._nums[self._front] = num

self._size += 1

push_last(self, num: int):
"t BAEBNBAT
if self._size == self.capacity():
print(" N@EPAFIEFH")
return
# ITHEINEIES, EMAERS] + 1
rear = self.index(self._front + self._size)
# B num FRNIDZEBAE
self._nums[rear] = num

self._size += 1

pop_first(self) -> int:

"t BAETHIRAT

num = self.peek_first()

# ABESTREER—(i

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

return num
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def pop_last(self) -> int:
" AR
num = self.peek_last()
self._size -= 1

return num

def peek_first(self) -> int:
" BRI ETTERE"""
if self.is_empty():
raise IndexError(" WEPAFIRZE")

return self._nums[self._front]

def peek_last(self) -> int:
" IpIE A TR """
if self.is_empty():
raise IndexError(" MAPAFIAZT")
# ITEETERSI
last = self.index(self._front + self._size - 1)

return self._nums[last]

def to_array(self) -> list[int]:
" REIEARFITED "
# (NERERKEBERNTIRTE
res = []
for 1 in range(self._size):
res.append(self._nums[self.index(self._front + 1)])

return res

5.3.3 WmPAFIRZA

XEIRASIFEEAR SRS RIZ4R, Rl En] ASEBLX R I B 5, RIS malt B

FATALE, BRI W S (SR IIN: REUREIRE IR push Bk, A58 pop SEILHH
o M, HEFIRFFIRAIRGI, RIFET SIREEE RS (BIIMRFRIE 50 22), SRR KT
50 I, BXAFTREEARIE (BNE) TRITHIBRIRIE HEICTRSEBLZIIGE, PSR ZAERDN R AFIR A%, 15
R, T RRLZ B RE RSN E RN, U XA NS RERS B8N R S SL B — LR NS .

5.4 IhNG

1. ELER

- Mo AEIE e S IR A RS, @ B s Rk LB,
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- FENTERERTTH, ARSI AR RSIFIRCR, BETAEEF, BIRAMRENN BERER
HUEO(n) » HHZT, HRIVBERLIMEA FENFREBEREM,
(2 AR T, HREBA LI SH—ERE N2 FR S, (HREERNR, BRSNS HEA
o3 BT R E R,
- BB —FEE S A S R BSR4 A, [RIAE AT DA B s B R ST, R I TR BSCRAN 28 [RS8
HIXTEE b, BAFIRYSSIE S AN RIS e AR (Bl
- ORISR — MR S E RIS, B R VRE PSR TIT R A ISR R

2. Q&A

Q: NIVEERHIRTIER IR R A2 A HE RS ?

I ERATRTIE IR IREA BT L2 “8” AORIE, X 5 R— S DU, U SR INEARI; 4
Rt EIRIGHIN, % 0T = MARTA G o (5 XA BB AT DATS (A S — L2 1, IXNE XA A"
ET AR,

Q: TEHitkE, RETHERMHET REIPTE?

ERIGERYTHRZAE AT, WAFRERRANT, HZEAFHEME], Java fl Python FiE S A Bk
WAL, IR ZETFIIRRAT; £ CH G RRETEREBAT,

Q: XABNIHG R MEPHEE T —E, ERHRZT2?

WA AF R A I S BN MRPEE T2, BRI + BIIRNEHE, R A] ISk S S
WIFTE R, I BRI,

Q: #8 (undo) MIHEY (redo) EAKZUNMISZINA?
R MR, A FHTHEEE, 8 AT .

L AP PIT D RE, X DRIEEAKA, FEZEHKB,
2. HHAPHIT BT W, R A PR HEGERERGE, HRHEARS
3. HRPPT R B, MR B S ERIT IR, HORHEARA
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helle=algo.com

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

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

BHR

hash table

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

B 6-1 MafmRINHRIR

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

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

+6-1 JTLEEREXN

o HER AR

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

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

6.1.1 MBERTHIRE

G R H WEREERS: Witath, BIWHRE BINEENNIPRSEEXE, RERLT:
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# === File: hash_map.py ===

# YIRIaER
hmap: dict = {}

# AINEIE
# ERHBERTAMBER (key, value)

hmap[12836] = " /\I&"
hmap[15937] = " /\IZ"
hmap[16750] = " /N\&"
hmap[13276] = " /JV&"

hmap[10583] = " /\fg"

# TIRE
# ARHBRPEANE key , FEIE value
name: str = hmap[15937]

# MHBRIRIE
# ERFHRPMBREBEN (key, value)
hmap.pop(10583)

a7 A =R A P77 20 P e, J o SR e e, B RASan T
# === File: hash_map.py ===

# BHKAER

# BAREN key->value

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

# PIBHE key

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

# BIEHE value

for value in hmap.values():

print(value)

6.1.2 MRFEREASI
BAVEZEEFAREN, ARG T R, ERTERD, BRAOTEEL A2 MR E
(bucket), EAMEAITEME— MEMERT, KL, ZIERIEREEERE] key X RHIRE, FEAEMI-FIRE value o

A2, WMATEET key TERDA BLATAINE? X 2IEILPEFHEER (hash function) SEERRY, IGAREREEIMEAZR—1
BRHI A R 2] — NN 2, ERFRRE, MAZSEZIE key, MH=EZATER (B
R5Do HANEH, A key, FRANTATUEEIET HEIT 2% key X RIAGHEAEDN 72 B4 P I LERERL B

BN key, WA R EILRE N EATR M,
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1. B FERIGTRIE hash() HEBEIGRIE,
2. HIGTENARLE BEHKE) capacity B, MMIREUZ key XAV ZRS] index o

index = hash(key) % capacity

BaJE, BATIRLAT DARIA index FEMG AR RHIIRIX NI, MITERER value o

REHEKE capacity = 100, MAAHIE hash(key) = key, ZISEHERECH key % 100 , B 6-2 DA key 225
Ml value Y& 0B, JEIR T Wafy BRE AR R,

B key =5l s | i value

key value

37 15937 | “/hiB”

AR :
. s | QR |
@_/ key % 100 ) —m

— 76 —|REPIRENNS —4@
W 83 10583

| I. ." I. ". I. ' "'
J

“) g

e .

(EMERRE—REN)

Kl 6-2 IE7 KA AR
DU T — M RIa R, Hrf, FRATR key A1 value BELR—1K Pair , DAFRIREHMENS,
# === File: array_hash_map.py ===

class Pair:

AR

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

class ArrayHashMap:
ST HATTRR AR

def __init__(self):
A
# YA EE, B85 100 MMF
self.buckets: list[Pair | None] = [None] * 100
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def

def

def

def

def

def

def

hash_func(self, key: int) -> int:
nnn uﬁﬁ@gﬂu nn
index = key % 100

return index

get(self, key: int) -> str:
n IR
index: int = self.hash_func(key)
pair: Pair = self.buckets[index]
if pair is None:

return None

return pair.val

put(self, key: int, val: str):
SRR

pair = Pair(key, val)

index: int = self.hash_func(key)

self.buckets[index] = pair

remove(self, key: int):

mt BRI (R

index: int = self.hash_func(key)
# B None , FNFEMIBR

self.buckets[index] = None

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

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

return result

value_set(self) -> list[str]:
" RERTALE

result = []

for pair in self.buckets:

if pair is not None:
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result.append(pair.val)

return result

def print(self):
" ATEDARR
for pair in self.buckets:
if pair is not None:

print(pair.key, "->", pair.val)

6.1.3 RHENRST A

MR LB, WEAREEEIERRRTE key HRHH A2 RIS EIECEH AT E RS AR 22 A, T A
AT A TR, Fit, B k@ “BA AR L.

T EIRROIFHIGT R, S5 AL key JGPAAHFIN, IG AR ERER M LSS SRR, flin, EiR¥SHh
12836 1 20336 HIPPMEANT, FRATGH]:

12836 % 100 = 36
20336 % 100 = 36

WA 6-3 Fivr, MM FESIER TR— NS, XEARBANM, FBATEIXFZ AN AT R [F — i H 1 R
HMMaZ A5 (hash collision),

WA key =3l 4| Wit value

key value

D%#FF% ) 5
o g
m T | @E g

76 13276 | “INE"

83 10583 | “/\pg”

r
. .

6-3 M Rl

RHE], BAHREER n K, 21 key HTBCEIR —MHHABERBURMR, hoiid, ik, FIleL
YA R WD R

WK 6-4 iR, ¥ &RIEMERN (136, A) 1 (236, D) KAEMZE, ¥ AR,
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KREREE - 100 MERVE 2 § BESEE - 200
IEHREH key % 100 » MFBEY key % 200
E] key value e~ key value

36
36

136

50

83

6-4 WBHRRY B

RETEAHY R, GfmRY BERHITERENNEBRRRITBEFIGRHE, IEWHEN,; FHETRARER
capacity tXAF, AT EIEEIGA RECKEH TR A BEX A GG E, XSS 7 AR iR
THiH. ik, FREIESIER ST EWRIIGHRAR, PiEmEy &,

HAHEF (load factor) BRI —PMEEMS, HE OWGHRITREERDMSE, AT EHEBRAH
RET-ERE, WHANRARY ERME R, FIUNE Java i, S7EE D 0.75 I, RGASKGR
RITHEFIEH 2 %

6.2 MFH M

E—TRE], @ERO PR RBIEA SRR T m, KIS B iR AR, Eedn,
AR 2FRY, W BEHEERD, WA 2 MBS E R — R
G PR SEEIWLRIR, TEPIRH R A, TRz, 582000, AT
HATIERRY R, BEEMRIHIONIE. ByEEAEREAR, ERERKR, FARARTAREH TR
R REEIRIZ SR ETT R, 0 THRTIRER, BT PR DA 5,

1. BRI RS, (EFIA 2 n] BAE HBLIG A 0P 2 Ik 3 A%,

2. [UAELE, BIHIGT R LB R, AT B HRAE,

UG RAIE R A AR “aECthht™ "I SHIE™,

6.2.1 sEzUsthit

TEIRIEIET R, B IARGEAEE— MEEX, Uit (separate chaining) HENTREEIOVEER, K
ERENBERT R, FATE KM RIEEXN AR —8E R T, B 6-5 RR 7 — P REzUHihk a7 R A5
To
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&5l | BER (WRUuRER)

szttt 37 937
SMETEE— R,

5 ]
| B ]
HAPBSFARRTE ’ :

o] ]

50 750

BAEH key % 100 76

ERAMEER key

BB ERT R .
- O

850

L

K 6-5 HEFHIHEIGA R

E TR SRR R AR E 7T IR A T AR 2K,

- HLE: WA key, ZWIBTHREEISEIRRS(, RIATRGEERLY A, K5 AR key DA
FREAREEXT

©WMTER: E/EI IR RO MBERSKT R, RERTT R GREXD) BInEEER T,

- MERTCER: ARYENATY BRI EAVZE RV BEFRSLH, 1B I HER A H AR O R HMER.

HEFHBHE A AE DA R R

- AHEMRR: FERE ST R, A B EIRE S N A
- EIBCRRR: ROV EAI R R R E T MTT R,

PAT A4S H T R CHbAERG 7 RAV R B SLB, TEER M.

- SR G OFRER, MMk, EXMET, IhmR ) EE52M, 80
#HR— MR,
- UTFSESIARRY A%, MOEIN TR 2 1, BAIE0SHRRYT REFLN 2 5

# === File: hash_map_chaining.py ===

class HashMapChaining:

SRR R

def __init__(self):
n RIS E
self.size = 0 # BEEWNHE
self.capacity = 4 # BRERDE
self.load_thres = 2.0 / 3.0 # Ay BNAHEFEHE
self.extend_ratio = 2 # ¥ &BfE%K
self.buckets = [[] for _ in range(self.capacity)] # #&%A



[EEGE S hello-algo.com

116

def

def

def

def

def

hash_func(self, key: int) -> int:
nmun uﬁ%@g&u nn
return key % self.capacity

load_factor(self) -> float:
nnn ﬁﬁ%u nn

return self.size / self.capacity

get(self, key: int) -> str | None:
R
index = self.hash_func(key)
bucket = self.buckets[index]
# WA, BIXE key , MLREIXF val
for pair in bucket:

if pair.key == key:

return pair.val

# EARELE key , NR[E] None

return None

put(self, key: int, val: str):
e OINiRLE
# SAHETFEIHEN, HiTHh S
if self.load_factor() > self.load_thres:
self.extend()
index = self.hash_func(key)
bucket = self.buckets[index]
# B, EBIEE key , WEHIME val HiR[E
for pair in bucket:
if pair.key == key:
pair.val = val
return
# BLZ key , WISREXRIMEREL
pair = Pair(key, val)
bucket.append(pair)
self.size += 1

remove(self, key: int):

n R

index = self.hash_func(key)

bucket = self.buckets[index]

# R, MARIEREES

for pair in bucket:

if pair.key == key:

bucket.remove(pair)
self.size -= 1
break
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def extend(self):
TR RER
# HEFREHER
buckets = self.buckets
# AT BERIEER
self.capacity *= self.extend_ratio
self.buckets = [[] for _ in range(self.capacity)]
self.size = 0
# BRENNREARRZERBHER
for bucket in buckets:

for pair in bucket:

self.put(pair.key, pair.val)

def print(self):
"t ATENRR AR
for bucket in self.buckets:
res = []
for pair in bucket:
res.append(str(pair.key) + " -> " + pair.val)

print(res)

ERERE, YEERIRKN, ZIORER O(n) RE. N BLRHERION “AVL B 8 “4LBR”, Mifi
R RN R E AR O(logn) «

6.2.2 FiIuk

FFR S (open addressing) AREIAFIMISHRLENY, i@ “ZRIEN" SRAFRIAT M, FM7 =R
SAFRLR AR, 4RI 2 R 7545,

TR DASRIERM RG], BT T HE ST = TR,

1. ZiEN

ZRMEIRTR A 17 20 K AR M SR TIRM,  HAR 5185 G i RA A ARl

- AR EERAEEIIRERRG], HRIMNCETTR, MR ERELEN CFREEN
1), HEEHEZ, HTREAHS,

- BoTER: HARIMEA R, WERAERD KA TSMEN, BEREKERNITR, &IE value HI
A5 anFGBEISA, WA ETRAER R ERT, I&[E None .

B 6-6 s TIPS AL (IR Ia A RAVBEER 70 A, ARIBILIGT BREL, &G MAHFIRYT key AR
SRR A, TEE BRI, EATARIRAFAEAE 1A ALK . N RIR
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#3l - b |
AL o || o
BRI, HER 1 02 |
7 { | (COEKD
BERK key % 100 77
EREERY key T
SRR e [ £ )
676
776

K 6-6 JTSHE (ZRIARID et RATBEAER 734

SR, RPERINE 574 “RIBR”, BARY, BEMESHLE FIAI B, XS B L G A
RETATREMEACR, M — P ez BRRHEA K, BACRMIER, &AL SEOEMESIRIERRA L,

ERERNE, RO FHRAR RPEEMER TR, X2EMERTTR X EREHNE— DM
None , TMIHEIMTLRM, LMRMBZTMAZIRE, FIAEZTZ FRTCREICEEHIRE], FFa]
REDRANXLLTTRAFLE, W 6-7 AR,

=3l - L |

00 <
01

02

76 <
tiscE | | 25,

REEZEWIEZ THTRT

(=) [ (5} N
~ S S S
o

78

6-7 1S HEAMIFRTR S BRI E S

KT FRUUZIEE, FAT1A] DR BMES (lazy deletion) Ml B AREZMNBAERFPERICE, M4
5 Bt TOMBSTONE SKEFRICIX M, TEIZHLHI T, None 1 TOMBSTONE HRANFRZSAH, #RAT DU B RE N, (EARFR)
52, SR NZ] TOMBSTONE B N iZ4ksm i, KN 2 RalREiRfEE i EX ,
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SR, BBHIER Al RE 2 hdime 7 RAPEREIRIL, 12 RN RHR BRI EE =74 — DBRFRIC, Fii%E TOMBSTONE
HBghn, TERIER N, RODEMERN T RER ZBkid 21> ToMBSTONE A REERE HARTTR,

M, FERELMEENAIC BRI E D TOMBSTONE RG], FHIFEREI HARITE S5 1% TOMBSTONE 3 #f;
B XM Y R E RS T RN, TE2SEEsh2ESHEANE RGN HIEAM, M
ML EERCR,

DAL T — DS WERE TS AL EMERN) I6fmR, 87 Ense ot kA Ra 2, {7
KIEmBEE—A A", LRI BAHEEN, B2k ARk,

# === File: hash_map_open_addressing.py ===

class HashMapOpenAddressing:
nmun ﬁﬁ&%iﬂ:ué%%u nn

def __init__(self):
n K& A
self.size = 0 # EEWHE
self.capacity = 4 # BMERB=
self.load_thres = 2.0 / 3.0 # Ry BNAFRAFHE
self.extend_ratio = 2 # ¥ &AEH
self.buckets: list[Pair | None] = [None] * self.capacity # 1@%H
self.TOMBSTONE = Pair(-1, "-1") # BRITIC

def hash_func(self, key: int) -> int:
" uﬁ%@g&u nn
return key % self.capacity

def load_factor(self) -> float:
" ﬁﬁ%u nn

return self.size / self.capacity

def find_bucket(self, key: int) -> int:
nr R key WRZAIMEERS("
index = self.hash_func(key)
first_tombstone = -1
# MR, HBTI=RABEH
while self.buckets[index] is not None:
# FIBE key , REIXZAIFERS]
if self.buckets[index].key == key:
# Az anas T MERTIE, MRRENBHEZRSIL
if first_tombstone != -1:
self.buckets[first_tombstone] = self.buckets[index]
self.buckets[index] = self.TOMBSTONE
return first_tombstone # REIFEENERIEZS]
return index # R[E|IHEZE3|
# IERBEREMERRIZ
if first_tombstone == -1 and self.buckets[index] is self.TOMBSTONE:



[EEGE S hello-algo.com

120

def

def

def

def

first_tombstone = index
# ITEERS], i EENLRELE
index = (index + 1) % self.capacity
# & key FFE, MIREFRMARIZRSI

return index if first_tombstone == -1 else first_tombstone

get(self, key: int) -> str:

n IR

# R key WEMIRHERSI

index = self.find_bucket(key)

# HREREXN, WRENFE val

if self.buckets[index] not in [None, self.TOMBSTONE]:
return self.buckets[index].val

# BHRENRFEE, MIREl None

return None

put(self, key: int, val: str):

AN INERAE

# HRHEFBEIEHEN, RiTT S

if self.load_factor() > self.load_thres:
self.extend()

# HER key WHMIRHERSI

index = self.find_bucket(key)

# HIREREXN, WES val HiRE

if self.buckets[index] not in [None, self.TOMBSTONE]:
self.buckets[index].val = val
return

# EREXNREFE, WAMZREN

self.buckets[index] = Pair(key, val)

self.size += 1

remove(self, key: int):

n R

# R key WEMIRHERSI

index = self.find_bucket(key)

# HIREREX, WARRTCESE

if self.buckets[index] not in [None, self.TOMBSTONE]:
self.buckets[index] = self.TOMBSTONE

self.size -= 1

extend(self):

nTARRAER

# HEFREHER

buckets_tmp = self.buckets

# ALY BERIEER

self.capacity *= self.extend_ratio
self.buckets = [None] * self.capacity
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self.size = 0
# RREMNREERRZEMEER
for pair in buckets_tmp:
if pair not in [None, self.TOMBSTONE]:
self.put(pair.key, pair.val)

def print(self):
" ATEIIARR
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. FHHEN

SETTRIS S BRI, #RRIT IS HEAH WIS 2 —, SRR, P75 R IAE A S Bl — 1 [E
TERPE, TRBNE “RINREEI T P8, B1,4,9, ... %,

IR E EEA DM,

- CETTERIE IS BOD RN RECT 75 (EE RS, IR R RS MR T 1 SR SRR
- PRI RO EORREE BRI ALE, B T EER RS E AN A,

SR, PO IRIFE AR 723,

- MARGAEREISR, AR AR B E A S,
C HTEGAER, CFARNATREA SR NG R, XERE IR R A, 7 RNthaTsE
LV E,

3. ZRBE

BB, ZREHETTEERZNETREE f (). folx). f3(z). .. TR,

- HEATCER: EIRTEE f) () HBPsE, MR fo(x), DA, HERREIBAERmATTER.
- BPOTR: AN EEINT NHTER, EEIKEETRNIRE; FESIS A E XA R
PR, WPANG AR AGFAEIZILR, MHERIE None .

HSEMRMMHELL, Z2REHITTEAZ T ERE, B2 N IEHEEST RSN R E,

Tip
THER, FPRSEHE (BRI, FoT IR 2 RIGT) IaTh REFAE “NREEEMERTR” MR,



How IAMHR hello-algo.com 122

6.2.3 HIZESHNERER

BAMGRAEIE 5 R T AR R R RIS, N2 LM

- Python RAJFKSHE, il dict fH D REATROEI TR,

- Java RAHERMIE, B JDK 1.8 BUK, 4 HashMap N KIEIAE] 64 HEERKEIAEI 8 I, HEREH
LT B AR T BRI RE,

- Go RAHEAMIE, Go MUE B MR 7K 8 MHHER, BHARNER —MRHM, HikHmd 2
N, ST —IRRRIE R A 5RE, DIHARIERE,

6.3 MEHEZX

AP /28 T WA TR 2R A T AR BRI A s AL B 75 5, AR CIe BT SIS R fE =k, BN RECRIE
e nE TNy, 3 RUIEAT 0 N S K (GRT (T WES T T R R A 9 26 o

RMET IR T, BRRIMERNIS2RS L, WE 6-8 iR, X TR, AN N
EX IS D ARAES IS, IRBIEREEINER; REN NI REEEERIE —ME, NRERER
%= O(n)

TR R

RiEER:
N BENFYIDHESMEH
BfelE#&E 0(1)

. — —s f—>! ——

REMR:
RENEBOHERMEP
BHalEZE 0(n)

6-8 Mt MR ARG RERIL
BN A TS DL IR R OUE . [FIZME A R TP IR, JEitRIaA E, XS R0

index = hash(key) % capacity

MELLEAK, HIEMHERR capacity BEER, WMWK hash() YUE T HithE, HEMOUE THREN LR
RPHI A Do

XERE, T RIS PRIZ AR, AN L RERNEPERFEIX hash() BIKIT E,
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6.3.1 BMEFZNBRE

N TSEEL “BRPRSURR” BOMRAR REURGE, ISR B A DU MR R

- et M TMRERRA, IERERNMGL AR, XA REM IR R A FERT,
©OReRE: HREIRAREERENZ RS, HEITRRD, 16RO,
- WS IR RIEN R REN I S R R, RIS, IR R AR LR,

KhRL, WEREIERR TP DTS MR, & T2 A T HAhus A,

C WA N TR P EENLE, REUEE A EREAER T RIASCER, TR EED G
fHo HHMANEEN, RGN MARNEEITREAE, KR5S EERGHEITHEL, MmRMH T
Fie, AB2ETERLAL ) IE#.

- BIRSERERE . BE R0E 7T A] DA R BRI A E R H R0 RIS AT DA T T SRR R
BARRIGTE, H5RWEINIEREEI T, WIRMFHILES, ARAREEREA N,

M FEMARERN M, TR MG RERES SR E A TR, BhRERERSESSRNL e
Rt

BRI JERE I R T H A RGBT
 UREREYE: RS REREI R RRA, (TR L
CTRBL: HRIB VLR S B % B AT RIS

BIER, W07 5 “hilEt:” BB, WE S s —E i e iRk, BN, fEREHL
BN key F, MTEE key % 100 A] U5 A, AR REL TR, FraEmAHE%ER
key RS HAERHHIE, [RIEFRATTAT AR 2 L PGS 7 (B R HEHE FTFHE key , MBS

6.3.2 MBEREIZIT

G RIERRIT R IR EFRIFZRROERAE, AN TREZRASI7R, ROMRER L
BHBRAER,

o AW KRR TRR ASCIT REA AR, K15 BN SR IA A (.,

ORI FIRBRIERIRREENE, SR DR, R DT ASCIT MR EIG A E,

© REIGT: CRRABIERN &S T REN R R E RS MR ET.

- R R TATR ASCIL A REME—NGRES, FIRBERZATE SN W R THEs AR E,

# === File: simple_hash.py ===

def add_hash(key: str) -> int:
AR E
hash = 0
modulus = 1000000007
for c in key:
hash += ord(c)

return hash % modulus
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def mul_hash(key: str) -> int:
AR
hash = 0
modulus = 1000000007
for c in key:
hash = 31 * hash + ord(c)

return hash % modulus

def xor_hash(key: str) -> int:
ne RERE
hash = 0
modulus = 1000000007
for c in key:
hash ~= ord(c)

return hash % modulus

def rot_hash(key: str) -> int:
" EAEmeE
hash = 0
modulus = 1000000007
for c in key:
hash = (hash << 4) ~ (hash >> 28) ~ ord(c)

return hash % modulus

WS IR, SFRIE T RIER B e — S HUE A KB 1000000007 B, PARRERIG i (EAE S IERTEREIN, EIF
BERRE, N2 BRI PO, B Ui SO B2 2?7 X2 — D EBRI M,

St gt ERRBBAENEE, W DU R AR IENS T AR I 5 04, RO B S HAth B A E R Y
B, AT AR R U = AR B P HA AR S, AT S e A 2R

HBAEIF, REBANDEFRSEO MEBEL, B DAt 3 B8BR, ARG A] DAt 3 FEPRAY key ERSHIIRESE] O,
3. 6 X=AATEE,

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, ... }

SR key TRUFH RIZFNE ZHENNESE 0, AL EM S LR, WmnERR R, BE, &
R modulus BHLNEIEL 13, HIT key Fl modulus Z MIANFIEALIEL, KB E S IE SR
T&Tto

modulus = 13
key = {0, 3,6,9,12,15,18,21,24,27,30,33, ... }
hash = {0,3,6,9,12,2,5,8,11,1,4,7,... }

EfS AR, WERAEIRIE key BREVIISI DAY, AR 2IEFPUEEE GBI BREE AT DA, e T#aERm
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HEI S AT E, T key B FAERANEMMER,, N EEEUEER S HIMRERR,

RSz, FATEFIEBBIEARE, FHIX NG %R, DRATREHPREIIMAS, fErHaaA
IRHIRRE S

6.3.3 ERMRERZE

AHERIL, DAL RIS A BRI LR “Hass”, IEIAIREIR R EIARR T HbR, B, i
SFEH R AR, R ANTRRG T A S BRG A7 JCTR X 0 A MBI AN R R =77 e, XA RES ARG AR 2R,
H 5l — L2z (A,
TESEBRH, BATEE ARG R EDE, B0 MDS, SHA-1. SHA-2 fl SHA-3 %, EAiTA] URHEEK
JEE P14 i N B e S 28 1 R A S A7
UL PR, IAREIREEAT R SRS RS, —MaiR N RS RTe R ERAEE, 5—
HR RSN RSB B T S RIG R RIAR 2 2 E R, 3% 6-2 R T ESCRR A Fh i ARG i BA.

- MDS5 fl SHA-1 E2RPURIIBd, BRI EM g2 2N,

- SHA-2 R¥IHH) SHA-256 B Z B EIEZ —, IREIKINAIR SRR, FitHE HESE L2

IS S,
- SHA-3 HH#¢ SHA-2 RUSKBUTH AR, IHRRCRE R, (HHEAEAESE A SHA-2 &5,

*6-2 WK RE

MD5 SHA-1 SHA-2 SHA-3

e 1992 1995 2002 2008

IE]

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

& bit

BE BE Wz R R

%

Ze%H K, BB K, EEERIIR = =

% i

. A CWGFEH, hATEE SR  CHFH MELEHRZZRAE, 74 WA TR SHA-2
%= %

6.3.4 HIBEEMIILHE

BATRE, WA R key ATDUREEEL, /NEELTFATERSFEREAY, fEiE S8 H S X SRR R BN E
e, AT IHERARPIMAES]. A Python A6, FAITATLAVEF hash() BREORTT RS FEEEAY
e A E

- BE/R BRI ER HA S,
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© ERBEITT RS ETERNE 2, AR TE BT,
- JCHIERAR{ERN E RS- N n R TR, AR RIXEIEREAEER, SRR E,
- MREIGRER T HAGIEA N, B ETNRIGR A, A SBET AR ERIG R E,

Tip
TEER, ARWZES N ERAET R R BEE 75 EARR,

# === File: built_in_hash.py ===

num = 3
hash_num = hash(num)

# B 3 HRHEN 3

bol = True
hash_bol = hash(bol)
# R/RE True HWWREERN 1

dec = 3.14159
hash_dec = hash(dec)
# /\#K 3.14159 BIMAFE{E 326484311674566659

str = "Hello B&"
hash_str = hash(str)
# TR “Hello BJE” BIMRF{EN 4617003410720528961

tup = (12836, " /\IE™)
hash_tup = hash(tup)
# 702 (12836, '/\Ig') BIMSA{ESY 1029005403108185979

obj = ListNode(0)
hash_obj = hash(obj)
# TEXWR <ListNode object at 0x1058fd810> HIPEE{EN 274267521

EWZHEHEST, RAATEMNRA ENRR RN key o RINFRATRESIFR G 150 key , S5
RIOONB R AEZN, ERERERE K, ROSICRERARHERFEILH value T,
HAREESONR (PR ) AU R A 2R, HEZ AT, IR R RIA X R I A (el # 2 2k
TR R, B RN ERLE T2MA, HERAFIERTE, BRETRZERZER,

HORIPRA] BE R EAR FIER G s TR, FH AR ER AR, X2KN Python RRESERHKIG
g, FRES NFIT IR B — A BEILINEE (salt) {H, XFfIER] LA R I HashDoS B, f27Hia
mEEN 2 2,
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6.4 Mg

1. BB

- B key, WATREEWE O(1) REINERE] value , BERIEHE .

- W I RIRE AR, ASINREDN . BRI G A R

- IEFEERECEE key BRETHELHZRS], M RIS BAFIFIRE value o

© FNARED key AIREEL B A REGISEEFINEEH RS, SEERS R, XL EFR ARG
GERLIENN

- BERARBKR, WBAEMPEIMRLEIL, Ftne] DUl AEAFRREME AR, S8AT A%
L, WA RY BIREFFHER AR,

- SR T E CAGFRRFTRER DA E, KT BAPRTEERE, WS ERY A
FESCR

- FESHIIEE I RN TR O RER, HITE PRI R FEER —MERT . AW, BRI KSEKE
W, A DAEI I — D KRR N 4T B ARR R S RR,

- FFIRFHRE 2 IRIR SR I 7 o, MR EE P K, SRR AREMBR TR, BAS~ER
8o ZRGHERHZ NG REGE TR, HREERNEARG mARE, H2 NSRS M T IHHE
HHo

- RAYRARIE S R T ARG A REH, H140, Java [ Hashmap {#FEE AL, 1M Python ¥ Dict 3R
FFFREIE,

- MERAERY, BINFERGEIEEEWENE. SRR AR R, TEREEH, IR BEIEEN %
A PR RS AR

- AT BIRIEE R KT E L, DA R RIE AR S 0 A6, D IGARhZE,

- HE RIS EEEE MD5, SHA-1, SHA-2 #1 SHA-3 %, MDS5 & H TR0 sk, SHA-2 %
B e VA SN 713N

C BT EE S NERIEHRME N ER AR, AT ERAERPIONES. BEENT, REAE
POESEEIEEHION

2. Q&A

Q: IR E e 410 T2 O(n) ?

YT SE LLE EIN, BR RN EEREDIRLE O(n) o YBRFEEBIZIHG LRI, FRIREIR
BEL MRIEBCFN, NRERER O(1) . FAEAREIESNERKARN, BEIOINAERER
O(l) o

Q: Nt LAMERBAEE f(x) = x We? EHEMARHMET,

£ f(x) = x MWEECT, SATRNME—MRT], XS5EAEN. R, MAZREFZA TS
Al B KR, KIS REA e — P AR KSR, IS, W57 RAT B bR — DR
RS RIS B — NN, FFREE O(1) WE R,

Q: MARIELIREA., L. XN, ENTARERF e TEmSlE?
B, WBHmRINRPRERER, EERBRER T, WARAEHES o AR,



How IAMHR hello-algo.com 128

HR, HRERE R PN RRCRA S T Q1R — D IIREREAS CEAH R A R & 2% BN A B s R S
W, ABLEH LR RE P, XREARARREOHEREITH, N E AR BITE AR,

B, W7 S AR TR R A S, DI TERE St b, B TRELE B A T S PR AT BRI 1,
BRI O(n) BHAIE R,

Q: ZUT A RAE LM TE ZIBRATS? FRIT A E IR 2 RE R U 2
LRI, TP R REE MR TE R0, FEB TR, FRC MR
R ABRE, SRR R, JEBOIA RGBT EMBRIORCER, %08 L
BOTCROEA. AXPERBRE RIS ARV AR, S REGIEN 7R 2 R,

Q: MFLELIENIR, FERTERIONT 2 HBUA T T

PRI GBI T B SR SR BRI, KL key RUCRE, RBREAIATIR, Wik, SIEAN
RO MR ISE R KR R 2R, L RE E TR SRR HEIB Y L

Q: Mt AT BB EMIE T

VT BRI I — SRR ML n UL CBCRY), LA (4 P B3R5 TP (0205, B K

& n KA, T key XM AIRFHBAIRER AL, FOTHEIER —TMHRIIZD key , BT BEFIRESHI DL
B, ITTSEERRE T oS A 22
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Abstract
SRAR W EM ), RIRHR, 7Rk,
CRNBAREI TR M ESNES.
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7.1 =X

—X# (binary tree) BRI ERLI, AR “HL” 5 EN ZEBIRAEXRR, AT “—oh =7
MIiaiZ . SREREM, “XWIERBITET N, 8P TRESE. 271G G 79 851 H.

class TreeNode:

e 187 SR
def __init__(self, val: int):
self.val: int = val # TRE

self.left: TreeNode | None = None # AFTE5|H
self.right: TreeNode | None = None # G FT 5|

BN EEERNSIH (85, 23HEREFT = (left-child node) FIBEFT = (right-child node), 1% 5
BERRRIXPN TR T & (parent node) s M&AE— D XY i, FRATEIZTT T R E
PAR s BRI AR N %17 A F4 (left subtree), [FRIFEEAIISAFH (right subtree),

FE X, BRSO, FLARrA T R S 1 R E R R, aniE 7-1 R, WSR2 R
T, WHEAEFWRMGFHRIAE R4 f TRS5", EFE WA 4 REDUR T RBREIR”,
AR IR 5 RELUR T R R EIR

b o 5&‘1‘-."'.%1
binary tree
EFin ¥

/\ /\
Vivivi

7'1 Q%‘Hj.\ ?%‘1%;\ ?‘*X\j‘

7.1.1 Z“XERARIE

XY EFIARTEANE 7-2 FrRo

- BT E (rootnode): M FXMIZEMTI R, HERTA
- MH¥E (leafnode): &A1 M AL, Eﬁ/\?aﬁi@?aﬁ None o
i (edge): HEREM/MNTIMMILE:, BT ESIH (BE),
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- WRTERE (level): MIREEN, WY RFEZEN 1,

- TRME (degree): TmfF T mfEtR, £ XM, ERPBMETEERZ 0. 1. 2.
© ZXMHIBE (height): MRTIREIRIZH Y ST I RTEE

- TRHGRE (depth): MR RENZT RFFEIE RUIA AR,

- TRIBE (height): MEREIZT BRI (2% A 2d R RECR

=
BE =3

g

K 7-2 ZXREHEHARE

Tip
THER, BATEER S M R 20y “GRarEET, BASEESB RS R HE
ORGSR REERT, EIXAMER T, SRR 1,

7.1.2 Z“XREAIRE
1. k=X

SRR, BIoWae R, REWESIH ().
# === File: binary_tree.py ===

# IR X

# Rk R

nl = TreeNode(val=1)

n2 = TreeNode(val=2)

n3 = TreeNode(val=3)

n4 = TreeNode(val=4)

n5 = TreeNode(val=5)

# WETRZEMNSIA (%)
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nl.left = n2
nl.right = n3
n2.left = n4
n2.right = n5

2. HANSHIFFTR

SRR, 1E Al A\ S INERT mr] OB B SRR, B 7-3 28 T —RBl,

BAANTR TBRTS
nl.left = P nl.left = n2
P.left = n2

B 7-3 £l A SR T A

# === File: binary_tree.py ===

# FRN SR =

p = TreeNode(0)

# 7E nl -> n2 FEHEATR P
nl.left = p

p.left = n2

# MRS P

nl.left = n2

Note

REERRE, AT A RESE Z MR AAEAREEH, TAHER T 0@ 5 RORE ERIZ T
FE i BRI, £, FASHBRER 2 —ERER S 5EMA, PASKIA KRR SRR,




O ) hello-algo.com 133

7.1.3 ER-RAER
1. RN
WK 7-4 R, 53X (perfect binary tree) P ERTT sl se RIEWM, E5ER XA, M7 iy E

H0, HARAET RN 2 HRIEEN b, WA ARECN 2h T — 1) RIS R, R
BT B AR WA RAL

Tip
THIER, EPSCEX AR, S8 R SRR % =X,

SRR
perfect binary tree

(toAsFR o i — L)

FRE BRI b A

K 7-4 523X

2. B2

WE 7-5 FiR, 5e2ZX4 (complete binary tree) REREEN T mAHHEH, HREENTSREREAHE
Fo

LR

complete binary tree

REETRELRRE, EttETHREHIER
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7-5 FEETXH

3. TR

Gl 7-6 AR, ST XA (full binary tree) FBR 7M1 R ZAh, HARATE T SEA NN T R

RN

full binary tree

FIETRNERA 0 = 2

7-6  SEli— XM

4, FH -

WE 7-7 FiR, FHRZXA (balanced binary tree) AR sl B AE FHFIAS 106 04 /8 1 2 ZE 4 0 {E AN
o1,

TH_Si

balanced binary tree

WA EFREE - EFREE = d
N FH NPT REHE |d] <1

7-7 X

7.1.4 —Xa0iEk

B 7-8 R T X HIBHAR S A S IR MLEEM . 4 RO ENT S AR, JRE] "SRR XM AT
AT R AN, —XRHRN “RERT,
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- ERXREEEENN, ATDASE AR X ia” L.
- RERNIR S — MR, STURIEEE NRIERIE, NRERERMELE O(n).

4
N P
S\ /
4
mag / BiEEH
FETXIN R

K 7-8 XRHIERESTH S RS
R 7-1 R, (ERESHNRESHT, R P8GR, TR SEFRSINCARESWRME,

R 71 ZXMRIRELTH S R ES

SEFE XM BEER
R NEORT = s 9i—1 1
EEE h RO SR 20 1
SN B IR RSB 2n+1 _q h+1

TREER n RKEE log,(n+1)—1 n—1

7.2 Z—X#iEH

MBS R, PR — R TRERMBURS Y, R EE 75 2RISR MR Al R0,
PR — AR RARSS Y, IX(E S i P iR AN 7, TR B IR R RIS,

TR s A AR R, s . R RS R %,
7.2.1 BFiERH

WK 7-9 Fr, BF&R (level-order traversal) MITHREIREIZE B — XA, HAEG—EHRBMNERIGH
e 73 1079 Ao
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BRFEHAR LB T EfiBh (breadth-first traversal), AR E#f5kiEZ (breadth-first search, BFS),
BHRI T —f/ “—E—ErSN R R 7T

rrEREER

/Ap\\\
' BFEEG (557 @ LT

/ ":‘X"':.’"""_'_jjﬁil'-'/"\ bm e

B 7-9 ZXREEFET

1. KBsEH

AL D@ ) RSN SRS, PASIENE “JeHESCH” AR, RS Mg i R
AOREI,  PE T E R SRR — 2, SEERAAgan

# === File: binary_tree_bfs.py ===

def level_order(root: TreeNode | None) -> list[int]:
" R
# FIIAMKEAT, MART R
queue: deque[TreeNode] = deque()
queue.append(root)
# MRk —1M3R, BFREFEHFS!
res = []
while queue:
node: TreeNode = queue.popleft() # [ABIHBA
res.append(node.val) # RETEE
if node.left is not None:
queue.append(node.left) # AFTENI
if node.right is not None:
queue.append(node.right) # BAFTEAMA

return res
2. ERESR
INRIERERN O(n) © FTE W ABIR—R, #H O(n) W, Hin 570 s,

- SEAIE N O(n) : {ERZEWIT, V= SURI, 80581 E 2§, IS 5 % 7 B 17 1
(n+1)/2 %8, & O(n) 2.
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7.2.2 #iF. BF. BFEH

MR, w5, PG RFEREE T RERSER (depth-first traversal), WHGREMLIEER (depth-first
search, DFS), BRI T —& “JeERIRL, FHBIHLkL:” 19D 77

B 7-10 J&oR 7R R TR A SE i O TR B, DRI TC D5 S B R — SUR IS “H 7 —
B, RN REKIBR =MIE, oA AT, R AR R

1.

REGIRE 0 O,

def dfs(root: TreeNode):
" RANBREMR SR
if root is None: return
@ EE iR AT
dfs(root.left)

@ EBisinkEFiH, MFHREFR
dfs(root.right)

O EEFMIE IR, EHBLEE

HiFER (F @ AiAiETHa)
1, 2, 4, 5, 3, 6, 7
fFER (F @ ipETHsa)
4, 2,5, 1, 6, 3, 7
BFER (f @ LiFnTa)
4,5, 2,6, 7,3, 1

B 7-10 —XAERWHIATFE. T7. BT

RE3m

IR ZRE B 2T S

# === File: bilnary_tree_dfs.py ===

def pre_order(root: TreeNode | None):

def

" B
if root is None:

return
# FRIMER: RS -> EFW -> BFW
res.append(root.val)
pre_order(root=root.left)

pre_order(root=root.right)

in_order(root: TreeNode | None):
" R
if root is None:

return

# FRIMER. EFR > BR= -> BFH
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def

in_order(root=root.left)
res.append(root.val)
in_order(root=root.right)

post_order(root: TreeNode | None):
" ERFEh
if root is None:
return
# IFIERSER: EFN -> BFN -> BTHS
post_order(root=root.left)
post_order(root=root.right)

res.append(root.val)

Tip

RERSASRMAT AE TR RSB, A 48 E v LB TR

B 7-11 JeoR 7 R P — RIS IR, Halaoh %7 F1 997 ADEEEpEs L.

1. %" FoRITENTTE, BAERERERTIE R — DT,

2. “I77 FoREBORIEl, RERYFTTTREETIFEE,

1

@@@@ -

#: mTEg
3: B LEE
HIFER (F @ LiHETR)

l Step 1 Step 2

#: BT
3: fLE

HiFFER (£ @ LiAETR)
1, 2, &

Step 3 Step &

\
9@

& TSk
A: @ LB

HIFFBE (F @ AiAETR)
1, 2

#: mTEh
A: @LEEH

HIFFER (7 @ 4i5ATR)
1,2, 4
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s

l Step 7

Step 9 ]

2. ERESH

i#: ETE
13: B EELH

HIFFEH (7 @ LhiAIATIR)
1, 2, 4, 5

#: TR
3: B LEEH

HIFFER (7 @ 35iRTIR)
1,2, 4,5, 3

#: mTEg
3: BLEE

HIFEA (7 @ iAATiR)
1,2, 4,5,3,6

Step 11

B ETEE
13: A EE
HIFEH (£ @ AiAET=)
1,2, 4,5

#: M
A: B EEH

HIF@RE (7 @ WiAiETR)
1,2, 4,5,3,6

Step 8

#: mTEE
A @ LEEH

HIFFER (@ WiniETm)
1,2,4,5, 3,6, 7

Step 10

#: mERE
V3: L EEH

HIFER (£ @ ihETiR)
1,2, 4,5 3,6,7

K 7-11 #iFE s

INFERER O(n) @ FTA Y R —R, A O(n) N,
BREREN O(n) : FEREHBIT, BIRDRACVEERN, BITREIXE n, RELH O(n) Bz,
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7.3 ZXRHART

TERERFOR T, “XWIFAERTTN T A TreeNode , TR MBI FREHAHER, - THERRTH
XM AR

2., FATIRETS FIEEHR TR X IE? A 52 HEr,

7.3.1 RERFTEZXM
ot — ME RN, A —MREE XMW, BATEMRE T SIZREF iR NIF 7 E— DA, e
AT RERAS B ME— AR &S |,

IRE R i R, BRI DS R ARG IS FHRRIIZHE B AR": HENERRI DN,
WZVWRIAEFNTRRTIN 20 + 1, AFNRRTIN 20+ 2, B 7-12 R T &N RRT | Z FFIBL <
Ao

T —
%mﬁl//f\\\
//1\\ //2\\ R T

BRI K F

PLILPL )L s

BFTRAESl: 2i+2

7 8 9 10 11 12 13 14
fERBARR XY

TEFS 0 1 2 3 456 7 8 91011121314
BFEmFS

A 7-12 SEE-NHMIBHFIR

WSt AU A Y TRER P RSN (RED . e BEETRER DI, RATER AT DOE e 2 50k
WRERE (B) F1R.

7.3.2 RLEEZXH

FER XR— DRI, A SR EE A EVFZ None o I T BRI FHIH A ZIXLE None , [l
IEBRATTCIEAUE P FISRAED None VBB AL E, XERE FAEZ R METHIERTT & %27 %
B,

Nl 7-13 FioR, A —PRARSESE XM, EIRRMEBEHFRR T IREARA.
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ZFT () TEE—RRLE =R

WeAFEl 0 1 2 3 4 56 7 8 9

a1 [2]3 4 [6]7[8]912]15)

B 7-13  Z R 2 B 2 i — SO T REE

NT R, FRATTRT LA IBAE R D 5 b e sV S A None o A1 7-14 iR, IZARALFE)S, 2
i 1 Fe Ak a] DAME— SR XK 7o BB anT :

# “X WA RT
# £ None RRIREML
tree = [1, 2, 3, 4, None, 6, 7, 8, 9, None, None, 12, None, None, 15]

ZFTI ($H) MR T AN

BRI 012 3 456 7 8 91011121314
BFERF7

=i

K 7-14 (FERA W EEHER R

EREARNE, e - XHERIES I BADRIGR. RIIsEe — XMATE X, None RNBIfERIIKZ HEEH
RINCE, BIBLFTA None —i2 HBRAEIZ RIS AR S,

XERE EABEHIOR 22 X, RTDLEISIEERTE None , BRI, 18 7-15 S H T — Bl
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BRERFT (88)

EARERH
RERCE e

BRFERFY ($4H)

8880800000

7-15 584 " XWHEEH TR

DA SCEL 7 —RRE TR AORH XA, B4 DU LR,

HERTR, REME, £ (B) Fia KRG
RN, e, Bl BRrEEmhEsl.

# === File: array_binary_tree.py ===

class ArrayBinaryTree:

BRI €42l : 4 s -

def __init__(self, arr: list[int | None]):
[IRIRT} *Iqi%:_j‘j—,;iu nn

self._tree = list(arr)

def size(self):
nnn §|J§§%l| nn
return len(self._tree)

def val(self, i: int) -> int:
" JRENZRE|A 1 HREE"""
# BERSIHWA, MiRE] None , RFRE(IL
if 1 < 0 or 1 >= self.size():
return None
return self._tree[i]

def left(self, i: int) -> int | None:
"t RSN 1 PRNEFTRNERS

return 2 * 1 + 1
def right(self, i1: int) -> int | None:
RIS U BEMAT RS

return 2 * 1 + 2

def parent(self, i: int) -> int | None:
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def

def

def

def

def

"t SRENERS|IA 1 TR T ARSI
return (1 - 1) // 2

level order(self) -> list[int]:
" REmA
self.res = []
# BEHEH A
for 1 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):
nnn \;?rgfﬁ%ﬁﬁn nn

if self.val(i) is None:

return
# BIFFIEMA
if order == "pre":

self.res.append(self.val(l))
self.dfs(self.left(i), order)
# HEIEHh
if order == "in":
self.res.append(self.val(i))
self.dfs(self.right(i), order)
# EFIER
if order == "post":

self.res.append(self.val(i))

pre_order(self) -> list[int]:
B

self.res = []

self.dfs(0, order="pre")

return self.res

in_order(self) -> list[int]:
" R

self.res = []

self.dfs(0, order="in")
return self.res

post_order(self) -> list[int]:
SRR

self.res = []

self.dfs(0, order="post")

return self.res
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7.3.3 iR5RRY

CXRMHPEEH R T A UM,

- B RTEESIINAR SR, NREREE, VRS w0 Bk,
- ATEAETRE, BT E AL
- SUVFREALIT AT R

M, BEHFOR A LR R

- BEAAFIEREESNF R, BRIAE S R 2T IR,
- R R R A B\ S B R ARSI, BRI,
- YT EIER R None I, BAHF SR RBURILERMR, R HREIK,

7.4 —X¥EFR

WK 7-16 Fivr, —XiEEM (binary search tree) i & DA £

Lo X TRYA, ZEFRPira T SRE < R R 00E < AGFRFirE T RRME.
2. [EEVWRRE, AR T SARRN, RIFERERE &M 1. .

g

binary search tree

Kl 7-16 —IERHN

7.4.1 “XEFERMBEERE

AT R E N — 1 BinarySearchTree , FEABH— M ARAZEE root , FRIAIMAIAR T i,

1. EHTS

25 BARTT AUE num , AT DURIE — AR R/ PR ER, R 7-17 R, BATHEBH— MM cur, WX
PFIAR T IS root ik, TEIAELESTT BifE cur.val 1 num Z [AIRY R/ DR R,
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# cur.val < num, BEBHEARTSETE cur BOATRID, EIET cur
# cur.val > num, WEHBHEFRT SLE cor BUAETR, FIHIT cur

£ cur.val = nun, WEHHREIEFRT A, BEHEPAFIRENZT A

E-xERETERSE (@)

00000000
(Step 1
E-xgEmrERTR @)
Y,
A4
0000 @g 00
l Step 3 J

Step 2

Step 4

B 7-17 = XAERMELT RSURB

cur.right,

cur.left,

E-RgEArERTE (@)

X AERME RS S EIRERN TR 2, #REAHERR 1B 0, TR 2 ) —

R, 4R, 6 O(log

n) W, REEDT:

# === File: binary_search_tree.py ===

def search(self, num: int) -> TreeNode | None:

"B
cur = self._root
# IS, BEHTHREBH
while cur is not None:
# BMTRE cur WAEFHE
if cur.val < num:
cur = cur.right
# BT RE cur WEFHE
elif cur.val > num:
cur = cur.left
# HEIBIAT S, BRHER
else:
break

return cur
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2. ATIR

HE—MMFHATCE nun , N TR XHEEREW “LEa < BT s <A77 B8R, SAREREWE
7-18 FlrR,

1. BEHEAE: SESREREL, MRT A, ARYE SR RUER num FIAVNERTERA MER, B
FEE AT (EFIZE None ) INBRHITEER,
2. EEATERRA YR FAMLY S nun , RIZT R E T None N,

E-xEEpTEATR @

7-18 FEZXAERM AT AL

FEARD SR, REERATIM A,

C CXERMARFAEEE TR, SWRERIE X Bk, HFHEAT REMHERE, WARITH
A, BEIZIR[A,

© ONTIRBIEAT R, BATHEEEE T pre RAF L —RIEFAAITT Mo IXAELEIEI S None I, FRATTAT LA
PRIEH AN AR, AT SRR A AR (E,

# === File: binary_search_tree.py ===

def insert(self, num: int):

" RN R

# BEWMAE, WAARKART =

if self._root is None:
self._root = TreeNode(num)
return

# EIRER, BEHTRERkEH

cur, pre = self._root, None

while cur is not None:
# REEBEET R, HiZRE
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if cur.val == num:
return
pre = cur
# HAGIEE cur NEFHF
if cur.val < num:
cur = cur.right
# WANMETE cur BWEFHS
else:
cur = cur.left
# TR
node = TreeNode(num)
if pre.val < num:
pre.right = node
else:
pre.left = node

SEBN AR, FBATREH O(logn) NFL

3. BT =

FEAE XM FREREIEAR T A, ARREMER, SRATREE, RIOTFERIEEMRREERE, —XER
P “FE TR < IR < AT ROPERBDART . IRIbE, FRATIRIE EART R 7978, 20, 1f12 =
FEGL, ATR B AIIBR T R

i 7-19 FoR, HAEMIBRT R O I, FORIZ U, o] DUESRNER,

E=xEERTSRTER @)

00000000

cur

1. EREHEBSR cur 2 ulh s 1 2o Lhdile! AL 120

FHAHME =0 1T pre.left = None

B 7-19 1E - XAERMHPMERT R (R 0)

il 7-20 AR, MAEMNBRTT AR 1, RARINBR TS U o HF 1 s B AT
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E-REERTIRTER ©)

v HR cur B 2. ¥ cur BEAHETFTR

P4 e
Lo LES LT (0 FHoHE = 1 HAT pre.left = cur.right

7-20 FEZXAEEMHMIERT A (ER 1)

HREMIERT RS 2 I, BATCIRER MR e, MRRZEH DR 0L . BT ZAR SRR
ETR <R < HFRT BIME,  BIX AR DU RSN s R R

RSB N RA TR A (PREHN— D RD, NMBRRERZENE 7-21 Fr.

L. BREHHERY SAE s FEs” PR MR, 2N tmp o
2. tmp AOEE S RRIERTT SOROME,  FRAERTAFIBYIMIBRT AL tmp o

=g EE (O =R sE @

Y . f\
@\ 1. ERHBIREA cur . 1. ERHBIREA cur
- .

/\ o A cur WFHAKE - 2
@ o™ 2. MBTR cur SA=H:

@ &j f @ j J»\ /0\ (1) &R cur ERFEHNEETSR nex
D € @@@é@ 000000

A

l Step 1 ‘ Step 2 J

E-xEERTRsE O E-xigEmrnER O
0
\ 1. THRBREA cur

v TR cur WFHRNE = 2

1. ERHBRTSR cur

v A cur MFNABE - 2

2. BIRTR cur FH=ES: Y 0] 2. BIRRTA cur DR=H:
(1) & cur EHFERNESTR nex (1) &R cur EPFBHNELTIR nex
(2) FEZXMFRIIMFRTR nex (2) EZXWFRIIWERT A nex
Y.
00000

(3) #¥5R nex ERATR cur

Step 3 | Step 4

B 7-21 ESAERMPPRT R (R 2)
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MRS R E AL O(logn) IR, Hrp&ERAHMBRT RFHE O(logn) WA, FREXH 87 54675
FHZ O(logn) MR, RBEMLESLT:

# === File: binary_search_tree.py ===

def remove(self, num: int):
m BRI R
# BNAT, BFRENRE
if self._root is None:
return
# IS, BEHTHREBkEH
cur, pre = self._root, None
while cur is not None:
# REIFMRRT R, BRHET
if cur.val == num:
break
pre = cur
# FFHPRT RTE cur MEFRF
if cur.val < num:
cur = cur.right
# FHFTRE cur HEFHA
else:
cur = cur.left
# HAREHRRT R, WEEHRE
if cur is None:

return

# FURME =0o0r1
if cur.left is None or cur.right is None:
# HFHmHE =0/ 1 B, child = null / ZFHR
child = cur.left or cur.right
# MBRT & cur
if cur != self._root:
if pre.left == cur:
pre.left = child
else:
pre.right = child
else:
# BN RARTSR, WEREERT R
self._root = child
# FURHME =2
else:
# REVPFIERT cur WF—1P TR
tmp: TreeNode = cur.right
while tmp.left is not None:
tmp = tmp.left
# ZBAMBET = tmp
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self.remove(tmp.val)
# A tmp BE cur
cur.val = tmp.val

4. PFEHBERF

i 7-22 poR, —XOWAER R EE f — IR — A7 BT, o SAERREE TR <R
TR <AHEFIR" BRDMKRR.

XEWE A XERR AP TH AN, SRRl MR/, Wmfs—PEZER: X
ERMEh RIS THFI.

A b di e B, FRATE — AR TR EH BRI O(n) IR, TEAUATAIMNIHE TR 1E,

FEH =R

"’ b‘\l
; i
4
4‘ - ~, “
Pl S >
',." ¢ ™ g R RFERFY)
1 : i’ 1
N r 1
! e :‘ ': o '.‘ 2, 4, 6, 8, 10, 12, 14
" Kb 1/ ==~ \ v
’ I AR 1/ 1 T\ v i
K s ‘\‘ K * i \‘ TTEHF
\ HH 1y ] N
N AN ZERN RN &
H e,

TRE @ A4

B 7-22 ZXAERWHI RN P

7.4.2 “XEFEMBIME

g —HEAE, TN EERBAHSR  AERM A, WRR 7-2, RIS IURERII 72 28
EAER, BARE Bartet. RAERIEIN, IR ESMEREARRI 5T, BEH b = IR

® 7-2 BASHERRIIBER L

TRFEEH ISR

H#HLE O(n) O(logn)
AR O(1) O(logn)
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TERFBER AR R
MEREE  O(n) O(logn)

EHARTEOUT, —HURREE P 1Y, XAAT BAE log n 1B NEBRER T /.

SR, AHERBATHE = SALR MR AW AFIRIER T, ATRES B WIRIE VA 7-23 FIRAVBER, X%
PRI R 2 A 2B O(n) -

4
A p
[\ )\ /
4
T iRk 4 PNV A: ok

K 7-23 - YAHZEMIRIL

7.43 “XRERMWELRA

- RERGHHZHRRG], LHEREIER WA MERERE,
- AN R R RIRN R R BAREH,
- AT EERER, DR HA RIS,

7.5 AVL#*

15 “THURMY SRR RS, SRS, — SRR R, TR,
AR R L 25RO (log n) 4L O(n) &

aniE 7-24 AoR, S IRHBRT RRE, IR SRR E IRV RER,
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@ @ B 5 BB 3 @

oo

=314 Bk
EH-R ZE=-Ri R

7-24  AVL WHEMIERY UG & 4238

G, FEE 7-25 FURR5E3E R ARl AP N RS, BER TR AR, A ERIRCERI R R A
FHko

o [
@ @ BATA 2 @ @ BATE 1
o

By iBf
SRR FH—Xi EE—R

K 7-25 AVL S{ESR AT R & ZEIR(E

1962 £ G. M. Adelson-Velsky #1 E. M. Landis 7£ it 3¢ “An algorithm for the organization of
information” AR T AVL#Y, IEXHRIRAIRNA T —RYHRIE, WERIERSASIMAIERT /U5, AVL B
Bk, IS AR RS 2 RRE O(logn) Pl BaapiEBE, 767 BN A THY N & e (e
M, AVL BERELAL ORI s R B e IR RE, BATREFHIN A E,

7.5.1 AVL PERAKIE

AVL BB — SRR, R P S, RN XN SRR R A TR, R — R — SRR

(balanced binary search tree),
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1. TEEE
T AVL SRR ERR BRBCT Mg, RIS T s 28RN height &

class TreeNode:
"UUAVL BT
def __init__(self, val: int):
self.val: int = val # TRE
self.height: int = @ # TEEE
self.left: TreeNode | None = None # AFTm5|H
self.right: TreeNode | None = None # HFTm=5|H

MR BN REIENRIZHY AR, BT 107 E, FERITEENRE, MR
MmN 0, METRIEEN —1, TGN THBRE, 7205 TR S R e :

# === File: avl_tree.py ===

def height(self, node: TreeNode | None) -> int:
T RERS SRR
# STABEN -1, HYTESER o
if node is not None:
return node.height

return -1

def update_height(self, node: TreeNode | None):
B R
#t TREESTRSFNEE +
node.height = max([self.height(node.left), self.height(node.right)]) + 1

2. PEFEHETF

TR EEF (balance factor) & X AT AT S EIREA T EE, FRHEZ
N0 BATFREKE IR s R IS REE 2L AR AL, @G SEH

# === File: avl_tree.py ===

def balance_factor(self, node: TreeNode | None) -> int:
mh SRENEEE
# THREEEFH 0
if node is None:
return 0
# TRTEEREF = EFNEE - EFREE
return self.height(node.left) - self.height(node.right)

TR A T
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Note
BRI f, W—RR AVL S ERT B EER FEw e —1 < f < 1,

7.5.2 AVL BihEst

AVL WERFRAET “BRE:” 1%0E, EREMSE AN XA P i e A IRIRITR N, BT Rk e
fig, BRADIEUL, BERCIRVEBERECREF “ USSR MV, WA ERTEN P R,

BATRF R F0E > 1 BT Ry R MR R B LR, BEEARIE R ATE,
FEE. SehlEa /e, SeERE . NN IR B R

1. HBhE
E 7-26 FoR, T RAHER T, WKRETE, ZXAFHE DR U2 e 37, BAIEEDIZ A

TRV R T, RAZTT 00N node , HZETTRIEHN child, 1T “flie” #iE, Elfhes,
PR, FF EARORE: — AR R AL

N N\

2 . REFERENTFHE
/ /mde BIRTIRIBA node
X BEFHREN child
/ /[h;u

Step 1 Step 2

\ “BE HRERE: / \ “BhE RIERIE:

enmes (@)
1. B child REHS, ¥ node MAHER /[';le\ 1. Bl child REsE, #§ node BmAHNER
i
- 2. A child ERMUET node MYMIE
0 AR
ﬁh;\ A BTG, ZFHERRETE
node

Step 3 Step 4

7-26 GhEtREH R

WA 7-27 AR, 2955 child BA 71 (0 grand_child ) B, FHEEAHEFERIN—%: ¥ grand_child
YE4 node HYAT-15 1
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NNy
O o

o

/ grand:child /

K 7-27 F grand_child B heslE
‘AR R MIERAIE, KPR L FREEI B SRR, RS TR R:

# === File: avl_tree.py ===

def right_rotate(self, node: TreeNode | None) -> TreeNode | None:
" AR
child = node.left
grand_child = child.right
# Ll child AR=, & node MEHEH
child.right = node
node.left = grand_child
# BT REE
self.update_height(node)
self.update_height(child)
# REIEE EFIMEIRT =

return child

2. khE

MR, GHERB & LIRS XA “BiB”, MITRERITE 7-28 R “ZEhe” 1#1F.
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RAEhEsE @
o

& 7-28 felietilE

FH, @/ 7-29 FiR, M7 s child BAF 1A (28 grand_child ) B, FREFELIEFHRM—2: ¥
grand_child 2% node 45111 mio

P ERETH
) o
i m&m& o \
\ \
©

A
grand_child

K 7-29 f grand_child f/cHEs(E

A DAOER R, e el e 2 i R B FRI), SN A PR R TS DL M FRIN . 2T xR
M, BATRTRATER IR R left BN right , KATER right BN left, BIRIGEIE
TR SEBARAS :

# === File: avl_tree.py ===

def left_rotate(self, node: TreeNode | None) -> TreeNode | None:
" ERERE
child = node.right
grand_child = child.left
# LU child ARS, ¥ node MZEhEd
child.left = node
node.right = grand_child
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# BT REE
self.update_height(node)
self.update_height(child)
# R[EFE fEFRBIRT =

return child

3. KEhEEALE

T & 7-30 R R 3, AU A A EE A BEAR TC IR TR S A, A RSN child BT “AERE,
XY node BT “HliE”,

# child $4T @ 3 node T
EhE Al

o

K 7-30 SElEhEE A

4. FhEEEEHE

aniE 7-31 R, AT RS RGN, TESEX child BUT “AIE7, FXf node AT “FENE

K 7-31 SohbEEEhE
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5. NefsR0ER

& 7-32 R P RPR S G L 5 RIRRBIBR XN, Al ER A e, Seiebgatbe. Jorlea/ohe. 7ohe

WA

FoIhE
=g

FhahE
=73

e

& 7-32  AVL FRHIPYRRIER: 16

QITRERAIR,  FAT @ I S 1875 s P R DR e — MU 7 s B PR R B IE S S, SR E R M 19 A

J& T 7-32 A BEAE O

® 7-3 VURBERC R DL RIS

KRR FUREEEET  RCRARER 7%
> 1 CEfmith) >0 filie

> 1 (ZEfmt) <0 JefehiefE e

< —1 () <0 FEle

< —1 () >0 JetiliefE fee

NTRETER, BATRBEFEAREERR DR A TR, HAVREN SRR ORI s, K

WV R R P, AT R

# === File: avl_tree.py ===

def rotate(self, node: TreeNode | None) -> TreeNode | None:
" RATIRERRE, R TFRERRE g
# IREXTIA node WYEEEF
balance_factor = self.balance_factor(node)

# Fimin



B7E K hello-algo.com 159

if balance_factor > 1:
if self.balance_factor(node.left) >= 0:
# GhE
return self.right_rotate(node)
else:
# STEhEfaahE
node.left = self.left_rotate(node.left)
return self.right_rotate(node)
# AR
elif balance_factor < -1:
if self.balance_factor(node.right) <= 0:
# FThiE
return self.left_rotate(node)
else:
# Scahe/akhe
node.right = self.right_rotate(node.right)
return self.left_rotate(node)
# TR, TONEY:, BEORE

return node

7.5.3 AVL WEBIRE
1. EADS

AVL WHT Rl AIRCE S AR RMAE R EREL, WE—RIXHIET, £ AVL MARAT RE, T RE
AR RAER R L ATRE S L — RIIKRMTT e (AL, AT EMNXANTROTR, AIRR LT ekt ieE, i
EEES = /3 B2 AT N

# === File: avl_tree.py ===

def insert(self, val):
nwnn ?ﬁ)\"ﬁl;ﬁ“u nn

self._root = self.insert_helper(self._root, val)

def insert_helper(self, node: TreeNode | None, val: int) -> TreeNode:
"t OBEANTIR (EBhEE)
if node is None:
return TreeNode(val)
# 1. BREBANUEHBATS
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:

# EETNRAEAN, BERME
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return node
# BEHTREE
self.update_height(node)
# 2. PITHESRIR(E, EZFHERRETE

return self.rotate(node)

2. MIFET =

Kfolth, £ = AERMAIMIBRT RO IER R b, TEMWRETRITHER AR, fRTE LM Rk P,
(NELR NP

# === File: avl_tree.py ===

def remove(self, val: int):
nmun ﬂHUB%"ﬁ'ﬁu nn

self._root = self.remove_helper(self._root, val)

def remove_helper(self, node: TreeNode | None, val: int) -> TreeNode | None:
nrr SBEAMBRTI R (BN E)
if node is None:
return None
# 1. BT RHMIER
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
# FHEAHE = 0 , HEMPER node FHiR[E
if child is None:
return None
# FUEHE = 1, EEMR node
else:
node = child
else:
# FURHME = 2, WBhEEHN T M TRMER, FRZTRERIFTTR
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
# ETRSE
self.update_height(node)
# 2. BUTHERIR(E, IZFNERIRE T

return self.rotate(node)
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3. EHTR

AVL R REBIRIE S IR —5, EHAEENR,

7.5.4 AVL R8I F3

- HYNFIER SR, ST A, SR =

- AT AREER ARG RS

- CLRRRHIR R DA SR, AT AVL B, ZLRREE TSR A, A S IR A
TR BB R SE /D, 0 st R B P B B

7.6 Ih&s

1. BB

LR AR, (KB o (ARIBER, A  UR A &— ME DU AME
BE, SMBMEIH T SR T A

- ORERRIEA R, A () TR DL R RIRR N AR () TR,

- BRI ARIB R, AL B B . RIS,

I, R SRR 5 B R T AL,

- BULE TR S TR, ee T SO, Sl SURPRIT SO, 53 SRR IR AR
5, THRBEUGRERE,

L AT DR RERR, TSR AU RS R R R B, AR S T 2 IR
223 g 35 RS

L EFRPR R, BRI T RN R, EEE
AL,

LRI . SRR R TSR, SR T LRIk, MEMASE iR, B
i RS,

L RRE R TE R A RS, AR, AR 2 O(logn)
I RBHE LN RERIN, SIS R ESHLE O(n) .

CAVL A, IR AR, R N R R NI AR s R 70

. AVL WIBHERE R A TE, JoiE. JeANERIATE. oA TERANE, TEMASNIRT AUS, AVL B2
I HERE e, (bt S S T,

2. Q&A

Q: MFHA—MWRK XM, AR SRRERZ 0152
i, BDym RS R E SOy G R RI R,
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Q: Z“XMrPHEA SR — B —ERIFEL A EMK, XEI “—ERIE" fa2le? ] DN IR T
TR B PRI ?

FEXAERREREH,  MHERT SRR =AM RO E, R AR LA T EOHA T 2 D P BRI R
Q: HMft2 DFS i —XMAEHT. . JE=Flire, 2562 me?

S e B8R, fir. FF ErEie =M XRE 7%, BT AR eS8 — R
MR 2E R BIANE —XAERM T, HTTARNGE £FPRE < BTRE < GFHRME, Bt
BATHEZIR % — R — 7 BRSESa@mnmt, wia] DURSH R s

Q: HHEfR/E RIS T 4 node. child, grand_child ZEIIZEZER, HB node AT Rl node JFRIIERE
ANFEBYEIL? AhetRlEE e N eEWs17?

BATFZEMNBITOMARKRE XN, AHEHEIE right_rotate(root) Z AR E TR &, HEK
return child JR[AEFE 2 J5 I FARAIAR Y slo FRTAAR 1Y s E ALY s B R R IZ R BR[O 5 52 A, AN
J& T A et E R 4ErTE R,

Q: fE C++ 1, PREHERIST 2 private Fl public H, XA AT AEREIL? T LAZW height() EREF
updateHeight() BRI BIFLTE public F private HE?

FTEEFENMFHEE, WRFERERNITMEH, BN private o Hla0, - s sbiE H
updateHeight() B AR XM, BHEMA. MEREEH—, M height() BIH AT REE, KT
vector.size(), KB public PAMEREH,

Q: AR N —2H g AR — PR SRR ? MR IR R AR IRE

SR, MR Y 7 O T AR RS Y build_tree() JTIEHAH, BT AHER, BRITEES
R A NBEEH T, AR ROTR MR A, B G T IXARREOT DA R RE FE LR UEA YAl
a8

Q: f£Java i, FAFEXLLRG—EZEM equals() JiTA?
£ Java i, X TEAEIREM, == AT N DNERIEZ OGS, X ToHA, WS H) TR
EANFR,

< == ABRHEEMRDNEEELTEAE—DMNSE, BEMIERNGEHRAEZSHEAE,
- equals(): FRX LA RIE R B,

Rk, aSREXEUE, ATV equals() o 2R1M, JEid String a = "hi"; String b = "hi"; #ILEILAY
FREREFEE TR E &A, ElHEmE—MN%R, FEWrT A a == b REEEF DN FRFERENNE,

Q: JEMICEFHEIRIRE S #, AR S 2 2h 152
R, B h = 2 S, H AR =7, MEEYAHE4=2" = (n+1)/2,
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Abstract
et 2 ILEED, BEERAR, BEESR,
JE R L U i IRER T, T e N LI 2 B S R AR 7
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8.1 i

# (heap) 22— RIERMAAIER XM, TEAJNMARE, K 8-1 Fr.

- TR (min heap): LR AIE < H7 S0E,
- KT (max heap): LR AMME > H9 SHME,

N N
/NN SN SN

L)L L)L)

2 ‘B2TXW B 2 ‘T2’ B
EETRNE <« EFT=E EETSNE 2 HFTaNE
TG P2
min heap max heap

8-1 /NTIHES KIViHE

HEFE N oE 2 I — DRI, Bl DURRE,

- RRETREEAIETE, HART R,
o BRSO EARTT SRR CHETR, RERZER SR BT RN HERR,
- OTFRTME ONTHE), HETOTER (R WERRKR &I K,

8.1.1 BEVEMIRIE
FEAEHMRE, 2 RmRIE S IREZMET (priority queue), IXZE—FHHRNEHELH, & X HEHBR
FeRHE BB

SCBR b, HEEHT T SEBOLERAS, RTHHER S T oea3E MR M BRI IETERAS, A F R,
BATRTLLRE “PEIEBASN” 1 “HE” BOESEMRIEIREA. HIt, AHNMERMRERIX Y, gi—MfE “HE”,

HERTH FIRIELR 8-1, T5TRA TR ERIEHmAE IR = RE,

7% 8-1 HERTHRIERCR
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T3tk iR iNEIF=FiN
push() JEEANHE O(logn)
pop() HETTC 2R Y HE O(logn)
peek() IRMETIOTER O TR [ /NHE T A SRR [ 7IMED O(1)
size() FREUHERY TE R AR O(1)
isEmpty() HIWrHE RS O(1)

FESERRML AR, ATTRT DA ERE(E i 5 1R AEAHESE (BROLTERASIZE) o

RUTHFREIETH “WNELRHES” F1 “MREVNEFN”, FATA] LB IR B — 4 flag BB Comparator
KL UNTHET 5 OCRTE” Z RIS, AR ATR:

# === File: heap.py ===

# IR/ NI

min_heap, flag = [], 1
# FIIR KT
max_heap, flag = [], -1

# Python BY heapq #RIRERIASCIL/ NI
# ZER ‘TERR” BENE, XEREILEARNKREE, MMmEIATGE
# EARBIR, flag = 1 BRIXSR/NE, flag = -1 BYIS ST

# TTRNME

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

# WU R

# HBTRSTA—TMARENHES)

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

# IREUHER/)N

size: int = len(max_heap)

# FIETER D ANT
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is_empty: bool = not max_heap

# WNFIRHEE
min_heap: list[int] = [1, 3, 2, 5, 4]
heapq.heapify(min_heap)

8.1.2 RS

BRI RTIE, 75 AR O e, R AN EHIMEGY (BN, +F > B <)o R
SLEBH S AT AR AT,

1. BHNEFHESRTE
X BN, e ARG A ABEREOR, BTHEER M2 TR, RIBATIRR B
RAFBHE,

HEAEAHFR XN, TTRAETAE, RIMURTRER PO E, WRREHEE R 5 25X
ﬂéifﬁ!o

W 82 iR, AwEsl i, HAEFHANRSIN 20+ 1, AT HANEIIN 2%+ 2, RWANEIN
(i —1)/2 (AR, HRIIAN, FoRa AR SR

HERIZ RS SEEMRGH (REFH)
W BER TRIUW 5 B KT “REZX

#5l 0 1 2 3 4 5 6 7 8 9 10 11

= (300080080000

(i-1)/2 i 2i+1 2i+2
~_ A I
2= = EF &F
TR Bl 1 As
BT RS MRS LI T e

K 8-2 HERIFR S %

PATAT DLRF R T [ A B bR R, T S5 -
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# === File: my_heap.py ===
def left(self, i: int) -> int:
" R EFTRERES
return 2 * 1 + 1
def right(self, i: int) -> int:
" REAFTRNERES
return 2 * 1 + 2
def parent(self, i: int) -> int:

" R ARG
return (i - 1) // 2 # MR

2. HiEETRTTR

HETTC RN — SRR T 21, bR FIRME A ITER:
# === File: my_heap.py ===

def peek(self) -> int:

" VIR

return self.max_heap[0]

3. TENE

BETCR val , BATECRHNMEMER, W), BT val ATRERTHER HAMITER, HERRSZAFRRE
CLHREOR, DRIBETR ES S AT IR R 12 BB, X MRS ML (heapify),

FEMAHET IR, WREDITHEL, 1E 8-3 R, FATHEHEA YRS HARY miE, naEAYY
REER, WHRENZZt, REREPITIHIRE, WERETEEHPIS DT R, BRI Se08 2T

AZHA T RIS

/\

©

s

o 0 \
// \éi ‘{/ \>‘ ﬁﬁCDA* ///\\\ ,!/N«\L ji:z;f;m%ﬁﬁ

ZRIERT
WART

£0DODEB00Da0 i (I000DODO0B0DO St
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TR @ Nt
1. BH= 7 FNBLE
2. NEETR#HTHEY (Sift Up)

w2 @ Nt

1. BHR 7 FNEHER
2. WEETm#TH (Sift Up)
v PR 5 < PR 7

- RRHEHR

v PE5 s BR7

s3] (000008000080 step 4

#E @ N HE @ N
1. BT 7 FNERE

2. WEETm#THA (Sift Up)

1. ¥H= 7 FNEER
2. NEETR#THEAY (Sift Up)

v BR 6 s BHT v A6 s BRT
o RRETR
[sten s | 0808000 step 6 |
7 P HA @ e

1. ¥H= 7 FMERR

2. MEETR#THEW (Sift Up)
BRI > TR

~ FRATRIR

1. BHR 7 FNMEER
2. MWEETBHTEL (Sift Up)
v BRI > PR T

=7 (00000000000 (s

HE @ M

1. BHR 7 FNERE

2. WEER#THI (Sift Up)
BUERE, ATHENIEREIIEE

Step 9 ‘

K 8-3 JERAHEN IR

R RUEEOY n, WM O(logn) o HIELATA], HECBIERTER L EER 20 O(logn) , JTERAHERR:
eI 2R O(logn) » AREBIN RATR:

# === File: my_heap.py ===

def push(self, val: int):
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" TR

# AT
self.max_heap.append(val)

# MNIRETHL
self.sift_up(self.size() - 1)

def sift_up(self, i: int):
"OMTR 1R, NRETHE
while True:
# RIS 1 IRTR
p = self.parent(i)
# 4 “BERTR 3 “TRTAEE” B, SREN
if p < 0 or self.max_heap[i] <= self.max_heap[p]:
break

# IRFT R
self.swap(i, p)
# fEIRm il
i=p

4, MRS

TR 2 —XRAUIRTT s, BPIRETTR. MRFNERMIIERAMERE TR, W2 XA T R
KR KAEZN, XRESREERHE L TR E LRI, N 7 RERDITTRRTIHZS, BATRM LA
TRV IR,

1. ZHHETOTR GHIFRTTR G R 5 Bt 5D
2. sERE, RHERMAIRAIER GEE, hTogsct, RItshn EMEREZESRIHETUTR) .
3. MIRHTRUTYE, MR IRHITHEL,

aniE 8-4 FR, “MIIEFHEL” IERIETTIYS “IREDHEL” R, FOTRARY miES HMAD 519 S
EIEATEERR, KRR 710 s SR st ZRIRTEIA AT IR, B2 M OB 2 A ) 9
iR

1///£l\\\\ TR 4(//g§\\\\ IR
1. BEMTRSHERTRZR
rawa' VaNAN

LAL° LA

5T i TR
ETTTE A iﬁlﬁn§

(5s]7 1617 [s]2]2 " 3 e ]2]5) step 1 080008008000 | Step 2
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TR

1. FBEMTRSHETEZR
2. BHUBIRMERTR

ETMTREE

1. BHMTRSEERTRR
2. B YEIRMERTER
3. MIRER#THA (Sift Down)

v TR S5, 8, 7 W, TR 8 A
- RRTIR 5 5TR 8

‘ Step 5

TR

1. BHTITRSHETERR

2. B YEIREETR

3. MIREE#THA (Sift Down)

v HEWR S5, 6, 7F, ¥R 7 Bk
- BT 5 5HR 7

EQPEEEDEEEE ==Ll

ETMTRLE

1. BHTMTRSERTRR
2. WHUFMRETR
3. MIRER#THM (Sift Down)

v HERR S5, 3, 6 1, TR 6 |RA
- RRTIR 5 5TR 6

020000080000 =

00LEFEEEEDEDE

H - B 0aEana e

BR0E - QR eEE

K 8-4 HEUTER HHED IR

SETRTR LS

1. BEMTRSHERTRZIR
2. HHMBIMHERTE
3. MIRER#HTHW (Sift Down)

v EHR 5, 8, 7 W, HA 8 BK

step 4 |

TR

1. BEMTRSHRTRTR

2. B UFAIRETR

3. MIRER#THEW (Sift Down)

v #EFR 5, 6, 7, im 7 BRK

Step 6 J

SETRTR LS

1. BEMTRSHEETRZIR
2. HHMBIRMETE
3. MIRER#HTHW (Sift Down)

v EHR 5, 3, 6, A 6 BA

Step 8 |

ETMTTREE

1. BEMTRSHRTRTR
2. B UFAIRETR
3. MIRER##THEW (Sift Down)

TG, ATUENHRIGEIEE

Step 10 J

SIERAMERIEEML, HETUCER MR RN RS 2 W O(logn) » AIBITTIATR:

# === File: my_heap.py ===

def pop(self) -> int:
nun i%tﬂi&u nn
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# FI=RIE
if self.is_empty():
raise IndexError(" HAZT")
# RMBEHRERATTR (RRETRE5RTR)
self.swap(0, self.size() - 1)
# MR =
val = self.max_heap.pop()
# MINERHEN
self.sift_down(0)
# R[EPETITER

return val

def sift_down(self, i: int):
"M U FFIR, MIRERHEL
while True:
# FIMIOR 1, 1, r PERANTS, i24 na
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
# EPm 1 RAHES| 1, r 8RR, WERGEEw, B
if ma == 1i:

break

# ATHRFE T R
self.swap(i, ma)
# BIFm Tl

i =ma

8.1.3 MMERKNA

- PLRBAS: M (R SEELOLSEIAS B B BRAS 1,  HARTH AR PERIIN A1 2208 O(logn)

, TEBRIER O(n) , IXEEBRMEERARE SR

- e e A BdE, BT DURETEN — M, RE BB TR HHER(E, TS EIE 74

i SR, FANEHE S —ME R NSSBE T, T “HEHTT E,

PRWURRH) kA X PDEMp AR, RNt —Fiiy g, BanEeESE g 10 f95E

TENTRIEEAE, I ECE AT 10 YRS,

8.2 FEIEHR(E

FEFLEEIT, BAIREEH—MIRITETTE R — D, XTI R,



HeE M hello-algo.com 172

8.2.1 fRBHINIEIR{ESCIN
BATELONE—AEHE, RERTFIR, REHENTERIT AR, MR E2RINE R,
SZTEEHUT MR Hefk,

Y —PNITRAME, HERRERN— BT SR MIRENRARE RN = X, Bt “H kR
FiER,

RITREE N n, BPTLROAERIEGEH O(logn) IR, FIHIZEHET LN S 259 O(nlogn)

o

8.2.2 @M (LI

Kk b, BATA] DASEEL— RN S HE T TR, AR,

L. RAERFATATCRIEEA SIS E e, R HER PR RIS 2 2 o
2. Pl (RRP@PRIER), RO IEHTT R HIT “ TR RHEL

TG, PR ROV R PRV R — A SN . TR E R, RHER (A
SR A,

ZFrOE B i, RO IZAERES CRIE L AT R TR FELR SENTHE, XA S /T R 2
AR,

EFHAE, HTHNRERA PR, BRI S, Tk, W MUEIrR, &5
—MNEMT R RGN R, FATWETT A E 7 AT HE(

# === File: my_heap.py ===

def __init__(self, nums: list[int]):
A, IBMATIRRS
# RBHIRTRRE RN
self.max_heap = nums
# R T S LSMYE PR E T =
for 1 in range(self.parent(self.size() - 1), -1, -1):
self.sift_down(i)

8.2.3 ERESR

T, Tl RS — R T T BN 7 2,
- B e TR AR n, WIS (n+ 1)/2, Hd ) MR, R
RN (n— 1)/2,
- EMTTR LA, A SRS I S, BRSO — RS EE log n .«

¥ LRME T, AR RN B E %N O(nlogn) o MHIXAMEREEFIFAMER, FABMEA
FIEE SRR R BURIZES T IZ T TR,



HeE M hello-algo.com 173

RN PAEATE NIRRT 0 TR AR, BRAE DR E@ A n . RN h 1Y "85
XB7, ERBA SR RS R IERTE,

HRmE $ETRUE
(BBELRAERE)
[ — 20
/ \ 1
h-1 2
SN N |
S | Y ] 2
SV
[T J—— 23
1 2h-1
(GEER, HEEEERN 0) e B s 2"

K 8-5 SE3E - XRIIFZE T R EE

i 8-5 R, T TR BYRORIAAUEEE T A2 R B, MIZEEIER "R
JE”, [, FATATDON S RA “T i 8d x WRmE” K, [T TR IR AR B S A,

T(h) =2°h + 24(h — 1) + 22(h — 2) + - 4+ 2(h"1 x 1
R RSB 2R, Jes T'(h) LA 2, 195

T(h) =20 +2'(h—1)+22(h—2) 4+ -+ 2"1 x 1
() = 31+ 22— 1) 4 23— 2) 4o 21

NS, TR 2T (h) WE LR T (h), A15:
2T(h) —T(h) = T(h) = —2°h + 2! + 22 4 ... 4 201 4 2h

Mg X, LT (h) B—DEHES), ATEEERARMARK, SN FE R

1—2n
T(h) =2 —
(h) ) h
=2t —p—2
= 02"

W, BEN b WREXMT EREN D =20 — 1, B8E8&EN 028 = O(n) . PAEfEE
R, FNFIFFFRHERINTIZ AR O(n) , ERERL
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8.3 Top-k B

Question
BE— M KEN n BEREAH nuns , TEIRBIEHAFERN k MITE,

TR, BAVC H PR LR E R, B AReR E RS,

8.3.1 FiE—: BHiEE

AT DOHATIE 8-6 R k e/, 73 ERAeRECGE 1. 2. ...« K KT, WHERENR O(nk) .
WHEFIERT b < n BB, WHRY k5 n lEgEsant, HEEEREEmT O(n?), JEHEFEN,

k =3

nums 2008 #rursirx
ﬂ B—RRIE 1 ARE
N .
B EoRRIE 2 ARE
an E=RRIE 3 ARE

8-6 M FHERAR) k PNITR

Tip
Lk =ni, BOTUERZRBOERFFY, WNENT ST Jik

8.3.2 Fi#EZ: HF

aniE 8-7 Fiw, FATA] DA B nums A THE?, FHEEIEAILH & DNITR, WAEZREHN O(nlogn) .
B, %Ik I ERUES T, BFONBERNMAFTHHERE b DTRAE], AR EH TR,
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k=3

s [DEEEE
HBLRITH
28000
EEEA k MTE

000

K 8-7 HiFIHREAK k MR

8.3.3 k= i

BATTAT AEE T HEBE AN ROt i ek Top-k A, (RAR4NE 8-8 filim,

1. FHAfe— A/ INTisE, HHEDUTRE/D.

2. JERECEHRTAT k DICRAIRAHE,

3. W k + 1 DTHEITA, HERTTRATHENOTR, WAHETUTER i,
4. WsERE, HEPRIFRIEUR ERH kDT,

k=3 ’tm@ k=3

Ll 1 [ [ [:]2] [ [ ]:]:]
i i
1. EH0 k DTENE 1. BE0 k DTENE
s ZXWERR
BART
heap @
l S & Step 2 J

k=3 ﬂ]ﬁ k=3

nums naa nums 1(7
A o0 fanaa
i i
1. #H0 k DNEENE 1. B k NTENE
ZRMRE

2. M# k+l DITEFEHI
v YR > EINTR

BART

e (@00

[ Step 3 Step 4

FRF L ATTTR A

sm (@)

ZRMERT
WART

ol )

ZRWRT
WART

v (@00
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k=3

— (@000
:

i

1. #E0 k DEENE

2. ME k+l DITEFEHE
v HFITE > BMTE

o RPETTREE

~ (@0000
:
1. BE k PTENE

2. ME k+l DITEFAHE
v MEITR < BIMTR

=1

ZRWET
‘ 2 WART

1 (:)
o o

‘ ZRWET
BART

k=3

~ (2088

@A, RE heap BIE]

k=3

— @000
:

i

1. %80 k DTRNE

2. ME k+l DITEFIRHAIET

v YFITE > MR

- FBETTR
EURTRNE

— ([@0000
:

i

-

. RET k MTENE
. ME k+1 DTEFEAIT
v YFITE < RMTHR

~

s

sm (@
o o0

‘ ZRRWRT
BART

ZN/IRE LI

# === File: top_k.py

Step 9

8-8 HETHEI AN k TTHR

def top_k_heap(nums: list[int], k: int) -> list[int]:
e BEFEERBUERRAR kK NTER"

# HIa 1L NTE

heap = []

# BEEEE k DNITTRNE

for 1 in range(k):

heapg.heappush(heap, nums[i])
# MZE k+1 DTEFE, RIEPENKER k
for 1 in range(k, len(nums)):

# BYURITRERNTHITER, WETUTRGE, SFmRE T

if nums[i] > heap[0]:

#T (:)
o o

‘ ZRWET
WART

T ()
o o

‘ ZRWET
WART
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heapq.heappop(heap)
heapq.heappush(heap, nums[i])

return heap

AT T ORI, MERCKIE R b, B REZE R O(nlogh) . T EMERIRR, X
ke BUNE, B ZEER O(n) ; 24 k #okm, BREZE RS O(nlogn) .

SN, GITRER TESEBAERAE R R, EARTIMABIER,, AT DARS4E HENRITTER, ATSEEL
BRKH) k NTTERIEIASEHT

8.4 NG

1. ELER

- OMERR KSR TR, RIS T K TR, ke (1) TRHERMETE R U 1,

- ARSEBAFI T SR B N SE RN, A R AT S,

AR RO R LA S ) 2R A TEEAME O(logn). HETTEEHIE O(logn) RV FIHE
7% 0(1) %,

- el WRHERIES SRR, BRI B T .

C ORI T AP OER, 7E MR R (R a2 ),

C I 0 NTEEFRIERR A E 2R ML E O(n) , EHERL

. Topk B ANZSEANE, A LA FIHERGRL SR, RS 2R O(nlogk) .

2. Q&A

Q: HdESSHN “HE” SNEERR “HE” 2R MEEE?

PERNRFE— MRS, HRRIGEN “HE”, HENRANGE MR SISNE SN —E 5, BPEsTn
A DABE A ERAF BRI, R AT DUESR —E BATHENTE, HI T REUN RN B 2Rait, X dE A
HREN, BERERIOXENT, DB LN, TN, SR EBAE A TR I,
ML ATRES S BUAAF R AN B f et <5 )
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FOE

!
R

hello-algo.com

Abstract
EAEmIRIES, BIGEE— DN, SEEE A NRIOHEIE,
F—RIHIRSHEE, #BEIXTKE KIS E F B R ETE,
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9.1
(graph) 2—FAELMERIESEN, M= (vertex) Al (edge) @Ak, FrATAIDUEE G RN —

IR V Mi—Hid E &S, DURBIER T —ME 5 DS 7 388918,

V={1,2,3,4,5}

E={(1,2),(1,3),(1,5),(2,3),(2,4),(2,5), (4,5)}
G={V,E}

WK LB N, OB EEES N TRIISIE GEED, AT DS BB F— R R Tk A £
45K, WNE 9-1 R, MIERTERMRR (R MoraxRR (W), MEgRR (B) MAREES, HifsE

Y
* /\ .
] / \ ‘\\\‘///
Y
-2 "
(BHXR) (HRXR) (REXR)

ERZiEEHERS, AMttRAER

o1 HER. . EZRKRR

9.1.1 EMERARBSKIE

iR G BA T, Al hEm@EE (undirected graph) fIEmE (directed graph), 1 9-2 FirR.

- AETCAEF, BRI ZRIR WA ERRR, FInMER QQ Y “MFAKRR",
- tEAAEY, BEETANE, A — B A« BWATTARLRE TN, Bl e
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ZTmEE BHE
(ax7m) (am7m)

K 9-2 AmESEmME

RIEFTE TSR AEE, Al 0EEE (connected graph) MIIEEEE (disconnected graph), 4i& 9-3 filf
Ro

- OTFEEE, MR, ATARIAERERETN.
- NTAREEE, MNEITR R, B0 DR TEENE,

N

EEE IEEEE
(PR TR E2T35) (AT ET3E)

K 9-3 EEESAREER

BATERT IOILEs “FEE" &, MMSEANE 9-4 FiRiBE (weighted graph). BIANTE (EHRE)
EFWerh, RETRMHEHL RN R IR 2 MR “SRERE”, XM E M4t n] AR ERRR,

TANE BRE
(FrEIa%H) (hRANERM)
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B 9-4 ARESTANE

BRI & DU B AR,

- 4B (adjacency): YT Z [AIFETEIAEIERS, FRIXPITAR “SR%7, TEE 9-4 H, THAR 1 YR TR
HIA 2. 3. 56

- B&R (path): MW A BT B & HIM I FFIHF I A B B 1Y “BRIZ7, £8 9-4 /1, 4P
Hll 1-5-2-4 F2 TR 1 BITUR 4 B— 5812,

- E (degree): — N USIHANILEL, NTAME, NE (in-degree) Fnf 2/ &INTEMIXTUR, HE
(out-degree) FnA 2/ &I MNIXTTUSTE

9.1.2 BEIMRT

EH R 7T N QRN 1 “QBERT, DUNERI T A T2501,

1. SPiEsERE
RN AEE N n, $MEERE (adjacency matrix) #HH—1 n x n K/NHEERFRE, 8—17 ) 1R
F— DR, HMEeENRRIL, H 1880 RRMANTTUE Z RS FEL,

WIE 9-5 FiR, IRARHEERER M., TSN V | BBLMERIER M, j] = 1 R Vi) ST V]
D, R’ Mli, j] = 0 BRmIA R0,

mR%IE

#E o 1 2 3 &4

0 @ 1 1 0
\ 101 a 1 0 o
‘ ‘ / 2 1 @ 101
— 3 10 1 8 1

4 0 0 1 1 o

Trims
SBIRSERS
graph adjacency matrix

B 9-5 ERIATEIERE RN

WREHEFEEA AR,

- DURARES B SHHIE, RILARERER ALt REA TR L
- RTFERE, BT, BRI X SR,
- REAREEFERITTERM 1A O B E, WA Ron A,
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(AR R R PR BN, FRATTAT DAERE S AR R TR DASKIEGS, R s e R R RO RSeR R i, IR A
B O(1) o 4RT, BMEMZERERER O(n?), WNiFEHKRZ.

2. PIER

PiER (adjacency list) M n MERKFRE, PRV RFRIUR, 8¢ DMERN ML ¢, HAFEE 7%
TBUSHIFT A RFETUR,. (SIZTUSRERTTUR) o 18 9-6 R 17— Ml I AR RGR A BRI E R 7R B,
MR SHISEE A TS

e %
[ e« 533e

PiER
graph adjaceney list

B 9-6 BT RKR

ABERAUF ERFENIL, THLREOER /N T n? , RILEEMY 2R, AT, ENERPHEIE
i P RO BRI, DRI TRISCR AN AT R R

WIERIE 9-6 , RRHEREM GIMARPH “BEHHE” BRI, RIBEERAT Tt T DUR AR 75 3R RR,
FRAn Y BER A, AT DL REREE (L AVL SeRZLRBM, MIFPEINRREEM O(n) L= O(logn) ; 1A
DAIREREHNIRT R, MR AEREREE O(1) .

9.1.3 EIMNERMNA
N 9-1 FRs, Y2 IS 2GR AR ISR AL, A S Y R 0t T DAZA AL A9 1] - ]

*9-1 BSATE R WAYE

Wi b B -
HMzg HPE FRREA IBHELT I HERE
HERERES  whe i RRIREE RRLBREAHER

ENEER 2K BARREDTESINEMR  TRPUEHE
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9.2 ERvEiRF

BRI ERE R RT 0 0 307 BORRCERORT “TR” AOHRfE, 1E “ARREIERE" 0 “SREEER" MIRRRIT IR T, &

B AR,

9.2.1 BEF4BIFIEPFRYSCIN

SR TUREE N n BTEAE, N MERERISSELT S ANE 9-7 Fivr,
© WSIMBRINRRIL : EARAE AR B AR E AL BEIRT, (A O(1) Nl M2, FitkFE

I BE T 7 TN 32

WAL : AEATHAERE R BRI —1T—51, FF2ME 0 BIn], A O(n) NH,

- BRI R PR R ER— 1T — 51, MER AT I IR EI BN, FEH (n— 1)2 e

“lfe LREE”, s O(n?) B,

- WL B n TR, WAL n BOTILNESIER vertices , A O(n) INE; #I4GTE n x n K

INFIAREEHERE adiMat , FEM O(n?) KL,

TREFIR
® oo 1 2 3 4
o e 1 0o 1 o
E— MeatE
\\\\\\\ 11 0 1 0 o
/////// 2 e 1 @ 1 1
—— 3 1 0 1 0 1
4 e 0 1 1 o
3] BIRERE
Step 1
TR5IR
®E o 1 2 3 4
o e 0 1 1 o
1 HipRn EH-
\\\\\\\\ 1 0 o 1 o o
//////// 2 1.1 o 1 1
— 31 0 1 0 1
4 e o 1 1 o
3] BIRERE

Step 3

1\ BIBRTRR

Step 5

el
=3l

F W N ks

Step 2

TRFIR
=3l

wmms @

oo W N Rk e

Step 4
DI ()
#w o 1 2 3 &4
o o 1 1 0 o
11 0 1 1 o
2 1.1 0 1 o
3 0 1 1 0 o
4 o 0 0 0 0
ShiAERE

S kr B B o ©

© o r B o o ©

S & r & B, B

® o o B o & »

[ O N N~
S N

ABIEIERE

T N N
®© kB o B o kB W

BHERERE

S kB B & © &

®© o r B o o &

P
-] ] -] ) ) -] U'\e/
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Bl 9-7 AREEFERIRIMEIL. SN, BT
DA 2 BT AR AR R 2 R R A S A RS -
# === File: graph_adjacency _matrix.py ===

class GraphAdjMat:
" EFEE I E R

def __init__(self, vertices: list[int], edges: list[list[int]]):

n RS A

# MR5R, TEAR TRE", R3IHR “TMRER5”
self.vertices: list[int] = []

# (BEERERE, 1THIRSIME “TRRZE5!”

self.adj_mat: list[list[int]] = []

# AT

for val in vertices:
self.add_vertex(val)
# ANNIA
# 1HER, edges TERARINRES|, BIFE vertices TTERESI
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):

R
n = self.size()
# MR FIRPRINFINSRE

self.vertices.append(val)

# TESREEFEFERRIRIN—1T
new_row = [0] * n
self.adj_mat.append(new_row)
# TEPEREFERAIN—5

for row in self.adj_mat:

row.append(0)

def remove_vertex(self, index: int):
m RIS
if index >= self.size():
raise IndexError()
# FEINRYRAPBIRZRS] index IS
self.vertices.pop(index)
# TESREEFEFERMIPRZRS] index BITT
self.adj_mat.pop(index)
# TESPEREFEFMIFRZRS] index BYF!
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for row in self.adj_mat:

row.pop(index)

def add_edge(self, i: int, j: int):
"L
# 28 1, j W vertices JTTERZES|
# FH5[MASHEFLIE
if 1 <0 or j<0ori>=self.size() or j >= self.size() or 1 == j
raise IndexError()
# EEMER, PEEEXTENRLENT, BEE (1, j) = (3, 1)
self.adj_mat[i1][j] = 1
self.adj_mat[j][1] = 1

def remove_edge(self, i: int, j: int):
R 1] SR
# B 1, j W vertices TTEZES|
# ZH3[HASHEELIE
if 1 <0 or j<0or is>=self.size() or j >= self.size() or i == j:
raise IndexError()
self.adj_mat[i][]j] = O

self.adj_mat[j][1] = O
def print(self):
" STEDSREAERE"
print(" TAsmFIFE =", self.vertices)

print(" 4BIZEEFE =")

print_matrix(self.adj_mat)

9.2.2 BEF4BiERAICIY

REMAE RSSO n, JEEB m, WIRTHRIEE 9-8 Fsi /5 iASE SRR E,

B LT B BER AR B IARTR], 8/ O(1) W, Ey2LmE, A ATRZE RN EmmA
JITAIIA,

- MHIRRIA: FETURON R R A SO MBR G, EH O(m) INF, TEAEF, FERRMERA D77
[ETH32,

© UMD EAHER NI —MER, PRI U BER KT A, A O(1) L

- BRI : TR, MREESEETURATAIL, @/ O(n + m) NHE,

- VIR TERBERBOIE n AN 2m 38, - O(n + m) I,
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M SERAESHAAT TR SERAESHAT
@—@ e -0 (0 (\\ w2 -0 | ;
| >@ -0-0-0 | ?@
0—© )—0-0-0 () o

Step 1 Step 2

G\—<® wiza @0 PS | @\—@ s O
@ ¢ gsese N e

oo 0-0-0 oo
h o
PiER 3]
Step 3 | Step 4

TR SEMARENFTETS

@—@ TR €) \ gg{@
NP s
(-) -0
o
BER

Step 5

B 9-8 ARERAIHIAGIL, SEMD., SN

AN BRI SI, MELE 9-8, SLhRdH LR AFEL,

- NT RIS BRI, DA, BAIERSIR GSEd) REEER.
- BT R RAAAEBIER, key NITURSLH, value MIZTWURMIMIETRSNER (HE5R).

FOh, BAHERIER B E Vertex RFTRIUN, IXFEMAVREDR : (RS WRIEFE—HE, HZIRRTIKX
DA, LB EMRERR Sy @ BT, WFTiEHE DR, BTAERT i BRI 1, %R
RAK.  MIANRAEFNTTURET R ME— ) Vertex SEBI,  MHBREE— DU 2 SIS MR T,

# === File: graph_adjacency_list.py ===

class GraphAdjlList:
BT AERTIERER "

def __init__ (self, edges: list[list[Vertex]]):
[IRIRl *@iﬁﬁ‘;i" n"n
# SPEER, key: THm, value: ZIN=MFRAEBETNS
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def

def

def

def

def

def

self.adj_list = dict[Vertex, list[Vertex]]()

for edge in edges:
self.add_vertex(edge[0])
self.add_vertex(edge[1])
self.add_edge(edge[0], edge[1])

size(self) -> int:
[IRIRT é‘%:ﬁy]’ﬁjuﬁnéé %n nn

return len(self.adj_list)

add_edge(self, vetl: Vertex, vet2: Vertex):
mun 5%‘-‘\1-”]5\72” nn

if vetl not in self.adj_list or vet2 not in self.adj_list or vetl == vet2:

raise ValueError()
# RINA vetl - vet2
self.adj_list[vet1].append(vet2)
self.adj_list[vet2].append(vetl)

remove_edge(self, vetl: Vertex, vet2: Vertex):

nun ﬂﬂul}%:‘@n nn

if vetl not in self.adj_list or vet2 not in self.adj_list or vetl == vet2:

raise ValueError()
# MIBRIA vetl - vet2
self.adj_list[vetl].remove(vet2)
self.adj_list[vet2].remove(vetl)

add_vertex(self, vet: Vertex):

if vet in self.adj_list:
return

# EPEERAPDIMN—PIEER

self.adj_list[vet] = []

remove_vertex(self, vet: Vertex):
TR
if vet not in self.adj_list:

raise ValueError()
# EPERPMPRTAS vet WRZAVEER
self.adj_list.pop(vet)

for vertex in self.adj_list:
if vet in self.adj_list[vertex]:

self.adj_list[vertex].remove(vet)

print(self):
mun ?TEH%B?%EH nn
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print(" #B¥ER =")

for vertex in self.adj_list:
tmp = [v.val for v in self.adj_list[vertex]]
print(f"{vertex.val}: {tmp},")

9.2.3 RENLL
WEFHE n AR m 508, 7 9-2 Wb 7 AT AR FER AT R 1IN RSCR R 22 RIR0R.

R 9-2 AMEIERE S WA L

WEFERE  AFHER (BER) AR (RWR)

MW ESSE O(1)  O(m) on)
RIS o) o) o(1)
s o) O(m) o()
FWE Om)  O(1) 0(1)
IR 00 O(n?)  O(n+m) O(n)
WiEzEGEM  O(n?)  O(n+m) O(n+m)

MERFK 9-2, BLPATER (BHKR) KINFERERS 2 RAREN, [HXPR L, fEREEM P RIERNERE
i, AR KB M EREBRERTR], Z25KE, WHRIEMEARILT “Dizs Rl B A, SRRk
BT DAl A

9.3 BmER

MRERRIR “—X2” IR, MENEAESNERE, ATUFRRMERERN “2N2” KR, FHit, FTRTE
RSB ERIR— R B, AR, B3 Do PR i P Ak s A — FeRE Bl

PR B R 2 I PR R BRI #0757 SNt 2 iR T ER BB IRE R BT .

9.3.1 ["ERFiER

) REL it st — R R S D T, IIEA T RIE, Ui EBIE T, FF 22k
P5Kke WNE 9-9 AU, MZE EATIURHA, B oz USRI A BRI, RE& N — MR ATE 28
I, DAUHEHE, BT TURTIEE,
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©
o

@ IR higta,

RIERGE. EREY KRR

Err-ER5iER (BFS)

©
©

BHFTIA

= @ e, 1, 3,2, 4,6,5,7,8

-
©

B9-9 KRy EAI kT

1. BEIm

BFS J@H EBIASIRSEEL, IR, AFIAER “Je NSE” MITER, X5 BFS #Y “HifMiz” K8
Sl E T,

1. PRI startvet ARSI, FHIFETEIL,
2. EPERI IR, A TUROFCSIA, RIERZ TR B FTE B TSI A FEHR
3. TEMP IR 2., EEIFTH TR R SE IG5 R

RTPIEEE WG, BAOTFEEME— MER R visited RICTMFLETT S EHT I,
# === File: graph_bfs.py ===

def graph_bfs(graph: GraphAdjList, start_vet: Vertex) -> list[Vertex]:
e ERSREE
# FAMBERERTE, UERBIEENSAIPIE PR
# TR
res = []
# BER, BTIERERBEENTNSR
visited = set[Vertex]([start_vet])
# BAFUA TSR BFS
que = deque[Vertex]([start_vet])
# LTS vet NER, BIREEHPSTAEINR
while len(que) > 0:
vet = que.popleft() # PAETI=HBA

for adj_vet in graph.adj_list[vet]:
if adj_vet in visited:

que.append(adj_vet) # EAPAKRIAIEAITNS
visited.add(adj_vet) # tRIZIZIN=EMHIAIE)
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# RO TN UBE T FS
return res

B SR, O BRIE 9-10 SRANTREERE,

M (E)) I, AL

1. BEMRMNEDFS res
2. REMREFE PBEMRAIT
ABA que FHIOA visited

io; G\‘

T () I, AT

1. BEMRMNEDFS res
2. BETREFRE BEIRAAT
ABA que FHIMA visited

o—0—90

s () I, AT
1. BEWMNEBF res
2. RETANFAESETRMT

AR que HMA visited

BHFF res
BAFI que
HEA ABA

RER visited
o )
BHFF res

(00 )

BAFI que

000

HEA U

BFR visited

(00000 }
EXX)

EHFF res
(0000 )
0006

BFER visited

(0000000 |
[stwns |

(000000 ]
M5l que
00

BER visited
(00000000 |

[Step 7 ]

b

TR () B, FHATUTIRIE

1. BEMRMNERFT res
2. BEARMFESETLRAIT
NBA que HAIIA visited

A () ], SHATUTRME

1. BZMRMNERFT res
2. RZMREFE PEMRAIT
ABA que FHMA visited

0—o—o

M () M, FHAGTUTEME

1. RBZMRMNERFT res
2. BETRRBFRE SPERAIT
ABA que FHIA visited

TR () HM, FHATUTIRE

1. BZARMNEFRFS res
2. BEMREFRERETRAAT
ABA que HHIA visited

BHFF res
) J
B3I que
00
- -

BRER visited

(000 ]

BHFY res

(000 )

BAFI que

000

HPA PN

BER visited

(000000 |

BAEFT res
(00000 J
000

BER visited

(00000000 |
[step s |

(0000000 |
BASY que
20

BER visited
(000000000

[Step 8 \
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HHFS res ) BHFF
28 o | T T
—— —— BAY que = mc— BA%I que
| | |
I o o 90O o -

\ 4

A () I, FHATLUTE

1. BEMIMNERHFT] res
2. REMREFE PEMRAIT
APBA que FHINA visited

BRER visited

= PAFI que A=,
« FEE[E, TR

e () i, ST

1. BRIMNERHFT] res
2. RZMREFE SPERRAIT
ABA que FMA visited

HFAFS res
BAFI que
A ABA

BHER visited

Step 11

B 9-10 A RT3

) REDL e i B S 75 W —2
A=, RS CE D R R “HE NI RN T, T 2 A I R TS Pk D I s eV
EEATEL. DAE 9-10 M, T 1. 3 Ui RIIBUT Al DASSHR, T 2, 4. 6 B9 Rl t aT UMERRR

%,

2. ERESH

BER visited

O
@

Step 10

ISR : Fif TS AN HBA—x, S/ O(|V|) IWE]; (B P g2, mi2rmE,
IR A IR i 2 8, O(2|E|) WR; SRR OV | + |E|) Wi,

THERE: FIK res, BFE visited, PAF que FIITISERRZ N |V, EH O(|V]) ZH,

9.3.2 FEMTER

R ei i — ARSI, Je#mlE s Sk /i, WK 9-11 FioR, WA BATRHL, Vil
LIRS BT R, BRERRSKNIRE, BASZESIRIHRME, DUk, EEE 0E 5

,5‘20
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@ @ ERERIEER (DFS)

s (@) mies,

e ° é Rk EE, BEDRAEE,
< :) 6 (J BUSHE - BRI
7

8

BEFSR

@ e, 1, 2,5, 4, 6, 3

& 9-11 HEMIREMIwET

1. BiEEH

XA SEEVRSKENR A ARIETEEFE R TIBIREI, 5 emmREE, EREEh T, A
MFRBMEI)— PR visited KICKEHVTFAIIUL, DAOBGEE VT F T,

# === File: graph_dfs.py ===

def dfs(graph: GraphAdjList, visited: set[Vertex], res: list[Vertex], vet: Vertex):
" RERSCBHREEN
res. append(vet) # 1ﬂfﬂlﬁlﬂT \\\\\

# LFlZTﬁ,ﬁE’JFﬁﬁ B?ﬁ]ﬁ,ﬁ
for adjVet in graph.adj_list[vet]:
if adjVet in visited:
continue # BRI EMWIFIAAITNR
# 3BTRS R
dfs(graph, visited, res, adjvet)

def graph_dfs(graph: GraphAdjList, start_vet: Vertex) -> list[Vertex]:
" OREMRSTER
# FAMPERRRTE, WERBIEENSAIPIE PR
# TR
res = []
# laHmR, BT IEREFKLIHNIR
visited = set[Vertex]()
dfs(graph, visited, res, start_vet)

return res

RIS 1 A SRR AN 9-12 R,

EEAREK N RiEHE, FoRITE T — DHHE 75K FH U
MR A L, SRR 7RO SIRE, BRI R R B,
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T IRERRE, EVCRIE 9-12 SAMMEE AR, EMPE (B AR M) B4 DFS i, i
BIATTEMNITE, (AR [,

-
©
o

Exn

st s |

Step 7

BHFF res

(000 }

BHR visited

L) ]

e
sarTm ) poarEms
sz @)

BHFT res

00000

RER visited

(00000 |

EHRE:
e () masma
SITHTR

EHFF res

(000000 |

BHR visited

(000000 |

e
sarmms () poamEms
s (@)

Step 6

Step 8 ‘

B
s () waEmR
s ©)

EHFF res

(0000 )

BER visited

CLET) |

BIRMER:

s € warEmR
amsmms ©)

EHFT res

00000

BRER visited

(00000 |

[E1HABRER :
s @) wrEsEEEbR
Rk 55EEE, EHETR

EHFS res

(000000 |

BER visited

(000000 |

R
s ) wrEsEmAEEsE
R, mrzEms @)
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WG res WS res
&
@
1 0 10
BHR visited BER visited
P 3 .
4 9 ‘ J 12 9 \ o
5 4
@
- (3]
nife A " BN
m (@) wrrAESEmABEE s () s
Rt % 7HEE, EHETR siisEms )
BUHE - BAEAETIR
Step 9 Step 10
BHFFI res

IRER visited

7 ‘ ¢ LA ER:
TR E) WFESEmSSEsE
Bt HEE, EHES
ma () B#tEE, MEmEn

Step 11

9-12 ERJIREELICi T2 B

DRBEDIL e il 3 F) 51 75 W —2

GBS A, IR e P P AR A2 M — R, SR BT, SRR T TR RAR AT
PA, BNAREETRSEI RS ] DUERATEL, #BRIRE LI Ci,

DIEES A, MR — 7 =5 “E R85 E—f - R 2RINEERF. BE ERE
Pi, efoR T =fu@liiisedk, Amix=5##E TREMLLET,

2. BRESH
IR AL FFE TSR 1k, 6 O(|V]) B Fraasasni 2w, 68 O(2|E|) ki
KB O(|V] + | E|) W,

SRR 5% res, WFH visited TUHEREE N V], BITRERAN V], WitER O(V]) =
I‘Hjo

9.4 Ih&E
1. ESEH
- BTSRRI, TAFR N — A R — O RIS

- METERIERR (BER) MniaXR (), MXR (B) BAE&NEHE, RimENER,
- BRERZEATTRNE, EEEPRERTR AR, GNERNROE SN EL R,
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- AREIEFEMERERRRE, 81T G) RE-DIUE, BEFTREE, A 180 RmTiEs
AR TE, AR M I O LR IR, B3 A) S R Z .

- AMERMEM Z MERRFORE, 5B DEERN NI ¢, HAPEE DZTURRIRTA BRI, BRERM
AT AREIEREE AT A2, (HlHTHREENBERREID, I RBCRER,

- HATERTPAVRERIS KN, A DU HON AL B e IG T R, ATHR T E R,

- WRIRRABRAE T, AEEFHAILT “DA AR A", SRR T DA R s |7,

- BT RS EIILRGE, W4, HIRERIE <5,

- RO —RRF, Rk L P e 7 ) — AR 81

- ERT s R R EE ML, REY KSR, GBS,

- ERRERSCE LR M ERIR, o EN FERIARHER TN, WET RN,

2. Q&A

Q: FREHE SRR FHIERIAFHI?

PR ER EARESRARNE A—8: g “BiER—MaFy”, mhsaig “BiRR— 1T
H1”, PARZ2%EXhIEX: In graph theory, a path in a graph is a finite or infinite sequence of edges
which joins a sequence of vertices.

FEARSCH, BRI — DAY, AR — P IRF. XREAMAN TR Z R REF A2 ARI0 5, It
(VRS S UL VA i IR

Q: REEEFRE XA IR A FIHIR?

FEAREEE S, MREADTRHR, B0 PMRICREE, whiREaERHEREZ MEN, PoEhzE
HIRTA &I 7 &

Q: TEAMER, “SIXWRAAERNTAETR" TR 25 ZK?

A DURAERF . (BAESEPR M, AIRER ZAE IRt SUNRHE?, HAMEIR TS AR Ay, BB IR T
RAER/ NI, XA BT HRIEER A ERARE” AT,
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FI10E #¥€F

Abstract
HEE—ARINER, BMSGFFEERBEMZ RSN, X DAPEBTE B ir.
TEXF IR ZIRY, F—RIREE RS2 — MR EEENEZE,




hello-algo.com 197

H10E AR

10.1 —9&EH

—9EH (binary search) B Mk T IERIKH S RHRREE, EFAEBIRIA R, Sah—FRERTE
l, EEEERTREERX SN,

Question
LE—MKEN n BEE nums , TTERIZMWNEIRIRFHA BEAES , EEHIFIREITE target 1E

ZEATIRS, FEAHAEEZOTR, WRME -1, REENE 10-1 Fr,

35
31
23 26
15
12
6 B8
aE 1 3
#l e 1 2 3 4 5 6 7 8 9
fERERERT A

nums

RWANBFHA nuns , EHRERTE target = 6

10-1 = EHSURBIEE

G 10-2 flR, Bl ewltatetatt i« = 0f j = n— 1, pilfsmEEHE TEMEITR, REHBERXE
0,n — 1] . WEER, HESFRRHIXE, HOSHFEELS,

Bk, RTINS,
L HEHRRGIm = (i +7)/2], Hi | | RoRm MR,
2. HIWr nums[m] A target BIK/NRER, WA R =FE N,
1. % nums[m] < target i, ViRH target fEIX[E] [m + 1, ] #, HEHHITi =m+ 1,
2. Y nums[m] > target I, BiAH target 7EIX[A] [, m — 1] H, HHIITj=m — 1,
3. Y nums[m] = target B, VHPAARE| target, KEILIRMEIRSI m,

HRANMIEGETR, BRXARL29/ N, HERE 1,

| 8 | I
e SR i E 13
® 0 1 2 3 4 5 6 7 8 9 #l 0 1 2 3 4 5 6 7 8 9
j i m b]

RF=—SER:
WAk i, j HIEABREETR. BTR 1. #HBHRE m = (i +j) /2
mERTHXE [1, j]
Step 1 Step 2
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SRR 12 i
ﬁﬁ 1 3 ¢ El H 7‘:* 1 ¢ El H
- 1 i m 0N
2 3

3
- — (= m
#El o 1 2 3 4 5 6 7 8 9 #El o 1 4 5 6 7 8 9
A AA Aoa
i iom i m j
RAE—SER: RF=—SER:
1. HERER m= i+ ) /2 1. H8FRm=(i+3)/2
2. ~ nums[m] > target
Step 3 ABAT G = m - 1 BVNERRE Step 4
31—
15 .15
oot T 8l
i : 8 i ' ‘ . 8 i ‘ ‘ “ H
7T 1—2 1 7T 11— | f
= :omil = :oml
®l 0 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
AoA 4 Aoa
m i j im j
BR_DER: EF=HER:
1. itHm m= (1 +3) /2 1. HEHa m= (i +3j) /2
2. = nums[m] < target
Step 5 L HIT L= mo+ 1 SMERKE Step 6

T 1 DH
#w o0 1 2 3 4 5 6 7 8 9

WF=SER:

1. HERR m= (i +3) /2

2. = nums[m] == target
Step 7 « EEIFRS| m

B 10-2 &k

R, BT fJ ER int 28, B+ j ATAEZEH nt FURINEUETEM, T kB,
A VERERAAR m = i+ (j — 1) /2] FHsrd,

(NELR N

# === File: binary_search.py ===

def binary_search(nums: list[int], target: int) -> int:

e ZoER EXKE)

# YR NHEXIE [0, n-1] , BD 1, j DEHEMEBEETER. BETE

i, j = 0, len(nums) - 1

# IR, HIERXEIASHEE (H 1> j BHAD)

while 1 <= j:
# BBt £ pPython MEFRIUTRA BURFREKR/N), TAEEALKMAEZR
m=(iL+3)//2 #iHEHREES m
if nums[m] < target:

i=m+1 # WWERIRAE target EX[E [m+1, j] F
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elif nums[m] > target:
j=m -1 # WWERIKE target EX[E [1, m-1] &
else:
return m # IXEIBIRTE, REHZES]
return -1 # XRIKEIBERTR, RE -1

IRIEAEN O(logn) + EZMEHT, XEEERG/N—F, BIIERRECN log, n .
TRERERN O(1) : 185 0 F j EHEEOVNZ L,

10.1.1 XiE&RTFH*

BR T LARAX SN, #AWXERRES AT XA, €8 [0,n), BELRESHS, HiaR
AEEBES, FEZRRT, XH [i,)) Ei = j A=,

FATAT A TR SE M B A RIDIRER) — o B ET
# === File: binary_search.py ===

def binary_search_lcro(nums: list[int], target: int) -> int:
" ZoER (EEEFXE)
# YIAERABGFXE [0, n) , Bl 1, j DIERABAEETE. BTE +1
i, j = 0, len(nums)
# B, HIERXEATHHRE (B 1= j BAT)
while 1 < j:
m=(iL+3)//2 #IHERIES m
if nums[m] < target:
i=m+1 # ERIRE target EXiE] [m+1, j) H
elif nums[m] > target:
j=m # WWETRE target EX[E [1, m) F
else:
return m # ¥EIBERTR, REIHZERS]
return -1 # RIXEIBERTR, RE -1

i 10-3 FioR, FEMMXEFRT, Zo&EREIRIPHAML, TR AERGE N X R A A,

HF WX FoRAP A FERBOE SOAXTR], RIS TR « RS 48/ X R AR 1R AR
Mo ARG W, Kt —BE@ECRH “WHAXE” 5T,
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TE |

#3 o 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10
i ERLRNaEsas j i AEihREsES riaRFE5EE  j
EFEXE: WEAXKE [1, j] #EXE: c@aAFXE [i, j)
MeatkiEst: 1 =0, j =n - 1 iafkiEst: i = 0, j = n
EIFEIERMF: 1 > ) fRIFLEIERM: 1 2 )
GKERE: i =m+ 1, j =m- 1 BIKEHEE: i =m+ 1, j=m

& 10-3 FAPXEIE X

10.1.2 i 5ERRYE

o BEERAEIN TR 23 [R) 75 T A A BT B PERE

© AR TR R, (ERBRR T, ST IIN FE AE R A B I, MR n = 220
I, AR 220 = 1048576 %AAHF, 1M 2 ZHAH log, 220 = 20 #HEA.

© SERICAENE R, TR E AR RINERER (BlAaeREN), SoEEnE s
[Al

R, ZoAESOHEERTIAER, EEADINER,

- ZOBEBRUER TAEREYE. AWMABIETE, N TERZERMET T, SAE% B
HP BN R EAEERE N O(nlogn) , HEMERM &I E S, N THEMATTRITR,
WA, FERTRMATREME, NEEAREN O(n), WRIEE SR,

- ZOERCGER T, BT R ARESH) TR, AR TERERTT RHIRK
IR, RIANIE G I A R s T HER SR BUREE

C NIRRT, SRUEERMEREE M, ELMENT, BRHT 1 HWHRCE; ME_DEKF, {E IR
A LIRBRIA, 1~ 3 UCHIWTHRAE, 1 ik (83K, 34~ 6 DNEITilE; B, SRR n BUNN,
LM ERRIM L = &R,

10.2 —HEREAS

ZBERAMGTHTERERTER, A TRORFZZRMEE, IR ETRimA G E,
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10.2.1 TEETEMNER

Question

LHE—NEEN n WEFEEH nuns FI—DNITE target , FEHAGFEEE TR, I target AL
Hnums 1, HRBEHERM, BBEPEFEEITE target, WIHAZEET, HIRBEIHEHANG target
TEHAHFPHIRS ], REEE 10-4 FiR,

nums

BAS fiN target

nums

WMABFHA nuns , BIFE target = 6
N target MEARRSIH 2

10-4 = EPAH A SR BIEEE

FRARE A BT S AN, TR DU PN A,
g —: SEAHAPEE target I, HARNRIZOZZTRIRSG]?

L H B R target i AZIMHE TR AL, XEWEFIEAL target Bt 7 JFK target N E, thrtz
Ui, HEEHMT target B, HARMIESIEZZ target &S],

B8 HEEHAPAIFLE target I, AARZBNITRIRS?

H— B BE N ERIEFE: 2 nuns[m] < target I ¢ B3l XERETRH ( FEAARTHFT target (TR
i, FH, et j BELERVNTET target FIITRFET,

R85 RN —E A 4 JEAE AT target AR, jIEAE NN target KR, B HBEHA RS
target I, fIARIIN . I FHTR:

# === File: binary_search_insertion.py ===

def binary_search_insertion_simple(nums: list[int], target: int) -> int:
" ZHEREAR (EEERR) "
i, j = 0, len(nums) - 1 # #IAKIFX[E [0, n-1]
while 1 <= j:
m=(i+3) //2 #iHEFRRS n
if nums[m] < target:
i=m+ 1 # target ZEX|g [m+1, j] &
elif nums[m] > target:
j=m-1 # target fEXJa [1, m-1] &
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else:
return m # ¥%E target , REFEAS m

# KRIKE target , REHEAR

return i

10.2.2 FEESETENER

Question
1E b —R A B, MEEEHTREE S EE TR, HRAE,

RIZFHPFEZ N target , NEIE - EHRAGEIREIEFP— target INZERS|, MAEMEIZICEN AN
*ﬂﬁﬁlﬁﬁg’/" target,

A HE SR B R MARIR A, PN AR PR target &S], ¥125% Ei@d & 10-5
FoR 20 B S B,

1 PUT =&, FEHEE 1 target RS, BN ko
2. WNR3EIHs, e TSMEN, SEREIREIAR) target KR,

target

— OB

X ,.‘k. 7

1. B=RERIEE— 6
2. BEMERIBLON 6

10-5 ZMERERE TR

WA BEARTH, BHASEMEER, FHIENEERERN On) . YEHATFERZEEM target I, &7
ERCERRAK
WEERRE BRI, WE 10-6 Fir, BARRERRALE, SHRETE ARSI m, FHW target A
nums[m] I R/NEZR, 3 R PARLRIE G,
- Y4 nums[m] < target B nums[m] > target I, ViBHILAEIKE] target , R RAEIE 0 &EIRVLE
/NXEIEE, MNmAEFEER < F j ) target SRR,
© Y nums[m] == target i, BEFH/NTF target WICRAEXE [i,m — 1] H, HIRA j = m — 1 k48
/NX R, MNTETRER § /T target BT SEIA,

TEIRTERUG, © fRAIER/ACION target , j FBMAIEN/INT target FITE, KRS ¢ #2 AR
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15}
: 12 !
i 10
6 6 6 6 6
L
=
®l o 1 2 3 4 5 6 7 8 9
A A
i j

Mt i, § HEAREETE. BTE
mERTAXE [i, j]

Step 1
15
12 []
10
6 6 6
g il
b 4 im ’7
®l o0 1 2 3 4 5 6 7 8 9
A Aoa
i jom
BR=SER:
1. itERE m = (i +3) /2
2. = nums[m] == target
Step 3 2 BT § o= m - 1 GHINERKE
15
12 []
10
6 6
3 |
b ik
#@ o 1 2 3 4 5 6 7 8 9
AoA A
m i j
BR—SER:
1. EARE m = (i +3) /2
2. = nums[m] < target
l Step 5 A BT o= m o+ 1 BIVERRE
15
12 []
10
6 6 6
4 5 6 7 8 9
BR_—SER:
1. EARE m = (4 +3) /2
2. = nums[m] == target
l Step 7 « BT 3 o= om - 1 GNERKE

Step 2

Step 4

Step 6

Step 8

RE |
T

TE |

#3l

10
6 6 6 6 6
1
=
6 1 2 3 4 5 6 7
A A
i m

BR_SER:
1. HEHRm= (3 +3j) /2

10

6

2

2-0 @

6|
-
.
i

RS ER:
1. 8RR m= (3 +3) /2

10
{6 6{6 6 6
3 |

1o |
R

@ 1 2 3 4 5 6 7
A
im j
BF &R

1. HEFR m = (1 +3j) /2

10

Ow
] w
~ . e

v FRBEARRG 1< )
-~ BRHTSER, BRI i

10-6 ) EREETTRAIHA R

WL LUTACRS, W52 nums[m] > target F nums[m] == target AYIEIEMEIE, RLFE AT AEFF.

RGN, FRAWGEART DRI SR A ORI RTT, RO EBAR S ANTEM, Al ik B4

# === File: bilnary_search_insertion.py

def binary_search_insertion(nums: list[int], target: int) -> int:
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n ZHBEREAR (FEEERR) "
i, 3 = 0, len(nums) - 1 # #IAKIWAXIE [0, n-1]
while 1 <= j:
m=(i+3)//2 #iHEFRERS m
if nums[m] < target:
i=m+ 1 # target EXE [m+1, j] A
elif nums[m] > target:
j=m-1 # target EX|g [1, m-1] &

else:
j=m-1 # 85NMNF target MWTHEEXE [1, m-1] F
# REIEASR 1
return i
Tip

ATHIEEE AR Fik, AXM4ERER LTI “ERETT" Fik
BHRE, Zo&ERICARRATEE « M j oAl ER AR, BRARER—MEREKRITR (BN target ),

ATRER—MILREE (BT target KITTER),

FEARMTRIPERA — o0 rf, a5 ¢ M1 j #RRINEIE HUCBE R iR, W2, ENsRRIREIER, gl
FE 1k,

10.3 “H&ENRDLR
10.3.1 TERLOR

Question
HE—DMKEN n A FEEH nums , HHPAJEEREEE TR, HREEA T HAL—DITE target 1Y
Ryl, HHRAHAPAIEEZTE, WIRE -1,

[ = BEPSARITT I, MRFTERE « 8RR A —1 target , RIKESIARA R FREESREA A
target M£sl,

5 IRIEE BRI A SRR BEBIE IR AL, EER, AT RREAEE target, IXAMELLATRES BT M
FEE AR

- ARPRS] @ B,
- JGLZE nums[i1] 5 target ANHZE,

LEFIDA LRSS, BERERE —1 BTA], AASUTRAR:
# === File: binary_search_edge.py ===

def binary_search_left_edge(nums: list[int], target: int) -> int:
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" ZHEHRERA—D target"""

# ENTFEX target BIEAS

i = binary_search_insertion(nums, target)
# K#E target , R[E -1

if 1 == len(nums) or nums[i] != target:
return -1

# 3 target , REIZR3S| {

return i

10.3.2 EHHFIHLR

R LAMAIE R EAT— target WE? BB BB, BHALE nums[n] == target THI RIVHEEHI
e, FRDIEH AN, A 45 A DL A T,

TNEFRA I E R G R 7

1. ERERKAR
PR b, AT DA HER R AT RNREBCRESR R G TR, BAT77EN: BERRLG A target ¥ N#E
i —A target + 1,

N 10-7 R, EEGERUSE, fRE @ R A target + 1 (WIRAELR), 1M j fEARA —1 target,
B3Rl 5 BEWT,

target = 6
nums
A A A
j i j i
EREE—T
target +1
Fin
sHheE— EHREE—
target target

10-7 KERGILREBN NER DT
EER, REMFEARR ¢, FEFRZERHER 1, MmkS j -
# === File: binary_search_edge.py ===

def binary_search_right_edge(nums: list[int], target: int) -> int:
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" ZHEREG— target"""

# BURAERRE— target + 1

i = binary_search_insertion(nums, target + 1)

# j IBERA— target , 1 IBEENAT target BITE

j=1-1

# RE target , RME -1

if j == -1 or nums[j] != target:
return -1

# %3 target , R[EIZE3F| j

return j

2. BUUAEHTER

BATHIE, LEAHAAREE target B, &E 1M j 2o5fEMENKT. /T target BT,
Rk, @& 10-8 Firs, FATA] DIME — NMEHPAFERN TR, HTEREGILR,

- BIEAE A target ¢ AILURALNE target - 0.5, FFIR[EHEE 7,
- BHREA A target : ALK target + 0.5, FRIRMEIRE ;.

target = 6
nums
A A A
j i j i
=R =i
target - 0.5 target +0.5
Fi F
EHREE—T EHREA—T
target target

[ 10-8 RESIAFHEMANELITR

RIS, DURMRESER,

- AEREHAN SN, IXTERE BT O AR AL B R B B
- EONIZTTESIAN T /N, AR ZR R H AR target BONTEREER (Python EAE)).

10.4 MFEMRILER

FERIRAR, AR R R EA S BON G A B PR R RN A, BA B — D RIEER A
I%ﬁ@o
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Question
Y5 — B nums FI— PN BERIEE target , IBESEHAIER “F1” N target RN ITER, HIR
EIEMREAERS, REUEE—MERR],

10.4.1 Zi$EH: U ESE(E

EIEREREIFEARENAS, WE 10-9 iR, BATFE—TNMENER, TEERA AW N EERZES N
target, #ie, NHIRMEIE(INES],

target = 13

nums =

EHFEES, HiBFMA
target BABEHR[E

K 10-9 ZeEEHCRAEMECZ
(ANELURNG
# === File: two_sum.py ===

def two_sum_brute_force(nums: list[int], target: int) -> list[int]:
nE— BAME
# MERTEF, HESEREN 0(n12)
for 1 in range(len(nums) - 1):
for j in range(i + 1, len(nums)):
if nums[i1] + nums[j] == target:
return [1, j]

return []

IR E 2% R O(n?) , ZEREAERN O(1), fEXREIRR FIEFFEN,

10.4.2 WFHEEH: UL (EHRETE

BRMES - DamER, BEXANBHETRENTTRRS | BNEEH, FHRHITE 10-10 FRiP 5,
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1. H|WrEF target -

2. RHHEX nums[1] FIRSG] 1 BN TR 3R,

target = 13

- QDOO

A
i

[ ey g ] R
map =
value =3l

BHEE nums

© 13 - 2 = 11 K7 map F
~ BTHR 2 FhN#E map
Step 1

Step 3

Step 2

target = 13

wes - (E)ESEDED
.
i

[ - 8 } -
map =
value 1 %3l

WHBLA nums

v 13 - 11 = 2 7 map
~ EETRAERS [0, 2]

& 10-10 #HBhIG AR KERELZ M

KRS AN FAOR, (R B EERRRTA] :

# === File: two_sum.py ===

def two_sum_hash_table(nums: list[int], target: int) -> list[int]:

"SR MEBpmR AR
# WEMRER, TEREHFRERN 0(n)
dic = {}
# BRE1EF, HEERERN o(n)
for 1 in range(len(nums)):
if target - nums[i] in dic:
return [dic[target -
dic[nums[i]] = 1
return []

nums[1]], 1]

nuns[1] BEEIGARP, H2, WERREIXM N ITRNRG

target = 13

s - (DDDD
200
i

key ] b 3
map =
value N =3l
BHBA nums

w13 - 7 = 6 £ map
~ ¥R 7 HE map

MBS AR E LN R EZREMN O(n?) BE O(n) , KIBFRFHBITHER,
T REGE—MMIIE R R, BHBEERERN O(n) . REWL, ZI7 RPN 2335058 0 h 51,

Rl E R A B A2 o
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10.5 FiNHEFEEX

WERBZE (searching algorithm) FIT{ERUESSM (BIANEEH, HER. WEE) AHER el A e RrEs
HHITTR,

R BIRAMRIE SRR 2 DU MK,

- E D BIRSHREN HbRT R, P, B RRERETE,
- FINBIRHA GBI SR ERER, SHRPOTRER, FI &R WA EHR = S IE R
AHIKF,

AHERBL, XA R EEAERTH A E T A, RIERREEN T RAPREGF AR, AT, 3]
RMEIRGIMATIN, EHra LR,

10.5.1 S|HiEE

2R FE e LRGN TR R E M BT R,

- MR EH T RAMBER S RIRS, EMNBIREHN TR, BIRITER, EEKE
HARTCREENA S —ua 5 A HE HAR TR M ik,

CTTEARSGERT 1 REMSER” RERIR B PRE RS, TSR M RT IR R
R, BTN R DT . R RMANAET RUTER, 1HE —RIEEREL, R
flbist, EEE P 7e B N EHRE

RIERI SRR B ATEL, TeA0 SR st BRI B A M BRE .

SRIM, MRBIRIN WIS N O(n) , Hrbn hcREcs, FELSR SRR SN TR,

10.5.2 BiEMNER

HIEN AR ABIRRR AR (BINEFME) RICEERIERE, s s RotE i B R,

- T ERT MABENA P ESIEERR, (OEHTEE,
- CIRTEIT MRS RRHEREIE BRSO B E X R, AT SE I R
- PR ERPE RIS (BN AR, H T AT RUESR PIEHERR T L, ATE AL H AR TT R,

RBIARMLRUR AR, INRIRAYERNAE] O(logn) 2 O(1) .
SRIM, AR R O BRI TR B, B, o BT E R BEH A THER, R A AR
AR T LA BN EAR S, AEPIX SR Sl th el SRS M I AL 2 TR

Tip
HIEMERRIEF POV ERER, BEN TR EBIRairbPuRk R bR,
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10.5.3 EFAHEIEN

RN n W—HEHE, BATRTDAERLMEER, Zo&ER WER BREREFSMTTIENHERER
TLR. B NITTER TAERERANE 10-11 FiRo

£14%18%F o(n) MBEEKX 0(1) ) key i value
ky 1 5 3 2 &4 7"9 2 8

1|(5|3|2(4|7|6

eRRR0Nn000 -~ 0000000000

5Lk |

ZHEE 0(logn) WEH 0(logn)
FoXEERG
EFBEMFT R

000000000 R

S~ N

RIEIER P/ MERKE

10-11 ZFEZRRRE

ERTURTT IR BRI ERBCR SRR 10-1 FR.

% 10-1 EEREEBCERMLL

MR T &L EEGEER
HHILR O(n) O(logn) O(logn) 0(1)
flAICR O(1) O(n) O(logn) O(1)
fHERTTER O(n) O(n) O(logn) O(1)
vl O(1) O(1) O(n) O(n)
HE st / He¥ O(nlogn) #Ht O(nlogn) #iaR O(n)
YRR S Er Terp =152 152 Terp

RRETRNEFEPR T EIRA R, ERIEEER, BURER S EHRE,
RMHER
- ERNELE, AU TEERETSE IR, RWBANMNFEER —REHE, B2 HA=F75 R B R AL P
AR 1R] EE e ME TR 2R AV IR RIS 22 B

- TG TR R INREERE, BRI AR A N ORI,
- JER TR ERREGS R R, RO AN TR E SR TR T MES
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ZEER

- IEATAREIERIEN, BRRMEE, HENREREN O(logn) .
- BdERARES K, BN EEEH R N 2,
- RNERT IR R, RON4ET A R AT R,

IS A AR

- EENEREREE R RSN, FENRERERN O(1) .

- NEAHEAFBIRSGEEERI R, RS RICTRGET B A P,

- NIRRT RIS A R AL BRI AR A s, BAAREORIITERES L

- ANESEIERERIEN, RO REFETINE FREAREE DR, Mt RaF &R

[\
HEo

- ERTEREYE, RO SRR BB,

- EETEYETA P BIEEGEE AR R

- TERPSHEINT R AR, A RRATRE A GUR, NRERESLE On) .

- A AVL LR, WIS THRIERTE O(logn) BCR FREIETT, (A4 R-F 8RR /E 8 &
ST

10.6 /&

A EEHAREERI I, RIS R YR K O T AR, TR ARIEE, HAX
S TR s T3 ST B A4,

R ISRESE PR R E (AR, SRS TREUEER, IR R AR (R
SETEAW, HXREAELT, TSR TR, (BRFE 2 O(n) B,

- IRTREER. WA O R T EAER T, TR RS R B E AT, R
WA 2T O(logn) B O(1) , EEH BB BSR4,

- SR, FRAREASGRA R, RNk, RURE IR R S T A, WS
SEIIE T

SRR T VS ERORAE; AT HOER T AL, HEFRROE; 1A B O A T A
SRR LT 2 VIR s O PR T e N TS 6 L 2 0 KT B A

- AR B R R — R IS ISR, AT 2 O (n) 1% O(1) .
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F11E #HF

Abstract
HEFP I an — 1R EL A ARk e B BETR AR, A TRE DABE Sty 7y AR 5 Ab AR
TR, RE 27 EHY, HiFpamBATER T EIRFNEER,
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11.1 HIEHEZ%

HF®% (sorting algorithm) HITX —HBHRIZ KT E I THS . HFEIREET 2N, FAERF
B B RE SR S RO R, ST ANAL B,

A 11-1 FoR, HEFRIARAEEREAI ] DU REL TR AT AT ERSE, HE RO RN Al AR R 5k
BE, WEFR/N T ASCIL RGBT 5% H & R,

HRBF X NHF B
20800800 908oooooa

BRFHFHFFRS

CIEDECICEIED = ENEDEDHCID

IR E XN HF 7R &

GO0O00G OoOococooo

B 11-1  Edfm SRR R R B

11.1.1 P EE

BT BRI ERNN RS RER, HERREdEis> (NREREPREEIEEN . X
TAREGERAEN, BITRREEUNEL,

i B, R H R R BRI, TeAUE BRI MBI, TN,
WHEAET, Rt rBdERiaR e, SITEE R E DR,

FOEPE: REHFAENHIFG, HSETTREBH AT A% AR,

REHF R 2P R AR R, BIRBITE — M EFER AR, 5 155 2 510512 A
iy, FEIXAEOLT, IEREHF AT S B AR APtk

# MANSIESIRBH B HFIFRY
# (name, age)
('A', 19)
('B', 18)
('c', 21)
'D', 19)
E', 23)

# RIREBIFREHFERRERHFIIR,
# £5Rh ('D', 19) # ('A', 19) BIMEWIBHRIE,
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# WANBIEREZHFENERER
('B', 18)
('D', 19)
('A', 19)
('c', 21)
('E', 23)

HIERTE: BIERHE RN S SR AR, BRENFERE, RENFEIRE, PN
EFF AR,

H I N R AR BRI OUOR TG, AR RZEN W E A2 T PN RS 20T, WIHF B SRR T
PEREFTRES L, DRIMA N D s Man R e AR TR AL T A I R A0, TR IE e

REIET IR BFHROHFRBIIEIZEN (<0 = >) RABTRIENIE, MR N,
MILRMNEEREN O(nlogn) . MAELLERHE AN LEIZHEAF, NREREE O(n) , {HHEAME
LERS B e

11.1.2 IBBEHIFEZ

BT, b, RUE. IEFEERNL, EHITELF. B, €5 NIEMARKIGRA D ERTERHERIHTETE.
I, FEIEREHE R RUART, 7R AR B R SO A R SRR UE

TR, BATRIERZESBAHP R, HET LR 2 RIER JLEk s T 204

11.2 #&FHF

EEHF (selection sort) WY TLAEFEHIAEF A JTE—ME, SHMRHFXREIERR/NITTR, RKHK
FEH P XRARE,

REEHRI RN n, ERHEFRRIERENE 11-2 For.

L WIaIRAESR, FrETCREAHT, BRHY (RsD XA [0,n — 1],
2. EHUXE [0,n — 1] PE/NER, FHSRG] 0 °McRcit, e, B 1 MTREHR.
3. JEEIXTE [1,n — 1] s/ e s, BHERI] 1 ARITER S, 5eUa, B 2 NMTReHF,
4. DUHEHE, 21 n — 1S seiius, Bl n — 1 M eReHT.
5. (RB—MNIeRULERRATTR, AT, KIEBARF 2N,

8 1 RsiE: % 1w

BHKRAFXE, EERNTR nuns[k] BHFRAFXE, EERTRE nuns[k]

ZHBTR nums[k] FRAFXENENTHE nums[i]

Step 1 Step 2
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KHFXE RHFXE

—

nums

i k
5 2 B B 2 B
BHFRHFXE, EERNTRE nuns[k] BHFAFXE, EERNTE nuns[k]

TR nuns[k] FARAFXERENTR nums[i]

Step 3 ] Step 4

KHFXE RHFXE

nums

5 3 B B 3 B
BHFRHFXE, EERNTR nuns[k] BHRAFKE, EERNTE nums[k]
Zg/ TR nuns[k] FRHFXERENTR nums[i]

Step 5 ] Step 6

RHFXE FHEFEE

nums

nums

A A
i k

B 4 Wi B 4 REEE:

BHKRHFXE, EERNTR nuns[k] BHFAFXE, EERNTE nuns[k]

ZERTR nuns[k] FRAFXERENTR nums[i]

Step 7 ] Step 8

RHFXE KHFE

nums nums

i k
5 5 RiR: B 5 BiEF:
BHKRHFXE, EERNTR nuns[k] BHFAFKE, EERNTE nuns[k]
/TR nuns[k] FRHFXERENTR nuns[i]
[ 83D O ] Step 10
KHFRE
nums
SERHF (RR— N TRERAAF)
Step 11

11-2 EFHEF PR

ARG, ATk RICFARHF X RN R/NTER:
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# === File: selection_sort.py ===

def selection_sort(nums: list[int]):
SRR
n = len(nums)
# SMEIF . REFFXERN [1, n-1]
for 1 in range(n - 1):
# N1EIF . HERFFXEINMNRN TR
k=1
for j in range(i + 1, n):
if nums[j] < nums[k]:
k=3 # ER=NTENESI
# Bizm/ RS RFFXENE N TR

nums[1], nums[k] = nums[k], nums[i]

11.2.1 BiESHE
C BRSEREER O(n?). FEENERHET: SMERIE n — 15, F—IARNFRIEKEN 0, BE—%
FIAHEF IR 2, BISHESMBIR RIS n n— 1. ..o 3. 2 5PN0ESR, Ay 2]
- BSRSEAIER O(1). JFHuHERE: $8F 3 R j BEATREO0 MBI,

- AEREHT: WK 11-3 FoR, TR nuns[1] BRI REBCIHE S HARSFRITRIGIL, SENE AT
ot 5 A A

FAFEE
RITE—RERE

RHIFXIE
TRE—REERE,
RITE 4 PEMUERETRE

B 11-3 R AR R A

11.3 EaHF

B8HF (bubble sort) JEILIESIM AL S SHAHARTCR LI F . XM FERG TIRMIERFR T2 AR — 4%,
K154 B iR,
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i 11-4 FoR, B AR A DA TR SRR . WEBEH B AR a T, MRIR LR T R R
AN, WER ETER > AR A B, RRRITTR SRS EI AR B .

- @000Q0 cé":deoae

RHERRAE—H 8"

TEANSEREFRIELL
MNEEGBRHEBTER:
v ARk > BlAnk

nums - TR

l Step 1 Step 2

s oecoae s geoceg

MEEGBHASTER: MNEELGEREBTER:

¢ AHRE > AR < FEORE > BORER

- TR . R NTE
Step 3 Step 4

nuns oagooe nuns 960096

MNEERERHESTR: MEELBHHESTR:
v Eank < ARk © TR > AR
o BERT o XD TR

l Step 5 Step 6

kI %

{1
nuns oao°e°

WH n-1 SRS

BHTERSE,
RARERTHKE

B 11-4 FIFHTRHBREREE R

11.3.1 E&Einig

REAHNKE N n, BiEHFR2ENE 11-5 frx.

1. B, X n NIERMMT “BiE®", HRANERTRZREIERNE,

2. BEOR, MERn — 1 ATERIT "B, K IOTRZME WA E,

3. DU, 2idn — 148 “Bil®” J5, #in — 1 KRCRMPE IS IERAE.
4. (EH—PRLERRINTR, TR, EIEEHHEE 7K.
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A

B9TE

- 000088
PiTE 1 ®ER
0oDoBo o

MITE 2 ®ESR

- 0

HiTHE 3 BEBR

- a0 @

MITE &« BEE

0800

ATE 5 BEE

08000

TRHAF ®RR— T TRLTAHF)

11-5 Bisfrinte
N/ IVEL IR
# === File: bubble_sort.py ===

def bubble_sort(nums: list[int]):
" B
n = len(nums)
# SMEIR . REFXIEAN [0, 1]
for 1 in range(n - 1, 0, -1):
# MBI BARHFXE [0, 1] PHSATEREEZXENREGIH
for j in range(i):
if nums[j] > nums[j + 1]:
# 3 nums[j] 5 nums[j + 1]
nums[j], nums[j + 1] = nums[j + 1], nums[j]

11.3.2 ®EMKL

SRR

[01

[o,

[o,

[a'

[o,

[o,

5]

4]

3]

2]

1]

o]

BAVRBL, RAER B rPEA TR lE, WIS C ARy, ATERHREZR, K, #]

DA —MRASAL flag SREEIIXAME S, — B HBIHEZENEE],

3 tife, BIHERF RN R A RE RS A O(n?) ; E4MABAELEFN, AlsE)

RAENEEZE O(n) .
# === File: bubble_sort.py ===

def bubble_sort_with_flag(nums: list[int]):
" BalE (&)
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n = len(nums)
# SMEIF . REFXIEAN [0, 1]
for 1 in range(n - 1, 0, -1):
flag = False # #IIRWAREI
# NIEI:. BARHFXE [0, 1] PHSRATERRIEEZXENZREGIH
for j in range(i):
if nums[j] > nums[j + 1]:
# 3 nums[j] 5 nums[j + 1]
nums[j], nums[j + 1] = nums[j + 1], nums[j]
flag = True # IERXMTEH
if not flag:
break # Ib¥ “BiE” RIMMEMTTER, EEHH

11.3.3 xS

- BRERIEEN O(n?). EIERF: &5 BN BHBEKERI I n — 1 n—2. ... 2. 1,
BTN (n — 1)n/2. E5IN Flag fAALIS, TREER IS e aiss] O(n) .

- SSRERIEN O(1). Bk : f55H§ R j SRR NS,

- RSEHDY: BTE B BRI R,

11.4 ENHF

WA (insertion sort) E—RMAIBRATHEFRIL, R LIRS To) 8 —gI I AR IEFE AL,

AR, BAHERHE P XANERE M RMETR, FizorRSHAMNEHF X R TRZE AN,
ZICREAZIEMAN E,

B 11-6 R T EBEHIm A TTRIVRIERIE, BIEMETTERN base , HAMTERHMEIRRT1Z] base ZHAIFFHATT
RGN, RJEH base MIEHL HIRZRS o

nums[5] = nums[4]

¥rcE 3 #EAE nums _ . N
) N FAGTTEBR
EHFRENIERTE gyl [ [2]«[s]s

nums[4] = nums[3]

£
EEEEEE

nums[3] = base

aamgs | : RN

B 11-6 BRI AIRIE
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11.4.1 EERE

FEAHERF RV RA TN E 11-7 FoR.

L. WHAIREST, B 1 M eRe %R HT.

2. JEBUEHRIE 2 DITRMEN base , FHMAZEWMAES, B 2 MR ey,

3. &R 3 NITRIMEN base , KHMAZIEWMIE/S, BEHMET 3 MRz,

4. DUEHE, 7ERJG—4, EEEE— N ICRIEN base , HHMAZIEMAEE, FifixiRcHy.

BHFEE

[o, o]
[0, 1]
[0, 2]
[o, 31
[0, 4]

[0, 5]

11-7 fAHEF 7R

ARBIARESANTR :

# === File: insertion_sort.py ===

def insertion_sort(nums: list[int]):
mEENHEEE
# SMEF: BEHIFXKEA [0, 1-1]
for 1 in range(1, len(nums)):
base = nums[1i]
j=1-1
# NTEIR: 1§ base WMAZIEHFXE [0, 1-1] PHERMLE
while j >= 0 and nums[j] > base:
nums[j + 1] = nums[j] # ¥ nums[j] BEAEBH—A
j-=1
nums[j + 1] = base # 1§ base EEZIEHUE
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11.4.2 EiEise

- WRERERN O(n?), HIEMHT: (EREHRNT, SUREAREIFEER/E L — 1. n— 2, ...
2. 1R, RAIEEN (n— 1)n/2, WIENREREN O(n?) . EIBEIEFEIEN, BAREIERL
ke MHABATEEAFN, HAHTBEIRENRAERE O(n) .

- BREREN O(1), EHHpY: $5E 0 f g R EBONIESN L

- REHEE: ERAREERES, ROSKTRBAZMHETRNEGM, A ENRIE.

11.4.3 {HENHIFRRE

AP R O(n?), TEAIERE: S PO F N RE 2% O(nlogn) » REMAHERF
RRTTRI B 28 s, (HAEBIR RO T, WAH R E ik,

XANEEC S EREE TN 0 ERAEHEEIE RO, PEH7ixE O(nlogn) MEDETE T 2IAK
WSRO ST, A S 2 TR e, TESERREVIG, n? Fl nlog n MBUE AL, HAEAR
SN, SRR ST SRR PUE R

S L, VFSGRRIES (BIA Java) RONELHERFBUECRI THASERY, KECBHN: X T KA, RAMT
SRR I, I PORHE e, X TR, AR AT

EORF I, AR A IR RS 248 O(n?) , (BAESZBRIGHLR, $AHERS M R 450%
Fea T HiRibriEssiy, 12E TR,

- B E T TR, REMB— DR R, A 3 N EITHRE; WmAHE T TR AL
B, N 1ADEITHiE, B, BRHDET RO RE R L AT H .

OEBHEF TR RN RERERN O(n?) o MURGE LIRS AFINEDE, FBAHDTI@EH ik
BHEP R E .

- IR AEE, RN AT 2R,

11.5 REHIF

BREHF (quick sort) B —MUEETMERISAIIHF IR, BITRR, MHZ,

PIEHE R OERMER “IHIERI D", HERE: SRS P R DNITTRED R, Bra/ TR
HUTCRBEIHAEM, AT EESETRBEIHAM, BRI, HIXIRRAENE 11-8 Frr.
1. B BT RN EIEEL,  WIAGIDNMEEE L0 § 20 allda A B M.

2. WEMER, EERPER 1 () 2RISHEE - MHEEER O FER, RAEZHEEMNITER.
3. TEM AT R 2., EHE LN §AERMRIE, REREERCIE N TREHR AL,



H11E HF

hello-algo.com

222

[Step 1 ]

BN
left

nums

def partition(nums, left, right):
"UERIS
i, j = left, right
while i < j:
while i < j and nums[§] >= nums[left]:
=1
while i < j and nums[i] <= nums[left]:
i+=1

nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

354
left

(s

nums

def partition(nums, left, right):
R
i, j = left, right
while i < j:
while i < j and nums[§] >= nums[left]:

1
while i < j and nums[i] <= nums[left]:
i+4=1
nums[il, nums[3] = nums[3], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

2
left

nums

a
&
S

partition(nums, left, right):
RS
i, j = left, right
while i < j:
while i < j and nums[3] >= nums[left]:
j-=1
while i < j and nums[i] <= nums[left]:
i4=1
nums[i], nums[j] = nums[j], nums[i]
nums[il, nums[left] = nums[left], nums[il
return i

i
left

Step 7

i
i

a
&
S

partition(nums, left, right):
R
i, j = left, right
while i < j:
while i < j and nums[§] >= nums[left]:
j-=1
while i < j and nums[i] <= nums[left]:
i+=1
nums[i], nums[3] = nums[3], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

# B nums[left] REEH

# WERERE M FRERNTR
# MNEREREMATRERNTRE
# XD THR

# BEEBTRERTFRANIRLE
# BEEEHMRS|

# Bl nums[left] JEAE

# NEEAERE M\ FEERNTE
# MNEBEREMATRERNTRE
# ERXFP TR

# RRENZRERTRANSI AL
# BEIEESNERS|

# Bl nums[left] JEMEM

# NEEAERE M\ FRERNTE
# NERGREMATREENTE
# AT TR

# REENZRERTFRANSRE
# BRSNS

right

# B nums[left] HEEH

# NERERE NN TFRESNTR
# WEBGHREMATRERNTR
# RXFHITR

# REESERERTFRANSRE
# EEEEEIERS|

[ Step 2 ]

nums

def partition(nums, left, right):
e
i, j = left, right
while i < j:

while i < j and nums[3] >= nums[left]:

j=1

while i < j and nums[i] <= nums[left]:

i4s1
nuns[il, nums[3] = nums[31, nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

Step 4

def partition(nums, left, right):
"UIERRIS T
i, j = left, right
while i < j:

while i < j and nums[j] >= nums[left]:

j=1

while i < j and nums[i] <= nums[left]:

i+=1
nums[il, nums[3] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

2
left

A
i
i

def partition(nums, left, right):
ORI
i, j = left, right
while i < j:

while i < j and nums[j] >= nums[left]:

=1

while i < j and nums[i] <= nums[left]:

i+=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

=

left
v

nums
A
i
i
def partition(nums, left, right):
SR
i, j = left, right
while i < j:
while i < j and nums[j] >= nums[left]:
5 =1
while i < j and nums[i] <= nums[left]:
i4=1

nuns[i], nums[3] = nums[3], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i

right

# BL nums[left] REEH

# WERERE NN FEESNTR
# NEREREMATEESNTR
# ZTRXFWDTE

# BEESZRERFHANSIRE
# EEEEMARS|

# B nums[left] HEEM

# WERERE NN FEESNTE
# NEBREREMATEEBNTR
# TRXFWPTE

# BREBCRERTHANS RE
# BERESNRS|

right

# L nums[left] JEEK

# WERAERE NN FRESNTE
# WEREREMATEEBNTR
# TRXFWPTE

# REEBCERERTHANS RE
# BEEESHRS|

# B nums[left] HEEH

# WERERE M TFRESNTR
# WEMGREMATEERNTE
# RIXFTR

# REEBZRERTFHRANSRE
# EEEERHRS|
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Step 9
2N

:
- (08088

EFHA HFHE

‘RS TG, BREUTRE
EFSAERTER < BN <« GFHAEETR

11-8 MK I8

WX sEaE, RBEBRI =00y e, s, A8, HiR "ArEAEEaR <&

R < AT EAERTR". B, BAIHE T RATBHIZM D FEEAH T,

PRI HER I 76 R
M L3173 O SR R — N K B O HE P (R AR e A 9 N B R HE 7 1R R

# === File: quick_sort.py ===

def partition(self, nums: list[int], left: int, right: int) -> int:
# LU nums[left] REEE
i, j = left, right
while 1 < j:
while 1 < j and nums[j] >= nums[left]:
i-=1 # NEEEREMNTFEERNTE
while 1 < j and nums[i] <= nums[left]:
1+= 1 # NEEEHREMATEERNTE
# LRI
nums[1], nums[j] = nums[j], nums[i]
# BEEHIMERFHRANS R
nums[1], nums[left] = nums[left], nums[i]

return 1 # REIEEHHRS]

11.5.1 E&Eimi2

PRIgHE P R TAZ AN E 11-9 AR,

L B, MEBART IR THR”, [ERHEFR A T BERN G T8,
2. Ra, MNEFEAMGFRADIRITHT “THERID,
3. FRELEIH, EEFRAKEN 1L, MmN,
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- @080a0 \
FREET
G i o [5]5)

HERIS
11024
BHAETFHA EAETHRE >
20 : BEE

e

08800

i@ [ k@i &1

iﬁ
S
3

E
B

S

11-9 PusHEFRifE
# === File: quick_sort.py ===

def quick_sort(self, nums: list[int], left: int, right: int):
" OREHEE
# FEUAKERN 1 RELEET
if left >= right:
return
# IHEXS
pivot = self.partition(nums, left, right)
# BAEFEE. EFHA
self.quick_sort(nums, left, pivot - 1)

self.quick_sort(nums, pivot + 1, right)

11.5.2 EEisE

BIATFHART “HENS”
EEFHAKEN 1 BELE
ENET SERUEAEHET

- NEERER O(nlogn). HIEMHNT: £ FHER T, IMERIZHNEHELCN logn , BEHRIENE
I n, BWMER O(nlogn) MR, 7ERZEMILT, SFHRMIERKIRIERREN n BIEEHRI 3
KRR 0 n— 1 M FEE, IWBIAEE0KE n, SEHIIEIECN n, BUAER O(n?) KH,

- BHERER O(n). RHHDT : EMABHZE2EFERT, BRREZBTRE n, A O(n) tk

i, HE B E R AE RS EATHY, RABEIMIE.,

- AR HDY . AR R, FERRTRES P B TR A T,

11.5.3 REFEHIFEAT AR

MR ERERER th, POEHFERCRTTH N 2 BEA — LS, REPEHFR PN RIS RES “HIHE

RO CHERERT MR, EDEE POEHEERRSCR e, EEA DU REL,
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- IBURE R U BERIMIE: BAVSREEFNRENEE2E N O(n?), BHIIFHHIFRE, EE4R
ZEIET, PudHFRETE O(nlogn) BN HE 2% E TiBfT,

©OBRAHEMBCRE: ERITIHERIMRIEN, REAPREBEDS FRAMBRIZRSE, FTiRTRrORRE
Mo Mg “HEHERF” RXEFRFEBRAVIFITR, MMRZiX R,

- ERENERRRUN: £ ER=MRES, PR WA, SRR ER D, XS
AT e BT E AR R L

11.5.4 EHEHRK

P b 2\ RN RESCR AT RERIS, 28— DHSmBlF, BRIREmABEHRE2RFH, BTHRINERE
RAIRTCRIENEIERL, B AE R s iln, Bt = B mtm, SEETEHARE N n — 1,
ATEHAKEN O MBI R, SRWMERIDEEE D FEHNKEN 0, 2IaRIERN, Dudir
BN “BiEHR" ANREOIER,

N T RERGUXAPE UL A, AT DLW Se R o3 i SE B OGRS . Ban, A7) DAREHLIZER — 1
TLRIENEEMERL, AT, A, BIRENERIAFARRIEIEE, BERIANRIMAT.,

REEERE, WEESENLERIE “ThRENIE . N REATE X O REALE 5 1A — DR AR,
A2 PO HE P IR SR AT RES L.

N T B G, AT ERAHER = Meke R CBF O VBANE, B, PRTR), KX =1 ik
TCRMIPABAE IR, XAk, B B/ NMBARKR” BRI RIEIRE T, 29K, ATER A
VEHUE e, DU — SR m IR, RAIXFOTIEE, MRERESNHE O(n?) MHERAK
B

EIRRSEN R :
# === File: quick_sort.py ===

def median_three(self, nums: list[int], left: int, mid: int, right: int) -> int:
" EEN=AMEETT R AR
1, m, r = nums[left], nums[mid], nums[right]
if (L<=m<=r)or (r <=m<=1):
return mid #m £ 1L A r Z[8)
if (m<=1<=r)or (r<=1<=m):
return left # L £ m # r Z[8)

return right

def partition(self, nums: list[int], left: int, right: int) -> int:
o EERIS (ZEERSE)
# LU nums[left] REEE
med = self.median_three(nums, left, (left + right) // 2, right)
# BRI E A R
nums[left], nums[med] = nums[med], nums[left]
# LU nums[left] AEEE
i, j = left, right

while 1 < j:
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while 1 < j and nums[j] >= nums[left]:
j-=1 # NEmEHRENMNFEERTER
while 1 < j and nums[i] <= nums[left]:
1+= 1 # NERBHRENATEEHNTER
# TR
nums[1], nums[j] = nums[j], nums[i]
# BEEHIMERFHRANS R
nums[1], nums[left] = nums[left], nums[i]

return 1 # REIEEHHERS]

11.5.5 E#)aktk

TR T, Dbl RE S MR Z . DUeef P AR B, BB EARKEN m,
IR D BRI A RN 0 A FBAHNKEN m — 1 0678, XERE&S—EEHEARD
RIRREARRAE RN (B> —A R, IR IEERBE n — 1, INFRZESH O(n) K/,

N T BRI BB, TR0 DAERCR S SR, RN TALI K, O A
TR, TR TR K ARSI /2, TR T AR BRI logn , MITiKRESS
IS 2R O(logn) o ARSI FHT:

# === File: quick_sort.py ===

def quick_sort(self, nums: list[int], left: int, right: int):
e OREHE R (BEAR)
# FHUBKEN 1 HE&LE
while left < right:
# THEXIDRE
pivot = self.partition(nums, left, right)
# WD F AP BRI TRIEREE
if pivot - left < right - pivot:
self.quick_sort(nums, left, pivot - 1) # BJAHFEAFEA
left = pivot + 1 # FRKHFXIEA [pivot + 1, right]
else:
self.quick_sort(nums, pivot + 1, right) # BJIHFEAFEHA
right = pivot - 1 # FRFHFXIEN [left, pivot - 1]

11.6 FHHF

JAFHHRF (merge sort) B —FETIRRIBVANFEE, WEE 11-10 FoRpy “XIn” M G B,

L. XUsrBr e JEIEBTARWTHER EEH N AL T, R REEH A HE P R 450 R 282 B HE e
2. BB LT EEHKEN 1 NEIERD, THEEH, RGN NERERNA P H N —
KIAFEE, EEER,
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11.6.1 BHERIE

PEEEEEEE

s RIDHER

329

- B

B 11-10 VHFHEFRIXID 5 aFFI R

QN 11-11 Fow, XU BB AT R RRIE A B R s 0 o A

1. HEBHP E mid, BAXISETEEH (XA [left, mid]) fHEFEEH (XA [mid + 1, right] ),
2. BHABPITS B 1., ERETHEHAXBEKERN 1 KKIE,

“BIHME WERETUR £ T BANG FEHEHF N~ M EFEE, FEIER, WKREN 1 FH8ETT

meE

Step 1

[ Step 3 |

EIARS

pEEE

R
31240

L r e
EJ12 40

, AFFHEARRE T EARR A PR,

=

[ Step 4 ]

etk
1= 40

%R
LR
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| Step 5

[ Step 7 ]

[ Step 9

#IEARS <

EEH -

#ENS <

E#fi&H -

#ANS <

B2
EJ1 40

R

T

Step 6

Step 8

[ Step 10 |

11-11 JHFHER B

MR, VAFFHEFP5 — SO i e i 3 3 U e 2 — B

- Rl SR AT, FEITA T, SRR EART A
VPFHbT . BT, mENG TR, RELHEIF,

HHHE R RSB AR AR AR, 1B TER, nums UGS IFIXEN [left, right], T tmp AR R X [A]
[0, right - left].,

# === File: merge_sort.py

def merge(nums: list[int], left: int, mid: int, right: int):
" AHEFHANETHA"
# EFHEAAKXEN [left, mid], AFHAEKXEAN [mid+1, right]

# BlE—MEEMA o , ATERAHEHER

tmp = [0] * (right -

left + 1)

# VIR E FEAMG FEARERES|
i, j, k = left, mid + 1, 0
# HEATFHATEETEN, #HITHERHBERNNTREFIZIREEAEF

while 1 <= mid and j <= right:

#EANS <

E#EH

BEAYS

EHEH -

#EANS <

E#EH

a2
LR

etk
LR
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if nums[i] <= nums[j]:
tmp[k] = nums[1i]
i+=1
else:
tmp[k] = nums[j]
j+=1
k += 1
# BAEFHANEGFHANFIRTREES D IREEAEF
while i1 <= mid:
tmp[k] = nums[1i]
i+=1
k += 1
while j <= right:
tmp[k] = nums[j]
j+=1
k += 1
# BIRETHA trp SPEOTESHIEENA nuns MIXIRZKIE]
for k in range(0, len(tmp)):
nums[left + k] = tmp[k]

def merge_sort(nums: list[int], left: int, right: int):
"R
# RIERM
if left >= right:
return # HFEHAEKEN 1 BHEIEE)T
# XIDMEX
mid = (left + right) // 2 # IHEH S
merge_sort(nums, left, mid) # BILFEH
merge_sort(nums, mid + 1, right) # #JFEFEA
# SHME
merge(nums, left, mid, right)

11.6.2 EiEise

W20 O(nlogn). JEEHBRIHERE: KI5 7P=4ERRE N log n HOBIAR, 1R AR M IRIER R
Hn, FHAERFIEZEN O(nlogn) .

- SEAZIER O(n). B BIEEEN logn , M O(logn) A/NGAIZSH, AIHIER
BEIECSI, [ O(n) A/NGBINA,

- R EAIPERT, SRR R A,

11.6.3 §ERHIF

MR, VAR T R RIA B A B0, WBLRBERHPFES B MEREMILE O(1) .
- RBBE: ATDUER] OB B BT SRSCEIRERI > TAE, A A KA 6 A AR A,
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© AIEREL: fERERT, TRBMERCE TSI (EED) BIRTSCEL, RIEEFHFME CRNAD R P EE

RAEFN—DRAFHER) TLHOEBIMER,
HASCIANTT LR 2%, A% A] DA R BRI T4 5

11.7 HF

Tip
BEATTHT, IEMRRE T " “ET,

e (heap sort) J2— MR THERHRSH SR = HE B, BOTATDAIHEEAL R “H R IE”

TLRHHERIE” KB,

L. SNBCERFFEN/NHE, I B/ VTR AT HET
2. AWTHAAT HHERRME, MRUTCSRHHETER, RIS INEIRHRF RIS,

A ETTEBEIRARAT, (EREMY— MM R ATTER, RS, EXhRF, TATEHEH

— R AL SE BT

11.7.1 E&ERIE
WEEHKE R n, HEHFRRNE 11-12 Fis.
1. BIABFFES KT, S2RE, BATTEM THEN,

2. KHHEDULR (PR SHROTR (BE—1ILR) i, 5epciis, HIKER 1, BT

REEML,
3. MHETTEITIA, MTREIRSUTHIERME (sift down), SEREfL)E, HERMERGREIBE,
4. PEMMAATSS 2. PRI 3. o TEA n — 1 0)5, RIA] ez,

Tip
KPR b, JTREMEREHREEE 2. DNE 3. F, RAEZ T - PHEHTTRIPE,

N N

SEHIF SEHIF

/ \ / 1. WNSCAH RS / \ B 1. WABERHERIE

2. BHRMERRIRATE @ 2. BEFMEFRERATER
= RER (1) HETRTTRSHERTE (1) ZHEMTRSHERTR
(2) MTREE#THEN HEMXE BHIFXE
ERIMART
nums nums a
[ [ )
EMTR ERTR

Step 1 Step 2
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o060

NERXE EHFRE

~

l Step 3

0
© ©
o060

BHERKE EHFXE

A

[ster 5

O
© o
000

BHERRE EHFRE

© o
000

BNEREE SHFXE
—

(s

000

HNERRE EHFXE

s

nums

SEHIF

1. WNSAHEE

2. BERMEPRIBATR
(1) HETMTRSHERTR
(2) MNTREER#THMW

SHIF

1. WABURFHERME

2. ERMEFREURATTR
(1) ZHETMTESHERETE
(2) MTRERHTHEN

SEHIF

1. WNSAHEE

2. BEFRMEPRIBATR
(1) HETMTRSHERTR
(2) MNTRER#THMW

SEHIF

1. WABURFHEM

2. BRMEFREURATER
(1) ZETMTESHERTR
(2) MTRERHTHE

SEHIF

1. WINGAH RS

2. BERMERRIBATR
(1) HETMTRSHERTR
(2) MNTRERH#THW

000

ENENKE BHFXE

Is N

nums

e o
000

EREKE BHIFKE
— A

@ ©
000

HNERRE EHFRE

nums

‘ Step 8 ‘

000

SENERKE BHIFXE

nums

Step 10

0060

EHFXE

nums

‘Step 12‘

SEHF

1. MINBEAFERIE
2. EFRMEPRERATR
(1) ETRTRSHRTR

SEHEF

1. WABERHEE
2. BFMERRERATE
(1) ZWEMTRSHERTE

SEHF

1. MNBERFERE
2. EFMEPRERATR
(1) ETRTRSHEERTR

SEHF

1. WNEAAFHERE
2. BFMERRERATE
(1) ZWETMTRSHERTE

SEHF

1. BINBEAFERME

2. EFMEPRERATR

(1) BETRTRSHERTR

(2) MTRERETHA

3. BR—IRRLFRE, HFTR
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K 11-12 HeHER A 5%

FERRDSCELAR, FAMEM 75 “HE” BRI MTE ML sift_down() B, ESERAZE, BT HER
KESHERIURATTERTR/D, FIERNTFES sift_down() RERM—MKESE n, HATHHEHERY
(IESES §NEMEARTT IR

# === File: heap_sort.py ===

def sift_down(nums: list[int], n: int, i1: int):
" HERKERN n, MR 1 TR, NIRERRHEL
while True:
# FIMITHE 1, 1, r PERANTS, i24 na
1l=2*1+1
=12 >R D
ma = i
if 1 < n and nums[1] > nums[ma]:
ma = 1

if r < n and nums[r] > nums[ma]:

ma =r
# &R 1 RARES 1, r 87, WEXmaksstd, Pk
if ma == 1i:

break

# RWEFWT R
nums[1], nums[ma] = nums[ma], nums[i]
# EIFm Tl

i =ma

def heap_sort(nums: list[int]):

n R

# EEIRIE HURHTRUSMIEMPIE T R

for 1 in range(len(nums) // 2 - 1, -1, -1):
sift_down(nums, len(nums), 1)

# MHERPRENGEATTE, EIF n-1 18

for 1 in range(len(nums) - 1, 0, -1):
# JMBHRERANTR (RRETRE5RTR)
nums[0], nums[i] = nums[i], nums[0]
# LUIRTRARS, MERHTH#EL

sift_down(nums, i, 0)

11.7.2 EEisE

NEERER O(nlogn). IEEIENHET: BHEBRIEGEH O(n) NE, MHEFIRBURATTRIN RIS
2EHN O(logn), HIEHR 0 — 148,

- EMERER O(1). FHeHbY: JUMEHERMA O(1) 2, TTRAHMMEMIRERZ LR -
BT,
EfEihy: EHHE TR ROT RN, SR B A e R A2,
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11.8 1@HiF

AR LR P SRR T “ET R RIR”, ENEE TR AR NI P EIRR
RIS ZRETIEBEE O(nlogn) o« K, BATRRN UM “AEHEHEF R, BATRIN RS A A] DUA
BB

#@HF (bucket sort) Z/ARIGHT— DIAIN ], EiEd R E L EAR/NIUFHINE, &M —
PEVCH], KRR PRI I, 5, ESIRNERDBIRITHY ; REHZIRRIINT R a8 S
it

11.8.1 HiLiniE

FE-NMKERN n B, HTREUE [0, 1) WIERE. MHFRImRmE 11-13 Fir,

1. FHA kA, K n DITRECE] kM,
2. MM AIPTHEY OXERAGEE S INEHFEED .
3. TZIR M NEIRRI N F & FH 45 R

e BN, BEE

S ECEIR RZRYAE
% HEMESDA
buckets #Lﬁ'ﬁﬂ?
BFEEE [0, 0.2) mgfmm [0.4, 0.6) l0.6, 0.8) [WéLM
/ YRR BN
. U 3 4 BHER
HRME ‘
nums
11-13 e FEmE
KIS RFR:
# === File: bucket_sort.py ===

def bucket_sort(nums: list[float]):
" AEHEE
# W3R k = n/2 MR, THIREMENE 2 Mk
k = len(nums) // 2
buckets = [[] for _ in range(k)]
# 1. BEATESRIIENMET
for num in nums:
# WMABIEEEAR [0, 1), A num * k BREFIZESSEE [0, k-1]

i = int(num * k)
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# 38 num FINEEE 1
buckets[i].append(num)
# 2. WEMEBRITHF
for bucket in buckets:
# EANEHFEERE, WS EMHIESEE
bucket.sort()
# 3. BAREHER
i=0
for bucket in buckets:
for num in bucket:
nums[i] = num

i+=1

11.8.2 B4

MHERIE A T PR BRI EE, Bilan, MABUREE 100 AT, HTZERIRE, RENFLE R
PEIEFTEEEE, L, "TRCREEE I 1000 M, RE0hlN S METHY, BIEREREH.

- BHESEAIER O(n + k) © EORTERAA NN TLIME, A MRNRTTREEN 2, B
MR O(2 log ) HE, MIHREFFARREER O(nlog 2) BHEL RIS k HBEAM, IS
BEWEFRIT O(n) . IHERNTERFEFIILE, %2 O(n + k) M,

C RIERHER: R, FTESHEAE M, HHFZRER O(n?) B,

- SRR O(n + k). TEBHBHER: TEAE) kMR n A TTEMFIMEH,

e R T R B T HE R A R IR R SR,

11.8.3 YNAISCINFEIY 53 EL

FHEFP RN 2 2 ERTPOAE] O(n) , REHETRICRI I ACENF AN, KOySLhREdREEANZ
B5 o0 AaR B, BATEEREE L RIFTH SO e A 2 ECE] 10 M, ER SIS 1A,
8T 100 JTERYIER 2, @&T 1000 STRYAER Do RS IXEEEI 20 10 4, S IR RS SEZEER
FEH K.

NSRBI B, BATAT PAYEIRE — S RBUI 7 Lk, R dimrms sty 2 3 Miirh, rBcseten, PHERSh
BENIMARSRI N 3 T, HEFAMPRTRBER KRB,
N 11-14 FoR, XMOTEA B BB O PSR, BARZIEM T RRERATRE Y, SR, AR EE
FREARER 2N 3 M, BRI 75 TR Bda e R T B
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BmiE
BURRINER
S — g5y 20% 15%
MigXiE #HIESEE
HIEE — 45 100-500 >500 <10 8%
- ~ 10-20 13%
5 . 20-35 12%
18% 35% 12% 35-50 10%
50-100 12%
<10 10450 __50-100 100-500  20%
o >500 15%
13%
10-20 20-35 35-50

& 11-14 BRI

QUERBATHRATRIE AR AR 340, W] DURIE BRI B B R R 0 k. (B ERRR,
BARDATHA—E T LR, AT DURIEEERESR ROR AR AR A A T B,

N 11-15 AR, BATBRISE R AR M IEZAS 04, SXAERL a] DA BRMIREE (Rg IXTR], AT R P25 23 e
FBMAH

HEEE

0.4

. ¥
0.0
+oo  EMTRE

‘ ﬁ@ﬁﬁ@@

frigseE <3 3~10 10~25 25~80 80~200 >200

K 11-15 MRIERER A0 K94

11.9 it¥HIF

HHHEF (counting sort) B S TR E R LIHET, 18 N T BEEH,
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11.9.1 {EAEM

FekE — AT, BE—DNEEN n BEEH nuns , EHPR CEER “AEGFEEEC, HEHEFEIRR
FRUNE 11-16 Fimmo

1. W, HEHEPREARET, IChm, REAUE—DMKEN m + 1 5B counter o

2. 1#iB) counter Giil nums I EELFIIHBLIREL, HA counter[num] XN EUF num BTHELIREL, Giit 75k
R, HFEEF nums GRYFETECTN num), 4K counter[num] #4411 BIA],

3. HITF counter MANRIIRZARER, FHHYTHERFZCEH)TI T, # Tk, FA1ET counter
MRS HBLR BN BRI EEN nums BITAT,

FHIFSA nums

o T B nuns AGHEBFHHIR

v N N counter[num] & num MIHILRE
=5l (BF) o 1 2 3 &4

SHBUE counter

#EFf counter , FI¥F
RBEHIURBEAAN nums BRE]

SRHA nums

11-16 HEHEF R

B0 NR:

# === File: counting_sort.py ===

def counting_sort_naive(nums: list[int]):
e
# ERXIM, TERTHEIR
# 1. HITHARAITE n
m=20
for num in nums:
m = max(m, num)
# 2. FUREFHOHIRE
# counter[num] ¥R num RYLINRE
counter = [0] * (m + 1)
for num in nums:
counter[num] += 1
# 3. B counter , FHRITHRIEBENEREEA nums
i=0
for num in range(m + 1):

for _ in range(counter[num]):
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nums[i1] = num

1+=1

B S ATHER IR
MIHEFRIAEE, AR DT B R R T counter BRI DNRS I — M, REtitEE
A REB RS DT R BRI AR, ABLE, THHE =R R REEE N — MR,

11.9.2 TEILWM

AOATREATRERIL T, AURMABIRRM R, ERSER3. MR T, B ABdE RN R, 8%
SRR AT CRARAZER) M EMmETHER, M ERREE R AR R A HE P2 R,

AR A BES RN R BRI HE P45 R ? BT E S counter 1Y “BIZRAN", WALE N, &5| 1 KRR
prefix[i1] FTEHAT 1 NTEZH:

prefix[i] = Z counterf[j]
=0

AR A E X, prefix[num] - 1 fXEICE num TEES B res i —IRIBBIN RS, XMER
JEEEE, RANEERFRBINISNTEN %S RIS, BTk, A6 7D R nums 7Y
HANITCE num, FEFHRIERFHITLATI RS,

1. R num SEAZA res IIZE G| prefix[num] - 14k,
2. ZDHIZEH prefix[num] B/ 1, MMFFE] NRHE num BIES |,

wPERE, B res PRUZHHFHFIIGER, BIGHEH res BEFEEH nuns BIF], & 11-17 @R T 5281 T
Brriife.

ma s (000000000 s s (000000880

N [ [ [ [ ][]

BFoum 0 1 2 3 4 BFum 0 1 2 3 &

n
mms comeer (HAOOG) waw e (ODOD
- (counter) —
WEF nums HFHENRFHHIVRE t# counter WIBIZM, X prefix
counter[num] X% num KHIVRE prefix[num] - 1 €% num 7 res PRF—RHINES|

Step 1 Step 2
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R nums

LR res

BF num

B prefix
(counter)

:
EEEEEEEEEE

fEEra

FIFFER nums FRISADTTR num , SHHRT:
1. % num A res W%3| prefix[num] - 1 &

[ step 3 |

R4 nums

HRBA res

BF num

2. SHIEM prefix[num] BA 1 , MEETRKE num 35|

B prefix nﬂa

(counter)

EIFFER nums FRISADTTR num , SERIT

1. % num

| Step 5

¥ nums

LRBEA res

BF num

A res WF5| prefix[num] - 1 &

2. PHIZH prefix[nun] BE 1, MAEEITREE nun MIFR3|

e 1 2 3 &4

BISA prefix nun

(counter)

(5w 7)

HRHAEHLRE, EENIRIIRER
1B res FREBHFNER

11-17

THEHE R A SEEARER AN R R :

# === File: counting_sort.py ===

def counting_sort(nums: list[int]):

Us ¢ A

=

= max(nums)

H H 3 H

counter = [0]

TRX, JHFENR, HARREHRF
. BUTHEARATTE n

2. FITEHFHIHINRER
counter[num] K& num BIHILRER

* (m+ 1)

for num in nums:

counter[num] += 1

# 3. K counter RYRIZA, ¥ “HILRE A “BERS”

v
R¥4A nums nnnun

HF num

yw
o 1 2 3 &4

HISA prefix anun

(counter)

BIFEFH nuns FESNTR num , SHEHAT:
1. % num A res MF3| prefix[num] - 1 &

¥4 nums nnanuaa
ERYUA res . n. a.

7 %
/ -
/
/
/

o 1

WS prefix aanna

2. SHIER prefix[num] BE 1 , MTISEITRKE num MZ5|

num
v

EIFBFH nuns FRSNTR num , SHRAT:
1. % num N res WFE3| prefix[num] - 1 &

R4 nums nnnnnaannn
cooaaasnon

o 1 2 3 &4

BISA prefix nnn

4R res ExFHAE nums BIF]

[ Step 4 ]
HF num
(counter)

‘ Step 6 ‘
LRBA res
HF num
(counter)

‘ Step 8 ‘

PP R

2. 2HIBM prefix[num] BF 1, MAEETREE nun HFR3|
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# Bl counter[num]-1 @ num TE res FRE—XHIBZES]
for 1 in range(m):
counter[i1 + 1] += counter[i]
# 4. HFER nuns , FETREBENGERHA res
# IREAE res BFIERER
n = len(nums)
res = [0] * n
for 1 in range(n - 1, -1, -1):
num = nums[i]
res[counter[num] - 1] = num # J§ num REZIFNZ=G|4
counter[num] -= 1 # DEIZMBERE 1 , BRI TRHE num HZES|
# [FRLERNA res BEREEAE nums
for 1 in range(n):

nums[1] = res[1i]

11.9.3 Hixis4

- INMEREN O(n + m) © W& nums FET counter , &BHALLIER A, —BIEH T~ n > m,
NHEEREET O(n) .

- BAEZER O(n + m). EFHEHET: EB) T KED 510 n flm FI%EH res F counter .

- REHTE: BT res MAFITTREMITZ “MERILE" 1Y, FIHEFET nuns AT DUBFHRECERHSE T
KZBEHMHENAE, MmSEHEEHT, KL, EFER nums WA] IS EIEMHEFER, HER
EAFRE ),

11.9.4 FiRE

BIXE, FUFSEGHEHFIEETY, (oadgtitEEminl DS mHEE. 2Am, ERHEdH
ARG B SR RN T4

B G TR, AR T H A SRR B, & i AR S8 v] I o AR %L, JFE
FERHOI R PR RERE B D IT R Z RIRTA KNSR R AN, X T & BB EE, T DU T A By
ME—NHEE, Bl AONER, Hrsepa midkmE X,
HEHDFIEN T8 BB EIREE BT, i, £ BRREIF m ARERK, SN2 &b 22,
M n < m i, HEHRFER O(m) N, "TREE O(nlogn) kP HILIEZ R,

11.10 E#iE

EEAAT U, SIS TR R n BOCEEIREE m BN, BIRRIIFREN n = 100 M
BHTHR, WSR2 8 My, XEWESIREE m = 10% %K, MAHEHRFRES RN
feadinl, TR AT DB SIX Ff S o

BEHHF (radixsort) HURLEESIHEHE —2, @RS MECREIHE . R, EEHFA
MEF SO MENERRR, RO —AETHEF, MIMTSERERHEP AR,
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11.10.1 HERiE

DA SBHE RG], BT IIRIRALZE 1AL, Smshoess 8 i, HEMHNFImAENE 11-18 Ak,

1. WAk =1,
2. NS kAT HEEHET. seala, BARSRIES kA WNEIRHER .
3. R kN 1, REIREGER 2. EOEK, EEBIFTA AR EUE 4 H.

BAEEE nums
Miatk k = 1

DALbSHE, HEFF HFE 8 fi

O HFE LM 0 HFEE 2 fI = 37 AR

10546151
30524779
34862445

10546151 35663519

35663510

88906429
82060337

35663510
42865989

88906420
10546151

34862445
81883077
88906420

72429244
34862445
63832996

72429244

35663510

42865989

63832996

72429244
30524779
82060337
63832996

72429244
81883077

81883077
82060337

81883077

305247173
42865989
63832995

82060337
88906420

42865989
30524779

K 11-18 HEdkFEERE

THEETAEESEI, N T d ERESE v, BRIEE kAL x,, AT HEAR:
x
Ty, = [FJ mod d

Hrf | o] FoRAEAR @ 10 FECE, T mod d Fomxt d BUE (A, AT 28R, d = 10 B k € [1,8]

o

EAh, AT ZNESE R, (52 AT DRSS kAL THET

# === File: radix_sort.py ===

def digit(num: int, exp: int) -> int:
"t SRERTTE num B95E k i, EA exp = 104(k-1)"""
# EN exp MAF k AILBREREEFITRFIIRAGITE
return (num // exp) % 10

def counting_sort_digit(nums: list[int], exp: int):
AR RIE nuns 8 K {IHER) "
# THFINLGCEER 0~9 , FALEEKEN 10 BIRHEA
counter = [0] * 10
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n = len(nums)

# Fiit 0~9 FHFHHLIRE

for 1 in range(n):
d = digit(nums[i], exp) # 3RBX nums[i] % k fi, 12/ d
counter[d] += 1 # ZIHEFE d BIHIDRER

# SREIZAN, B “HIINE ik “BEZRs”

for 1 in range(1, 10):
counter[i] += counter[i - 1]

# EFER, RERARITER, BRETHREN res

res = [0] * n

for 1 in range(n - 1, -1, -1):
d = digit(nums[i], exp)
j = counter[d] - 1 # 3REX d EFHAPHZES| j
res[j] = nums[i] # EHAITTHREANFRS| j
counter[d] -= 1 # ¥ d BEER 1

# FREREZFEHA nums

for 1 in range(n):

nums[1] = res[1i]

def radix_sort(nums: list[int]):
"R
# REEUANRATTER, BTHERAME
m = max(nums)
# BB MEAR SRR ER
exp =1
while exp <= m:
# JEATENE k UHRITIHEHE
#k=1->exp=1
#k=2->exp =10
# Bl exp = 107(k-1)
counting_sort_digit(nums, exp)

exp *= 10

It 2 AR 4RHER 2

FEELSHIHF R, F—Rr S ST RIEER, 250R Y, RS —HHFE R a < b,
M _HHFPER a > b, LB RIEREIIE 8 R, B TRFI&MALEHE TR
iz, BIERIZISEHF A &L,

11.10.2 EiX45H

T TR, B IE T EUEVO BRI IE U, HRTSEE B 5 n] DAFOR M S A A 2, HLA
BORREXE K, B0, 12 0RIE AR S0, NEME kK, AIEESEIRE2E O(nk) > O(n?)

o

SRR O(nk): REHEED n. BN d#H BROECY kb, WRE—ABIT IS
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O(n + d) W, HIFFTE kGt O((n + d)k) NI, SEREWIT, dF1 k SHERE, e %
RERAI O(n) o

- BHERER O(n+ d). EEHHEY: 5HEEHIFHER, S8 FZ2EIHEKEN n M d B res
F1 counter o

- REHE MiHEdERRER, EEHETAE; YIHEHEEAREN, BT TCIE RIS SRR
EE(95 25771

11.11 &

1. ELER

RN S AT A S . B TR MR RIS BERRR ], TR 1A UK B
H B PR D5 25 (AL S O(n)

CE SR K AT E RS C X M ERRE, My, SRS H
EHEZRE N O(n?) , (EHT TR, B AR N R ATHER (145 PR 2 0o,

R R T I S RS . TER SRR, A TR R E RS R, SR
RIEHIE O(n2) o 51N RS SRS 5T A XA S (LR, I 77 I AT DU R
M D BIATREE, 4552 E 2R s O(logn) o

IR RIS I AR AL, SRR T 4 IAME, RV, H AR o B
S, RGN O(n) ; RITTHEFRERAOZ RS 2 URALE O(1) .

IR EESASE: BURSH. MRS, TIRRAEL T /AR, & TRIR KRR
ORI, AR (S5 BEE T A BT T 40,

RO R R — N, I SRR IR R S . RIS A TR R A
BTG EARIE, 3 LB RBIRAE O IEIe,

A R B R B R SSBUSRHEY, SR MURAE S T N R A

C ORIV, BTSRRI, BERNCR, R, EHDURIER EEM SR, AT,
U ARG HIRI T —RE, T — R ST AR5 I T X EE 4P, FESERRILATTFR, Bl T
FRAE SRR M P BB RO B

C P 1119 MH T EHESARORCR, RE . AU R EE S,
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B iEE SEERE
B Ty B - REN poesicd BiEmlE ETHER
wEHE  Om)  om)  om) o) | iHEE RN FEER W
;Eg—z:f)ﬁ | EEHEF | om) o(m?) 0(m?) o(1) BE Bt E5ERT bt
fRNFE O(n) o(n?) o(n?) o) B B BiER Wit
HiEHE | O(nlogn) O(nlogn)  O(n?) Ologn) | dFfam o P Wi
aﬁﬁi | V3HF | O(nlogn) O(nlogn) Ofnlogn)  O(n) BE FEM EEER R
##F | O(nlogn) O(nlogn) O(nlogn) o(1) JEEE it FEER Mo
B O(n+k)  O(n+k) o(n?) O(n + k) RE FEFRH E&R E[3d:2
tﬁgt(;:ir% HEH#FE  O(m+m) On+m) On+m) On+m) | #BE R EEER dER
EHHF O(n k) O(n k) o(n k) O(n +b) RE R FEEM AR

st i o
BHF, k AEsE
£ i f ‘ R, m IR
E#HFR, k DEAL, KIEHD b A

K 11-19 fHpEENE

2. Q&A

Q: HFEEREEEMN AN N 20FEmN?

ETF, BATERRERT RN ENB I THER, flan, AL SR NEE, BIIAELH—
MNERHE T St THET, 152 (A, 180) (B, 185) (C, 170) (D, 170) ; PN HEHITHF. H
FHEFEZEARE, FILTEE53] (p, 170) (C, 170) (A, 180) (B, 185),

AIDARER, 224 DM C N ERZE T, RN EREWEBIRT, mMiXERIMNAFEERN,

Q: MHEXISH “NEFAEER” 5 “MNEEAER” T AT AR ?

AT, BBRATARCIHTCE NIRRT, Wt “MNEEEER” B “NEFAER”, XN EL R E W,
BAIRET— TR,

MEE=XI5 partition() MG —H B Ht nums[left] Fl nums[i] o FEACHLSG, FEMERUEINRITTEER <= B
WAL, IXEREOR G — 5 2 i nums[left] >= nums[i] BARAL, BIZTRATSE “NETEER”, oS
PAZN L FEECE KT E, WSE 1 == j WBEEEEA, BEBIIHE nums[j] == nums[i] > nums[left], &
P, I ERE P R ES I — A R R T BB oo, SRR 58,
BNEIT, AEREH [o, 0, 0, 0, 1], RE “NEMAER”, WESEEEN [1, 0, 0, 0, 0], X
MEERIEARIERT,

HIRANEE—TF, MRBAES nuns[right] WFEMESL, IRAELG OISR, wHe “MESHEEK,

Q: XTREIEIFMM, N LEREHRERIEIE TR E RN logn ?

JBIRE L Y AT AIR BRI T RS E, BRI BA TR R BN 5 AR 5, EREEIAM
&, A RBEEANTFEHKERAKNESHKEN Y, REREEN, —BN—FKE, RARKHIEITR
JERR logn o

B R GE R B, AT T RESIESHIB T K ERRIEE, REBR AN, n—1, ... 2. 1, &
IHREN n ., BIBIFM AT DOEE G X FE v B,
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Q: MBA P TCRAMEN, POdHE IR R 2% 2 O(n?) 152 ZA /b BELX FE 150 ?

B XTFIXAEDL, AT DA SIS IR R BRI =R AT T RTERMERL XA TR
JVNFFIRTHIME 2 EIZSTTET, MATTR AT, N BT sE .

Q: HHER IR 0 E 4418 1202 O(n?) ?

BEWMT, FrETERAER— M, GRRARA— O(n?) BHkHIRXEETER, Wi e fE
W O(n?) .



245

F12E 94

Abstract
MR ZIR R, B —IREPRRERE & S o A,
DMHAZ R T —NEENESL: WERMGE, —UEIAHEE S
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12.1 988
4334 (divide and conquer), SFRTIIAY, B—FhdEm BT % WIEEER, SMaEE TR, [
5B R AR,

Loy GUBBY : IR R P e DA, BB ER RN TR 22 Ok,
2. i (BRIFRED . MERMRRIR/ N T REOTA, ARETUR 7 BRI AR T &I, AT i )

HIfiE,
e 12-1 AoR, “VAFFHEET 2 oERISH AN 2 —.

L. gr: AR E A (R I A8 (FRED, ST AT —MTR G FiRE),
2. 6 WEETHS AR TEAE (FRIERWR) T, WMEEIERFRESE (R .

PEEEEEEE

roa (RSEER)

BFiAE

- (B

B 12-1 JAFFHER R Ta R

12.1.1 N{EIHIBR S 4R

—ANARBUEEIE G A TARR, JEHE AT LASE DU LA R,

L. [l LA TN R] DA R SR /N, SRABIRG IR, DARCRERS DAAHTR] 75 208 T AT R 79
2. FRIBRMNIN: FRIBZ MAES, DA, TR R,
3. FRERT DIETE: R RS R R S 7 AR SR,

BAR, VAHHEF R DAL =AW,

1. FSITDAO: st RRIED X M8 (FRED.,
2. FRISURMNIE): DB A DRSO THE R (AR A] DUSSZ TSR .
3. FRERRAT AT MDNER A (FREBRE) ATLEH N —MEREH (R
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12.1.2 @I EIRFAE

SHEAOUT DU R RS, e DIRTHRIARCR, RS, PudHir, A3FHER. i
PR TiEeRs, B, MAHFER, SUREVENINA T E R,

Mo, BAIAREERR: Mt 2smianl ERTPRRRCR, HIRZBERMTA? #im, KRmE A2
TR, ORI, R AR S O SR R, X)L RISCR A 20 L B R R ) R o 1 2
XA R A] ARG AT T S 75 TR I 18,

1. #REHREMRL

DL “EEHEE o, EAE KN n ARAEE O(n?) M. BIRRIHZIEE 122 BRI R,
BAM A NP TAEL, RIS TEE O(n) M, HFSNTRAEE O((n/2)?) M, &IERN
FREATE O(n) W, BAERFEREN:

2

OM&{%PX2+W):O¢%+QM

DEEoEEEE

BiaHF
0(n?)

DEEEEERE

Bk o(n2) Ei& 0(n2/2 +2n)

K 12-2 RIp¥eHmTEN B iRy
TR, BANHRUTIAERX, BGRB8 72 jiA o R e S8

2

n2>%+2n
2
nZ—%—2n>0
nin—4) >0

XERE S n > 41, RoErREBERE Y, HIRBeRMIEE . HEE, XInJErIN RS2 ETRR T
Jikh O(n?) , HREREHINEBINENT,



B12% A hello-algo.com 248

P, WERBATHE A AW PSSR A A, B T B AR DT RS IR e ?
IXFURRSERR Bt IR, INEEZEHN O(nlogn) .

A, QERBMNZEBEILNRD A, RIESEFK0 0 kADTEEAE? ZXAMERS “MHr” IR0,
EFFEAHFEREYE, it ENEERET ISR O(n + k) .

2. FHTHEMRK
BATALE, I RE T BV EARNZR, L@ E T IOFTROL. R, s7a A AT AR IR
EEARE, EHRTIREREIIFFITRL.

FHATIAE A% B AR BN U 2K, ROV AR GER] DARI AR 2 A7 (Al d, SN SE o HMI A T R
TR, AT D S AR RTIB TR AL

FRANTERE 12-3 R “HWHER" o, BATRER BRI 2 BCR 2 M, AT A RRHE R (55 70
BENRETT, EREHEEHER,

TTE

K 12-3 MHEFRIFFTIR

12.1.3 98ERKA

— 77, iG] ARRIRRVE 2 22 LR AR,

© FEREGE RN ZEIRE SR R RIS, SRIE R PRI B RN, BRSO
TR XS o

- KBEEERIL: a0 Karatsuba Ji%, BRAEEEGRE 2N LB NI SRIEFIINTE,

- JEREIRTL: BN Strassen B, BIRIERERIE DN 22D/ INERE ROSRIERI AN,

- DOESEEL: POESE TR AT DUBIE AR, X2 U IR SR R .

- ORMESREXE: - DFAI, AERATEH AT R TR, IB2ZN DR R — DR KA
Wi Al AT AR v B AR, (R BhIAHHER BT SR,
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i, SHAERIEMEERAERE M SRRz,

© s SoERRRAEFEAMNFRRGIE S IEE Sy, AERE HAMES R TTRE LR,
ODUEHERRIR—FIX 1A, FFAERIR X A AT R B = 70 B4

- VDR ATTRKEN S, A,

- POEHER . PRIEHET RIEE —NMERE, REEBH NN FRE, — DB TTR AR E D,
o —FRAHRITCR LA R, AR ER AT AR 0180, EETHANFE T IR,

- MR WP A BB R D BE 2O, RER S IRNETTRI T, &ERS MR
TERMIXE, MMRE— MRS,

- B BN SRR, AVL B, Z0RM, B, B+ WEE, BEAIRIEER. EARINERSE SRR DAY
THE RIS I

- e HERRPRIRESE A TR, HARMRCE, A MHERAIHE(L, SCRR_EESRE S T rTRR) AR,

- A BRBHRIFAERNMAING, (BRERARIIRERTT REHEN A T riasks, flm, st
AR EER PR OV LB, DR ERER,

FLAVEH, iRl “EPgios” RTERA, SRR S BER .

12.2 9812 FEER

TAEZE, FREEDNHAK,
C RANER: CEOBFRIESHIIL, HEERER O(n) .,
- EIERHEER: TR B SUYRSERIS B, R A A O(logn) #%E O(1)
Sai b, W2 O (log n) ISZREE TR RIETSARIGIBUN, (B0 — S E AR,

© S ERNE PR EBAHPERERTER) AN (RS — R BT
), XM —-ERSEEEH sl R E B Rt R 1k,
- BRI B, TEIERRL AVL B, SRR T, SRHRERN RS 2R E S O(logn)

o

o BRI HAREEN TR,

- ISR PR "o EPOBTHOR R R (TR T AR T (TR — T &
£, X R TR AT R KL,

- FRSURMNIN): £ ERT, SRR DR, EANSZ H AT R,

© PRSI EIE: o EREEER - MEETR, RINARER FRIEEHT S, HF R
SRR, BRI 2 R NS RO

IMAREMS TR THERIR, ABERENRIELRGL AR —MED, MG R 0T BUHERR— %
i,

1. BEFSaERN=—28H

FEZRINETH, &g TR 020 KB, BIERMET G GBI KRELHE,
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Question

HE—NEEN n WEREAH nuns , HAPTE TR MM, EERICE target

WSS, BATKHERIXI [i, 5] M B FIREIEH £(4, 7) -
DB £(0,n — 1) Witass, Sl L FBET s 2k,

1. WEERXE (4, j] s m, RIEEHRR—FERXE,
2. BBVARMBALRN—FHF R, "T8EN f(i,m — 1) 8 f(m +1,7) .
3. TN 1. BRI 2. &, EHEKF target sIXH = MHRMEL,

B 12-4 JRoR 7B o EBOTR 6 RriaidE,

s (BE00000000
¥ oa
f(o, 3) ann 12 15 23 26 31 35]
I 2
f(2, 3) [1 3 on 12 15 23 26 31 35]
A

\ 4

REREFTR 6 WHFESIH 2

K 12-4 ZERIRIERE
(ESRBRTG Y, Bl TP — MBI R dfs () RoRARIEL (i, j) -
# === File: bilnary_search_recur.py ===

def dfs(nums: list[int], target: int, i: int, j: int) -> int:
" ZHEH: R (L, )
# HXEAT, ARTERRTE, WRE -1
if 1> j:
return -1
# IHEPSRES n
m=(L+3)//2
if nums[m] < target:
# BIFFEA f(m+l, j)
return dfs(nums, target, m + 1, j)
elif nums[m] > target:
# BYIFRIRA f(i, m-1)
return dfs(nums, target, i, m - 1)
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else:
# IWEIBRTE, REHZRES|

return m

def binary_search(nums: list[int], target: int) -> int:
e HER
n = len(nums)
# KRR (0, n-1)
return dfs(nums, target, 0, n - 1)

12.3 HE-XHieE

Question
BB XWMWETFIEDT preorder M1 FiE)T inorder , TEMAAEE XM, JR[E] — R AIAR
o B XA EEENT A (W 12-5 Fim),

BiFFIEH
/ \ BEE—Ri preorder
G
inorder

& 12-5 =X REREIEGE

1. HERE R AR

JR A fE M preorder K inorder #%: XA, 2—PEAIF S ERIE,

- WS RAZ I MIHRRIA VI, FRATRTDURE R RIREI 2 SRR M e i, ARG T,
b= WIHAHARTT S TN TR T (FRIED, AR IR A PA LRI 751k, HHK
DNENF (FRED, BEREBE/NFR- (R LR,

- FRSURMNIH: e RGN, ENZRRA 2R, TR, BAITRFERE
P i D AR P 3 P PR 5 2 TR B ER e A5 TR R B

- FIERERIAETE: — BRI T ARG TR (PRI, BATHEAT DR e BERERYT 5 L,
(SRR
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2. RIS FR

MRAE LA B3, IXIER AT CAGE A o3Ik R, (B I@EIE i35 preorder FIH)F3 M inorder SRR 72 ¥
P T RE?

HRAEE X, preorder 1 inorder #RA] PAKI S A ="1NE657

- HiFED: [ RTR | AFW | BFW 1, BB 125N 319217 ],
- R [ EFW | RTR | AFW ], GIANE 125N 9131127 1,

PAEEESE A, BATA] DOEEE 12-6 ARy EG 21K 7345 3R,

1. ARG EITE 3 BT mE,

2. BEBAIRT E 3 7F inorder FIYRS], FFZZESIAE tnorder XIS AL 91 3 | 127 1,

3. tRYE inorder RIS R, SISAE TRAIE TWAH SEE 2RI 8 1 F 3, MIA ¥ preorder XI53H
(31912171,

BHRRAMRTR

AifFiERH  preorder

(:> ERIRT ARG
@ @ HFER  inorder n FE—

: 3MER
EFHE
197R

HiF#FE preorder nna

12-6 £ R ik A AR i P & o

3. EFTEiRFiXial
RIECAEXI 2 751k, BIMELEEMR Y, K7W, A 7WAE preorder il inorder IR GIX T, ik 11
RIXLERG[XE], FATFEMEB L NMEH T &,

- R HIR AR SAE preorder YRS E N i o
- KRR AIRTY KAE inorder EYRGIIEHN m o
- B AREIRAE inorder FINRBIXAIEH [1, 7] o

N 12-1 fr, 1@ DA B2 RIA3RRIR T 5 AE preorder S|, PAN THTE inorder AR G( X [H],

R 12-1 AR SR T RT3 P A PR e il 7 R A 2R 5 |
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FR FAE preorder HHRJZS| FHAE inorder FRYZES|[X[H
17 ) 1 [1,7]
Tt i+1 [[,m —1]
ESER ) i+1+(m—1) [m+1,7]

EER, AFMRTT ARSI (m — ) W& SO “ZEFMITRsid”, #EEr 12-7 Bk,

o
S ;[ ]: [ ]
A A A

@ @ i i+1 i+1+(m-1)
PFEER

in;Zdéj ||='|lilllillill|il

oo e

B 12-7 MR RMZEA FRIRT X ARR

4, XFBEI

A TRAEE m IR, RIMEBI—MER R hmap SRIFHEEEH inorder HITEZRIRG [ HIBRLET:
# === File: build_tree.py ===

def dfs(
preorder: list[int],
inorder_map: dict[int, int],
i: int,
1: int,
r: int,

) -> TreeNode | None:
n MR SRt
# FRIXE =L
ifr-1<0:

return None

# MRMIRT R
root = TreeNode(preorder[i])
# B m , NIXIDEGFH
m = inorder_map[preorder[i]]
# FialEl: WA T
root.left = dfs(preorder, inorder_map, 1 + 1, 1, m - 1)

# Floll: MEATFH
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root.right = dfs(preorder, inorder_map, i + 1 +m - 1, m+ 1, r)
# REIRT R

return root

def build_tree(preorder: list[int], inorder: list[int]) -> TreeNode | None:
R
# YA KIa#HR, Fi# inorder TLREIZRSIHVBRGT
inorder_map = {val: i for 1, val in enumerate(inorder)}
root = dfs(preorder, inorder_map, 0, 0, len(inorder) - 1)

return root

B 12-8 feoR T KRB IS RE, SN RRIER S T AR, mESa (5IRD BAER
B /2 W NP S EFe VA S

preorder aa @

inorder aa
— (-1 1 R 3 £ 6B
Step 1 Step 2
preorder aa
worcer (EJENEDEDED /
3 9 a preorder
@ 9 3 a inorder
| o 3 =3 6B
Step 3 Step 4

@ inorder

o o
I £ £

:StepS‘ step s |

I3 =3 €23
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/ / 000 -
/ @ inorder
@ 3 9 2 1 u preorder @ @

9312“ rrrrrr

Cava § 7 | 701 ] 3 & EB

[ step 7 | [Steps\

- )
. gopoa

3 = €3

Step 9

B 12-8 HHE AR

FNEIHEREN AR R]T preorder MIH &) inorder BRI 4 RATE 12-9 AR,

preorder aa
inorder aa

preorder 392 1 7
inorderal% 12 [7

preorder ([ 3 | 9 297
inorder | 9 | 3 nz 7

B 12-9 &R RBHRIRI 4R

R BN n, WHALE— DR (BUT— MBI dfs()) A O(1) I, It S AR 5 A%
R O(n) .

G R AE# inorder TERFIRGIMIMLN, BAEREN O(n) . EREBNT, B XRHBMAOVEERN, #
HREIES 0, EH O(n) KFIEbERE, FSAZRERERN O(n) o
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12.4 BB

FEVAFEHE R AR SRR AR, AT i 1] 0 T AR A S [ — 7 (AL, RTINS T 5 1]
A, AR AR 7 AR

Question

HEZMRET, IER A BRI Co IR, T A LEE n MRS, BN LRI NZIEMNNEIRE
G HE, FATNESS R ERIX n DMEZBEIET ¢ b, HREFEMNNEEF A2 (@nE 12-10 Fr
TR)o TERBBNRAIZRRISARA, FFEESF DA RR,

1. BEEHREM—ARAEF TR, S —HRAE T TR
2. BIRARER)— R,

3. /NEELL N ZIN T R Z b

ALl

Y #EEESEM A BHE C
A B C

12-10 NG RIRRE]

BAERED @ RDUERE RS f(d) . Bl f(3) RN 3 DR A BBIE ¢ FITUEE TR,

1. EEELFER

e 12-11 fow, WTRE f(1), BRYEE—NESN, ROTEEZM A 3= c iR,
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-~ 1l L1l4

R £(1) WER:
BEEBESM A BHE C BIF

A f(1)

Step 1 Step 2

B 12-11 AURON 1 AR
i 12-12 fow, TR f(2), BRSAPAEERN, b FEnme /b ESER B b, R
B RS2,

1. ¥ EmfNREMN AR EB,
2. BEREBMNABE C,
3. ER/ N NEEMNBEEC,

al l Lil

AR £(2) WSRE:
A £(2) 1. B)NESM A BRHE B
l Step 1 ‘ Step 2
A B [4 A B c
@R f(2) WER: RR £(2) WSE:
1. %/EEM A BIHE B 1. 0EEM A BEHE B
2. BAESEM A BHE C 2. BAEEM A BHE C
R 3. % )EEM B BHE C
l Step 3 Step 4

K 12-12 BB 2 BTa) R

fRFREL f(2) B RERTREE R WA REED s MABR c. Hi, cHNERE. B FRNEMHL,

2. Fial@ES R

MR f(3), BIRYAE=ABEERN, HREmMmME kT —L5®,

ROVEHE f(1) F0 f(2) B, FRAFRATRI M SE AR REREE, 1 A DERRIPA B S A 1 — V08, TR 12-13
FREI R, XA =Rt A B2 ¢ T
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1. 2B NENME. ¢ WEMWHE, KM TNEEMABESB,
2. Ff A HBRIRE—DEEMM A BRBHIE
3. @ CONHEIRE. ANRMNAE, FRDMEEMBBEC,

A B
R £(3) WSR:
@ f(3) 1. BEAPERM A BEHE B
Step 1 | Step 2
A B [ A B c
fER £(3) W] R £(3) WSW:
1. WP ERMN A BEHE B 1. B EZM A BEHE B
2. BER—NEZM A BHE C 2. BRR—ESZM A BRHE C
3. BEIERZM B BHE C
Step 3 Step 4

B 12-13 BN 3 [ RI-BAE

MR EE, BAHEHRE f(3) Q5 APAFRE f(2) —AFRE f(1) o 7 RINX =47 5,
JRIAEIRE 2 S 2RO, XA AU ARSLAY, T E MR LS,

2k, BATALREE R 12-14 FrR B ROGEE IR 16 SR KRR f (n) 35 AR f(n—1)
FI—FRE f(1), FH42RE PRI R ouX =1 A,
1. ¥n—11MEBEB cCMNABESB,

2. ¥FEs 1 ANEEMNABEEBEBE C,
3. Bn— 1P EEMEANMNBBEC,

HTFXFA TR f(n — 1), o SO PRI, HEAFR N T8 f(1). 1 (1) 1
WRTHIN, HF— BT,
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FiadE f(n-1): & n-1 MESEM A BEIE B

) 4
FIEE £(1): #$HR 1 MERM A BEHE C

[RiEE f(n): & n TEEM A BEE C

FiaE f(n-1): % n-1 MESM B BEHE C

12-14 fRRDOELE R U 736 R

3. AExEm

ERIEH, BATEH— N EITEEL dfs(1, src, buf, tar), ERIMERREHA: src TEEHY ¢ DNEELEBhE
1 buf 812 B st tar :

# === File: hanota.py ===

def move(src: list[int], tar: list[int]):
" BEh— A EE
# M src BELH—NERE
pan = src.pop()
# KRB tar TAEP
tar.append(pan)

def dfs(i: int, src: list[int], buf: list[int], tar: list[int]):
" REEREIEEE ()"
# & src [PT—IMER, WEEKHBE tar
if 1 ==
move(src, tar)
return
# FiAE f(i-1) @ B src TN 1-1 NEEREE) tar B buf
dfs(i - 1, src, tar, buf)
# FIEA f(1) : B src FR—EEHBT tar
move(src, tar)
# FiAl@ f(i-1) : ¥ buf TN i1-1 NEAEMEB) src BEF tar
dfs(i - 1, buf, src, tar)

def solve_hanota(A: list[int], B: list[int], C: list[int]):
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" SRR

n = len(A)

# 3§ A THER n NERER) B B3 C
dfs(n, A, B, C)

GniE 12-15 AR, DOEEERBTE R —ERS N n BB, B0 R — DRI, XM —NTER dfs()
B, BUENRERERN O(27), ZBREREN O(n) .

B 12-15 PSRl R I8 U R

Quote

POELE R R B — M5 ZRE T, fESENERN—DSFEE, BEMNE=Re R as, Pk 64
MR B, BEMANESIEE, MIMEEERE— MEBSOERMBENIR—Z], XD
AR REEH,

SRTT, EVERSENEREEEN—R, BHEEAL 204 ~ 1.84 x 1010 B, &%) 5850 124, TiniB
o TN T H ARG, AR, X METRER, FAIMIZATFEHOEHRRHER,

12.5 &

- iR M IR RS, iR (o) e (B MNIER, EEE TSI,

- HIWTR SR IERIANER IR CAS . WRRE S i, TR S ML, TR S

- VAFHHEE R R IS A SR, OB TR R 0 N SE RO AT 8, BRI F N ITRNIT
WBBEEH, MIMZERHEF.

- BIAARBSERER] DARTTRIRRCR, — )7, 2GRS TR, 5—JiH, piaEaHT R
GEHIFHATOLL,

- IHARER] DURIRVF BRI, )2 N TR SRR, R H B R,
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- ERTRNER, AEMERICRE R, NRZHRER O(logn) FILRERE R Z2HET ARG
o

© ZOBEBESIGRIGH S — NN, A SR T RS T SIS B, BATRT OEIE S
THAKH =&,

- TEMEE ORI, AR (D AT DA A e TR A (R, IX AT BAsEd
7 3 R PR e i P O 2R 5 | X TR R SE B

- AEDUESERIEF, — DRI n (RIERT DA 2 AR n— 1 B9 F RIS — SN 1 7
Ao FZFE RO =T A8, R AR S 2RO,
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$F 135 [o]i

Abstract
BATANERRE R RUIR RS, TERTEAYIERS b nT sE 1B 2 R R,
B R IEBATREW ERFLE, Akrzl, RZRFEFEHINE A,
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13.1 [EHE%

%% (backtracking algorithm) J&—Ridid 75 4 RBRAB 7%, ERZOEER N —DIEEIRS T
K, BNGRARREMMBIT R, MBEIEMRNREHICS, BRHEIREE ST nTRERIE SR
TEFERBIfE A 1k,

[IREIE R R “RERAER kimPifRasil, £ ““XW” B, BROHERRT. PFNEFED
Hm IR R, TR, BRI FBEIAE— N EHRE, 25 7 R RIAR TR,

Pl —
MR, EFFIERATEEN TR, BIRET SRR,

TR, ARG XA, FEAIRY R S RER SN T, B, WRIZT R AMEIALZE RS res
ZHo FHRIEFESLELANE 13-1 F1PL MRS ATR:

# === File: preorder_traversal_1i_compact.py ===

def pre_order(root: TreeNode):
v RFBR: Bl
if root is None:
return
if root.val == 7:
# IORAR
res.append(root)
pre_order(root.left)
pre_order(root.right)

REMFER

RIFIER =X,
HiZRER 7 HUR

Al FFIE A
£ @inRTR

B 13-1 fERlR T R A

13.1.1 EiX5[0)R

ZFR PR ML, BNV ZRIR R RN 2R A7 5 “WHR” KRN, HRIAERRY
FE BRSNS TR AR ST BT IR G 2 R S AR AR, B A0H E— PRk, R EZ TR,
ZIAH AR AT REAIE R
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AT, PREDN T RERAR K “ZRX7, TSGR A RN A return MIFOR AR
EREIRE, PRI RISHEBORM, MR —, BTG —R .

Pl —
X HIERATEEDN 7 AT, IR IR RLBX e N 12

TEBIRA— SR EER |, FRATIFRZAEBI—DFIER path IDR VTR AT B8R, HITRIEMEDY 7 897 s, )
il path FFEAINHEEE RN res o WHHTEMIE, res HIRTERINUZATARIME, UM RIIR:

# === File: preorder_traversal_1ii_compact.py ===

def pre_order(root: TreeNode):

HIFBER: fIE=

if root is None:
return

# =1

path.append(root)

if root.val == 7:
# IDRAR
res.append(list(path))

pre_order(root.left)

pre_order(root.right)

# [BiR

path.pop()

TERRR 2R, BATED R YA/ AN path RICHREEE; MAE “[FHR” A, FAIFHEERIZ RN
path H5fiH, PAMREARRZ ﬁZﬁuE’J%m

WIERIE 13-2 Frosfid e, AT AR AR B “HilE” 5 “WRY”, WM RIET v,

= -
() o)
= Sid: BITEH, EMRS R i BIEFH, EHRS
EHR: MERSE, RHBCEE ELR: HMERS, RIHEE
(7 path = [1] V& path = [1, 7]
/ \ / \ / \ / \ BETHR 7, WEBERNESR
7 ) res = [] 7)) res = [[1, 7]]
Step 1 Step 2

path = [1, 7, 4] path = [1, 7]

\ £id: BIFEH, BIRS i BIBH, BRRE
- EB: ERE, RBEE - EiB: MERE, &HHKEE

res = [[1, 7]] @ res = [[1, 711

Step 3 Step 4
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[ Step 5 |

=1

{ Step 9 l

13.1.2 Bi%

A2 2 B e 3 00 5 — DB NS, QOREIRER T “99E,

il BIWH, BRRE
EB: HERS, RBEE
path = [1, 7, 5]

res = [[1, 7]]

£id: BIT\WH, BHARS
EE: RERTS, RHEE
path = [1, 3]

res = [[1, 7]]

Sid: BITEH, BRRS
ELB: HERS, &BEE
path = [1, 3]

res = [[1, 7]]

Step 10 |

8id: BINEH, EWRE
EB: MERE, HHEE
path = []

res = [[1, 7], [1, 3, 7]1]

13-2 A5 ELE

i BIEH, EMRRS
EB: HERES, RHEE
path = [1]

res = [[1, 7]]

£id: BITBEH, BARE
ELE: RERES, KHEE
path = [1, 3, 6]

res = [[1, 7]]

Sik: BIEH, BHRRS

EiR: MERTS, RKEE

path = [1, 3, 7]

BETR 7, WREERNELR
res = [[1, 7], [1, 3, 7]]

Pl —

TE AR ATEE Y 7 B9, EIRERRT RN SRR, HFERBREP AR SHEN 31
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NT R A ELHRGE, BT EEMBTERE: ERZIES, FEEHEN 3 T, WHIRANRE, A
MEHLR, B NATR:

# === File: preorder_traversal_1iii_compact.py ===

def pre_order(root: TreeNode):

" BRRER: Bl

# BUR%

if root is None or root.val == 3:
return

# =1

path.append(root)

if root.val ==
# ICRAE
res.append(list(path))

pre_order(root.left)

pre_order(root.right)

# [OR

path.pop()

“BIR” R MERTERIAIE, E 13-3 R, (EERERET, Ml 9IS TR SRR R
X, WHRTFLITRZER, MiMiEE TERERER,

BB BEER 3 MNP SNRDHEE

BRI IR R X HE R =6
MITRFHEZRMER

& 13-3 ARIELIRAAFBIHL

13.1.3 1EZHKBE

Bk, BANEEEEMIR “ZA, ENR. BIE” BIFRMEZRERRHIR, $EAHRDAYIE A4,
TEPUTHESRACRG Y, state FRRAIRAAY S ATIRGS, choices RN AR T AT DAL AYIEEE :
def backtrack(state: State, choices: list[choice], res: list[state]):

" B
# H BT
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if is_solution(state):
# 1DRAR
record_solution(state, res)
# REHM4SIER
return
# BHOPERE
for choice in choices:
# BIRR: FEEREREE
if 1s_valid(state, choice):
# =i MHEE, SRS
make_choice(state, choice)
backtrack(state, choices, res)
# ELR: HWEEEE, MEIZARE
undo_choice(state, choice)

FEOR, TAMETHERAERMBARGIE =, R state N RIBHIKTE, 1 cholces NI RAAEFT

RAGFR, 4558 res BERAIER:
=== File: preorder_traversal_iii_template.py ===
def 1s_solution(state: list[TreeNode]) -> bool:

SRR R SRR

return state and state[-1].val ==

def record_solution(state: list[TreeNode], res: list[list[TreeNode]]):

nwnn iaiﬁgu nn
res.append(list(state))

def is_valid(state: list[TreeNode], choice: TreeNode) -> bool:

v SIESRTRS T, RAEREAE

return choice is not None and choice.val != 3

def make_choice(state: list[TreeNode], choice: TreeNode):
nun E%ﬁ_){*%‘q\u nn

state.append(choice)

def undo_choice(state: list[TreeNode], choice: TreeNode):
nnn '|\7')—(§4ﬁ§“ nn
state.pop()

def backtrack(
state: list[TreeNode], choices: list[TreeNode], res:

v EIEE: B
# WERL R
if is_solution(state):

# 1ICRAE

list[list[TreeNode]]
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record_solution(state, res)
# BAFTEEE
for choice in choices:
# Bt WERERT ST
if is_valid(state, choice):
# =i MHERE, ERRES
make_choice(state, choice)
# HIT I —HEE
backtrack(state, [cholce.left, choilce.right], res)
# [EIR: WEHEE, MEZARIRE
undo_choice(state, choice)

RAERUR, BAMERENEN 7 BT RGN IZREHER, P HR R ILRME 25 return IEAUMIER, 12 13-4
XL T PR B BHER return IEAIAUIERISRE,

EREE

SikEs o
Q. et
(o]
#2 return % return
iCRBEERE], FTEH4EIEHR IERBEFERE, HEHER

13-4 {RESMIBR return AYFRRL X LL
M EEE TR D1 ARG SR, FE T R R SC B B AR RS WNR, EXEM R ELr, Sihrtk, W2

[ 3 Rl ] DAL ZHESR PR, FRATTA TR BARRIDRE X state Fl choices , FFUBAMESRFIASDTTE
BIAT,

13.1.4 EAARIE

BT EIEWHL T ETE R, BAESS— FEARIESREHARIBIE X, FHXSIRHGIE =45 HX RoRE], 05k
13-1 fli7Re

®13-1 W UHEEEATE
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1]

fi# (solution)
LR

(constraint)

KA (state)

2

(attempt)

[EBE
(backtracking)
Y53

(pruning)

Tip

W, g, IRSSEMESREAR, fFoia. B, shasmxl,

X

BRI R FNER, THA— REP
LSRR RV R A AT AT O, S
Tk

RASF TV —IFZIRNL, QISR
s

SRR I FERIRRIR S MR, LA
HOEE, EHRE, BTN

RSB R RLTRAFIARASTY, AT
HAHIERE, [FIE] R

B R AR RS LRI S0 PR3 0 TR LA
BERITTE, TTHRR AR

13.1.5 i 5RRYE

=

AR BT L7 B R L R SRR A AR
PSR 3

HATE VI FAYTT s te, B path 195813

BIAVIALE (F) TR, BT REINE path
AW R EER SN T

HROEHA L SRR, EENER 3 /Y
TR IR, EOR[E|

EEUER 3 BRI, NIRFERSHER

WLFRIEHEA Y Mo

B AR L — VAR (LS, T TR S ET BRI R PRI, I3 R0
LAt T AR BT T REIRRDIT R, T ELYEATRRIBEBRIF T, EUARBI0ACE,
AT, EALBRACHUBIE 4 5 AN, TSRS T8 P REAE AR

W B SRR P TTAE, I ST USEHR RN kB T

R ARV TR SRR (PINBAEE, T ORAORBY RS, HIRERAN, 2

R LAIHRA,

EPERAIE, ISR R SR PRI PR AR 1 TSR, o TR0
S EE A O IR, (RIS UK I P RERI ML T, (XA T, AT R ALk,
B IR AL T R,

- BB IR AR A MR R, AT T R I AL
- Ak IER: EEREET I LRI EE M THE, WML RE A 7T RE™ A AR AL,

13.1.6 [G];¥fHBY{5ER

[ SRR T TR ORVE 2 AR AR AN, £ 5 2 AT 240 & (LA e
TR M XL (R B AR R R R SRR 7T %o

- AR AR -NES, REHATERTRERHTIH A,

© TERMAE: GE-DMRENM—DEN, KERGHATEN B 75,
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- DORSERIE: 4558 =R — RN FERIREE, 2R RS —IRAE T80 2 5 — IR T,
FRARERS S — N REE, HARERRE B NS L,

LIS P8 XA H AR R ERE T e A QR SR RO

- nBfE fEn x n WHE ERE N DNRE, #HEEEARSGE,
- OBOH: 1E 9 x 9IS HIE AT 1~ 9, ST, BHIREAD 3 x 3 TMEHEITEAREE,
- EERRE: fe—NEAE, As/bBas RSN EE G, FEHESTTSEE AR,

HEMALME: XKNER EREAE— N &2 A R R R R 2 AR B AT

- O-1HEME: A -HYRN—INEE, 80 E RN ENER, ERETFEFRRGIN, &
BV ES S ER K,

- ORATRIAE: AE—DEH, N, IR B AR RERER R, KRB R,

- RKBIAE: BE—DEAE, KERRKEeTE, BFEPIEREN DR Z FEENHEE,

HER, T2 HGRE, FFARRICEIRTT R,

- 0-1 R EE A S S UIRER,  DOSEISE @RI RICR
- RATRZE—DE AR NP-Hard (A, 5 HIfEE A B BEM B R IRSE
- ERARPINEUR B — MR, w] I SULDRTES R R A RIER MO,

13.2 £H5lin)ER

EHEA SR PR R R — DN, ERE SRS TE — MRS A — DT ER) BRI T, X
HHARTTRIIFTA ATRERIHES .

R 132 52 T LA RIS, LS5 AN M AT A HES

% 13-2 2HHIRA)

LTINS FREHES

[1] [1]

[1,2] [1,2],[2,1]

1,2,3] 1,2,3],[1,3,2],[2,1,3],[2,3,1],[3,1,2], 3,2, 1]

13.2.1 THEFRENRER

Question

MA—DEREEEEAH, HPAESESRTR, REFTHTEERIHES,

METHEIER AR, ST DA RS PRGN — RANEREIIE I oAy [1,2,3], W
REAVeiesE 1, FIEEE 3, REEE2, WEKEHES [1,3,2] . FIRRRRE —MER, ZEME A
fil3ZE s,
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MIEFAIERIAEE, RIESEE cholces BMABEHFIFTETLR, KA state ZEEHATEHIEFEHITTR.
TR, SMTRARIIERE R, Kt state PRIFTATCRAN %02 ME—,

Qs 13-5 FvR, BATTAT DRRHR RIS AR RIT R —BRIR IR, BEFPEIEE DT AR BTIRES state o MR RUT
f, SRR EAMAT AL, BT AR B — S

choices = state =

SH—IIERE

13-5 ZHRAIREIR

1. E8%EFH
T EREN TR RAPOEETE R, BB ESIA—MA/REEI selected , HH selected[1] 7R choices[i]
BEEMNER, IFET TPl FERHERIE,

- TEMHERE chotce[1] &, FRATTHURF selected[1] MR(EN True , RFBECHHESE,
- IBPTIEREYER cholces I, BRIEFATA EH0EREAIT A, BNSTRL,

G 13-6 AR, RIFRAIE —FIERE 1, B4R 3, B=40uik 2, WIREAES kR 1 17
X, TEH=HIHRITR 1 TR 3D

e

,L aiETEN 1, 2, 3

s 1 a (- I (:
B o
o —'t

o HEBHEENTER 1

HoRER 3 FREETRER 2, 3
-1 53]
2

EoR%ERE 2

HREREENTRE 1, 3
FIREETERN 2
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K 13-6 2HEH B HRHA
MK 13-6 RIN, ZBTRAREHER=EEANN O(n™) BUNE O(n!) .

2. AEBxEM

EREL EERZ)E, BATRIA DAEREZRAR i “Bs” T N T 4B, AT ARSI
R RIS DR, TR EMNRITLE backtrack() BRECH:

# === File: permutations_i.py ===

def backtrack(
state: list[int], choices: list[int], selected: list[bool], res: list[list[int]]

nre EREE: 2H 1
# SRESKESFTTHZHEN, ERE
if len(state) == len(choices):
res.append(list(state))
return
# IBPPTE LR
for 1, choice in enumerate(choices):
# BIR. FATEERETR
if not selected[i]:
# 2 MHEE, ERRE
selected[i] = True
state.append(choice)
# T TR
backtrack(state, choices, selected, res)
# [OIR: WEERE, MERZARKES
selected[1] = False

state.pop()

def permutations_i(nums: list[int]) -> list[list[int]]:
= TR
res = []
backtrack(state=[], choices=nums, selected=[False] * len(nums), res=res)
return res

13.2.2 EZERETENBR

Question

AR, BAPaRERESEHE LR, IRMATE AEERH,

B ASALN [1,1,2] . AT HERHWAEETE 1, BIMEE = 1ian 1,
M 13-7 FoR, BRI RIS R s .
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F—IIERE

_—

B E RN EE S

K 13-7 EEHA

M2 RBREERIHFIE? RERMH, FEME—NE/mE, BERNHFIZEFETRE, RMIXFEMAT
U, BOWESREEHFIER I R BE, MSGERTRNIFIIEE, IR DO — PR RIRRCR

1. BETHEEH

WLKIE 13-8 , fE55—FerR, B 1 SR LRSI, 1EM Nk RN AT EESE 1. Fit
R % 1 Sk,

FIE, {5 —HVE% 2 25, B LA 1 thar R EE S, Rt RoE s s 1 39k,
MWAF LB, BIGER IR %, B2 A0 7T 2 DR X,

choices = state = ;]

SE—IERE

BRI

BRGERE

13-8 EEHFIEIR
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2. 1Xfgscm

15 bR RIS, |, TRO1B B 1S — R PR — MAT % duplicated , FIFICRZih B4R
TR, R

# === File: permutations_ii.py ===

def backtrack(

def

state: list[int], choices: list[int], selected: list[bool], res:

nre EREE: 2HI 11
# SRESKESFTTHZYEN, ERE
if len(state) == len(choices):
res.append(list(state))
return
# WAFTEIEE
duplicated = set[int]()
for 1, choice in enumerate(choices):
# BRk. FATEEERETE B FRATESRERESETE
if not selected[1] and choice not in duplicated:
# =i MHEE, ERRE
duplicated.add(choice) # Bk INTEE
selected[i] = True
state.append(choice)
# T T —HOERR
backtrack(state, choices, selected, res)
# [EIR: HWEERE, MERZARKE
selected[i] = False

state.pop()

permutations_ii(nums: list[int]) -> list[list[int]]:
"2 T

res = []

backtrack(state=[], choices=nums, selected=[False] * len(nums), res=res)

return res

list[list[int]]

RITTRMM Z R EAHE, W n NTERIE n! #HEF (Bi3R) ; EICREERN, FHEIHIKEN n 195

%,

A1 O(n) B, FIBLITISEZ9E ] O(nln) .

BRIBITREA n, [ O(n) iz, selected M O(n) ZM, F—NZI&EZIEE n 4> duplicated,
i O(n?) =, FEEREZREN O(n?).

3. FFEIRHLL

WHERE, B selected F duplicated #FF T BIAL, EFEN HARAIFE,

HERFESIE: BMEREEN A~ selected , BILRAZLAPREHEEMETER, HIEHZ

RN ERLE state FEE HF,
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- MFCEBE: F0%E (FNAP backtrack K% #LE— duplicated , BiCFRHIZIERTL
W (for B3R HWfLE TR EuEFEe, HIEHRBRIEMESE TE R BOERE —IR,
K 13-9 /R TN BIR S AERGER, TR, MRS ARER—MNER, MR s 27 g2k
HIAN 1T A R — N HER,

e 5o
HEEE— <
BTN [1, 1, 21 [1, 2, 1] [2, 1, 1] HEEH= 3

B 13-9 MRETEZR PRI AT

13.3 F&EMin)E

13.3.1 EEERENRER

Question

a8 — D IEEREEEAH nums F1— D BEARIEEEEL target , IEHRHFTARTRERVA S, MSHEHHITEM
ET target . BHEHHTLEE LR, BNITRITUBUIERZ R, EDAIRZREXLEH S, FIRS
AN EEEHE,

fan, HAES {3,4,5}) MBS, BN {3,3,3},{4,5} . FEEREUTMAL

SR A I AT IR R R,
 FERRXSTEIE, A {4,5) F1{5,4) BT,

1. S8EZsHIYIRE
RRTF2HES R, BATA] AR TR BSOS RS N — RVEFRNE R, HEREIEPENER v
7, MILEMET target B, U TEICR R R,

M5 2HPIBARIAE, ASIHE SR e n] DIJERRUGER, K TCAED) selected fi/REIFKILRIT
REE RS, FATTT PO I T/ M B, PR EIRE Y :
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# === File: subset_sum_i_naive.py ===
def backtrack(
state: list[int],
target: int,
total: int,
choices: list[int],
res: list[list[int]],
DE
" EIEE: FEM 1
# FEMET target B, IEFfR
if total == target:
res.append(list(state))
return
# BHFAIEE
for 1 in range(len(choices)):
# B BEFEMEE target , NPT ZEEF
if total + choilces[i] > target:
continue
# =i R, EFHTEM total
state.append(choices[1])
# HIT IR
backtrack(state, target, total + choices[i], choices, res)
# ELR: HWEEE, MEIZARE
state.pop()
def subset_sum_i_naive(nums: list[int], target: int) -> list[list[int]]:
"t ORERTFER 1 (BEESTE) "
state = [] # K& (FH)
total = 0 # F&EM
res = [1 # @&RIFR (FEIIK)
backtrack(state, target, total, nums, res)
return res
) DA - RSN B [3, 4, 5] FIEARTR 9, HWithasRn [3,3,3],[4,5], [5,4] » BRRIHRM THERN

9 MR, HPIAERER T (4, 5] M [5,4] .

IXBRNRZRI AR X BT /Y, SR B AR BT, 4N 13-10 A, Stk 4 J5ik 5 51k 5

JEiE 4 ARSI, XL E— TR,
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choices = FoEM
target =
L8015
JTEM >9
B o

B

K 13-10 FHEERSEAIE

NTERREETE, —MERABEENEIRIIFET R, HIXDITIRBCRRAK, AW R A,

- HBAHTERRZ, THREY target BN, #REBRZERRNESE 75£,
- TR D) RFEAFFEREN, TETHIFRE, BIERSAEP R ITRIRR,

2. EETFEY

BATH B RS R E BB T R, MRIE 13-11, BEE FREEUARIF ST RN AR,
BN LA~ E oL

1. Y —RRME RO RNER 3 AN, KERCEXMNTRNETE, 0 (3,4, ... ],
2. ZJa, HHERIER AN, WEETRMIEN 3, RONZIEREN TS 4,3, . ] F15 1. SPER
Mr&ExEeEs,

FEHEREET, F—RANEEERMNERIE RN, KIS § 7 S8 AR,

1. BOPNEIERE 35, AURTE (3,5, ... ]

2. WIPHCIERE AT 5, ARTHE [4,5,...]

3. EHREE S, WE SNEPNE 3R A, ENTES,3, .M [5,4,...] 5% 1. HHE 2. Hof
R THRe 2T,
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choices =

Bk Bl 3
MEBEEFE

B Bod 3,4
BREETE

F&=  [3,3,.] [3,4,.] [3,5,.] 3 [4,4,.] [4,5,.] 3 4 [5,5,.]

EEFE EEFH EETE

B 13-11 ARDEREF S B EE 74

BERE, BEMANSAL 1, 2g, ... x,], BIRRERPODERTIN (v, 2, ... 2; ], WIEEERS
REIE 1 < 1g < -0 < iy, , NRREFINERFIHRZENER, M243E,

3. %M

WEBNZITRE, BN AL AR start , FITHSRBHEAS. SHIHER 2, )5, e T MR i I
i, SRR DAL IIIE i) < iy < - < d,,, MTHEETHRE—,

BRIt Ah, BABEXRREST T LA I,

ETF R HE 2R, S nums HEF, TEIRIFTE LR, Y EHE target BTEESRIGIA, RH
e EE LA, HTEM—aBid target .
BEILEMAR total , JHILLE target EHITIRIERGLHITEAM, Y target FT 0 BHES#E,

# === File: subset_sum_i.py ===

def backtrack(

state: list[int], target: int, choices: list[int], start: int, res: list[list[int]]

" EIEE: FEM 1
# FEMNET target BY, i2RfR
if target == 0:
res.append(list(state))
return
# BHEEE
# B . M start FREH, B#RENEEFE
for 1 in range(start, len(choices)):
# BN —: EFEMBY target , MEIZRLEREIR
# XERNACHRF, FOTEEKR, FEN—EBT target
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if target - choices[i] < 0O:
break
# =0l kR, EH target, start
state.append(choices[1])
# HIT R
backtrack(state, target - choices[i], cholces, i, res)
# [EIR: HWHERE, MERZARIRES
state.pop()

def subset_sum_i(nums: list[int], target: int) -> list[list[int]]:
neOSRARFEEAD T
state = [] # K& (F&)
nums.sort() # XI nums #HiTHEFE
start = 0 # BHEHES
res = [] # &RIIFR (FEIIR)
backtrack(state, target, nums, start, res)

return res

[ 13-12 Fr 8 [3, 4, 5] FIEARTTER 9 M A5 R B AR [ A2,

M target
choices = B FrafoRE
target =
BIRERE
fo
E=REE
BE— Bz
TRRTE 3 BEER
iBid target ESFE

B 13-12 F&M I [Efid i

13.3.2 FEEETENER

Question

BE D IEBHEH nuns FI— D EFRIEEEL target , IHRHATEAIREA S, MEFHEHRIITEM

HT target . HEBAHNRERSEEITE, WO UENPHIERE R, 1 DFIRIZR AR EN S,

FIRFANEESESHS,
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HET B, ARSI SRR, K5I THIRE, filn, fEdl (4, 4, 5] fEFRTE
9, MIARBMEERN [4,5],[4,5], HHTEEFE

TERRIX M E R I RS R AP B ik RE, 1EE 13-13 h, B eHA =D, HAmNEy
, REMANEENERDE, NmmtESTE,; [, FRIMN 4 S EEE TR,

. A
choices = na

(4, 4,.] [4,&,.]

ESTH

13-13 HHFTRSHMEL 7H

1. BETHEEH

DRI, BRATIR EERRBISF C R — e ORI, KT KR i TR
9, BIHAHSETCRECEAHMAT, XEWE R, HYUATTRS LGRS, WkAE ek
FId, HIEERE SHTTR,

SRR, ASRE A B R R REERE— K, Fisfz, BAIBAT DAL R start RS IZLAH: 4
HNERE o, J5, WO N —HMRG] i + L ITEmAEED . XAERRERPRES 74, bl ERIEFITR.

2. 1Xfgscm

# === File: subset_sum_ii.py ===

def backtrack(
state: list[int], target: int, choices: list[int], start: int, res: list[list[int]]
)8
" EIMECE: FE&EM 11
# FEMET target B, IEFfR
if target == 0:
res.append(list(state))

return
# BAPREIEE
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# BIR T M start FFiREH, B#RERESFE
# BIRE=: M start FFaEMH, B#EESRER—TE
for 1 in range(start, len(choices)):
# BN —: BEFEMBY target , MEIBRLEREIR
# XERNMACHRF, FOTREKR, FEMN—EBT target

if target - choices[i] < 0:

break
# BRI MNRZITESEOTEES, HAZERERIXES, BEkd
if 1 > start and choices[1] == choices[i1 - 1]:

continue

# = %R, EH target, start
state.append(choices[1])

# BT T —HEE

backtrack(state, target - choices[i], choilces, 1 + 1, res)
# ELR: HWEEEE, METZANRE

state.pop()

def subset_sum_ii(nums: list[int], target: int) -> list[list[int]]:
"t ORERFEM 11t
state = [] # K& (FH)
nums.sort() # XJ nums #H{THF
start = 0 # IBAECHES
res = [1 # &RIIR (FEIIR)
backtrack(state, target, nums, start, res)

return res

Bl 13-14 J@7R T [4, 4, 5] FIEFRITE 9 WEINDFE, HLASTIRETERIE, RS ER S DT RARLS
&, HRRMERERE, DA R TR,

choices = B

target = -

gowzzr ) BEm (-4 5]
ER— e AT
& %E%ﬁﬁ&—ﬁ & K K
-0f -l
BEER
& Jo [4,5] EETE
X
nE=
FHhIFEE
ig%x% R MATE
B target

K 13-14 FE8F0 11 [ e
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13.4 n EFIR)&

Question
AR ERR RN, 2ER ARG S R —1T. —FIE—&RL BT, S& n MERM—1
n x n KX/NHE, SHEERTE 25 Z B0 R E R IRT %

e 13-15 AR, Y4 n = 48, HEATDUREIR MR, MEISIENAES, nx n KNIBEIEE n? M

T, B TITERIERE cholces » TERMRE BRI REAR, HENRSEARWA, SMRZIREETE
IR state

W W

W W

— —

K 13-15 4 Ej5inEnE

B 13-16 f&oR T AR = DNREM: BARIGARAER 1T, F—5. F—Fmk b, BERERNE, Xt
FAZII MR AL \ RIS Lk | Pifh

TREER—RMALEE BREERRRALRR G

|
|
[
|
|
N
{
<
|

Faetem—ts x| Yo

N
X X, MR i
/S s .
i NI /
. ol
i -

FUHER—F  FEEEFA—THESE

i
1

Kl 13-16 n E/GREHLA R

1. FITHRERER

SEHEEMEERTER Y n, KEERMNESEE—MEe: BT r AR RiE -4 25,
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Wt e, BATATDERBOZITIHE RN : WNE—1TIHGE, E8THE -2, EERE T4,

K 13-17 fioh 4 BIRRERRA T EL R, ZEiERS], & 13-17 (Ut 78 TR —MER D,
F AN R ATRATN LR 77 FEER AT T BIAL

v H) T T
WEHE 117
(488) /\ (&%) (&%)
W W W (I
HWESE 2 17 (] [ (] ‘ﬁ
\

W ] ] W T
= | ] POW W v

REE 3 =
v J (8] (]
KE® 4 5 v Ty Tty ¥
[i¥] ¥ HEin W]

B 13-17 BT E K

MAJ LR, BITRERIGER 7B, et TR—T I 2D 2R E RT3

2. FISALEE
N T RINLIHR, BATA DA —MEN n AR/RIUEA cols ILREF—FIREGA EG, EERRENE
A, BANEE cols KER RBEFEITEIR, FHAERPIPIESER cols KPR,

A2y, GUARTAR RN AR AR RIE? AL FP M FRITTHIR T N (row, col) , W FEREH RS 0 ALK,
BATEIIZX ALk LA TRATRTIBSIR S #ESE, BN ALk LA 7 row — col AfHE .
HWHLREYL, R ME TR row,; — coly = rowy — coly , WEAT—ERIER—FKFNAL L, FIHIZ
U, FRATATLAME B 13-18 FRMVERZ diagst ILRELK TN AL LREGERE.

M, RMALK LR TR row + col RIEEM, FATRME AT DMEBIEEH diags2 SRALFR IO £k
ﬂ_{o
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BREMBLE
RERER

)

cols
BRIIBEEFHER

13-18 ACFRAILTHHMIN FALRETHR

3. AExEm

HIER, n4E5BEF row — col WTEREE [—n+ 1,n — 1], row + col WEEIZ [0,2n — 2], FibAZEX
FERIIRS AR EEER N 2n — 1, BNEU4H diags1 fl diags2 HKEH N 2n — 1,

# === File: n_queens.py ===

def backtrack(
row: int,
n: int,
state: list[list[str]],
res: list[list[list[str]]],
cols: list[bool],
diagsi: list[bool],
diags2: list[bool],

" EREE: 0 2N
# HMETABETH, iERME
if row == n:
res.append([list(row) for row in state])
return
# BHMET
for col in range(n):
# TR TN A E X A AR L
diagl = row - col + n - 1
diag2 = row + col
# BIRL. RARFIZEFRIES. ERAEL. RNAZLERER
if not cols[col] and not diagsi[diagl] and not diags2[diag2]:
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# 2 BEEKETZET

state[row][col] = "Q"

cols[col] = diagsi[diagl] = diags2[diag2] = True

# MET—1T

backtrack(row + 1, n, state, res, cols, diagsl, diags2)
# EIR: Bz FMENTA

state[row][col] = "#"

cols[col] = diagsi[diagl] = diags2[diag2] = False

def n_queens(n: int) -> list[list[list[str]]]:
"OREE 0 BE
# A nxn K/NRUEER, Hep Q' KRER, '#' KARZ(L
state = [["#" for _ in range(n)] for
cols = [False] * n # IBERIIZHEERG

in range(n)]

diagsl = [False] * (2 * n - 1) # ERINAXLETEERD
diags2 = [False] * (2 * n - 1) # IEEANAXLETEER

res = []

backtrack(®, n, state, res, cols, diagsl, diags2)

return res

BATIE n IR, BEBIILAR, MANEATHRE—THIE n. n—1 .0 20 1TDEE, f/H O(n!) N
o ISR, TS HIAERE state HIRINE res , EHHRIERHA O(n?) WH, Fit, SENREEZER
O(n!-n?) . Sk, HRIEXALRLRI S EADRES KIRGE/MEREN, WS RBERAER T LA RS

A state ] O(n?) 25, $(4H cols. diags1 fll diags2 Esfdifl O(n) 2, MABITRE N n, FH
O(n) t&Miz=l, Wik, BREAER O(n?) .

13.5 /&t

1. EREH

- [RTEARBUR 5280, JE R A TR Lo DR ST & S5 RO fiR. eI, BTN
FRSAFRIMENICESR, B RS e I 72 a4 3

- EERAE RS RIS EEW AN, Bl IR R RO Z AR LR, BRI
LIRRPFRITE DU, IR E—PRiEse, IRMAEIZATHIINE, ksl s, 25 mREm

ANTT TR R AR
- [l Rl EhE A S 2 NIRRT, BT TSI R . BIRCA] DUR AT AL EAHER DS, K
IETETHERIR,

- [ RTR T S A] A TR O R A 2 e A, 2 & Uik il s 28 nT DA R BIA AR or, (BfEAE
FAERCR B R B RCR AT RIS,

- BN S R G T RS TTRIITA ATRERIHES . FAE I — M EERIER N ITR B B POES,
PSR LRI RN X, R DITRAPOEE X,
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- AEEHRIRET, EREAPHFEREES TR, WRASERSHIESHY, RINTELRMHETRES
Ferp HREBOERE—IR, XIEFEBI— DA 2R L,

- TEMAIER HbRRESE RSP RENON EMERN TS T8, £EAXDTRNF, MEREES
WA REER, A EE 7R, BAERMRTREEETHE, HiRE N EERIERE 1K
WA, IR RE S TR AR R D SO TIIRL

C X TFEMEE, BAHPAHSTRSTERERES, BNFHEHCHPRIRTESE, T HAEELR
TLRE AT, MIMHCRAHSE TR A i L BEBOE —IK,

- n REMAEEEIHE n MEERES n x n RS ERTTR, ZRATE 25 MM RITCRBE
Tio ZIIBIILIREFAITAR, FIZIHR, EXAEIIOT ALLH, il RITLIR, BATRAATR
BN, RIEE—1THE R,

- HILIFRIS FALRLTRAIAL BT SR, X FHILR, BAIHA—MERIERE SR G ARG, M
TREHRIRE T REGR XN TRAERLR, BAMEM MR AIERIZ T, Kk EREGFE
25, MERAETHOERIRE—E @) NALERSTHERTIIRT A,

2. Q&A

Q: B FRAREIHFEIANIRR?
BERE, B “RIAREET, mEAEGRE - TTEY

- [EEREEE TS, A, FEIREHNN AR —, RIEHERRAE RN,
- OBAMEEREILT TR RRETE, FATRRE. B, shS GEfZeEd)
i,



287

Abstract
IINEIC TR, TLHE A K,
AR/ N B R IC SR BRI SR, — 5405 | R AT M g o A @R R 4R =2 o
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14.1 ##HRzHEHL

&M% (dynamic programming) 2 —MEZEMNEEEX, BR—IMES N —RYE/NNF -, I
I 7 T R R R B R, TR ME SR IR R,

EARTH, BIIN—ASHFIBATF, AR EMRNEWRE, WREhaSHESFRE, FEPS
TS BASHLRIfE

JerEEH
BE—DIE n BEORERE, FREEPRTDLE 1 el 2 B, 1ERA 2/ 075 58] DATEE RT3 ?

i 14-1 FoR, XF—A 3 Birkksd, HHF 3 #ioy Sa] DUEEIRET,

BEM® n= o 1 2 3 4 5 6

MTetsE 3 Miigssts 3 MAE:
0>1>223 , 05233 , 0>1->3

B 14-1 JEZIZE 3 Ay )y e

AT B AR K AT RACE, AT DA R E I IR o5 2 al R, BACRT, RIEMEB RS — 1%
IR ERERR: Wb, IR L 1 BEk 2 [, S ENAREER IR R 7y AR 1, A

T A HLBO B, (RASAT R

# === File: climbing_stairs_backtrack.py ===

def backtrack(choices: list[int], state: int, n: int, res: list[int]) -> int:
me [ElR
# SERI%E n B, HEHEM 1
if state == n:
res[0] += 1
# BPPTE LR
for choice in choices:
# BIRR. RATFEEE n i
if state + choice > n:

continue
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# =i MHLEE, EARES
backtrack(choices, state + choice, n, res)
# [ER

def climbing_stairs_backtrack(n: int) -> int:
R (7 -2 BT R
choices = [1, 2] # AliEEME LM 1 Mgk 2 MY
state = 0 # MZFE 0 PHFFIANE
res = [0] # {EH res[0] ERAHEHE
backtrack(choices, state, n, res)

return res[0]

14.1.1 FZ*—: BHER
[ I o R T O R TR AR, TR SRR B (E— RSP, @R IR ey, &R
A AT REFI R

FRATTAT LAS2 BRI 53 R ) FE 0 AT X SE R, IR RNSE 4 Bidefs dpli] BT R, 4 dpli] sUZ R, H
T A

dpli —1],dpli — 2], ..., dp|2], dp[1]

TR HAE R 1 e 2 B, RIS FRATTUGAESS @ Brasih B, b—%enIREvhtEss ¢« — 1 Bess « — 2B
ko HANEDL, BATHREMEE ¢ — 1 BEE ¢ — 2 BRIEmE ¢ i

AR 5 — D E RS TR ¢ — 1 Biyy RBOm LIRS ¢ — 2 Bt 75 REBORE TSI ¢ By
F8 ~aH:

dpli] = dpli — 1] + dp[i — 2]

XERE AL, DT B RFERIMERR, PSR CLh ¥ USR5 14-2
JoR T IZIEER R
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dp[5] =dp[3] +dp[4] =8

dpl4l=5 /-

dp[3]=3 .

B n = 1 2 3 4 5 6
AR dpln] = 1 2 3 5 8 13
NI N

K 14-2 J7REBEBH KR
AT DURAE B A RS 2R R, DL dpn] WA, BHHRE— AR TR A 8 A

R, EEFEEN TR dp[1] M dp[2] WEE, Hb, B/NTRENRECMN, B dp[l] = 1,
dpl2] = 2, FRMEEIE 1. 2W5 5 1. 2 FoTE,

MZELARARES, ERIRIEEA RS EE TR R, (HEMEE:
# === File: climbing_stairs_dfs.py ===

def dfs(i: int) -> int:

g
# BEX dp[1] # dp[2] , EREZ
if 1 == 1 or 1 == 2:

return i

# dp[i] = dp[i-1] + dp[i-2]
count = dfs(i - 1) + dfs(i - 2)

return count

def climbing_stairs_dfs(n: int) -> int:
nnn J‘l‘@*é*%: ?g%u nn
return dfs(n)

B 14-3 J&rR 7 2 RGN, X TR dpln], HBEMERER n, NEREZREHRN O2"), &
e TR R, MRENMA—DHERE n, WREABRKIEFRZH,
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dp[9]

dp[é] dp[7]

dp[7] dpl6] dp[6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[4] dpl4] dp[3]

BRERNZEANEEARER TR
SHEEERERESN 02")

14-3  TEREAS X WL Y8

W 14-3, $EEORIOIN IS 2R “HA TG 800, G140 dp[9] BHM#N dp[8] #1 dp[7], dp[8]
oM dp[7] A dpl6], PIEHEE B dp|7] .

DACZRAE, FRIEFA S/ NIES TR, FFIMMEs R B, B0 HH RS IR EIX B 1
Al L

14.1.2 AE=: idiZigs

N T RIFEERCR, Bl BA RS SRR R, Ovitt, BAOTA B — ML mem KICREA
TR, FERRERE R EE T MR,

1. S ERHE dpli] W, BAVFEIERE nen[1], A2 S,
0. MEREEIE dpli] I, TRTEATEHMN nem[1] SIREE R, TR A LB 1% T I,

RN SR
# === File: climbing_stairs_dfs_mem.py ===

def dfs(i: int, mem: list[int]) -> int:
gz iR
# B%0 dp[1] #0 dp[2] , REIZ
Ui =="1 o i == 2:
return i
# BIFEICR dp[i] , MEEEREZ
if mem[i] != -1:
return mem[1i]
# dp[i] = dp[i-1] + dp[i-2]
count = dfs(i - 1, mem) + dfs(i - 2, mem)
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def

# i8® dp[i]
mem[1] = count

return count

climbing_stairs_dfs_mem(n: int) -> int:
" eRERE: TAZIGIER

# mem[1] IERICEIFE 1 MIARZE,
mem = [-1] * (n + 1)

return dfs(n, mem)

-1 KRLIER

WIERIE 14-4 , didicebilG, A RS MERRE TR X, NREREREE O(n), XZE—1E

KHTKER,
/ "o
/ Tfo
/ " fo
ssse EE
/‘m,_,oo BEER,
N HHEE
////\\\\ BizgRAENEEEREN 0(n)
ERFEEEFRERBHRITE—R
Bl 14-4 ICIZACIRERRT Bz 4
14.1.3 FHE=: whSHK

IR — R BRI B5T%: BT R JFEE, SBITHERER T R o B N
M, BEEREMRNFRE (MR, 25, EdEHREE 7 B, FE R R i

2R, ahBRRRE—/ “IREDB” 197515 /N RBRIETHE, SRR ER T FENE, |
XXyl ) s

TSI S ENERE, R RTERENERSE, AR, oMU H, BTeat—

NG dp SRAFE T AR,

# === File: climbing_stairs_dp.py ===

def

climbing_stairs_dp(n: int) -> int:

R EHESALR

B 7 5 IR R nem AHRIATICRAEM :
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if n == 1 or n == 2:
return n
# Atk dp R, ATHEHEFIARIRE
dp = [0] * (n + 1)
# RIS TR/ FRERvAR
dp[1], dp[2] = 1, 2
# KB MNBUNFIRIFZE D KRR K F Rl
for 1 in range(3, n + 1):
dp[i] = dp[i - 1] + dp[il - 2]
return dp[n]

B 14-5 #4807 DA EAUE R PATIE AR,

7 o~ 7~

MR
dp[1] = 1, dp[2] = 2

WERBARE:
dp[n] = dp[n-1] + dp[n-2]

MAEREFE, #TRERE, FEEIFRSHELL

Bl 14-5 TEREESRIENASHNS AR

HEMEE R, ShASRIMAER “IRE” SESRERAER BRI E B, 8 IRESHEON B —> A8 A
K RLE) Ry i B LA 4N, TEREASE IR R A TR A SN AT AERERR I 8 4 o
IRIELA LN, BAITRT DU S s aSMUIE B FRIE,

-~ KB dp BN dp R, dpli] FRORIRES @ KR TR AR

- BRI T R RAPIRAS (55 1 BRI 2 BAREE) FRVATHGIRG.,

- AR dpli] = dpli — 1] + dpli — 2] FRARSEBAE,
14.1.4 =iaElfifk

MOMRERTRER I T, BT dpli] RS dpli — 1) M dpli — 2] R, FEHIRMNTCHER — M EE dp kA7
BT A ¥ USRI AR, TSR B RAI AT R AT, AR IR

# === File: climbing_stairs_dp.py ===

def climbing_stairs_dp_comp(n: int) -> int:
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nr et E RIS
if n == 1 or n == 2:
return n
a, b=1,2
for _ in range(3, n + 1):
a, b=b, a+b

return b

WLEEDA AR, T8 5 TR dp AN, 2R M O(n) B O(1) .

FEBNASHRIFE S, HEPIRSEEN S A ER MRS A R, NN DR RELEAIAE, Wil “FE”
KBNS, XA BII AR R R” o R,

14.2 =HhAEFIR )51

fE B, B T AR AARE L 1 A R SR AR SR AR, SKRw b, T [l o e —iid
AUSRRREES, 1EMG. ShASH (Rl A B RO,

- SMEERIE AR R o O 2 MR B R, BN TR, AR RS I R
fie, BRZATENR A

- BIESHKIHEA FREATIE T 2 i, E5 AR EZXANE, ShASMRIAR I+ REURAH B AR, 1E
SRR = IV 2 B T A,

- EIEIRAE 2 ENR o5 25 AR rTRERTRE, FFIEE BIEGR AL BRI R 03 R IFRI R H — &
FIRF IR K, BATTAT DR R FP B Z RTHT 7 R A — D T Al

2R b, SIASHKE SRR, MM ESES T, TEERINERRE: BRTEn. 1T
JE R,
14.2.1 RAFEEN
AT TERERS I RS VRS, (2 T INE & TR R P,
ERERE B IMR
BE—DERE, IREBTIAE 1 e 2 B, S—WRks LR E — DN ERRE, RRIRIEZEM

FRREAH IR, A5 — IR cost , Hl cost[i] FrEss « A BT IR,
cost[0] JHITET CRIARD. TFSLRD T s b RATA REBDATIH?

GHE 14-6 FR, #4810 20 3 BRI 250y 10 100 1, WIMHETERIEE 3 B/ MU 2.
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BEEME n = 0 1 2 3
£t cost[n]

n
(S
=
[y
(]
[y

ML 3 P E 3 #aZE:
0515253 , 05253 , 05153
HA 0123 (NI, BRNAH 2

&l 14-6 MEZIZE 3 Y/ MU

1 dpli] JTEEIE § RIS A0, EF i RATAEN i — L sk i — 2Bk, it dp[i] HTaE
F dpli — 1] + cost[i] 5t dpli — 2] + cost[i] o BT RATRERD AT, Tl IRIZERETE NI

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

IXEATDAS | AR LT 2 A S it Pl ) B DL A AN D) e DL AR 1SR )

RTIREARMTFEH: BAOINED TR dpli — 1] 71 dpli — 2] hHOE BRI —1, A
EATR R dpli] BRI,

Mz, E—TRITERERE H A A RO T40E? BRI E SRR 28, B2 —MHERE, HEnE
H—RhER: RBRATTREE", ROTRIMLEL, BAAS RBSRIE RSN, BRI aiaEltR
T BEnMERTEEEETEn — 1S n — 2 MEATTEEE M, bk, sUFaar@ress
IR R, EARPEHSHE AR S

HIRIRASER L, DURIEIRA dp[l] = cost[1] 71 dp[2] = cost[2], TRATRkAT LUESIZAHRIFLAS
# === File: min_cost_climbing_stairs_dp.py ===

def min_cost_climbing_stairs_dp(cost: list[int]) -> int:
RSBV B
n = len(cost) - 1
if n==1o0or n==2:
return cost[n]
# WAl dp R, ATHEHETFRIAVAE
dp = [0] * (n + 1)
# AR s/ N FIRIA iR
dp[1], dp[2] = cost[1], cost[2]
# RKEFEE: MNBUNFIRIFZE S KRB A F Al

for 1 in range(3, n + 1):
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dp[i] = min(dp[i1 - 1], dp[i - 2]) + cost[1]
return dp[n]

B 14-7 R 7 DA RS Eh SRS R,

cost[1] cost[3] cost[5] cost[7] cost[9]
min + min + min
min + min +
cost[2] cost[4] cost[6] cost[8]
aiRE:
dp[1] = cost[1] , dp[2] = cost[2]
REEB5E:

dp[i] = min(dp[i-1], dp[i-2]) + cost[i]

B 14-7 etk MU RIS

AR DT RIE, KR ETgE, fESEEREMN On) BE O(1) :

# === File: min_cost_climbing_stairs_dp.py ===

def min_cost_climbing_stairs_dp_comp(cost: list[int]) -> int:
" e ERAMEM . EERA RIS
n = len(cost) - 1
if n==1o0rn-==2:
return cost[n]
a, b = cost[1], cost[2]
for 1 in range(3, n + 1):
a, b = b, min(a, b) + cost[1]

return b

14.2.2 TREMIE
TCIG R R N SR RE B SRR B RS M > —, HE R A AR, BlARRER
LMRERAA Y, S EATNE RS,

DATCREER RN B, ka0, ERERHINE ¢ + TRURAES 7 + 2, 25 Rigk 1 Brgk 2 5, it
IXPIRIZEFES, &m%ﬁ%ﬁﬁﬁzZWMﬁu EATIRES © BFIARKEA M,

SR, AN SRFRATEA AL R USRI — DR, TEOUA—HE T o
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i SR MRS
BE—NE n HERE, R ATDAL 1 FireaE 2 B, (HAREESIMEERE 1 B, A 2/ DRy %
A ATEZIAL 0?2

GniE 14-8 i, TE_L38 3 {8 2 el 477558, HAES =Bk 1 Fi77 AT R LR AN, RIBEEF.

BT REEESMEEE 1 F,
FAAE 0512253 HWEF I

BEH® n = 0 1 2 3 4 5 6

TetEsE 3 firigmsE 2 MpzE:
05253 , 0>1-3

K 14-8 HFLHRIEEES 3 Biiy)7 REE

I, AR LR 1 B R, AR R R 2 M XERE, TR R
& CHRPTTEREREED BuuE, RN —AMRE (h—SeRiTEREEE) A%,
RAERB, WIAEE AW TERE, RSB dpli] = dpli — 1] + dpli — 2] 5% T, HH
dpli — 1] fREARHE 1 W, BHPES TS “ L—02k 1 ] LRI AR, T8 T iEgs, RITAR
HE¥ dpli — 1) EREH A dpli] .
Mitt, BV KT A [0, j] FoRITER | IR E—10BKT B, Hob j € {1,2) . Bk
T XEROOKS T LBk T 1R 2 By, FRATAT DAY RS T A (TR

M BT LR, b S RREEEEBE 2 B, B dpli, 1] REEM dpli — 1,2) ERITR,

LM BT QN b T RERE 1 AERBE 2 5, B dpli, 2] A dpli — 2, 1] 5 dpli — 2, 2]

Ak,

N 14-9 FiR, ERES, dpli, j] ZrWE [i, 1] MBI EE, IR ASEERS TR

dpli, 1] = dp[i — 1, 2]
dpli, 2] = dp[i — 2,1] + dp[i — 2, 2]
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THEESAICRE 1 Bt
EtiZmRE =

dp[i-1,1]
dpli-1,2] @-
dp[i-2,1] &=
dp[i-iZ

dp[i,1] dpl[i,2]

Kl 14-9 FEZHR AR
w22, 3R dpln, 1] + dpln, 2] BIAT, Big 2 RIREIESIE n HHT RS
# === File: climbing_stairs_constraint_dp.py ===

def climbing_stairs_constraint_dp(n: int) -> int:
" LRI B
if n==1o0or n==2:
return 1
# ¥lialk dp R, ATHEETFRIAVAE
dp = [[0] * 3 for _ in range(n + 1)]
# YIRS g/ I\ FRlRAYAR
dp[1][1], dp[1][2] = 1, ©
dp[2][1], dp[2][2] = 0, 1
# KRB MNBUNFIRIFZE D KFRAK F Rl
for 1 in range(3, n + 1):
dp[i1[1] = dp[i - 1][2]
dp[i][2] = dp[t - 2]J[1] + dp[l - 2][2]
return dp[n][1] + dp[n][2]

£ EHERIRBIF, TR ZE R — MRS, RIS OB KA E X, (1 ] S i e
TR, A, FEERBAAIEREERN AR,

TERERE 5 WG 2 ik

BE—NHA n RS, (REPRILLE 1 EE 2 B MU SRR B, REANIIER 20
R b ERERRY), 2SR ESEARAS e VEBREISS 24 B ko BN, AT BIBERI TE 20 3 Bk, Wiz
JERLANRERREIES 4. 6 B ko G R Z/DRh75 S A DUREIRETH?

FEIXANFE A, N RBRERARIE BT RIRE, BN —IRBRERE AL E mABTes LI ERERS, FFRImAK
MUK, X TIXEME, ShASHLEAE AR R,

Kk b, FZERNHSMARE (BIEIRITRFED AMEEt. M TiXRRE, HANEE Sk
M7, BlanE &R, BEER, st I, AER IR R 1S 2 a] AR R iR (LR
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14.3 shaSHIRIAE S B

PTG T BRI AR 3 BRHE, 5T ORISR B AN SE A A

L. GAfar ey — A e R AN 2 B A AL e 2
2. RIFSEMKNEIZMAENT:, SERP TR 22

14.3.1 [R)RAFIER

BERS, WR AN MEEESES T WE, RIETE, HRETERE, B gid i IE s AR,
SRIM,  FATARME A R FEA B SR B X S, (R FRAT T SBE 6, SR ) 536 & (T [l
W (%) ROk,
I8 A P A R T B i 2 “DRSRREBRY” | X (] R AT DARE PR TR S5 SR Rl b — N AR
—MRK, BFRREREKR - DREF,
HAIET, WRPIE A SRR RS, I EREN — RSN AR, IR et e R, 8
AT DAGE A (R AR R
FEMEEA B, S RENE A — 22 AR NI,

- MEEERK (N 82 () SRt

- IERIRSRER R — ISR, YRR SRR, I H—DMIRSS HABRINSTF SRR,
MR, WAFE—L “FI,

- ISR BARZ R PTE Al RERIARR TR, TR R LR,

- SRR A EIHPH S RIRHE, &ZREIEARRZ 7T,

QIR —N IR R RS, FEEAERONIER “Iaut”, FAIHA] DURIR e — D ahSIKIRE, FH7E
R RIEE,

14.3.2 [RIRAKRFD R
SNSRI B R AR 2 (R [FIRE A R A FE T A P R], (EIE R A DA TR R EReR, & SOIRE, &7
dp &, HFIREEBIRE, WEBLRENE,
NTEREMRRREAEE, BAMEH— NIRRT “ R/ NRIEAT SR241,

Question

LHE—Dn X m B 4EMHE grid, MM RITREE MR EBE, RRZBEITHERN,

Hlas N DA b BoTionitan s, IR RERE AR E) —8, RGNS, 1HRMA
M BRGNS AR

B 14-10 Jom 17—, 4078 MRS EY iR NSRRI 13 6
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T

2o

BNBEFIA 13
WRRAEHEN 1525293325152

K 14-10 &/ RIREIESE

B BHERRIYSR, @SOS, WmifsEl dp %

AR — R AR R A Y BITAR 1 R E—8, YR FRIITHIRE DN [4, ], WA Rk E
—HhE, RIIER [+ 1, 5] 5[4, 7+ 1] . Bk, REFEESATRIIFFRIW LR, 125 [4, 7] .

A [i, J] MRTIER: MR [0, 0] 5 [1, 7] MR/ NEER, WEIEH dpli, 7] .
b, TS TE 14-11 R 4 dp 560, HRF 5% AR grid M.

j o+l
1 3 1 5 dp[@,e] dp[e,1] dpl[e,2] dplo,3]
i 2 2 4 2 dp[1,0] dp[1,1] dp[1,2] dp[1,3]
i+1 5 31_: 1 dp[2,0] dp[2,1] dp[2,2] | dp[2,3]
4 3 5 2 dp[3,0] dp[3,1] dp[3,2] dp[3,3]
grid dp &
SRARE: BEHETE—E Fingl: MELAE [i, j]1SRER
REEX: 17HFSI [, j] dp ®: R~T5 grid HERER

K 14-11 REENS dp #&
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Note

SNSRI B AR AT AR IR S — DN RSR P8, MRS A JUR B, BN 2 & IR R R
ERNRAEL R, HESTEBNEE, BEARESH I —MRE,

BRSNS L —DF R, FAISE N dp ZREZMEINE TR, RS MR A &
& dp B —DEE, WA LR, dp RBIRSHT AR Z 8] T,

B R TEH, S RS

FFARE [i, 5], CHEEMN BT [i — 1, j] BT [i, 5 — 1] BTk, FEBIETE4E%: Sk
[i, 7] F9B NS RAER [3, § — 1] RO NSRRI [i — 1, 5] BORINR R e NS — R

MAELL Er#r, AIHEHIE 14-12 FiRAIRASES 1R

dpli, j] = min(dpli — 1, 7], dpli, 7 — 1]) + grid[i, j]

1 3 1 5 dplo,e] dpl[e,1] dpl0,2] dp[0,3]
2 2 41 2 dp[1,0] dpl1,1] 'dpl1,2] dpl[1,3]
5 3 2 1 dp[2,0] dpl2,1]1 dpl[2,2] dp[2,3]
>~—> *~—>
4 3 5 2 dpl[3,0] dpl[3,1] dp[3,2] | dpl3,3]
grid dp &
KEEBHE:

dpl[i, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]

14-12 AL 7450 S5 IREHAS T 12

Note

FRIETE AT dp 22, B RS T E SR, I [ B 0 R 38 i (0] @ ) B (LA
5%, BRI FE4,

—HIRAHRE TR TS, Fn] A ERA RIS TR,

B R RFRARE RN

FEARHH, AAEEATHRPRS RBEMNE A BPIRASER, AEE YRR R BEME_EIBHIRSRR, I ETT
i = 0 &S j = 0 2inFHEMN,

N 14-13 FoR, T ME RIS TR E TR PRk, BRI BAME R ERE, SME
AT, PIEIRIE T #5,
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dpl@,e] dple,1] dple,2] dple,3] dp[@,0] dp[0,1] dpl[e,2] dplo,3]

dp[1,0] dp[1,1] dp[1,2] | dp[1,3] dp[1,0] dp[1,1] dp[1,2] dp[1,3]
— — —
R R AR
dp[2,0] dpl[2,1] dpl[2,2] dpl[2,3] dp[2,0] dp[2,1] dpl[2,2] dp[2,3]
— L o=
R R e
dp[3,0] dpl[3,1] dpl3,2] dpl3,3] dp[3,0] dp[3,1] dpl[3,2] dp[3,3]
~—d —3
BREG: MALETET RERBIAF: EFEMHER

14-13 JARFMESIREEBINT

Note

BB FZOAESSIKIF TG dp &, EEEPH TR,

REEB T B2 02 BARUEAE T 5B Y B A fRRS, P AR E ) B8 /)N (R Y) f B B 42 7 E it
HELHIK,

WRIE LA LA, AT L] AERS Hah SR, FRTM0 A8 o) e — TR R EAR, I Z iR
“BIER — IR — SR R SEBLE AT & B4k ST

1. FF&—: Bhig®k

WHRZS [7, 5] TR, RTINS [0 — 1, J] 1 [i, 5 — 1], AR EE D R,

- S R[]

- JRIFEHA: M [0, 0] F (i, 5] ME/NEERA dpli, 7]

- BIE&ME: M0 =0 H j = 0/, &EA grid]0,0] o

COBE Y0 < OBl < O NRFIBSE, HRHRERN 400, REAATT,

SEPARRSAN T :
# === File: min_path_sum.py ===

def min_path_sum_dfs(grid: list[list[int]], i: int, j: int) -> int:
" BRNBRERAN: BAOEER
# BNELEARETE, WAIEEER
if 1 ==0 and j == 0:
return grid[0][0]
# H1THIRSIR, WRE +- L6
if 1 <0 or j<o:
return inf
# TEMAELAR (-1, §) # (1, j-1) HR/DEERMN
up = min_path_sum_dfs(grid, 1 - 1, j)
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left = min_path_sum_dfs(grid, 1, j - 1)
# REIMNELAE (1, §) NENBRERN
return min(left, up) + grid[i][j]

B 14-14 £ 7 P dp[2, 1] AR i@ o, Hh@ s —EHES i, HEE KBS MK grid MRS

RPNIIFSVEECEN
MAR LB, JERES T FBIEED : 152 5K DN LA BERE — ek,

Bkt WE[EA

0 9. 9.
o 1 0

dp[e,0] dp[e,1] dp[0,2] dple,3] BT EERE:

dpl1,0] dp[1,1] dp[1,2] dpl1,3] dpli+1, 31 # dpli, j+1] #Btk# dpli, j]
dp[2,0] dp[2,1] dp[2,2] dp[2,3]

dp &

dp[3,0] dp[3,1] dp[3,2] dp[3,3]

14-14 S HEZBIIM

MR FRERAIEE, W LAES FRSIGEE m +n— 225, FAREN RSN
O@2m+n) o WHER, KR KA EIDE MR, HENAMLOL RN T AL, Fit
SRR AR 20—,

2. HE=: idiziigs
FATBIN—DFARIAE grid AR R STIIEIZAER mem , B FICRESN FIEfR, HAES T REHI TR

# === File: min_path_sum.py ===

def min_path_sum_dfs_mem(
grid: list[list[int]], mem: list[list[int]], i: int, j: int
) -> int:
" RNEEEM: B2 ER
# BNELABETE, WAIEEER
if 1 == 0 and j == 0:
return grid[0][0]
# HITHIRSHR, WRE +- L6
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if 1 <0 or j<0:

return inf
# HEBIER, WEERE
if mem[1][j] != -1:

return mem[i1][j]
# AN BTN REEAN
up = min_path_sum_dfs_mem(grid, mem, 1 - 1, j)
left = min_path_sum_dfs_mem(grid, mem, i, j - 1)
# ERHREEZEAR (1, j) BRNBRERN
mem[1][j] = min(left, up) + grid[i][]j]

return mem[1][7]

N 14-15 Fiow, TESIANIEIZL)E, FrE FRIENRRFETE—R, RIS 2EBR RS EE, B
RS O(nm) o

dpl2,1]

14-15 2 ALIEZRIB AR

3. HE=: whERL
BT EREMBNSE, RIS oR:
# === File: min_path_sum.py ===

def min_path_sum_dp(grid: list[list[int]]) -> int:
" E/NESIERD: mhASHLKI
n, m = len(grid), len(grid[0])
# WAk dp R
dp = [[0] * m for _ in range(n)]
dp[0][0] = grid[e][0]
# KEEE: BT
for j in range(1, m):
dp[0][j] = dp[6][] - 1] + grid[6][]]
# WSEZ: 87
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for 1 in range(1, n):
dp[i][e] = dp[t - 1][0] + grid[i][0]
# KB HRITHT
for 1 in range(1, n):
for j in range(1, m):
dp[t1[3] = min(dp[i][j - 1], dp[il - 1]1[3]) + grid[i][]]
return dp[n - 1][m - 1]

&l 14-16 JB/R T BN IRFIRPIRS HRIERE, Homln 78 Mks, BN RERER O(nvm) .

4L dp KN 0 x m, RIS ZYER O(nm) .

1 3 1 5 0 0 0 0 1
2 2 4 2 0 0 0 0 2
5 3 2 1 0 0 0 0 5
4 3 5 2 0 o 0 0 4
grid dp &
WAt dp ®
Step 1 Step 2
1 3 1 5 1 4 5 10 1
2 2 4 2 3e>5 0 0 2
5] 3 2 1 8 o 0 0 5
4 3 5 2 12 0 0 0 4
grid dp ®
REEE
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
Step 3 Step 4
1 3 1 i 1 4 5 10 1
2 2 4 2 3 5 9e>11 2
5 3 2 1 8 0 0 0 5
4 3 5 2 12 0 0 0 4
grid dp ®
RERH
dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]
Step 5 Step 6
1 3 1 5 1 4 5 10 1
2 2 4 2 3 5 9 1 2
5 3 2 1 8 8e>10 0 5
&4 3 5 2 12 o 0 0 4
grid dp ®
RERE

dpli, j1=min(dpli-1, j1, dpLi, j-11) + gridli, j]
Step 7 Step 8

5] 1 5 1 & 5 10
2 4 2 3 o o 0
3 2 i 8 0 o 0
B 5 2 12 o o 0
grid dp &
MeatEsT dplo, j1=dploe, j-11 +grid[i, j]
MeatEs) dpli, 0] =dpli-1, o] + grid[i, jl
3 i 5 i 4 bl 10
2 4 2 g 56>9 0
B 2 1 8 0 o 0
3 5 2 12 o o 0
grid dp ®
KR
dpli, j1=min(dpli-1, j1, dp[i, j-11) +grid[i, j]
3 i 5 1 4 5 10
2 4 2 3 5 9 11
B 2 1 8e>8 o 0
3 5 2 12 o o 0
grid dp ®
REFAS
dpli, j1=min(dpl[i-1, j1, dp[i, j-11) + grid[i, j]
3 1 5 1 4 5 10
2 4 2 3 5 9 A
3 2 i 8 8 10e->11
3 5 2 12 o o 0
grid dp ®
REFH

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]
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1 3 1 5 1 4 5 10 1 3 1 5 1 4 5 10
2 2 4 2 3 5 9 11 2 2 4 2 = e 9 11
e i 2 1 8 8 10 11 5 3 2 1 8 8 10 11
4 B 5 2 12e->11 o ] 4 B] 5 2 12 11e>15 0
grid dp & grid dp ®
KRB REHB
dpli, j1=min(dpli-1, j1, dpLi, j-11) + grid[i, j] dpli, j1=min(dpli-1, j1, dp[i, j-11) + gridli, j1
Step 9 Step 10
1 ke 1 5 1 4 5 10 1 3 1 5 1 4 K] 10
2 2 4 2 B] 5 9 11 2 2 4 2 3 5 9 11
5 B 2 1 8 8 10 11 5] 3 2 1 8 8 10 11
4 3 5] 2 12 11 15¢>13 4 B) 5 2 12 11 15 13
grid dp & grid dp &
RSB
dpli, 51=min(dpli-1, j1, dpli, j-11) +grid[i, j] EES/BERN 13
Step 11 Step 12

14-16 /N FIRIEISM NS R

4, FiEi

BT MET R EHEDN BRI AR, BIRERATAT AR — DB TEE RN dp &,
IR, ENEA dp REERon—1THOIRE, FrUABAMICERRAIG B PR, TR a1 T Ere:

# === File: min_path_sum.py ===

def min_path_sum_dp_comp(grid: list[list[int]]) -> int:
" RNERERD AR ERIEh SR
n, m = len(grid), len(grid[0])
# #3afk dp R
dp = [0] * m
# KEHEE: BT
dp[0] = grid[o][0]
for j in range(1, m):
dp[3] = dp[j - 1] + grid[0][]]
# KEHEE: HR1T
for 1 in range(1, n):
# KEERE: 55
dp[0] = dp[0] + grid[i][0]
# WEEE: HRY
for j in range(1, m):
dp[j] = min(dp[] - 11, dp[3]) + grid[i][]]
return dp[m - 1]
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14.4 0-1 5&[AE
HHREZ —NMEFFISMIIAITEE, 238K R LR ER A, HEARZER, #la0-1
HHEE, EeEtnE, ZEEUREE,
FEARTT R, BATISek R s i WA 0-1 4 &R,
Question
BE n AN, B MRNERR wet[i — 1] WEN valli — 1], MI—DEEN cap WEHR, &
M HARERE—IR, RITERRE S O R NRERAY SRR ANE,
MERE 14-17 , HTWERGE @ N 1 ITFETHEL, BERRGIM O FHEHHEL, Rty s ¢ NNV ER wgt[i — 1)
B valli — 1] o

ms EE fifE

i wgt[i-1] val[i-1] LaRE
1 10 50 ] cap = 50
2 20 120 Vo~
3 30 150 B — m
4 40 210 ¥
5 50 240 (Y

=mAME: 270

=INHER: # 8 BIANEE
HEF 50 HEAE

14-17 0-1 HERREIEGE

BATAT LK 0-1 HRIMEEE—DH n RUSEHBINSRE, T8 MEEE RRAFRARRRSE, Hit
T2 v L ik . R SRR BT,
AR EAR 2RI “TERES BAR FRERAYMAERRE”, IR Z — D sh SRR,
H—0 BEBHRNOUR, & RE, WmfHs) dp %
MNTEMIEKRE, NRAEE, BEERENE; BASH, SEARRN. HIEAERAE X : S
WE i MEEAECc, 1EH (i, .
RZS 4, ¢] MRHFRE N : A ¢ MIER RN ¢ RE R RIERIE, 129 dpli, ¢ .
RERMERZ dpn, cap], RRFEE—NRSA (n+1) X (cap + 1) B4 dp &,
B HRIhEIR T, miiES RS R TR
MEAMIHYE @ WUSRE, FIRIERT— 1 DMSRSRINFRE, A9 U PARRME BL.
© RN BRAEARE, RSN [i— 1,
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C AN BRARRD weti — 1], WMEEN valli — 1], KEBHH [P — 1, c —wgt[i —1]] .

ERATIRATER T AR T KB dpli, c] FTF AN « FURAPIE ¢ Pk E b
{ESE R —A.  He ] 5 RS TR

dpli, c] = max(dp[i — 1, ¢|,dp[i — 1, ¢ — wgt[i — 1]] + val[i — 1])

TERBIRE, 5 UMYRER wotli — 1) BHEIRT AR o, WHABEE AR,
B WL R AR R
TS TR O IHEAHMEN 0, B dp[i, 0] AT dpl0, ¢] #5F 0.,

YRR [i, €] M EFTROIRES [ — 1, ] FIZE EATHIMRES [i — 1, ¢ — wat[i — 1]] ¥Rk, @ FEE
FRIE I8 I dp RETHT,

IRHE LA B #r, BATEE DRI SLBL RN R, ICICRR, ShSRIE,

1. F&—: 8hig®k

ERAHEUZUTER,

CORABEC KA [, o] ,

- SR TR dpli, c] .

BB MRG SR = 0 R RBRARN 0K, KIEEITBHRENMEO .
MR U E RS AEARE, AR I,

# === File: knapsack.py ===

def knapsack_dfs(wgt: list[int], val: list[int], 1: int, c: int) -> int:
re-1 HED |BHEER"
# HEETAEYREEELTHREE, WRENE o
if 1 ==0o0r c ==0:
return 0
# HEIEERE, WABEEFTHAEE
if wgt[i - 1] > c:
return knapsack_dfs(wgt, val, 1 - 1, c)
# HETIBANNBANYE 1 WRANE
no = knapsack_dfs(wgt, val, i1 - 1, c)
yes = knapsack_dfs(wgt, val, 1 - 1, ¢ - wgt[i - 1]) + val[i - 1]
# REIFRFHEERNEERNI—

return max(no, yes)

& 14-18 fw, W THMRES T ENERIEMFERS X, FNEEREN O27) .

WMEHBITR, A RINHPFERES TR, FlW dp[l, 10] &, mNYRKe, BEARRKR, THEHA
HENYRRZN, EETRENSERFRREEZ,

el
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MRES YaEE
dp[3,30]

dp[1,10] dp[1,-10]

v = *
YIRRS i 1 2 3 HEAESE cap = 30

MREE wgt[i]l 10 20 20
wafE vallil 60 110 120

K 14-18 0-1 (A2 ) R Tt

2. HE=: idiziigs

BEBANY® 3
dp[2,30] dp[2,10] Hik: YaERE > SE5E

"o,\%‘ BEHANE 2

BEBRND@E 1

N T RIEEEF R APOH E—R, BAMEBICIZHEE nem KICTEFFIBHIAE, HA mem[1][c] M AL dpli, c]

e}

SINICIZ G, WMRERERGT F g, it O(n x cap) . SAEHEINT:

# === File: knapsack.py ===

def knapsack_dfs_mem(
wgt: list[int], val: list[int], mem: list[list[int]], i1: int, c: int
) -> int:
"o-1 EE: BIZHEE
# HEETAEYREEELTREE, WERENE o

if 1 ==0 or c ==
return 0

# HERICR, WEEIRE

if mem[i1][c] != -1:

return mem[i][c]
# HEIEERE, WRBEEFTHAEE
if wgt[i - 1] > c:
return knapsack_dfs_mem(wgt, val, mem, 1 - 1, )
# HETIBANNBAYE 1 WRANE
no = knapsack_dfs_mem(wgt, val, mem, 1 - 1, c)
yes = knapsack_dfs_mem(wgt, val, mem, 1 - 1, c - wgt[i - 1]) + val[il - 1]
# 1IBRIPREIFHME ZHNEERIE—
mem[1][c] = max(no, yes)

return mem[1][c]
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& 14-19 R T I AR R P BT AR R 0 5

MREsS Sa5E
dpl3,30]

Bk HEER

dpl[2,30] dpl2,10]

& = BEBRAE 1
o & *

MRES i 1 2 3 HEEE cap = 30
MoEE wgt[i] 10 20 20
Wi vallil 60 110 120

14-19 0-1 HHEMEEEIC AR 2% B

3. FHiE=: hEAR
BNASHURISE B _ERURAERSEAS IS dp RASRE, AR FArR:
# === File: knapsack.py ===

def knapsack_dp(wgt: list[int], val: list[int], cap: int) -> int:
"re-1 HHE: shAMKI
n = len(wgt)
# #I9R1K dp &
dp = [[0] * (cap + 1) for
# RSB

for 1 in range(1, n + 1):

in range(n + 1)]

for ¢ in range(1, cap + 1):

if wgt[i - 1] > c:
# HEIEERE, WAEYM
dp[i][c] = dp[i - 1][c]

else:
# PEMEYm 1 XFAMERENRAE
dp[i][c] = max(dp[i - 1][c], dp[l - 1][c - wgt[il - 1]] + val[i - 1])

return dp[n][cap]

Qs 14-20 fiow, RIS 2% R RIS 28R 8 dp K/NRE, BT O(n X cap) o

BEHANYE 3

£ % of ,%\%‘ BEBANG 2
ey e
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‘ a a B @B a a B @
EE wgt il val el oo 1 2 3 4 EE wgt i val el e 1 2 3 4
wgt[i-11 val[i-1] [ [} [} [ [ 0 wgt[i-1] val[i-1] [ 0 [} [} ]
+550
1 5 (] 1 0 1 5 ] 1
2 11 * 2 [} 2 11 * 2 [
3 15 - 3 [} 3 15 - 3 0
REEB:
MEBE n=3 EEEE cap = 4
dp[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
MAURTA (n+1) x (cap+1) M dp %M
Step 1 Step 2
a - a @ m - a & "]
BE wgt fifH val el oo 1 2 3 4 BE wgt fifE val el 1 2 3 4
wgt[i-1] vall[i-1] 0 0 o o 0 0 wgt[i-1] wval[i-1] L) 0 0 [} o 0
+5N0 +550 |
1 5 o 0 5 1 5 o 0 5 5
2 1 ¥ 2 [} 2 11 ¥ 2 [}
3 15 (2 3 0 3 15 - 3 0
KB RS
dp[i, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] ) dpli, c] = max( dp[i - 1, ¢] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
l Step 3 ] Step 4
) - [} ] ﬂ - ] ] “
EE wgt fME val A 1 2 3 4 EE wgt fifE val SC e 1 2 3 4
wgt[i-11 val[i-1] [} [} [} ] 0 wgt[i-1] valli-1] [ [ 0 [} 0 ]
+5N0 )
1 5 [} 1 ) 5 5 5 1 5 () 1 ) ? 5 5 5
2 11 * 2 [} 2 11 * 2 [} 5
3 15 (O 3 [] 3 15 (2 3 )
RS RSB
dpl[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] ) dpl[i, c] = max( dp[i - 1, €] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )
[ SIp 6 ] Step 6
s - a @ ﬂ - a B “
EE wgt fiff val el oo 1 2 3 4 EE wgt i val e e 1 2 3 4
wgt[i-11 val[i-1] [} [} [} [ [ [} wgt[i-1] valli-1] [ [ 0 [} [} ]
1 5 (] 1 ) 5 5 5 5 1 5 ] 1 ) 5 5 5 5
* +11 v * T
2 11 2 [} 5 11 2 11 2 [ 5 1 16
3 15 - 3 [} 3 15 - 3 0
REHEB: REEB:

dpl[i, ¢] = max( dp[i - 1, c] , dp[i -

1, ¢ - wgt[i-1]] + val[i-1] )

dp[i, c] = max( dp[i -

1, c] , dpli

-1, ¢ - wgt[i-1]] + val[i-1] )

[ step 7 Step 8
a - [ ] Il n - [} ﬂ n
EE wgt ffifd val el oo 1 2 3 4 BEE wgt fifH val el e 1 2 3 4
wgt[i-1] val[i-1] [ 0 [} ] 0 0 wgt[i-1] val[i-1] [ 0 0 0 [} ]
1 5 ¢ ) 5 5 5 5 1 5 o 0 5 5 5 5
% T by
2 11 5 2 0 5 1 16 16 2 11 2 ] ? 1 16 16
3 15 (% 3 [] 3 15 - 3 ) 5
RS RS
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] ) dp[i, c] = max( dp[i - 1, €] , dp[i - 1, c - wgt[i-1]] + val[i-1] )
l Step 9 ] Step 10
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a) - a @& “
EE wgt fMfE val el oo 1 2 3 4
wgt[i-1] val[i-1] ) ) 0 [ [ 0
1 5 (] 1 ) 5 5 5 5
2 1 * 2 ) 5 1l1 16 16
3 15 - 3 [} 5 11
RSB
dp[i, c] = max( dp[i - 1, €] , dp[i - 1, c - wgt[i-1]] + val[i-1] )
Step 11
a & & &
~
EE wgt fifE val e e 1 2 3 o
wgt[i-1] val[i-1] 0 0 0 0 0 0
1 5 () 1 [} 5 5 5 5
2 11 * 2 o 5 11 16 16
N
3 15 (o 3 [] 5 11 16 20
RSB
dpli, c] = max( dp[i - 1, c] , dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
Step 13

4, ZEfik

- ] ] U
B ~.C
EE wgt A val \ 0 1 2 3 4
wgt[i-1] valli-1] [} [ 0 [} 0 [
1 5 (] 1 ) 5 5 5 5
2 11 * 2 0 5 1 16 16
TE—
3 15 - 3 0 5 11 16

RERB:

dpl[i, c] = max( dp[i - 1, c] , dpli -

1, ¢ - wgt[i-1]] + val[i-1] )

Step 12
a a & &
EE wgt i val e 1 2 3 4
wgt[i-1] valli-1] 0 0 0 0 0
1 5 o ) 5 5 5 5
2 11 ¥ 2 ) 5 1 16 16
3 15 - 3 ) 5 11 16 20
EERFENRBAEENRANE 20
Step 14

14-20 0-1 5 HERERNZSHRTRE

H T NRSE R G H E—1TRORAE 3,  [RULFRATTAT DA AN SR s, #=REREM O(n?)

= O(n) .

W FRATREE (A — NS R ele? AT, S MRSE R HIE 7y BT ryks 7%
RN, RZRE—MEH, STHREAE « 7T, ZBEHEEITRREE « — LITHIRE.

WESREGE R, IR dpli, ] N, 75 b77 dpli — 1,1) ~dpli — 1,5 — 1] (ATREC &4
& RSB E MR AR
W ESREE B, AR R BRSNS, RASHR LR,

K 14-21 R TAESRADNEEH T © = VATHRIMES « = 2 /TR0, 16 B 1E 5 1 P A8 e 3 P A DX il

EBE wgt fifE val } c
1 5 () 1
2 11 ¥ 2
3 15 (O 3

N s - |B
- ST

..I

a .
3 4
) [}
5 5

s IEREREE

wer—rama « - ({1 I ED EDED

BH 1=
Step 1

2 #i, BIFR dp PIEMENR i =

1 WFRERIAR

EE wst HfE val

wgt[i-1] valli-1] 0
1 5 () 1
2 11 ¥ 2
3 15 (% 3

- B

iI

a & B
2 3 4
0 0 )
5 5 5

—

sl s | &

1

REFA—TRITHA dp =

BIFERE 1 =

Step 2

2 17, BTRERS
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EE wgt A val ~.C

i

wgt[i-1] val[i-1]

0
1 5 (] 1
* 2

3

« EES

o
o
0
o
]

e S o [ s[5 ]ue]

BFBHE 1 = 2 17, #TREHB

Step 3
‘ a a & &
EE wgt fifH val AR 1 B 3 "
wgt[i-1] val[i-1] 0 0 0 0 0 0
1 5 ¢ [) 5 5 5 5
2 1 LY s o s
3 15 (2 3 []
sen—rasna o - (DEDEDEDED
EIFERE i = 2 17, #TREEB
l Step 5

Step &

Step 6

- a B “
EE wgt i val el e 1 2 3 4
wgt[i-1] valli-1] ] 0 [} [} [} o
1 5 (] 1 5 5 5
2 1 * 2 o W
3 15 - 3 [

swn—raima o - ([N EDEIEDED

BFERE 1 = 2 17, #TRERB

EE wgt fiff val ™.C

wgt[i-1] wval[i-1]

o s|n|B

s s o
o [N

s

[ ]
3 4
0 (]
5 5

sen—ruina o - (D EDEDEDED

TREDE, ¥A dp RENHRRE 1 = 2 WFER

14-21 0-1 BHKELE RIS MRS R

TEARFESEIA, BAUF L dp RSB —4E ¢ EREMIBR, JF BACPIIEIA 58 O 53 s B A] -

# === File: knapsack.py ===

def knapsack_dp_comp(wgt: list[int], val: list[int], cap:

"tre-1 HE: FEMRLERIEIESHL
n = len(wgt)
# #I9R1E dp &
dp = [0] * (cap + 1)
# RSB
for 1 in range(1, n + 1):

# EFBHh

for ¢ in range(cap, 0, -1):

if wgt[i - 1] > c:

# FEIEERE, WFEYm 1

dp[c] = dp[c]
else:

# PEIEYGE 1 X AENRAE
dp[c] = max(dp[c], dp[c - wgt[il - 1]] + val[i - 1])

return dp[cap]

14.5 258

int) -> int:

TEATH, BAVeRBAS—NE NSRRI 2280, 5 T7ReEr—MRG: TRk,
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14.5.1 25 8RE

Question
B n MG, B ASNERR wgt[i — 1], MER valli — 1], M—DEEN cap WM, &
AP DEE R, R7ERE S OAE FEMRAYSNRRNME, ~EIE 14-22 AR,

ms EE {8 SaEE
i wgt[i-1] val[i-1] cap = 50
1 10 50 o <1 —
2 20 120 . x2 n
3 30 150 B
4 40 210 *
5 50 240 ()

RAME: 290

SRER: B—1 @ FE . BmAES
HEA 50 TRAE

14-22 sEeH AR RG]

1. EhEEHRBER

SERT BT 0-1 5 RLAEHER AR,  DXBMAE T ASBREIP Sh AR E R B

- AE0-1 HHWEEAE, SMYRmRAE D, FIR&  MNERE, JEEMAT ¢ — 1 DM rikeE,
- fESEEEEAET, SRS EERZICRE, RIERYIE  IRAE R, 9l BUAGT @ DinrbiEe.

EFE 2B WRERFE T, R (i, c] KL PRSI

- AN G 5 0-1 HRFEMER, BRI —-1,c.
C BN 5 0-1 HRFEARRE, HEE (i, c —wgt[i —1]] .

MR R TR :
dpli, c] = max(dp[i — 1, c|, dp[i, c — wgt[i — 1]] + val[i — 1])

2. K@M

Xt EEIERE H AR, IRESER A N — 12 1, HREE 80
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# === File: unbounded_knapsack.py ===

def unbounded_knapsack_dp(wgt: list[int], val: list[int], cap: int) -> int:
nen SEIEE T BhASHIE
n = len(wgt)
# WAk dp R
dp = [[0] * (cap + 1) for _ in range(n + 1)]
# REER
for 1 in range(1, n + 1):
for ¢ in range(1, cap + 1):
if wat[i - 1] > c:
# BENEERE, WREYS 1
dp[i][c] = dp[i - 1][c]
else:
# REMIAY@E 1 XA RENRAE
dp[i][c] = max(dp[i - 1][c], dp[i]l[c - wgt[i - 1]] + val[i - 1])
return dp[n][cap]

3. ZFiEk

T S AT M AEOA BB IRAS ATk, Bt MRILIS ROZN dp FrhrRE— 1T T IER DI,
XIS 0-1 B EIEAF I, 1EEBIIE 14-23 SKRELEME A9 X,

) - a @& n - a = "]
EE wgt ffifE val el oo 1 2 3 4 EE wgt fifH val el e 1 2 3 4
wgt[i-1] val[i-1] 0 0 0 ) ) ) wgt[i-1] vall[i-1] ] 0 ) 0 0 )
D e Cos e s A
2 1 * 2 ) 2 1 * 2 ) H
3 15 (% 3 0 3 15 - 3

) BH 1= 2 8, FIR dp PEMENR 1 = 1 MAENR EFBHE i = 2 17, BITREEB
| Step 1 Step 2
a - - [ ] n ’ - - "] u
EE wgt fME val AR 1 2 3 4 EE wgt fi{E val el oo i 2 3 4
wgt[i-1] valli-1] o | o o 0 o 0 wgt[i-1] val[i-1] 0 e o o o 0
1 5 (] 1 ) 5 10 [EEEIEEPY) 1 5 (] 1 5 10 15 [P0
2 1 * 2 | - u 2 1 ¥ 2 ' 5 1 16
oI P
3 15 ® 3 o *1t 3 15 @ 3 ) 11
sen-racna o - ((DEDEDERED nen—racma o - ((DEDEDEIED
EFERE 1 = 2 17, #ITREEB EFERS i = 2 17, #ITREES

[ Step 3 J ( Step 4
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- ] [ ] “ - ] ] U
EE wgt 8 val \i cl o 1 2 3 4 EE wgt i val <o 1 2 3 4
wgt[i-1] valli-1] o | o o o o o wgt[i-1] valli-1] o |l o o o o o
1 5 (] 1 5 10 15 20 1 5 (] 1 ) 5 10 15 20
2 1 * 2 | o 2 1 * 2
3 15 - 3 0 +11 3 15 - 3 0
sen—raca o - ((DEDEDEDED sen—racma o - ((DEDEDERED
EFBHE 1 = 2 17, #TREEB SRIBMGE, ¥4 dp RENRE 1 = 2 NFENR
Step 5 Step 6

B 14-23 seeE UREESRIULE ISR
A SCPR LA &, AXFRRE AR dp BSS —4ERIER :

# === File: unbounded_knapsack.py ===

def unbounded_knapsack_dp_comp(wgt: list[int], val: list[int], cap: int) -> int:
nen SRR TR KRR
n = len(wgt)
# Ak dp R
dp = [0] * (cap + 1)
# KB
for 1 in range(1, n + 1):
# [EFIBH
for ¢ in range(1, cap + 1):
if wat[i - 1] > c:
# HEIEERE, WREYS
dp[c] = dp[c]
else:
# REMIAYE 1 XM RENRAE
dp[c] = max(dp[c], dp[c - wgt[il - 1]] + val[i - 1])
return dp[cap]

14.5.2 TR M)A

H R — KRR E TR, HMEREZAN, BNl

Question

S n AT, 5 0 R BN coinsli — 1], BFREHON amt , HRMET ] DLERADGER, [

REAS Z I B &R DA, aRICEREN BARE®, WHRE —1 . /REGHE 14-24 FR,
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HS mfE
i coins[i-1] BirEE
1 1 1 amt = 11
~ B
2 2 $
3 5 C) x2 //)

ROEMHE: 3
stiEras: @+ © + ©

14-24  FESAHRIAEARBIEE

1. EhEEHIRIBER

TR AR RS 21 TSR — ARG 50, B A DU NRR S A A .

- PUIERER] DAHEERHE, “Wpdn” RN CREMT, “PrAhEERT XN CREMmEET, HAART XN CHARE
g}ﬁ”o

- AR, EeE PR ER AR IME, FESEE R MU R,

- EEEURETER NEET SRR, BERGOHER R RBE BRI

- MHERIUGE, 2 URE, MifEsl dp #

ARAS 4, o] RMEI TN i 0 FRETAERS A &0 o MU DRI ECR, 128 dpli,a) .
— 4 dp RIRH (n+1) x (amt +1) .

Fo PR T, MRS R AR R

R 52 4 5 PR IR AR T A TE DA R 22 5,

- AR RIME, EEEEHERT max() FéCH min() .
- R RE TSR TR A, e R T T 41 BT,

dpli,a] = min(dp[i — 1, al, dp[i,a — coins[i — 1]] + 1)

B WIS
YERESHON 0 I, B ErROEmEEN 0, BEFIFE dpli, 0] #%T 0.

YICREMN, FIRBIER > 0 WBEREH, BRI, NERESHEE TR min() HEREWBIRHIH
WIRTCRR, FATEEMER +oo KEREN], BILETHE dpl0, a] #EFT 400,
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2. K%M

REEGRFEE S HARIR ML 400 B, HEEMAER int WEKERRE, MXXESHEREEA: IREH
MITRERRY +1 #RIER REA A TR H

M, BATRAET amt + 1 RFRTERR, FRNED amt WERHERZ N amt . BEIREIE, HT
dp[n,amt] BEFETF amt + 1, FHRURE —1, RELEZHEMRESH, REGUTFAUR:

# === File: coin_change.py ===

def coin_change_dp(coins: list[int], amt: int) -> int:
ne EERGRIE: BOASHIR
n = len(coins)
MAX = amt + 1
# WAk dp R
dp = [[0] * (amt + 1) for
# KEHER%: 517875
for a in range(1, amt + 1):

dp[0][a] = MAX

# REER%: HRTM5

for 1 in range(1, n + 1):

in range(n + 1)]

for a in range(1, amt + 1):

if coins[i - 1] > a:
# HEdBEREH, WAEED {
dp[i][a] = dp[i - 1][a]

else:
# REMNERET 1 XFMAENRIME
dp[i][a] = min(dp[i - 1][a], dp[i][a - coilns[il - 1]] + 1)

return dp[n][amt] if dp[n][amt] != MAX else -1

B 14-25 R 17 FESURRIEIASIRNERE, fseenm misdEFE M e,

i & & 8 s & & &
wme i }@\ 0 1 2 3 4 we i el 1 2 3 4
coins[i-1] 0 coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 1 1 @ : )
P > e - 2 2 e - [}
3 5 @ 3 3 5 @ 3 0
WhH#H% n =3 BffE® amt = 4 WhFE n =3 B amt = 4
MRS (n+1) x (amt+1) 8 dp %M WA ETTH MAX = amt + 1 | EFIA 0

Step 1 Step 2
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5 &4 & 6
®wS EfE el e 1 2 3 4
i coins[i-1] 0 0 m[\x MAX  MAX  MAX
1 1 ©® 1|0 1
2 2 @ : 0 *t
3 5 @ 3| o
RERB:
dp[i, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1)
[ Step 3 Step 4
8 & & 8
®S [ el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX M?X MAX
1 1 @ ! [} 1 2 | 3
2 2 @ - 0 *
3 5 @ - [}
RSB
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1)
l SID O J ( Step 6
5 & & 6
®wS il e e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ : [} } 2 3 4
2 2 @ - 0 1
3 5 @ - [}
RERB:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1)
Step 7 Step 8
s & & ¢
" i ~Naloe 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 1 0 1 2 ? 4
2 2 @ 2 0 1 1 2
3 5 ® - o +1
RS
dp[i, al = min( dp[i - 1, al , dp[i, a - coins[i-1]] + 1)
[ Step 9 Step 10
: & & & 6
®wS mEfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! [} 1 2 3 4
2 2 @ - [} 3 1 2 2
3 5 ® 3|0 1
RERTB:
dp[i, a] = min( dpli - 1, a] , dp[i, a - coins[i-1]] + 1)
Step 11

Step 12

s & & &
ws EfE 0 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ ! 0 ;;
2 2 e : ] *1
3 5 @ 3| o
RERB:
dp[i, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
s & & &
WS HiE 0 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ©® 1|0 1 2 3 4
2 2 e - 0 =
3 5 @ - )
RSB
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
s & & &
ws EE ) 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 e ! o 1 % 3 4
2 2 e : [} 1 1
3 5 e : 0 1
RERB:
dp[i, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
s & & &
&"s i 0 1 2 3 4
i coins[i-1] [ 0 MAX  MAX  MAX  MAX
1 1 @ 1 0 1 2 3 4
2 2 @ 2 0 1 1 2 i
3 5 e - 0 +1
REHRB:
dp[i, al = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
- 5 & & &8
ws EE ) 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® ! ) 1 2 3 4
2 2 e : ) 1 } 2 2
3 5 @ : ) 1 1
RERHB:
dp[i, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]1] + 1)
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i & & & 5 & & 8
wS EfE el e 1 2 3 4 ws EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i coins[i-1] [ 0 MAX  MAX  MAX  MAX
1 1 @ ) 1 2 3 1 1 e ! 0 1 2 3 4
2 2 @ - ) 1 1 % 2 2 2 e : 0 1 1 2 ?
3 5 @ - 0 1 1 2 3 5 @ - 0 1 1 2 2
REHE: RE#TS:
dpli, al = min( dpli - 1, al , dpl[i, a - coins[i-1]1] + 1 ) dpli, al = min( dpli - 1, al , dpli, a - coins[i-1]1] + 1 )
Step 13 Step 14
5 & & 6
wS EfE \i\a ) 1 2 3 4
i coins[i-1] ] 0 MAX  MAX  MAX  MAX
1 1 @ : [} 1 2 3 4
2 2 @ > [} 1 1 2 2
3 5 @ 3 0 1 1 2 2
EEEHETETNROETHE 2
Step 15

K 14-25 FESURMABR ) ST R

3. ZEfik
TR LY =S AU A b BT RN T2 2 1 B A R — 2K
# === File: coin_change.py ===

def coin_change_dp_comp(coins: list[int], amt: int) -> int:
nrr B FEMA ARSI
n = len(coins)
MAX = amt + 1
# WAk dp R
dp = [MAX] * (amt + 1)
dp[0] = 0
# RSB
for 1 in range(1, n + 1):
# IEFIBH
for a in range(1, amt + 1):
if coins[i - 1] > a:
# HEIEREH, WAEED {
dp[a] = dp[a]
else:
# REAERED 1 XFMHEENRIME
dp[a] = min(dp[a], dp[a - coins[i1 - 1]] + 1)
return dp[amt] if dp[amt] != MAX else -1
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14.5.3 T RIER)E I

Question
250 n PSR, 58 MPREMNEAER coins[i — 1], HARSEN amt , S HA] LEE IR, W
Z RSB S50, RBIAE 14-26 FlR.

RS mfE
i coins[i-1] Birs&@
amt = 5
1 1
2 2 $
3 5 (5)

WhHAGHE: 4
BhAGHR: + + + +

K 14-26 FE SR 1T HRBIESE

1. EhSMRIBER

MT E—, ABERERAEHE, FLFRBEEy: 6o MM EES RN o WHEHER. M dp
RIMARRRST A (n+ 1) x (amt + 1) B ZHERERE,

RS AL & BOR TR Y i AR 55 00 Y ATRE X AR H SRR 2, IRSEB TN

dpli,a] = dpli — 1, a] + dpli, a — coins[i — 1]]
Y EFREHN 0 I, TCAVERALIRET BT H HAR @, RIS E5ITE dpli, 0] #9Ian 1. 47k
REMIN, JTCEEMER > 0 WERESH, FtE1TA dpl0, ] #%T 0,

2. 1Xfgscm

# === File: coin_change_ii.py ===

def coin_change_ii_dp(coins: list[int], amt: int) -> int:
(Kl %%E%;ﬁ II: Eﬁ%{\*ﬂﬁ”nuu

n = len(coins)
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# #9a1L dp &
dp = [[0] * (amt + 1) for _ in range(n + 1)]
# RES
for 1 in range(n + 1):
dp[i][e] =1
# KT
for 1 in range(1, n + 1):
for a in range(1, amt + 1):
if coins[i - 1] > a:
# HEd BREE, WAEED {
dp[i][a] = dp[i - 1][a]
else:
# PIRFNERET 1 XA ZM
dp[i][a] = dp[i - 1][a] + dp[i][a - coins[i - 1]]
return dp[n][amt]

3. FEfilk
ZERMLACAEEE TS SRR, AR o 4k L BT Al -

# === File: coin_change_ii.py ===

def coin_change_ii_dp_comp(coins: list[int], amt: int) -> int:
" B 11 TEMRERIEIESE
n = len(coins)
# WAk dp &R
dp = [0] * (amt + 1)
dp[0] = 1
# REER
for 1 in range(1, n + 1):
# [EFFIBHh
for a in range(1, amt + 1):
if coins[i - 1] > a:
# BT EREE, WREET {
dp[a] = dp[a]
else:
# PERFANERET 1 XIRFHEZ
dp[a] = dp[a] + dp[a - coins[i - 1]]
return dp[amt]

14.6 YmiEREE 00

gmiEpiE, AR Levenshtein B, FEMNF4F R A EARF B R/ MBESORE, EH AT EERARNA

SRIE = A B B D AR



14 % SN hello-algo.com 323

Question

BAMDERRE s Ml t, IRENG s #4009 t iR R D905

TRAI DIAE—DNFRF R T =R e MA—DER. MBR— D/ BB E— 1T
HO

QN 14-27 Fw, H kitten ¥ sitting WS 3 20, W 2 IWEHURIES 1 ESINERLE; F hello #%
1y algo TRHE 340, HU4E 2 UOFHURIER 1 IRIMBRERIE,

s - (38808080 s - (8000
lgm 1§m lmm mm] lgm lgm
0nDooon onaoo

- (08808800 - (3880

K 14-27 GwiEEE BRI RBIEERE

OB 180 1) R M AT SR DR BEDRABRE . AT R RO T i, —HEIRER (—IRGmEIRAE) X R
—4i4,

WK 14-28 FivR, EARRGHRERER T, 500880 DUREHTFZ LD, BRI N —F#E, XEK
E M hello #4272 algo HIFZHAIRERIEEIZ,

MR ER, A EFRERET S hello FIT A algo Z IR FEHIE,

14-28 BT DR R ZR g P 5 ] i
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1. EHESHRBER

H—: BERRNIUE, &30RE, Mmifesl dp %
B RHRFREN TR s AT IR IRIE,

T 7 BAER R IR, IO RUBERTA D, XA AR TR, 55 R s B £ KN
n A m, ROVEEERTS BRI sln— 1 M tfm — 1],

- % sl — 1) F1t[m — 1] MR, RATATLABOLEN], EHEEE s[n — 2] F1 efm — 2] .
C# sl — 1) W t[m — 1) R, BAEER s BTG A, MER. 50, ST R
B PEAEIR, AT RT DABRIE A1, % e o N

Wb, BAETITE s FEEITIR—ROR (WEIRIE), IR s M ¢ PRERIR IR T A L2
o M, RENYFITE s Fl ¢ hBEIIE  FI5E § DFR, 128 [4, 7] .

RA [4, g] XTI ¥ s BT o AFRFEEO ¢ IR § AT i b i 5 8
i, {E-DMRIHA(+1) x (j+ 1) W4 dp &
B R TET, Wi ISR

FETE dpli, j], HNMERDNFRENRBETRN s[i — 1] ft[j — 1], AHRIERFRERED HE
14-29 PRy =FiE 5L,

1. 7 s[i — 1] ZIEHM t]j — 1], MEAFRE dpli, j — 1] .
2. MikR s[i — 1], MFATIE dpli — 1, 5] .
3. 4 s[i — 1) B ¢[j — 1], MBEATHE dpli — 1,5 —1].

HEEEFM e

(c[od]e] (c[o]d
dpli, 5-1]
B
= - (BB008C 000
- (2000 (cJo]<]e] (c]o]¢]e
dpl[i, jl dp[i-1, j]
# k Bian e
(b]oJo]e]
(c]ofd]e] (c[o]d
dpli-1, j-1]

K 14-29 GwiHEE RS IR

FRDA L5307, AT T4540: dpli, ] R DB 8T dpli, j— 1), dpli— 1, 5], dpli— 1,5 —1]
SHTRIROGESR, F ARG 1 . XSRS TR
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dp[lvj] = mln(dp[l,j - 1]7dp[l - 17]]7dp[l - 17] - 1]) +1

EER, sl — 1] M t[j — 1] HIFER, JEmgis Suiv s, XAE NIRESEE 7

dlﬂivj] = dlﬂi — 17j - 1]

W RN APERRAFEREI

SRR, RESECY 0, B dpl0,0] = 0, 4 s HaME ¢ RNz, BORESHET ¢ K
FE, BIEAT dpl0,j] = jo M s RAaslE t AL, BOGERERCEET s K, BTES dpli, 0] =i .
WEIRASEERS TR, W8 dpli, §] B TT. L5, T b 77RO, RIHIB PR IEPRE R piAs s dp AT,

2. XEBxEM

# === File: edit_distance.py ===

def edit_distance_dp(s: str, t: str) -> int:
" YREEEEES: mOASHIRM
n, m = len(s), len(t)
dp = [[0] * (m + 1) for _ in range(n + 1)]
# RSE®%: B1TEY

for 1 in range(1, n + 1):

dp[i][o] = 1
for j in range(1, m + 1):
dp[o][i] =]

# RKEEE: HR1TH5
for 1 in range(1, n + 1):
for j in range(1, m + 1):
if s[i - 1] == t[]j - 1]:
# BT REE, NEZPGIIRFR
dp[t][]J] = dp[t - 1][] - 1]
else:
# RADRIEDE = AN, BIFR. BMX=FMRENRDRESH + 1
dp[i]1[3] = min(dp[i][] - 1], dp[i - 1][3], dp[il - 1][] - 1]) + 1
return dp[n][m]

QN 14-30 o, g B PR IR S R I AR 5 1 R AR B 26, AT DAB (RIS — > 4E R A 3T

o
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. ooao ___ooao

SNle 1 2 3 4 SNle 1 2 3 4
[} e [0 1 2 3 4
D - D ;| :
- IR
a_: [ IR
s = “bag” t = “pack”
n=3 m=4

MakETT dplo, j1=j « &% dpli, 0] =1
MELRTH (n+1) x (m+1) B dp R

[ step 1| Step 2
___aaaso ___Booaoo

h Jle 1 2 3 4 Nle 1 2 3 4
o o 1 2 3 4 o |0 1 2 3 4
(> 0|
e B | :
(< BERE [ < IENE
W& RS
dpli, j] = min( dpli, j-11 , dpli-1, j] , dpli-1, j-1]1 ) + 1 dpli, 3] = min( dp[i, j-11 , dpli-1, j1 , dpli-1, j-11) + 1

s e

ooan ooan
iEj°123“ iEJ'01231.

RERB: Ris#is:
dpli, j] = min( dpli, j-11 , dpli-1, j1 , dpli-1, j-1] ) + 1 dpli, j] = min( dp[i, j-11 , dpli-1, j1 , dpl[i-1, j-11 ) + 1

Nle 1 2 3 4 e 2 3 4
o [0 1 2 3 4 e [0 1 2 3 4
n 1 /1 1 2 3 4 n 101 1 2 3 4
a 2 2+12 a 2 |2 2 1
e 3 |3 a 3 |3
RERB: R5#B
dpli, j] = min( dp[i, j-11 , dp[i-1, j] , dp[i-1, j-11 ) + 1 w s[i-11=t[i-1]=‘a’ ~ dp[i, j] = dp[i-1, j-1]

Nle 12 3 4 NI e 2 3 4
o e 1 2 3 4 e o 1 2 3 &
n 1 1 1 2 3 4 n 1 1 1 2 3 4
+1 +1
a 2 |2 2 1 2 a 2 |2 2 1 2 3
IR e
R RS
dpli, j] = minC dpli, j-11 , dpli-1, 31, dpli-1, j-1] ) + 1 dpli, 31 = min( dpli, j-11 , dpli-1, 31 , dp[i-1, j-11 ) + 1

[ step 9 | [Step 19]
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i
[}
o :
a -
a -
RERB:
dpl[i, j] = min( dpli,
Step 11
~_7]
N
]
o -
-
a_
REHB:
dpli, j1 = min( dp[i,
Step 13

3. waEfiik

= ~ ~ Nn
NI - |
“ - - “a

w N B e s
w N R e e

¢
[y

j-11 , dpli-1,

uN»—\»—\»—\a
a

w N Rk e | e
NoR N NN
NN W oW w

j-11 , dpli-1,

jl

« - - ‘\a

3l

Step 15

, dpli-1, j-11 ) + 1

, dpli-1, j-1] ) + 1

e
w N ke
(o

Step 12

Step 14

BERVEESY 3

SNle 1 2 3 4
e [0 1 2 3 4
u 11 1 2 3 4
a 2 |2 2 1 2 3
+1
n 3 (3 3 2

RERB:

dpli, j] = min( dpli, j-11 , dp[i-1, 31,

0860

e 1 2 3 4
1

('] (') 1 2 3 4

u 1 1 1 2 3 4

a 2 2 2 1 2 i

g 3 3 3 2 2+13

RERH:

dpli, j] = min( dpl[i, j-11 , dpli-1, j1,

14-30 gwiR RIS MNIERE

dpli-1, j-1]1 ) +1

dpli-1, j-1] ) + 1

T dpli, ] B 77 dpli — 1, 5], %77 dpli, j — 1], % E77 dpli — 1, j — 1] STk, MER&BH
SFRSE LT dpli — 1,5 — 1], BB AR dpli, j — 1), BHPRE TR,

ik, BATATME R — M2 & leftup REFA LTI dpli — 1,5 — 1], MM FEH BT 7T R,
R RTR LS e el WAEE, AIER L&, A FRTR:

# === File: edit_distance.py ===

def edit_distance_dp_comp(s: str, t: str) -> int:
" RIEIEEE: TEMEREIESHE
n, m = len(s), len(t)

dp = [0] * (m + 1)
# REEZ: 817

for j in range(1, m + 1):
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dp[i] =]
# WEEL: HR1T
for 1 in range(1, n + 1):
# RKEHEE: BYY
leftup = dp[0] # H7EF dp[i-1, j-1]
dp[0] += 1
# RKEEE: HRF
for j in range(1, m + 1):
temp = dp[j]
if s[i1 - 1] == t[j - 1]:
# HRFREE, NEZBGIIRFR
dp[j] = leftup
else:
# RIS E = i, HIBR. BX=FMRENRDREDSI + 1
dp[j] = min(dp[j - 11, dp[]j], leftup) + 1
leftup = temp # EHFTAT—#H dp[i-1, j-1]
return dp[m]

14.7 ING

- SIS BT o0, JREE A E T R R LR EE TR, ST RRCR,

- ABEMNREIRATE T, FrashSHRIFEER AT AR R (BER) EATRME, EEIIM KRR
HE TR, PR @5 LIS, AT RERTA TR R 7 R R, A ERIEES 1)
AT HE—IR,

- IR R AT JRAE AL, TS5 2 W AEh SR — R B TR R, H
GulA “HEHEFRMET —F. BT YRS IURBRELE REORA, EIIRATAT DAEER dp RET—D4EE, N
T AR 23 (R A 2% JEE

© FIRE R AE R RTE RS, G, ShASMKL Bh BEA AR,

- ISR = RRHE: EE TR, ROLTE. ToER.

ARSI R AR ] DA T R A R AR A SR, MIME s BA AL 1454,

- RN TR, HARRERAGZIEE X, ML REmIEIRESTER. w2HG L
A BEATCRRME, Toik sl ZSR POE K R,

A

-SSR R AP B —, B 01 . i, SEE RS,

C 01 WHRIRAE SR § MR RN ¢ M AR IR, R RRONTS SRS AR
o, ARSI TLH, FE LR TR, TER8 IR, T M RARBUE LAl L7
WA, FLFEBFEAIE, W% E LTRSS,

S R R RO TR, LR RS EAS S 0-1 TS ERERR, T
RASHIE_EFTRIE AT RIS, BRI 2SR R 24 e .

- BRI S e R — AR, EAR BA WMEZSAR BN R, RS
BRI max() BEO) min() o AWIBR TR SEARIIER B B ERSW, EHE
i amt + 1 KER T BRENT KRR,
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© BERGUHAIE 1T SR R DREMEGR” SOk “BEMASEER", IREHEB MMM min() 2Oy
RIBRF,

S 2 125 )

- i E (Levenshtein BEE)) M THEMNDNFRFH Z RIAELE, HE O MN—DFRFERE S —4
TR DDA, IR IERARTI, MR, B,

- O R AR IR S SO s BURT @ DR E SO © BIRT § DTSR R R g B, Y
s[i] # t[j] i, BA=MUSE: A0, MR, B, EOTEA AR TR T, I E ] DA L
FEEM GRS TR, T4 s[i] = t[j] I, JoAigmis Y7,

- EGREIEE D, WESMEIEIE By, IEATT. A ETRVIRE, R WG A s i Tk
WA T IR AS, i, BATMA — N EREF L LIRS, MR 5 522 H f RS 115
U, AT DAE RS LSS AT IE i o
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F15F A

HélcZalgo corr

Abstract
Ml H 2585 KIH ), BZIESR B & KR KT EE,
O IRISAE —FREC A sk, B SMREEE.
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15.1 FOEZE

ROEZE (greedy algorithm) 22— WAYMRRAIL AR R, HEABARZRLE AT MR, #
WY ATE R R LAIESE, HS0OM M B R LATRE, DHIEBRG 2R, 2ORRRE S HsiL,
FEVFZ SLPRAE A & TZHIN

FOLRIEISASMRIER A TR e, ez B E— SR A, HanEs s It a5, =
TAEREEAFE,

- B SRYE Z AT B A A REORE S R, I 25 7 (A A A kA F 244 1T T R
- ROLRBEARFELRRE, T —BAnithit T oo0Ess, AWgNRETEE, B2 R,

TApEIHE Ty TRPODEIRN TERM, XEECAE EeniE” s5hhagid, M
BV EFH AR,

Question
255 m RS, 58 MPREMNEES coins[i — 1], HARSEN amt , SR HA] LEE IR, [
R BAR SRR R/ DR m AR, WERTCREL BAnem, NHRE —1,
AR B SO0 RIS UNE 15-1 FR. 407E BFREal, FANSPUOHERART HifEErIREm, AWERx
HIE, BEREDEREHOYILE,

B T RRERFATEREEHARSHNED

B 15-1 TR SO0 HRG
SCEARAN R R :
# === File: coin_change_greedy.py ===
def coin_change_greedy(coins: list[int], amt: int) -> int:

R BN
# Ri& coilns SIRERE
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i = len(coins) - 1

count = 0
# B HITROERE, BEILRREEH
while amt > 0:
# HENTFERBARRETRIET
while 1 > 0@ and coins[i] > amt:
i-=1
# &R coilns[i]
amt -= coins[i]
count += 1
# BRLEAITASR, MiRE -1
return count if amt == 0 else -1

TRATRE X ANFHHEAZ UMY : So clean | SULEIRIUHLHATAIEREARR T 24k S m] i,

15.1.1 HORZNRRSERE

CODRIEAMUR B, S, i HE R PR R, 0 AR T, e mR/NE{EHN min(coins) ,
W FIE B Z R amt/ min(coins) X, WEEZEN O(amt/ min(coins)) o XHAESMRIEILR
IR ZE O(n x amt) /INT —DEER,

Saim, WM S, FOREIFAREIREIRIM. & 15-2 288 TR,

- IEM coins = [1,5, 10,20, 50,100]: fEZMEMHET, HEERE amt, FOLEBEEA ISR
ﬁgo

- &hl coins = [1,20,50]: fRi& amt = 60, ZOEIERREKE 50+ 1 x 10 M5 HAE, it 11
Mt (EahZEMKIR] DAERE R M 20 + 20 + 20, (X 3 BaEm,

- Bl coins = [1,49,50]: & amt = 98, FLLHIEHAERE] 50 + 1 x 48 WA S, it 49
Mg, (EEIESHRIA] DARBIR AL 49 + 49, 475 2 HhEf,

Wmas Bir&HE BLHERRAR EEMRIRR SR
(REpmIERR) (2RRIARE)

(1) 60 +@x1@ x 3
@ 98 +©x1+8 x2

B 15-2 SULRIRTCIEH R EI R B

W, N TEEAMAE, SORRITERIERE 2R/ EIRE, HHERIEIEFREZNR, EHEES
EEIES Rl 27

—RIEOL, SULREIRATE AL DL PR,
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1. nJDBRIEIREIER AR : SOLEIAEIRXA AN MEERRIER:, FOVEEELLR, ShaSHRIE &,
2. nIARBENERURR: PO RIETERA AN TR AT, M TREERMERY, IR RMEE
HINME, BE DR RCRER BN A2 AR AN Y,

15.1.2 S|OECSHESY
MAFEET, 2 EMRIEHE S H 2oL RARIE? 8B, OB BRI 055 R ol DURIER S B
fi?
MESTHNAIK, SOOEERE R &M E SR, H e m e ™ MR

C UDIERER: A YRS R AR ISR R RN, 2U0E A GRS I R

C RR TSR TR R S T R A A R
B FEEMTEE MY EFhag, XEREER, EETENE, —EaBlRmt TR
AR, (B SRRTE 20O B R R,

BN FEZRFT SOOE RN BRI HINTT 7. BARAERIRE ERE A, 9k BN T2, WS
EREE RIS H

BIanF e e F R, BATRAREG A DA B, W OO TIEDy, (HUESSATMERERR. R
W 22 PRI RE T 2 5 ol A SOORTRRMR? Bl R REFEAE AL W B8 1ok 45 H — MR N AT A
X, TAEDASS =R EAUE,

Quote

H—RIESAE T —4 O(n®) NS 2«5, TRl — DRE M4 &S 6 SO0 B T
R B AR

Pearson, D. A polynomial-time algorithm for the change-making problem[]J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 FOEZERETE

SOL PRI R R R 73 AR =2,

L. W8 hr: Ais SRR, EARIRE S U BRI RS, X —PAE A1 S A AR
#HHW Ko

2. WE FULRIG: FEANFIE S — PPt SO0, XD IRIGRENS £ — D U N, R0
TREEAN A

3. IEFPEIER: S8R R EIERSEA ORI AR U450, X ERA] RERRZ HI ZIECAIERT, I
GNYAANIR B SOIETR S

FE SO RIS 2 SRR IR O IR, (BRI REHF A A S, TEAPUREE,

- AFERIER FOORIIZE REOR. X T2 RIEDRY, PU0RISHETRE, Fildd LA M EEs
ZIRETS o AT —22E 2% M, SOOI AT REIER RR, XA OUIEE S B D AL 5
BIRREN T,
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SE SO HRIE RA BRI, SBATHIME 0IRHHE 200 RE, T B 281T, 1RATRE

PR ARG TEIRE . KR E NS0 L R UZ "B 1Y, ESOAR R
N LS VS

NTRIEERTE, FRAIROZ0N SUL RIS T EAECAIER, W5 TR B ROEE s A A,

s, IEMMIERARATREA R — B, R ke, BANER EsmmiiAmAeE T A E, —
A IABSS T UE 2D BRI

e
V3

15.1.4 FOEEBREIGIH

SOLBIRH N R E SUDIE I IR TR UL imdEip,  DURAI2E T — L2 AR 5O B TR A

- BEMIRFRE: EREETAS T, ORIAERA] ISR TR,

- DXMIHEERDEL: BRI — 8555, BMESSE—BRINRINEELT, REERRZERRATREZ LSS, N
REREOE AR R R HIESS, A2 500E IR AT SRR AL,

- BRI A YR - DN EER, RIERRIERE-AYG, EREERNETHER,
SMERR, WREBRANEFEEN teim (ME / ER) P&, IRADRIRIE —LEE 0] DUSE]
AL,

- RSN g A RERITI R, VKA DAOET 2 IRESE, HIRIRE SR AR, BT
ZHIARERSE, HANEREUR AR,

- BRI ERERGE A TIEREYE RSN LA R, EIREREN, BIRIEREHIRR
RIRARADTRET, REFIRNERSMITHPERERE GREKE) &/,

- Dijkstra 5ik: &R —FRREE IRTUR B H AR TS B R 12 A 50 O RTE.

15.2 S¥E R

Question

L n AN, B MRNERN wet[i — 1) IMER valli — 1], FI—DEEN cap WER, &
MR BRI —R, HA] BUESEMMIN—sr, R E R bR, EREE AR
THERY RN RERINME, RBEINE 15-3 Fis,
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#S EE fifE

i wgt[i-1] val[i-1]

1 10 50 ‘ Tﬂ)\i% ﬁﬂg%
cap = 50

2 20 120 2 20 \

3 30 150 o u

4 40 210 * 30—

5 50 240 (Y

BAMME: 120 + (30/40)x210 = 277.5

Bfi5Z: HE~ . f 30 28 ¥ paEa
HER 50 HARE

15-3 380K B RS R B

IR AR 0-1 5 B AR EARR ML, IS S SR IR E ¢, BMEZRRETFEER MY
BRARNME,

ANAFIET, ALY —#7, & 15-4 For, BT POt Y5, g E R
EEBIR T SR

1 T, TERRER RS valli — 1] /wgtli — 1], FREIHME,
2. BB i, RN w, WEEMMOAOER w x valli — 1)/wgt[i — 1] ,

RS EE i AfifiE

A . i val[i-1]
i wgt[i-1] val[i-1] wetli-1]
1 10 50 5 ) S ¥an L Hanmn
ENER B E e E
2 20 120 6 _ alli-1]
v -
3o% e 5 . g - R
4 40 210 5.25 %
5 50 240 4.8 -

15-4 PyifE A EE FHIMNE

1. SERBRHE
BAEUAYRENE, AR ERER AN E R FRPIMGE, Bt rT e & 15-5 FiRay su0sK
8

L. Wi IR s AT E N S B A THER
2. WA, SHERTLOHER AN E RS P
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v

3. HRIREUARAL, WL FTY) A — R E,

HKs EB thid  BfIfiE

val[i-1] fRizRHE
wgt[i_:_] M%g‘”&ﬁ;ﬁ

i wgt[i-1] valli-1]

2 20 120 6 2
*
4 40 210 5.25
DR
1 10 50 5 ) RIEERMEE SR
3 30 150 5 B
5 50 240 4.8 -

15-5 7 80E W EHg o0 SR

2. XM

FBATESL T — N2 Ttem , DUMESY) A IR AN MEDHI THEF . FEEREH T O00NERE, M E BN Bkt I
IR [F] i :

# === File: fractional_knapsack.py ===
class Item:
mun "F@I?D“ nn

def __init__ (self, w: int, v: int):
self.w = w # ¥Y)@EE
self.v = v # ¥@mNE

def fractional_knapsack(wgt: list[int], val: list[int], cap: int) -> int:
nSEEE: L
# QIEYIMYIR, BAEFmITEY: EE. HE
items = [Item(w, v) for w, v in zip(wgt, val)]
# RBEBEAMNE item.v / item.w MEEMRFHITHRE
items.sort(key=lambda item: item.v / item.w, reverse=True)
# BIFTRLIERE
res = 0
for item in items:
if item.w <= cap:
# ERRBERE, WESmRENEHEE
res += item.v
cap -= item.w
else:
# BRRBETE, WEHRYEN—HoEHEE
res += (item.v / item.w) * cap

# BEFRRAE, FILBRHEFR
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break

return res

R 24, EREFNT, TEEHEARIIE, FEREEAIEN O(n), b n YR,
BITAAML T —/ Tten 5512, WILZEHEZDEN O(n) -

3. IEW#4EIERR

RARAEZE, R © 28 ER SRS, ERERERGRARNMEN res, HIZBHALEY M x
MEMNT B EH AN EEREREY M, SOV ERNYIN v o BTYM v R NIMERS, KIS
WIEHEME—TERT res . X5 res REMMEFE, HRREGEPLHE SN 2 .
R R A&, B A] DA ERPE, BMEZ, AAGHEE RIS R BIERE, X
B 00 SR 2 B R

QNI 15-6 R, Qi SReY i EE BRI S BN B 70 1B 1 — oK R B R AR A IR, U0 250 (e im st ]
o “SRAEA RN X A FEL A B R, XIS AT AR BB AT LAl FEBR AR 50 OO SR O A 25

MmBGfE
5.25 5 5
% ¢ & -
YREE
40 10 30
50
W wezm

Question

BMA—T A bt , RPN TERR—NBERRNEE, BEPNEERNER, ARENZ
BIHYZS B A] AH R — D B4

B A RS T SEMEENFA (), HivsE iR ErRERouE, %6 E =2 M DN REREEEH RS
2%

BERAHPIEEM N ER, SEHRNASRNEERK, RERKER, ~HAE 15-7 Fimr.
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S B N W B U OON

L

BABREN (5-1)x7=28

15-7 wAAE @R GIESE

AHEEEM N FERE R, FABRRE WA BRI, R[4, ] .
HHREE, ARE TSRS, HrhmmEdERovE, 5ERMRRINEEHR 22, AR capli, j]

. WA AR:
capli, j] = min(ht[i], ht[5]) x (7 — 1)

BN 0, FARRIASER REER0 N C2 = 20U A Rk, BATaT S BHH R

&, WIRIHEAER, MEERESN O(n®).

1. B HERRERTE

A AR IR, W 15-8 R, BUEIR— KA [4, 5], JORERE] i < j B ht[i] < ht[j]
B IERR, § A KA

S =B N W B U N
pe——— < e
————r

i AR, j AKR
YRIRE cap = min(3, 4) = (7-0) = 21
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K 15-8 #IHEIRAS

aniE 15-9 AR, HBERREKHR j kiR « S5, MR,

XRENERBIKR j 5, %E j— i GERDN; MeEREROGE, Rt RREAZE (@ JrohRER) 5
LN (BEhEH 5 OB o

8
7
6
5 .
o | 3
3
2
1 y
0
0 1 2 3 4 5 6 7
MRS, BE—EHR/
LHIAE cap = min(3, 3) x (6-0) = 18

15-9 [AINREEN KRG HIIRES

B, BAIRAMANRERR «, AAREEFRER, FNEREE —EZ/), HEETIER BB
BNIERENR ¢ ATRES R . BIANTEE 15-10 1, BahEia iR,

i

v
8

7

6

5 | J
4

3

2

1 )

[}

0 1 2 3 4 5 6 7

RN ENEHR, BRI
LHIBE cap = min(8, &) x (7-1) = 24

K 15-10 [ANFENERIERRES
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P L AT AU SO RIS . RGeS, BEH IR A M, SEALI P RO I AT

TEEHAHIA,
A 15-11 R 1 sU D SRISHIHA TIEAE,

PHGIRATR, $55F 3 F1 § 45 PUA i,

VR M ARSI AR capli, 7], FEEBRAA R,
FEoR i A1 AR RORSIE, JRREEIIRIAIAAS S,
TEPRHITES 2. 05 3. %, B i j ABINESE,

Hwn e

’ 8
! 7
’ 6
5 3 .
4 3 ;
; iR 3
: 2
. } :
’ 0
0 1 2 3 4 5 6 7
MipEst i, § , ERATIKEARE, SREAM res = 0
Step 1 Step 2
i
v
: 8
! 7
5 ;: .
R 4 X
’ ER 3
: 2
. } :
’ 0
[ 1 2 3 4 5 6 7
UHAR cap = min(ht[il, ht[j]) x (j-i) = 24
m |ABE res = max(cap, res) = 24 S €
i
v s
8 3 .
e |R 7
e 6
: 5
: 4
’ 3
: 2
: 1
’ 0
0 1 2 3 4 5 6 7
LFIAE cap = min(ht[i], ht[j1) x (j-i) = 28
m BABE res = max(cap, res) = 28 m

YHIAR cap = min(ht[il, ht[j1)  (j-i) = 21

RABE res =

< b

max(cap, res) = 21

o 1

YURIAR cap = min(ht[il, ht[j1) x (j-i) = 15

2

3 4

5

6

7

B|AZBE res = max(cap, res) = 24
i
v 9
J
v
o 1 2 3 4 5 6 7

YHFIBE cap = min(ht[il, ht[j]) x (j-i) = 21
BABE res =

max(cap, res) = 28

]
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e i
\/ v
8 8
7 7 .
: | ‘ g
5 | R 5
4 " | 4
3 J 3
wR 2 2
1 1
o 0
o 1 2 3 4 5 6 7 [ 1 2 3 4 5 6 7
YgiA® cap = min(ht[il, ht[j1) x (j-i) = 4 LaIAE cap = min(ht[il, ht[j1) < (j-i) = 5
Step 7 BAZAE res = max(cap, res) = 28 Step 8 BABE res = max(cap, res) = 28
ij
v
8
7
6 |
5
4
3
2
1 ||
0
o 1 2 3 4 5 6 7
v s i 5 j 188,
m - BHHBOER, EEIRASRE 28

15-11 RARAEFER OERE

2. %M

RIIERRZ n e, FERBERER O(n) .
L a, j. res ERABWBOUNIEINEN, FeEREREN O(1) .

# === File: max_capacity.py ===

def max_capacity(ht: list[int]) -> int:
" RABE L
# WAk 1, j, EEDTIEARR
i, j = 0, len(ht) - 1
# YRR ABEN 0
res =0
# BIROIEE, EERRESE
while 1 < j:
#t EmARE
cap = min(ht[i], ht[j]) * (J - V)
res = max(res, cap)
# MRS EIRENR
if ht[i] < ht[j]:

i1i+=1
else:
j-=1

return res
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3. IEMf14IERA

ZFRA UL IF R, REDV BRSO S “Bd” —2IRE,
FEANTEIRTS capli, 5] K, @ WEIIR. KN, £ PDDHEREIR ¢ mAEI—1%, S S80E 15-12 ARk
B BL”, XA Z G IR RS A RN

cap[i,i—l— 1],cap[i,i+ 2]7 ,cap[i,j - 2],cap[i,j - 1]

|
i | | BEGIR | |
| | | | | .|
R o B I N |
REREEN AN ANEEN
capleo, 7] cap[1, 7]
/S0 0br Y
| | |
| | |
)] = |
R o | ‘ R | | | |
| I A I R | | | | b | | | & | |
I | L1 1§ | I I |
caplo, 6] capl@, 5] caplo, 4]
| | | | | |
| | | | | | |
e | ] ] I
Cp ] Ll L]
caplo, 31 caplo, 2] caplo, 1]

15-12 Mot SEHERT FIRES

MR, IXERHES IR LR ERUR R KR § PBSINEIRE, aimRMNELIERRNBE KR —ES
SEEEL/N, W, SEREAIRSEARERRIUE, B ENAXSBERIR,

AL A BB, BalEmiRiee “2e” 1y, SOREZEAR,

15.4 &KX TR

Question
LHE—DIEEE n, KEY)2AE DA ERBEAN, KU EMAEBRHENFENRKZZ/D, WE
15-13 iR,



B15E b hello-algo.com 343

FNE n , R max(ngxng xngx..xnNy %Ny q XNy)

15-13  H AU AR A EUE L

RNV n I m DR 7, HApsE o MRFIE i n, , B

m

=1

AT B AN RIS B A TSR,

BINFEEERR: VIn8Em Nz K, 80 n, MizgZ/h?

1. FEOHRBRE

RIELE, TR E L eI E R, BIZM n o H—NEF 2, METREDY 2(n —2)
o BMTZRING n (ELLEL:

2(n—2)>n
2n—nm—42>0
n>4

E 15-14 FoR, Y n > 40, YIotH—1 2 ERMELR, REHRTET 4 FREBERRIZDIT.

SODERIE—: WIRVIDTTRPEE > 4 WE T, BAEIZEREY) 0, &RV 7T R AMEH 1, 2,
3 EX=AAF
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N
=
=
]
N

Ynz240, 185 2(n-2) 2 n
EESRKLDHRINEE 1, 2, 3 BF

A 15-14 Y)oSEERAE K
B OREFEMAE &ML, £ 1. 20 3X=ARTH, BAR1EEZEN, WA 1 X (n—1) < nlEK
37, B 1 ks SEERARE N,
ME15-15 R, Mn =61, 3 x3>2x2x2, XSGV 3 kYl 2 Hik,

UL FEVI TR, RERNAAEND 2, BOA=A 2 BRIV OV 3, MRS BRI
o

HEE=T 2 B, MZELMELAFED 3

K 15-15 &MY R+

LR LRI, RIHEBLH DT SUL SR,

L WANEBE n, NHAKHYI AT 3, EEREN0, 10 2.

2. HREOI O, R n 2 3 WAL, BT AAL R,

3. HREON 2 I, ARSIy, RE

4. MREOVIN, BT 2Xx2>1x3, FAERE— 3 &N 2,
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2. K%M

Qs 15-16 FioR, BADCACEL IR 2 EEEL, Al DA N RS REE] 3 M e, HBEERE
FIRECD, MR

n=3a+b
HER, NFn < 30ARENR, BAHRSHE—N1, '’ LI X (n—1),
# === File: max_product_cutting.py ===

def max_product_cutting(n: int) -> int:
" RAYID TR O
# 5 n <=3 K, #AoH—1 1
if n <= 3:
return 1 * (n - 1)
# SOOI 3, a A9 3 BIDEL, b ARE
a,b=n//3,n%3
if b == 1:
# SR 1B, B—x 1+ 3 Bk 22
return int(math.pow(3, a - 1)) * 2 * 2
if b == 2:
# HREN 2 B, FMHE
return int(math.pow(3, a)) * 2
# HRHA o B, FHLIE
return int(math.pow(3, a))

n
—
D D D [
®¥ b af3

n=3xa+b

15-16 AV AR R TTTE

o} TR 52 A BE VR TG SRS RSB Tk, DA Python N, & FRRITE A =Hf,

- SEERF + MBI pow() I 2590 O(log a) .
B8 math. pow() PSR C RS FERY pow() B8, BLHUTIRAURE, MIEZRES O(1) .

L& a F1 b ERFEEOONESNE R, FeERERER O(1) .
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3. IEfRA43IEEA

HEARIEE, Rt n > 3 BIEN

1 BT < 3: BRRMMYIZ T RPEE > ANET o, IBa—Er] DG HARSRIS R 2(x — 2) ,
MRS BRI, XS5BT &,

2. Y TiFEAME 1 BRI TTRPEE—TET 1, WAE—ERAIUEHABI—PEFH, B
PIRERIFRM, XS5BT E.

3. VI RBBWENA 2 1 RERIEVIDTTRPEE =12, BL—Erl AN 3, FRRE KR,
XSRIEFE,

15.5 &g

LB AR AL, EUE R E A B B R IR R L B, DU R
BARAR,

C RLEESER N MR, REROEOR IR R (R — RN TR, B
B,

- R, AR IR, M TAARIR, 200N A A 5 AR,

CEBESBAE A, TR AR S, 0BT URER SRR KT S i 4 AR
R, LA RE SRR R,

BB UL E SRR B R AR SO R AR T4, UL IR R 5 5000
O R

TR A, SOOI A, ARG, N ENALS, B e,

 RBRLREEES N WA, BE ORI, IEREER, Hh B s ORI RO TR,
R A,

-SRI 0-1 T AR b, A PRI — a5, BRI TR SO R, SOOI
M T LA 2 B HE A,

- B RBIAIE SRR, SRR O(n?) o MR So0 s, SrpRBaEm, [
R RS O(n)

C IERKYIS R, ROV SRR SOOI > 4 AREERR AR5, BRI T
N3, I ASTEE, SR T REESI T, &3 O(1) 5 O(logn)
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16.1 ‘RIZIFIERIE

16.1.1 & IDE

IR, F8H VS Code fENAMEHSTT LI (IDE), ilA] VS Code B, MRAEHRIERIUEREH
RERRASE) VS Code BT FERNIZEL,

Qa%w 010 % i

Visual Studio Code  Docs  Updates + Download

Code editing.
Redefined.

Download Mac Universal | .,
Stable Build

mac0s Universal
Windows x64 User Installer

Linux x64 deb
rpm

F#i VS Code =y
Run and Deblg BONCN Git Extensions

16-1 MWEM T#; VS Code

IntelliSense

VS Code AT REASRG, SFFRZEGIZESHIZTAIE, DA Python NI, %% “Python
Extension Pack” ¥ @25, BIAI#E# T Python fREGIAIK, 220 BaE 16-2 Ak,


https://code.visualstudio.com/
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Python Extension Pack vi.7.0
Don Jayamanne 7,005,466 % % % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable v Uninstall |~

This extension is enabled globa

DETAILS
Extension Pack (7)

REHRNT

A B P O AT autoDocstring - Python Docstring Ger

doc

! Install

|
j—ﬁf*?ﬁ% ython Docstring Gen...
@ Python
P

3

Jinja

Python Extension Pack

Install

= ] Python Extended 12M k4

&l 16-2 %% VS Code ¥ et

16.1.2 REESIIR
1. Python Ifig
1. FEJFZEE Miniconda3, % Python 3.10 BEEHRRA,

2. 1£ VS Code W82 python , %4 Python Extension Pack
3. (FJi%) fE@SITHIAN pip install black , ZREMIMHEAILTHE,

2. C/C++IFIR

1. Windows RAFELEE MinGW (AL E#F2); MacOS B Clang, LM%,

2. 1£ VS Code MHEH T HHIER c++, L% C/C++ Extension Pack .

3. ([ i%) 47 JF Settings TU [, #4 & Clang_format_fallback Style fX A3 4% = fb & Wi, R E B
{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach },

3. JavaIfig

1. R#EFFZEE Open] DK (AT E > JDK 9),
2. 1£ VS Code WHtFTHH 2 java, &% Extension Pack for Java,


https://docs.conda.io/en/latest/miniconda.html
https://sourceforge.net/projects/mingw-w64/files/
https://blog.csdn.net/qq_33698226/article/details/129031241
https://jdk.java.net/18/
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4, CH#IFIE

1. FEFFZEE Net 8.0,
2. 1E VS Code HIIEMH R IZFHI822 c# Dev Kit, 2% C# Dev Kit (FilE ),
3. WAlf#A] Visual Studio (ZZ2E#f5),

5. GoIfi§
1. F#EFFZE g0,
2. 1£ VS Code WftFHi 782K go, %2 Go,
3. FPERE ctrl + Shift + PIEH@SEE, A go, 1%EFE Go: Install/Update Tools, EEBANIEIFZL
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