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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
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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

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

* Surred 51k
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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

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

binary_tree_bfs.py

binary_tree_dfs.py
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DI ELF R SR
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Hello 3%
Ego# Mz
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41 ¥
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( 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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BERE

BENDB RISERE FRRIESR
BB

ARt EmR ISt

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

K 0-8 RIRAF I

0.3 /&

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

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

- MNTEENT, EOENBRR-AANHERER, AIEFZEHK,

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

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

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

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

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

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

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

FRERHEFEROMFHT

EFREN: RIEE—HEEEEN ¢ KT TR

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

Step 1 Step 2
5
—H B —HIBL

EFRSR: EFASE:

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

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

e
—¥ M
EFHRSE:

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

Step 5

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

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

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

1-2 $hwHEp PR

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

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

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

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

FHRERE, 7TEN204+ 10+ 1 = 31 75

ok wn e
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BirE 31 L2 11 = 1 =» 0

EELH -20 -10 -1

TWENTY

\
TWENTY ||

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

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

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

1.2 BiERHa
1.2.1 EZEENX

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

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

1.2.2 BHRGEMEX

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

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

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

1.2.3 HEEMERZNXF

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

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

BE—RIIRFRES

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

data structure

RIS IFREREGE
S MSERIR S &

1-4 BURSHSHEIERIRER

BARA S RIEMANE 1-5 FURIIPHEERIR, —BRR, BRTESTZFHEZIN, A TRAA RIS,
BA WL — D010, FUREAIE A SERIB IR,
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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
GRRARAN BRI SBBIN R, TAUELD, BIRTERLEE RGN,

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

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

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

2.2 FR5=

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

2.2.1 #%

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

1. for &IF

for TEMVERHE WANERIE A Z —, BEERVERIEIRRKBINEER]

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

// === File: iteration.rs ===

/* for fEIf */
fn for_loop(n: 132) -> 132 {
let mut res = 0;
/] BRI 1, 2, ..., n-1, n
for 1 in 1..=n {
res += i;
}

ES]

A 2-1 %K B AR AE
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LI it
i=1
B
=
i+=1 X

2-1 SRANFEAERAEAEE

IHESRAT R B BRI S A BUR R/ n RELE, sRE R “RIERR, bRk, RRIERERIRR 2
A “BRIERRT. HRXNBERTE T — I 4.

2. while f&IF

5 for JEIREMEL, while TEIMHZ—MSKEUERAIT R, 7£ while 1B, B RREISRERM, WMRFK
HFNE, WARSIRIT, & NIRESRIEA,

TNHEFATA while FEARIIKI L +2 + -+ n :

// === File: iteration.rs ===

/* while BIF */
fn while_loop(n: 132) -> 132 {
let mut res = 0;
let mut 1 = 1; // ¥IBHEHTSE

/] BEKM 1, 2, ..., n-1, n
while 1 <= n {
res += i;
1+=1; /| BRFEHZEE
}
res

while JAFRLE for DARAY A FHIE S R 7E while fE3AH, FATTA] DA B3I IT A5 AR AR B AW AR (L AN S 3T 20

BIAnAE DU NARED R, SR PFAR R @ BRI TN, IXMIE DU A KTT B for TEIASEIA:
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// === File: iteration.rs ===

/* while 1EIF (FREH) */

fn while_loop_ii(n: 132) -> 132 {
let mut res = 0;
let mut 1 = 1; // MIAHFEHRE

// TEIRKRA 1, 4, 10, ...

while 1 <= n {

res += i;
/| BRFEHEE
i += 1;
1 ©= 23
}
res

EHRE, for TRIAIMRES NS, while FRIFHEMIRIG, MEHLA] DASKBLE NG, R I — R 1%
AR [P RUA FRoRR DU

3. BREMRF
SITF DLt — MR PS5 — MRERES, FIEEA for R A0
// === File: iteration.rs ===

/* WE for &I */
fn nested_for_loop(n: 132) -> String {
let mut res = vec![];
/] B i=1,2, ..., n-1, n
for 1 in 1..=n {
/] &% j =1, 2, ..., n-1, n
for j in 1..=n {
res.push(format!("({}, {}), ", i, 3));

}

res.join("")

& 2-2 ZIZIRETEIA I FAEAE R,
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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,

ML AR, FRATR B EEL recur(n) , FEATRASERL 1 + 2 + -+ + n M5
// === File: recursion.rs ===

[* B3 */

fn recur(n: 132) -> 132 {
/] BLEZHE
if n==1{

return 1;

/] % #YIFA
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let res = recur(n - 1);
[/ V3: REIER

n + res

& 2-3 fom 1R AR,

AT 8" mE ‘93
recur(n) return n + ((n-1)+..+2+1)
| 4 w
recur(n-1) return (n=-1) + ((n=2)+.+2+1)
recur(4) return 4 + (3+2+1)
recur(3) return 3 + (2+15
} g
recur(2) Py return 2 + (1)
} ™ —
recur(1) return 1

2-3 SRFIAEAEITIS R

BRI AR, SRS WA S SRR R, BETURE T Pibhse 2R 8 AR S G
X,
OB CE R MR, MRELRIO IS, AR S B ASE, HET S5,
O PR R AR, KRS N NG T, X AR A A R
B R TR SRS NI TR, PR AU - A AR EATHY)
DA bR RSB, W f(n) =142+ +n.
C ORI EIESRECRATERE, W 1EE n, SEeHTRAERE, EIRRE f(n) .
R BN TR f(n) = n+ f(n—1), AW GRITH) SRR, EEEARER £(1) = 1
2 I,

1. A%

BIARBUR OO B BN, RIS FOTRR RSN, D iERERA R, 1A bk A A R 5F,
XK SN 75 RIS R

- BRI _E TR SCBURER A R ERR ) R R NI, EEREOR RS SR, K, I
B AR IFE B A7 22 ]
- BBV AR S AR R MO DR IR B LGP TR 53 A
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N 2-4 FoR, EMAZIESARET, FINFE n DARIREREITEE, EHEEN n .

AT “& Rt 93

recur(n)

!

recur(n-1)

!
|

#IIRE recur(4)
! }
recur(3)

|

recur(2) P

l LR
recur(1)

2-4 BTV HIRE

FESERRA, GRiEiE S RVFRIRIR R R A IR, RIS AT RE S B A5 IR

2. Bi#)

BEBESE, WRRBHEIR BTG —SA BTN, WNZEERT DA g as sl R es it i, HHAS
BIRCR SIS, XGRSV ERYT (tail recursion),

- B HREOREIE E—BRREUE, FERSPUTRE, RERFFEARE L—-BRAN LT
YO

- R U E AR R BOR I AT ARG — MEE, IXERE RBOREIE| E—RUE, ToAR S TH A
BAE, WIARGIARTT L —ZREE) LTS

DUFEE T 42 4 o+ R, Tl AT LIRS B res VONEIRENL, MITSSBLRIEI:
// === File: recursion.rs ===

[* BEYT */
fn tail_recur(n: 132, res: 132) -> 132 {
/] BLEFHE
if n==0 {
return res;
}
/] EBZYAERA

tail_recur(n - 1, res + n)
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B ARHITIE RN E 2-5 FiR. X FLEIEBVARIEIEIT, P BSRABRIERI T RO AR,

- MBI SRFIRERAE 977 FERETHITH, SRIRESEERHT ORI,
- R SRFHRIERAE “ET RIREPIITH, Y97 AR REREERE,

AT “&” mE 7"

recur(n, @) return N+ . +5+646+3+2+1

recur(n-1, n) l retTurn N+ . +5+4+3+2+1
l retTurn N+.+5+4+3+2+1

recur(3, n+...+l5+4) retTurn N+.+5+4+3+2+1

recur(2, n+...+l5+4+3) retTurn N+.+5+4+3+2+1

recur(1, n+...+l5+4+3+2) oy retTurn N+.+5+4+3+2+1
} wibsp |

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

&l 2-5 RIS

Tip
HER, Wehmirasl@rds it AR IaM. flan, Python BRIANASHREIEIAMAL, EILED
ER R I, AR REXIE A R,

3. #Y3N
MALRE IR MOCRRITARIER, A AR RS E N EL. RIEEMS L, PL LR AR
Htl,
Question
HE— NI EF0,1,1,2,3,5,8,13, ..., KIZEFIHE n DM
BRI AREEGINE n DTN f(n), DERDLEL,

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

FIEMEC R TIBIA A, KT DB E v k& rF, (Er15 HEIE A, A fib(n) BIFRZEIZEETK
RN n DT
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// === File: recursion.rs ===

[* ERARRERE: BT *+/

fn fib(n: 132) -> 132 {
/] BIERMF f(1) = 0, f(2) = 1
ifn==1]| n==2{

return n - 1;

}
/] #BVAFEA f(n) = f(n-1) + f(n-2)
let res = fib(n - 1) + fib(n - 2);
/] REIZER

ES

[}

WIEZDA EAAS, FRATERENETEA TR REL, XERE MNP TR, & 2-6 Fir
TR, IXFEARBNEITEA T L, RE&EEE BN n 1933 (recursion tree),

f(n-2)

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

2-6  EPRHRELENAIE T

MR LR, BHEIRT SRR oy BN F R fR4EE, XA aRIgE R EE,

- MWNEEMEE, @R fr B 6. SRRV B RR RIS B e AR N T I A R A
777K

- WEBURZMAEE, BARRIEEEIERER, MR-, FEMHERES M E R8T
#ro

2.2.3 FHEME
BEEDL N, 08 2-1 FoR, JERFEATESTI. YEREAE M B TR,

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

ANSRURETE DA S NN R, RIDATERSE KR ETEERE S,

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

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

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

RItE,  BRATTAT U — A X RR B AT, NIRRT

M

// === File: recursion.rs ===

[* EREAARINEYT */
fn for_loop_recur(n: 132) -> 132 {
/] ER— T EXRRRIEN R RIR AR
let mut stack = Vec::new();
let mut res = 0;
/] & BV
for 1 in (1..=n).rev() {
/] BT NERERET RIK 9E”
stack.push(i);
}
/] VA REILER
while !stack.is_empty() {
/] B “HRRE IR Y37
res += stack.pop().unwrap();
}
/] res = 1+2+3+...+n

rES
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ME LA A, B AFAACONIENG, EEREMER T, REERANEIERZEILN AT LA,
EA—EERIXAEM, A LA RR A

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

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

2.3 BHaE&E

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

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

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

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

BIantE LA B, F ARHERAN A n

/] EEEITEET
fn algorithm(n: 132) {

let mut a = 2; // 1 ns
a=a+1; // 1 ns
a=a?*2; // 10 ns

// &% n &

for _ in 0..n { // 1 ns , BREEHIT 1++
println!("{}", 0); // 5 ns

}

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

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

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

2.3.1 FitBFEEKESE

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

“IFRE KT X BRSNS, A TEE — MR AN CAREAR, B ABIR KN n, BEZAEE
A, BFIC:
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29

/] B% A MNEIERE: BHM
fn algorithm_A(n: 132) {
println!("{}", 0);
}
/] 8% B MNEREISERE: Z&4%M
fn algorithm_B(n: 132) {
for _ in 0..n {
println!("{}", 0);
}
}
/] B% ¢ NBRIERE: EHM
fn algorithm_C(n: 132) {
for _ in 0..1000000 {
println!("{}", 0);
}

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

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

V758

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

N MR

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

RO TRV 2R RN A AEIR], (T5h “HEER

1000000

BiE C - H¥b

Bk B - SR

BB THYAE] 10
5 /Mm
0

] 1 2 3 4 5 6

BNBIER N
n

7 8 9

& 2-7 RIKA. B CHINFEKES

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

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

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

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

2.3.2 HEARA LS
BE— AR n HIEEL:

fn algorithm(n: 132) {
let mut a = 1; /] +1
a=a+1; /] +1
a=a*2; /] +1

/] &% n R

for _in 0..n { // +1 (BREHIT 1 ++)
println!("{}", 0); // +1

}

RAERIR R R — DR TRABIE RN n R, 188 T(n), WAL REEERIESE:

T(n)=3+2n

T(n) R—ReA%, WIHHBTN AR KBS R LR, B eI RE AR LR

BAPELMEM I E 24128 O(n) , XMCERFERNIKR O1BS (big-O notation), FnEE T'(n) 1Y
ik 5 (asymptotic upper bound),

RIS A E AR R “BIERE T (n)” WHnE B3, ©EAIHIECEE X

BT
EFAEIESE c IS ng , FENTHAER R > ng, WET(n) <c- f(n), WA f(n) &
T T(n) —MnE ER, 128 T(n) = O(f(n)) -

N 2-8 R, HEENLE ERRE IR f(n), (524 n @R TEHFAN, T(n)f f(n) LTHE
AR, UAHZE — DO ¢ SR
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c-f(n)
T(n)

HR{E e

/

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

4 n>n, B, $BEH c-f(n) = T(n),
EtaiAA f(n) & T(n) N—PALELR,
igA T(n) = o(f(n))

K 2-8 PRECHIHTIL B

2.3.3 #EGE

Hk SRR LA R, WURIREIE IR A e 2B, I, AT DR EIRER T, AN
SRR, EAT DUR S HAE TR

RIEESN, WE f(n) 25, BAMETEZINEERE O(f(n)) . BAWAIHERIL LR f(n) We? Bk
NP BRGUHREE, REHINTENL B

1. -9 it EHE

EORREE, BATM EBIRIHERIAT, i, BT Rk c- f(n) REOEEI ¢ AT ABUERR/D, BRIV EEOR
T(n) PRI MREL HBORERT LUK, FRIEHEN, AT USRS DUR TR,

1. 2W T (n) prEOH, FOOENTERS n Jo5K, Fr DO RIS 2% BEAN = A2 A,

2. BWPAERE I, 1855 2n k. 5n + 1R, #A]LURIKIC N n ik, B4 n AR REOS I R 2
TR R,

3. PN R ERHMERIE . SHREREETINREIAIN RGN R A, 5 RIEMRIAA] P74
B 1. A5 2. KT,

ZE— DB, BATAT AR BB kG TR R
fn algorithm(n: 132) {

let mut a = 1; /] +0 (FZI5 1)
a=a+n; /] +0 (FZI5 1)

// +n (15 2)
for 1 in 0..(5 * n + 1) {
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println!("{}", 0);
}

/] +n*n (IG5 3)
for 1{ in 0..(2 * n) {
for j in 0..(n + 1) {
println!("{}", 0);
}

PATATRER T ERRIGRIEGIHER, ME RN RERERS O(n?) .

T(n)=2n(n+1)+ (5n+1)+2 5ERGI ()
=22+ Tn+3
T(n)=n*+n @zt (0.0)

2. B HEELESR

IR AR T (n) HEREHBCRIGE, X 2ENTE n BTES KN, REMITRLETESIEH, Hitr
AN AR AT DA

® 2-2 R T Ly, H—E5akAERN 7ol “RECCIEBEINET X —45e. 4 n BT RN,
L A E /L =2

R 2-2 AN[AHRIEECRN BT A 2

HRERCR T (n) WIS 24EE O(f(n))

100000 o(1)
3n+2 O(n)
2n? 4+ 3n + 2 O(n?)

n® +10000n> O(n?)
2" 4 100001009  O(2n)

2.3.4 FER¥EH

BEABIER N 0, H RN RIS 2 AN 2-9 s BRSNS B HES D o

O(1) < O(logn) < O(n) < O(nlogn) < O(n?) < O(2") < O(n!)
R < MEE < SMER < REEEH < TR < F8ET < Brakbt
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E#ET o(2n)
E5H 0(n2) “ﬁﬁ
HTEIRIERE 1M o(n) g
T(n) i
4B 0(logn) it
==
=

BHE o(1)

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

BNHRAN
n

2-9 H DLAIIE TR 2 2

1. BHHO(1)

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

// === File: time_complexity.rs ===

[* B

fn constant(n: 132) -> 132 {
_=n;

let mut count = 0;

let size = 100_000;

for _ in 0..size {
count += 1;

}

count

2. 414K O(n)

LNERT BRIV EECEARN TR B RN n DAEMESOINE I, SebEbim i HIE 8 2 E R
/] === File: time_complexity.rs ===

[* IR */

fn linear(n: 132) -> 132 {

let mut count = 0;

for _ in 0..n {
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count += 1;

count

i 7 B R P R R AR E N TR B 2R 15 O (), Horp g 0B s BER A :
// === File: time_complexity.rs ===

[* M GEHEAE) */
fn array_traversal(nums: &[132]) -> 132 {
let mut count = 0;
/] ERRBMESEAKERIEL
for _ in nums {
count += 1;

}

count

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

3. K O(n?)

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

// === File: time_complexity.rs ===

[* FEFHMH *+/
fn quadratic(n: 132) -> 132 {
let mut count = 0;
/] ERRBEETEARN n BFEHRR
for _ in 0..n {
for _ in 0..n {
count += 1;

}

count

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

&% n & & n &
1R

0 @ @

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

(] RE—titmme

B 2-10 HEW T, LMERTHITE TR A 28

DLEHE 0, SMEABFRAIT n — 11K, PRI n — 1. n—2, . 20 1, F%h /2K,
W EEZER O((n — 1)n/2) = O(n?) :

/] === File: time_complexity.rs ===

[* FAM (BaHF) */
fn bubble_sort(nums: &mut [132]) -> 132 {
let mut count = 0; // it%kas

/] IMEIR: KHFXER [0, i]
for 1 in (1..nums.len()).rev() {
/] WIEIF: BRHFEXE [0, 1] PHRATERIEEZXENRAGH
for j in 0..1 {
if nums[j] > nums[j + 1] {
[/ X nums[j] 5 nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
count += 3; // TTEXIREE 3 MERITIRME

count

4. 1588 O(2")

VAR AR R AR S R AR T WHRIREOY 1NN, ARREEN 2, ARWRRE
TR AN, DA, 2R n fjEh 2" DI,
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[ 2-11 FI DA R AL T A RS AR, WEEREN O(2")
// === File: time_complexity.rs ===

[* B (BIRSEI)  */
fn exponential(n: 132) -> 132 {
let mut count = 0;
let mut base = 1;
/] ARSRY—7HN=, FEEH 1, 2, 4, 8, ..., 2°(n-1)
for _ in 0..n {
for _ in 0..base {

count += 1
}
base *= 2;
}
/] count =1+ 2+ 4+ 8+ ..+ 2"n-1) =2*n - 1
count
}
B EEH
BE—HHZ TR

;] 20

E -

° 5 0 8
[ I | [ [ [ [ T

O-0-0-0-0-0-0-0 2

Z
m

IR ERER (ARERHTREEH) BBl
20 + 21 + 22 + .+ 271 = 201 fs¥br o(2m)

B 2-11 FEEBT RIS R B 2%

SN

TESLBRE LS, 88 HEL @R &b, BlanE AR, HiEAt—0 8=, & n ROHEE
1k:

/] === File: time_complexity.rs ===

[* 1EERBY (BVAEI)  */
fn exp_recur(n: 132) -> 132 {
if n==1{
return 1;
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}

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

TERM I AR R R, 552805 (BIER. B AR W X TREEMUEERIIRE, 5580 2 A
AIREAZHY, TR S SR SO O RTE T RO,

5. %6 O(logn)

S8R, R T RGNS RO BRABIERN N n, BT ERAERE A,
HABRREUE log, o, B 2™ HIREREL

2-12 FODAURARIDEHL T LA IRE] —" B0diE, WREREN O(log, n), #idH O(logn) :

// === File: time_complexity.rs ===

[* JAEEN (BIFSEI)  */

fn logarithmic(mut n: 132) -> 132 {
let mut count = 0;
while n > 1 {

n=n/2;
count += 1;
}
count

BABEKERA N sEEE 1 1

£ |~

s

HEIRER piE]E A
log,n +1 %&b 0(logn)

~

(]

[y

B 2-12 X E A R A2 2

SRR, B TR R, UM T — R =N log, n AR :
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// === File: time_complexity.rs ===

[* JAEE (BYFSE)  *+/
fn log_recur(n: 132) -> 132 {
if n <=1 {
return 0;

}
log_recur(n / 2) + 1

AR BT R TOERIBHE RS, AT “—oh2” W OREONRET MEREM, EKEE, 2
PURTH R B BEAE R TR B 2%

O(logn) MIERBUZZ/D?
WESRYL, “—2 m” RN SRR O(log, n) . MELNERAR, BATTLUSEIAE
RIS, FEEFIII R 2%

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

WAEVL, BB m FTDTERENE A AR N, R TEE 2B m, R B
1228 O(logn) »

6. LM O(nlogn)
MR LR EE R, REEIRNREE 2 E 2510 O(logn) M1 O(n) o ARG
// === File: time_complexity.rs ===

[* MR */
fn 1inear_log_recur(n: 132) -> 132 {
if n<=1{
return 1;
}
let mut count = linear_log_recur(n / 2) + linear_log_recur(n / 2);
for _ in 0..n as 132 {
count += 1;
}

return count;

& 2-13 JEoR TR B AR T e XIS —BHRESEE I n, WIH log, n + 1 &, Hith
FIEZEH O(nlogn) .
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BEEMBEEH
n 1=n
Zx2=n
$# log,n+1 B
%x 4 = n
HERERR
nx (log,n +1)
I AR RE
1R 1R 1R
1 n=n

e

B 2-13  Zelhxt B A A2 2

&

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

7. BB O(n))

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

nl=nxn—1)x(n—2)x-x2x1

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

// === File: time_complexity.rs ===

/* BASRRY (ZBYIZIR)  */
fn factorial_recur(n: 132) -> 132 {
if n==20 {
return 1;
}
let mut count = 0;
/] M1 APEE A
for _ in 0..n {
count += factorial_recur(n - 1);

}

count
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EEHN RN
DRHE TRNE
n n
n-1 n(n-1)
n-2 e e 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.rs ===

[* ER—NEEE, TER {1, 2, ..., n}, WEWITEL */
fn random_numbers(n: 132) -> Vec<i32> {

/] EREE nums = {1, 2, 3, ..., n}

let mut nums = (1..=n).collect::<Vec<i32>>();

/] BENITELE AT

nums.shuffle(&mut thread_rng());

nums

[* BHEEA nuns REF 1 FRTERSI */

fn find_one(nums: &[132]) -> Option<usize> {
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for 1 in 0..nums.len() {
/] HitE 1 EHEELERRT,
/] HBtE 1 EHAEREER,
if nums[i] == 1 {

return Some(i);

IERfERSEIEZE 0(1)

KE
RERENBEZE 0(n)

}

None

(BN, TRTESERRR R/ (R R IS 28, DRSNS SV TER MR F A BEAE, ATRE AR
ARG, i AT A, FNERAE T A RCR R, LRI DR E A ST

M LR BIFT A tH, S22 I A R R L DS A FUR LT PR ISR A", X SEA I B
ATREAR/D, JERAEELSRHUR MBI TAOR, E T, PRSI IS 2% ] BAPRBRSE e REHL A B I
BAER, O DSk,

TR, TR TR LA 2 M ST B SR A RO TAIR. Fa BRoRB, T AL Tl
{9, TRIUETEE 1 B R S BB E A0, A0S VA RV R S K /2,
IS 24 O (n/2) = O(n) .

(RO AL, VLTI I A ek LT, R AT H (MR A R B R I,
TERCRIRI el 8 TR 2 ) B 2 0 B R P

M2V ES O 7552

FIREET O FFSE TRABA BT, BRIHFRATTH 5 TR R RN S A, B REES LYE, X
FEE ARG, fEARBMEAMTR A, ZIBRIRM “FHNRERE O(n)” MR, HEHER
Hf#EH O(n) o

2.4 FEERE

FEEFE (space complexity) FFHEE A G HANEZS BIREE IR &L KIS KES, XS5 A
FREAEFEREL, AT “STRE Bl “SHNESEY,

2.4.1 HZEHEX=iE

BIRAEIBATIE AR A FT I PN A 23 1R 20048 DU R T LR,

- RAZEE: T EEIRA R AN,
© BN AT EEERESTERETIERE, MR, HECE T SRR,
- M T RRR .

—RIE0T, FDREXRENSRIHEERE “GF2A” Nk M,
G AA] PO~ =00,



H2E HREDH hello-algo.com 42

- BRI ATRERRISTEETHSME R, TR W%
- Bl TRV R R SCEdE . RGEE BRI F BRI A R AE AR VTR A — MR, PRI

REE, Heizs Al 2 BRI

- fRREM: AT REGIEEIRFES, KR EE AT,
M —BARE PR EAER, RATEFESHE A8, i A8 =85y, & 2-15 for.

BEER TEEERENSITEE

AL

Ve

N

BAZIE HFEiE h el

HNEE

HFHE HiEhE
e elE]

e AT
kgl

B 2-15 RIAMH AR

FRASA T :

use std::rc::Rc;
use std::cell::RefCell;

[* GERgIR */
struct Node {

val: 132,

next: Option<Rc<RefCell<Node>>>,
}

/* B Node LHgfk =/
impl Node {
fn new(val: 132) -> Self {
Self { val: val, next: None }
}
}

[* BRER */

fn function() -> 132 {
/] HITHELRE. ..
return 0;

}

fn algorithm(n: 132) -> 132 { /] ENEIRE

const a: 132 = 0; /] BEHE (B

2)
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let mut b = 0; /] BEHE (B2)
let node = Node::new(0); /] BEHE WR)
let ¢ = function(); /] t&miz=siEl GARRE)
return a + b + ¢; /] HHEIE

2.4.2 HHEGZE

23 (WL 2 A7 S N TV 2 KB, ARG G “SRIERR 60 “EZ AN,
i I A A R AR, BTN LG A M A, X R (5 2 — DUk, AT
WL R S0 SR A SO 7 22 R
WAL TR, RESAERRERN L MBS Y,
1. BUREMASIRAEE: % n < L0R, 282N O(1) ; H%n > 10 K, PALKEEL nuns &
H O(n) %, RILEEZEREREN O(n) .
2. DUSERBITRINE NG : DI, RRRETERTRIG—(T200, S O(1) 220; 4¥IAKEE nuns
i, R O(n) 25, RILEESEEREN O(n) o

fn algorithm(n: 132) {

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

let nums = vec![0; n as usize]; // 0(n)
}

eI D, TEEERTmE R, WE DL M.

fn function() -> 132 {
/] HATELRE

return 0;

/* BIFMZEERERN 0(1) */
fn loop(n: 132) {
for 1 in 0..n {
function();

3

[* BYFW=BEEZREN 0(n) */
fn recur(n: 132) {
if n==1{
return;

}
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recur(n - 1);

BRIZK Loop() Ml recur () MIRTEIE 2R O(n) , (HZAIE REAF,

- PREX Loop() TEMEIAHIAA T n IX function() , FELAHY function() ARIRIEIFFRE TRk Mmizs Al Rt
HEERENH O(1) .
© JBVAREL recur () EIBTTIIFEH R FNTELE n DARIREI recur (), MIifidi A O(n) FIARMIZS (A,

2.4.3 ERFER

BRABIER N n, B 2-16 R T H WS EE A I (MR o

O(1) < O(logn) < O(n) < O(n?) < O(2")
R < MER < MEH < TR < FEEh

SHF 0(2")
EAB 0(n2) ;ﬁ
AEEsEA HHH 0(n) =
- HEH 0(logn)  #E
_ BB 0(1) =2

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

BANBEER )
n

2-16 B WAy A R K2R

1. B8HO(1)

R E LT HESMABIERND n RNEE, B8, N5

FEERANRE, EIRER A (A B oo PR BT P, A F— IR SR, A RS R
B A2, ZSE 2 O(1) :

// === File: space_complexity.rs ===

[* HRER */
fn function() -> 132 {
/] PATFELIR(E

return 0;
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[* BE *+/

#[allow(unused)]

fn constant(n: 132) {
/] BE. TE. WREA 0(1) =id
const A: 132 = 0;
let b = 0;
let nums = vec![0; 10000];
let node = ListNode::new(0);
/] ERFNEESA 0(1) =i\
for 1 in 0..n {

let c = 0;

}
/] TERFRRERER SR 0(1) =iE
for 1 in 0..n {

function();

2. %M O(n)

MR W T L REE S n BUELEE, B8R, R BB

// === File: space_complexity.rs ===

[* MR/

#[allow(unused)]

fn linear(n: 132) {
/] KER n BEAESA o(n) =iEl
let mut nums = vec![0; n as usize];
/] KEA n BNFIREA o(n) =iE
let mut nodes = Vec::new();
for 1 in 0..n {

nodes.push(ListNode: :new(1))

}
/] KEA n MNIEERSA 0(n) T
let mut map = HashMap::new();
for 1 in 0..n {

map.insert(i, i.to_string());

G 2-17 R, EREEDSIFREN n, BIRINELE n DARIZER 1inear_recur() ¥, H O(n) K/h

AR AR = )
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// === File: space_complexity.rs ===

[* LM (BYFSEI)  *+/
fn linear_recur(n: 132) {
println!(" &Y3 n = {}", n);
if n==1{
return;
1

linear_recur(n - 1);

r:‘l]-F “ﬁﬂ rﬂ]i IKUH”
linear_recur(n) return 0
linear_recur(n-1) return @

BIARE l’ T

" | r
linear_recur(2) return @

l i RiE

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

2-17 VAR AR LR R s 1R B 2

3. THHO(?)
M TR, LR n VIR
// === File: space_complexity.rs ===

[* T */
#[allow(unused)]
fn quadratic(n: 132) {
/] ¥EFESA o(nn2) =il
let num_matrix = vec![vec![0; n as usize]; n as usize];
/] ZH#HFIREA 0(nr2) =i
let mut num_list = Vec::new();
for 1 in 0..n {
let mut tmp = Vec::new();
for j in 0..n {
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tmp.push(0);
}
num_list.push(tmp);

N 2-18 FfoR, IZBREABIAREN n, B DBIAREHEIGL T —ME, KE2HIN n, n— 1,

L2 1, EKEA /2, FEESE O(n?) %H:
// === File: space_complexity.rs ===

[* FEHM (BYFEM)  *+/
fn quadratic_recur(n: 132) -> 132 {
if n <=0 {
return 0;
¥
/] #4E nums KEHR n, n-1, ..., 2, 1
let nums = vec![0; n as usize];
println!(" Y3 n = {3 P nums KE = {}", n, nums.len());
return quadratic_recur(n - 1);

B nums KE AT “&" Rt “7”

n ——— quadratic_recur(n) return @

n-1 —— quadratic_recur(n-1) return @
s ! !
' ! f

2 ~——+ quadratic_recur(2) Py E return 0@
l Kb &M T

1 ——— quadratic_recur(1) return @

ESNBTRHDERLT — A, BRER PEIERE

1+ 2+ ..+ (n-1) + n = n(n+1)/2 EFH5K 0(n2)

2-18 YA PR AR T B s (R

4. BEHO(2")

R E T X, MERE 2-19, BECI n B XM B R8ER 2" — 1, HH O(27) 230H:
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// === File: space_complexity.rs ===

[* B (BILHXH) */
fn build_tree(n: 132) -> Option<Rc<RefCell<TreeNode>>> {
if n==0 {
return None;
¥
let root = TreeNode::new(0);
root.borrow_mut().left = build_tree(n - 1);
root.borrow_mut().right = build_tree(n - 1);
return Some(root);

BENTREH
Zﬂ
/ \
21
‘/// \\\* k/// \\\\
22 - Hn B
N TN N
2n-1
FREHRHE FEIERE
2% + 21 + 22 4 .- 4 201 = Qnag a¥H o(2")

2-19 SR AR AT R a8 TR SR 2k

5. 3 O(logn)

SHENH WTF MR E. Glan)33ter, MAKERN n (A, SRITEEE M SR 5 0, R
= logn W38, #H O(logn) Bz,

AOIR BT N TR, MA—DIERE n, BHAEN [log, n] + 1, BINEFRFEHKEN
Uoglo n|+1, HtzEERER O(log,,n + 1) = O(logn) .

2.4.4 NEBYE)5%8ia)

BARTEOUT, B ERIARIIN R 2 2 A 28 (R R 2 AR B e L, ARTAESEPRIE O, R A2
7 P20 [ 2 2% JRE 3 5 A TR X
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REEARRHRE ] 52 3% S M B T R DATR T 2 MU BN, R ZAPER . FRATPRATE R 17 28 RDR IR T BRI TIR L Y
RBEEFRN “ LSRN R ez, WIFR DA R R

RN A R B T RATEB BB AN 75, ERZEIEHT, NRSRESER, Fit “DeF R E”
HRER AR, SR, EEERERRIELT, s RE R R EE,

2.5 NG

1. EREH

FIRRCRIEG

- I TRISSCR AN S (R AR R M B TR 25 RO PND 3: EEA EHR,

- BATTRT OB KRR PG RIERCR,  (EXE AITHPRIAIAE RN, H SRR IR,

- BRI AT ATEBRSLPRMAR B, e RIER TR BT A, I HREEB IR IR A REEE
MU TR RIRCR,

o Pl S

- IR A T R SRR IS T IN IR R R R KR S, AT DUA RO BIAROR, EAERLE R R AT
REZSRY, ANAER ARIEUE R0 NN B 2 R AR RIIN, TCRAS IO LU BRI 55

- BREMNEEREMHK O SRR, MNMEHHENL R, R n #ERETHN, $E8E T (n) 1
R,

- EENEERESARY, EAGIHRESE, AEHNENE LR,

- LA 2 M= HES IS O(1). O(logn). O(n). O(nlogn), O(n?). O(2™) f1 O(n!) %,

- FUEE RN R R EIREE, TR SMARIRNARE R, NAERES NRE, R&iE FHNEE
IR, BAENFERE TV, B ABHE — RS R A Res B R A .

- YN AR A S I RTATE R LR BN RIS TRICR,  RAEIT SEhR N A A RA R, TN
A& 7 TR G N B 0 10 AR SR & 5 IV ECE IR,

BRI

AR AR R T IS AR T B0 5 A 7 2 AR B K a2,

- SRR A T S RN, B, S, BRI R, ARG
B ARRE N EL, B 2SI 5 W (A, Rz AT 28, bR (R 5 L 6 A
B2 A 2

- RAER AR AR A, EIGE AR S A SRR 258 TN 2] R4 2

L AR R WEEEHSIE O(1). O(logn). O(n). O(n?)f1 O(27) %,

2. Q&A

Q: REIAMAE LR O(1) 1?

i b, B@BHEHASRERER MULE O(1) o RNd#RZEmEIES (B4 Java, Python, Ct++,
Go, C#%) AHrESNMULEBH, Ft@EHEIAZERERER O(n) .

Q: HEFITTEEMNMAEX AR 242
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. (function) ATBLBHNIINT, FPASHEIAEIAIEE, 5% (method) 5 MG, B IEEA
VIRERIRTS, REGSAS ARSI (S RO RURNE (TR
AU LSRR 2 K B
C CHEERMARARRIES, WHAF RIS, FIAHRS, (B30T (struct)
RGN GO, S AR BRI RS T HL AR 2o 0772,
- Java 1 C# RER GG, (RTSS i) RN KN 5, BAS BRI HAMT
BN, ENERGER b, RV RS,
G+ 1 Python BECRITEAARE (FH0, WM SGE (7).
Q: [ER “HMATZ SRR RMHR AR b 2 AR K2
AR, WERRIURETAYE, SURMIORN TS, TR AR KN,
B = 8, (RTAE RIS RIS FEON R L. R AR IR & — R, T4
S P — LSRG L.
HESEIRS, RORITER R A B0 SRS, T —RER U A RIS n = §
TR, BT n =87 RAUAET, XN KEBELLEES T,



F3IE HIRGHN

hello-algo.com

51

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

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

3.1.1 ZiE4EN: KMESIELH

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

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

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

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

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

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

push |/I ™~
i = — graph o /
stack -

pop

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

pop push

hash table value

BEE {key o & w}

3-1 SMEEdREi SRR

3.1.2 ¥PBREEN: EEE59H

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

00 @1 02 03 04 @5 06 07

0x0000

0x0010
0x0020 n

0x0030

0x0040

STENESE ARG 0x0012 , BEMIE

. BERESE ARG 0x0024 , SEMIE n

B 3-2 WfEsk. WTFaSHL A7 L

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

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

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

EGTiETFhE YRS EEfE

TEAEAE I TF =S (Bl R SR A ERERNNEZEZIEN

aaaan

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

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

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

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

Tip

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

3.2 BHiERE

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

- BERAY byte, short. int. long,

- PEREBCERA float. double, FHTFFERT/INEL

© PRI char , ATRRSHIBESNTE. A SEERERNSE,

- fi/REE bool , ATFR “B7 5 “B HW,

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

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

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

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

R 3-1 EALARIAIN & 2 A AT EUETE

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

short 2 FH —215 215 _ 1 0

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

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

TR char 2 FH 0 216 1 0

7R bool 157 false true false

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

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

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

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

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

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

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

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

/] ERZTMERIRLT R IA L EE

let numbers: Vec<i32> = vec![0; 5];

let decimals: Vec<f32> = vec![0.0; 5];
let characters: Vec<char> = vec!['0'; 5];

let bools: Vec<bool> = vec![false; 5];

3.3 #Fwtg *

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


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

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

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

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

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

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

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

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

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

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

1+ (—2)

— 0000 0001 + 1000 0010
= 1000 0011

— =3

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

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

= 1000 0001 (J5h5)

— —1

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

-+0 — 0000 0000
—0 — 1000 0000

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

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

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

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

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

(—127) + (—1)

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

— —128

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

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

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

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

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

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

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

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

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

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

(14N) =(1+) by 27 C[1,2—27%]
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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,
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3.4.3 Unicode &

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

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

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

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

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

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

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

1 00000000 01101100
o 00000000 01101111
-} 01111011 10010111

- KER 2 FENFXFR
it 01101100 11010101

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

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

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

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

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

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

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

FH Unicode UTF-8

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

& 01101100 11010101 11100110 10110011 10010101

BES 3 REN 1 BEHATHOS 2
RETHEER 3 T4 BEN 10

Kl 3-8 UTF-8 4wl

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

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

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

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

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

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

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

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

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

KPR L, HEEES NFRRmE TR — MRABIEE, BRFZRER,

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

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

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

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

HTLALERR, #ogREE SR T — S AR5 7T %,

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

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

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

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

1. BB

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

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

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

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

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

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

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

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

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

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

2. Q&A

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

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

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

Q: char KR KEZ 1 F1I5?

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

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

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



3w BUEL hello-algo.com 65

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



F45 FASHER

hiello-a lgo.com

66

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.rs ===
[* WaEEE */

let arr: Vec<i32> = vec![0; 5]; // [0, 0, 0, 0, 0]
let nums: Vec<i32> = vec![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,

CERCAP I TER R AL, BT e O(L) I FIPTRBHLY SO (R — T
/] === File: array.rs ===

/* BEHlipETER */
fn random_access(nums: &[132]) -> 132 {
// EX[&E [0, nums.len()) HREEHIMEN—PEF
let random_index = rand::thread_rng().gen_range(0..nums.len());
/] REGHREIRE TR
let random_num = nums[random_index];

random_num

3. fATE

BAHTTRENFHR “BREN, ENZRRE S RBEREREYE. WE 4-3 For, 05REE R IR
AR, WHRERZTRZGHATAE LRSS —0, ZJFrHTRMES XRS5
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BAPERTERE -
8000 Eﬂi)%:r‘cﬁﬂ; EBY '
880800

nums[4] =m5[3]

:

BERRAX

= et (8000
‘ nums[3 nums[2]

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

(3 W1 ]s]2]5]4 ;}ﬁjgzig;—uﬁ 0 =%

nums[1] = 3

:

K 4-3 A ATTERRG

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

// === File: array.rs ===

/* TEERAAMZERS| index MENTTE num */
fn insert(nums: &mut Vec<i32>, num: 132, index: usize) {
/] BF&35| index UNZENFABETERGEEMN—L
for 1 in (index + 1..nums.len()).rev() {
nums[i] = nums[i - 1];
}
[/ & num TR45 index ZHYTTE
nums[index] = num;

4. HBRTE

I, 41K 4-4 FOR, HRBERZRS] ¢ HITR, WRZELERG] ¢ 25T REAFTEE—0L,
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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[&]

sehERE, SAERTRUEH 1,
KETTE 4 BERN TAHEENR

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

/] === File: array.rs ===

/* MBRZES| index HITTE */
fn remove(nums: &mut Vec<132>, index: usize) {
/] 1BFR5| index Z/EMFIBETTEMAIBEI—IIL
for 1 in index..nums.len() - 1 {
nums[i] = nums[i + 1];

}

BHRE, BN SMERRIEE DT 6.
- IR BEHRIE ARIMBRA TN W E 2 O(n) , Hibn IEBEHKE,

- BIOTR: HTEAHNKEARNZE, RERAITRE, BHEHREOERTTREER,

- AR AT DIIA I — D EAR KOS, HARTIE — 80y, IXPEERARYER, BARETR

g R B, (HIXFEMESIE R A7 AR PR

5. EBR¥HA

FERZHIIEES S, TN POEE R e, el ERE R PRI TR:

/] === File: array.rs ===

[* WA */
fn traverse(nums: &[132]) {
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let mut _count = 0;

/] BER5|EHEA

for 1 in 0..nums.len() {
_count += nums[i];

}

/] BEREHHATER

for num in nums {

_count += num;

6. BHixE

FERAHPEPIE TR TR, SRAIWOTRER SN, VLR S MRS
RONEA RS BRSSPI DA LR ESIRERAR N "R,

// === File: array.rs ===

[* EBHEPERIEETE */
fn find(nums: &[132], target: 132) -> Option<usize> {
for 1 in 0..nums.len() {
if nums[i1] == target {

return Some(i);

None

7. E%A

FEERIRGIMSEN, P URIERA NSRRI AR, WMk Zety REHA R, FItE
REBGHEES T, BARKERAEZR,

GUARFA B AR, WFEFEL DN ERIEEAH, A RRBLTRERREH SR, X217
O(n) W#ERME, TEEEHIRRRIE NAFFFERN . L RAR:

// === File: array.rs ===

[* TTREUAKE */

fn extend(nums: Vec<i132>, enlarge: usize) -> Vec<i32> {
/] MEE—M BKERNEA
let mut res: Vec<i32> = vec![0; nums.len() + enlarge];
/] BREAPNFRETEEHEH

for 1 in 0..nums.len() {
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res[i] = nums[i];
}
/] REY REHFEEE

rEs

4.1.2 HANRRERMRE

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

- ERRCRR: U VBRI TIESIHINEER, TCAUERSMUSER T,

© SCRERELVI: B R VEE O(1) RN FHE TR,

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

ELE AT i R —IEW)8, HAFE LN RIRME,

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

4.1.3 ¥HABHMEINA

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

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

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

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

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

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

4.2 §ER

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

BERAIHES S DT R A B IBE NS, eI A TEAUES:,

FHEERNANETEZSHN
R

linked list

— —a — e —> None

BE TR
{E 518 (&%)

TR

AIARTESE
node

FREAE | spexes
thewagst | WRFEEE

B 4-5 BERE L GFETT

MEE 4-5, BERNHBALZETR (node) MR, BN RMESMIEDE: TR “E” FfE@E K~
R 57

COBERIVE DN R SKT AT, BE—NT AR BT R
- R AIEME ‘27, BAE Java, C++ il Python H433I#1C°8 null, nullptr 1 None .
- {E£C., C++. Go fll Rust HXHHEHINIES H, iR “SIH” NMeEFHN “fe87,

MBAMCIEATR, BT A ListNode BR T RLEE, IERAVMRE—D5IH (58 FIEEHFLEIEET, B
e LEREH L TS 2 P17 22 ),

use std::rc::Rc;
use std::cell::RefCell;
[* BERTERE */
#[derive(Debug)]
struct ListNode {
val: 132, // T={E
next: Option<Rc<RefCell<ListNode>>>, // $EA F—T =Migst

4.2.1 BRERIZE
1. #ahER

HNBERIIAPIL, FH—PRIBACS DT RN, BB R EBSIHXR. ek, &
T AT AMEER A SKTT it %, 38 5 1R next ARIRVIAIFE 11 K.
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// === File: linked_list.rs ===

[* EEER 1 > 3 > 2 > 5 > 4 ¥/

/] MIEEEITR

let n®@ = Rc::new(RefCell:
let n1 = Rc::new(RefCell:
let n2 = Rc::new(RefCell:
let n3 = Rc::new(RefCell:
let n4 = Rc::new(RefCell:

/] HETNRZENEIA

:new(ListNode { val:
:new(ListNode { val:
:new(ListNode { val:
:new(ListNode { val:
:new(ListNode { val:

nO.borrow_mut().next = Some(nl.clone());

nl.borrow_mut().next = Some(n2.clone());

n2.borrow_mut().next = Some(n3.clone());

n3.borrow_mut().next = Some(n4.clone());

next:
next:
next:
next:

next:

None 1}));
None 1}));
None 1}));
None }));
None 1}));

HEHBR R — 2R, HRAEEH nums (15703 nuns[0] F nums[1] 55, MHEFRZE 2 MHSZAYT SO RA K
o FATTEHF RSN RS ERERIACRR,  bLan DA B AR Y BER AT ICERERR no .

2. BATSR

FERER PR AR A e W1 4-6 TR, BB TBLEAISRAIRT 5 no A nd 2 A — B4
MR A TG (56D BIAL, W 2 O(1) .

M2, AP HATRNNAERERN O(n) , EREHE R FRIREREIR,

fl

FERERTSR n0 M nl ZEEATSR P

P.next = ni
<% P #5MA nl

n@.next = P
Bl% no 3EA P

K 4-6 BERIAT RURHI
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// === File: linked_list.rs ===

[* TEHERIITS n0 ZEEATS P */

#[allow(non_snake_case)]

pub fn insert<T>(n®: &Rc<RefCell<ListNode<T>>>, P: Rc<RefCell<ListNode<T>>>) {
let n1 = nO@.borrow_mut().next.take();
P.borrow_mut().next = ni;
nO.borrow_mut().next = Some(P);

3. MBEH=

QnE 4-7 FoR, ERERTMBRTT S MARR T E, R@SE—ANEREIE (R Bl

THER, REEMPRRECETESRET A P BATER a1, (HEFR BEHIEERCLICEVIRE P, XEWEPE
SAHBETIZHERT

nd.next = nl
B no #E@ nl

A A

no nl
A

il
RTINS P

MrRserl/E, &2 P AR nl ,
BiEH#REELEHNE P,
HLEEIMBARTR P ERMEF

4-7 BERMIERT

// === File: linked_list.rs ===

/* BIBRHERMTR n0 ZENEIMTE */
#[allow(non_snake_case)]
pub fn remove<T>(n0: &Rc<RefCell<ListNode<T>>>) {

if nO@.borrow().next.is_none() {

return;

3

// n®@ -> P ->nl

let P = nO.borrow_mut().next.take();
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if let Some(node) = P {
let n1 = node.borrow_mut().next.take();

nO.borrow_mut().next = ni;

4, FRHR

TEBER I AR BRAE, 1 LA, RfIATAZE O(1) WA T VT ISP E TR, HERIIAR
K, BRRFEEEMKT AR, BAFRE, HEREERT A WRRN, VIR i AN A
Bi— 14, BNEZREN O(n).

// === File: linked_list.rs ===

[* AREERAPZRS|N index BUTIR */
pub fn access<T>(head: Rc<RefCell<ListNode<T>>>, index: 132) -> Rc<RefCell<ListNode<T>>> {
if index <= 0 {
return head;
¥
if let Some(node) = &head.borrow().next {

return access(node.clone(), index - 1);

return head;

5. EHTR

R, EHREAEDN target BT A, MHIZTT AERRPNRS, HdEME TLRMEER, B R
TN

// === File: linked_list.rs ===

[* FEFERDERMEN target WENTSR */
pub fn find<T: PartialEq>(head: Rc<RefCell<ListNode<T>>>, target: T, index: 132) -> 132 {
if head.borrow().val == target {
return index;
¥
if let Some(node) = &head.borrow_mut().next {
return find(node.clone(), target, index + 1);
}

return -1;
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4.2.2 4B vs. BER

R 4-1 B4 T BAHMBER IS IR RO FXT B THROERCR, T EN IR PRAE R BT TR, AR R
FIARAERICER A 2 IR 2 A RE R

*4-1 SRR

5 B
T ST AR AT
BEIE KRS IR
PTERCR TR, HAREREN TR SN
i O(1) O(n)
FIEE  O(n) 0(1)
W#EE  O(n) 0(1)

4.2.3 BRHERER

i 4-8 Fivw, B ULHOBEFRR AU —=H,

- PAREES: AIRTE MR E R, SIABERATT R SEMTER N — SRS IR, JATRE
M RIAET R, FRE DT RRNET A, BT RFERZ None

- IBEER: RIS HEBERNE T REART A (HREMER), WSE—PIPHER, EPHER
R, AR R AT AR ST

- OWEER: SRMBERMLL, DERERICR TN AEG . ISR RUE RN & e ek
Tl (P R) MR (B R) 5 (et AT RAEER, WA RERRTE
PE, ATDARAR 5 A0 I BE SR, (EAR M th 75 22 o FH B 22 B P A7 2 T

use std::rc::Rc;
use std::cell::RefCell;

[* WEPERTTRER */
#[derive(Debug)]
struct ListNode {
val: 132, // TAE
next: Option<Rc<RefCell<ListNode>>>, // ISME4HT Spyfsst
prev: Option<Rc<RefCell<ListNode>>>, // ISMEFIIRTI SHYFEEt
}

[* HSEREL */
impl ListNode {
fn new(val: 132) -> Self {
ListNode {
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val,
next: None,

prev: None,

AR

singly linked list

— — — —— None

IR

circular linked list

[ '¥ V]

AR

doubly linked list

——3e _ ——3 —_— —3> None
None =« -— — -— —

Kl 4-8 H WpERFRE

4.2.4 HERATNH

FAIARERIEH T LB, DABI, IEF AN S R gsAa .

- BRI LR AR BRI AR AE BER I — it ATIN, ERBIH SEEE AR, MR, i AR A
FEFERI—ImiET, MIBRIRIEERERAY S — It AT, ERIMHICHE TR, XSRS,

- TR RESIER RIS PRI R R —, ERTRT, I RITRA SIS — MR
o

- B AEREIOREN AR TR, HAP RN TURER S — MERMSE, SRR TRAR
R G ZIRAHE R HAB T

KAHERH T HR ZPOEE AT — MG — NT R R,

- RPEIREH: LLINAELIIRR, B R, AT R R A, XA PO AR S R —ME
1A R 5 | SR SEEH, 2R XAIBER,

- PISERRDI S AER USSR, S R AR IR N, AR R EAE A P RN ARG —
JE— WL, AT HER AR M (S IX MR E 215 fa] B

- LRURL: E&FRIK (LRU) HiEd, HTREPOERE ST RO ERREE, PSR PaEEsm
FIRHIBRTT o IXMHBE AR A BER AR 51&,

IMEBERE T HREAMIRERIAR, URIER SR BRI,
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- IR RNE . ERMERSI, NRAREEERIRZ - WK CPU MERIE, EREXN—
HUAREHATIEIN, RPN T— DN R, SR AZERN, CPU RIS~ — M, XRhE
AR AT DRI PR B R S,

- BIRRMNIX . EREEERE P XA SINR, MATRERMEAINEEER, EINEER, MORRE AR, B
TLATRES B M Z N RIMPFFRN—DIEHER,  DAESLPITCEERE K.

4.3 FIR

FIF (list) B PMHRIBIRSEIMES, CEFRRTRAERRE, XFTREM. Bk @, MERREmn
TR, TTOUERE S EEBIRBIRIRIE, 53 A] DT RER sl S,

- RERRAAIEE IR, HEGRTREMESERIE, JHAI RGNS R,
- BEHSRTTRE M AN, ERTHEREARE, FHIERREEE—DRAKRERHZIR,

SEHBALBIRE, REAERMRE SEIIRILATERS. X2 ENEITEE CRFE e R =
fefitZ D EdE, MTHE DOERE @RISR KE, A RER/D, WIRARETCEAMEEMER, HRETK, W
RIERRANAFZ HTR B

MR, FATA] DAEFHENZSE4R (dynamic array) SRSEHIFIZR, B TEHEHRNSTULR, HHHATLA
FERFIBITERTHITIIEY A,

KPR b, VFB AR S P IObR AR B FI R AL T2 A 9B,  BI4n Python HRY list . Java HfY
Arraylist . Ct++ Hff vector Fl C# FFRY List 55, fERE FRAVIFIEH, FATRHE “PIR” 1 “ShS8E”
R RIHIBEE,

4.3.1 FIRERIEEF

1. eI«

BATEFAER “TCOGE” F1 “GHIERE" IXPREIaL 7T %
/] === File: list.rs ===

/* TEKFIR */

/] FTANEE

let numsl: Vec<i32> = Vec::new();

/] BYSE
let nums: Vec<i32> = vec![1, 3, 2, 5, 4];

2. hiRlTE

FIFRA ST R, R PAE O(1) IRIMN YT RIATERTUTE, R R &,
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// === File: list.rs ===

/* IERTTE */

let num: 132 = nums[1]; // iFIAIERS] 1 RWITER

[* B#TE */

nums[1] = O; /] BZER5| 1 BTEEHRA 0

3. {ASHRTE

T8, F1RAT LA BRI S MERT R, EYIRESRMTRNNERERN O(1) , EFEARMER

TCREMBCRD S EAAER, FEEXRER O(n) .
// === File: list.rs ===

[* BEHIR */

nums.clear();

[* EEEARMITE */
nums.push(1);
nums.push(3);
nums.push(2);
nums. push(5);

nums.push(4);

[* TEREEANTTE */
nums.insert(3, 6); // EZ5| 3 ENEF 6

/* MBRTTE */
nums. remove(3); // WBRES| 3 LT E

4. ERYIE
A, FIFATAHUERS R, WA DR A T,
// === File: list.rs ===

/] BIR5IBHTIR

let mut _count = 0;

for 1 in 0..nums.len() {
_count += nums[1i];

}

/| BEBHYITRTE

_count = 0;
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for num in &nums {
_count += num;

}

5. BHETI®R

L0 — IR nums1 , FRATTA] DLRF HBHE SRS ZR A R HR.
/] === File: list.rs ===

[* PHETAFIR */

let numsl: Vec<i32> = vec![6, 8, 7, 10, 9];

nums .extend(nums1);

6. HIFYIE
SERRANRHET G, BAMERT DUE AR IR S EEER “ 08" M D" Bk,
/] === File: list.rs ===

/* HEFHIR */
nums.sort(); // HEFEE, FIRTEMNEIARHES

4.3.2 FIRIM

WR2mEIESNE TR, HlalJava, C++. Python %, BNIMSKBILEREZ, BNMSEBERIRES

5, BINVIE AR, §AEEEE, BOGERR B rl DA P JRAEA T4 3,
N TR FN R TR BB, BATZALI — MR ZRAIR, BN =1 E AR,
© YRS R RN DEEIBEHIIRE R, EAORBIT, BATER 10 fENPIR A R,

- OBERIDR: AR size, AITICRIIRLHITTREE, FHHEETRBARMPRECNER, RiE

g, BATATUERAIRER, DANHIMTR S TREY A,
- PHEBUR: EREATERMNYIREARCH, WFRZEHTY A, Jolifad S EelE — D ERIEA,
LHTEEHMIFTE TTR RSB R, FEAREIT, BATRUE FUCRHEEY A2 2 A 2 4,

/] === File: my_list.rs ===

[* FIRE */

#[allow(dead_code) ]

struct MyList {
arr: Vec<i32s, /] ¥4 (FEFIRTER)
capacity: usize, /] SIRB=

R
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size: usize, /] FIRKE (HixiEiE)
extend_ratio: usize, // BXRIIRYT BHIEZE

#[allow(unused, unused_comparisons)]
impl MyList {
[* MEHE */
pub fn new(capacity: usize) -> Self {
let mut vec = Vec::new();
vec.resize(capacity, 0);
Self {
arr: vec,
capacity,
size: 0,

extend_ratio: 2,

[* REBFIRKE (HRixi¥E) */
pub fn size(&self) -> usize {

return self.size;

[* REBGIREBE */
pub fn capacity(&self) -> usize {

return self.capacity;

/* IBRTTE */
pub fn get(&self, index: usize) -> 132 {
/] FSINRBHR, WHERE, TE
if index >= self.size {
panic! (" ZH5|#RA")
¥

return self.arr[index];

[* BHFTE */
pub fn set(&mut self, index: usize, num: 132) {
if index >= self.size {
panic!(" Z5IHA")
¥

self.arr[index] = num;

[* ERERARMITE */
pub fn add(&mut self, num: 132) {
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/] TEHEBHAEE, MLy BV

if self.size == self.capacity() {
self.extend_capacity();

}

self.arr[self.size] = num;

/] EFTEHE

self.size += 1;

[* TEREHEANTE */
pub fn insert(&mut self, index: usize, num: 132) {
if index >= self.size() {
panic!(" E3[#HR")
¥
/] TEHEBHAEM, ML SV
if self.size == self.capacity() {
self.extend_capacity();
}
/] BZE5| index UKz ENTEEMAGEHN—NL
for j in (index..self.size).rev() {
self.arr[j + 1] = self.arr[j];
}

self.arr[index] = num;
/] BFTEHRE

self.size += 1;

[* BBRTTER */
pub fn remove(&mut self, index: usize) -> 132 {
if index >= self.size() {
panic!(" Z5[#HA")
1
let num = self.arr[index];
/] BRZE5| index ZEMTREBEEIFZI—IU
for j in (index..self.size - 1) {

self.arr[j] = self.arr[j + 1];

}
/] BFTEHRE
self.size -= 1;

/] REEMERRITTER

return num;

[* FIRTAE */
pub fn extend_capacity(&mut self) {
/] FE—NKENRIA extend_ratio BHUFEA, HERBAEHZHHA

let new_capacity = self.capacity * self.extend_ratio;
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self.arr.resize(new_capacity, 0);
/] BFYRAE
self.capacity = new_capacity;

}

[* BHIRERAEA */
pub fn to_array(&mut self) -> Vec<i32> {
/] R ERKETEENNSIRTER
let mut arr = Vec::new();
for 1 in 0..self.size {
arr.push(self.get(i));
}

arr

4.4 WE5EE*

TEARZERIFTN T, FARN TR MBERIZ AR B B BARSH, ENoBIRT “E8FEE” M
“RUEAET RS,

SKBR b, PIBRESHIEAR KRR L OGE TR X AR A7 IR RIRCR,  EM RN SRR P B R PERE
4.4.1 IHBENEFELE

HEH A ERE =M EIRE: B (hard disk). W7 (random-access memory, RAM), #&7% (cache
memory), 7% 4-2 JBrn T ENMEHH RN RS RE A M PERERE .

*® 42 RN iER R

Wi Pt 17

Al KRR, EEEMERS.  WINTERSMEETIORIPIIE  AESREARRIES, W CPU
B, S FELTBA R Vil U

Sk WHEIE R R WiHUE SRR F iR AR 2 5

e

AR ORA, TB b, GB 3 J4/h, MB 23

I B8, JUEEILT MB/s webe, JLF GB/s Jestk, JLHEILE GBYs

fiis  BefE, JLESITUE/GB 3ot JLHSILE T/ GB JR, B CPU TR

BATAT UK HH BN RSB R N B 4-9 R T IEGEH . BREE T & T UM A7 (R IR A AR B, &
Bh, AR, IXRZ BRI HFAMER, TR RN T2 RS SR A R,
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- BEEERAINAAII, B, NEPRIEIREN SR EE, FIENES KIFERDE, HX, WfF
HIRA SRR L5, IX A e AETH B8 T R

- RAFRIRA R EEEAE DGR, BEE L1, L2, L3 RENARZEPHA, HYHRSIS2EK, 5 CPU
BbZ MR BREE B R0, AT SEEERE RN R, TTRVTRERE S, £4AERT, 2R
RIRAFEEA R A R, TR A 2[RI R (P

CPU

L1 Cache

Bz L2 Cache

g

K 4-9 HEHFIERS

HREE s
thig HAK

Note
HENIIEEEIRGEEIL TIHE, FEMA =& Z ARG, Ehr b, XS EFEET
Fir TSR, B2 RBATHEAR IR BFBR] Z [AHE E - m

R, BEELA T R BB, WA TR MR a1 T AR PRI, 2247 W T 126k
SWVIMNBIEHTES, DIREREFIBITHER, =& HAWE, WRHHEIRASI0E1T,

N 4-10 FoR, FEREFIBTTR, BdRS MR AP BIRIREINFH, (4 CPU HEMM, %7/ LAETE CPU K
—Hhoy, ‘EEEREHM N IEREE, 4 CPU 1R tmEAVEHR I, M EE R RP I PITRER, b

SR P T HCH
F v g
oL — 4 — - ‘\
— S .
ShIEgR B1F RTF B

CPU

B 4-10 AL, PfEMZRAF Z AR EdE TS
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4.4.2 BIEEHWNRTERE

TENFRA A7, BEHMBERS B BAAMEMERIE,

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

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

4.4.3 HIRGHINERTFHE

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

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

NTRAJREIREIE @AIRCR, 5ff 2 RIA N EURIMEALH,

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

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

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

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

Khr b, BEMBERM RN R AR, TZABAELNT LT,

- AR BERTRMEETTR S AERE S, SBEFTENNAREERE D,

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

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

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

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

4,5 Ih&

1. ELER

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

- BEHSRREALTIEL, S HNERD; EREARMBRITRSERR, BAGHEKEARZE,

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

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

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

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

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

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

2. Q&A

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

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

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

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

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

# TERAFMIE = BARFBLE (BxRERFELE) + TRZKE * TRERSI
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Q: MIBRT A PG, BETEP.next % None E?

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

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

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

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

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

ZoRBEUZENIOR, EEFRHEERIERMRE IO T 2T,

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

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

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

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

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

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



B5E RS hello-algo.com

92

// === File: stack.rs ===

[* Mgatte */
/] 18 Vec ZfFtRRfEFR

let mut stack: Vec<i132> = Vec::new();

[* TTEN */
stack.push(1);
stack.push(3);
stack.push(2);
stack.push(5);
stack.push(4);

[* IRRRITTER */
let top = stack.last().unwrap();

/* TELE */
let pop = stack.pop().unwrap();

[* FRERRBIKE */

let size = stack.len();

/* FITRE AT */
let is_empty = stack.is_empty();

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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BER 4

FERERLE
Qimn Py
#m
A l ] i xR S°> (=)
2 o B ]
EESIERR EESHERR
AR (-) 8 RIS (5)
8 4
RHA @ 8 RS <©
[[stee 1 | Cstep 2 |
iﬁ) BT
ssx (@)
g EESMERR °
MIMRIHE o
- |
l"’ BH5 "
| Step 3

B 5-2 FFHERIINERM AR H AR
DA 25 T RER ST A R I :
// === File: linkedlist_stack.rs ===

[* BFRERIIMBIE */

#[allow(dead_code)]

pub struct LinkedListStack<T> {
stack_peek: Option<Rc<RefCell<ListNode<T>>>>, // &3kTE{ENI%RIA
stk_size: usize, /] RN KE

impl<T: Copy> LinkedListStack<T> {
pub fn new() -> Self {
Self {
stack_peek: None,
stk_size: 0,

[* FREVERIKE */
pub fn size(&self) -> usize {

return self.stk_size;

[* FIETRRE AT */
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pub fn is_empty(&self) -> bool {

return self.size() == 0;

[* N#% */

pub fn push(&mut self, num: T) {
let node = ListNode::new(num);
node.borrow_mut().next = self.stack_peek.take();
self.stack_peek = Some(node);

self.stk_size += 1;

[* Wik */
pub fn pop(&mut self) -> Option<T> {
self.stack_peek.take().map(|old_head| {
match old_head.borrow_mut().next.take() {
Some(new_head) => {

self.stack_peek = Some(new_head);

}
None => {
self.stack_peek = None;
}
}
self.stk_size -= 1;

Rc::try_unwrap(old_head).ok().unwrap().into_inner().val

D

[* IFRIRITTER */
pub fn peek(&self) -> Option<&Rc<RefCell<ListNode<T>>>> {
self.stack_peek.as_ref()

[* B List KA Array FHR[E] */
pub fn to_array(&self, head: Option<&Rc<RefCell<ListNode<T>>>>) -> Vec<T> {
if let Some(node) = head {
let mut nums = self.to_array(node.borrow().next.as_ref());
nums . push(node.borrow().val);
return nums;

}

return Vec::new();
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2. BETFHENIH

(SRS BURIN, FR TR UKL FE R AR T, A 5-3 s, KRS HERRAR 5 BRI E 5 FE
TIER SMIREE, RREAREN O(1).,

N -
push(4) (
#I ] .
SV e ) s
§ ”’“E § E
R 1 AR
a a a o
Step 1\ E Step 2
Hitg
pop()
B HERTE
g EESMENA R
HIMRIAE
- |
" R
| Step 3

5-3 FET R SCEIARHI AR HI AR E

BT A RBITCER AT RE S TR IR R WTHISE N, R FATT AT DAREFH S EA, IRt T B AT AL B 7 Tl
PAR 7l RS -

// === File: array_stack.rs ===

[* BEFEHATIMAE */
struct ArrayStack<T> {
stack: Vec<T>,

}

impl<T> ArrayStack<T> {
[* fIREE */
fn new() -> ArrayStack<T> {
ArrayStack::<T> {

stack: Vec::<T>::new(),

}

[* FREVERIKE */

fn size(&self) -> usize {
self.stack.len()

}
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[* FIETRE B AT */

fn is_empty(&self) -> bool {
self.size() == 0

}

/¥ Ntk */

fn push(&mut self, num: T) {
self.stack.push(num);

}

[* Hik */
fn pop(&mut self) -> Option<T> {
self.stack.pop()

[* FRIRITER */
fn peek(&self) -> Option<&T> {
if self.is_empty() {
panic! (" HA=")
I¥
self.stack.last()
}

/* iR[E] &Vec */
fn to_array(&self) -> &Vec<T> {
&self.stack

}

5.1.3 FRFhSCINFTEL

SRR

PIRISCEIAR SR MOE X PRI TR, B KBRS SCRERENLG A, (X Bt 7 HiE SekE, Hit—i%
AEHE,

I Tl 3%

FERTHEHRSCI, ABR AR BRI EEE RV D BCAFHESE N 3T, BARIFIVERGTF AR, K%
. KM, WRAENBEHBAAR, MLy AHH, SBOZRARENNRAERELHN O(n) .
TEAETHERMISCIIh, BERMY BAE RIE, AEE LAY ANBCRE R, B2, AMHREHRE
HHAATT RN GIHESEET, EIRMANER, A, MRATTRAGZ T RN, B4R DA )
WP IR, TR RRER,

LR ERTE, AR HARIER TR EEALELRIN, B4 int BL double , FRATIATLUFH DA TRESIL,
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- RET BB A A AN R AR, (T AR IR, NP8 E &,
- BT RERRSCEIRI R AT DR S RS E HURCR R

e

FEWHAMIIRN, RGERNFIRDE “WIaAR", WARAREBHEIRFRXR; HH, ¥ Ayl 2R
SERER (Bl 2 %) BATY AN, VAENARDATREE LSRR R, Fitt, TR GEER—
SE A2 TR B

SR, T BERTT TR EHM O TEEr, PBLRERAT SLE A2 MR,
gi b, FAVARERT S sthlffE WERP SLBLSE AN & NAE, T e BAARTROUEAT 247

5.1.4 RAHBENHE

- PISESPRRSIB SR, PR S R, SETANFTITHRIM DT, MY asa E— R
FINKR, XA AT DOEIE R IR 1R AR 2] E— DT, EiRBRESEPr R AT ik, ARZEFRIN >
FRIBMIATIE, R T2 MR &5

- BRPAER, SRR, REESERRTTRIN— ML, FTICRE 8 BT SUER. f£iEH
PR, 1) NIEHERT B AW T AR R, T b EE B S AR T AR R

5.2 BA%I

PAZI (queue) J2—FEIETC AJCtH UMM RARES I, A48 S, BRARRIL T HERATRR,  BIFrRA A
IMANAFIRERR, AL T-BASISL R AN B A BT

i 5-4 Fow, BATRBAFISKERFRCOD “BAE”, EEFCN “BARE”, RATTTRIMANRBHIRIENCY “ABL”,
PRENETTRAIRIERNCN “HIBLT,

BA%Y HEA HEA
queue pop() pop()

PAE
[

ik | /

Ny /

PAR

NBA NBA
push(5) push(4)

&l 5-4  BASIRISE A e ML
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5.2.1 PASIE RIRIE

PABIRH WEREAN SR 5-2 R, REERRE, NREGEE ST IRAMRAEES G AR, BIERAS

HARRIRT T %4

* 5-2 BAIIHRIERCR

VIRC I i1

i i) &2 2

push() JCERAPRN, BUEETTREMENRE

pop()  PAEITCEHRA
peek() THMIBAEILE

o(1)
o(1)
o(1)

PATTRT AE R (E w2 18 = IR AIRASIZE |

// === File: queue.rs ===

[* IREIRERATY */
/] 7E Rust HERREPATIIENEBIATIREEA

let mut deque: VecDeque<u32> = VecDeque::new();

/* TTENB */

deque.push_back(1);
deque.push_back(3);
deque.push_back(2);
deque.push_back(5);
deque.push_back(4);

/* HEIAETTE */
if let Some(front) = deque.front() {
}

/* TCEERA */
if let Some(pop) = deque.pop_front() {
}

[* SREXATIRYKEE */

let size = deque.len();

[* FIEBATIR B AT */
let is_empty = deque.is_empty();
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5.2.2 BA%ISEIR

N TRIAG, Fl 1T E—REdRGER, AT DAE—RINT R, HES —MMBRTE, MEMREHE e s
K,

1. EFsRmEm

aniE 5-5 Fw, BATAT DU BERA K™ M “RART 2RIy “BRET F1OCBAET, MUERARAATERIN
T, BAEDRTIBRT

BER &
TRINERERED
X _
A *ER ‘i\ ;:Lh(k) e o/\
)y :
i | 8 e a e
-] ! ] 13
PN N
a EELIESE (=) = ] EERIBHE (2 )
a HIMETBIAT 1 a FHIMETRIUF e
| rex (@) \?
MR i @
Step 1 Step 2
HBA
pop() LRSI
xex ()
a Py
a EETMERR (2]
o FHIMEHUZI 1
o ¢
RHA @5
| Step 3

&l 5-5 BT HERIIMBAFIAT AN AIRAE
PAR 2 FH B R IS A AR -
// === File: linkedlist_gqueue.rs ===

[* BEFRERTIMBIATG */

#[allow(dead_code)]

pub struct LinkedListQueue<T> {
front: Option<Rc<RefCell<ListNode<T>>>>, // skTis1 front
rear: Option<Rc<RefCell<ListNode<T>>>>, // BT rear
que_size: usize, /] PABIRKE

impl<T: Copy> LinkedListQueue<T> {
pub fn new() -> Self {
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Self {
front: None,
rear: None,

que_size: 0,

[* FREXBATIRIKE */
pub fn size(&self) -> usize {

return self.que_size;

I+ FIEASIRBAE */
pub fn is_empty(&self) -> bool {

return self.size() == 0;

[* NBA */
pub fn push(&mut self, num: T) {
/] ERTEERM num
let new_rear = ListNode::new(num);
match self.rear.take() {
/] WRAFIFRRZE, WEZTHRRNEET =G
Some(old_rear) => {
old_rear.borrow_mut().next = Some(new_rear.clone());

self.rear = Some(new_rear);

}
/] WMRAFIAZE, WSk BEFREBERAZTR
None => {
self.front = Some(new_rear.clone());
self.rear = Some(new_rear);
}
}
self.que_size += 1;
}
[* HBA */

pub fn pop(&mut self) -> Option<T> {
self.front.take().map(|old_front| {
match old_front.borrow_mut().next.take() {
Some(new_front) => {
self.front = Some(new_front);

}

None => {
self.rear.take();

}
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self.que_size -= 1;
Rc::try_unwrap(old_front).ok().unwrap().into_inner().val

b

/* HEIBAETTE */
pub fn peek(&self) -> Option<&Rc<RefCell<ListNode<T>>>> {
self.front.as_ref()

/* BEEREWN Array FIR[E] */
pub fn to_array(&self, head: Option<&Rc<RefCell<ListNode<T>>>>) -> Vec<T> {
if let Some(node) = head {
let mut nums = self.to_array(node.borrow().next.as_ref());
nums.insert(0, node.borrow().val);
return nums;

}

return Vec::new();

2. BTFHAMEH
TERAHAP MR E RN M EAEN O(n) , XX FEHBIRIEBCRER. AT, BATATLERA L RS 275
R SIX AN A

FATAT DA A — 5 B Front RIAIBNE L RIRE], I 4eh— R size I TIERITIK R, & YL
rear = front + size, WAMARHEHH rear FHFNRILH LI F— M,

BT g, BArPaE R AEUX AN [front, rear - 1], AAMRIERISLHLIEWNE 5-6 i,

ANNIAE: B AT RIRIELS rear 2514, 1K size N1,
HAIRIE: HER front 0 1, F0¥ stze D 1,

FIDAERI,  ABAFHHBARAEES LR T — R4 E, IWRERERN O(1) .

front 1EEPAFIETR 1. itERIEst rear
rear HEEANTIRTE + 1 2. BTERME rear &
rear = front + size 3. % size B 1
KR AR KR
P& push(4)
front > front >
R T BAFIKEE PAFIHRBE
size = 4 size = 5
EEERENAE EEEREHRA
FIPRIABATY FHIMRIBAPAT]
AFA T rear > n rear > n
MR

Step 1 o Step 2 o
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fRATRER

1.4 front B 1
2.4 size BA 1

BAFIHEEE

size = 4

— front >

|
B EEZREHE {
HINEILIIAZ \

Step 3 o

& 5-6 BT EeH STIRPASI YA A B A

KB AEARWTEAT AT HHBARTIE A2, front H1 rear BREMIES), HEMZIARBEALRE

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.rs ===

[* BEFTREATIMBIRNG */

struct ArrayQueue {
nums: Vec<i32>, //
front: 132, //
que_size: 132, //

que_capacity: 132, //

impl ArrayQueue {

/*
fn

/*
fn

/*
fn

S E */

new(capacity: 132)

ArrayQueue {
nums: vec![0;
front: 0,
que_size: 0,

que_capacity:

IRENBATINAE */
capacity(&self) ->

self.que_capacity

RENBASIKE */
size(&self) -> 132

self.que_size

FFEEA ST R
PAEtEST, FEmAETE
MFIKE
MIIEE

-> ArrayQueue {

capacity as usize],

capacity,

132 {

{
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/~k
fn

/*
n

/*
fn

fn

fn

HIBTRATIR T RNE */
is_empty(&self) -> bool {

self.que_size == 0

NBA */
push(&mut self, num: 132) {
if self.que_size == self.capacity() {
println!(" PATIEH");
return;
}
/] IHEEES, HERABERS + 1
/] EIEEURIREEI rear #UIEARESEEIEIKE
let rear = (self.front + self.que_size) % self.que_capacity;
/] ¥ num FINEE
self.nums[rear as usize] = num;

self.que_size += 1;

HBA */
pop(&mut self) -> 132 {
let num = self.peek();
/] PAEESREHE—L, BEHZESS, NiREIF 44 KER
self.front = (self.front + 1) % self.que_capacity;
self.que_size -= 1;

num

HEAETTR */
peek(&self) -> 132 {
if self.is_empty() {

panic!("index out of bounds");

}

self.nums[self.front as usize]
R[EEE */
to_vector(&self) -> Vec<i32> {

let cap = self.que_capacity;
let mut j = self.front;
let mut arr = vec![0; self.que_size as usize];
for 1 in 0..self.que_size {
arr[i as usize] = self.nums[(j % cap) as usize];

Jj+=1;
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arr

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

PIRRSEIREON bt 10 Sh%—8, EHAREER,
5.2.3 PAFIBREIR/FH
- ST, WYE TR, TSI, RGRE SRR B A AT B, FER— A
[, NS A RIT Y, SRR TR T A A,

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

5.3 mAPAFI

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

W EPATY BAETABA BAEHIBA
deque push_first(1) pop_first()
BAE \ /
HBA T l PN
Ak | | wm
BARE / \
PARBA BAEE HPA

push_last(4) pop_last()

B 5-7 MEBASIE AR

5.3.1 WREPATIERRE

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

yipr<2 filiig inflsIp=RaE
push_first() FLRFMEKE O(1)
push_last()  HCRBMENE O(1)
pop_first() BRI E TR O(1)
pop_last() MHIERRAEETT R 0(1)
peek_first() IiMBAEILE 0(1)
peek_last()  VilmIBARITHR 0(1)

FIREML, TR LA PR 2o EL B A A BT
// === File: deque.rs ===

[* FIRIRERATY */

let mut deque: VecDeque<u32> = VecDeque::new();

/* TTENBA */

deque.push_back(2); // HIZEFE
deque.push_back(5);
deque.push_back(4);
deque.push_front(3); // HMENE
deque.push_front(1);

/* HiRlTTE */
if let Some(front) = deque.front() { // PABITTZ

}
if let Some(rear) = deque.back() { // BAEBTTZE

}

/* JTERHBA */
if let Some(pop_front) = deque.pop_front() { // PAETZEHP

}
if let Some(pop_rear) = deque.pop_back() { // PAETZEHP

}

[* FREREAFIBKE */

let size = deque.len();

[* FIETNEPATIRERNET */
let is_empty = deque.is_empty();
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5.3.2 WRPAFII *

XEIRABI A SERL S BABIZRAEL, AT DA RE AR B 1 N R IR B R At A

1. BEFWmEERANEN
(BB _L— T P, Bl s P 3 D B A ERORSEBIRAS, - [RD e AT DA (R Sk 19 i O B EHBAFRAE) e
T UG IIHT T 5L O BLABAERAE) o

XSS, SkERAEERAR AT DATAT ABAFIHI AR, emuibiid, I EIBAATa ZE LB 55 — A FRTT 7]
R, Duitt, FRATRA “WABER" (EMA S R EBHREEH,

G 5-8 Fow,  BATTREEIFER AL AT A IR EI BB BA E IR, - [ A S ERLLE P s 8 R TR
T RRISIRE.

BAEABA BHR 4
B push_last (&) ANERRED
wux (@ PRy - )
a pi3 2 ]
EEERENAER ﬂ@“ -] ERRIERNAEER @
RN NEIAF ik FIMRIIITREAT] |
(5] PES (5] S
=TI ) [ \
e l ne EHE ‘9 o %
me rez @
Step 1 Step 2
BER 1
RINERERAE HIBRE T =
BAEINBA _ BARHIBA _
push_first(1) ATR \\/? pop_last() S ?
] EEEIRNAEE 9 a EERRENAEER @
a S EIFINEBATY % a S RIA AT %
(s ) rex (@)
\ 1/ \ " 4
B¥= @
Step 3 Step 4
BAEHHBA
pop_first() BIBFATR
] i
- ] EREIENAER 2 )
o FI I TREAAFY i
BHE @
Step 5

5-8 FETHERSTHNEIBASI A A i PA R

AR R :



55 FRSS

hello-algo.com

107

// === File: linkedlist_deque.rs

[* WAFERTIR */
pub struct ListNode<T> {
pub val: T,

pub next: Option<Rc<RefCell<ListNode<T>>>>, // Gk =f5st
pub prev: Option<Rc<RefCell<ListNode<T>>>>, // B3RS mfg5t

impl<T> ListNode<T> {

/] THRE

pub fn new(val: T) -> Rc<RefCell<ListNode<T>>> {

Rc: :new(RefCell: :new(ListNode {

val,
next: None,
prev: None,

)

[* BETFWEFEREIAIIN ARG */
#[allow(dead_code) ]
pub struct LinkedListDeque<T> {

front: Option<Rc<RefCell<ListNode<T>>>>, // kTS front

rear: Option<Rc<RefCell<ListNode<T>>>>,

que_size: usize,

impl<T: Copy> LinkedListDeque<T> {

pub fn new() -> Self {
Self {
front: None,
rear: None,

que_size: 0,

[* KRB AEPATINKE */
pub fn size(&self) -> usize {

return self.que_size;

[+ FIFREMSIRE R */

pub fn is_empty(&self) -> bool {

return self.size() == 0;

/* NBAIRAE */

/] BT rear
/] REPAFIRKE
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pub fn push(&mut self, num: T, is_front: bool) {
let node = ListNode::new(num);
/] FABINBAIRE
if is_front {
match self.front.take() {
/] BEERAE, ML front 1 rear #BIEM node
None => {
self.rear = Some(node.clone());
self.front = Some(node);
}
/] & node HFINEHERKE
Some(old_front) => {
old_front.borrow_mut().prev = Some(node.clone());
node.borrow_mut().next = Some(old_front);
self.front = Some(node); // Bk =

}
}
}
/] FAEBNEARRME
else {
match self.rear.take() {
/] BEFERNE, M front A rear #PFEM node
None => {
self.front = Some(node.clone());
self.rear = Some(node);
}
/] ¥ node FRIMEFEREID
Some(old_rear) => {
old_rear.borrow_mut().next = Some(node.clone());
node.borrow_mut().prev = Some(old_rear);
self.rear = Some(node); // BHETR
}
}
}

self.que_size += 1; // EHIAFTIKE

/* BRENBA */
pub fn push_first(&mut self, num: T) {

self.push(num, true);

/* BAEBXNBA */
pub fn push_last(&mut self, num: T) {
self.push(num, false);
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[* HHBARIE */
pub fn pop(&mut self, is_front: bool) -> Option<T> {
/] BEWFIAZ, BEEGRE None
if self.is_empty() {
return None;
¥
/] BAEHEAIRME
if is_front {
self.front.take().map(|old_front| {
match old_front.borrow_mut().next.take() {
Some(new_front) => {
new_front.borrow_mut().prev.take();
self.front = Some(new_front); // EHkTE

}

None => {
self.rear.take();

}

}
self.que_size -= 1; // EHMIFIKE

Rc::try_unwrap(old_front).ok().unwrap().into_inner().val

D
}
/] BAEHBAIR(E
else {
self.rear.take().map(|old_rear| {
match old_rear.borrow_mut().prev.take() {
Some(new_rear) => {
new_rear.borrow_mut().next.take();
self.rear = Some(new_rear); // BHET R
}
None => {
self.front.take();
}
}
self.que_size -= 1; // EHIFIKE
Rc::try_unwrap(old_rear).ok().unwrap().into_inner().val
D)
}

/* BAEHBA */
pub fn pop_first(&mut self) -> Option<T> {

return self.pop(true);

/* BAEWRA */
pub fn pop_last(&mut self) -> Option<T> {
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return self.pop(false);

[* IAPAETER */

pub fn peek_first(&self) -> Option<&Rc<RefCell<ListNode<T>>>> {

self.front.as_ref()

/* AR */

pub fn peek_last(&self) -> Option<&Rc<RefCell<ListNode<T>>>> {

self.rear.as_ref()

[* REEARTFITED */

pub fn to_array(&self, head: Option<&Rc<RefCell<ListNode<T>>>>) -> Vec<T> {
if let Some(node) = head {
let mut nums = self.to_array(node.borrow().next.as_ref());

nums.insert(0®, node
return nums;

}

return Vec::new();

2. BETFHENEH

.borrow().val);

i 5-9 FoR, SETEAKIPASISEEL, BT AT PAE PR RSB ETRAS

PAE

iR | g | X0

2 RELREEFSRA

a FIMRIATEPAT]

MR I l BAR
ABA HEA

AR
| step 1

front iEEPAFIETER
rear EANFIETE + 1

rear = front + size

BAFIKEE
size = 3

front » a

rear >

Step 2

PARBA
push_last(4)

EEEHRRETSA
FHIMRIMA AT

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

front »

BT
size = 4

rear >
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1.3 front ER 1
2. BTERFME front &

3.9 size &M 1 1.4 size BH 1
BAEABA BARHFA
push_first(1) pop_last()
n . front >
1
PAFIHEE BT
a size = 5 size = 4
a EREREEFSRA u ERERRERSA
a I RMAMFATI a I RMATIFATI
@
[ Step 3 ( Step 4
1.3 front B 1
2.4 size B 1
BB (i
pop_first()
front > || BAFIHEE
. size = 3
ERER2EARA a
5] FIMRIA AT a
‘ Step 5 H

5-9  FT LRSI ARSI B A tH PA R
FERNBIRISC LR b, (XTI “PAE AN A1 “PARHIBN” BYT57A:

// === File: array_deque.rs ===

[* BFHREATIBIN @A */

struct ArrayDeque {
nums: Vec<i32>, // BAFEHENEPATITTEREHE
front: usize, // BAEIEE, EENETE
que_size: usize, // WABAFIKE

impl ArrayDeque {
[* MERE */

pub fn new(capacity: usize) -> Self {

Self {
nums: vec![0; capacity],
front: 0,

que_size: 0,

[* KRB EPAFINEE */
pub fn capacity(&self) -> usize {

self.nums.len()
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/* FRERNEPAFIKE */
pub fn size(&self) -> usize {

self.que_size

[* FIETNEPATIRERT */
pub fn is_empty(&self) -> bool {
self.que_size ==

[* WWEIRERARS] */

fn index(&self, i: 132) -> usize {
/] EIEGRIBERI AT ERE
/] B 1 BMS¥ARENE, B3RS
/] & 1 BIHAXEE, EEIES

return ((i1 + self.capacity() as 132) % self.capacity() as 132) as usize;

/* BABINBA */
pub fn push_first(&mut self, num: 132) {
if self.que_size == self.capacity() {
println! (" NEBAFIEHE");
return;
}
/] PAEES AL —{L
/] ESENRIRIESSI front ISR SLEREEIZIESD
self.front = self.index(self.front as 132 - 1);
/] ¥ num FMENNE
self.nums[self.front] = num;

self.que_size += 1;

/* BABNEBA */
pub fn push_last(&mut self, num: 132) {
if self.que_size == self.capacity() {
println! (" YEBAFIEHH");
return;
}
/] IHENELES, HERABERS + 1
let rear = self.index(self.front as 132 + self.que_size as 132);
/] ¥ num FINEE
self.nums[rear] = num;

self.que_size += 1;

/* PAEHPBA */
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fn pop_first(&mut self) -> 132 {
let num = self.peek_first();
/] PAEIEETRAEEM—IL
self.front = self.index(self.front as 132 + 1);

self.que_size -= 1;
num

}

/* BAEHBA */

fn pop_last(&mut self) -> 132 {
let num = self.peek_last();
self.que_size -= 1;

num

[* BARIAE TR */
fn peek_first(&self) -> 132 {
if self.is_empty() {
panic! (" XMEPFAFIAZ")
¥

self.nums[self.front]

/* ARIAETTER */
fn peek_last(&self) -> 132 {
if self.is_empty() {
panic! (" XMEPAFIAZ")
¥
/] HEERITERERSI
let last = self.index(self.front as 132 + self.que_size as 132 - 1);
self.nums[last]

[* REIFRARTFITED */
fn to_array(&self) -> Vec<i32> {
/] EERE MK EEENNSIRTER
let mut res = vec![0; self.que_size];
let mut j = self.front;
for 1 in 0..self.que_size {
res[i] = self.nums[self.index(j as 132)];
j4+=1

res
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5.3.3 NFEPAFIRA

XAIRASIFREAR S RASRIZ4R, Rl En] ASBLX & BIFTA BHR,  [RIRHRAESE ) B

TATALE, BRI W S ORI REUR B IE IR push Bk, A58 pop SKILH
Wo M, HEFIRFTIRAIRG], RIET SREEERPE (BIMRFRIE 50 27), AR KT
50 I, BXAFFREEARIE (BNE) TAITHIBRIRCE, HEJCTASCBZIIGE, P shT ZAERDN A ASIR AR, 15
ER, W RRDEEIREREHAI NG RN, U ARSI RERS SN R TG K — LI NE .

5.4 NG

1. EREH

- MR AEIE e G H IR R RS,  RlEE B s Rk L,

- AEMTRRCRTTH, ARSI BEARSAFIReR, BAETAERES, BIRABSRERNRE A ES
HHEO(n) . ML, HRAVBERSIEAENFENIRREM,

- AERARERTTHE, ARSI RE S B E AR R IR SR, (HFREERAE, SR RS A
fE AT R E R,

- BRBIE—RIEE S NS R M R B EE A, R AT DO IS B s BERR S, £ I TRI R 23 RIS
HXsEE b, BASIRISEIE 5 RTA AT AL

- KAIRAFZ — R EAE B i B ARSI, e SR VFE MR T T R AR PR

2. Q&A

Q: IVEERHIRTIE R IR A2 A HE RS ?

AR TP IEPLE: b%KﬁtE“&”%Wﬂo%%P%ﬁgfﬁﬁﬁﬁ,ﬁﬁﬁé%%%ﬂ&ﬁ;%%?
Rt EIRIGHI, 2% 0T = MARTAGH o (5 XXE BB AT DATS (A SUE — 223 A, IXNE XA
HERARE,

Q: fEHME, BERERBHET RHIMNAE?

MRS TR EEAFE N A, WATERBAF, A2 AFHEME, Java fl python B S A B3N
WL, RIEATRETIRMANAE; 7E CH G+ PREFIRRALT,

Q: WHEBATHE R MEPHERE T —i2, ERAREMHA?

A SRR A B & BN MERPHE T —id, BRIV + BIIRNEHE, Rt a] ISCaiik 5 S
WIFTE N, FH BRI,

Q: #8 (undo) MIHE (redo) EAKZUNMISTINAI?
EFM MR, A FTREEE, 8 AT .

L AP PIT D RE, BRXDERIEEAKA, HEZEHB,
2. HHFHIT BT N, MR A PR EIERIERGE, JRIEHEAL B,
3. AP HIT “IEEH” N, Mk B REHRIEHIRIE, FERHEEARKA
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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.rs ===
use std::collections::HashMap;

[* ¥IRRaHR */
let mut map: HashMap<i132, String> = HashMap::new();

[* ANIRAIE */

/] ERFBRPIRMBEX (key, value)
map.insert(12836, " /\IF".to_string());
map.insert(15937, " /\IZ" . to_string());
map.insert(16750, " /N&E".to_string());
map.insert(13279, " /J\E".to_string());
map.insert(10583, " /NFE" . to_string());

[* EIEIRIE */
/] BRERTIRANE key , FENE value
let _name: Option<&String> = map.get(&15937);

[* BBRIRIE */
/] ERHRFBFRREX (key, value)

let _removed_value: Option<String> = map.remove(&10583);

WA =M HIRE 7730 W ER, e, RE R TR

// === File: hash_map.rs ===

[* BRHMER */

/] BHEEXN Key->Value

for (key, value) in &map {
println!("{key} -> {valuel}");

/] BHIBHE Key
for key in map.keys() {

println!("{key}");

// BMIBHE Value
for value in map.values() {
println!("{value}");
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6.1.2 MFEREEILI

BAVEEEREANER, U TBADREBER R, ERHRT, BOTEEHAFHENZ OIS
(bucket), &FMERIIEIE—DREEXT . Bk, EIRIEGUZILE] key MVATHE, FFEMFHIRI value .

A2, WMITET key TERDX BIATAINE? X 2IEILPEFEER (hash function) SEERRY, MGAREREEIMERZR—1
BRHI A R 2] — MM 2, ERFERT, MAZEZIE key, MtH=EZATER (B
R5Do HANEWH, A key, FRATATUEEIET HEIT RN key X RGBS 72 B4 P2 RAR B

BN key, M7 EILRE N EAUTR M,

1. JEI R IA R B hash() THESFIEAE,
2. B ENMEE FEHKE) capacity B, MIMIKEIZ key X M AYEZHZR 5] index o

index = hash(key) % capacity

B, BATIRLAT DARIAT index FEMG AR R AT IRIXN MM, MTTERE value o

B KIE capacity = 100, Ma7i X hash(key) = key , BIFIGTAEECH key % 100 [ 6-2 Lhkey F5
il value #EZ NG, FeoR T HET R ECH) TR EE,

HA key =5l B it value

key value
7 ~ - (D —

37 15937 | “/his”

BEEK '
— 50 — UYL RN A

R &3
@_/ 83 10583 | “/j\m”

(FMERRE—RERN)

B 6-2 M PREC AR
PURARBISE T — A RIA TR, Hdr, AT key M1 value B — 1 Pair, DAFTREHEXS,
/] === File: array_hash_map.rs ===
[* BEX */
#[derive(Debug, Clone, PartialEq)]

pub struct Pair {
pub key: 132,
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pub val: String,

[* BETFHASLINIRER */
pub struct ArrayHashMap {

buckets: Vec<Option<Pair>>,

impl ArrayHashMap {
pub fn new() -> ArrayHashMap {
/] MR EE, B85 100 M
Self {
buckets: vec![None; 100],

[* PRFEEREL */
fn hash_func(&self, key: 132) -> usize {

key as usize % 100

[* BEIERIE */

pub fn get(&self, key: 132) -> Option<&String> {
let index = self.hash_func(key);
self.buckets[index].as_ref().map(|pair| &pair.val)

[* FONRLE */
pub fn put(&mut self, key: 132, val: &str) {
let index = self.hash_func(key);
self.buckets[index] = Some(Pair {
key,
val: val.to_string(),

)8

[* MHBRIRIE */

pub fn remove(&mut self, key: 132) {
let index = self.hash_func(key);
// EF None , FXEMIB

self.buckets[index] = None;

[* REVFREREN */
pub fn entry_set(&self) -> Vec<&Pair> {
self.buckets
.iter()
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.filter_map(|pair| pair.as_ref())
.collect()
}

[* RENFRER */
pub fn key_set(&self) -> Vec<&i32> {
self.buckets
.iter()
.filter_map(|pair| pair.as_ref().map(|pair| &pair.key))
.collect()
}

/* RENFREME */
pub fn value_set(&self) -> Vec<&String> {
self.buckets
.iter()
.filter_map(|pair| pair.as_ref().map(|pair| &pair.val))
.collect()
}

[* FIENRRER */
pub fn print(&self) {
for pair in self.entry_set() {

println!("{} -> {}", pair.key, pair.val);

6.1.3 BMERREY B
MWASR EF, WBTEEER AT key MIRHIHI N2 RIS BRI 228 A B 2200, s A2
AT A TR m, Fi, BE E—EE “SAMANN AR 5.

T ERRGIFFAIIE T BREL, SR key JETAAHIRIN, 7R B f A R MAHR, BilaH, ERESH
12836 F1 20336 HIMMERS, FASE:

12836 % 100 = 36
20336 % 100 = 36

WE 6-3 Firr, MM ESIERA T R— 1S, XEREANM, BATE IR AN AR [F — i H S R
A7 (hash collision),
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BN key #=35| - b | itH value

key value

R TR ZE

‘
I. ".
J

NS TR W 17336 | “/)\0s”

m_/ 4 3 7 15937 . g \w

D_A : :
/ B 50 16750 | “hE" \
76 13276 | “hiE"

"' I. ." ..

83 10583 | “/hFg"

s
. .

6-3 M (R

AR, BHREEn BK, 21 key BOTELEIR—MAEPRBERRIE, o, Hitk, AT
WY E ARV R

WK 6-4 FiR, ¥ A riBEX (136, A) F1 (236, D) KM, ¥ BIEMRIEK,

KEREE - 100 RERTE 2 fi BERTE - 200
HMEEH key % 100 » IREEHK key %200
&3l key value | key value

36 236

- | CaER

Juy
. w e ™
<))
-~
[y
w
(=]
[ e e
J

- | e

ucn

-
183 783

ven . vee
«

Kl 6-4 WBEmETHE

RUTHAHY R, I6/mRY BERETERENMNERR R EFRIGHE, EHEN,; JFHETRARER
capacity K28, HATEELIGA R BCREN T RATAREN GO E, XE—PHN T A EHHE
THH. ik, gREIESIEE ST W RIIGHRER, PiEMEy &,

HHETF (load factor) BIGH R —NEEMS, HE OVRRRITTREERDMER, TR
REEEE, WHIENRTRY SR M. BIGITE Java i, MR T 0.75 I, REGEXRKET
RITHEFIEH 2 %
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6.2 MF

b RE], GEEN O TS R BEIEA IR T A, KIS BRI SROR AR AR A, b,
RO AL, EH OB A RN, WA 2 DB 2 R — MRS
G RS SEE WA REIR, FEEIGRA RPN b TROUZAE, FH8EIEA R, AT
TR RY R, EENMRHIONIE, WoTEm AR EER, ERERKE, BARAERT AHEH TR
A2 SRR ETI R, 0 THRIIRER, AT PR DA 5,

1. BRI REARLE, S A 2 nT DUE HBUG 7 R IE 3 LA

2. (AELE, BISRFAR R HET= BN, ATy AR,

WG RAIE R A EARS "R Cthht™ 0 "I SHIE™,

6.2.1 HEXihut

FEIRAEIE T R, B IMGEF M — DREEXT, $ExUitt (separate chaining) HFEAPNTTREGRNEER, K
EXENTERT R, R R RATER A I R —RER . [ 6-5 JoR 17— D Es UL IR 7 R A 1
T

=5l e R (TTEnBE)
00 H— —>

bt 37 L], L [

STMREEE IR,

HbGSmEARTE .

A EE key % 100 76

ERAMEEN key

KREBRTE R -

Kl 6-5 BEAMNEIGT R

F AL SR G A RAGIRIE T IR A T DA 2R 1K,

- HlLR: B key, ZUBFHREISEIRRS, RIRTREERLTY A, REEHERIF L key DA
FREAREEXS

© OWMCE: BB SR REOMRERCSLT R, RER TR (BYEX) BRInEEER T,

- BRI ARAENGTY BRAAIZE RYTBERSLHS, R I HER B E AR RO R IR,

HEAHBIETFAE DA T R RS
- EHZMRR: PR ST SRR, B B EANRE R A
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ERCRIE: ROV TRZE R Rk B BT R,
DA S T UG A R AT A B Sl REERM A

AR @A) ERER, WMEMRE, EXAMEE S, Bhk 3l OS2 ME, 8
R,
DUF B ST &Y A%, STEN TR 2 0, BROTERTRRT EEFEN 2 £

// === File: hash_map_chaining.rs ===

[* FERHULPRER */
struct HashMapChaining {
size: 132,
capacity: 132,
load_thres: f32,
extend_ratio: 132,

buckets: Vec<Vec<Pair>>,

impl HashMapChaining {
[* MEFE */
fn new() -> Self {
Self {

size: 0,
capacity: 4,
load_thres: 2.0 / 3.0,
extend_ratio: 2,

buckets: vec![vec![]; 4],

[* PETEREL */
fn hash_func(&self, key: 132) -> usize {
key as usize % self.capacity as usize

[* EEF */
fn load_factor(&self) -> 32 {
self.size as f32 / self.capacity as f32

[* MIFRIRLE */

fn remove(&mut self, key: 132) -> Option<String> {
let index = self.hash_func(key);
let bucket = &mut self.buckets[index];

/] B, MARIBREEE ST
for 1 in 0..bucket.len() {
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if bucket[1].key == key {
let pair = bucket.remove(i);
self.size -= 1;

return Some(pair.val);

/] BEXRILE] key , NIR[E] None
None

[* T BRER */
fn extend(&mut self) {
/] BFERER

let buckets_tmp = std::mem::replace(&mut self.buckets, vec![]);

/] Akl BRI E R

self.capacity *= self.extend_ratio;

self.buckets = vec![Vec::new(); self.capacity as usize];

self.size = 0;

/] BREENMEREERRESEMIRER
for bucket in buckets_tmp {
for pair in bucket {

self.put(pair.key, pair.val);

[* FTENIRFHR */
fn print(&self) {
for bucket in &self.buckets {
let mut res = Vec::new();

for pair in bucket {

res.push(format!("{} -> {}", pair.key, pair.val));

}
println!("{:?}", res);

[* FONRLE */
fn put(&mut self, key: 132, val: String) {
/] SREETFEIEER, RITT S
if self.load_factor() > self.load_thres {
self.extend();
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let index = self.hash_func(key);
let bucket = &mut self.buckets[index];

/] BHE, EBEETE key , WEHNE val HiR[E]
for pair in bucket {
if pair.key == key {
pair.val = val;

return;

}
let bucket = &mut self.buckets[index];

/] BEFXZ key , MIFREXRMNERS
let pair = Pair { key, val };
bucket.push(pair);

self.size += 1;

[* BEIIRLE */

fn get(&self, key: 132) -> Option<&str> {
let index = self.hash_func(key);
let bucket = &self.buckets[index];

/] BHAE, BEE key , MEREIXR val
for pair in bucket {
if pair.key == key {

return Some(&pair.val);

/] BEFRIKE key , MREl None
None

EFERRNE, YHERRKN, ZIReR O(n) IRZE. N DLRREREG N “AVL ™ B “2LBR”, i
R RN R E AR O(logn) o

6.2.2 FFuk

FRFuk (open addressing) A5IABIMNIEHRSE, TREL “ZREN” KRB IS, K77 E
TRARAMEIR, P75 RN 2 IG5

TN AR B, IR HE R T R LA EA L
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1. ZiEN

ZRMETRIR 617 20 KRN EORMEATIRM,  HAR 7785 B Idla 7 RA P AR

- AR EEEAEEITRERRS], HRIMNEETTR, WA RCERELEn COFREHE N
1), BEEEFIZM, KoRmAHA,

- EPOUE: HRUERHPR, WERHRESKEEE TR, BEFRHREMITER, &E value B
A5 AnAGEEISA, WA EMTRAER A RF, IR[E None .

B 6-6 R TIPS AL (REEIRMD MG RAVBERN 704, MY EEL, S/a AR key AL
SRR R, THEE L ERM, SN ARIRAF B I2A0 DA . N R

#=5| ¢ |
00 <
FiFak 01
LU, $KH 1 02
76 <
MFEEE key %100 77
ERAAERR key .
£k I T

B 6-6 JTRTHE (PRI e RABEN 2047

SR, ERPEIRINZ 54 “REEMR”, Bk, BEHPESLS A EREK, XS E A NG
RETATREMEECR, M — P ez BRRHEA R, BACEIIER, &R SECEMELGRIERRA L,

ERERE, BROAREEIHR IR RPERMER TR, XREMBRTR S ERAN 4L — D2
None , TMHAMWILRI, SKMERMEZEMMIRE, R NRTRIICIAEEIRE], R
REVRFIXEETCRAFLE, WA 6-7 T,
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=3l L

00 <
01

02

76 <
MipRTE ZkE,

MEAERTEZ THTET

77

78

6-7 {ETIRSHEFMIBRTR S BRI A S

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

SRIM, BBUIMIER AT E NG i RATEREIRIL, X 2R N EHIRIMBRIREE &7 4 — DMBRFRIC, B TOMBSTONE
Asghn, PR, FOWEIERN AT RER Zpkid 21> TomBSTONE A REERE HFRTT R,

A, FEELMEFRNAIC BRI E D TOMBSTONE RG], HKEREIN HARTE S 1% TOMBSTONE A2 Hif]
B IXFEI AL R S IR E R EIRITER, TR R S AN E GRIEEG S HiLim, M
AR LB HRER,

AN SEEL T — M S Wi PREIT S E (MR SR, b 7 BEse o th il ARG R A as |, 3T
R BB P, SRS BE RN, [F2SL ks,

// === File: hash_map_open_addressing.rs ===

[* FARIUEHER */
struct HashMapOpenAddressing {

size: usize, /] BENHE

capacity: usize, /] BHERBE
load_thres: f64, /] R ANAEREFRE
extend_ratio: usize, /] T BEH

buckets: Vec<Option<Pair>>, // H@%i4A
TOMBSTONE: Option<Pair>, /] BERIRIE
}

impl HashMapOpenAddressing {
[* MEHE */
fn new() -> Self {
Self {
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fn

size: 0,
capacity: 4,
load_thres: 2.0 / 3.0,
extend_ratio: 2,
buckets: vec![None; 4],
TOMBSTONE: Some(Pair {
key: -1,
val: "-1".to_string(),
1,

MRFSEREL */
hash_func(&self, key: 132) -> usize {
(key % self.capacity as 132) as usize

AEHEF */
load_factor(&self) -> f64 {
self.size as f64 / self.capacity as f64

KR key WMEMRERS| */
find_bucket(&mut self, key: 132) -> usize {
let mut index = self.hash_func(key);
let mut first_tombstone = -1;
/] MR, ZHBEI=RER Bk
while self.buckets[index].is_some() {
/] BEiBE key, REIXMAIERSI
if self.buckets[index].as_ref().unwrap().key == key {
/] BEZENEE T WERRIE, WISRENBHEZRSI
if first_tombstone != -1 {
self.buckets[first_tombstone as usize] = self.buckets[index].take();
self.buckets[index] = self.TOMBSTONE.clone();
return first_tombstone as usize; // R[EIEEHEIRESI
}
return index; // REIEZES]
}
/] BRBENEMIBRTIE
if first_tombstone == -1 && self.buckets[index] == self.TOMBSTONE {
first_tombstone = index as 132;
}
/] HERRS], @i EENREKE
index = (index + 1) % self.capacity;
}
/] & key FFE, MRERMSZERSI

if first_tombstone == -1 {
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index
} else {

first_tombstone as usize

[* BEIIRIE */
fn get(&mut self, key: 132) -> Option<&str> {
/] BER key WHMHRSI
let index = self.find_bucket(key);
/] EXFREX, WREXNLE val
if self.buckets[index].is_some() && self.buckets[index] != self.TOMBSTONE {
return self.buckets[index].as_ref().map(|pair| &pair.val as &str);
}
/] BERERAEFE, WIRE null

None

[* AINIRLE */
fn put(&mut self, key: 132, val: String) {
/] BREETFEIHREN, RiTTS
if self.load_factor() > self.load_thres {
self.extend();
}
/] BER key WMEMFERSI
let index = self.find_bucket(key);
/] EREFREX, WEE val FHiRE
if self.buckets[index].is_some() && self.buckets[index] != self.TOMBSTONE {
self.buckets[index].as_mut().unwrap().val = val;
return;
}
/] ERENAEFE, WHRMZREX
self.buckets[index] = Some(Pair { key, val });
self.size += 1;

[* MHBRIRIE */
fn remove(&mut self, key: 132) {
/] BER key WMEMRFERSI
let index = self.find_bucket(key);
/] EREFREX, WARRRZERE
if self.buckets[index].is_some() && self.buckets[index] != self.TOMBSTONE {
self.buckets[index] = self.TOMBSTONE.clone();

self.size -= 1;
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[* TBRER */

fn extend(&mut self) {
/] BEFREHER
let buckets_tmp = self.buckets.clone();
/] MRk BERIHRER
self.capacity *= self.extend_ratio;
self.buckets = vec![None; self.capacity];

self.size = 0;

/] BREMMEBRERRESEMIEER
for pair in buckets_tmp {
if pair.is_none() || pair == self.TOMBSTONE {

continue;

}

let pair = pair.unwrap();
self.put(pair.key, pair.val);

}
[* FTENIRFHR */
fn print(&self) {
for pair in &self.buckets {
if pair.is_none() {
println!("null");
} else if pair == &self.TOMBSTONE {
println! ("TOMBSTONE");
} else {
let pair = pair.as_ref().unwrap();

println!("{} -> {}", pair.key, pair.val);

2. FEFEN

SEF RIS SRR, BRI EHERF WRIE 2 —, MBS, S 7 RNAE A Bt plod — N E
TERE, TPkl “BRMIREESE” 5, B 1,4,9, ... %5,

SEFRI B DU L,

TR INE IS BRI PRI RECT T I EE R, I SRR MR TN R SR B R
PR ZBOS EoRHIE R SRS E, AT EEE RIS BN A,

SR, P75 IRIFHAZ 52 £/,
TRFERBIIS, RIREEAE LA B E A 305 H.
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© BTV, PRI REAS RN IGA R, XEWE RIS R A, PRI tha] RE
TRV R E,

3. ZREH

BN, ZRATITIEERSNEREE L, )y (). folz)e ... HEATHRD,
CHAGEE: EIRHER L, () HEISE, WK, (x), DR, HEHKEISRUEEATE,
- AU EHRBRERINY R, ERE H R B s R e A
FEA, WIS RHREIEOTE, MHEE None ,

SEMRNMELL, Z2REHTTEAG T ERE, H2 N GHRESTRIGMITTREE,

Tip
TR, JPSaE GRIERI, ~F7 RN 22 RIGT) I6fREEEE “NREEEMERTR" AR,

6.2.3 HIZESHNER

BAPGAETE 5 R T ARG A RELBURNE, N2 LT,

- Python AP THk, T8 dict (FH RETLEGH TR,

- Java XABEMNE, H JDK 1.8 DK, 4 HashMap NEUZH K EIAE| 64 HEERKEIRT 8 I, HERSH
LT B AR T EE R M RE

-+ Go XA, Go HUEEFMARZZENE 8 NMEEXS, BMHARNER —MEHAMA, HkEHMmLZE
B, ST IREERNSET BERE, DFERIEEE,

6.3 MEFEZX

R TS 48 T WA R AR SRR A rh SR AN B 5 1, SATITCIC RS b 2 B thE, T RECRIE
WG A ] DATER A DI IR A, WG DI S R

AR TS TANE, IEMmRAIVEREN RISk, A 6-8 FR, N TFHEMILARAR, FAKN N
EXRSAAES D, BRRAEERNR; REH T RENSEHESIRE— M, NS RER
= O(n),
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sETHIE IS AR

R{EER:
T BENTYDEESNEH
BfElEZE 0(1)

| — —f _— —

REFR:
BEMESEHIHRERMEH
BfElEZE 0(n)

K 6-8 e RIVREBILS REH
BAEDMS B9 AR T OLEIS A B OUE . (B2 T R B TRV B, et BaT E, PRSI K

index = hash(key) % capacity

MELLEAK, HIRMHERR capacity BEER, WMWK hash() JUE 7t E, HEMOUE 7 HREN LR
RPHI A E DL

XERE, 0T RIS R PRI ERER, BTN L REEIRBPERAEL hash() B L,

6.3.1 MFEFIZENB

N B RIS R BRSNS, M RIAN B DA R

- et A TMRERA, IERERMGL AR, XA BE R R A 5T,
COReRE: HERAREERENZ RS, HEITRRN, 16 RIS R,
- WS G RIEN SR EN I S R TER TR T, RIS, IR R AR,

KPRL, WBREIRRR TR DTSSR, 6 T2 A T H AU,

C WA N TR P EENZE, RIUEE A EEAER S IASCER, TR EED G
Ho HHMANEMEE, RGNMANEHEITREAE, KR5S EHERGRAEEI T, MARMHE L
L, AB2ETERAL N IE#.

- Bms iR BURAXTT A DU R EHRRI G EF R H —[RE; BRI R DA T R R IR Y
BARRIETAE, H5RWEINIEREEI TR, GERMH LA, ARABEESEA e,

AN TR, N 7RG EIES B REEFY A TR, WRAEETERSESSRNLE
Ritko

- Bt JorRiEId M AR (A S O T R A BRI S R
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- PibEENE: SCSREREIN AR, E SRR EM L,
=15 VAR VNG G VA B € T D = R N 7 g

IR, “W50A” 5 “PiREErE” RMAMNIIIEES, RS A R TR, flan, FERERL
BN key T, MFEL key % 100 A] UL MM H, RMZMAERL TR, FrEEWAHSEN
key AR EHHERMHIE, [AIELFRATTAT AR 2 U PG 75 (B S HEH RTFHEY key , AT AS

6.3.2 BEHRZENIZIT

IEFREIRNIRIT R — MR ESEFZ R R ERME, Am T REZR AR R, BATHAER &M
BHBRAER,

- AR MRS ASCIT /53 EATARNN, SRS IE T E,

ORI FIFESRIERIRERE, SRR — DR, R DT ASCIT HRMEIE A E,

- SR R ABURER S T REE R e E R Me AR ET,

- TR RN TR ASCIL B ERE|— M EY, SRR ATE RN G A EE T IR R,

// === File: simple_hash.rs ===

[* NERGE */
fn add_hash(key: &str) -> 132 {
let mut hash = 0_164;
const MODULUS: 164 = 1000000007;

for ¢ in key.chars() {
hash = (hash + c as 164) % MODULUS;
}

hash as 132
}

[* TERE */
fn mul_hash(key: &str) -> 132 {
let mut hash = 0_164;
const MODULUS: 164 = 1000000007;

for c in key.chars() {
hash = (31 * hash + c as 164) % MODULUS;
}

hash as 132
}

[* BEGE */
fn xor_hash(key: &str) -> 132 {
let mut hash = 0_164;
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const MODULUS: 164 = 1000000007;

for ¢ in key.chars() {
hash A= c as 164;

}

(hash & MODULUS) as 132
}

[* TE¥EMe7 */
fn rot_hash(key: &str) -> 132 {
let mut hash = 0_164;
const MODULUS: 164 = 1000000007;

for ¢ in key.chars() {
hash = ((hash << 4) »~ (hash >> 28) ~ c as 164) % MODULUS;

}

hash as 132

MERR I, SRNE TR BIAR e — A #2 K Bi%L 1000000007 B, DARRERIG 7 (EAE AIERTEEIN, (ETS
BERE, T2 Z AN FEURR, BB Y S B R B2 4.2 X2 — D EBRT R,
FeEsie: ERRBBAENEE, W DA KPR IENS A 5 04, RO B S HAth B FAE A Y
B, nT AR R U R T AR B R A TERR K, AT S e A 2R

BT, BOXFRANERR SR ERE, e DI 3 BEBR, IRAFTA AT DAL 3 FERRI) key R HMLATE] O,
3. 6 X =T E,

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, ... }

AREIN key TETF IR IXFHEEZLFINEIE 2, LG EMSHIIRYE, MmMERR MR, IE, ®)
B modulus BN FEL 13, HT key fl modulus Z HIARTELENLIEL, Al H RIS A {EAIY S S
.

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,... }

EfFHAARIE, WERAEIRIE key BRENIISI AR, AB2IEEPEEE GBI NBREE AT DA, e 1#aERm
HEI S AT E, T key B FAERANEIMER, N EEEUEER S HIMRERR,
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BIMEZ, BOTEFERTEEAEE, HEX NIRRT RHR, DURATREMPREIIMERR, EhmE
TRHIRS

6.3.3 ENMEFE

AHERE, DAEER R IR IR LR “ess”, ARSI AR BAR. f1a0, BT
SO A, R ANTANG A A S BRAG A JCTA X 0 AR RMEI S AN F R 747 £, XA RES ARG A28,
H 5 — L2z (A,
TESERRrR, AT 2 H—ShRERREL, B0 MD5, SHA-1, SHA-2 #1 SHA-3 5%, AT PUSHERK
JE Hm A BRI S BB E K AR A (E
=ML POK, W RERCAE AR AR SRR, —8HotR N RS R SRR IEAIERE, 55—
HRT SN BB B T S ERIG R RIAN 2 2ER, 3% 6-2 FoR 1 ESKRRN A i WA i Bk,

- MDS5 fl SHA-1 E2RBURIIB, FILEM g2 2N 7.

- SHA-2 Z¥IHH) SHA-256 B Z MM FEIEZ —, IREIRINAIR SRR, FtH HESLE L2

IS S,
- SHA-3 #H#¢ SHA-2 FSEHUTH AR, HHERCRE S, (HH A& S E AW SHA-2 R4,

*6-2 WK RE

MD5 SHA-1 SHA-2 SHA-3

Ejiualin) 1992 1995 2002 2008

7]

FHEK 128 bit 160 bit 256/512 bit 224/256/384/512

53 bit

BAm BE % R R

%

7% K, ORI K, EHEEIK & =

% N

I FH EWFH, PHATEEREES EHEFH IR S0UE, FE4 AT EN SHA-2
%= %

6.3.4 HUREMMISEHE

BATRNE, WA R key ATDUREERL, /INEEUTATERSFRERERAL, MfEIE SEH S X SRR RN E
AmeA R, AT HAEBRRRPIMAERS. L Python A, FATATLAVA hash() BRECR TR AFEHE R
G A {E,

- BB /R BRI EURHA S,
© IFRERT AT RRR A ET EROVE S, ANBRTEETE BT,
- TTHMBARER N H RS TRS, RERXEGREHSER, SRR E,
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R AMEA AR T H A A R, BT ES N RIERTTE, AL T AL RIS E,

Tip
THER, ARG S RN B RE TR B E 7T IEA R,

// === File: built_in_hash.rs ===

use std::collections::hash_map::DefaultHasher;
use std::hash::{Hash, Hasher};

let num = 3;

let mut num_hasher = DefaultHasher::new();
num.hash(&mut num_hasher);

let hash_num = num_hasher.finish();

/] EE 3 MEFHEN 568126464209439262

let bol = true;

let mut bol_hasher = DefaultHasher::new();
bol.hash(&mut bol_hasher);

let hash_bol = bol_hasher.finish();

/] T/RE true MIIRFH({EN 4952851536318644461

let dec: 32 = 3.14159;

let mut dec_hasher = DefaultHasher::new();
dec.to_bits().hash(&mut dec_hasher);

let hash_dec = dec_hasher.finish();

/] MR 3.14159 BIPGFR{EF 2566941990314602357

let str = "Hello &%&";

let mut str_hasher = DefaultHasher::new();
str.hash(&mut str_hasher);

let hash_str = str_hasher.finish();

/] FRE “Hello BIX” HIMAHEN 16092673739211250988

let arr = (&12836, &" /\IE");

let mut tup_hasher = DefaultHasher::new();
arr.hash(&mut tup_hasher);

let hash_tup = tup_hasher.finish();

/] TTER (12836, " /NR") HIMEFR{EFY 1885128010422702749

let node = ListNode::new(42);

let mut hasher = DefaultHasher::new();

node.borrow().val.hash(&mut hasher);

let hash = hasher.finish();

/] TTEIR RefCell { value: ListNode { val: 42, next: None } } HIMSZE{E} 15387811073369036852

EWZHEES T, RAAIENRA IENRR RN key o RINFRNTRSIFR G 150 key , 451
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RINBRAEZAN, ERRHEDREKE, BOTICEERTRPEBIFELN value T,

HRAE R (FLnERT D AR RR 2R, (HESR AT o X0 BRI A X G IS A {0 5 S 0
TR R, B RN ERLE T3, (HERNAFIIEARZE, B ETRZRAZER,

ALK AT RE R IEA R G HIsfTRRF N, FHBRER RN, X2KN Python R SERRS
i, SRR EIMA—ANREPLER (salt) {H, XRMEEERT DAA R 1 HashDoS %idi, 1@7Hia
RN L2,

6.4 INEE

1. EREH

< M key , WEFREEBAE O(1) RAANZEIRE] value , FEIEH &,

© IS RIFERIEE . IINBEN . MRS (B 7 e 7 R 5

- METE RO key BREHEZHZRS], M T RN BZARIFEREN value o

© MPAFER key AIRETELIL G REUG IS EIMERINEH RS, SEEBSRIE, XRINREFR G
PR,

- IETWmRAEBA, WA MPERAOMERLEC, K] DB AIGHRREMREA PR, SEAY &K
2L, Mafm Ry B ERI R A,

- B FEXNBHERPITEMERDMRE, R TIRHPROERE, §AEMEBAERT &
A1

- FEHIIREI AN TR AONRER, BITE MR R R MER T, AW, BREKSERE
WEEE, A DAEI M — D KRR 0 21 B SRR,

- TSRS 2 AR ISR ARG A s, RMERIIE A EE P K, SR AREMBRTE, HAES-4ER
8. ZRGHALEHZ NG REOE TR, HREERNEARG A RE, (HZ2 DGR RGN T IHHE
&,

- RAYRARIE S R T ARG REH, H140, Java [ Hashmap {# FEE ML, 1M Python ¥ Dict R
Rk,

- fERFmRY, RIMHERAEEREGWEN. SRR AN R EREEH, BHEIRENIX
H PR S AR

- IR RIRIEE R KB E R, DRI RIS R ESY S 06, D IEAR s,

- RS EIRERE MD5, SHA-1. SHA-2 #1 SHA-3 %, MDS5 & APk 52, SHA-2 HH
T2 5

© RIRIE S IEE S NBIERERAENERA R, AT ERARPIMERS EEEN T, e
N 2R G,

2. Q&A

Q: WHEMINE A ELEH A TR O(n) ?
AT S LT BN, AT RN M E RE 2B ME O(n) o MIAT RSO SIS, & RILE LR
SEL OSBRI, HRERAER O(1) . FAERHEESNBNIATEN, BN RS 20 2
o(1).
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Q: WL RMEHIBHEL f(z) = z W2 MR ASEMRT,

£ f(x) = x WRWEECR, SANTRNME—RRT], XSBEAEN. R, WA REFZA T
A (B, HUEMa AR RS E — P IR S KR, ey iE e, MaTh R A B2 — MR
RS IR 2 — MRS, FFREE O(1) &R,

Q: MBMARIRELINEEA, Bk, X, ENH AR DAL EA TE mle?
B, MAmRINRReRE S, EEERRERT ., BREAHE 2 ERER,

Hk, RREREMEAI7 R PN ARERE R T 1R IIRERERS TEAH R A A1 2% N o A B s R S8
B, M23@H e R E R, KRR IGAREOTE T ZITH, N RS 2% BOTE K,

BJh, MR RS AEATRER A, FINTEREA il , FRA TR EE B R B B rh T B IR AR,
RAIRILE O(n) A1 XU

Q: ZRIETAAREEREMBRITRAVEFEND? bricy O MHERAY 2 [ X RE A A 5?2

ZRIGABITRF IR —F, TR SHEREA A REERMPRT R ARG, FEEIARCHBR, frid oy bR
AUz A ] AR EE . e Rim AR R, JF HIEEIG A EEEREIbR Ly EMIPRAIG B, ZAE AT DL
BOFrTERE M. IXFERELRE LRI RARIF FIAZE, XRERIEMG A R A 23 R %,

Q: N 2TELRMEIRNT, EHITTRIIN RS HBLG A hle?

AN 5L IS 7 PR EER BN S AR BEERT, &I key AILHS, IXHUARRAMRAINR, Kk, LRl
RENHETUCIRE B KRR N &K, B SRR s oA BBkt o 1k,

Q: Mt AW Ry A REW R MG hR?

e 7 PR AR B Je — AR RN B K n B (BGR), b EVE ARG NEE N, £ A5, HAK

& n RAEZAE, T key M MAIRS [BATRERZEZ . FICKEER —MRIIZ D key , I BJGRIRES WAL
BN, T SEIRNE 7 (28 I 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.

use std::rc::Rc;
use std::cell::RefCell;

[* ZXANT SR */

struct TreeNode {
val: 132, /] TRE
left: Option<Rc<RefCell<TreeNode>>>, /] EFT=58
right: Option<Rc<RefCell<TreeNode>>>, // BHFT=5|A

impl TreeNode {
[* &R E */
fn new(val: 132) -> Rc<RefCell<Self>> {
Rc: :new(RefCell: :new(Self {

val,
left: None,
right: None

D))

BN EEERNSIH (85, 23HEREFT = (left-child node) FIBEFT = (right-child node), 1% 5
BFR XN F 1 EIR T s (parent node) s LT — D XTI b, FATRZ A 75 s H
PR s BRI AR 1% 71T A F4 (left subtree), [RIBEAIISAFH (right subtree),

TE b, BRI A, B YRR S F Y SRS M, WE 7-1 For, @R R 27 IR

T, WMEEFWRMGFE R R4 f NRS", EFiE WA 4 REDIR YRR REIR”,
AR T 5 NIRRT
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4 ) RN

binary tree

E]7‘1 5&%/‘*{\ ?%aﬁ\ ?*X\j‘

7.1.1 ZXWERRIE

XA E A ARTEINE 7-2 FiR,

- RS (rootnode): AT ZXWTHER R, AT R

- HHE (leafnode): BA TR, EWMEEHTIFEN None o

-+ 18 (edge): EEMANT RV, BRI SSIH (B,

© RFIENE (level): MWIMRJEERS, RYTKFAEEN 1,

- TRME (degree): WRMTF RS, EXMH, ERNEETEERZ 0. 1. 2,
- ZXRHIBE (height): MR REIHIEH 7 SIS L EUR,

- REAVRE (depth): MR RENZT mFTETHIIAEE,

- TRIBE (height): MEEBHZ T BRI s BN & i 4R

2
BE -2

WA
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K72 ZXEIHERAAE

Tip
THER, ROTEFR “SE” M WE” Oy "SRR, (B E M TR HE
SO SRR REEERT, TERXMERT, SEAREEEEM L,

7.1.2 ZXMEAIERE
1. WAL= XiR

HHERFBM, BB, Retl@sI i (&),
// === File: binary_tree.rs ===

/] TR

let n1 = TreeNode::new(1);

let n2 = TreeNode::new(2);

let n3 = TreeNode::new(3);

let n4 = TreeNode::new(4);

let n5 = TreeNode::new(5);

/] HWETRZERNSIE ($585)
nl.borrow_mut().left = Some(n2.clone());
nl.borrow_mut().right = Some(n3);
n2.borrow_mut().left = Some(n4);
n2.borrow_mut().right = Some(n5);

2. BEANEHRSTS

SRR, 7 A S IBRT AT DOE I B e RS, 18 7-3 St T —Rpil,

AT R BT =
(:::) nl.left = P nl.left = n2
A P.left = n2
ni
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B 7-3 & = AR A S HBR T

// === File: binary_tree.rs ===

let p = TreeNode: :new(0);
// £ n1 -> n2 FEFEATR P

nl.borrow_mut().left = Some(p.clone());
p.borrow_mut().left = Some(n2.clone());

/] BIBET = p
nl.borrow_mut().left = Some(n2);

Note

TEERRE, AT R RES L — AR AR A5, T HBR T 0d B TR PR 1277 e B
TR TR B, =X, BASHERER 2 H —EREL SR, PSSR IR,

7.1.3 ER-i§AE

1. RBEZIXIW

i 7-4 R, 5eXZXMY (perfect binary tree) Fr ZHIT Bl e 2 IHI, TE5ER X, 1 KRR
H0, HRAET SN 2 HREEN b, WA URE0h 2" — 1) SERRENTERIRR, R

BT B R TR WA RS

Tip

HIER, PG, 583 = R SRR =,

RN
perfect binary tree

(AR R =)

FRE BB Rl R

B 7-4 SER XK
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2. BEIXH

K 7-5 FR, 5e2=X4 (complete binary tree) REREENT SAPHEK, HREENSREFELHE
7o

LR

complete binary tree

BREETRELRR, HttETREWER

7-5 SEE XM

3. BB

WK 7-6 Fis, SEd—X# (full binary tree) BR T2 Ah, HBRFTE N SEBA NN F 19 Ao

SRR

full binary tree

FAETHREERA 0 5 2

7-6  SEl— XM

4, FEH -

WK 7-7 iR, FE XA (balanced binary tree) AR T sl B /E TR0 A5 -0 Y 150 2 22 B 46 {E AN
1,
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TH_Si

balanced binary tree

BHRE EFREE - EFHEE = d
MFH-_XNPFRETREHE |d] <1

K 7-7 SR

7.1.4 —XHpEk
K 7-8 /R T X WHBHARSER 5B EEM), Y WIS E T s BRI, JRF] “SER XM M
B A ERmE M, YRR “BERT,

- ERTXREEERNN, ATDASE AR X aia” L.
- BERNIR 5 — R, A TURIEEE MR, NAERERLE O(n) .

izttt
FEEZX

B 7-8 X ERESTH S RELGHY
R 7-1 R, (ERESHNRESET, R EEE, TR SEFRSINCARESWME,

R 71 ZXWHRES S RESH
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FER XM e
50 BRI AR 21 1
FER h IR R 28 1
B h R RS 2h T — 1 h+1

TREE n REEE log,(n+1)—1 n—1

7.2 ZXHHEH

MPPREER R MR, BE — Ak T RER AV EARA , RItHE D775 U@ fa 5 DI . 2R,
PRI RAR AT, IX IS I L I BER IR 7, TR BRI R BRI,

X R e T BRI, mik . R e e A

7.2.1 BFER

K 7-9 iR, BRF@H (level-order traversal) MTRERZEIRARZ 2k — XM, HEG—RIZRMNESIHR
G 373 T 79 o

ERiEAAR FET T ErL®H (breadth-first traversal), tHFR Bk (breadth-first search, BFS),
R TR/ “—E—ERSN R NZRERED T

IEf%EHn

¥ \
/ BFEE (%550 @ L5i)

NI T

K 7-9 “XWHERFEHN

1. K3

IR @R (B “PASN” SRSCE, BASEENE “Jeitiott” ORI, mT RIS O E R
AR, P TS Ja AR — B, SEEARRGANT

// === File: binary_tree bfs.rs ===

[* BFEH */
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fn level_order(root: &Rc<RefCell<TreeNode>>) -> Vec<i32> {
/] FIEEAT, MIANIRT =
let mut que = VecDeque::new();
que.push_back(root.clone());
/] MEL—N15R, BFREFEHFS!

let mut vec = Vec::new();

while let Some(node) = que.pop_front() {
/] BRFUHEA
vec.push(node.borrow().val); // FRETSE
if let Some(left) = node.borrow().left.as_ref() {
que.push_back(left.clone()); // EFTENI

}
if let Some(right) = node.borrow().right.as_ref() {

que.push_back(right.clone()); // AF T =ARA
g;

vec

2. ERESH

RIS A4E 0 O(n) © A ARG —X, A O(n) I, Hrhn b9,
- SMMANEN O(n) : EREWRT, Wil = XHN, WHERKEZN, W RZ R
(n+1)/2 55, &M O(n) 22,

7.2.2 FiF. PF. BFER
MR, #/iF. FEAERFRGENE T REMKLIER (depth-first traversal), WAGREMELIEE (depth-first
search, DFS), BB T —& “JeERIRL, FELREL” 1D 77 7

B 7-10 JoR 7R R TIR AR Se i DO R TR B, GRE IR C Dk e Se a6 AR — ST “E” —
W, £ RASIEEI=NMIE, DN NATEES. TR
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def dfs(root: TreeNode):
" RIERE ST ER

if root is None: return

@ ENEhin AT
dfs(root.left)

@ BiFiRkETFR, BFHERETR
dfs(root.right)

@ EEFREME IR, RHMER

RERRE o0 Ok,

mFER (£ @ LirRTs)
1, 2, 4, 5, 3, 6, 7
fFiER (7 @ ipETHR)
4, 2,5 1,6, 3, 7
BFER (£ ® LipRTHR)
4,5, 2,6,7, 3,1

B 7-10 ZXAERWHIRTE. TP, BT

1. M
RER A RIE T8 550 :
// === File: binary_tree_dfs.rs ===

/* BB */
fn pre_order(root: Option<&Rc<RefCell<TreeNode>>>) -> Vec<i32> {
let mut result = vec![];

if let Some(node) = root {
/] BRRER: BRTR -> EFH -> AFH
result.push(node.borrow().val);
result.extend(pre_order(node.borrow().left.as_ref()));

result.extend(pre_order(node.borrow().right.as_ref()));
}

result

/% FREFE */
fn in_order(root: Option<&Rc<RefCell<TreeNode>>>) -> Vec<i32> {
let mut result = vec![];

if let Some(node) = root {
/] BRIRER: EFH -> RS -> AFWH
result.extend(in_order(node.borrow().left.as_ref()));
result.push(node.borrow().val);

result.extend(in_order(node.borrow().right.as_ref()));
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result

/* BFBH */
fn post_order(root: Option<&Rc<RefCell<TreeNode>>>) -> Vec<i32> {

let mut result = vec![];

if let Some(node) = root {
/] RERSER: EFH -> BFH -> BHS
result.extend(post_order(node.borrow().left.as_ref()));
result.extend(post_order(node.borrow().right.as_ref()));
result.push(node.borrow().val);

}

result

Tip
REARSA R AT D TIEREEI, A >GR3 T LB TR

B 7-11 J/R 1 i — O AE IS RR, Hoal oy “iE” f " IANSEEER Y.

1. %" FoRITEHTTE, BRI RBTIFE T — 1,
2. 03" FoREEORME], RYGFTTREETI S,

B TR
Y 3: B LEEH
HIFER (@ LihE )
1
Y
-

#: mTEE
V3: ELEE

HIFFBH (F @ 4i5ETR)

1, 2
4 @ 4
‘ Step 1 Step 2
TR B TR
. E: BLEEH 13: fLE
HFREG (7 @ i) MR (2 ® LR
1,2, & 1, 2, 4
) N
4 4

l Step 3 Step 4
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s

l Step 7

Step 9 ]

2. ERESH

i#: ETE
13: B EELH

HIFFEH (7 @ LhiAIATIR)
1, 2, 4, 5

#: TR
3: B LEEH

HIFFER (7 @ 35iRTIR)
1,2, 4,5, 3

#: mTEg
3: BLEE

HIFEA (7 @ iAATiR)
1,2, 4,5,3,6

Step 11

B ETEE
13: A EE
HIFEH (£ @ AiAET=)
1,2, 4,5

#: M
A: B EEH

HIF@RE (7 @ WiAiETR)
1,2, 4,5,3,6

Step 8

#: mTEE
A @ LEEH

HIFFER (@ WiniETm)
1,2,4,5, 3,6, 7

Step 10

#: mERE
V3: L EEH

HIFER (£ @ ihETiR)
1,2, 4,5 3,6,7

K 7-11 #iFE s

INFERER O(n) @ FTA Y R —R, A O(n) N,
BREREN O(n) : FEREHBIT, BIRDRACVEERN, BITREIXE n, RELH O(n) Bz,
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7.3 ZXRHART

TERERFOR T, “XWIFAERTTN T A TreeNode , TR MBI FREHAHER, - THERRTH
XM AR

2., FATIRETS FIEEHR TR X IE? A 52 HEr,

7.3.1 RERFTEZXM
ot — ME RN, A —MREE XMW, BATEMRE T SIZREF iR NIF 7 E— DA, e
AT RERAS B ME— AR &S |,

IRE R i R, BRI DS R ARG IS FHRRIIZHE B AR": HENERRI DN,
WZVWRIAEFNTRRTIN 20 + 1, AFNRRTIN 20+ 2, B 7-12 R T &N RRT | Z FFIBL <
Ao

T —
%mﬁl//f\\\
//1\\ //2\\ R T

BRI K F

PLILPL )L s

BFTRAESl: 2i+2

7 8 9 10 11 12 13 14
fERBARR XY

TEFS 0 1 2 3 456 7 8 91011121314
BFEmFS

A 7-12 SEE-NHMIBHFIR

WSt AU A Y TRER P RSN (RED . e BEETRER DI, RATER AT DOE e 2 50k
WRERE (B) F1R.

7.3.2 RLEEZXH

FER XR— DRI, A SR EE A EVFZ None o I T BRI FHIH A ZIXLE None , [l
IEBRATTCIEAUE P FISRAED None VBB AL E, XERE FAEZ R METHIERTT & %27 %
B,

Nl 7-13 FioR, A —PRARSESE XM, EIRRMEBEHFRR T IREARA.
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ZFT () TEE—RRLE =R

BeAFESl 0 1 2 3 4 5 6 7 8 9

a1 [2]3 4 [6]7[8]912]15)

B 7-13 2R 2 B 2 i — SO T RE R

NT RO, FRATIn] LA AL D 5 b e U AT None o 4N 7-14 iR, IXAEALEE)R, B
e i 73 7 S AT DARFE— 3R XX 1o RGBSR :

[* ZXIEART */

/] 1ER None RARIZBZEMI

let tree = [Some(1l), Some(2), Some(3), Some(4), None, Some(6), Some(7), Some(8), Some(9), None, None,
< Some(12), None, None, Some(15)];

10 11 12 13 14

ZRFTI ($H) mTME—HhERTIE T AN

BRI 012 3 456 7 8 91011121314

rearss  (BEO0 DADO

K 7-14 AR R RR

EREIRE, e XHHERIESEHBADRIOR. FIsE e = XMATE X, None {HWBIERIKZ HEEH
AU E, HBLRTA None —3 tHBRAEIZ i i AIIKA RE,

XERE BN 22 X, RTDLEISAEERTE None , BRI, 18 7-15 S 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.rs ===

[* FEART TN +/
struct ArrayBinaryTree {

tree: Vec<Option<i32>>,

impl ArrayBinaryTree {
[* MEFE */
fn new(arr: Vec<Option<i32>>) -> Self {
Self { tree: arr }

[* FIRBE */
fn size(&self) -> 132 {
self.tree.len() as 132

/* RREVERE|A 1 TRME */
fn val(&self, i: 132) -> Option<i32> {
/] BER5ER, MRE None , R&KRZE(L
if 1 <0 || 1>=self.size() {
None
} else {
self.tree[i as usize]

}

[* FWERS|A 1 TRNEFDRIERS +/
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fn

/*
fn

/*
fn

left(&self, i: 132) -> 132 {

2 *1+1

RENERSIA 1 TRENEFHRINES] */
right(&self, i: 132) -> 132 {
2* 1+ 2

RENZRS|A 1 TRNRXTERMERS] */
parent(&self, i1: 132) -> 132 {
t-1/2

BFiEHh */
level_order(&self) -> Vec<i32> {
let mut res = vec![];
/] BEXEmHEA
for 1 in 0..self.size() {
if let Some(val) = self.val(i) {
res.push(val)

res

REMFTBH */
dfs(&self, i: 132, order: &str, res: &mut Vec<i32>) {
if self.val(i).is_none() {
return;
}
let val = self.val(i).unwrap();
/] BIFER
if order == "pre" {
res.push(val);
}
self.dfs(self.left(i), order, res);
/] FFER
if order == "in" {
res.push(val);
}
self.dfs(self.right(i), order, res);
/] EFER
if order == "post" {

res.push(val);
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/* BFFBE */

fn pre_order(&self) -> Vec<i132> {
let mut res = vec![];
self.dfs(0, "pre", &mut res);
res

}

/* SREREE */

fn in_order(&self) -> Vec<i32> {
let mut res = vec![];
self.dfs(0, "in", &mut res);
res

/* BRI */

fn post_order(&self) -> Vec<i32> {
let mut res = vec![];
self.dfs(0, "post", &mut res);

res

7.3.3 iRE5RMRHE

CXAMHEBEH R EEAH DU,

- BAAREEIESIINESRYD, NERERE, VRSP ak.,
- AREFEET, HETEERL
- SRVFREALIT AN R

M, BEAFOR AR R

- AR EESANFER, FIARIE SR R R,
- AT ST A B A S ERIRCESLEE,  RREIR,
© L AR R None I, BCH AR RS RUBE FLERARAR, 2 TRIR A SRR,

7.4 —X¥EER

nE 7-16 FivRr, —X#EZEM (binary search tree) i & L R4,

1. PR, 72 TR ATE ST mE < MR s iE < 5 TR ATE S A,
2. EETWRRE, AFthE SRR, RIFERERR S 1. .
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—RigFhH

binary search tree

K 7-16 — AERM

7.4.1 “XEEWMBVIRE

AT R EEE N — 1 BinarySearchTree , FEABH— AR ZE & root , FEAIMAYAR T i,

1. BT

ZEE HART R num , AT DURIE — SR AIMETOR AR, 8 7-17 R, BATAEH— PR cur, MZX
PIRIARTT AL root %, TEIAELEET RUE cur.val il num ZRIFA/NK R,

© #icur.val < num, UERAEFRT RAE cur UG FRA, RIEHAT cur = cur.right,

© % cur.val > num, BERHEFRTARTE cur IIEFRH, FHAT cur = cur.left,
© Ficur.val = num, BEIAEREIEAR TR, BEHEIEPAIFIR [EIZT o
aE-xgEmrERTR @) E-xgEATERTE (@)

Step 1 Step 2
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TEZRERNPERTR ERERAPERTR

W0 AT

7-17 =X AERWMERT JURE

— AR BRI 5 A BN TREE 5, REECHER L, IR RS SN — X
WE, M SURPPEIN, R O(logn) WAL, RBIFRRLT:

// === File: binary_search_tree.rs ===

[* BERTR ¥/
pub fn search(&self, num: 132) -> OptionTreeNodeRc {
let mut cur = self.root.clone();
/] TERER, #IHREkE
while let Some(node) = cur.clone() {
match num.cmp(&node.borrow().val) {
/] BT RE cur MAEFHE
Ordering::Greater => cur = node.borrow().right.clone(),
/] BMFTRE cur NEFRA
Ordering::Less => cur = node.borrow().left.clone(),
/] HEIBRT R, BHHER
Ordering::Equal => break,

}

/] EREBRT R
cur

2. AT

HE—MMFHEATCE nun , N TR RN “ET < RS < AW SR, BAREREWE
7-18 Fliro

1. BEHIAANCE: SEREREHEC, MR RHE, BRI SET SUER num RN ERTERA TR, B
Rt AT S GEIJIZE None ) B BRHAIEER,
2. TEZNCEBA TR WAL 5 num , BT SLE T None N B,
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E=-EERHEATR @

2. AZUBEATSA @

N $1T pre.right =

B 7-18 1E AR ARM AT L

RIS, TEERLATMA.

XERMARVHAEREE TR, SUREREE S B, SRERATRERPERE, AR T
A, HIZR[E,

NTRIHBRATIR, BATZAEIT A pre /17 L —HIERATT i, XL 2 None I, FRATTAT LA
AREREIH AN SR, AT SRR s ffi N IR AR

// === File: binary_search_tree.rs ===

[* FATR %/

pub fn insert(&mut self, num: 132) {
/] BEWAE, NPBHIRT =

if self.root.is_none() {

self.root = Some(TreeNode: :new(num));

return;

}
let mut cur

let mut pre

self.root.clone();
None;

/] BERER, B3N REkH

while let Some(node) = cur.clone() {

match num.cmp(&node.borrow().val) {
/] HREEET S, HERE
Ordering::Equal => return,
[/ BAUEBE cur HEFIHH

Ordering::Greater => {

pre = cur.clone();

cur = node.borrow().right.clone();
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/] ENAIBE cur BEFHHE
Ordering::Less => {

pre = cur.clone();

cur = node.borrow().left.clone();

}

}

/] BANTR

let pre = pre.unwrap();

let node = Some(TreeNode::new(num));

if num > pre.borrow().val {
pre.borrow_mut().right = node;

} else {
pre.borrow_mut().left = node;

}

SERN AR, FBATRER O(logn) MFL,

3. HFRTR

FEAE XM AR EREI AT A, FRREMER, SRATREE, FROTFERIEEMPRREERE, —XER
PR TR < ARTTARL < AT BTSRRI E. R, FAMRSE BARTT R 7 8, 4300 12 =
FBOL, SATXE B AIIBR TS A

G 7-19 FoR, HAEMIBRT RIS O I, FORIZW UM, A DUEHEINER,

E-RiERRTBSRTE @

00000000

cur

T T (1 ¢ B cur # 2. HEB% cur BF

FHENE =0 #11T pre.left = None

7-19 FEZXERMPMBRT A (N 0)

NIl 7-20 AR, HMAEMNBRTT A 1IN, RARINIBR TS s 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) M, REMIELT:

// === File: binary_search_tree.rs ===

[* MBRTI = */
pub fn remove(&mut self, num: 132) {
/] BEWAZE, BIEERHRE
if self.root.is_none() {
return;
}
let mut cur = self.root.clone();
let mut pre = None;
/] TERER, #IHRERkE
while let Some(node) = cur.clone() {
match num.cmp(&node.borrow().val) {
/] REEERT =, BRH1EIR
Ordering::Equal => break,
/] FRIBRTRE cur HEFHE
Ordering::Greater => {
pre = cur.clone();
cur = node.borrow().right.clone();
}
/] FERBRTRIE cur BIAEFHE
Ordering::Less => {
pre = cur.clone();
cur = node.borrow().left.clone();

}
/] BEERERET R, WEEHRE
if cur.is_none() {
return;
}
let cur = cur.unwrap();
let (left_child, right_child) = (cur.borrow().left.clone(), cur.borrow().right.clone());
match (left_child.clone(), right_child.clone()) {
/] FUSHE =0or 1
(None, None) | (Some(_), None) | (None, Some(_)) => {
/] BFTRH=E =0 / 1 B, child = nullptr / ZFTm
let child = left_child.or(right_child);
let pre = pre.unwrap();
/] MRS cur
if !Rc::ptr_eq(&cur, self.root.as_ref().unwrap()) {
let left = pre.borrow().left.clone();
if left.is_some() && Rc::ptr_eq(&left.as_ref().unwrap(), &cur) {
pre.borrow_mut().left = child;
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} else {
pre.borrow_mut().right = child;
}
} else {
/] ERBETNRARTSR, WEREERT R
self.root = child;
}
}
/] FHREE =2
(Some(_), Some(_)) => {
/] KB HRFBHT cur B F— 1M Ta
let mut tmp = cur.borrow().right.clone();
while let Some(node) = tmp.clone() {
if node.borrow().left.is_some() {
tmp = node.borrow().left.clone();
} else {

break;

}

let tmpval = tmp.unwrap().borrow().val;
/] BAMPET =R tmp
self.remove(tmpval);

/] A tmp BE cur

cur.borrow_mut().val = tmpval;

4. hEFEHERF
WE 7-22 R, —XWHREREGERE A — R — 57 BEHE, m o XEREEE “AF T e < i)
T < BTN E KRN ER,

REREE X ERM T rEi, SRR N N — MR, A H—NEEER: =X
ERMER RIS T

A b a7 e BT, FRATIE = AR TR R T O(n) IR, TEAUATHIMNIHE TR 1E,
FEH =L
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— iR PFERFTI

TERARF

.
. ~
Ry NN
c" s AN e
- Nl ] S
Iy % 4 Y
i I 1
L r 1
! 1
h [ [
I¥s A\ A AR 2, 4, 6, 8, 10, 12, 14
’ PN VA AR
v [ A S/t 1\ !
r 1 H 0y Sy . .
’ L *, 7 ! (S
4 Y M + v ! -
’ " ! vy N ! LY
[ H oy 1 1
[ ! : ] :

Sm=

FPFERHET,
TRE @ AiAE

K 7-22 AR RS

7.4.2 —XREFMBIKE

AR, BB EE B IR A, R 7-2, AR RMAR TR (RN (7] 2 2% AT
A, BARE BEsirrat. RAERSIEN, IR ESRPREARRZ RS, B = AR

SR,

R 7-2 WAHSHERRBIER

TFEH RN

#HTE O(n) O(logn)
AR 0(1) O(logn)
fipRTE  O(n) O(logn)

FEFAEEIUT, “XAERME “FH” 1Y, JXAEEA] DAIE log n RIEFF BT M.

SR, ANSRBUATHE = AR M P AWHAR AFIBR T, AT RE S B BHBCNE 7-23 FspysE®R, Xm%

R )& 2R 238 O(n) .
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e o
0000

EEN_igRR

B EHRR

K 7-23 YXAEERBL

7.4.3 “X¥EFEMERNA
- RGPS RERD], LIEMIERR. AL MR,

- RN R AR R EBAR S,
- ATAEEEEER, DR A RS,

7.5 AVL g *
1 ““XHEERM BN HERAMED, E2EAMMBREES, —XERWAEERM R, EXFENRT,

PR E#RVERIIN T Z 2K O(log n) %5128 O(n) -
N 7-24 AUR, S R RERE, IR SRR E IR RER,

BRFTR 3 @

B Bt
TH—RH EiE-RK R



B7E K hello-algo.com 165

K 7-24 AVL SEMIERT g & 4B

BB, FEE 7-25 FURRI5E3E SRRl AP RS, BERE TR B0, EERIRCERII RIS 2
Fto

[\ [\ [\

BATR 2 BATR 1

B Bty
RN FH_—i EiE_Rp

7-25 AVL RFEFRA T 5 R AR
1962 £ G. M. Adelson-Velsky #1 E. M. Landis 7£ it 3¢ “An algorithm for the organization of
information” {2 T AVL i, IESCHTRAIRNER T —R5IHME, FORAERFSAIFIMERT /U5, AVL BiA

2IBMK, MRS SAMERERIN 2 2 ERRHE O(logn) P, AR, 16T EM S T I & R F
Wiz, AVL BERELALE ORI R BE e IR RE, BAATRGFHIN OME,

7.5.1 AVL ERARIE

AVL R B = SRR, R S, FINTREX R X BI AT A TR, AR — R = ISR

(balanced binary search tree),

&

1. TE5E
BT AVL S E R BARECT s S 2, R TRRZ N 1Y s 2B height & :

use std::rc::Rc;
use std::cell::RefCell;

[* AVL BT mEEHafE */

struct TreeNode {
val: 132, /] TRE
height: 132, /] TREE
left: Option<Rc<RefCell<TreeNode>>>, /] EFTSR
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right: Option<Rc<RefCell<TreeNode>>>, // AFTm

impl TreeNode {
[* &R E */
fn new(val: 132) -> Rc<RefCell<Self>> {
Rc: :new(RefCell::new(Self {
val,
height: 0,
left: None,
right: None
D)

MR BEEMZT REENRIZH Y AR, BT 107 e, FERITEENR, MR
AN 0, METRIEEN —1 . FOVGAEMD THRE, 7205 T IRBON 37 R e

// === File: avl_tree.rs ===

[* R REE */
fn helght(node: OptionTreeNodeRc) -> 132 {
/] EUEBEAR -1, HTREER 0
match node {
Some(node) => node.borrow().height,

None => -1,

[* BT RRE */
fn update_height(node: OptionTreeNodeRc) {
if let Some(node) = node {
let left = node.borrow().left.clone();
let right = node.borrow().right.clone();
/| TREEFTESFNEE + 1
node.borrow_mut().height = std::cmp::max(Self::height(left), Self::height(right)) + 1;

2. PRTFEHEF

TRHIFEERTF (balance factor) & XN RZEFRIBY SR AL FATEE, RIS 2 S HFE 7
M 0o BARRERRICT 5 PR 7RIS REBIAR R R, 77 e SE :
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// === File: avl_tree.rs ===

[* REVFEERERF */
fn balance_factor(node: OptionTreeNodeRc) -> 132 {
match node {
/] ETRFEERFA 0
None => 0,
/] TREERF = EFNEE - EFREE
Some(node) => {
Self::height(node.borrow().left.clone()) - Self::height(node.borrow().right.clone())

}

Note
BEEHR TR f, W—RR AVL S ERE T SBEE R B e —1 < f < 1,

7.5.2 AVL BihEsE
AVL WEES ST “HERs” #0E, ‘CRESIE ARSI — SR s i AIRRTR R, ey s win g
5, BAENED, BEEEEREHEREGRES “ LRI WP, AR ERE R P R,

BATR P FE > 1 BT Ry R MR R ORI, BERAR (e PO e,
FEfe. Sehlea e, SeiEleE . NN SRIX e R

1. Ak
WE 7-26 Fw, "R R F. MRETE, X ENMEETTRZ TR 37, BT AR

T RO BT, RZTTRIEHN node , HZATF T RICH child, #UT “HiE” #fF. sElifhhes, it
PREF-, I EARORE — AR R AL

=N /N
RARFERGHNFRE

ode BTN node
BEFHREN child

g \°’=\

Step 1 Step 2
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\ “HERE BERE: \ “HERE RERIE:

BHRETH
1. LA child AR, ¥ node mALER 3 1. Bl child ARR, ¥ node MARER

hil
A 2. B child EHXUET node MYMIE
© rtes @’

GHEFERSE, RFRERRETHE

A A
hil node

o
()
.
node

l Step 3 ‘ Step 4

7-26 HHERIEDER

WE 7-27 AR, Y95 A child BEFT A (00 grand_child ) B, FEEAHETEIMN—%: ¥ grand_child
YEN node FIZAEFH o

A BT @

Bl o f R
o 0

o

/// grand:child J//

7-27 A grand_child MG HERRIE
WHERE R RILBEE, SR A I R, A R
/] === File: avl_tree.rs ===

[* GRER(E */
fn right_rotate(node: OptionTreeNodeRc) -> OptionTreeNodeRc {
match node {
Some(node) => {

let child = node.borrow().left.clone().unwrap();
let grand_child = child.borrow().right.clone();
/] BL child RAER, & node EHAHEH:
child.borrow_mut().right = Some(node.clone());
node.borrow_mut().left = grand_child;
/| BT REE
Self::update_height(Some(node));
Self::update_height(Some(child.clone()));
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// RETEREFREIRT =
Some(child)

}

None => None,

2. khE

MR, GHERB & IR AT “BifB”, MITREHITE 7-28 FoRi “ZEhe” 1#1E.

& 7-28 felietilE

B, A 7-29 fiR, U955 child BAF A (2N grand_child ) B, TFEELIEFRHRM—5: ¥
grand_child f£% node B4 111 mio

i ERETH
o o
i rqzzms @ \
\ \
©

A
grand_child

K 7-29 f grand_child fY/EHEsR(E
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R DAOMER S, e e e 8 LR BB FRI, SN R PI R B TS DL M FRIN . xR
T, BAIAFRR AR SEIRE R FTER left BN right , KATEN right BN left, HIRMSEIAL

TR SRS :

// === File: avl_tree.rs ===

[* TENERIE */

fn left_rotate(node: OptionTreeNodeRc) -> OptionTreeNodeRc {

match node {

Some(node) => {

let child = node.borrow().right.clone().unwrap();
let grand_child = child.borrow().left.clone();
/] LA child AER, ¥ node MIhekk

child.borrow_mut().left

node.borrow_mut().right

/] BFTREE
Self::update_height(Some(node));
Self::update_height(Some(child.clone()));

/] REREREFHAIRT =

Some(child)
}
None => None,
}
}
3. FkielEAhE

Some(node.clone());

grand_child;

XTI 7-30 ORI A 3, XU A HERR TR IR -, BN RRESEXS child BT “ZhiE”,

X node T “HliE”,

3 child #HiT

EiE

@ 3} node HfT

HiE

7-30 JokiEfEalE
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4. FHERERE

nE 7-31 AR, AT BB XMRUBREE N, TEX child AT “AE", X node AT “ZENE

/ BHETH
)

2t node HIT @ @

KhE

K 7-31 Jefalela ol

5. BEfsRYER

1 7-32 ORI RR S IG5 LIRSRBIR XN, S alFRER A Te, SeiEieafle. Jonhe/ahe. i
NS

FiEhE FhhE
i EahE =7 B

& 7-32  AVL FRHIPYRRBER: 1B L

QITRARAIR, AT @ A S 75 s AP R 5 DR e — M -7 sl B PR R AR S S, R SR 9 1
J& T 7-32 H I WERIE Lo

R 7-3 DURBERL IR ORI A
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R RRPEE T FURRTPEER T R 7Tk

> 1 (Zfmit) >0 filie
> 1 () <0 Jetehiela e
< —1 (1w <0 TEliE
< —1 CHfmH) >0 Jetiliea e

NTETER, BAOTRIERAREE RN A TIXAEE, FAVRREXT SR KB Dl T ek, R
iV R R P, AR TR

// === File: avl_tree.rs ===

[* BUTHEREAR(E, B THERME TS */
fn rotate(node: OptionTreeNodeRc) -> OptionTreeNodeRc {
/] FRERTIsX node BYFMEEF
let balance_factor = Self::balance_factor(node.clone());
/] Efmid
if balance_factor > 1 {
let node = node.unwrap();
if Self::balance_factor(node.borrow().left.clone()) >= 0 {
=1
Self::right_rotate(Some(node))
} else {
/] FTEhREEE
let left = node.borrow().left.clone();
node.borrow_mut().left = Self::left_rotate(left);
Self::right_rotate(Some(node))

}
/] Eimtd
else if balance_factor < -1 {
let node = node.unwrap();
if Self::balance_factor(node.borrow().right.clone()) <= 0 {
/] EhE
Self::left_rotate(Some(node))
} else {
/] FaEhEEERE
let right = node.borrow().right.clone();
node.borrow_mut().right = Self::right_rotate(right);
Self::left_rotate(Some(node))

}

} else {
/] FEN, TahER:, BiRE
node



B7E K hello-algo.com 173

7.5.3 AVL WEBIRE
1. EBASS

AVL BT R ARME S AR RRIE TR EREL, BE—RIXBIET, /£ AVL WA ARG, WETHEE
MR R R ERTRES I —RIIKE s, Bk, OTTHENZAN T ROTR, AIRR LT iestiRee,
EFES RS/ E | A N

// === File: avl_tree.rs ===

[* AR */
fn insert(&mut self, val: 132) {

self.root = Self::insert_helper(self.root.clone(), val);

[* BIMENT SR GEBAEE) */
fn insert_helper(node: OptionTreeNodeRc, val: 132) -> OptionTreeNodeRc {
match node {
Some(mut node) => {

[* 1. BEREBANIEFHEATR */

match {
let node_val = node.borrow().val;
node_val
}
.cmp(&val)
{
Ordering::Greater => {
let left = node.borrow().left.clone();
node.borrow_mut().left = Self::insert_helper(left, val);
}
Ordering::Less => {
let right = node.borrow().right.clone();
node.borrow_mut().right = Self::insert_helper(right, val);
}
Ordering::Equal => {
return Some(node); // EET LSRN, BR[|
}
}

Self::update_height(Some(node.clone())); // BT m=EE

[* 2. HATHERIR(E, BZTFHEMRETE +/
node = Self::rotate(Some(node)).unwrap();

/] REFHAIRT =
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2,

Some(node)

}

None => Some(TreeNode::new(val)),

pRTS =

Kfolth, £ = AERMAIMIBRT RO IER R b, TEMWRETRITHER AR, fRTE LM Rk P,

KIS R
/] === File: avl_tree.rs ===
/* BIBRTI */
fn remove(&self, val: 132) {
Self::remove_helper(self.root.clone(), val);
}
[* BVAMBRT = (FEBhAEE)  */
fn remove_helper(node: OptionTreeNodeRc, val: 132) -> OptionTreeNodeRc {

match node {
Some(mut node) => {
[* 1. BRTRHMER */
if val < node.borrow().val {
let left = node.borrow().left.clone();
node.borrow_mut().left = Self::remove_helper(left, val);
} else if val > node.borrow().val {
let right = node.borrow().right.clone();
node.borrow_mut().right = Self::remove_helper(right, val);
} else if node.borrow().left.is_none() || node.borrow().right.is_none() {
let child = if node.borrow().left.is_some() {
node.borrow().left.clone()
} else {
node.borrow().right.clone()
I¥
match child {
/] FHEHE = 0 , BEMER node FHHRIE
None => {
return None;
}
/] FHRHE = 1, BENFR node
Some(child) => node = child,
}
} else {
/] FRa¥E =2, WERRERNT IR, HAZTASIRERTR
let mut temp = node.borrow().right.clone().unwrap();
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loop {

let temp_left = temp.borrow().left.clone();

if temp_left.is_none() {

break;

}

temp = temp_left.unwrap();
}
let right = node.borrow().right.clone();
node.borrow_mut().right = Self::remove_helper(right, temp.borrow().val);
node.borrow_mut().val = temp.borrow().val;

}
Self::update_height(Some(node.clone())); // B TASE

[* 2. HATHERRIR(E, BZFWEMRETE +/
node = Self::rotate(Some(node)).unwrap();

/] REFHERT =

Some(node)
}
None => None,
}
}
3. ERTR
AVL BRSO HIRE S SR —2, (EIHAEEE,

7.5.4 AVL R8BIz

- HAMFERR S, EH T A, ISR =,

- AT HREIREEFIRT RS,

- CLERRHIUR AP LR SR, MECT AVL B, ZERRREAPETSRAFE AR, A S MR A
FRTRATBEEL IR /D, T MR AR A 3R B i

7.6 N

1. EREH

- SXPER RIS RARASAY, (AL (T MR E, B XM RE S - MER N ME
B, AR SR T R

C R TEXMPENT R, HE (B) FRRNEDNEREIMERNZT REE () Fi

© SXWHMRHRARERERT A TR B B 38 SENRES,

- XEIRIAM, T REE AT RUBRIR SRR AR T IR
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© W R X RRAR SE R XM, sE e X, S ORI O, 5838 XREE SRR AR
A, THERRRLE R R ZEIR,

- SXRATDRBERR, TR R EN S B RS, HARIE T RS T R HAY
RGBS R AR LIHEE

- CXMBERET R AT EREE R, BRI T “—EERINRT REE TR, S
AR EL,

- HIF. . EREDERTREMREER, eAR T UERIRSL, HRMas:” rEhriN, E
A IR RS

© DXAERME -SRI T R EREURS, HEK, FAMMERRERNRE A O(logn) o
YRR MOVEERIN, BIUNAEREZHEE O(n) .

- AVL B, BFRPHT = SR, eI e BRI PR AE AN AFIHERY USR5 2R R -

- AVL WAhERREaAE G, Zohe, Johlersaie. Je/ehemahe. AR A5, AVL =
MIRIEITR A THEFE R, RER BT IR 2 -1

2. Q&A

Q: MT AT A X, B m AR AR AR 0 15?2

), BDym RS E SOy "G R RI R,

Q: XM AHEEAN S MR — i —EIRIEAC S e, XER “—EBRE" fat2ale? Al AR BRIRE
TR BRI ?

EXERREREH, MR SRR =R RO E,  Hrp AR LA T EOHA T 2 D P R R
Q: HMft2 DFSwh —XMEHT. . JE=FlirE, 2562 HE?

5 Fnid e I EEHRM, B, Br. JErmPE =R w77, AR DU e 1S 2 — M
SN 2E R BIANTE —XAERM T, HTTARNGE £FPRE < BTRE < GFPRE, Bt
BATHEEIR K — R — 67 BIRSESammmmt, wia] DERSH PR 751,

Q: GHER F R A node. child, grand_child ZEIAXR, K node YA Rl node JFRIIERE
ANFHELEAL? G S 2 T7?

BMFENBIMAARE XA, HHEEEIE right_rotate(root) & AHYE FHFAUR T &, R
return child R[AIfEs: 2 G F IR mle FRIAAR T s E AT i E B R AE X R OR BI 5 52, R
J& T AR ER e,

Q: £ C++ 1, PREWERIST 2 private fl public H, XA TAEMT2ERIL? T4 ZW height() FKEF
updateHeight() BRIEL 7 AIKTE public 1 private HHlE?

FEEBEHFENMHE, WRAERERNIMEH, BT private o BN, H - s E H
updateHeight() B AR XN, BHREMA. MEREIEFR—2, 1M height() VR REE, RKLOF
vector.size(), [FIHIZER public PMEMFEH,

Q: W —HE ABHEM R — M AR ? R S FNER RN B IREE?

SE, AR 77 IE B XA RS Y build_tree() 74 H, BT AMIER, RITEWS
R NEAEHE T, RJERHROTRIE MR R, BB 1A IXAREORT DUSORRE B CRUE A Y -1
T,
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Q: 7£Java H, FIFEREXLEG —EEH equals() /715?
1 Java ", W FRAEIEEA, == AT HHENZBOEREGHE, MT5IHA, M58 T /E R
SEARFR.

- == ARRHBRHANZERESERE—-DMNER, BEiENFERRIAE RS,

- equals(): RN LA R IE B EHSE,

Rl GOEREEXFERAE, FRATTNIZE equals() » 2AM, J@IE String a = "hi"; String b = "hi"; #JEELAY
FRFERE BT RE&d, efHsmE—"MN%R, FEWr P a == b REEEH DN FRFERNNE,

Q: JERCFEIRIRE A, IR AR 20 12
S, BIRREE b = 2 M9, HE A = 7, MR AR A = 20 = (n+1)/2.



178

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.rs ===

use std::collections::BinaryHeap;

use std::cmp::Reverse;

[* IR */
/] WAt/ ToE
let mut min_heap
/] KT

let mut max_heap

[* TTENE */

max_heap.push(1);
max_heap.push(3);
max_heap.push(2);
max_heap.push(5);
max_heap.push(4);

/* REUETTTE */
let peek = max_heap.peek().unwrap(); // 5

[* TR S */

BinaryHeap: :<Reverse<i32>>::new();

BinaryHeap::new();

/] HETERTE—TMKREVNBFS!

let peek =
let peek =
let peek =
let peek =
let peek =

max_heap.pop().
max_heap.pop().
max_heap.pop().
max_heap.pop().
max_heap.pop().

[* FREUER/N */

let size =

max_heap.len();

[* FEBERTB AT */

unwrap();
unwrap();
unwrap();
unwrap();

unwrap();

/15
/14
/13
/12
/11
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let is_empty = max_heap.is_empty();

[* BNFIRHEME */

let min_heap = BinaryHeap::from(vec![Reverse(1), Reverse(3), Reverse(2), Reverse(5), Reverse(4)]);

8.1.2 Ry

R R T, 5 B e oA NI, R A E R/ NEE ARG (Flan, & > Bifh <),
MRS AT AR AT SE B,

1. EMFHESRE

XM B, e XMARRIE S ABERR, HTHEER M2 XK, RIBATRER B
KA7 fiEHE

LE RS X, SRR AE, REMRET AE SR B, Y e RS WU 2R
K,

K 8-2 iR, SERS G, HEFWRMRIIN 21+ 1, GFWRINRIIN 21+ 2, KNRANRGIHN

(i—1)/2 (AR, HRFIBAN, FoRa me 1 R 7 1,
SEEBERLEH SRR (REEH)
B RET R MU R REI

#al 9 10 11
o ﬂﬂﬂﬂlﬂﬂﬂﬂ
(i-1)/2 i 2i+1 2i+2
x__ B B //\.u,_:!::_ij__ . _:J::.,:/_ﬂ o~
RIH BE gi gg
BT RS MRS LI T e

8-2 HERIFTR G171k

BATAT DAKE 2R 5 (WS s b B, 75 (e 8efi :

// === File: my_heap.rs ===

[* REEFTRNRG] */
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fn left(i: usize) -> usize {
2*1+1

/* REVGFTHRMZES| */
fn right(i: usize) -> usize {
2 * 1+ 2

[* KRBT RNERS| */
fn parent(i: usize) -> usize {

(i-1)/2/ ATER

2. HiEETRTTR

HETTOTZR RN — SMAIAR T L, thRt@ IR E TR
/] === File: my_heap.rs ===

[* VIIEETRITER */

fn peek(&self) -> Option<i32> {
self.max_heap.first().copied()

3. JTENE

TR val , BATECRHMEMER, NG, BT val ATRERTHERHAMITER, HERRLSFATRE
TR,  DRIBE TR S AT A EIR YT R 12 LB, X MR ML (heapify),

FIEMAMET JOTAE, WRETHITHEL, 0 8-3 R, BATHEHBAT R G HARW RME, HRMEAT
RER, WRENZt, RISRSMITIERIE, WERETBEHPHSE DTN, EEBIRT S e0EE|TEM

I RN EE

P
L]

ZRINRE
WART

EEEEDEETEEER

@ N

[ step 1

HE @ M

1. ¥HR 7 RMERRE

PEEEDEEDEEEEE

Step 2
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w2 @ Nt @ Nt

1. BH= 7 FNBLE
2. NEETR#HTHEY (Sift Up)

1. BHR 7 FNEHER
2. WEETm#TH (Sift Up)
v PR 5 < PR 7

- RRHEHR

v PE5 s BR7

s3] (000008000080 step 4

HR @ Nt
1. RBER 7 FNERRE
2. NEETR#THEAY (Sift Up)

w5 @ Ne

1. BHR 7 FNEHER
2. WEETm#THA (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. MEZETG#TEW (Sift Up)

1. BHR 7 FNMEER
2. MWEETBHTEL (Sift Up)
BRI > TR
~ FRATRIR

v R 9> BR T

=7 (00000000000 (s

HE @ M

1. ¥HR 7 FMERE
2. MNEETU# T (Sift Up)
TG, ATUENMERIGEIEE

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.rs ===

[* TTENHE */



HeE M hello-algo.com 184

fn push(&mut self, val: 132) {
/] AT R
self.max_heap.push(val);

/] MEETBEL
self.sift_up(self.size() - 1);

}

[* MW= 1 TR, NERETEL */
fn sift_up(&mut self, mut i: usize) {
loop {
/] TR 1 BEEREMTHRT, SREL
if i{==0{
break;

}

[/ KBTS 1 TR

let p = Self::parent(i);

/] 8 “DRENEBE” B, FERHEN

if self.max_heap[i] <= self.max_heap[p] {
break;

}

/] AR

self.swap(i, p);

/] TEIRE LA

i=p;

4. ETTERLHE

HETOT R — XK A, BPIRE TR, MRBANTERMIIRFRERETTER, A XMHATE T R
RO, XES RS TR RGN, T RERDITTRRG IS, BRI
MRV IR,

1. HUETTOTR SHEROTR R RS Bea 1 RD.
2. ZHsEE, HERMIIRPIER GER, BTeas, RItsehn EMPREZERIHETOTR) .
3. MR RTTAR, MIRERPATHEL.

aniEl 8-4 FR, “MBIEFHEL” BIRAETTIYS “IREDHEL” HR, BAPRART RAES RN 1 R
EHHTEARL, BRI R SR R, SRRTER T I SRME, BB M7 OB S TC A7 5
NS
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SEMTRLE

[step 1

ETMTREE

1. BEMTRSEETRR
2. BHHYFIHERTE

TR

1. FBEMTRSHETREZR

2. HHMEIEERTE

3. MTRER#{THK (Sift Down)

v EFR 5, 8, 7%, FR 8 BA
o ZRTBR 5 5TR 8

SEMTRLE

1. BEMTRSEETRR
2. HHUFEIERTE
3. MIRER##THA (Sift Down)

v TR S5, 6, 7H, TR 7 &K
o TR 5 5TR 7

SETTRLE

1. FBEMTRSHETREZR

2. HHMEIEERTER

3. MTRER#{THK (Sift Down)

v EFR S5, 3, 6, TR 6 Bk
o RTBR 5 5TR 6

SETRTR LS

1. BEMTRSHERTRZIR

Step 2 |

TR

1. BEMTRSHRTRTR

2. B UFARETR

3. MIRER#THEW (Sift Down)

v TR 5, 8, 7 4, BR 8 BA

Step 4 J

SETRTR LS

1. BEMTRSHEETRZIR
2. HMBIRHETE
3. MMER#THA (Sift Down)

v EHR 5, 6, 7, HA 7 BK

Step 6 |

TR

1. BEMTRSHRTRTR

2. B LFAIRETR

3. MIRER##THEW (Sift Down)

v ERR 5, 3, 6, TR 6 BA

Step 8 J

SETT RS

1. BEMTRSHEETRZIR
2. HHMBIRHETE
3. MMZR#THA (Sift Down)

MG, AIBENEREEIESE

Step 10 |
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SRR NHERIEAEM, HETUTR DR RIS 2000 O(logn) » BRI RATR:

/1

/*
fn

K 8-4 HETRTTER HHED IR

=== File: my_heap.rs ===

TCREHE */
pop(&mut self) -> 132 {

/] FI=5E
if self.is_empty() {
panic!("index out of bounds");
}
/] RBBHREREHTR (RIRETRSETR)
self.swap(0, self.size() - 1);
/] BBRTI=R
let val = self.max_heap.remove(self.size() - 1);
/] MTRE[H
self.sift_down(0);
/] BREETTER

val

[* WTER 1 FHIR, MINERHEL +/

fn sift_down(&mut self, mut i: usize) {

loop {
/] FIEHE 1, 1, r FESRANTS, 124 na
let (1, r, mut ma) = (Self::left(i), Self::right(i), 1i);
if 1 < self.size() && self.max_heap[l] > self.max_heap[ma]

ma = 1;

}

if r < self.size() && self.max_heap[r] > self.max_heap[ma] {
ma = r;

}

/] BETR 1 RAREKS 1, r @R, WEREEHEWL, Bk

if ma == 1 {
break;

}

/] 3R R
self.swap(i, ma);
/] TEFE T

i = ma;
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8.1.3 R RN

- DRSEBNBN: HEIE (O SRR SE AN e BR S 1, BN AR I 1 2 2% 2579 O(logn)
, THEEBRIER O(n) , IXEEBRAEERARE SR

- MR g —dHEdE, BT DU ENTE— D, RE AR T TR R, MSEIE
i SR, BANEHE M —ME AR NSEBE?, T T E,

- BRIURRI K AER: X2 —NERMARIARR, [FINt2— R R, BIanE T 10 FHETE
TENTREEE, I ECE AT 10 YRS,

8.2 FBIMHE(F

FEFLEEIT, BAIREEH—MIRIFTETTE R — D, XDIREENOY EHERE,

8.2.1 fEBANIEHR{EIIL
BATE QD RIFEIYNE, KU DITTRIT “AHESRIE", BYCRTRINESER R,
MIZTCRIT “WRET” HEfL,

Y —DITRAME, HERRERN— BT AR NTRE AR AT = X, Fites “8 kmr”
FER

BIERHE N n, BOTURMAHERIEGH O(logn) IR, FIHIZEHE BN S 25 O(nlogn)

o

8.2.2 BB IEIR

KPR b, FRATA] DASEEL — R N i HE T R, e
L. RAIRFT A TR T BRSNS, R HER P B RIS 2 2
2. B (B hiER), RUOHEE NIRRT “ IR,

T — AT UG, PUZT RO R RSB R — A GTIEN . Tl TR E e, EitHEE A
SR AR,

Z R LOE B ), BROIZAERES CRIE S AT R TR ELR SN THE, XA ST /A2
AR,

EREHNE, BTHWREA 7N, BEMRAMRE GIAN i, Mk, MUTRBTR, &E
—MNEM T R RE MR, FATWETTH A E 7 AT e :

// === File: my_heap.rs ===
[* MERE, RIBRIANYIRERE */

fn new(nums: Vec<i32>) -> Self {

/] BINRITERREH AR
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let mut heap = MaxHeap { max_heap: nums };

/] AR T R UMY E AR E T =

for 1 in (0..=Self::parent(heap.size() - 1)).rev() {
heap.sift_down(i);

}
heap

8.2.3 ERESNH

T, Bl DR — R AN 5

SRR R AR n, MM AR (n 4+ 1)/2, HrR /i R, RS

RN (n— 1)/2.

- AENTIERHCADSAR, A RSB, IR R SN — SR logn .
5 RFE AR, AR R 2 O(nlogn) o XA MHEEIIAMD, WNRINE
) SRR AR S T TR PR
B TR T BRI 5T, 9 T MR SR, R — AR n L B b “5e3a—
S, B S S R IE R

PRRE PEHARE
(Mg RAERE)
h — 20
/ \ 1
C hel e 9
SN N 2
— T J—— 2
SV
e =3 - 23
1 2h-1
(FER, HBREER 0) e B 2h

K 8-5 SER_XMHIHET REE

A 8-5 R, TRl “MIZERHEL” AR T B S A EE RS, MiZEEER 1A
7, [Ritl, FRATATDON &R “m8ed x WAEE” K, SR R AR BN S A,

T(h) =200+ 2 (h—1) + 22(h —2) + - 4+ 2" x 1
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e EAFREEB P AEGIENR, 5k T'(h) bl 2, 155
T(h) =20 +2Yh—1)+2%(h—2) +--+2"1 x1
2T (h) =2'h +2*(h—1) +23(h—2) + -+ 2" x 1
AR, HTRR2T(h) BELER T(R), A1E:
2T (h) —T(h) =T(h) = —2°h + 21 +22 4 ... 4- 2h=1 1 2h
MEE EX, BRI T (h) 2—NELES, FTEZRERRIAR, 53INEERER:
__ 9h
T(h) = 172y
1—2
— 2h+1 —h—2
= 0(2M)
W4, EER b WRESMT EE N D =20 — 1, BEERERN O(2") = O0(n) ., YULifEE

KU, WASIFRIRHENEEAER O(n) , ER &L

8.3 Top-k [a)#

Question
HRE—NEKEN n EFEAH nums |, IHIREIEEHFERKRET k&,

AT ZAE, AV PRERS LR BRI, B AReRE SRS,

8.3.1 FiE—: BHi%EF

TATRAT DOHATIE 8-6 Fni ke, 3 AEGAeHREGE 1. 2. ...« k KITH, WREREN O(nk) .
WHIEFGERT b < n BN, WHRY k5 n lEsant, HREEREEmT O(n?), JEHFEN,
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k=3

nums 7 naa BHERBATE

N\

\“77—.;

BRREE 2 ARE
\\\

aﬂ ETRRIE 3 AnE

8-6 Il HEAK k MR

Tip
Gk =ni, BIOTUGEHZRBNERFFY, HWNENT ST 5k

8.3.2 FiEZ: HiIF
anE 8-7 FvR, BATAT DASER S nums BETHER, FIREIRAIEN & NICR, NEEREN O(nlogn) .
B, %Ik AU RS T, BRONERMATHHERE b DTRAE], AR EHE TR,

k =3
— @008

MR THF
HEEEO
RESA k MNTE

0o

8-7 HEF FHEAH k PNITR

8.3.3 FiEx=: i

FATAT DA FHEBE A Ot R Top-k A1, iFE4nIEl 8-8 iR,
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1. WG —A/ NI, HHETUTRER/,
2. SERBEHRIEG k DN ITRRIRANAE,
3. MWk + 1 DesEITeR, GHRTRARTHENUTR, NWPRHETUTR HME, TR ATTR A,

4. WhreRaE, HEFPRIFRIEUR RORH kDT,

k=3

-~ @0000

A
i

1. %0 k DEENE

~: (2008
.

i

1. B8 k DTENE

~: (@088
.

i

1. #E0 k DTENE

2. ME k+l DITRFEHIE
v HEITR > EMTR

o TR

l Step 5

k=3
w (@0000

:
1. %8 k DNTENE

2. M# k+l DITRFEHIE
v YEITR < EMTR

| Step 7

ztm@

ZRWET
‘ 2 WART

heap m

!tl'li
o 0

ZRWERT
‘ “ WART

SRR
‘ 5 BART

k=3

— (@000
:

i

1. %a0 k DTENE

— (@000
;
1. a0 k MTRENE

2. ME k1 DITEFEHIET
v HEITER > BITR

Step 4

k=3

~: (2008
.

i

1. 80 k MEENE

2. ME kel DITEFEHIT

v MFITER > EWTR
HERITRENE

‘ Step 6 ‘

k=3

~: (@008
.

i

1. B8 k DTENE
2. M# k+l DTEFHEHIT
v HEITR < MITR

| step 8

ism

ZRRET
‘ = WART

heap 1,7 l

ism
o o

ZRWET
‘ e WART

mﬁ
o O

ZRRET
‘ s WART
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]

e /\

nuns | 088

WA, JBE heap BIET
ZRWRT

HART

heap ‘

Step 9

8-8 ETHEIHRRAN k MR

RBIRGANT :
/] === File: top_k.rs ===

[* BTHERHATEARDN k DITE */

fn top_k_heap(nums: Vec<i32>, k: usize) -> BinaryHeap<Reverse<i32>> {

// BinaryHeap AN, {FM Reverse FwH=ENR, MMISI/) T
let mut heap = BinaryHeap::<Reverse<i32>>::new();
/] RBEANE k NITENE
for &num in nums.iter().take(k) {
heap.push(Reverse(num));
}
/] MWE k+1 DTEFE, REENKER Kk
for &num in nums.iter().skip(k) {
/] EERITERTHIUTE, WRHETUTRLE. SaimRENE
if num > heap.peek().unwrap().0 {
heap.pop();
heap.push(Reverse(num));

heap

SIEHAT T n AR, HERRRKER E, RRENAERER O(nlogk) . ITTERSERIR
kNN, NEEAEER O(n) ; 2 kERN, NASRERZED O(nlogn) .

i—L,[

SN, BITIRER T ASEIRRIE MR EABTIIABEER,, BATa] DArS4EHENRTTER, IS

BRRH) k NTERAIEhASE T

8.4 INE

1. EREH

HER—RRTEE XM, MRIERALAAFA] 20 MR TTHERDNUE, K O TTERHETUTRZRKR () B,
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- RSEBAFI T SR B N SE RN, A R TR S,

R RO R LA ST ) 2R i TERAME O(logn). HETTEEHIE O(logn) RV FIHE
7% 0(1) %,

- el T WRHERIES SRR, BRI R BT .

C AR T AP OPERR, 7E MR R (R R 2 ),

C N 0 NTEESFRMEIR A E 2 ML E O(n) , EHERL

. Top-k JE—NEMELIANE, W LAEAIMESGREL SRR, R 2R O(nlogk) .

2. Q&A

Q: HdESSHN) “HE” SNEERR “HET 2R MEEE?

PERRFE— MRS, HRRIGEN “HE”, HENRANGE MR SISNE SN —E S, RPEsTn
A DABE A ERAF BRI, R rT DUESR —E BATHENTE, HI T REUN RN B 2Rait, X dE A~
HREN, BERERIOXENTF, DB LN, TN, R EBAE A TR I,
ML ATRES S BUAAF AN B f et <5 ()



194

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.rs ===

[* BT BBEAELMITRELRE */

pub struct GraphAdjMat {
/] TRFIR, TREAR “TMRE", R5IRR “TMRER5”
pub vertices: Vec<i32>,
/] BEERERE, 1T5VRSIWE “TRRZ5!”

pub adj_mat: Vec<Vec<i32>>,

impl GraphAdjMat {
[* MERE */
pub fn new(vertices: Vec<i132>, edges: Vec<[usize; 2]>) -> Self {
let mut graph = GraphAdjMat {
vertices: vec![],
adj_mat: vec![],
¥
/] AT
for val in vertices {
graph.add_vertex(val);

}
/] AINiA
/] EEE, edges TTERMARINAZRS|, BEIMR vertices 7TTERS|

for edge in edges {
graph.add_edge(edge[0], edge[1])

graph

[* REUNS#E */
pub fn size(&self) -> usize {

self.vertices.len()

pub fn add_vertex(&mut self, val: 132) {
let n = self.size();
/] ETRRYIRARMFFINRE
self.vertices.push(val);
/] TEBEEFERERRIN—1T
self.adj_mat.push(vec![0; n]);
/] TESPEREFERARIN—5

for row in &mut self.adj_mat {
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row.push(0);

[* MIFRTAS */
pub fn remove_vertex(&mut self, index: usize) {
if index >= self.size() {
panic!("index error")

}

self.vertices.remove(index);

/] TEPEIEREFMFRZRS] index 91T
self.adj_mat.remove(index);

/] TESBEEFEREHRMIBRZRS] index AIT
for row in &mut self.adj_mat {

row.remove(index);

[* AhnA */

pub fn add_edge(&mut self, i: usize, j: usize) {
/] BE 1, j WM vertices JTEZERSI
/] F3|HRS5HEELIE

if 1 >= self.size() || j >= self.size() || 1 == 3 {

panic!("index error")

}

/] EXREER, PEEEXTFENABLRI, BIHE (1, ) = (3, 1)

self.adj_mat[i][]] = 1;
self.adj_mat[j][1] = 1;

[* MIERA */

/] B 1, j WM vertices JTTERZERSI

pub fn remove_edge(&mut self, i: usize, j: usize) {
/] BE 1, j WM vertices JTEZERSI
/] FR3|HRS5HEELIE

if 1 >= self.size() || j >= self.size() || 1 == 3 {

panic!("index error")
}
self.adj_mat[1][]j] = 0;
self.adj_mat[j][i] = O;

/* FTENSBIZRERE +/

pub fn print(&self) {
println! (" TN=FIFE = {:?}", self.vertices);
println! (" SBHEEEE =");
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println!("[");
for row in &self.adj_mat {
888" 5

println! (" row);

}
println!("]")

9.2.2 EFMPIERMTEMN

RIEME TSSO n, JBEE m,

W ATARTEE 9-8 FrRAT 75 IR KPR,

BRI AETRRON B BER AR AN RIR], (EH O(1) MRl B2 TEmE, Fr AR R N A w4

JITAIRIA,

- MHBRIG: AR RO MR P A SO BR S 2L, A O(m) R, TEMET, TERNMERA 77

A,

C WD TEATERRP IR, IR USRS R, A O(1) WA,
- MHBRTR : TR AR, MIBRE SHETURTER, EH O(n + m) WNiH.,

- VIR TESBERTIE n AU 2m &3, - O(n + m) I,

TR 5ﬁﬁ5ﬁﬁmﬁ§mﬁ
o 5-0-0 PR,
@ o/\ aE @ (G>—@\
0-0-1 o [ <]
@& Y, Y
0-0-4 oo
0-0
SBiER
Step 1 Step 2
TR S5z = BENFE TS
L 0-0-0 )
0—© ' Y
@ 7‘)\ s @6 \ @ ( *—@,\
| /; 0-0-0-0 | »
) A\ D = N
0—© 0-0-0 0—©
BiER B

Step 3

Step &

L SRRABENFIE IR

=2 @-0 |@
) @H@*@M@
0-0-0
—-0-0

WEER

T

SZIRABENFIE IR

)—0-0

(2]
0-0-0-0
D—-0-0-0
0—-0-0

wnms= @

WER
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Wm SEMRAEAENFEILR

— wrTEs ©

B MR

Step 5

B 9-8 AWEARAIMIIAIL, ML, M

DU 2R RIS, XEEE 9-8, SEhRfid A BLNAFEL,

N T T EEIS BRI, PARSRHEARD, BAIERSIR GhIEHA) RAERER,
(ERIME T ZRORFBBIER, key NILRSER, value MIZTURIIBIEIARSFIR (HER),

5N, BAHEBRER P E Vertex KRRFTRIUA, IXAEMIVEER : RS MATEFE—FE, MIIRRTERIX
DR, AR ERMPRR Sy @ TS, WTREHEENER, BIERT i R 1, 8K
RAK. TAHSRE AN TS AR R ME— ) Vertex SEAI, BRI — T 2 JE i Fe el HM TR T

// === File: graph_adjacency_list.rs ===

[* BT PERLMNTEERE */
pub struct GraphAdjList {

pub adj_list: HashMap<Vertex, Vec<Vertex>>,

impl GraphAdjList {
[* MEHE */
pub fn new(edges: Vec<[Vertex; 2]>) -> Self {
let mut graph = GraphAdjList {
adj_list: HashMap::new(),
¥

for edge in edges {
graph.add_vertex(edge[0]);
graph.add_vertex(edge[1]);
graph.add_edge(edge[0], edge[1]);

}
graph
}
/* REXTNSEE */

#[allow(unused)]
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pub fn size(&self) -> usize {
self.adj_list.len()

[* AA */
pub fn add_edge(&mut self, vetl: Vertex, vet2: Vertex) {
if !self.adj_list.contains_key(&vetl) || !self.adj_list.contains_key(&vet2) || vetl == vet2
{
panic!("value error");
}
[/ 08 vetl - vet2
self.adj_list.get_mut(&vetl).unwrap().push(vet2);
self.adj_list.get_mut(&vet2).unwrap().push(vetl);

[* MIERA */
#[allow(unused)]
pub fn remove_edge(&mut self, vetl: Vertex, vet2: Vertex) {
if !self.adj_list.contains_key(&vetl) || !self.adj_list.contains_key(&vet2) || vetl == vet2
{
panic!("value error");
}
/] MIBRID vetl - vet2
self.adj_list
.get_mut(&vetl)
.unwrap()
.retain(|&vet| vet != vet2);
self.adj_list
.get_mut(&vet2)
.unwrap()

.retain(|&vet| vet != vetl);

[* AT */
pub fn add_vertex(&mut self, vet: Vertex) {
if self.adj_list.contains_key(&vet) {
return;
}
/] TEBEERARARIN— MR

self.adj_list.insert(vet, vec![]);

[* MIFRTRS */

#[allow(unused)]

pub fn remove_vertex(&mut self, vet: Vertex) {
if !self.adj_list.contains_key(&vet) {

panic!("value error");
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/] TEBEBRPBPRTSR vet FAIEER
self. adj list. remove(&vet)

for list in self.adj_llst.values_mut() {
list.retain(|&v| v != vet);
}
}

[* FTENSBIER */
pub fn print(&self) {
println!(" 4B¥&ExR =");
for (vertex, list) in &self.adj_list {

let list = list.iter().map(|vertex| vertex.val).collect::<Vec<132>>();
println!("{}: {:?},", vertex.val, list);

9.2.3 RENLL
WEFSE n AR m 508, 7 9-2 W bb T ATEEER RER AT R AN RSCE R 22 R R0R,
2% 9-2 ARHENERE S AR A I

WRERE AR (HER) AR (BAR)

HWRENE  O(1)  O(m) 0(1)
VRIS o1) 01 0(1)
230 o1)  O(m) o(1)
RIS O(n)  0O(1) o(1)

WIS 02 Om+m) O
WiEzEEA  O(n?)  O(n+m) O(n+m)

MEER 92, BLPAREER (IBHR) HINARNERS B RBERRE. EKR L, (AR AR RReR E
w, AR BRERERIRT, ZRERE, MR T “DIsAHU 7 AN, etk
R VA N 1 E el T D)

9.3 EMER

MIRERRIRE “—X 2" XA, MENEGESNEBE, ATDUFRRNMEER “2N2” KR FHit, FTRTE
BRI — MBI, AR, DA Dh PR i P ks s i — Fieke Bl
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PEIFOIRTHR T 2 N PR R R LB . i 7 75 AT 0 s - ERBH IR ER B,

9.3.1 [ ERKER

JREEAR e D — R I i ik, MEAVI R, WREURTi MBS RIE TS, 22
P5ke WA 99 AR, WA EMTIEHE, B METUAIRTE BRI, RGN — NIRRT 28
IR, DU, EETETURTIR S,

Eevr- k&R (BFS)

BATA SR niLts,
HERGE. BEY KHIAEIRS

BRHFFIR
e, 1,3,2,4,6,5,7,8

B 9-9 ERYESTEE T

1. BEEH

BFS JEH EBIASIRSEEL, IR, IFIEAR “JeAJeth” BIPER, X5 BFS By “Hikfiz” Y84
EAEWIO

1. F i AaTi A startvet MIABNGI, FHHFEIEIR,

2. EPERI IR, A TUROFCSIAT, RIERZ TR B FTE B T A ZI A FEHR

3. TRV IR 2., EEIFTH TUSBIT SEEE IG5 R

KT TALEITS, R~ NARE visited FITTIPLET 5 BRI
// === File: graph_bfs.rs ===

[* PSR */

let mut res = vec![];

/] BER, ATFIERERIAREHINER
let mut visited = HashSet::new();
visited.insert(start_vet);

/] BAZURF 3= BFS

let mut que = VecDeque::new();

que.push_back(start_vet);
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/] LTI vet AR, BIREEIHIRIEAEINS

while !que.is_empty() {
let vet = que.pop_front().unwrap(); // PAETAZHPA
res.push(vet); // iERiFATASR

if let Some(adj_vets) = graph.adj_list.get(&vet) {
for &adj_vet in adj_vets {

if visited.contains(&adj_vet) {

continue; // BRI E#IARBITNS

}
que.push_back(adj_vet); // BABAKRIFRIIAS
visited.insert(adj_vet); // tRidZInmE# A
}
}

}

/] RETSIERFS

res

FREEA R, EBOIRIE 9-10 HRANTRER,

EHFF res

(0© )

BAFI que

000

-— [—

HHBA U

BHER visited

i (E)) I, AT
1. BERMNEHRFS) res
2. HETAMATE SR

ABA que FHMA visited

ma () ], SHAGTUTEME

} 1. BZMRMNERFT res
2. REZMREFE SPEMRAIT
ABA que FMA visited

() M, FAGTUTRME

} 1. BEZMRMNERFT res
2. FEMRBFE PRILRAIT

ABA que FHIA visited

HHFS res

@

BAFI que

1)

—

HEA

BER visited

(000

U

=
BHFT res
(000 ]
BAFI que
00

BER visited
(000000

[ Step &

)
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T () I, AL

1. BEMRMNEDFS res
2. REMREFE PEMRAIT
ABA que FHIOA visited

m () I, AT

1. BEIMRMNERFS res
2. BERREFTE SPEIARAT
ABA que FHMA visited

T () I, FHAITUTHRME

1. BEMRMNERFT] res
2. RBEMRMFAEBRTRAIT
NBA que FHPON visited

EHFF res
(0000 ]
000

BFR visited

(0000000 |

(000000 }
00

BER visited

(00000000 |

£
(00000000 |

M5l que
o

BMHR visited

(000000000
[ step 9 ]

= PAZI que HZ,
« FERE, SeRBH

ma () ], SHAGTUTEME

1. BZMRMNERFT res
2. RZMREFE PEMRAIT
ABA que FMA visited

M () M, SHATUTEIE

1. RBEZMRMNERFT res
2. BEMREFREETRAAT
ABA que FHIA visited

o909
\‘,/' N 4 N\ 4

Y y Y A
[( e — )
\ 4 \ 4 \ 4

o000
N 4 W

TR () B, FHATUTIRE

1. BZARMNEFRF res
2. BETMREFE ETSAAT
ABA que A visited

BAEFS res
(000000000
PBASY que

BER visited

(000000000

B9-10 PRy L e 7 2 3R

HHFS res
(00000 ]
000

BER visited

(00000000 |
[step s

BHFT res

(0000000 |
00

BBER visited

(000000000 |

[step s |
(000000000
BASY que

BBR visited

(000000000
Step 10 |

VAR i P R 5 1 2
ANME—o JREACS e R EER g “HE NI WG T, 1 2 A A ) 6 T s P D W35 e P
EREATEL. DAE 9-10 M, T 1. 3 BOisRIBUF Al DAZSHR, T 2, 4. 6 BIT5 R t il PMER SR

j:ﬁo
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2. ERESH

I A P OS2 AR —1%, S O(|V|) W 7B AR p R, i TR e,
IR S W77 2 v, (6 O(2| E|) W) stk O(|V] + | E|) i,

DBRERE: FIE res, AR visited, PAFI que TIITNREERZ N |V, H O(|V]) =M,
9.3.2 FEMTER
IEILTe P — ML B BIE, JoB vl pHml Sk 75 5, A 9-11 FvR, M2 BTk, Vilnl

SRR AN BETUR, BERVEFIRCKNIRE], FHMRSGERIRSHIRE, DU, BEE USR5
o

11 10
4
' ERRE B (DFS)
2 3
132 4 ? BUTRS FoiShA,
° EBLAEE, BAENKAEE,
; Bl - EE SRR
e BFHETIH

0,1, 2,5, 4, 6, 3

K 9-11 HEIREICIEDT

1. BEIm

XA SERVRSKERR A ARETEE R E TIB IR, 5 e EE, fEREEnT, A
MBI — PR visited KICREHPIFAITUL, DOBGEE VA T,

// === File: graph_dfs.rs ===

[* REMFTIEAFHBIRE */
fn dfs(graph: &GraphAdjList, visited: &mut HashSet<Vertex>, res: &mut Vec<Vertex>, vet: Vertex) {

if let Some(adj_vets) = graph.adj_list.get(&vet) {
for &adj_vet in adj_vets {
if visited.contains(&adj_vet) {
continue; // BKiZEWIFIEIAITNS
}
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dfs(graph, visited, res, adj_vet);

}

[* REMFTEH */

/] ERMERRRTE, WERBEETNRBIPRE BRI

fn graph_dfs(graph: GraphAdjList, start_vet: Vertex) -> Vec<Vertex> {

let mut res = vec![];

/] MER, BT ERERBREEHINR

let mut visited = HashSet::new();

dfs(&graph, &mut visited, &mut res, start_vet);

res

R eE I RERAE A 9-12 Fir.

HRELARR N NEHE, FoRITE T — DHHE T 5 K T U
MR LW, FoRIRIRCSIRE, [BIHE] T IR R E,

NTIERERRE, RUCRE 9-12 SRMEAGRK, EHEl (EMZEE ~K) 81 DFS g, it
BYATTIEMNITE, AR E,

N

2)

0—0

/3) 7\)_____/'\\
A 4 A4 A 4
(¢ )
\_4
Step 1
1
@ o
0—©

¢
(/‘\
©

-
L * 4

l Step 3 J

BHFT res

0

RER visited

@

B

i @)

BHFF res

(00@ |

BFR visited

(000

e
s € mams
s @)

1

o o

2

o 00

(s )

Step 2

Step 4

BHFT) res

o0

BRER visited

(00 )

B

armms () posrEmR
siawEms @)

EHFS res
0000 J
BER visited

(o000 J

mE:
s ) poarEmn
e @
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l Step 5

l Step 9

EHFF res

(00000 |

BHR visited

(00000 |

BRNE:
sarTms () posmEms
svams @)

BHFT res

000000

BER visited

(000000 |

EHRE:
serTs () wasma
BT

BHFF res

(000000 |

BHER visited

(000000 |

ELHRER:

s ) wrEsEmABEST
Rizrsem, BaEms ©)
sttt - maEmEms (@)

Step 11

‘ Step 6 J

Step 8

‘ Step 10 J

BHFT res

0000000

BHER visited

(0000000

IR

= ) wrEsEmABEST
Bikszam, BEEms )
s () mittsE, mRmEn

9-12 KIIREA ST 5 3

EHFF res

(00000 |

BER visited

(00000 |

R
s ) wFESERAE ST
Rt mrEms @)

EHFY res

000000

BRER visited

(000000 |

[E1HABRER:
s @) wrssEmsEEsT
RikeosEe, EaEms )

EHFS res

(0000000

BER visited

(0000000

wmme:
amms ) warmms
sz )

DREEDIL e it 3 F 3 51 75 W —2
g2, REILS e P AR AR M — 1, SRR, S RN TS AR R AR AT
PA, BRSBTS EINE ] DHERATEL, #RRIREILICi,
DIEEn A, ‘R — 7 =5 “E R85 FE—f - R 2RINMERE. BE ERE
P, eflon T =fugliiisedk, Amix=5#E TREMLTE,
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2. ERESH

WIS FA DA SR 1k, 0 O(|V]) BiF; FHDLE ST 2%, 8 O(2|E|) miH;
SAIKEER O(|V] + | E|) WL

BRERE: FIER res, IGFHR vistted TRBERZHN |V, BIRERKXN V], HIMEH O(|V]) =
5718

9.4 Ih&t

1. EREHR

- BEHETUSA R, AT DA — IR — I R R 5

C RBTAMRAR BER) MoiaxRAR W), MgkR (B) BAERNEBEE, RmmENER,

- BREGLEATTANE, EEEPRERTES A, ANENSSROE U SNEL R,

- ARRIEFEMIERERRRE, 81T ) RE-DIUE, EFTREE, 180 RmATiEs
[FIAIIETCIN, RBRFEREAE & R e ERCR R, (B2 5 .

- ATERMEM Z MHERRFORE, 5B DRERN MR ¢, HAPEE XU IIRTA BRI, WRERM
X AR AR EANT A A, (H TR EE Rk A, R RRCR .

- HATERPAVRERIS KN, A DU HON AL B eIa R, TR E IR,

- WRIEBABRIAE T, AEERAILT “DA AR R, SRR T DA R s A7,

- BT RS RILARSL, WML, HIPkEHF,

- BB —RRRF, RE ¢ ikt P e 7 B —RBeRE 1

- ERTERSSE R L ML, REY RS RTTR, @ EIBASIS,

- BERRE R DR AR ERIR, ToEs nER B R R R, E AR TIE IR,

2. Q&A

Q: HREAVE SRR FHIERIAFHI?

HFIER EARESRARE A—8: g “BiER—MaFy”, mhsaiig “BiRR— 1T
17, AR B XARIES: 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 DR XREAMAN TR Z WA REF 2 5RI0 5, It
{NESZ S UL 0 A i IE

Q: IREEEFRE XA IR HEINR?

FEAREEE S, MEADTRHR, B0 PMRICREE, whiFEEEFHEREZ MEA, PoEhzE
HIRTA &I 7 &

Q: 7ERRRESRH, “SRIUAHERFTE TR BRI 2 & A ZK?

A DURAERF . (BAESEPR A, AIRER ZAE I SUNRHE?, HAMEIR TS AR EI s, BB IR T
RAER/ NI, XA THRIEER “H A ERRE” TR,
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FI10E #¥€F

Abstract
HEE—ARINER, BMSGFFEERBEMZ RSN, X DAPEBTE B ir.
TEXF IR ZIRY, F—RIREE RS2 — MR EEENEZE,
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H10E AR

10.1 —9&EH

—9EH (binary search) B Mk T IERIKH S RHRREE, EFAEBIRIA R, Sah—FRERTE
l, EEEERTREERX SN,

Question
LE—MKEN n BEE nums , TTERIZMWNEIRIRFHA BEAES , EEHIFIREITE target 1E

ZEATIRS, FEAHAEEZOTR, WRME -1, REENE 10-1 Fr,

35
31
23 26
15
12
6 B8
aE 1 3
#l e 1 2 3 4 5 6 7 8 9
fERERERT A

nums

RWANBFHA nuns , EHRERTE target = 6

10-1 = EHSURBIEE

G 10-2 flR, Bl ewltatetatt i« = 0f j = n— 1, pilfsmEEHE TEMEITR, REHBERXE
0,n — 1] . WEER, HESFRRHIXE, HOSHFEELS,

Bk, RTINS,
L HEHRRGIm = (i +7)/2], Hi | | RoRm MR,
2. HIWr nums[m] A target BIK/NRER, WA R =FE N,
1. % nums[m] < target i, ViRH target fEIX[E] [m + 1, ] #, HEHHITi =m+ 1,
2. Y nums[m] > target I, BiAH target 7EIX[A] [, m — 1] H, HHIITj=m — 1,
3. Y nums[m] = target B, VHPAARE| target, KEILIRMEIRSI m,

HRANMIEGETR, BRXARL29/ N, HERE 1,

| 8 | I
e SR i E 13
® 0 1 2 3 4 5 6 7 8 9 #l 0 1 2 3 4 5 6 7 8 9
j i m b]

RF=—SER:
WAk i, j HIEABREETR. BTR 1. #HBHRE m = (i +j) /2
mERTHXE [1, j]
Step 1 Step 2
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H
B
:
o
il

7R |

| o 1 2 4 5 6 7 8 9
A AA
i iom
RE—SER:

1. HEHRE m = (i +3j) /2

2. ~ nums[m] > target

Step 3 SHAT G o= m- 1 NERKE Step 4
7R 1 h|:| |:|
®l 0 1 2 3 4 5 6 7 8 9
m i
EF=RER:
1. itHm m= (1 +3) /2
2. = nums[m] < target
Step 5 LSBT A= m o+ 1 GINERKE Step 6

_ w**ﬂ
ey Nl
#w o0 1 2 3 4 5 6 7 8 9

ER=HER:

1. HERR m= (i +3) /2

2. = nums[m] == target
Step 7 « EEIFRS| m

B 10-2 &k

P, s
E 1
TR lm |
#Bl o 1 2 4 5 6 7 8 9
Aoa
i m j
WR=HEH:

1. #HEhA m = (i +3) /2

- ;]|

#®l 0 1 2 3 4 5 6 7 8 9
Aoa
im j
EF=HER:
1. HEHa m= (i +3j) /2

EFEREACE, BT M j &2 tnt 222, Rk + 5 nTRESEI int JUAHUETER, O 7 ik s KRR,

A VERERAAR m = i+ (j — 1) /2] FHsrd,
STTIRNE

// === File: binary_search.rs ===

[* ZHEHR WHARXKE) */
fn binary_search(nums: &[132], target: 132) -> 132 {
/] MRANAXIE [0, n-1] , B 1, j D3EAHABTR. BnE
let mut 1 = 0;
let mut j = nums.len() as 132 - 1;
/] &R, HERXERNTHBE (H 1> j BTRD)
while 1 <= j {
letm=1+(j-1)/2; /] HEFSES n
if nums[m as usize] < target {

/] UEIERER target fEX[E] [m+1, j] =



B10E HR hello-algo.com 216

i=m+ 1;
} else if nums[m as usize] > target {

// WIERIHEE target EXIE [1, m-1] A

j=m-1;
} else {
/] #HEIBtrE, BREIHZRS]
return m;
}
}
/] RxEFIEFTER, RE -1
return -1;

HRISEZE R O(logn) = TE=AMEFRT, [KFE4GN—F, FILHEHRIEN log, n .
S AR O(1) © 455 i F1 j (B EOINAAL,

10.1.1 XiE&RTRAG*

BT _ERBAXESN, HROXERRIEHE AT XE, EXh[0,n), BELROERS, HUf
AEEAS, ERFRE, XH [i,j) Ei = j R,

FATA] AEE T FOR LB B A R DhRER) — 0 &R
// === File: binary_search.rs ===

[* ZHEH (EREFXKE) */
fn binary_search_lcro(nums: &[132], target: 132) -> 132 {
/] MEHEABFXE [0, n) , Bl 1, § PEEAHAETER. Bk +1
let mut 1 = 0;
let mut j = nums.len() as 132;
/] 1B, HERXERNSHHEE (H 1= j BTAS)
while 1 < j {
letm=1+(j-1)/2 // HBPRIRS n
if nums[m as usize] < target {
// WIERWEE target EXE] [m+1, j) &
i=m+ 1;
} else if nums[m as usize] > target {

// WIEREE target ZEX(E] [1, m) &

j=m

} else {
/] HEIBtrTER, REIEZERS]
return m;

3
}
/] RIHEIBfRTER, &E -1
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return -1;

i 10-3 FioR, FEMMXEFRT, Zo&ERERIPHAML., ARG X R A A,

AT WX FoRAP A A R BOE SOAXTR],  RIEIEE R « FHEEE 48/ X R AR E R AR
o XFEEARG W, Kt —BEECRH “WHAXE” 5T,

7k |

® 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 10
i ERLRNEER j i AEiLREsES RLRFEZET j
EEXE: WEAXE [1, j] #BRKE: cAEeARE [1, j)
Mykfbisst: 1 =0, j =n - 1 iatkisst: i = 0, j = n
fRIFEIERMF: 1 > ) fRIFEIERMF: 1 2 j
GVKENR(E: i =m+ 1, j =m- 1 GOKEHRE: i =m+ 1, j=m

& 10-3 PRRIX IR E L

10.1.2 Ii=5RREY

o BEERAE I RIS [R) 75 T AT A BT B PERE

© OB RRBCRE, EAEIER T, MBI RS 24 B B R, fIln, YEdEA N n = 220
I, SRR 220 = 1048576 %AAHK, 1 &AL log, 220 = 20 #HEA.

© S ERIEARONE ], BT REMINERNEREE (BIEREDR), —oBEHEnTE s
[Al

R, ZoEPOHEERTITAER, TEADITER,

C IOBEBCUER T AR, AMABIETTRE, N TEA B E T T, S5 B
AP EIERIN B E 26l HE N O(nlogn) , HEMEHM — & BEE &, X TMERMATTRERNT R,
WA P, FERCRMATRENE, NEEREN O(n), WRIEE BRI,

- ZERPCER T, BT RN ARESH) TR, mAERERPHAITERERT) FIHIRK
RREUR, RIAIE S AR fER s T HER S R BUREE

- NBEET, SMEESRMREER, EAREENKT, BRATE 1 AR, mESOERP, FEIR
A, LIRBRIA. 1~ 3 UCHIMHRAE, 1 ik (8T, 34~ 6 DNEITiflE; B, HEEEE n BUNH,
LA M = B R,
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10.2 ZHEHBAR

ZoBERAMGTATERARITER, EA] TR, R TR E,

10.2.1 TEETEMNER

Question

LHE—NEEN n WEFEEH nuns F1—DNITE target , BEHAGFEEEELE, I target AL
Hnums 1, HRFHERM, BBHEPEFEEITE target, NWIEAZIE LT, EIRBEHEANG target
TEHAHAFIRS, REEE 10-4 FiR,

nums

BAR fiN target

nums

HMAEFHA nums , BIFTE target = 6
N target BHEARZESIH 2

10-4 =B RURPIESE

ARG H E—1 R = &R, NIFRZE R DA R AN A,

M—: SEAPEE target B, FHARNERESEEZZITENES?

BHE SRR target lAZIMECEMN AL, XEKRE HE AL target Bt 7 HEK target I E, tHitE
Ui, MBUEHME target I, A SIPIRES IR target NES],

MR MEHAPARTETE target B, A SEWINITERIRS|?

W—H B SERIEE: 2 nums[m] < target I ¢ 8238, XEREIRH | LA RKTEHET target FITERE
. A, f6%5F § AARTERAVNTET target LRSI,

R =g/ N —EF: ( f8AE NKRT target TR, JfEMENNT target TR, B YBHALT
target I}, ARSI i, B0 RAR:

// === File: binary_search_insertion.rs ===

[* ZREHREBAR (BEETR) */
fn binary_search_insertion_simple(nums: &[132], target: i32) -> 132 {
let (mut i, mut j) = (0, nums.len() as 132 - 1); // #ALKNAXE [0, n-1]

while 1 <= j {
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letm=1+(j-1)/2; /] HEFEES n
if nums[m as usize] < target {
i=m+ 1; // target EX[E [m+1, j] &
} else if nums[m as usize] > target {
j=m-1; // target X8 [1, m-1] H
} else {
return m;
}
}
/] R¥ZF target , REHEAS 1

1

10.2.2 FEESETENER

Question

£ E—R R b, eSS EE TR, HRAZ,

RIZEFHPFEEZ N target , NEE - ERAEREIEP— target RG], MEREZTEN AN
ISR S E 2 target,

A H R bR e R A EIR 1D, ARG EEBRBA PR target RG], #1255 EELE 10-5
FIRE BRSEEL

1 AT =&, BEERE 1 target RS, BN K,
2. WNRSI kITG, MEETEMED, SEREIRAILR target IIR[E,

target

g

x _4‘\ 7

= >

1. EZHEHRIFEE— 6
2. BEMERIRAON 6

[ 10-5 LMEEKESITRAFMAN
TR BN, (HHASERMEER, RENEEREN O(n) o HHAPFERLELN target N, %77
ERCRIRAR,

W ERRE AR, WE 10-6 Fin, BARERRAZE, BHRETEYERRI I m, FHW target A
nums[m] BIR/INER, 720 PA R LRME L,
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M nums[m] < target B¢ nums[m] > target i, WiBHIRZEKE| target , [RIHRAEIE — 0 &I S
/NXEHRSE, MNmAEFSEE < F 5 1) target SEIA,

4 nums[m] == target I, BBH/NT target ITCRIEXE [i,m — 1] #, HILRA j = m — 1 k48
/NXTEL, MERRER j VT target MR TRIA,

TEIRSERG, @ FEMER/EION target , j HEMENINT target FI7TE, FIERSI ¢ SRR R,

1 15| 15}
| 12 i : 5 M
; 10 ] ; 10
6 6 6 6 6 6 66 606
s s
b I ‘ : b e
Lm Lm
#/@ o 1 2 3 4 5 6 7 8 9 #l o 1 2 3 4 5 6 7 8 9
A A A A A
i j i m bl
fEF=SER:
Weate i, j HAEABEETE. BTR 1. H®h=Em = (L +3j) /2
WERTAXE [i, j]
Step 1 Step 2
15 15
12 12
10 10
6 6.6 6 6 6 6{6 6 6
: I |:| 3 ] I:I } ‘
5t 1 E 1
™ m = o1 \
#/@ o 1 2 3 4 5 6 7 8 9 #@l o 1 2 3 4 5 6 7 8 9
A Ao Ao N
i jom i m i
RE=SER: EFR=SER:
1. HERE m= (i +3j) /2 1. #HEREm= (i +3j) /2
2. = nums[m] == target
step 3 LPT 5 = m - 1 BMEERE Step &
15 15
12 12
10 10—
6 6 6 6 6 36 6 6 6 6
SAM AR
C R - I i }
#@ o 1 2 3 4 5 6 7 8 9 # o0 1 2 3 4 5 6 7 8 9
A A A oA
m i j im j
RAE—SER: RIF=—SER:
1. HERE m= (i +j) /2 1. #8HPR m = (1 +j) /2
2. ~ nums[m] < target
Step 5 LPUT o= m o+ 1 BMERRE Step 6
15 15
12
10
6 6 6 6 6
R R
7w 1 }
9 ##l o 1 2 3 4 5 6 7 8 9
j im i
RAE—SER:
1. 8RR m = (i +3j) /2 v FRBEARG 1< )
2. = nums[m] == target ~ BRHTSER, BEIRS| i
6 AT 5 = m - 1 EERRR Step 8

10-6 o ERERETTRATHARHD B



B10E MR hello-algo.com 221

WL PUTNACHS, H]Wr5rSZ nums[m] > target F nums[m] == target AYIEFEMEIE], RLFE AT AE I,
BREGnt, FAUDIAR DL AWM SRR T, RO OB NG T, nl e E 4,

// === File: binary_search_insertion.rs ===

[* ZRBEHREAR (FEEERR) */
pub fn binary_search_insertion(nums: &[132], target: 132) -> 132 {
let (mut i, mut j) = (0, nums.len() as 132 - 1); // #ELNHFIXIE [0, n-1]
while 1 <= j {
letm=1+(j-1)/2; /] HEFEES n
if nums[m as usize] < target {
i=m+ 1; // target EX[E] [m+1, j]
} else if nums[m as usize] > target {
j=m-1; // target EX8 [1, m-1] #
} else {
j=m-1; // BNNTF target WTEEXE [1, m-1] &
}
}
/] BREREAR 1

1

Tip
ARG ER “WHAXE Fik, G4EBARERUBITER “EHEGHF Gk,

BHRE, Zo&ERICIERATEE « M j oAlER AR, BRARER—MRMKRITR (BN target ),
ATRER—MILREE (BT target HITTER),

FEAMTRIIER — 0, 48%F « M1 j FBHANEL IS BOERI B iR, 2%, EMERAIIIKEIER, sEiidia
L,

10.3 Z“HEHBR
10.3.1 EHELR

Question
HE—NKEN n WEFEH nuns , HRJREERSEEILE, EREKHAFTRELE—PITE target Y
Ryl, HHAPAIEEZIZTE, MIRE -1,

MBS ARN T, MRERE « f8ARA—1 target , RIKEHHARA R LREESRELA T
target H‘J%glo

ZEE EHIRA RS ER AR, EER, AP TREAEE target , IXFMHMATRES B TM
Meh R,
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- EASRG] B,
- JGZE nums[i] 5 target AMHEZE,

B E| DA RGN, BERERE —1 BIR], R RRR:
// === File: binary_search_edge.rs ===

/* ZHREHRRE— target */

fn binary_search_left_edge(nums: &[132], target: 132) -> 132 {
/] FEMTEHK target BEAS
let 1 = binary_search_insertion(nums, target);

/] FHEF target , iX[E -1

if 1 == nums.len() as 132 || nums[i as usize] != target {
return -1;

}

/] % target , REZESG| 1

i

10.3.2 EHFILR

RGN EAT — target WE? BB R EBMAHD, BHLE nums[n] == target THI NIVHEEHI
PE, FRBIEH AN, A 45 A DL E T,

TR E IR AEIG 7

1. EREHREALR

SEZfR b, BATAT AR ER R AT BN R ECRERRGTTR, BERTEN: BEHRERLG A target L NE
B — target + 1,

e 10-7 FioR, EIRGERDG, 8% @ fER /A — target + 1 (WIRAFELE), 1fi j fEAERA—" target ,
IR 5 R,

target = 6
nums
j i j i
EREE—T
target +1
Fin
sHheE— EHREE—

target target
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10-7 HEBRGUR BN AER LD T
BEE, REMHASZ ¢, FHFRERHER 1, WmkS j:
// === File: binary_search_edge.rs ===

[* ZREHRERE— target */
fn binary_search_right_edge(nums: &[132], target: 132) -> 132 {
/] BUAEKRRE— target + 1
let 1 = binary_search_insertion(nums, target + 1);
/] i EBRARA— target , 1 IEABMNKT target HTH
let j =1 - 1;
/] K¥LE target , &[ME -1

if j == -1 || nums[j as usize] != target {
return -1;

}

/] % target , REZ3]| j

J

2. BUAEHRTR

BATHNE, YBEAEE target B, &K1 Ml j 2o5FERE DNART. /N target FITE,
Klitt, @& 10-8 Fir, AR DAGIE — MNP A EER TR, A TEREGLR,

BERBE— target : o] AL NEER target - 0.5, FFRMEFEE 7,
EHEA D target : AJDAERIL ALK target + 0.5, FHIR[EFEEN 5

target = 6
wes [LJEIQEEF@EIEE]
; 4 ;i
B &k
target-0.5 target +0.5
Fih Fih
EHREE—T EREE—1T
target target

[ 10-8 RESILFEMANEDBITR

RIS, DURMRESER,
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- AEREHAN SN, IXERE BT O AR A B R B
- BOMIZITIERSIN T /N, FTATRZLR BB H Y 2E & target BONTFREEER! (Python JEAE)) .

10.4 MFERILER

EEZEEH, BATEES SRS PSR R AP EIENIN MR 2, BAUEH — DN E IR IIER
PR,
Question

Y58 — NEEEEUH nums FI— PN BERIEE target , IBEFLHAIEE “F1” N target RN ITER, HIR
EIEMIEERS], REEE—/MERTAT,

10.4.1 £4EH: WU EHRS E

FRERERZBETARRNAS, WE 109 FiR, BAFE—NMEIEIR, TESH MR N EEEIRTZ SN
target, fise, NWIREIENINERS,

target = 13

nums =

BRFFEES, HBHMA
target FAASEHR[E

K 10-9 SMEEHKEMECZ
RSN R AR :
/] === File: two_sum.rs ===
[* FE— BIKE +/
pub fn two_sum_brute_force(nums: &Vec<i32>, target: 132) -> Option<Vec<i32>> {

let size = nums.len();

/] RERER, HESEREAN 0(n2)
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for 1 in 0..size - 1 {

for j in 1 + 1..size {

if nums[i1] + nums[j] == target {

return Some(vec![i1 as 132, j as 132]);

None

TR RS 240 O(n?) , ZEREAEN O(1), fEREIRR NIEFFEN,

10.4.2 MEFEEHK: LISSEHRETE]

FREMB—MNaRmE, EX AN BEHITTRNTTRRG BINENEE, FHRHIITE 10-10 FinrIPE,
nums[1] BEEMGARF, A, WERKRFEIXMNTRIIRS],

1. AW target -

2. RFEE(EDN nums[1] FIZRS] 1 BRHIERG AR,

target = 13

nums = ‘ | ‘

BHA nums

+ 13 - 2 = 11 K7 map P
-~ BTE 2 Hh0#E map
Step 1

Step 3

Step 2

target = 13

nums = ‘7 7‘\7 7‘

TR

key 3
" - 08
value =3l

BHEA nums

v 13 - 11 = 2 7£ map
~ BETRAERS! [0, 2]

target = 13
nums = || | | H
key TR
map =
—B8 |
BHBA nums

© 13 — 7 = 6 £ map
~ B7TE 7 FhE map

10-10 HhBLMGTFF R M £

KRB TR, T B EIERRTA] :

/] === File: two_sum.rs ===

[* FET HBRAER ¢/
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pub fn two_sum_hash_table(nums: &Vec<i32>, target: 132) -> Option<Vec<i32>> {
/] HBhRRER, TEEREN 0(n)
let mut dic = HashMap::new();
/] BEREX, BESEREAN 0(n)
for (i1, num) in nums.iter().enumerate() {
match dic.get(&(target - num)) {
Some(v) => return Some(vec![*v as 132, 1 as 132]),

None => dic.insert(num, 1 as 132),

None

T PRI 7 A B I 2 O(n?) B2 O(n) , KIBHRTHEITR,

T REGEF—MMIIE R R, BHBEERERN O(n) . REWIL, 7RI IN 2335058 0 h 1,
Pt ERA SR R

10.5 FiNHEFEEEX

EREE (searchingalgorithm) FIT1ERUREEN (BIANEE, B8R, RialE) AR —Pel—HilRRE 4
HHITTR,

BRBIRAMRIE IR 2 DU L,

- IE I BAREHIE N HbR TR, BIANEE, BERR. AR 5
- FINBIEHA G R BIR SR CRER, SRPOTRER, FI &R B EHR SRR
EIKF,
AHERBL, XA R EAERTI A E T A, RIEREEN T BRI AR, AT, 3]
K MEMRGIMAVIA, HEH A IERE,

10.5.1 #HiEE

2R FE L BRE RN TR R E M BT R,
- CERMHERT G TEEHM BRSNS, EMNEBIRAIR —ImIT s, BATIROTR, EHEKE
HARTCREENA S — il G I8 HAR TR M 1k,
C ARG ERT 1 REMIER” RERIR B PR RS, AR M T KT IR =
R, BT , REUCRRMRNAET ROTER, 1 —RIEEREL, AR
fhig e, EEE e MRS,

FEROILAR R HEREL, JEA RSB RS BN RS .
SR, MRBIEINMIE RSN O(n) , Hrhn cREcs, FIELSIREERI S T IERERZE.
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10.5.2 BHiEMNiEHE

EEMERA BRI R AR (BlnE R R RIERE, s motE i B Rt R,

- ST EERT MREERERE ISR, PUER TEE.
- AT ERRT MR R REIEN B R EEEE O ED S, TSI R,
- PR TERPERIREEH (BN SRR, FET AT RUESRPRIEHERR T L, AT AL HARTT R,

KRR SRR, IS AT O(log n) #% O(1) .

SR, FERANX AR TR EON BRI T AR, BN, o &R E T A THER, e AR
E AT LG BRIMNOBURLEAY, 4R IX B RRAGHE T 7R E A MO R0 2 TR T

Tip
HIENAERFEF PR EREE, REAT ARG rhIERR B,

10.5.3 $EFRIFHEN

LR n —HEHE, BATATAERLEMER, &R WEER BRESREZMITIENPERER
TER. HMNTTER TAEFEENE 10-11 Fir,

425 o(n) BEER 0(1) AN key &ifj value
ey 1 5 '3
ZMERHEE
—5#Ei 0(logn) WEH 0(logn)

E-REFRHH

u/a EHEFTR

RIESIERE R4 MERXE

K 10-11 ZAMEREKR

IR URTTIRR B ERCR SRR 10-1 R,

% 10-1 EEREERHBERMLT
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LRMHER TR AR MG AR A
EHITR O(n) O(logn) O(logn) O(1)
AATTR 0(1) O(n) O(logn) 0(1)
MHERITER O(n) O(n) O(logn) 0(1)
Livlesls| O(1) O(1) O(n) O(n)
Hm st / H7 O(nlogn) #Ht O(nlogn) TR O(n)
YRR S A TeF? fFp fFp ToF?

RREIRANEREIR T EIRA R, BREEZER, PdR&i S EHiRs,
&MHER

- JERMERYE, TAUETEEETSE IR R, RNBA T ER —IREE, IR 2HA =5 AR R E A
AR T FE S M FE AR AN TRE 2B K

- EHTHRER/NOEAE, HIEGE N RS A SRR,

C ERTEERERCREGS R, ROV AR E SR TR TR e,

R

S OERATREAERRIEI, BCRRMRRE, RENFEZREN O(logn) .
- BUERARRET R, BN EREH TR EE SR A A
- RNERT @SBRI R, ROV A B R TR,

WA AR

- EENEREREERIRESHT R, PENEESREN O(1) .

- NEGHREARFEIRSGEEERNT R, AR RICIRLET BIRA 7.

© XIS TR R ORI A PR AL PRI O (R M A s, BRI PERE S (LK

- NEEEIR R KRIIED, RIS R T LN R EARE A R, Mt R e i it
AE.

PR

- JERTEEREEE, OV RN R BUE BRI,

- EETREGEA PR E AR R,

 TERPSUEINT SR AR, ISR ATRE AR, NRIERESEE O(n) -

- H{EA AVL eel B, M THRERTTE O(logn) BER FRAEIETT, (A4 RT- SR E S 88 I
SN

10.6 /h&E

© S EREEEIRRE I, B EIRE S AR KRR TER, BERMABIEE R, HAX
1& T B e T B ST B R S A
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- R E R SR R R, RMHOSOE T TN, I (R AR AR
SERFERN, HREEAMEL, TABIR TR, (ERREZE O(n) K.

- IRTREER, MR ) AR TR, AER R SR R R R E AR, IR
=E5, WIAEZREAE O(logn) H% O(1), IEHFEEMBTIMURLS,

- i, RANEEAEGRAR, BRIEAEER, ORI E RS AT BRI, MRS
G T

C RPHSZIE T VISR, BB T AL HF ISR AT A HOER T 2
SRR EL A ISR s S T A B WP AT SR 2 M KB S R

L BT AR R — R R (TN RIS, A IS AR EE A O (n) %8 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.rs ===

[* EFEHE +/
fn selection_sort(nums: &mut [132]) {
if nums.is_empty() {
return;
}
let n = nums.len();
/] SMEIF: REFFXEA [1, n-1]
for 1 in 0..n - 1 {
/] WEF: HERHFXENNRNTER
let mut k = i;
for 3 in i1+ 1..n {
if nums[j] < nums[k] {
k =3j; // BRENTEHNES
}
}
/] Bz&NTREREREFXERNE N TRIIR

nums.swap(i, k);

11.2.1 xS

RS2 N O(n?). JEEDERHERE: SMEFSE n — 148, B RIRIFXAKEN n, B4
B XIS 2, EISCOMEFRATIEAS e n— 1. ... 3. 2ECPUESR, Ry Lot

- BREREN O(1), JRHHDT: 185 0 f j (A HEBOUNIESNE L,

- e WE 11-3 FoR, TR nuns[1] AAIRECGSHES HAHSERITRIGIL, SENE FIAX

it 52 A A

FHIFXIE

oo @

RITE—RERE

RHIFFX A

TERE—RIEEE,
MR 4 HNENUBERETHE
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B 11-3 &P AR R

11.3 EaHRF

Bi8HF (bubble sort) JEITIESIMI LI S A AHMITR LI, X DIEFERG IR TH 2T —FF,
H A4 B i,

i 11-4 FoR, B AR A] DA TR SR ERAS . MBI A Ao iR A, AR EEER AR TR R
AN, TR YAETER > AITRT M A W, RRIITTR PR EI A R R .

nums °oaoae nums 0:/‘006@

BHRBRM—H R
FRANSEAFIRMIEL

MEEGEHESTE:
v EATER > BATR
o T ITER

- (00000

Step 2

Step 1
S /"
°9°°°9 - 0900 Q0

N/ ’\ 7

MEZGBHESTR: MEZGEEHESTR:

v TR > AR v TR > AR

o SRR o T TE

Step 3 Step 4
—
- 000000 - 000000

MEZGBHESTE: MEEGEHESTE:

v EATER < GATHR v EARE > ARk

o BRRT o REXBEN TR

Step 5 Step 6
IKIE KE
- 000000
X% n-1 PTEEKHF
BRHTRIE,
RART HKE
Step 7

B 11-4 FIFHTTRHBREREE 1R



H11E HF hello-algo.com

236

11.3.1 BEERE

RHAHNKEN n, BiHRFRPENE 11-5 FoR.
L Hoe, X n DILRWT “Bil”, RRAEATRR B IR E.

2. K, MR n — 1 DRIT “Bil”, R ORI E LA E,
3. DA, &idn — 14 "B )5, §in — 1 K CREBE IS IEMALE,

4. R — P TRBERR/IVLR, TOAHT, HISEHT e,

“BHAKE"  KHFXE
BITE

- 00008a 3
HITE 1 ®EE
G [2]s)

MiTE 2 ®ER

R - |

HITE 3 ®ER

a0 a -

[o,

[01

MITE 4 BEE

0800

MITE 5 BEE

0808000

TRHF RR—NTREAHF)

[o,

[01

11-5 EifFhRfE

ARBIRESANR

// === File: bubble_sort.rs ===

[* EEHE */
fn bubble_sort(nums: &mut [132]) {
/] IMEIR: KEFXEA [0, ]
for 1 in (1..nums.len()).rev() {
/] RER: BARHFXE [0, 1] PHSRATRERIEZXENREGIHH
for j in 0..1 {
if nums[j] > nums[j + 1] {
[/ Xt nums[j] 5 nums[j + 1]
let tmp

nums[j];
nums[j] = nums[j + 1];

nums[j + 1] = tmp;

5]

4]

3]

2]

1]

o]
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11.3.2 %EMRK

BATRI, MRHEAE “BiR” PERA PTG, WHBEHE SR, ATERRRESER, Fit, [l
DA AN —MRAGEAL flag SRESIIXAME S, — B HBIHEZENRE],

SR (bAL, BRI I RPN L 28 O(n?) 5 (B45 A S se 2 I, ATikE)
RENAEZE O(n) .

// === File: bubble_sort.rs ===

[* BaHE (nEih) */
fn bubble_sort_with_flag(nums: &mut [132]) {
/] 9MEFR: FHEEEXIERN [0, ]
for 1 in (1..nums.len()).rev() {
let mut flag = false; // #IAMLARENL
/] REF: BRHEFXE [0, 1] PHEATERIREZXEN RGN
for j in 0..1 {
if nums[j] > nums[j + 1] {
/] X nums[j] 5 nums[j + 1]
let tmp = nums[j];
nums[j] = nums[j + 1];
nums[j + 1] = tmp;
flag = true; // IERXMTE

}
}
if !flag {

break; // Lt# “BE” RIMEMTTER, BEEHEH
I¥

11.3.3 EiE4E

COWREREN O(n?). EENHDY: &40 CEIE EHIRA KRR 0 — 1, n—2, .. 2. 1,
SR (n — 1)n/2 . fE3IN flag fAALIS, HREERFIE 4 aliks] O(n) .

- SRR O(1), FHkr: 355 i A j B REOO MBS,

- REHY: BT CEIR BB TR R,

11.4 ENHF

WAHF (insertion sort) Z—RMAIBRATHEFRIL, R LIRS To) 8 —gIr I AR FH AL,

B, BAHERFEF X EERE P EMETR, FirR 5 HAMERF XRFTRZ —EAD, TR
ZICREAZIEMAN E,
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& 11-6 feon T BEHB A TR AR ERAR, BHEMETTRN base , FRANFERKMEIRRSIF] base Z HINIFTHIT
RaRs—0z, JEH base M{EL HIRZRS1,

nums[s] = nums[4&]

Kk 3 EAE nums

BHFRENERILE gggﬁj (1[1]2]4]s

nums[ﬁ] = nums[3]

BRAER [
#“ERES |

11-6 BRI AIR(E

11.4.1 H&niE

ENHERF RV ERAR TR ANE 11-7 FiR.

L. FHAIREST, BEHRE 1 N eReE KT,

2. IEBCEERIES 2 DITRIEN base , FHMAREWMAES, BN 2 MuEcHy.

3. JEIES 3 DILRIEN base , FHIBHAZIEWMMES, BT 3 MRy,

4. DUHEHE, fERJG—4r, JEBEIE— N ITRIEN base , KHMAZIEMMEE, FifixiRcHy.

BHIFEE

[0, o]
[0, 1]
[0, 2]
[0, 3]
[0, 4]

[0, 5]

K 11-7 fEAHEF 7R
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NG IANELI
// === File: insertion_sort.rs ===

[* FNHEE */
fn insertion_sort(nums: &mut [132]) {
/] MBI EHEEXIEA [0, 1-1]
for 1 in 1..nums.len() {
let (base, mut j) = (nums[i], (1 - 1) as 132);
/] WRIEIF: & base EAFIEHFXIE [0, i-1] PHEHMUE
while j >= 0 && nums[j as usize] > base {
nums[(j + 1) as usize] = nums[j as usizel; // ¥& nums[j] MEBEEI—II
j-=1;
}
nums[(j + 1) as usize] = base; // 1§ base MEZIIEMUE

11.4.2 B4

- WRERER O(n?), HEMHT: fEREHN T, BUREAREINFER/E L — 1. n— 2, ...
20 LR, KAMEH] (n —1)n/2, WILREEZREHR O(n?) . EBEIHFEARN, HARERIRAL
ke HEABAEZEEAFN, BAHTFBRERENFAERE O(n) .

- BRERER O(1), JHHT : $85 0 f § SR EEO0 NSNS

- ey ERAREERES, BRONSROTRBAZIEFELROAM, ABZENIT,

11.4.3 HNHFRIRS

FAHEF IR R 2R O(n?) , TEATEREY: S PO F N R E 2% N O(nlogn) » REMAHERF
RRTRI R 20 s, HAEBURRBVMITEOL T, dAHDEE E i,

XAEEIE G ENEA R — 3 EIRAE BRI e R, PIEHTIXE O(nlogn) MEIERE TH T 01AK
WEFHEF %, R & 2 T R E, TIAEBAREEYINE, n? F1 nlog n MAUALERRNE, SHER
b ESHIN, SRR STTRESEESIRE RN

Khr b, WEHEES (B Java) RNEHFEECRA THEAHY, REUERN: X TREH, RAET
SHERISEHIHE R, PInDuEHT; TR, ERERRAHER.

EOREH T, SRR R A HE I R 2 O(n?) , ABAESZRRIGIH, SNHEFF MBI 5%
He T HiH R EREy, FEATER,

- BiEHE R TR, TEME—NIRNER, PN 3 N EITRE; MAHFETTRMES
B, 1 ADEITRiE. Fit, BINHDFRTHRTRE R LA HE S,

OEFHEF SR RN REREES O(n?) o UURGE AL AFINEDE, BAHDTIE S ik
PP RBCR T .

- MEREHEEAEE, RN T 2R,
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11.5 REHIF

PERHEF (quick sort) JE R T IARISHIHEF BIX,

BITERL, RATTZ,

PIEHE R ORMER “THIERI ", HEMRE: SR PR TR R, /TR
RUTTRBRIHAEM, AR TEESETTRBEIHAM, BARKE, HIXIRRAENE 11-8 For.

1.

A iR /e T R E N EERL, WAL NMEEE LRI 5 o allda e R,

2. WEMER, EFRAER L G) 2RSS PHERELCR () BITR, KRR ITR,

3.

Step 1 B
left right
v v
- (08088
A A
i j
def partition(nums, left, right):
R
i, j = left, right # LU nums[left] ¥
while i < j:
while i < j and nums[j] >= nums[left]: # MEAMERENNFRESNTE
j-=1
while i < j and nums[i] <= nums[left]: # MEBGHREIATFEEROTE
i4=1
nums[i], nums[j] = nums[j], nums[i] # XM PTR
nums[i], nums[left] = nums[left], nums[i] # BEEBTRERFHANDIAL
return i # EEEEENRS|
Step 3 BN
left right
v v
- (08008
A A
i bl
def partition(nums, left, right):
"UERIS
i, j = left, right # LU nums[left] HEfH
while i < j:
while i < j and nums[j] >= nums[left]: # MEEARE NN FEERNTE
§ =1
while i < j and nums[i] <= nums[left]: # MEMAREIATRERNTE
i4=1
nums[i], nums(j] = nums[j], nums[i] # SRERATH
nums[i], nums[left] = nums[left], nums[i] # SEEBZRERFHANSRE
return i # EEEEHNRS|
Step 5 BEY
left right
v v
-~ 00008
A A )
i
def partition(nums, left, right):
"UERIS
i, j = left, right # 5L nums[left] HEH
while i < j:
while i < j and nums[j] >= nums[left]: # MERARE NN FRERNTE
=1
while i < j and nums[i] <= nums[left]: # MEAGREIATFRERNTE
i+=1
nums[i], nums(j] = nums[j], nums[i] # SERERATH

nums[i], nums[left] = nums[left], nums[i] # FEERTHREFFRANHAL
return i # EEERESAFS|

Step 2 BEY
left
v
nums
i 3
def partition(nums, left, right):
SRy
i, j = left, right
while i < j:
while i < j and nums[j] >= nums[left]:
j-=1
while i < j and nums[i] <= nums[left]:
i4=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i
Step 4
rtition(nums, left, right):
SRy
j = left, right
while i < j:
while i < j and nums[j] >= nums[left]:
j =1
while i < j and nums[i] <= nums[left]:
i4=1
nums[i], nums[j] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i]
return i
Step 6 BER
left
v

uns

A

J
i

def partition(nums, left, right):
R
i, j = left, right
while i < j:

while i < j and nuns[j] >= nums[left]:

-1

while i < j and nums[i] <= nums[left]:

i4s1
nuns[il, nums[3] = nums[31, nuns[i]
nums[i], nums[left] = nums[left], nums[i]
return i

rigl

#

#

#

#
#

#

#

#

#
#

TEIATE B 2., HE LM § EERHELE, RIEREESCIHREND TR 7 FH ik,

ht

B nums[left] HEEH
MEREREMNTFEEBBITR
MEBEREPATRESNTR
ST TR

RREBERERTFRANS FE
EEEAESHRS|

B nums[left] HEAEH
MEREREMNFEEBHITR
MEEEREPATFRERTR
AP DT

REEBSRERFRANSFE
SEEE MRS

right

#

#

#

#
#

aooooo

BA nums[left] AEEH
MERERENNFRERNTR
MEBERE AT EEBBITR
SRR D TTHR

RRESRERFRANIRE
EEAERERS|
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Step 7 BHEH Step 8
left right left EE¥

right

- (000808 ~ns E@EHEE
A ) : A

J J
1 1
def partition(nums, left, right): def partition(nums, left, right):
"UHERIS "UUBEERIS T
i, j = left, right # LU nums[left] HEH i, j = left, right
while i < j: while i < j:
while i < j and nums[j] >= nums[left]: # MARAREAMNFRERNTE while i < j and nums[j] >= nums[left]:
5= 51
while i < j and nums[i] <= nums[left]: # MEAGREIATFREMNTE while i < j and nums[i] <= nums[left]:
i+=1 i+=1
nums[i], nums[j] = nums[j], nums[i] # SEETATHR nums[i], nums(3] = nums[j], nums[i]
nums[i], nums[left] = nums[left], nums[i] # BEEBZRERFHRANSRL nums[i], nums[left] = nums[left], nums[i]
return i # EEREHERS| return i
Step 9
‘ BEH

nuns {aaa

EFHE HFHRE

‘MRS TG, RRMTEN
EFSAERTR < BEY < AFHRAERTR

11-8 X0

# B nums[left] HEEH

# WEREREMNFRESNTE
# WNEREREMATERBHTR
# TRXFDTE

# BRESTRERTHANS RE
# BEEESHRS|

WX e E, RS R =8 T8, SR, A8, Bk “ETBEERTR <&

R < AFBAERITR". B, BIHETRATBHIZM D FEEAHBTHT,

PRIEHER I 72163
MR 0 B SR U K — DB A HE 7 TR B T R R DB B I HE e 1]

// === File: quick_sort.rs ===

[* BHEXIS */
fn partition(nums: &mut [132], left: usize, right: usize) -> usize {
/] LA nums[left] AEHEER
let (mut 1, mut j) = (left, right);
while 1 < j {
while 1 < j && nums[j] >= nums[left] {
i-=1; // NEEAEKRENMNTFREESRNTR
}
while 1 < j && nums[1] <= nums[left] {
1 +=1; [/ NERGHREMATEERNTE
}
nums.swap(i, j); // REXFENTTHR
}
nums.swap(i, left); // BEAERZRERFLHEN D RL
1 /) REIEEHNES]
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11.5.1 BEERE

PRIgHE R RO RAA TR AN 11-9 AR,

1 B, MEBAMT R D", SRR THANG T,
2. W, MNEFEAMGFEAD NIRRT “THERID7,
3. FiBaIH, ERETFHGHKEN 1 INZIL, MAiEBEN ST

- @000 \
A =pEE]
G i o [5]5)

THEERID
2

1]0 4

; BIRTFHART RS
BFETFHA CBPRAFHRE - EETFHEKERN 1 &L

. 5 a ENET SERR A HET

et by

00 : Be

gibgE | kg &IEEIA

8ig
y ==
)]
=]
=]

I

1 3|4

/

11-9 PREHE PR
// === File: quick_sort.rs ===

[* BREHRE */
pub fn quick_sort(left: 132, right: 132, nums: &mut [132]) {
/] FEAKERN 1 HRIESE)]
if left >= right {
return;

}

/] HESD

let pivot = Self::partition(nums, left as usize, right as usize) as 132;
/] BAEFEE. EFEA

Self::quick_sort(left, pivot - 1, nums);

Self::quick_sort(pivot + 1, right, nums);

11.5.2 HiEtsE

- NEEZER O(nlogn). HIERHNT: fEFER T, MERIZHNEHELCN logn , BEHMHIENE
W, BWMER O(nlogn) MR, 7ERZEMEILT, SHHIEIIMHRIERS KN n BOEEHRI 73
KEHN O n— 1 AP, IBIAEE0AE n, SEPIERCH n, SUAGER O(n?) IHE,



B11E HF hello-algo.com 243

- BRERER O(n). FHHEy: EMASHE2ETMER T, BRREZEBHTRE n, £/ O(n) &
i A, HERP B E R AE B BT, REBBEIMNIEA,
- ARl ERENONRE D, RERRIRES P ERETRIA M,

11.5.3 REHF AT AR

MR ERERER th, POEHEFERCR T H N 2 BEA —ER LS, REPUEHFR N RIS RES “HIHHE
B R CHEHRRT IR, (HIEHE ORISR E S, TEADITERR,

- B ERE U BRI BAVRHEFNRERFE2E N O(n?) , WHIDHHITRE, B4R
ZHEUIBOTR, PuEHTRELE O(nlogn) KN RIE 2% E R8T,

© RAMERIRCRE: FEPUTIH SRR RER, RGN FRANEEI %A, R R RARRE
Ho Mg “HEHER” XEFRFEBRATIFITR, MMERZIX R,

- HRENWRARBUN: £ ER=MEES, PRHEEA AL WRE, SR ERERD, X5
AT b CEiEHET E AR,

11.5.4 EHEHRK

POEHE P ER L RIS BISCR A RERIC, 28— PHamBlr, Rk ABAZ 2 2fFr, mTHImEes
BRIETCRIENEIERL, I2ENEXID G, SRR Bl Rk, SEAETEHRE N n — 1,
AFBAKEN O, MEIARE, SRWEERIEEE D FEHNKEN 0, 2IaRIERN, Pudir
BN “BiEHE” AERIER,

N T RERGIXAEOUEE, BT AN SR 53 P A SEHE RN IBGR I BIan,  FefiTn] PAREHLIZE — 1
TERIENEEMER, AT, RS AE, BREERIAFAEREEE, BERANRINAT.,

TEERNE, WEESEFEEREE “OhREHEC . GERIATE X Do BEN LR IR — 5 g B I IR A1,
AR 2 PRIEHE P B RCR AT PR T RES 1

N PG, BT DAERAPIRR =5k mR (EFVEANE, B, PRULR), IFRIX=ARik
TURIIP B RE R, XK, B “BEARNMIAKRKR” BIBERRERIEIE T, S48, FATEA] A
VEBUE 2 e, M — SRS RIAIARME N, RAIXFTIEG, MRERESLE O(n?) MHERAK
R,

AREIREANT
// === File: quick_sort.rs ===

[* = MEETTRAPAIER */
fn median_three(nums: &mut [132], left: usize, mid: usize, right: usize) -> usize {
let (1, m, r) = (nums[left], nums[mid], nums[right]);
if (L<=m& m<=7r) || (r <=m& m=<=1) {
return mid; // m £ L # r Z[8
}
if (m<=18& 1l <=7r) || (r<=18& 1 <=m) {
return left; // L& m A r Z[8]
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right
}

[* HEXD (ZEEFRE) */
fn partition(nums: &mut [132], left: usize, right: usize) -> usize {
/] EBR=MEET RN PR
let med = Self::median_three(nums, left, (left + right) / 2, right);
/] BRI E S R i
nums.swap(left, med);
/] BL nums[left] &L
let (mut 1, mut j) = (left, right);
while 1 < j {
while 1 < j && nums[j] >= nums[left] {
i-=1; /] NEREKRENNEESRNTE
}
while 1 < j && nums[i1] <= nums[left] {
i1 +=1; // NERBHRE DMK TFEESRN TR
}
nums.swap(i, j); // REXFIPITE
}
nums.swap(i, left); // RBEEHEIMER FIAND Rk
1 /) REEEHNERS]

11.5.5 Ei#JA{kk

TEREEA T, POEHbPalRE S 2RI, DUE A PR ARG NG, BT FEAEREN m
FRMH LRI T A KDy O BIZE FREHMIKE Ny m — 1 G T8, RXEWE S —R1E AR
RIREEARAE RN (OB —A T R), BIARIEEREE n— 1, WINFEZESH O(n) K/ E L,

N T BRI BB, TRl G e UG, PP TR K, DOy TR
R, TR TR KBRS n /2, BRI AR BT R AT log n , MTiKHEESS
HIE 2R O(logn) o ARSI TFHT:

/] === File: quick_sort.rs ===

[* REEE (BRBJAML) */
pub fn quick_sort(mut left: 132, mut right: 132, nums: &mut [132]) {
/] FEAKER 1 BRI
while left < right {
/] THERIDIRME
let pivot = Self::partition(nums, left as usize, right as usize) as 132;
/] READFEAPBIGI N HITREH =
if pivot - left < right - pivot {
Self::quick_sort(left, pivot - 1, nums); // BJIHEAFEH
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left = pivot + 1; // FREKHFXIEA [pivot + 1, right]

} else {
Self::quick_sort(pivot + 1, right, nums); // B2)3HEAEFEA
right = pivot - 1; // ®IKFHFXEA [left, pivot - 1]

11.6 3HHF

JAFHHRF (merge sort) B —FETIRRIBVANFEE, WEE 11-10 Forpy “Xn” M G B
L XUoBrEe: JESIEBITARWTHER R N AL T, R R A HE P R 45 R 282 B HE e
2. HIFRE: HTEEHKEN 1 INEIEXy, THAEEI, RS AN EOERE P EHEH I — DK
KEHERFHA, EEEH,

R BER

) mmen
IR

SHHMER

B 11-10 VHFHEFRIXID 5 aFFI R

11.6.1 ELiHiE

N 11-11 Fow, XU BB AT IR A b B R s 0 o A S

1. HEBHEP E mid, BAKISETEEH (XA [left, mid]) fHETFEE (XA [mid + 1, right] ),
2. BAPSTS R 1., HETRAXEKEN 1 N&IE,

“BIHME WERETUR £ T BANG TR N~ M E R, FEIERR, WKEN 1T H8ETT
wmadt, SHMEPREDN TEHBRAE T,
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#IFRIS

A a—

U IS LR

-
|

Step 1 ‘ Step 2

R

etk
EJ12 40 1= 40

a2

aAEI13
EJ12 40 LR

Step 5 Step 6

[ Step 9 ] [Step 19]

11-11 JHFHER B

MR, VAFFHER5 = SO e i 3 3 U e 2 — B
Rl SR TR, FEIIA T, SRR AR A
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FIRHER: JodIaE T8, BEIATRE, RELEEEH.

HFHHER B SEE N A MRS AR, IBEE, nums EEEFEX RN [left, right], T tmp HYX N X AN
[0, right - left],

// === File: merge_sort.rs ===

[* BFEFHANGTFIREA */
fn merge(nums: &mut [132], left: usize, mid: usize, right: usize) {
/] EFHAKEA [left, mid], BFHAXERN [mid+l, right]
/] BIE—IGEEEE tmp , BFEREHENER
let tmp_size = right - left + 1;
let mut tmp = vec![0; tmp_size];
/] B A FEAEN A F AR RS
let (mut 1, mut j, mut k) = (left, mid + 1, 0);
/] BEAFHABEETERN, #ITHBRHBEBRNNTRESR R IRIEAH
while 1 <= mid && j <= right {
if nums[i] <= nums[j] {
tmp[k] = nums[1i];
i+=1;
} else {
tmp[k] = nums[j];
j+=1
}
k += 1;
}
/] RBEFHAMEFEANTIRTREE S E ImEEEH
while 1 <= mid {
tmp[k] = nums[i];
k += 1;
i +=1;
}
while j <= right {
tmp[k] = nums[j];
k += 1;
=1
}
/] BIREEER tmp FRITTRERIEREE nuns BIXTRZX 8]
for k in 0..tmp_size {
nums[left + k] = tmp[k];

[* VAFHE */
fn merge_sort(nums: &mut [132], left: usize, right: usize) {
/] ELEEHE
if left >= right {
return; // HFEHEKERN 1 LR
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}

/] RIDBNEE

let mid = (left + right) / 2; // IHEH=
merge_sort(nums, left, mid); // &AL FEUEA
merge_sort(nums, mid + 1, right); // B)3EFEA

/] EHMER

merge(nums, left, mid, right);

11.6.2 BHiESE

- WS ZES O(nlogn). JEENERHET: KIZFEmEN logn HIBITR, 52 AT MR IESER
Hn, HSERTFEZ2E S O(nlogn) .

- SEEAIER O(n). IEHHEY: BTN logn , B O(logn) A/NKEMZSTL, AHRIEH
TEBHYRASI, B O(n) A/NESNaSH,

- RUEHDY: AR, SR R R,

11.6.3 §ERHIE

MNTHER, FFHFHE AR T B S R A B0, WBLRBERHDPES B MEREMILE O(1) .

- RSBBE: ATDUER BT B BT SRSEEIRERI o TR, A KA 6 A AR ],
- AIFRTB: fEBERS, TRMEMERERUCES I (i) BIRISCBL, RIEEFFIER CRMM A ik
RAHN-PRAFHER) THOIEBIMES,

AU LR 2%, A% AR A] DA R BRI T 3

11.7 HHiE

Tip
BBEATIRT, EHREEE “H “E,

#HF (heap sort) 2 —FE T HERBHRSSH SRR BIE, FOTATUAHEAFER) “HHEERIE”
“TURHHERE" CIHEHE

L. BONECERFFEN/NTiHE, N iR/ VTR THET,
2. ANWIPATHHESRAE, RIIESHHETLR, RIal SRl WNEIRHEP B,

AETTEEREIRRIAT, (BREM— MM R ATTER, HEORS R, EXhRd, BANEH EH
— M LA ST 2
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11.7.1 EERR

REAHIKEN n, HEHFPRIREINE 11-12 Fr,

L SN RTINE, SEa, ROARTTRATHE,

2. FBHEDOTR (B—IeR) SHIETER (BRE—1ITHR) . ey, #RER 1, BT
2HEML,

3. MWHETITTEITER, MIRBNERHITHEIRIE (sift down), SERELE, HERMERISEIEE,

4. PEIMAITE 2. DI 3. o B n — 1 52)5, RIRISERE .

Tip

Khr b, JTREMERFEPBESE 2. PME 3., REZ T - MHHTTRIPE,

/o

- 00808

EMTH ERTR

BN RNERT

Step 1 |

0060

ENERXE BEHFRE

~ (20880

s
@{@B
é@@

MIHHER BHFRR
w: 208008

Step 5 |

SEHEF

1. WINMAH R

2. ERMEPRIRBATE
(1) HETRTTRSHERTE
(2) MTREFRH#THN

SEHEF

1. WNBAHERE

2. ERMERRIRATER
(1) ZEMTRSHRETE
(2) MTRERHTHEN

SEHEF

1. MWINMAH R

2. BERMEPRIRBATE
(1) TR SHERTE
(2) MTRERTHA

EMERXE BHIFXE

-~ B00000

| Step 2
X@E
2

“ o
Cﬁé\@@

ENEREE BHFXE

(1)
@/%@

000

HENBMEXE EﬁEEH
- HO0000

Step 6

SEHF

1. BWABEAFERIE
2. fEFMEPRERATER
(1) RETRTTRSHRTE

IEHF

1. BWNBEAFERE
2. EFMEPRERATR
(1) ZETMTRSHERTE

SEHF

1. MABEAF R
2. fEFMEPREBATER
(1) RETRTTRSHRTE
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@
© o
0060

BNERRE EHFXE

~: (E0000

l Step 7 ‘
f
@ @

000

BWAENRE BHFXE
w (@00008

| Step 9

-]
o o
000

ﬁﬂqﬁ‘&lziil BHIFKIE
— 00000

[ step 11 \

SEHEF

1. WNSAHEE

2. BERMEPREBATR
(1) HETMTRSHERTR
(2) MNTREERH#THMW

SHIF

1. WABURFHERME

2. EFRMEPRIBATE
(1) ZHETMTESHERETE
(2) MTRERHTHEN

SEHIF

1. WNSAHEE

2. BEFRMEPRIBATR
(1) HETMTRSHERTR
(2) MNTRER#THMW

o
o

0060

HNERRE EHFXE

- 00000

Step 8

()

e o
000

ENFENEE EHFRE

(00000

Step 10
Emszm
- (00000
Step 12’

K 11-12 HeHER 538

SEHF

1. MINBEAF R
2. EFMEPRERATR
(1) RBBETRTRSHERTR

SEHE

1. WABUAH R
2. BFMERRERATE
(1) ZWETMTRSHERTE

SEHF

1. MNBERFERE

2. EFMEPRERATR

(1) RHBETRTRSHERTR

(2) MTRERETHEA

3. BAR—IRELFRE, HFTR

RIS, FAER TS5 “HE” Z=5AERR AT R sift_down() L, EFEERE, HTHER

KESFEERIURATRTE/D, FHBITFES sift_down() REGRIN— M KESE n, HATHEHENY
HIERORE ., AU R AR:

// === File: heap_sort.rs ===

[* EREKEA 0, NTE 1 FFE, NTRERENR */
fn sift_down(nums: &mut [132], n: usize, mut i: usize) {
loop {
/] TS 4, 1, r PESRANTS, 127 na
let 1 =2 * 1+ 1;
letr=2*1+ 2;
let mut ma = i;
if 1T < n && nums[1l] > nums[ma] {

ma = 1;



Bl E HF hello-algo.com 251

}
if r < n && nums[r] > nums[ma] {
ma = r;
}
/] BEUR 1 &RRNERS 1, r @7, WEHkEHl, B
if ma == 1 {
break;
}

/] AR

let temp = nums[i];
nums[1] = nums[ma];
nums[ma] = temp;

/] TEFETHL

i = ma;
}

[* HHEE *+/
fn heap_sort(nums: &mut [132]) {
/] EIRIE: HARHT R UM EMFAE T R
for 1 in (0..=nums.len() / 2 - 1).rev() {
sift_down(nums, nums.len(), i1);
}
/] MHEFRREGRATTR, B n-1 8
for 1 in (1..=nums.len() - 1).rev() {
/] KRBT RESREHTR (RIRETRSETR)
let tmp = nums[0];
nums[0] = nums[i];
nums[1] = tmp;
/] VART SARR, MNRERHITHEL

sift_down(nums, 1, 0);

11.7.2 HiESE

RIS ZE N O(nlogn). JEENEMHET: BHEHRERTT O(n) B, MIEEFHREURATE R0 S
ZxiirH O(logn) , FEABHF n — 1 46,

- SRR O(1), FHEHEY: JLMEEHE R O(1) 2, TEE SR R R R e
ST,
WREHDY: (B TSR TE R, M T R AUAT (B T AR A A
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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-MKER n W, HTREEE [0, 1) NITEAEL MHEFRRARE 11-13 AR,

1. FHA kA, K n DITRECE] kM,
2. MM AIPTHEY OXERAGEE S INEHFEED .
3. TZIR M NEIRRI N F & FH 45 R

e BHHE, HERF
— >~ SRR
i 214584351
buckets #Lﬁ'ﬁﬂ?
BFEEE [0, 0.2) mgfmm [0.4, 0.6) l0.6, 0.8) [WéLM
‘- “ / R BYIFF
X _;_ ¥ _F Y : BHER
B 11-13 AifER SRR
(VLR
// === File: bucket_sort.rs ===

[* BHE */
fn bucket_sort(nums: &mut [f64]) {
/] Rk k = n/2 M@, FTHEHIAEESMENE 2 &k
let k = nums.len() / 2;
let mut buckets = vec![vec![]; k];
/] 1. BEATESRIEMES
for &mut num in &mut *nums {
/] BNEIEEER [0, 1), A num * k BREFIZFESSERE [0, k-1]

let 1 = (num * k as f64) as usize;
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/] & num FONEAE 1
buckets[i].push(num);
}
/] 2. WEMRERITHRF
for bucket in &mut buckets {
/] ERAEHFERE, Wl IBRE MRS E
bucket.sort_by(|a, b| a.partial_cmp(b).unwrap());
}
/] 3. BAEEHE
let mut 1 = 0;
for bucket in &mut buckets {
for &mut num in bucket {
nums[i] = num;

1 +=1;

11.8.2 HixiHE

MHERPIE I TAC B A BIRRHOEEE, BIan, MABIREE 100 51 eR, HTERERG, RIEWNFILE R
PENERTA EdE, R, AT DCREE R 1000 M, RE sl METHY, BRIERHEREH,

- NREREN O(n + k) © RTTRESMEN T2, BLAFMRNRTCREEN 7o R
HAMEEER O(F log 72) N, WIHEFERTERIEM O(nlog 7) WiH, X8R & BB, W
JEMER T O(n) » AIHFERNFERFHFAMMTE, €% O(n+ k) N,

- ENERHER: fEREW R, FTASEREEE — MR, BHERFIERER O(n?) L,

- BRERERN O(n + k). ABEHHEE: FEED B MRS n ANITRESNERL,

- WP R SRR BUR T HE AT R EIR R SR

11.8.3 YNAISCINFEIY 53 L

fiHER O TR S A S ERTDUAE] O(n) , REHETROCRIBLEIS AN, FOySEirRE8dEEErzg
5o AaE. BN, BATEER A= _EAIFTA B S RS 2 BCE] 10 M, BRSO 2R,
T 100 STAYIER 2, &T 1000 JTAYAER Do RS XTI 10 4, & MRS EEER S
FEH K.

MR, BATA D — S RE 0 LR, KRR 2 3 M. srltse hn, FRRmish
BRSNS R 3 T, HEFHMPRTRBE KB,
N 11-14 FoR, RXAOTIEAB ERAE—HOEIN, EARZIEM T RIERATRE Y, SR, A —EE e
FREAREN N 3 M, BRIy 75 R ARE Ba e s R TS £
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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 v 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

RIS RFrR:
// === File: counting_sort.rs ===

[* THEEE +/
/] BRI, TERTHENR
fn counting_sort_naive(nums: &mut [132]) {
/] 1. FITEARAITE m
let m = *nums.into_1iter().max().unwrap();
/] 2. FHBEFHHIRE
// counter[num] fXF num BYHHILREL
let mut counter = vec![0; m as usize + 1];
for &num in &*nums {
counter[num as usize] += 1;
}
// 3. & counter , BFRITHRENEHH nums
let mut 1 = 0;
for num in 0..m + 1 {
for _ in 0..counter[num as usize] {

nums[i] = num;
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THEHER S HER R
MIFHEFRIAEE, AR DA THEHEE RO THEEE counter I DRS I — M, KEtitEE
A REE MRS IR BRI AR, ABE, T R A R AR N — R

11.9.2 TEILWM

OIS RTRERIL T, WREMABIRANR, LD 3. SR T, B ASIE RSN SR, B8
MRS CRIOBAZRE) N THET, M LREE RS IS IHE P &5 53,

AR A REAS B R BRI HE R 45 R ? FRATE Je11 5 counter FY “RIZRAN", AR X, &5 1 AMIRTZM
prefix[i1] FTEHAT 1 NITEZH:

prefix[i] = Z counterf[j]
=0

AN E X, prefix[num] - 1 fXEICE num EE5 R EA res i — RPN RS, XMER
EH X, RNESEIRBITE N ICEN I ZHIESS RGN E, 8 R, FA1EFEDIFEEEH nuns 1Y
BANITE nun, FEFRIERFPITLLRRY

1. ¥ num SEAZLA res S| prefix[num] - 1 4b,
2. ZHIZA prefix[num] B/ 1, MMEE] R E num 5],

wERE, B res PRUZHHFHFIIGER, B&IGHEH res BEFEEH nuns BIF], & 11-17 JB/R T 5288101
B imAR,

F¥4A nums RBA nums ‘

e Rl [ [ [ [ [ [ ][]

BFnoum 0 1 2 3 4 BF um 0 1 2 3 &

smna coner (@OOOD) was e ([OO00
A nums HEETHE M RFRIHIDRE it# counter WUFISZM, iBA prefix
counter[num] X% num AYHIVREK prefix[num] - 1 &K num 7£ res FREIRHMWES|

Step 1 Step 2
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:
= (000000000

LR res

BF num
B prefix unn
(counter)

FIFFER nums FRISADTTR num , SHHRT:
1. % num A res MF35| prefix[num] - 1 &
2. SHIEM prefix[num] BA 1 , MEETRKE num 35|

[ step 3 |
num
v
¥4 nums
HRBA res
BF num
was e (OO0
(counter)
EIFFER nums FRISADTTR num , SERIT
1. ¥ num A res HFR3| prefix[num] - 1 &
— 2. PHIZH prefix[nun] BE 1, MAEEITREE nun MIFR3|
| Step 5
R¥4A nums
LRHA res
BF num 0 1 2/ 3 4
wan e (OOO0
(counter)
HRAREBHIE, HERITRER
IS res FRRBEHFHLR
[ Step 7 }

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.

2. SHIER prefix[num] BE 1 , MTISEITRKE num MZ5|

num
v

7 %
/ e
/
/

/

o 1

WS prefix aanna

EIFBFH nuns FRSNTR num , SHRAT:
1. % num N res WFE3| prefix[num] - 1 &

R4 nums nnnnnaannn
cooaaasnon

2. 2HIBM prefix[num] BF 1, MAEETREE nun HFR3|

o 1 2 3 &4

was e (DEO0

[ Step 4 ]
HF num
(counter)

| step 6 |
LRBA res
BF num
(counter)

‘ Step 8 ‘

11-17 iHEHE PR

THEHE R A SEEARER AN R R :

/1

/*
/]
fn

=== File: counting_sort.rs ===

TR */

TR, AIHENR, HFERREHRF
counting_sort(nums: &mut [132]) {

/] 1. FIHEEERAITTE n

let m = *nums.into_1iter().max().unwrap();
/] 2. FHREFHHIRE

// counter[num] XF num AYHINRER

let mut counter = vec![0; m as usize + 1]
for &num in &*nums {

counter[num as usize] += 1;

3

4R res ExFHAE nums BIF]
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/] 3. K counter HVFIZM, & “HIIRE ¥l “BR5!”
// B counter[num]-1 @ num £ res H&fG—RHEIMHZES|
for 1 in 0..m as usize {
counter[i1 + 1] += counter[i];
}
/] 4. BIFIER nums , BETRENGERHA res
/] BN EA res BTIERE
let n = nums.len();
let mut res = vec![0; n];
for 1 in (0..n).rev() {
let num = nums[i];
res[counter[num as usize] - 1] = num; // ¥ num MEBERIXNZS |4
counter[num as usize] -= 1; // SEIZMER 1 , BEITRBE num BIZES|
}
/] ERERHA res BEELE nums
for 1 in 0..n {
nums[1] = res[i];

}

11.9.3 xS

- WERERN O(n + m) © W& nums AT counter , #BHEALIER A, — RSN R n > m,
MRS ZESET O(n) ,

- BMERERN O(n +m). EFEMHDT: E8TRES 510 n il m BI9%EH res fil counter

- FREHT: BT res HHEARITTEMITZ “MERILE" 1, FIHEFEDT nuns AT DUBHRECERHS T
RZEMRENOLE, MmSRBREH T, b b, 1EFiEJ nums AT DUSEERRIHEF SR, H55HR
EAFRE N,

11.9.4 BRI

BREXE, FUFSEGHEHFIEESY, (oadgtit8Eminl DS mnHEip. 2Am, AT
IR B S AR R A%

PHEHER S TR DU, AR HR T B SRR, RS R R v] DU Oy s sy, R E
FERARS R ARER B N ITTR Z AN RN K FR, BN, TR &SRS mB8Ed, I DUtAmaisy
b=, BElBeriOnE, HrsesamimE X,
HEHDFIEN T8 BB EIRE R BT, tean, 15 BRREIF m AREERK, &2 &b 22,
M n < m b, HEHFEERA O(m) N, "TREEE O(nlogn) MIHEF LIS,
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EAE T, EIER TR R n BOKEBEREE m BB, BORRRAIFEEN n = 106 2%
BHATHY, Mi¥S R4 8 T, XEWESIEREE m = 10% K, MAHEHFRES RN
fEasial, TR PT DA I AR DL

HHHF (radixsort) AILEES M —2, @RS MOk, R, EEHFA
BT B AL BENEHRR, RO —AHETHR, AMSEIRLRIHF SR,

11.10.1 HLRiE

DA SEARA G, BT IRIOORS 16, mehrEss 8 i, EEHFRImEWE 11-18 Frr.

1. WAk =1,
2. XS kAT WEEHNT. seala, BARSRIES kA WNEIRHER .
3. K kI L, RIEIREPEER 2. RBER, ERIFTEEHEFE SSRGS R,

HNBA nums . SUEH, WS 8
M K = 1 HIFE 1 M RS 2 fI % 3~7 fi -
10546151 35663510 35663519 10546151
35663510 88906420 88906429 30524779
42865989 10546151 82060337 34862445

34862445
81883077
88906420
72429244
30524779
82060337
63832996

63832996

81883077
82060337
42865989

30524779

34862445

81883@77
305247179
42865989
6383299%

K 11-18 HEEdFE LR

35663510
42865989
63832996

72429244
81883077

82060337
88906420

TNHEHFHAESER, T d RIS o, BRI kAL xy, , TR DR IHRE AR
x
T, = LFJ mod d

Hep |a| FRWE R o 1A FEAE, T mod d Fmxt d B (BUR). X TFS58dE, d = 10 Hk € [1, 8]

(e

AN, FBAITRE /MG D, 2 ] DR 8 1958 K AL THER
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/1

/*
fn

/*
fn

}

/*
fn

=== File: radix_sort.rs ===

JREXJTZE num FO5E k fiI, EHMA exp = 107(k-1) */
digit(num: 132, exp: 132) -> usize {
/] BN exp MIE k AILBRELKEERNITRERNRAITE

return ((num / exp) % 10) as usize;

itEHE (RIB nums 58 k (iHEE) */
counting_sort_digit(nums: &mut [132], exp: 132) {
/] TEGNLCERER 0~9 , EEEKERN 10 HNiEHA
let mut counter = [0; 10];

let n = nums.len();

/] Fit 0~9 FEFRIHINRER

for 1 in 0..n {

let d = digit(nums[i], exp); // ¥KBEY nums[i] 5B k fi, iI2H d

counter[d] += 1; // i FE d HWBIIXRE
}
/] KBS, ¥ “BIADE Bl “BElR57
for 1 in 1..10 {
counter[i] += counter[i - 1];
}
/] BIFER, REHENFAITER, FETHREN res
let mut res = vec![0; n];
for 1 in (0..n).rev() {
let d = digit(nums[i], exp);
let j = counter[d] - 1; // FXEX d 7EFAHHES] j
res[j] = nums[i]; // REHRITRENERS j
counter[d] -= 1; // ¥ d B9EER 1
}
/] FEREREBEEFEHA nuns
for 1 in 0..n {

nums[i] = res[i];

EEHE +/
radix_sort(nums: &mut [132]) {
/] REVEANRATTER, BTHBTRAMUIE
let m = *nums.into_iter().max().unwrap();
/] ¥EBMEAR S AR &ER
let mut exp = 1;
while exp <= m {
counting_sort_digit(nums, exp);
exp *= 10;
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It 2 AR 4aHER?

RSP, E—Rr ST RIEER, 20k, MRS —HHFEI R a < b,
M —HHFPER a > b, LB RIS 4R, B TRFIEMALLEHRE TR
iz, BIHRIZISEHRF A B &L,

11.10.2 EX45M

BT R, B PE R T RUETEERORRIIE O, HATHE R R ] DARGRM I E B R, HAE
BORREIS K, BN, 12 ORE & (R EEET, ROV HAE kK, ATRESERTE 24 O(nk) > O(n?)

o

- INMIERER O(nk): REAEE D n. BIEN d #HH BROECY k, MM —RETH SR EH

O(n + d) e, HEFER K Godf O((n + d)k) L @RS, d#1k SAEREN, A2
Retar O(n)

- BEERERN O(n +d). EREHDY : SRR, B8P HREEREN n Ml d KA res

K1 counter o

- R MG RER, BEEEHPT AT, ST ARER, BEHRR ICA RIS SRR

HEFP 4R,

11.11 /&

1. EREHR

- BiEHEE S HAR R R R KB, WA — MRS ARSI AR A, B ATTA] DORE B e

HIs R R Z A IS O(n) -

- FAAHEFE SR AR X E AR TTREAZ A XA ERACE, MWmesir. BRMAHFR

IR ZEH O(n?) , (HET AT, R NSER R AHE T 55 Hh I 22 i,

- POEHEE R T ISR BRI . EIEIRI A RTRERHIRERE B E e 2 YRR, S BINTAIE

HEHE O(n?) o BIAFPABEEMESEREN I HERAT AR OX R S (LIER,, R 75 T4 AT DA AL
g/ DI IAIREE, RS REME] O(logn) -

- VUFHEF R RIS TR, SRIMATE 7oA, EIIEHET A, HEr R R Al A

¢, ZREREN O(n) ; RmHFRERN=RERETUUEE O(1) .

- MRS =R BdEO. MNHEEM S IR ERFMATL T IakES, S T EIRARRK

AITEL. AHER A SCBEAE TR BdE it T2 70 i

- HEEHE R R — MR, BEd g SR IR REBOR SC B, B IE TR R R E

BAEEEA RIS, I HESREARRENS FHOh IE R,

- B BT R A HE RSB, ESRERERE W RO B E AR
©ORHBR, WA ERE - AHEE R, BARRCR. RBE, U IER EEM R AT, 1R

NHARAREAI I EIL AL, A M SRR RN e AT IX 255 i, SRR A, BAlIHRE
RIS R ERIE R BN HE R R,

- B 11-19 X T ERHEFRIERRCR, REME. st PR BE N PEE,
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B iEE SEERE
B Ty B - REN poesicd BiEmlE ETHER
wEHE  Om)  om)  om) o) | iHEE RN FEER W
;Eg—z:f)ﬁ | EEHEF | om) o(m?) 0(m?) o(1) BE Bt E5ERT bt
fRNFE O(n) o(n?) o(n?) o) B B BiER Wit
HiEHE | O(nlogn) O(nlogn)  O(n?) Ologn) | dFfam o P Wi
aﬁﬁi | V3HF | O(nlogn) O(nlogn) Ofnlogn)  O(n) BE FEM EEER R
##F | O(nlogn) O(nlogn) O(nlogn) o(1) JEEE it FEER Mo
B O(n+k)  O(n+k) o(n?) O(n + k) RE FEFRH E&R E[3d:2
tﬁgt(;:ir% HEH#FE  O(m+m) On+m) On+m) On+m) | #BE R EEER dER
EHHF O(n k) O(n k) o(n k) O(n +b) RE R FEEM AR

st i o
BHF, k AEsE
£ i f ‘ R, m IR
E#HFR, k DEAL, KIEHD b A

K 11-19 fHpEENE

2. Q&A

Q: HFEEREEEMN AN N 20FEmN?

ETF, BATERRERT RN ENB I THER, flan, AL SR NEE, BIIAELH—
MNERHE T St THET, 152 (A, 180) (B, 185) (C, 170) (D, 170) ; PN HEHITHF. H
FHEFEZEARE, FILTEE53] (p, 170) (C, 170) (A, 180) (B, 185),

AIDARER, 224 DM C N ERZE T, RN EREWEBIRT, mMiXERIMNAFEERN,

Q: MHEXISH “NEFAEER” 5 “MNEEAER” T AT AR ?

AT, BBRATARCIHTCE NIRRT, Wt “MNEEEER” B “NEFAER”, XN EL R E W,
BAIRET— TR,

MEE=XI5 partition() MG —H B Ht nums[left] Fl nums[i] o FEACHLSG, FEMERUEINRITTEER <= B
WAL, IXEREOR G — 5 2 i nums[left] >= nums[i] BARAL, BIZTRATSE “NETEER”, oS
PAZN L FEECE KT E, WSE 1 == j WBEEEEA, BEBIIHE nums[j] == nums[i] > nums[left], &
P, I ERE P R ES I — A R R T BB oo, SRR 58,
BNEIT, AEREH [o, 0, 0, 0, 1], RE “NEMAER”, WESEEEN [1, 0, 0, 0, 0], X
MEERIEARIERT,

HIRANEE—TF, MRBAES nuns[right] WFEMESL, IRAELG OISR, wHe “MESHEEK,

Q: XTREIEIFMM, N LEREHRERIEIE TR E RN logn ?

JBIRE L Y AT AIR BRI T RS E, BRI BA TR R BN 5 AR 5, EREEIAM
&, A RBEEANTFEHKERAKNESHKEN Y, REREEN, —BN—FKE, RARKHIEITR
JERR logn o

B R GE R B, AT T RESIESHIB T K ERRIEE, REBR AN, n—1, ... 2. 1, &
IHREN n ., BIBIFM AT DOEE G X FE v B,
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Q: MBA P TCRAMEN, POdHE IR R 2% 2 O(n?) 152 ZA /b BELX FE 150 ?

B XTFIXAEDL, AT DA SIS IR R BRI =R AT T RTERMERL XA TR
JVNFFIRTHIME 2 EIZSTTET, MATTR AT, N BT sE .

Q: HHER IR 0 E 4418 1202 O(n?) ?

BEWMT, FrETERAER— M, GRRARA— O(n?) BHkHIRXEETER, Wi e fE
W O(n?) .



264

F12E 94

Abstract
MR ZIR R, B —IREPRRERE & S o A,
DMHAZ R T —NEENESL: WERMGE, —UEIAHEE S




128 38 hello-algo.com 265

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



128 38 hello-algo.com 266

12.1.2 @I EIRFAE

SHEAOUT DU R RS, e DIRTHRIARCR, RS, PudHir, A3FHER. i
PR TiEeRs, B, MAHFER, SUREVENINA T E R,

Mo, BAIAREERR: Mt 2smianl ERTPRRRCR, HIRZBERMTA? #im, KRmE A2
TR, ORI, R AR S O SR R, X)L RISCR A 20 L B R R ) R o 1 2
XA R A] ARG AT T S 75 TR I 18,

1. #REHREMRL

DL “EEHEE o, EAE KN n ARAEE O(n?) M. BIRRIHZIEE 122 BRI R,
BAM A NP TAEL, RIS TEE O(n) M, HFSNTRAEE O((n/2)?) M, &IERN
FREATE O(n) W, BAERFEREN:

2

OM&{%PX2+W):O¢%+QM

DEEoEEEE

BiaHF
0(n?)

DEEEEERE

Bk o(n2) Ei& 0(n2/2 +2n)

K 12-2 RIp¥eHmTEN B iRy
TR, BANHRUTIAERX, BGRB8 72 jiA o R e S8

2

n2>%+2n
2
nZ—%—2n>0
nin—4) >0

XERE S n > 41, RoErREBERE Y, HIRBeRMIEE . HEE, XInJErIN RS2 ETRR T
Jikh O(n?) , HREREHINEBINENT,
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P, WERBATHE A AW PSSR A A, B T B AR DT RS IR e ?
IXFURRSERR Bt IR, INEEZEHN O(nlogn) .

A, QERBMNZEBEILNRD A, RIESEFK0 0 kADTEEAE? ZXAMERS “MHr” IR0,
EFFEAHFEREYE, it ENEERET ISR O(n + k) .

2. FHTHEMRK
BATALE, I RE T BV EARNZR, L@ E T IOFTROL. R, s7a A AT AR IR
EEARE, EHRTIREREIIFFITRL.

FHATIAE A% B AR BN U 2K, ROV AR GER] DARI AR 2 A7 (Al d, SN SE o HMI A T R
TR, AT D S AR RTIB TR AL

FRANTERE 12-3 R “HWHER" o, BATRER BRI 2 BCR 2 M, AT A RRHE R (55 70
BENRETT, EREHEEHER,

TTE

K 12-3 MHEFRIFFTIR

12.1.3 98ERKA

— 77, iG] ARRIRRVE 2 22 LR AR,

© FEREGE RN ZEIRE SR R RIS, SRIE R PRI B RN, BRSO
TR XS o

- KBEEERIL: a0 Karatsuba Ji%, BRAEEEGRE 2N LB NI SRIEFIINTE,

- JEREIRTL: BN Strassen B, BIRIERERIE DN 22D/ INERE ROSRIERI AN,

- DOESEEL: POESE TR AT DUBIE AR, X2 U IR SR R .

- ORMESREXE: - DFAI, AERATEH AT R TR, IB2ZN DR R — DR KA
Wi Al AT AR v B AR, (R BhIAHHER BT SR,
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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. WERXE [i, j] BFRA m , HRE R KX A,

2. IR NI T8, TTRER £(i,m — 1) 5 f(m +1,5)
3. JRERES 1. I 2. %, EEHH target XN AN,

B 12-4 JRoR 7B o EBOTR 6 RriaidE,

v O800000D00
A
\ 4 m

f(o, 3) ann 12 15 23 26 31 35]
A

n W
f(2, 3) [1 3 on 12 15 23 26 31 35]
A
m

\ 4

REREFTR 6 WHFESIH 2

K 12-4 —p&EEREIRERE

TESKBURTGH, FRATR I —BITERAL dfs() KRMITE £ (4, 7) -

/1

/%
fn

=== File: binary_search_recur.rs ===

ZHREEK: [\ (L, ) */

132, i: 132, j: 132) -> 132 {

dfs(nums: &[132], target:
/] BEXEAT, KRLTEFTER, WRE -1
if i>3{
return -1;
}

let m: 132 = (1 + j) / 2;

if nums[m as usize] < target {
/] BAFEE f(m+1, j)
return dfs(nums, target, m + 1, j);

} else if nums[m as usize] > target {
[/ BYIFRA (i, m-1)
return dfs(nums, target, i, m - 1);
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} else {
/] #EIBtrE, REHRS|
return m;

}

}

[* ZAEHK */

fn binary_search(nums: &[132], target: 132) -> 132 {
let n = nums.len() as 132;
/] KfgEE £(0, n-1)
dfs(nums, target, 0, n - 1)

12.3 =X e

Question
4 — R XA ETF e preorder A1 FiE/J inorder , THMAHRIE XA, IR = AR HIHR T
o RIXZXWHRAEEEN TR (WA 12-5 FiR),

HiFFER
/ \ BEE—Ri preorder
hFiEHh
inorder

B 12-5 s = AMEIR IS E

1. FEREET RS AR

JR A E M preorder 1 inorder #% XA, 22— PHEI 1R,

- ISR DA R NIRRT, BATTAT DLRE SR AR 0 A7 Al A e i, S i,
I E—P e AR Rl T AR (R0, AV AT AR B EXIZ 757, A
DNENHFH (FRED, BERIEREENFR-E (ZFH) LR,

© FRSRMNIE: T REAFRORAHE NN, BN ARE %, ERAETRIN, BITHRFRE
R e i D A Pt D PR 5 2T RO B AR e A5 R TR B

- PR AETE: — BRI TEFRIG TR (FRBEIM, TR DR e BERERYT 5 L,
12 S ) R
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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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R 5AE preorder YRS

FHRHE inorder FHYET| XA

T
EVR i+l
PR i+ 1+ (m—1)

[Z,7]
[[,m —1]
[m+1,7]

HER, AFMIRTERIIPN (m — 1) &0 Rl s’ @ileEar 12-7 8ig,

s ) —
preorder

hFFER
inorder

- Doan
A A A

i i+l i+1+(m-1)

2 806
A A A

1 m r

B 12-7 MR RMZEA FRIRT X ARR

4, XFBEI

NTRAERE m BRER, FAEB— DB R hmap RFGEEEH inorder HITREIR S HIMLES :

// === File: build_tree.rs ===

[* HEZXK: 929G */

fn dfs(
preorder: &[132],
inorder_map: &HashMap<i32, 132>,
i: 132,

1: 132,
r: 132,

) -> Option<Rc<RefCell<TreeNode>>> {
/] FRXEATELLE
ifr-1<0¢{

return None;
}
/] MRMIRT=R
let root = TreeNode::new(preorder[i as usize]);

/] BE n, NXIDESFH

let m = inorder_map.get(&preorder[1 as usize]).unwrap();

/] FielER: ¥3EEFiv

root.borrow_mut().left = dfs(preorder, inorder_map, 1 + 1, 1, m - 1);
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[/ FRIRR: A FH
root.borrow_mut().right = dfs(preorder, inorder_map, it + 1 + m - 1, m + 1, r);
/] RERT =

Some(root)

[* BRI */
fn build_tree(preorder: &[132], inorder: &[132]) -> Option<Rc<RefCell<TreeNode>>> {
/] WEKIEHER, Zi#E inorder FTTREIZRSIHVBREY
let mut inorder_map: HashMap<i32, 132> = HashMap::new();
for 1 in 0..1norder.len() {
inorder_map.1insert(inorder[i], 1 as 132);
}
let root = dfs(preorder, &inorder_map, 0, 0, inorder.len() as 132 - 1);

root

A 12-8 JeoR TR KRB ITIERE, BN RRIER S 98T AR, MRSk
SRS R Spog S Lhe AVAI N

e (ODBOB
e 00008 9

preorcer (3 @2 (1117
inorcer ({31127

[step 1 | [ step 2

—
e @00aa, 9

a

Jh (51D BAER

9 B preorder

@ @ inorder

[ Step 3 ‘ step 4 |

o o

[s:eps | ‘Stepsy
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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 fROIOEE TR REAY 73 16 SRS

3. AExEm

ERIEH, BATEH— N EITEEL dfs(1, src, buf, tar), ERIMERREHA: src TEEHY ¢ DNEELEBhE
1 buf 812 B st tar :

// === File: hanota.rs ===

[* Ba— 1P EE */
fn move_pan(src: &mut Vec<i32>, tar: &mut Vec<i32>) {
/] M src TIHBEH—NER
let pan = src.remove(src.len() - 1);
/] BEEBN tar TN
tar.push(pan);

[* REBSGEIEIR f(1) */
fn dfs(i: 132, src: &mut Vec<i132>, buf: &mut Vec<i32>, tar: &mut Vec<i32>) {
/] & src RPT—EE, WEEEHBT tar
if 1 ==1{
move_pan(src, tar);
return;
}
/] FiEER f(i-1) : ¥ src TN i-1 NEEMEE) tar %3 buf
dfs(i - 1, src, tar, buf);
/] FiEE f(1) : & src FR—NERZE tar
move_pan(src, tar);
/] FiER f(i-1) : ¥ buf TAZ i1-1 NEEMEE) src B3 tar
dfs(i - 1, buf, src, tar);
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}

[* REEEERB */

fn solve_hanota(A: &mut Vec<i32>, B: &mut Vec<i132>, C: &mut Vec<i32>) {
let n = A.len() as 132;
/] B A TRER n NERER) B $BE C
dfs(n, A, B, C);

QN 12-15 AR, DOASERISTE R RGN n BBV, &1 AR DR, MR —NTER dfs()
B, BENRERER O(27), BREREN O(n) .

B 12-15 UASE R 3 U 4

Quote

DORIE IR B — N BN, EHEEN—DSFEE, BEMNE=ReRNEatEs, Pk 64
MR —HE B, BEMANEIEE, MIMEEERE — MEBSERTENIR—ZI, X
JLE S S

SRTT, BREERSBIEREEEN—R, BHEEAL 20 ~ 1.84 x 101 B, &4 5850 124, imini@
TN FH ARG, TR, MEIXMETRER, FAINVIZATFEHR O TR HER,

12.5 /&t

- IHAR R WM EIRRIT RS, W (D) fis (B WARTEL, EEETIRIARI,

- HAWTR S RIGRIERBARIE A FIRES , FRER G, FRRES &),

- VAFHHEE RIS A SN F, OB TR R R 0 N E R T, BEIHRF N ITRNIT
WEREEH, MMTERHEF.
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- SIAD RIS ERE AT DARTHEIRRR, — 77, ARG TEEE; 5—77m, MEEAMTR
AT,

- oIAREA] DR 2 BIRANE, ) A TR SRR, AR

- MHERTRENER, AENERIRER, NEERER O(logn) MIEREIREH ZHT /ARG
e

- ZOBEBRSIGRIGH S NN, EANEER T REN T EIFRP B, AR U@ S
HAKH =&,

© FEMEE OB A, AR (D AT DA A e TR A (R, X AT DAsEId R
5 3 A PR e 3 P O 2R 5 | X TR R SE B

- AEDUESERIEA, — DD n @RIERT DA 2 AR n— 1 B9 7 RIS — SN 1 5 [A)
o AL AR =7 R, BRI 1S 2R,
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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%

[C&% (backtracking algorithm) J&—Hulid 55 2R MR R RY /715, BRI OEAZ N — MRS H
K, BNEEERENRITE, MBEEMMANEHICS, BEIREIMEEE 2 7 ArE vl GERIEEEED
TFARBNFRN 1R,

I RRE R R “REICER” KiEhsm, £ "X B8, BOURRINF. FRRERET
AR TR R, TR, BAOTHAIAT & IAE — D EARE, ZB25 7 iR SRR R TR,

ol —
RN, ERIFICRATEEN 7R A, TEIRET RS,

XTI, BATET @R, FEAIBS AT S RER SN T, B, WRIZT RAEIALE RS res
Z o AR ARSEEANE 13-1 A1 A M AR:

// === File: preorder_traversal_1i_compact.rs ===

[* BiFEEH: FlE— */
fn pre_order(res: &mut Vec<Rc<RefCell<TreeNode>>>, root: Option<Rc<RefCell<TreeNode>>>) {
if root.is_none() {
return;
}
if let Some(node) = root {
if node.borrow().val == 7 {
/] iBRHE
res.push(node.clone());
}
pre_order(res, node.borrow().left.clone());

pre_order(res, node.borrow().right.clone());

BB =X,
HiZRER 7 TR

Al I8
= @RTR

13-1 1EHi R R A
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13.1.1 ZiX5[ER

ZFR DR 2 e, RFDVZRIAEERR RN 2R “27 5 “BIR” MER, YRR RY

FEFIB RSN IS TR ST BT IR S 2 e SR AR, B AGH E— PRk, R EZ AR,
SRH A AT REATIE R,

AT, PiAE T REAAR R X7, M [ E0R AR R return MIFR “[AHR”,

EREIHIE, PIEFFAUNRISEEBORE, NiFERaX—d, BT IR — R,

il —
FEZ SRR ATEER 7R AL, IR B RN YT R 2,

TEBIRR— SR BRI, FRATTFREAEBI—DHIER path LR VIR T B2, HVIRIEMESY 7 89759 s, )
Sl path HIRIELTRINK res o WHFERG, res PRIFIVHUEHTHE MR, (AW NRTR:

/] === File: preorder_traversal_1ii_compact.rs ===

/* BiFFEBH: fIR— */

fn pre_order(
res: &mut Vec<Vec<Rc<RefCell<TreeNode>>>>,
path: &mut Vec<Rc<RefCell<TreeNode>>>,
root: Option<Rc<RefCell<TreeNode>>>,

) {

if root.is_none() {

return;
}
if let Some(node) = root {
/] Bt
path.push(node.clone());
if node.borrow().val == 7 {
/] ERAE
res.push(path.clone());
}
pre_order(res, path, node.borrow().left.clone());
pre_order(res, path, node.borrow().right.clone());
// B
path.remove(path.len() - 1);
}

FERR IR, BATE R Y /T SR path SRICHREE(R; WAE “[ENR” A, FATFHEERIZT M
path HgiH, PAMREARZIAZ AR,

WSS 13-2 Fonfidis, ATy D2 IAMELNR RN “RiE” 5 “WHT”, WA RIEL v,
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£id: BIWH, BRRE
EB: ERE, RBEE

Sl RITEH, BRRS
ElE: RERTS, RHEE

£l RIEH, BRRS
ELE: HERE, RHEE

£id: BIWH, BRRS
EB: RERE, RBORE

S BIEFH, BIRE
ELE: RERT, RHEE

Step 10

ik BITBFH, BMRE

EB: RERS, RHEE

path = [1, 7]

BEER 7, WERERNEER
res = [[1, 7]]

£l BITEFH, BARS
EB: tRERS, &BORE
path = [1, 7]

res = [[1, 7]]

Sid: BIEH, BRRS
BB WERE, HHEE
path = [1]

res = [[1, 7]]

£ik: BITBFH, BRE
ER: RERS, RBEE
path = [1, 3, 6]

res = [[1, 7]]

8k BIBER, BHRE

EhB: RERES, RHCEE

path = [1, 3, 7]

BETR 7, WEREFNELR
res = [[1, 71, [1, 3, 7]]
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Sid: BITERH, EMRS
ER: WERES, RECEE
path = []

res = [[1, 7], [1, 3, 7]]]

Step 11

K 13-2 Zi{5EE

13.1.2 B
B 2 EN R0 3 1 & — Dk S AN RS, SR ERETT T “90E:,

Pl =
FE XM ERATEED 7 AT, TEIRERRT RENX T RS, FFERBRETP AR ESEN 31

N TR LA ELHREN, BANRERMBIBaR . ARERERES, F82EN 3 ;W A, WHEANRE, A
WEHER, A TAR:

// === File: preorder_traversal_iii_compact.rs ===

/* BiFFEH: fIE= */

fn pre_order(
res: &mut Vec<Vec<Rc<RefCell<TreeNode>>>>,
path: &mut Vec<Rc<RefCell<TreeNode>>>,

root: Option<Rc<RefCell<TreeNode>>>,

) {
/] Btk
if root.is_none() || root.as_ref().unwrap().borrow().val == 3 {
return;
}
if let Some(node) = root {
/] =it

path.push(node.clone());
if node.borrow().val == 7 {
/] iERHE
res.push(path.clone());
}
pre_order(res, path, node.borrow().left.clone());
pre_order(res, path, node.borrow().right.clone());
// [EIR
path.remove(path.len() - 1);
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“BIR R MERIERIAIE, E 13-3 R, (EERE AT, Ml BT TR ASERFER
X, WRTFZTTRENZER, MG THERERYE,

BB BIEER 3 BT RANEEE

BRI IR AR X KSR =6
MITRFEFREEK

B 13-3 ARIELIRAATBY

13.1.3 1EZRMES

Bk, BANZLOREIANG “29K8 [HR, 39K REMAERIRRER, JETHRaSREm T,
FELAMERHSH,  state FURFBIITHATIRA, chotces RS RTIRAS T AT DA H VIS :

[* EIRESERESR */
fn backtrack(state: &mut State, choices: &Vec<Choice>, res: &mut Vec<State>) {
/] FeEs R
if is_solution(state) {
/] 1IBRAE
record_solution(state, res);
/] RESREIER
return;
}
/] BAFEERE
for choice in choices {
/] B FIEmERER ST
if 1is_valid(state, choice) {
/] B MEHERE, ERRS
make_choice(state, choice);
backtrack(state, choices, res);
/] EIR: HEEEE, MERZANRKE
undo_choice(state, choice);
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TR, FATEETHERRIRBRGIE =, K state N1 RIEEEZ, 1548 cholces NHHTT RMAE T
RAGE TR, S5R res BIERFIR:

/1

/*
fn

/*
fn

) {

*

/
fn

/*
fn

/*
fn

/*
fn

) {

=== File: preorder_traversal_iii_template.rs ===

Hltr SRS ST MR */
is_solution(state: &mut Vec<Rc<RefCell<TreeNode>>>) -> bool {

return !state.is_empty() && state.get(state.len() - 1).unwrap().borrow().val == 7;

1IBRAE */
record_solution(
state: &mut Vec<Rc<RefCell<TreeNode>>>,

res: &mut Vec<Vec<Rc<RefCell<TreeNode>>>>,

res.push(state.clone());

HIRE HRIRE T, ZEERRTEE */
is_valid(_: &mut Vec<Rc<RefCell<TreeNode>>>, choice: Rc<RefCell<TreeNode>>) -> bool {

return choice.borrow().val != 3;

BERE */
make_choice(state: &mut Vec<Rc<RefCell<TreeNode>>>, choice: Rc<RefCell<TreeNode>>) {

state.push(choice);

MENRE */
undo_choice(state: &mut Vec<Rc<RefCell<TreeNode>>>, _: Rc<RefCell<TreeNode>>) {

state.remove(state.len() - 1);

EIEE: flE= +/
backtrack(

state: &mut Vec<Rc<RefCell<TreeNode>>>,
choices: &mut Vec<Rc<RefCell<TreeNode>>>,

res: &mut Vec<Vec<Rc<RefCell<TreeNode>>>>,

/] REZRT R
if is_solution(state) {
/] iCRE
record_solution(state, res);
}
/] BFRFREEE
for choice in choices {

/] Bk REXRRREEE
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if 1s_valid(state, choice.clone()) {
/] =it MHRE, BERRE
make_choice(state, choice.clone());
/] #HITF R
backtrack(

state,

&mut vec![
choice.borrow().left.clone().unwrap(),
choice.borrow().right.clone().unwrap(),

1,

res,

);
/] ELR: BHEE, MERZARIRE

undo_choice(state, choice.clone());

RIEER, BAERENESN 7 07 G N Iz ER, HHERE I # R 2 51 return IHMIER, & 13-4
L TR B EMER return IEAJAVIE 2SR,

1#%2 return #P% return
CRBERE, FEM4LSER IERBEFED, HEHER

K 13-4 {RESMER return AR b

M EEEE TR 07 ARG KB, FE T IS AR SC B BAR RSN, EXE MM LF, Shrl, W%
1] AR ISR R RO, FRATT R FARIE BARIERE X state I choices , FFSRMUEZRHII&ANTT %
HIET S
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13.1.4 EAARIE

T BB AR TARE, B LRSS — NEIAE AP AARTER S X, FEATRREIE =25 X MR B], ansk
13-1 Ffirrse

R 13-1 H LRI RIEATE

A TE X plE=

fi# (solution)  MRIREFERFERMFIESR, AIRER —PEED RYRETA 7 KRR LR A 2

LR AR R M RHIRR AT TR &0, BEH BRPAREETES
(constraint) FBIR;

W& (state)  INESRRFBERE-NZIEHER, WRCEMHB  SaTE ViR R, B path T R511%R

ey
ik ZARMYE R IE BRI RS RIS, s BANE () ¥R, BT RGN path,
(attempt) g, EHTRE, RERGAMR AW RAER SN 7
IS ELIRFEBFIN R R LR, BRI SRR, SRR, BEERN 3 1
(backtracking) HiFIZESE, [EIZ] E—IRES RN IEER, HEORE
LY BURCRARIE MR E ML R R R E R R HIBEEN 3 AU R, WIS R

(pruning)  BAERITIE, ATHEEHEENCR

Tip
R, R, IRSSEMESRIEAR, fEoi6. B s, OFRIEPEAE Y Ko

13.1.5 iE5ERRYE

[ RTAA T LR — AR R R A, EZIR A rIRERIARIR)T RE 2R BN SRR, XM TR/
PERTETREMSAREIITH FTREATRECR T2, T HAESERRIBIRARIE T, RAREIRER,
SR, FEACFR MBS B 2% M, ISR ST 3% ] REXE LA 32 .

- WV (IR R e P RS A A RITRE, IR TR 2% AT DOR SR B = 3l

- W FEIRIVA AP R ERE YRR (BN, AT EIRAHBI R R E), HIREIRAN, =W

FORARERZIFRAK,

IR, Dl TAT SR o e 5 R ) BRI 24 i 2 DI B AR R TT 38 XTI R AR, Eh T Ie ik Fonul i
SN A A R AR, DRI FRATTA 0N i AT REAIE R TIR i, ERXAMEIL T, RER WML ReR,
T O RERAATT A PR,

- OBPRL EERIERIEEEE A ST A MRAEAR, AT I AR A
© AR FERRYREP I ERIEEE G THE, WML RE A AT RE A BRI,
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13.1.6 [Gl¥AH B

[ SRR AT TR ORVE 2 AR AR IANEL, 25U 2 AT 240 5 (A
PR M XA H AR RE i R R SRR R 7T %o

- AR ARG, REHATEATRERIHSIA A,
- TEMERE: BE-DERAN—DERM, KEIESTITERN AR T8,
- DOREETEL: 455 = ARAE TR — RN RIR IR, B RS —ARAE T30 255 — A T,
ARSI — RS, HARERREERAE/NEE E,
LIS ML XA H AR R ERE T e A QR SR RO
- n2E: f£n xnEEEREn NRE, #REMNEART,
- B R 9 x 9 PIRSTIEART 1~ 9, [ESRET. SRS 3 x 3 FRTRIETAES,
- EEGRE: HE-DEEE, ARVNBEOSENSNTIRER, EEHRTSEEAR,

AR : XK R HARRTE— T G 23 A PP RS 7 2 B2 45 1 SR AL e

- -1 HHEME: A -HYRM—-NEE, SME M ENER, ERETFEEFRRGIN, %
BV AR S E R R,

- RATREIAE: ENEAF, N DRER, TIRETE EA R IR A, SRR,

- BKHINE: B —PTAE, REERNTEETE, BFEPIEEN DU BEAIHEE,

TR, STH2HEMRE, RARRIERTTE,

- 0-1 E Rl A s SRR, DOSEIE @RI AR,
- BRATR R N E AR NP-Hard [, W ARE A IBE R IEMBUERIESS.
- ERKHEUZ EE PR — DM, AT SUORTRS B A URTRORME R,

13.2 2H5liR)R

EHEA SR AR R — DRI, R SCRESTE — MRS A — DS ER) BERT, X
HH AT RAIFTA ATRERIHES

R 132 52 T JLA RIS, LS5 AN M AT HES

% 13-2 HHIRA

N/ RS
[1] [1]
[1,2] [1,2],2,1]

[1,2,3] [1,2,3],[1,3,2],]2,1,3],[2,3,1],[3,1,2],[3,2, 1]
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13.2.1 THETENER

Question

MA—DEREEHAH, HPAESESTR, REFTATEERIHE,

MIEEILIN R, AT DA RSN PR R — RINEFR NG R B AR [1,2,3], W
RILAVeERE 1, M3, BJEikst2, MPSHS [1,3,2] . ENRFRREE — MR, Z/eakestilH
fthi .

MEIIERIAIEE, RIESEE cholces BMIABAHTIFTETLR, KA state ZHEEHATEHILFENITTR.
HER, SPMTRARFRIESE R, Kt state PRIFIH TTRARNIZAME 1,

aniE 13-5 IR, BATA] DORHERIGRE FRIT R —FBRIB IR, AR DT mRERHATIRE state o MMRTIATT
b, O =HRIERRENAM TR, B SHEOS R — P HES

choices = state =

[ 2

B 13-5 2HEHIE TR

1. BES%EH
T EIHGNTCE RPOERE— IR, TATEET A — M /REEUEH selected , A selected[1] #2718 choices[1]
BHEMNER, HET TP FEIRHERIE,

- TEMHIESE chotce[1] Ja, FATHKE selected[1] MRIEN True , AFRECHOESE,
- EREYIER choices I, BRIFTH EMOEEERIT A, BISIHL,

QN 13-6 AR, RIZFRATE 4L 1, B4R 3, B=400ik 2, WIREAES kIR 1 17
X, FEH=HIRITR 1 MR 3 1173
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L)

l aiEnEN 1, 2, 3

Wit 1 e C
BUE Q
o —vt

o HRBHREENTER 1

HIRERE 3 FimEETERN 2, 3
1)
e

HEREE 2

HREMEENTE 1, 3
FlmEETERN 2

13-6 EHABIETRHA

WK 13-6 RIL, WITRERIEHEZEAAIM O(n™) BhE O(nl) .

2. =M

BB EERZE, BATRIAT AFEREZAIE P "SR T N TR, BRI
R RIS REL, THRREMRITLE backtrack() HECH:

// === File: permutations_1i.rs ===

[* EIEE: 2H5 1 */
fn backtrack(mut state: Vec<i32>, choices: &[132], selected: &mut [bool], res: &mut Vec<Vec<i32>>) {
/] BREKEFTTEHENR, 1BRE
if state.len() == choices.len() {
res.push(state);
return;
}
/] BAFEERE
for 1 in 0..choices.len() {
let choice = choices[i];
/] B AATEEEETER
if !selected[i] {
/] =R R, ERRES
selected[1] = true;
state.push(choice);
/] #HITI R
backtrack(state.clone(), choices, selected, res);
/] EIR: HEEEE, MERZAEIRKE

selected[i] = false;
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state.remove(state.len() - 1);

}

[* 285 1 */
fn permutations_i(nums: &mut [132]) -> Vec<Vec<i32>> {
let mut res = Vec::new(); // RE (F&H)
backtrack(Vec::new(), nums, &mut vec![false; nums.len()], &mut res);

ES

13.2.2 EEEFTENER

Question

BN DEEERE, BAlPaRERSHECE, IRMATE AEERH,

B AR [1,1,2] . NTHEXAFHAAEE LR 1, RIEE A 1ien 1,
W 137 FR, BT AR — R s 1,

choices = state =

i i e

_—

RN RN ERHS)

& 13-7 EEHF

M2 RBREERIHAINE? RERH, FEME—ME/mE, ERNHFIZEFEITRE, RMIXFEMAT

fuHe, BOWEREEHFIIER I SRR, BSGERTRNIFIIEE, IR DO — PR RIRRCR

1. BETHEEH

WIEE 138, E—4erh, MERE 1 S0%ie 1 RSN, EXPIAERY FAERNFTEHSZESE K, Fit

REZE 1 84,
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FIRE, (RS —030E% 2 2 )5, By 1A 1 e me Y, Wt REE 5 m 1 37k,
MAFR EE, BAIERREE &R, (RE2 MR OER K,

choices = state = ;]

0K 3
e
AAEEN 1 iy
AEEE—R
i
7ﬁ%‘§§ﬂﬁ1
RRREE—R
HoiuiE

13-8 EEHSITIR

2. KM

£ b — R AR b, FRATE BRSBTS — MR R duplicated , AT iERZEHEAZIK
HHTTR, HREETRIE:

// === File: permutations_ii.rs ===

/* BEIEE: 2H% 11 */
fn backtrack(mut state: Vec<i32>, choices: &[132], selected: &mut [bool], res: &mut Vec<Vec<i32>>) {
/] BREKEFTTEHEN, BRE
if state.len() == choices.len() {
res.push(state);
return;
}
/] BAFEERE
let mut duplicated = HashSet::<i32>::new();
for 1 in 0..choices.len() {
let choice = choices[i];
/] B AATEEEETRE B TARATEERFERESETER
if !selected[i1] && !duplicated.contains(&choice) {
/] =R R, ERRES
duplicated.insert(choice); // IEFEZE I TEE
selected[1] = true;
state.push(choice);
/] HITI R
backtrack(state.clone(), choices, selected, res);

/] EIR: HHER, mEDZRRES
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selected[i] = false;

state.remove(state.len() - 1);

}

[* 2H5 11 */
fn permutations_ii(nums: &mut [132]) -> Vec<Vec<i32>> {
let mut res = Vec::new();
backtrack(Vec::new(), nums, &mut vec![false; nums.len()], &mut res);

res

BT EFP 2 B E AR, W0 ATEEIE 0l #HEST () ; 1610 IN, FEEHIKRER n 15
%, {7 O(n) Wi, FEMEEREN O(nln) .

BB 0, ) O(n) Mz, selected M O(n) 25, F—HAIRZIEE n 4 duplicated,
{5 O(n?) %, FEZREZIER O(n?) .

3. FMBIRILE

EER, B selected F1 duplicated R TEIR:, HWER HIRAF,

- EAEEREIE: BNMEREEFHAE— selected , BiCFEMZYAPRESTREMLE TR, HIEHZ
BRI TTETE state PEEH I,

- MZFCEE: F0i%E (FNEMP backtrack F%) #HE— duplicated » BICFEHIRIEARE
W (for fEIR) FRfLEn ROk, HIERARBMRUEES TE APERE —IX,

B 13-9 Jor 7N BT R PFRAERGEREL, TR, MR RURE &R, MRTT SR SRS
AN A R — RS

WIS [1, 1, 21 [1, 2, 1] [2, 1, i1 MEEHFZ §

139 PIRBTRZR AR/ YR
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13.3 FE&EMirEA

13.3.1 TESTENER

Question

5 — N IEEEECEEH nums F1— ) HARIEEEEY target , IHHKHARTAATRERIAH G, MHISHEHRITTEM
ET target . BEHHTEE LR, BNITRTBIENZ R, EDAIRERENXLEHS, FIRS
ANMEEEEHSE,

BN, WA {3,4,5) MBSO, fh {3,3,3),{4,5) . FEEEUFHA,

AR TT A T R R L,
C FERARKATERIE, Al {4,5) A1 {5, 4} BRA-ATFHE,

1. SZLHTIRE

KT EHAR, BATA] DHEF R E SO RER K — RYNERVEER, FHEE IR g TR
7, HITEMET target N, SR FRICRELERYIK,

iS5 2HFN R RIRR, ARSI A PR T ] DIBTERROGER, [ TCAED) selected fi/REIFKILRIT
REG IR, BRI DO 2T/ MR B, WIS EI R -

// === File: subset_sum_i_naive.rs ===

[* EIESE: F&EM 1 */
fn backtrack(
mut state: Vec<i32>,
target: 132,
total: 132,
choices: &[132],
res: &mut Vec<Vec<i32>>,
) {
/] FEMNETF target B, iCRfR
if total == target {
res.push(state);
return;
}
/] BRFREEE
for 1 in 0..choices.len() {
/] Bt BEFEMEE target , MIBkTZIERF
if total + choices[i] > target {
continue;
}
/] B R, EHTEN total
state.push(choices[1]);
/] HITT R



13 E (Al hello-algo.com 297

backtrack(state.clone(), target, total + choices[1], choices, res);
/] EIR: %R, MERZHERE
state.pop();

}

[* REETFEM 1 (BEEETE) =/

fn subset_sum_1_naive(nums: &[132], target: 132) -> Vec<Vec<i32>> {
let state = Vec::new(); // K& (F&)
let total = 0; // FE&EM
let mut res = Vec::new(); // E&RIIR (FEFIR)
backtrack(state, target, total, nums, &mut res);

ES

LA B AR (3, 4, 5] FIEARTR 9, MHEEE0N [3,3, 3], [4,5], [5,4] o MR T AR
9 M, HHPAIEREN 7 (4,5 M1 [5,4]

KR EOVE RS RR X R H, R T B e IF, WK 13-10 FoR, Joik 4 J5ik 5 57ciE 5
JEik 4 BRI SE, AEXRIE — 2R,

choices =

target =

BRER

K 13-10 TEHEMREHIATTR

NTEREETE, —MERABBENEERIIZGET RE, HIXDITIRSCRIRIK, A7 R,

SEAHTTRRZ, JUHREY target BURN, EREEEREBHNEE 75,
P (D) WRFEAEFFEN, SREUHPSE, BIERBAP SN TRIRR,
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2. ESFEER

BAE BRI A B BB T R, MRIE 13-11, EE TR UARRI T L T RN AR,
BN LA B oL,
1. YRS RO RNER 3 AN, KEROEXMNTRNETE, 180 (3,4,... ],
2. ZJG, HERRERE AN, WIS TARRIEENG 3, BEONIZER AT (4,3, . ] FIE 1L PR
Mr&ExEeEsg,
FEERIES, G ZANERRRMNEEIGHER N 2N, FIEEAR 2 BRI,

1. BIPNEIERE S5, AURTE (3,5, ...]

2. RIPIHCIERE A5, ARTHE [4,5,...]

3. EHEHEVERE D, W TRRINEL 3R 4, ENTE (5,3, FI[5,4,...] 5% 1. B 2. b
BRI THEs2 2T,

cvoices - (DD

B Bt 3,4
BRESTE

Bk Bt 3
BREETSE

F&  [3,3,.] [3,4,.] [3,5,.] 3 [4,4,.] [4,5,.] 3 4 [5,5,.]

EEFH EETH EETH

B 13-11 AENEFNF SERIEE 75

RERT, BRI (11, 0y, .., 2], IBRUBRARIEETIN [z, 2, .o 2, |, R
TEWE 1, < iy < < i, , FWREAIIGERFII2ERES, BYIE.

3. fLEBEm

NRINZEIRE, BAWIIGMH AL R start, FITHoRBHEGER, SMHERE v, )5, BE MRS ITE
Whio IXFEEIRT ARIERE AL 0 < iy <o <idp,, ATIPRIETERME—,

BPRIEEZ S, BABEXSRESHEAT T DAR I L,

- TETFEHEERAT, SEREEA nums P, TERDIFTAIERER, SRR target RELERETRIGH, EN

JEI T EE R, HFEM—E#IT target o
- BEILENLE total , WIELE target EHUTIHIZCRSITICEM, 4 target FT 0 iR,
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// === File: subset_sum_1i.rs ===

/* EIEE: F&EM 1 */
fn backtrack(
mut state: Vec<i32>,
target: 132,
choices: &[132],
start: usize,
res: &mut Vec<Vec<i32>>,
) {
/] FEMETF target BY, iCRfR
if target == 0 {
res.push(state);
return;
}
/] BRFREERE
/] Btk M start FiEERH, BEEREEFE
for 1 in start..choices.len() {
/] B—: EFEMBE target , MEZELERBEIF
/] FRERANBACHRF, EOTEEKR, FEM—EBT target
if target - choices[i] < 0 {
break;
}
/] =ik %k, EH target, start
state.push(choices[1]);
/] BT —REE

backtrack(state.clone(), target - choices[i], choices, i, res);

// EIR: #HEIEE, MEIZAIVRE
state.pop();

[* KEBTFEM 1 */

fn subset_sum_i(nums: &mut [132], target: 132) -> Vec<Vec<i32>> {
let state = Vec::new(); // K& (F&)
nums.sort(); // X nums #HITHIF
let start = 0; // BHEHES
let mut res = Vec::new(); // E&RIIR (FEFIXR)
backtrack(state, target, nums, start, &mut res);

ES

&l 13-12 AR e 8t (3,4, 5] FIEFRICER 9 A\ LA /5 AR IR [E g A2,
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M target

choices = FRGHEE
target =

B

E=REE

8t target BERFE

B 13-12 78/ I [Efidf2

13.3.2 FEEETENER

Question

ZHTE — DN EEREEEIAH nums FI— D EHFRIEREEL target , IBHRHEATARIREMNA S, FSHEHRITEM
ET target . HEBMARERSHEEILE, BNLEAAPIERE R, EIIRFERIREIXLEH S,
HIFRPAN S EEHE,

FIEET L, AR T R S AT, XS TR, i, e (4, 4, 5] RIEhR T &
0, MBI ES [4,5],[4,5], HITEEFE,

IEOX R S IR PR TR P 2 R, (£ 13-13 /, SB—fRdtE =ik, HAm NN
, SAEMANEERERS, MmbESFE; [, FRHNMDS 4 B EEE TR,

choices =

(4,64,..] [4,4,.]

ERETSE



13 % [E hello-algo.com

K 13-13 HETESHNWEE 78

1. BExES

NP, BATTHR LRGBS R b HREBOERE IR, LISy TR EHT
RIHARSE LR AR AR, IXEWE ERRIER D, HUADTRGHARTRME, WA Ea sk

i,

I, WtEZPNS SETTR,

SItFER, AR A B R Rk — K, Fizfz, BAIBAT DAL R start RS IZLAH: 4
R o, Ja, BB T —HMRG1 i + LITEAEES, XAERERPRES T4, bt ERIEFTR.

2. LM

/1

/*
fn

) {

=== File: subset_sum_ii.rs ===

EIMEE: F&M 11 */
backtrack(

mut state: Vec<i32>,
target: 132,
choices: &[132],
start: usize,

res: &mut Vec<Vec<i32>>,

/] FEMET target B, 1ERME
if target == 0 {
res.push(state);
return;
}
/] BAFAERE
/] BT M start FFiaiEHh, B#REREEFE
/] ER=: M start Fiai&H, B#EESIRER—TTER
for 1 in start..choices.len() {
/] Bitg—: BEFENEBI target , NMEZEERREIR
/] XRANFACHFF, BUTEEKR, FEM—E#BT target

if target - choices[i] < 0 {

break;
}
/] BRI NRZTRSEOTERSE, RPEZERIREES, BERT
if 1 > start && choices[i1] == choices[1 - 1] {
continue;
}

[/ Zid: MHEE, B target, start

state.push(choices[1]);

/] HITTI Rk

backtrack(state.clone(), target - choices[1], choices, 1, res);
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// ELR: #iEE, MEZERE
state.pop();

}

[* KERFEM 11 */

fn subset_sum_ii(nums: &mut [132], target: 132) -> Vec<Vec<i32>> {
let state = Vec::new(); // K& (F&£)
nums.sort(); // X nums #H{THIF
let start = 0; // BHELHES
let mut res = Vec::new(); // E&RIIR (FEFIR)
backtrack(state, target, nums, start, &mut res);
res

& 13-14 JE/R T84 [4, 4, 5] FIEAROTE 9 WEIINIRE, IO ESPURMBIEHRME, IR IERS SRS
&, HRBEMERERE, DM TR,

choices = B
target = i

ERIEE M
EF— RS
- O R & ¥ H
-1
& BRER
%ﬁk (4,5] EETE
HE=
FhYES
k- : =
STEMTEE ERAATR
B target

K 13-14 0 11 [ e

13.4 n 2P

Question
AR E PR RN, 2Er ARG5S AL —1T7. —Fls— &R LT, 47%E n MERI—
n x n ARNUHE, FEMEBRTE 252 BJeEE R TR T %R
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N 13-15 R, M n =4, Ha UMM, WEIETERMAESR, n x n A/NMNOEEE n? M
T, B TITERIESE cholces » TERNMRE EERERER, HENRSEARWA, S PMZIREET
IR state

W W

W W

— —

K 13-15 4 E)5iREnE

B 13-16 R T AR = DNHREM: BARIRARAER 1T, F—5. F—Fmk b ERERNE, Xt
FAZI N FX LR\ RIS A £k [ Fif

FEEER—RMBLEE REERBRELRRN

i
1

REEER—T X ﬂ*fﬁ'[ I !

<
N
N
<
X X, - B I e A iy
v N s -
i S 7 7
5 N
X X, ”1”’7‘?”*””’
i -

FEER—F FEEEFA—THALE

K 13-16 n E/GR@BHAREMSF

1. ZFTHE R

S2RHEEMEERTEE Y n, FEERMNESER—MEe: BHEETRar A RwiE -4 25,
WL, BATATDERBOZITIRE RN : WNB—1TITE, E8THE -T2, EERE T4,

B 13-17 ARl 4 25 RERZTIREE R, ZEERE], & 13-17 URT T8 TR HB—MER D X,
H BRI LIRS 1 IR 77 SEHEAT T 398
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W TS T (T ¥ [T ™
HEE 177
(415) «//////;77N<::~\\\\“>(%%) (4488)
W W W W[ ]
BEE 2 7 (] ] (8] F
\
W ] W W
- | W HIl ] v
REE 3 -
" ¥ [§] ] W)
= W v W v
HME®E 4 17 W o W] W :
[W] ] W (3]

B 13-17 BT E K

MARBEE, BITREREGES ¢ 3ErER, eis 7 R—THIlZ D 2RNITEER D S

2. FISHELNE

N IRSILIH, Bl 1A AR — MK EER n (07U cols IO SR AH 2R, TERRHUEE
#il, BADET cols MO BIERIFIETIR, FAEEWAFAER cols HIRE.

T, WAL f ZRETTRIR? AL RS ME TRIFTAIREIN (row, col) , e MEMER YRS FM FILk,
FA TR IR f 2 LI 0T 20 RIS A, IRk BRI 710 row — col M.
WA, MRS T row, — coly = row, — coly , MM —RAER—5 =R L b, FIF%
WU, TRATAT ARSI 13-18 F RO diagst 04 EX AL R A E5,

[FIEE, DN M BRI row + col R, AR AT DUEBIEE diags2 KALEIKX ALL)
*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.rs ===

/* BEIMEE: n Bl */
fn backtrack(
row: usize,
n: usize,
state: &mut Vec<Vec<String>>,
res: &mut Vec<Vec<Vec<String>>>,
cols: &mut [bool],
diagsi: &mut [bool],
diags2: &mut [bool],
) {
/] BHETFREITHN, iERHF
if row == n {
let mut copy_state: Vec<Vec<String>> = Vec::new();
for s_row in state.clone() {
copy_state.push(s_row);
}
res.push(copy_state);
return;
}
/] EHFAEZ

for col in 0..n {
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/* SRR

/] TTEIZAE TR A E R F AR Fa Lk
let diagl = row + n - 1 - col;
let diag2 = row + col;
/] B RARFZEFRRET. ERAL. RNBLLEFEER
if !lcols[col] && !diagsi[diagl] && !diags2[diag2] {
/] B BEERETZEF
state.get_mut(row).unwrap()[col] = "Q".into();
(cols[col], diagsi[diagl], diags2[diag2]) = (true, true, true);
/| MET—1T
backtrack(row + 1, n, state, res, cols, diagsl, diags2);
/] EIR: BiZEFMERT
state.get_mut(row).unwrap()[col] = "#".into();
(cols[col], diagsi[diagl], diags2[diag2]) = (false, false, false);

n 2 */

fn n_queens(n: usize) -> Vec<Vec<Vec<String>>> {

/] #afe nxn AR, Hep Q' ARER, '#' ARZE

let

for

mut state: Vec<Vec<String>> = Vec::new();
_in 0..n {
let mut row: Vec<String> = Vec::new();
for _ in 0..n {

row.push("#".into());

}
state.push(row);
}
let mut cols = vec![false; n]; // IERFIREEERE
let mut diagsl = vec![false; 2 * n - 1]; // BRENALLETEER
let mut diags2 = vec![false; 2 * n - 1]; // ERANALLETEER
let mut res: Vec<Vec<Vec<String>>> = Vec::new();
backtrack(
0,
n,
&mut state,
&mut res,
&mut cols,
&mut diagsi,
&mut diags2,
);
res

BATINE n ik, FBEILHK, WAL ATEIRE—1T28H n. n—

1o o 20 1R, 61 O(n!) I
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Ao ICSRAMN, TS IR state RN res, EHIRIEM O(n?) I, K, SENRERER

O(n!

ZE

n?) o SEhi b, AR ALRLR MBI EALRENS KIES MER AR, RS RN T LA LR E

el state {HHH O(?”LQ) 228, #4H cols. diagsi Fll diags2 B O(n) M. WABITREH n, HH
O(n) ¥z, i, 2REREN O(n?),

13.5 &

1. EREH

- [RTEABUR 5728, T A A TR R LT oi PR ST & 25 AR fiR. fEIREd R, BT

RIS, BEIEIFTE iR e UG 45 R,

- PEERAE RS RIS EEW N, Bl IR E IR R Z A LR, BRI

LR R RTE DU, IR E— P riese, IRMAEIZATHIIRE, FHhsridHhigss, 25 ENREM
NI TR R

- [l Rl EhE A A S 2 DR, TR TSI R . BRA] DR AT AL EATHER DS, K

TEFRTHERE,

N SR AP S T DS s 2P S o N R N EAY SR 8 1 A E R e [ == S P DA N K RS P S S R B

FAERCR = BOCR AT RIRTR.

- 2R S EERA T RS TTRIATE FTRERHES, BAMES — DA RIER DT R B S0,

By IR R — TLRAHER D, MR TR APOERE IR,

- IR, MREESPEEEE TR, WRAGRSHNEENS, ROIFELREE RS

Ferp HREMOERE—IR, IXEFEB)— A 2R LB,

- FEMFAIEN H R ES T RSP REFN EMENTE T8, £ AXDTTRNE, MEREESR

WA SR, P AEREE TR, BOWERMRTREGRHTHF, B MR T K
A RAA R, IR SRR R T AR TR 7 SO T8

- NTTRMAE, SHFRHESTRETAEREERG, BNAHEHCHFRIRTESRMF, 8w AWrEAT

TERE GBI, TR TR P L REBOEH —IK,

- n BIEREEEIHR n MEERER n x n RSP ERTTR, ZORTE 2R MM RITCESGE

Tio ZIATERIAIRAFEITLIR, SILTHR, B AR ASLIR, Nk e TR, BTAERAZAT
BHHREE, RES—THE 25,

- BIAIFANAS LRI RV T 5L, X TFHILR, BATRIA—MEERICRE-FI2EH 25, M

TRIEPIIRE TR E AR, NTRASLR, OGP NEERDANICTIZE, KAk LR GFE
25, MERATHOERIR - @) MALERSFHERITIIRT IR,

2. Q&A

Q: /EL IR %R
SRR, [EWIR R SIS, TTEGR A TR,
- BB TS, AT, R R —, BRI
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C BANSEAIT T RE MR BREER, HRTRONE, B, AR GalgkiE)d) SR
i,



309

Abstract
IINEIC TR, TLHE A K,
AR/ N B R IC SR BRI SR, — 5405 | R AT M g o A @R R 4R =2 o
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14.1 ##HRzHEHL

&M% (dynamic programming) 2 —MEZEMNEEEX, BR—IMES N —RYE/NNF -, I
I 7 T R R R B R, TR ME SR IR R,

EARTH, BIIN—ASHFIBATF, AR EMRNEWRE, WREhaSHESFRE, FEPS
TS BASHLRIfE

JerEEH
BE—DIE n BEORERE, FREEPRTDLE 1 el 2 B, 1ERA 2/ 075 58] DATEE RT3 ?

i 14-1 FoR, XF—A 3 Birkksd, HHF 3 #ioy Sa] DUEEIRET,

BEM® n= o 1 2 3 4 5 6

MTetsE 3 Miigssts 3 MAE:
0>1>223 , 05233 , 0>1->3

B 14-1 JEZIZE 3 Ay )y e

AT B AR K AT RACE, AT DA R E I IR o5 2 al R, BACRT, RIEMEB RS — 1%
IR ERERR: Wb, IR L 1 BEk 2 [, S ENAREER IR R 7y AR 1, A
THTERI R HBIAL, A FAR:

// === File: climbing_stairs_backtrack.rs ===

[* B */
fn backtrack(choices: &[132], state: 132, n: 132, res: &mut [132]) {
/] SEEIE n MBS, HEHEM 1
if state == n {
res[0] = res[0] + 1;
}
/] BEFREERE
for &choice in choices {
/] BERR: RARFEEE 0 B

if state + choilce > n {
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continue;

}
/] Bk HEEE, BHRE
backtrack(choices, state + choice, n, res);

/] Eh&
}

[* TetEts: I +/

fn climbing_stairs_backtrack(n: usize) -> 132 {
let choices = vec![1, 2]; // FIEEMEEN 1 EL 2 B
let state = 0; // MZE 0 PAFFEANE
let mut res = Vec::new();
res.push(0); // fF res[0] BRARHNE
backtrack(&choices, state, n as 132, &mut res);
res[0]

14.1.1 Fi*—: BhHiEE
[ RS A B HOS [RIBUHAT IR R, K KRR BB E— RV TR, @i IR fsss:, MR
O] RERfE,

FRATTAT A P 73 AR £ FE A X TR, IRTERER o B3 dpli] FO5E, B4 dpli] SRR, H
R RERS

dpli — 1],dpli — 2], ..., dp|2], dp[1]

TR HEE R 1 ek 2 B, RS IRATAGAESS @ Bk i, bR aTRESEE58 ¢ — 1 Beksl « — 2
o HRATTEDE, FATHBEMEE ¢ — 1 Brelss « — 2 s ¢ i

HI A 5 H— N EEHES: TeRI ¢ — 1 By BEUM LIRS  — 2 By KBRS TR ¢ Wil 75
28, A~

dpli] = dpli — 1] + dp[i — 2]

XTERE LRSI, D F R RIFIERIER R, PSR RT PAh ¥ IS R, 18 14-2
JeoR TIZIBHER R
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dp[5] =dp[3] +dp[4] =8

dpl4l=5 /

dp[3] =3

BEME o = 1 2 3 4 5 6
FEY dp[n] = 1 2 3 5 8 13

K 14-2 J7REBEBH KR

Tl T DR A A B EI RGBT, D dp[n] JEIAS, SV — AR SRR A N
A, EEEARN TR dp(1] A1 dp[2] WHEE, b, BN TREIRE S, B dp[l]) = 1.
dpl2] = 2, FRMEEIE 1. 2W5 5 1. 2 FoTE,

MEEPA MRS, ERAREERIBA LA E TR SR, (HEE RS
// === File: climbing_stairs_dfs.rs ===

[* R */
fn dfs(i: usize) -> 132 {
// B dp[1] A dp[2] , REIZ
ifi==1] 1==2{
return i1 as 132;
}
// dp[i] = dp[i-1] + dp[i-2]
let count = dfs(i - 1) + dfs(i - 2);
count

}

[* TeHts: 13 */

fn climbing_stairs_dfs(n: usize) -> 132 {
dfs(n)

}

& 14-3 7R 7 B ERGRAEIAN . X TR dp[n] , HIBEMERE S n, NEEXREN O2"), &
e TR K, MRBNMA—DHERE n, WEEABRIEFRZH,
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dp[9]

dp[é] dp[7]

dp[7] dpl6] dp[6] dp[5]

dp[6] dp[5] dp[5] dp[4] dp[5] dp[4] dpl4] dp[3]

RREMMBINFEABESFiAA
SHEEERERESN 02")

14-3  TEREAS X WL Y8

W 14-3, $EEORIOIN IS 2R “HA TG 800, G140 dp[9] BHM#N dp[8] #1 dp[7], dp[8]
oM dp[7] A dpl6], PIEHEE B dp|7] .

DU, FIBR ST NGRS TS, TN R, ks v R X R B T
S

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.rs ===

[* BIZHEER */

fn dfs(i: usize, mem: &mut [132]) -> 132 {
// B50 dp[1] #0 dp[2] , REZ
fFi==1]]1==2{

return i1 as 132;

}
/] BEEIERE dp[i] , WEEREZ
if mem[i] != -1 {

return mem[i];

}
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/] dp[i] = dp[i-1] + dp[i-2]

let count = dfs(i - 1, mem) + dfs(i - 2, mem);
// 1B8% dp[i]

mem[1] = count;

count

}

[* Tetts: 1212z */

fn climbing_stairs_dfs_mem(n: usize) -> 132 {
/] mem[i] 1BRMCZIE 1 MHIAREE, -1 ARTRER
let mut mem = vec![-1; n + 1];
dfs(n, &mut mem)

WIERIE 14-4 , S IICERYE, RS RERRETHR R, BREMERLE On), XE2—1E
KHT KEK,

i
) REIZR,
B EiEEE

/\ SRR AREEREN 0(n)

ERFFEEEFRERBRITE—R

8
Qo
v

B 14-4 LTINS R

14.1.3 FixE=: wh&MR

2 e 2R — M “NWRIK” 5% FRAOMNRRB R 5 TFE, B K T i s/ N
M, ERMOCHNENTRE (W5, 25, i EmEERE FRERR, MR,
52k, shAMRE—R “MEED” W5 N/ FRBRETSE, SRR K FREmg, &
2152 JF 7] A i

HTAMIAR S EWNERE, Rt R FEEREMERSEH, AR, £LUMREH, BFT#nEtk—
MNEUEH dp SRIZEEE T-RIARYMR, B T 51212 R A mem AHEIICRAER -
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// === File: climbing_stairs_dp.rs ===

[* NMetkts: hSHXI */
fn climbing_stairs_dp(n: usize) -> 132 {
// B0 dp[1] # dp[2] , REZ
ifn==11]| n==2{
return n as 132;

}
/] #WEk dp R, BTFEHEFIRARE
let mut dp = vec![-1; n + 1];
/] MEIRES: g/ FRRYAE
dp[1] = 1;
dp[2] = 2;
/] KEEE: MNBUNFIRBUE S KRR K F el
for 1 in 3..=n {

dp[i] = dp[il - 1] + dp[i - 2];
}
dp[n]

B 14-5 B0 T LB TIE AR,

= i g5 1 gu i o o

MaRE:
dpl1] = 1, dpl[2] = 2

wREwEBEE:
dp[n] = dp[n-1] + dp[n-2]

MAEIREF S, #TIREES, IEEIRRSRAL

B 14-5 TEREBERIEN SRR
SRR, SRR RE” SR ITRRRORERIREERT B, B IR X B — > A A
KA RLE Ry B (AR 4, TEAREASE P A TR AT SN AT AERERR I 4 4 o
WRAELA_ B, BATTA] DUSES Hah S AR,

- P dp BN dp %, dpli] TR 1 R T IR,
- RN RIORA (35 1 BORIEE 2 BakhE) FROmamiamas,
- R AR dpli] = dpli — 1] + dpli — 2] FRRERBHRE,
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14.1.4 =jaEifiik

MORBEFEFTRER I T, WMTF dpli] Y5 dpli — 1] M dpli — 2] BK, BHEIRMTCHER —A 8 dp K17
BEFRE ¥ MBI, TR B REETERIRT, AR R ATR:

// === File: climbing_stairs_dp.rs ===

[* Netkts: =EMAERINSIL */
fn climbing_stairs_dp_comp(n: usize) -> 132 {
ifn==11]] n==2{
return n as 132;
}
let (mut a, mut b) = (1, 2);

for _ in 3..=n {

let tmp = b;
b=a+b;
a = tmp;

}

b

WD LA, HFE 5 TR dp SRRZ, Rt 2 M O(n) B O(1) .

SRS, HRTPRSEE G RTE AR MG XK, XN BT IR DZERPRE, wd “FEge”
KT BN, XA R BIIHRRh R R” o R,

14.2 mhEFIR R 51

FE b=, BAES) T 3SR A I 5 (AR 7 ARROSR R R AR, SRR b, IR0 o i — i
AUSRIEIEES, TEIA. ShASHL [ A EE RO ],

- OMERFRIB VAR R R o> O 2 MR E R R, BB/ TR, AR RS R
i, EREASENR IR

- BIASHKIHER AREBEATIE A 0 iR, ES5MaRIRNEZXAR, ShASMRIAR R AEURAH BRI, £
SRR = IR 2 B T AR,

- [ESRIAAE 2R MR 55 A8 A E AT REAVAR,  FFIEIT BT RGR o A IR R 0 S, JRIAIEIAY AR FH — 2
FIRFERII K, B TAT DR RN RFD B RTHI TP 1 — D 1 [l

Kk b, SR AROREEIULRE, e MIESESE T RE, EEE RN RILTEH, T
JERIES

14.2.1 RILFEEWN

BATRS TERERE PR kN, (2 BANE & R R L TS5,
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JerEs i/ MG

R —ERS, KPR DAE T e 2 B, SRR EE A — D ERERE, R IREIZE /M
PR BT AT, A — D IETUREEEA cost , H cost[i]| RoRIESE ¢ NMEMTER HIIRAMN,
cost[0] bl GEIAR) . HHHRERDFEN 2 MU A BERIATER?

I 14-6 Fow, #3810 20 3 BRI A0y 10 100 1, WM TEEIEE 3 B/ MUl 2.

....

B n = 0 1 2 3
Kt cost[n] = 0 1 10 1

TeLsE 3 MiEEmHEE 3 MA=E:
0515253 , 03253 , 05153
HAr 013 (NEHRD, BENA 2

K 14-6 TEZIZ 3 v/ MU

& dp[i] ANCRIEE @ B BT B RGT, BT o B aTRE 4 — 1 ek @ — 2 Bk, itk dpli] HATRES
T dpli — 1] + cost[i]| B dp[i — 2] + cost[i] o J3 T RATRERMMY, TATRIZEREME U NIAR— 1

dpli] = min(dp[i — 1], dp[i — 2]) + cost]i]

IXAER] PAS | B L FE5 A2 S Dt )R g DL At A ol s ) e DR A A A5 SR )

R ERBARM L BN T RIERMR dplt — 1] #1 dpli — 2] HEGEHBEMLIAR—A, HH
AR R dpli] FRIE,

Mo, E—THEHBEEHAEA R TERE? B BERERETZEE, E2— M, EaR
Rk “RBRARTFEE", BATEIMULI, B8 EIBETE RS0, (HiRiL a5z tik
T BEnMBERAZBESFTEN— 1S n — 2MERTEEEZM, LA, SILTFEENRES
AR RTE, TEARFEFRSEARRNE .

HUBRASERS ITHE, DU dp[1] = cost[1] Fl dp[2] = cost[2], Tl atAT DUEEIZN AR
// === File: min_cost_climbing_stairs_dp.rs ===

[* e/ MM shSMEkI */

fn min_cost_climbing_stairs_dp(cost: &[132]) -> 132 {
let n = cost.len() - 1;
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ifn==1]] n==2{
return cost[n];
}
/] ¥ dp R, BFEHETFIRBBE
let mut dp = vec![-1; n + 1];
/] IRIRES: TR/ F iR ERTAR
dp[1] = cost[1];
dp[2] = cost[2];
/] REHEE: NBUNFIRIBE S KRR A F 6] 7R
for 1 in 3..=n {
dp[i] = cmp::min(dp[i - 1], dp[i - 2]) + cost[i];
}
dp[n]

B 14-7 JBr 17 DA LA R BhSHLIS F2.

cost[1] cost[3] cost[5] cost[7] cost[9]

mﬁ?“————”/: m;;“~———"’<: min
cost[2] cost[4] cost[6] cost[8]
aiR:
dp[1] = cost[1] , dp[2] = cost[2]
R&wBLE:

dp[i] = min(dp[i-11, dp[i-2]1) + cost[i]

14-7 Terpiim/ MUTHISHASRS 2
ARE AT DU TR, e R T, HREREREMN O(n) BE O(1) :
// === File: min_cost_climbing_stairs_dp.rs ===

[* Tetksam/ VN AL ERIENSIXI */
fn min_cost_climbing_stairs_dp_comp(cost: &[132]) -> 132 {
let n = cost.len() - 1;
ifn==11]|n==2{
return cost[n];
3
let (mut a, mut b) = (cost[1], cost[2]);

for 1 in 3..=n {
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let tmp = b;
b = cmp::min(a, tmp) + cost[i];
a = tmp;

}

b

14.2.2 TR
TG R BRI RE TS B AR R A R B e —, HE X BE—ATEIRE, BRRKERER
55Uk E X, MGl BZL MRS,

DATEREER RN B, ka0, ERERHINE ¢ + TRURES © + 2, 205 Rigk 1 Brpk 2 25, et
IXPANERERS, FATTEME IR @« ZATHVIRE, BENTHRES ¢ FIARKEA R,

SR, ANERFATIA MEREAS RN — TR, TROUA—HE T

LR TE RS
BE—NE n LR, IREPATDAL 1 Firelia 2 B, (HABEESMEERE 1 B, HiRA 2 DRy %

A DATEZIAL T ?

GniE 14-8 Fiow, TE L35 3 [ 2 Ml 477558, HAES =Bk 1 Fi77 AT R LR AN, RIBEEF.

BT REEESMRE 1 M,
RALAE 05123 HEHF I

M n = 0 1 2 3 4 5 6

Tets 3 MiEmds 2 HEE:
05233 , 05153

& 14-8 HFZURIERIZS 3 [ 77 e

I, 1R R 1 B, IBA R R 2 W X, RS R TR
A CHRIFTERRENE) Mo, JERM—AMRE (h—RifeRbipsn A%,

RN AP, 0 B A I T B ke, AR 7 AR dpli] = dpli — 1] + dpli — 2] T, BN
dpli — 1] (RFEALCHE 1 B, BHREE TS “ E—EM 1 W R 5%, W8 TELE, BIIAR
HE¥s dpli — 1) EBEHEA dpli] .
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Ntk, BATFREY RIRESE X : & [0, j] F R « BofH E—48k T 5 B, Hj e {1,2} . IS
TESCERHIX 70 7 E—5eBk T 1 Bcs2 2 B, BATAT DASE A AR = AT TSR A,

4 b BT LA, b b RREEERE 2 Y, B dpli, 1] REEM dpli — 1, 2] HRIE R,
o b —eBE T 2N, b bR 1 SRBE 2 0, B dpli, 2] ATRAM dpli — 2, 1] 8% dpli — 2, 2]
IR,

aE 14-9 FR, FEREXT, dpli, j] FIRE (i, 5] AT REL RS 778

dpli, 1] = dp[i — 1, 2]
dpli, 2] = dpli — 2,1] + dp[i — 2, 2]

TGS RO 1 7
R ETR S

dpli-1,1]
dpli-1,2] @
dpl[i-2,1] £x

K149 FEAR THNEHER R

dp[i,1] dpl[i,2]

B2, IR dpln, 1] + dp[n, 2] BIFT, Wi 2 ARERICRIE n W7 R EE
/] === File: climbing_stairs_constraint_dp.rs ===

[* THLIRICHRS: BhASHIE */
fn climbing_stairs_constraint_dp(n: usize) -> 132 {

ifn==1]] n==2{

return 1;

¥
/] et dp R, BAFEHEFIRERVAE
let mut dp = vec![vec![-1; 3]; n + 1];
/] YIERES: Fugs/ N Fiel R
dp[1][1] = 1;
dp[1][2]
dp[2][1]
dp[2][2] = 1;
/] REHEE: NBUNFIRIBE S KRR A F 6] 7R
for 1 in 3..=n {

dp[i][1] = dp[t - 1][2];

dp[i][2] = dp[t - 2][1] + dp[1 - 2][2];

1
0;
0
1
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}
dp[n][1] + dp[n][2]

£ LERZBIF, TR Z BT — MRS, RSB MART OB FARASE X, (1 n S i e
TelERt, AT, HEMEAAARRERN AR,

TEREAE 55 KRG 2 R

BE—MNIA n RS, (REPRILLE 1 EE 2 B MU SIS B, REANIMER 20
R b ERERRY), ZJSPASEERAS e VEBREISS 24 B b, BN, ATPVEE O BIBEEI TE 20 3 Bk, Wiz
JERANREBREIES 4. 6 B ko G R Z /DR SR DUREIRETH?

FEIXANFIE A, TIRBRERAOUE RRTA RIRE, ROV —IRBRERE AL E mABTeS LI ERERS, FHRmAK
RIBEER, X TIXEME, ShASHLI A AR R,

Kby b, EERAHSIRE (BINRITRIAED AR TER . N TR, BANER SR
REATTIE, BlanE AR, BERTA, AT, WM IR R S 2 AT AR B R

14.3 mh&HRIARS B

EWRTIAE TSP B AL, 5 TRIATT RGP NS A AR,

L. GAfar by — A ] R AN 2 B A AL ] L2
2. RIFEEMKNFEIZMNAEANT:, TP TR 22

14.3.1 [A)RAFIBT

BEERE, R IMEESES TRE, RIUTEH, HRMETERE, R el iEs HalSmRisRg,
SR, FATRME A R BREA A B fR B X St R FRATTIEH STE SR, SRR 538 & (AT )
W R ok,

TG A R DS B 02 “ORRBIRL” | X Rh )R] DAGE IR a5 A kiR,  Horp & — 15 s AR
—MRK, BFRRERER - DREF,

HATE L, NSRS B A SRS, BRIl — RIS AR, IR BRI R R, @
AT DAGE A [0SR AR R
FEIEHERE b, BRI RS A — L WTH “An oI,

- MEEERK (N diRE () SR,
- AREAIRSEER R — IR, ZAEIERF SR IOR, I H—MRESS HE B RIS B R R,

MR, AFE—L “RRo I,

- AR EARZ R AT E Al RERIARR TR, AR R LR,
- EREA A EIHPH S RIRHE, FEREIEANZ D%,



145 FNSHN hello-algo.com 322

GRER—N IR R RS, FEEAARONIER “Inaut”, BAIHEA] DARIR B — D ahSIKIRR, FF7E
RS RIEE,

14.3.2 [RIEAKRAFL R
SNSRI B R AR 2 (R [P RE A VR ORI FE T A PR, (HIE R A DA TP B R EReR, & SORE, &z
dp &R, HEFREHERTIIRE, WMEbRARN%E,
N T HEREM R R, BAMEH— NIRRT “ R/ NRIRAT R21,
Question
ZE—Dn X m B 4EME grid, MM RITTREE MR, RRZEITHERMN,

Plas NBAZE Ef BoehoniRin e, SIREEER FeERGEREI—8, BEEENEA MHSTK, 1HRE
M EAEIG N AR N A

14-10 R 7 —BI1r, ZBE MIASHIER/ NESTEANY 13 6

s

1 3 1 3 3 1 5
2 2 4 2 4 2
5 3 2 1 3

4 3 5 2 4 3 5

BNEEFA 13
WWREFREN 1925233325132

14-10 F/NEEARFIRBIEEE

H—: BERRNIUE, &30RE, Wizl dp %

ARG — 5 S A BTAS TI R oI 25, VMRS TRATRIREH [, 5], WD Fskris &
—WIR, EHIBN[i4 1, 8 [i, )+ 1] FEt, KSR ESTRSFFIES HAER, 124 [i, 4] .

ARAS [i, 5] REBIAO TR MIERAR [0, 0] %1 [i, 5] Mo NREERL, 8 dpli, 7] .
=, FMIEE T 14-11 FURiI 4k dp 5EVE, R~ SEAMKE grid .
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j o+l
1 3 1 5 dp[e,e] dple,1] dpl[e,2] dple,3]
i 2 2 4 2 dp[1,0] dp[1,1] dp[1,2]  dpl1,3]
—
i+l 5 31 2 1 dpl2,0] dp[2,1] dp[2,2] dpl2,3]
4 3 5 2 dp[3,0] dpl[3,1] dp[3,2] dp[3,3]
grid dp &
SRARE: mAXRETE—R Fim@: WELAE [1, ] KSR
REEX: T7FS| [1, j] dp ®: R<5 grid #ARAER

Kl 14-11 REEXS dp %

Note

BNASHURIFN B AR AT ARE IR 3 — DN RSRPA, MRS H A JURE B, © N Y & IR R R
ERTEEE, HESTEBNGELR, REBARESE T MRS

BRSNS L —DF R, FAISE N dp ZREZMEIE TR, RS MR &
& dp RIN—DNEE, NARTEE, dp RRIRSHF AR EZ B BT,

B RHERIE A, S IR R

FFARE [i, 5], CHEEMN BT [i — 1, j] IR T (i, — 1] Bk, FERIETa4E%: 5k
(i, 7] I NSRRI (3, § — 1] BEBVINER RIS [i — 1, 5] B9 NSRRI e N — A B,

MRIELA L4, FIHEHE 14-12 FosrRSE S TR

dpli, j] = min(dpli — 1, 7], dpli, 7 — 1]) + grid[i, j]

1 3 1 5 dple,0] dple,1] dplo,2] | dplo,3]
2 2 AI 2 dpl1,0] dpl1,1] dpl[1,2] dp[1,3]
5 3 2 1 dpl2,0] dpl2,1] dp[2,2] dp[2,3]
— o—
4 3 5 2 dp[3,0] dp[3,1] dp[3,2] dp[3,3]
grid dp &
KEwBHE:

dpl[i, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]
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B 14-12 RAL T S5 IREEAL T2

Note

FRYEE A dp 22, B RSB SC R, HHE I )RR B 0 Re RA & i (7] @ ) B (LA
7%, BRI FEi,

—HIRAHRE TR TG, o] AR E R EHIRSER 1R,

B WIS

FEAR, SAEEATHPIRS R BEMNE A TDRTIRSER, AR E IR R REMEL EIBROIRASSK, HILETT
i = 0 FES j = 0 2R 5 M,

N 14-13 R, T ME TR EHEES T LTS TRk, BB IE IR R, SME
WEAAT, WIEREH S,

dpl@,e] dpl[e,1] dp[0,2] dple,3] dp[e,0] dp[e,1] dple,2] dpl[e,3]

dpl1,0] dpl[1,1] dpl[21,2] dpl1,3] dp[1,0] dp[1,1] dpl[1,2] dp[1,3]
S S S

R R R

dp[2,0] dp[2,1] dpl[2,2] dp[2,3] dpl[2,0] dpl[2,1] dpl[2,2]1 dp[2,3]
— — —

R R e

dp[3,e] dp[3,1] dp[3,2] dp[3,3] dp[3,0] dp[3,1] dp[3,21 dpl[3,3]
— —3 —
BRFG: MBLETEY REEBIRR: ERFEHIERE

14-13 JBAFHSIREHEBIY

Note

P EMAERNSHXIF T RIiE dp %, EEZEFH TR,

RESEB T B2 02 BARUEE T B Y B A ARRS, P AR H ) B /)N (R  ) fBR E 42 2 I
K,

IR LB, BAIELE A IERES Hal SIS, SRT0 ¥ (A1 o7 fif2 — NIRRT AR, (R4
“BIER — IR — BRI BN SEELE AR & B 4E ST

1. FiE—: BhigH

MRS [i, 7] FFIEHE3R, TSN MIIRES [0 — 1, 7] #1 4,5 — 1], FBIREEEE L FE,

- BIABEC RE 4, ] .

- JREUE: M [0, 0] 2[4, 5] M/ NIRRT dpli, 7]

- bR M0 =0 H j = 0/, J&ERA grid]0,0] o

COBE Y0 < OBl < O INRFIBE, HRHRERN 400, REAATT,
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SKIAELLA R :

/1

/*
fn

=== File: min_path_sum.rs ===

RNEBEN: BHER +/
min_path_sum_dfs(grid: &Vec<Vec<i32>>, i: 132, j: 132) -> 132 {
/] BERELBBTE, WEIERER
if 1==028& j==0 {
return grid[0][0];
}
/] BITHIRSIER, MRE +- i
ifi<0|] j<o0({
return 132::MAX;
}
/] TEMAELARE (i-1, §) § (1, j-1) HER/DEELN
let up = min_path_sum_dfs(grid, 1 - 1, j);
let left = min_path_sum_dfs(grid, 1, j - 1);
[/ REIMNE EAE (1, j) Ns/hBRERAN

std::cmp::min(left, up) + grid[i as usize][j as usize]

B 14-14 25 T DA dp[2, 1] 9RTT g3k, Ho & —LEE i, HEE SRS grid )R
AR SRE %

MAB LR, ERES T REAEED: S REEA PN LA BRI — Yoo,

Bk |EIER

dpl0,1] dpl[1,0] dp[1,0]

oo-x" \T?o ‘\,?o

dp[e,e] dple,1] dple,2] dple,3] EEFAEEE:

dp[1,0] dp[1,1] dp[1,2] dp[1,3] dp[i+1, j]1 # dp[i, j+11 #&®H dpli, j]
dp[2,0] dp[2,1] dp[2,2] dp[2,3]

dp[3,0] dp[3,1] dp[3,2] dpl3,3]

dp &

14-14 FJEEIFR IR

MR TGRSR, W LAESTFRSIEE m +n — 225, AN A AN
O@2m™+n) o WHER, KRR KA EIDEML IO, HENAMLOL RN T AL, Hit
SRR AR 20—,
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2. FEZ ioiZwiER
BATFIA— IR grid HERSTHICIZHIR nem , FTIEFR&ANF IR, HKES TR TETR:
// === File: min_path_sum.rs ===

[* BNEBEM: IBIZHEER */
fn min_path_sum_dfs_mem(grid: &Vec<Vec<i32>>, mem: &mut Vec<Vec<i32>>, i: 132, j: 132) -> 132 {
/] BERELBRTE, WEIHER
if 1 ==088&% j ==0 {
return grid[0][0];
}
/] BITHIZRSIHR, MWRE +- L6
ifi<0|]j<o0{
return 132::MAX;

}

/] EEBIER, NEERE

if mem[1 as usize][j as usize] != -1 {
return mem[1 as usize][j as usize];

}

/] B AT R/NEEAN

let up = min_path_sum_dfs_mem(grid, mem, 1 - 1, j);

let left = min_path_sum_dfs_mem(grid, mem, i, j - 1);

/] BRIBREIZEAT (1, j) NRNBRERMN

mem[1 as usize][j as usize] = std::cmp::min(left, up) + grid[i as usize][j as usize];

mem[1 as usize][j as usize]

N 14-15 Fow, fE5IAIRIZL)E, PG RGN FE I E—R, R RS R E B TR S, B
RS O(nm) o

dp[2,1]
=51

Bt WEIER

dplo,1]

K 14-15 Ici2 big 28 )amt
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3.

BiE=: ohaSHE

HEP BRI SAE, R oR:

/1

/*
fn

& 14-16 JE/R T R/NERMEPIRS KB, Hiwl 7RAIME, FRmEZRER O(nm)

=== File: min_path_sum.rs ===

R/ANEREH: SR */
min_path_sum_dp(grid: &Vec<Vec<i32>>) -> 132 {
let (n, m) = (grid.len(), grid[0].len());
/] Wk dp &R
let mut dp = vec![vec![0; m]; n];
dp[o][0] = grid[e][0];
/] WEE%: &7
for j in 1..m {

dp[0][3] = dp[O1[] - 1] + grid[0][i];
}
/] WEE%: 875
for 1 in 1..n {

dp[i][e] = dp[i - 1][0] + grid[i][O];
}
/] REHE%: HRITH5
for 1{ in 1..n {

for j in 1..m {

dp[i1[]] = std::cmp::min(dp[i][j - 1], dp[i - 1][3]) + grid[i][i];

}
dp[n - 1][m - 1]

B dp KNV n xom, BRIBERERER O(nm) .

1 3 1 2 0 o 0 0
2 2 4 2 0 o 0 o
5 3 2 1 0 o 0 o
4 3 5 2 0 o o o
grid dp ®
MeatE dp &

Step 1 Step 2

1 5 i 4 5
4 2 3 0 0
2 1 8 o o
5 2 12 o o
grid dp ®

MEHETT dplo, j1=dplo, j-1] +grid[i, j]
ateE’s) dpli, 0] =dpli-1, 0] + grid[i, j]
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s

3 1
2 4
3 2
3 5
grid

RERH

dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]

3 1
2 4
3 2
3 5
grid

K&

1 4 5 10

B} ""i o 0

8 o o 0

12 o o 0
dp ®

1 4 5 10

3 5 9 >11

dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j]

3 1
2 4
3 2
3 3
grid

REETE

dpli, j1=min(dp[i-1, j1, dpli, j-11) + gridli, j1

3 1
2 4
3 2
3 5}
grid

RERH

dpli, j1=min(dp[i-1, j1, dpli, j-11) + grid[i, j]

5] 1
2 4
3 2
3 5
grid

KSR

8 o o 0
12 o o 0
dp &

1 4 5 10
3 5 9 11
8 8 «—>10 [
12 [ 1) 0
dp &

1 4 5 10
< 5 9 11
8 8 10 11
lZC—P;E o 0
dp ®
1 4 5 10
3 5} 9 ail
8 8 10 11

12 11 @ 15e>13

dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1

14-16

s

RN SRS AR

3 1
2 4
3 2
B] 5
grid

3 1
2 4
3 2
5] 5
grid

3 1
2 4
3| 2
3 5
grid

3 1
2 4
3 2
3 5]
grid

1 4 5 10
3 56>9 )
8 0 0 o
12 o o o
dp &
R
dpli, j1=min(dpli-1, j1, dpli, 5-11) + grid[i, j1
1 4 5 10
3 5 9 11
8 o>8 o o
12 0 o o
dp ®
ot g
dpli, j1=min(dpli-1, j1, dpli, j-11) + grid[i, j1
1 4 5 10
3 5] 9 11
8 8 10e>11
12 0 0 o
dp ®
KB
dpli, j1=min(dpli-1, j1, dpli, j-11) +grid[i, j]
1 4 5 10
9 3 9 11
8 8 0 11
12 11e->15 o
dp ®
KT
dpli, j1=min(dpli-1, j1, dp[i, j-11) + grid[i, j]
3 1 1 4 5 10
2 4 B] 5 9 11
B] 2 8 8 10 11
3 5 12 11 15 13
grid dp ®

BEREREMA 13
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4, ZEfik

RS RS H I BB 7R K, RIBATA] U — N B TEE RS dp 3%,
IR, FNEAH dp REERn—1THORE, FrUBANICERRTIG EYIRES, MR fEE i S T Ee:

// === File: min_path_sum.rs ===

[* BNEEEAN: FEIREEISIK */
fn min_path_sum_dp_comp(grid: &Vec<Vec<i32>>) -> 132 {
let (n, m) = (grid.len(), grid[0].len());
/] 3Efk dp &
let mut dp = vec![0; m];
/] WEER%: 817
dp[0] = grid[o][6];
for j in 1..m {
dp[j] = dp[j - 1] + grid[e][j];
}
/] REE%: HR1T
for 1 in 1..n {
/] KEEH%: 57
dp[0] = dp[0] + grid[i][0];
/] REHEE: HRY
for j in 1..m {
dp[j] = std::cmp::min(dp[j - 1], dp[3]) + grid[i]1[j];

dp[m - 1]

14.4 0-1 5 8inA

HRAEZE M EE TSN TTEE, 2a8d s DR, HEERZZM, F40-1
HHRE, weEm@E, ZEER-SE,
TEATTH, BATTSER K g UL 0-1 5 Ein) i,

Question

B n M, B ARITER wetli — 1), WM valli — 1], FI—AERA cap MR, &
AR BRI IR, ERE TS G FREROI R IR

WL 14-17 , TGS 0 N 1 IFFIRTHE, BEHRSIN 0 FFaaTHEL, Rt @ xR E & wgt[i — 1] Fl
M valli — 1] o
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ws EE fifE

i wgt[i-1] val[i-1] Lang
1 10 50 ] cap = 3@
2 20 120 ¥ |~
3 30 150 s — “
4 40 210 ¥
5 50 240 (Y

=mAME: 270

RILARE ¥ . 8 BAEE
H#EH 50 HEAE

14-17 0-1 B ERREIEHE

BATAT LUK 0-1 HRIMEEE—DH n RUSEHMAIIRE, X T MEREE RRAFRAPRRSE, Fit
T[] R R R SRR AR
AR HA R “TEREY BAR FREIRAYMIERME”, IR ARZ — D sh SRR,
B BESRNIGE, &0RE, MWNies dp %
MNTHEMRKY, NRAEE, SEARAE; MAEHE, BEARRBN, HEASREE S ST
s i MIFRRERAR ¢, IZN[i, ¢l
KA [4, ] NMBFRBA: /i i MRERIRE RN c MERPRERRIE, 125 dpli, c] .
fRERIZ dp[n, cap], RIRFE—DMRIHA (n+1) x (cap + 1) =4k dp %,
B RINRIET &, dmifEs ISR R TR
BEAMEE: « USRIG, FIRIZRT( — 1 MISRIITE, 520 LR RS b

© RN BRAEARE, RSN [i—1,c.

COADEL G BEAERRD wgtli — 1], WMEMN valli — 1], RETBER [i — 1, c —wgt[i —1]] -

ERATEBA R T AR TR BB dp(i, ] FF AN « RURAPIS ¢ ikt Ei
{ESE RIS HRSEAT1E:

dpli, c] = max(dp[i — 1,¢|,dpli — 1, ¢ — wgt]i — 1]] + val[i — 1))

FENRNR, EUNRER wgtli — 1] BURIR SO o, WSRO E,
B MR A PERR A R
T TR B RIHECME N 0, BIES dpli, 0) IE1T dpl0, ¢] #%F 0.

SRS [4, €] M BTSRRI [i — 1, ] Fide EATRIRES [i — 1, ¢ — watli — 1)] 65613k, BUHEEH R
FRIERERFREA dp HIAT,

IRIELA L, BATHE TRIGIP SR IR, IR, SIS,
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1. FitE—: 8higHR

ERAMESUTER,

CABEC WA .

- JEEME: TR dpli, o] .

L HRIEAIE: YRGS i = 0 i EARRR N 0 B, KIEBIIBREAE O .
- OB R E R R, AR AT (.

// === File: knapsack.rs ===

/* 0-1 B BHER */
fn knapsack_dfs(wgt: &[132], val: &[132], i: usize, c: usize) -> 132 {
/| EEETARBEYMEEELHREE, WREINE o
ifi==01]] c==0 {
return 0;
}
/] EERIEERE, NWREEERBANE
if wgt[i - 1] > c as 132 {
return knapsack_dfs(wgt, val, 1 - 1, c);
}
/] TERBRANBANYE 1 IsANE
let no = knapsack_dfs(wgt, val, 1 - 1, c);
let yes = knapsack_dfs(wgt, val, 1 - 1, ¢ - wgt[i - 1] as usize) + val[i - 1];
/] BREIFTHGEPMEERNI—

std::cmp::max(no, yes)

e 14-18 R, HMITENMMES S ENERNEM AR S, FINFEEREN O(27) .
WMEHBEITR, ARG RIMHPFERES TR, FlWdp[l, 10] %, mMYRKe, SEARKK, THEHA
HENY N, HE T NSRRI REEZ,

MRES HEEE
dp[3,30]

BEBRNDSE 3

dpl[2,10] ik MaER > HE8E

‘,—’o\%‘ EERAMS

N

dp[1,10] dp[1,-10]

BEBRANDSE 1

dpl0,10] | dple,0] | dp[e,10] | dple,e]

o & *

YRES i 1 2 3 HEaBEE cap = 30
PERESE wgt[i]l 10 20 20
afE vallil 60 110 120
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K 14-18 0-1 5 flinl) 2 /7 18RI T M

2. A= igiziigs

N T RIEEREE F R AP E—IR, BAMEBICIZHEE nem KICTFRIBHIME, HA mem[1]1[c] M AL dpli, c]

o]

SINIZIZIL2 IR, MISAPERAT FRBER, Witk O(n x cap) . SHURTUIT:
/] === File: knapsack.rs ===

/* 0-1 B IBIZHIEER */
fn knapsack_dfs_mem(wgt: &[132], val: &[132], mem: &mut Vec<Vec<i32>>, i: usize, c: usize) -> 132 {
/] BEETAREYRIEELHREE, WRENE o
ifi==0]] c==0 {
return 0;
}
/] BEEFIER, WEEHRE
if mem[i1][c] != -1 {
return mem[1][c];
}
/] EBIEERE, WREEERTHRAEE
if wgt[i - 1] > c as 132 {
return knapsack_dfs_mem(wgt, val, mem, 1 - 1, c);
}
/] TERBANBANYE 1 IsANE
let no = knapsack_dfs_mem(wgt, val, mem, 1 - 1, c);
let yes = knapsack_dfs_mem(wgt, val, mem, 1 - 1, ¢ - wgt[i - 1] as usize) + val[i - 1];
/] BRIREIFEMHSZHNEERNI—
mem[1][c] = std::cmp::max(no, yes);

mem[1][c]

B 14-19 R T EILICA R P BT R R 7357,
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MRES YaEE
dp[3,30]

dp[2,30] S e S dp[2,10]

&
o = *
YRRS i 1 2 3 HEAESE cap = 30

MREE wgt[i]l 10 20 20
waiE vallil 60 110 120

K 14-19 0-1 HEAERICIZ A RE)IMR

3. HE=: ohEAR
BASHINISE o ERURTERSER A dp RAVERE, RBITTRATR:
// === File: knapsack.rs ===

/* 0-1 B EESHME */
fn knapsack_dp(wgt: &[132], val: &[132], cap: usize) -> 132 {
let n = wgt.len();
/] #Ek dp &R
let mut dp = vec![vec![0; cap + 1]; n + 1];
RISt g
for 1 in 1..=n {
for ¢ in 1..=cap {
if wgt[i - 1] > c as 132 {
/] EBIEERE, WREYHE 1
dp[i][c] = dp[t - 1][c];
} else {
/] REMEYR 1 XA RIRAE
dp[i][c] = std::cmp::max(
dp[i - 1][c],
dp[i - 1][c - wgt[i1 - 1] as usize] + val[i - 1],
);

}
dp[n][cap]

BEBRANR 3

& o o
dpl1,101 dpl1,-10]

BERNIR 1
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Ul 14-20 FFR, BRI A AV ) S 2R AR AR dp A/, B O x cap)

- L] ] “
EE wgt fifE val e 1 2 3 A
wgt[i-1] val[i-1] [} ] [} 0 [
1 s @ 1
2 1 * 2
3 15 - 3
MEHE n =3 HWEEE cap = 4

MEURTA (n+1) x (cap+1) M dp %M

Step 1
- a @& [
EE wgt fifE val h c 1 2 3 4
wgt[i-1] val[i-1] ) 0 0 0
5N
1 5 [} 1 5
2 1 * 2
3 15 (2 3
REFH

dpl[i, c] = max( dp[i - 1, c] , dpli

1, ¢ - wgt[i-1]] + vall[i-1] )

l Step 3

- [} ] ﬂ
EE wgt fi{d val e 1 2 3 4
wgt[i-1] val[i-1] [} [} [ [)
N
1 5 ¢ 5 5 5

2 11 ¥ 2

3 15 (O 3

RS

dp[i, c] = max( dp[i - 1, c] , dp[i

1, ¢ - wgt[i-1]] + val[i-1] )

[ Step 5

- ] [ ] “
EE wgt fi{E val e 1 2 3 A
wgt[i-11 val[i-1] [} [} ] ] [}
1 5 ] 1 5 5 5 5

% T

2 11 2 5 1

3 15 (O 3
RE#S:

dpl[i, c] = max( dp[i - 1, c] , dp[i

1, ¢ - wgt[i-1]] + val[i-1] )

Step 7
- a = “
EE wgt fifH val e 1 2 3 4
wgt[i-1] val[i-1] 0 L] ] 0 0
1 5 (] 1 5 5 5 5
- o
2 11 2 5 1 16 16

3 15 (% 3

RS

dpl[i, c] = max( dp[i - 1, c] , dp[i - 1, ¢ - wgt[i-1]] + val[i-1] )

| Step 9 |

- ] ] U
EE wgt fifH val e e 1 2 3 4
wgt[i-1] valli-1] 0 0 0 0 0
1 5 ¢ o T é
2 11 * 2 [
3 15 - 3 0

K&

dpl[i, c] = max( dp[i - 1, c]

, dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

Step 2
- a B "]
BE wgt fifE val e 1 2 3 4
wgt[i-1] val[i-1] [ 0 0 [} ]
5N
1 5 o 0 5 5 5
2 11 * 2 0
3 15 - 3 )
KRB

dpl[i, c] = max( dp[i - 1, c]

, dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

Step 4
- ] ] ﬂ
EE wgt fi{E val el oo 1 5 3 4
wgt[i-1] valli-1] ] ) [} [} [} ]
1 5 () 1 ) 5 5 5 5
¥
2 11 ¥ 2 [ 5
3 15 (2 3 [
RSB

dpl[i, c] = max( dpl[i - 1, c]

, dpli - 1, ¢ - wgt[i-1]1] + val[i-1] )

( Step 6

- ] ] n
EE wgt fiH val SC e 1 2 3 4
wgt[i-11 valli-1] ] [ [} [} [} ]
1 5 (] 1 ) 5 5 5 5

% T

2 11 2 [ 5 1 16

3 15 - 3 0
RSB

dpli, c] = max( dp[i - 1, c]

, dpli - 1, ¢ - wgt[i-1]] + val[i-1] )

Step 8

- a B “
EE wgt i val el e 1 2 3 4
wgt[i-11 val[i-1] ] ] 0 [} [} ]
1 5 (] 1 ) 5 5 5 5
2 11 * 2 [ 3 1 16 16

3 15 - 3 [ 5

RERB:

dpli, c] = max( dpl[i - 1, c]

Step 10

, dpli - 1, ¢ - wgt[i-1]] + val[i-1] )
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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 fifE val el oo 1 2 3 4
wgt[i-1] valli-1] ) [} [} ] ) [}
1 5 (] 1 ) 5-_5 5 5
2 1 * 2 0 B
3 15 - 3 0

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

a a & &
EER wgt fifH val el 1 B 3 A
wgt[i-1] val[i-1] [ 0 0 0 [} 0
1 s @ 1 0 5 5 5 5
2 11 ¥ 2 ) 5 1 16 16
3 15 (3 3 [

sen—ruina o - (D EDEDEDED

TREDE, ¥A dp RENHRRE 1 = 2 WFER

14-21 0-1 BN EILENSMXNERE

TEAREESRIA, BAUCF L dp RSB —4E ¢ ERMBR, JF BACPIEIA 8 O 73 s B Al -

// === File: knapsack.rs ===

/* 0-1 B8 ZERKEHEERL +/

fn knapsack_dp_comp(wgt: &[132], val: &[132], cap: usize) -> 132 {

let n = wgt.len();
/] ¥iaMk dp &R
let mut dp = vec![0; cap + 1];
/] K&
for 1 in 1..=n {

/] BFER

for ¢ in (1..=cap).rev() {

if wgt[i - 1] <= c as 132 {

/] REFEY R 1 X AGRNIRAE
dp[c] = std::cmp::max(dp[c], dp[c - wgt[il - 1] as usize] + val[il - 1]);

}
dp[cap]

14.5 2= 808

TEAT I, BAVeRBA—DME NSRRI 28, B T7ReEn—MEG: 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.rs ===

[* TEEE: SR */
fn unbounded_knapsack_dp(wgt: &[132], val: &[132], cap: usize) -> 132 {
let n = wgt.len();
/] #Ek dp &
let mut dp = vec![vec![0; cap + 1]; n + 1];
RISt g
for 1 in 1..=n {
for ¢ in 1..=cap {
if wgt[i - 1] > c as 132 {
/] BERIEERE, WREYHE 1
dp[i][c] = dp[1 - 1][c];
} else {
/| FEMER 1 XA RIRAE
dp[i][c] = std::cmp::max(dp[i1 - 1][c], dp[i][c - wgt[i - 1] as usize] + val[i - 1]);

}
return dp[n][cap];

3. FiEi

T AR R AT BRI Fe ok, stz mIRALa RN dp R R — 1T TR &,
XA TS 0-1 §EIEAFHHR, 1EEBIIE 14-23 SRELEME I X,

] - [ ] ' ] “ - [ ] " ] “
EE wgt il val el oo 1 2 3 4 EE wgt i val SC] e 1 2 3 4
wgt[i-11 valli-1] [} [} [} ] ] [} wgt[i-1] valli-1] ] [} [} [} [} ]
1 5 (] 1 1 5 ] 1 ) 5 10 15 20
2 11 * 2 [} 2 11 * 2 [] 5
3 15 (3 3 0 3 15 - 3 0

wen—rsons o - (DEDEDEDED sen—reona o - ((DEDEDEIED

B 1= 2 @i, Flk dp PERENE 1 = 1 WARENR EFBHE i = 2 17, #TREES
Step 1 Step 2
) - a = n - a B "]
EE wgt ffifd val el oo 1 2 3 4 BE wgt fifE val el e 1 2 3 4
wgt[i-1] val[i-1] 0 [} [} 0 ] [} wgt[i-1] val[i-1] 0 ] [} [} [} ]
1 5 o [) FEEERUE 15 20 1 5 o 0 5 10 15 [WEI)
2 11 * 2 [) 5 1 2 11 * 2 ] 5 11 16
=L
3 15 w» 3 0 *1t 3 15 @ 3 [ +1
nen—rasna o - (D EDEIERED nen-racna o - ((DEDEIEIED
EFBRE 1 = 2 17, #TRSHS EFBHE i = 2 17, #ITREEB

l Step 3 ] Step 4
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EE wgt f{E val .C

i

sln|B

wgt[i-1] valli-1]

o | o
1 5 (] 1

2

3

) -
EE wgt ffiff val ~c| o 1
0 wgt[i-1] valli-1]

5

a .
3 4
o [}
15 20

10 1 5

*

2 11 o 2 11

0 1 3 15

w N ke

@ ~e

3 15 -

wen—rarna o - ((DEDEDEIED

sen—ratma o - (D EDEDEDED

EFBHE 1 = 2 17, #TREHE FERIBHGE, BA dp RENRE 1 = 2 WAENR

Step 5 Step 6

B 14-23 seeE UREESRIULE ISR

A SCPR LA &, AXFRRE AR dp BSS —4ERIER :

/1

/*
fn

=== File: unbounded_knapsack.rs ===

FeHE: TEMMENEEL */
unbounded_knapsack_dp_comp(wgt: &[132], val: &[132], cap: usize) -> 132 {
let n = wgt.len();
/] 3afk dp &
let mut dp = vec![0; cap + 1];
/] REEHE
for 1{ in 1..=n {
for ¢ in 1..=cap {
if wgt[i - 1] > c as 132 {
/| EEIEERE, WREYE 1
dp[c] = dp[c];
} else {
/] REFEMSR 1 XFFHHRIVRAE

dp[c] = std::cmp::max(dp[c], dp[c - wgt[il - 1] as usize] + val[il -

}
dp[cap]

14.5.2 TR0

H R — RREASMEIER, HIRMERE 2R, BN,

11);

Question

Y50 n FIRET, 55 ¢ FREM AT/ coins[i — 1], BIFEHN amt , SHMRET ol AEEIER, [

REMS I H B e Wi DREMECR, WRTCEE N Bineil, WHRE —1 ., REGHE 14-24 For,
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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. 1Xfgscm

REEGRFEE S HARIR ML 400 B, HEEMAER int WEKERRE, MXXESHEREEA: IREH
MITRERRY +1 #RIER REA A TR H

i, BATRAET amt + 1 RKERIERE, ERNEH amt FIEHEERZ N amt . &GIRENE, Hk
dp[n,amt] BEET amt + 1, HRWGRE —1, RRTCHEELEREH. RN TFHR:

// === File: coin_change.rs ===

[* BEREHR S *+/
fn coin_change_dp(coins: &[132], amt: usize) -> 132 {
let n = coins.len();
let max = amt + 1;
/] #MEk dp &R
let mut dp = vec![vec![0; amt + 1]; n + 1];
/] WEE%: 817875
for a in 1..=amt {
dp[0][a] = max;
}
/] WSER%: HRTN5
for 1 in 1..=n {
for a in 1..=amt {
if coins[i - 1] > a as 132 {
/] BEIERE, WAERED 1
dp[i][a] = dp[i - 1][al;
} else {
/] RENRED 1 XEASERNRME
dp[i][a] = std::cmp::min(dp[i1 - 1][a], dp[i][a - coins[i - 1] as usize] + 1);

}
if dp[n][amt] != max {

return dp[n][amt] as 132;
} else {

-1

14-25 JoR T 2R A SIASMRIIERE, Msees EREHER AL,
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5 & & 6
®wS EfE el e 1 2 3 4
i coins[i-1] 0
1 1 @
2 2 @ :
3 5 @ -
EhH#E n =3 BifE® amt = 4
MERRTA (n+1) x (amt+1) 8 dp JEFF
| Step 1
s & & 6 €
E [ el e 1 2 3 4
i coins[i-1] 0 0 M?X MAX  MAX  MAX
1 1 @ ! [) 1
2 2 @ - 0t
3 5 @ - [}
RSB
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
[ Step 3 ]
5 & & 6
®wS mfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX ml\x MAX
1 1 @ [} 1 2 | 3
2 2 @ - [} =
3 5 @ - [}
RERB:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 5
s & & ¢
®S i el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 1 0 } 2 3 4
2 2 @ 2 0 1
3 5 ® 3| o
REHH:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1)
[ Step 7
: & & & 6
wS EfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 ® [} 1 2 ? 4
2 2 @ - [} 1 1 2
3 5 @ - [} "1
RERHB:
dpl[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 9

Step 2

( Step 4

Step 6

Step 8

Step 10

i 4 & 6
ws EfE Nl e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 1|0
2 2 e : )
3 5 @ 3| o
WEH#HE n =3 EifE@ amt = 4
MELETR max = amt + 1 . BFH 0
8 & & 8
wS EiE e 1 2 3 4
i coins[i-1] 0 0 MAX wlxx MAX  MAX
1 1 @ : ] 1 2
2 2 e - 0 =
3 5 @ - )
RSB
dpli, a] = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1)
s 4 & 6
ws EE Nl 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ 1]0 1 2 3 &
2 2 ® - ) "
3 5 @ - )
RS
dp[i, a] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
8 & & &
®s EfE e 1 2 3 4
i coins[i-1] [ 0 MAX  MAX  MAX  MAX
1 1 @ 1 0 1 % 3 4
2 2 @ 2 o 1 1
3 5 ® - 0 1
RSB
dp[i, al = min( dp[i - 1, a] , dpli, a - coins[i-1]] + 1 )
8 & 6 6
ws EE Nl 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 e ! ) 1 2 3 4
2 2 e : ) 1 1 2 2
3 5 @ : ) .
RERB:
dp[i, al = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
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i & 8 & 5 & & &
wS EfE el e 1 2 3 4 ws EfE el 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX i coins[i-1] [ 0 MAX  MAX  MAX  MAX
1 1 @ ) 1 2 3 4 1 1 e ! 0 1 2 3 4
2 2 @ : ) :i. 1 2 2 2 2 e : 0 1 t 2 2
3 5 @ - o | 1 3 5 @ - 0 11
REHE: RS
dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 ) dp[i, al] = min( dp[i - 1, a] , dp[i, a - coins[i-1]] + 1 )
Step 11 Step 12
i & & 8 s & & &
wS EfE e 1 2 3 4 HwS EfE e e 1 2 3 4
i coins[i-1] 0 [ MAX  MAX  MAX  MAX i coins[i-1] 0 ) MAX  MAX  MAX  MAX
1 1 @ ! ) 1 2 3 4 1 1 @ ! ) 1 2 3 4
2 2 @ ) 1 1 i 2 2 2 @ ) 1 1 2 %
3 5 @ - ) 1 1 2 3 5 @ - 0 1 1 2 2
RSB REHTS:
dpl[i, a] = min( dpli - 1, al , dpli, a - coins[i-1]]1 + 1) dp[i, al = min( dp[i - 1, al , dpl[i, a - coins[i-1]] + 1)
Step 13 Step 14
5 & 6 6
ws mEfE el e 1 2 3 4
i coins[i-1] 0 0 MAX  MAX  MAX  MAX
1 1 @ [) 1 2 3 4
2 2 @ : [) 1 1 2 2
3 5 @ - 0 1 1 2 2
EEEHETEFNROETHE 2
Step 15

3. FiEk

TR S AL R AE BT SN 52 2 B Al — 2

// File: c
/*
fn

let n = co

let max =

oin_change.rs

ins.len();
amt + 1;

/] #atk dp &
let mut dp = vec![0; amt + 1];

dp.fill(ma
dp[oe] = 0;

X);

/] REHB

for 1 in 1

for a

..=n {

in 1..=amt {

B 14-25 FESRAER S SRS RE

THAMR: FERLEHIEHIERR */

coin_change_dp_comp(coins: &[132], amt: usize) -> 132 {
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if coins[i - 1] > a as 132 {
/] EBIEREEM, WAEED 1
dp[a] = dp[a];
} else {
/] REFRRET 1 XEMAGENR/IME
dp[a] = std::cmp::min(dp[a], dp[a - coins[i - 1] as usize] + 1);

}
}
if dp[amt] != max {
return dp[amt] as 132;
} else {
=il
}

14.5.3 T RIRR)E I

Question
250 n FREETR, 58 MPREMNEIES coins[i — 1], BARSEN amt , SR HA] LEE IR, W
I HREPMH A S B, REINE 14-26 Fr.

HS [0
i coins[i-1] BirE#
amt = 5
1 1
2 2 $
3 5 (5)

WhAGHE: 4
WhAGHR: + + + +

& 14-26 FE SR 1T AR BIEEE

1. =hSHRIBEE

MT E—, ABERRRAEHE, R Ry 6o MM RES RN o WA EEBER. M dp
RIMARRRS A (n+ 1) x (amt + 1) B ZHERERE,
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AR AU SRR TN 4 iR -5 30 2 AR X AR H SRR 2, SRR :

dpli,a] = dpli — 1, a] + dpli,a — coins[i — 1]]

Y EAREHIY 0 I, TCAUEFEATREM BT & W HAREE, KR ESIRTA dpli, O] #¥Iaafcs 1. 47

REMRIN, JTCEEIER > 0 WERSE, FETE dpl0,a] #%T 0,

2. 1XFgscm

// === File: coin_change_ii.rs ===

[* BERER 11 SR +/

fn coin_change_ii_dp(coins: &[132], amt: usize) -> 132 {

let n = coins.len();

/] #3at dp &=

let mut dp = vec![vec![0; amt + 1]; n + 1];

/] MEkET!

for 1 in 0..=n {
dp[i][e] = 1;

}

/] REEZ

for 1 in 1..=n {
for a in 1..=amt {

if coins[i - 1] > a as 132 {

/] EBRIEREE, NAEED {

dp[ilfal = dp[i - 1][al;
} else {

/] FEFRETR 1 XFEFHHFERZH
dp[i][a] = dp[i1 - 1][a] + dp[i][a - coins[i -

}
}
}
dp[n][amt]
}
3. ZiaEfitk

2R AE TR SRR, AR o 4k L BT Al -

// === File: coin_change_ii.rs ===

[* TR 11 FEREEREESRAL </

fn coin_change_ii_dp_comp(coins: &[132], amt: usize) -> 132 {

let n = coins.len();

1] as usize];
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/] #Ek dp &R
let mut dp = vec![0; amt + 1];
dp[o] = 1;
/] RE¥EHB
for 1 in 1..=n {
for a in 1..=amt {
if coins[i - 1] > a as 132 {
/] BEIERET, WAERED 1
dp[a] = dp[a];
} else {
/] REMRET 1 XFEMHFHEZH

dp[a] = dp[a] + dp[a - coins[i1 - 1] as usize];

}
}
dp[amt]

14.6 YmiBREEn)RR

SHRIERES, tOAR Levenshtein BEE, f85MMNFAFE 2 R EAEHA) R MESORE, @HHTEGERRERNE

SRIE = MBI R D SRR

Question

AN s ¢, RERE s By ¢ FrRiR/DImES

IRA] DAE— D AT R AT =g e A DT MBR— D70, BB fovEE—1

HO

Qs 14-27 AR, HF kitten Felfihy sitting FR2GHH 3 20, [IE 2 IWEHIRIES 1 RIESIHRIE; K hello #%

19 algo TR 340, U4 2 UOFHURIER 1 IRIMBRERIE,

- - (80000 - - 000800

s | | | e

[ [T s o]

| | | mm

o 8aa0o

- 0808800

& 14-27 iR R R B R

- (@000
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Zh R 2 12 ] DATR ) SR ORI IR, AT AR T, —HRIRER (—IRGmEEHRIE) X RMTAY

—ZKib,

W 14-28 FivR, TEABRHIRIERIER T, &0 RER] DURAE HIF2 K30, L0 N —FElE, XEK
E M hello #4#% algo BIF LRI RERIEEIR,

MRS AR, AR HARERBET R hello I algo < AIHYRRAERETE,

S =

14-28 BT ORISR R IR B L 1 ) 7t

1. EhEEHRBER

B BERRNIUE, &30RE, ezl dp %
B RRIIRITTZX T s AT —IRGm IR AR,

A EAE G BR ORI AE R, WA MUBR e/, XA RERRE TR, B AT ER s F0 ¢ IR 1A
nfim, FMEBERFRFERINFR s(n — 1] ft[m — 1],

- % sl — 1) B t[m — 1] MR, RATATLABOLEN], EB%E s[n — 2] F1 tfm — 2] .
C 3 s — 1) R tm — 1) AR, SROTEIER s AT UG GEA. MBS, ), (505 B R
HOSPEAEIR, AT DABRIE A, R o N

Wi, EAETITH s TR —ROUR (EIRIE), IR s M PRERIR IR 71 A L2
o BRI, IRAIVYHEITE s F ¢ hBIBAUSE ¢ FI%E 5 DF0F, 120 [4, 7] o

KA [1, 7] MRRO T 4% s BT ¢ AFRPEECN £ § NSRRI DH L,
e, BE RN i+ 1) % (G + 1) =4 dp %,
o PNIRE TEH, TR R AR R

FERFWE dpli, j], HWMIWDFZRERORBETA N s[i — 1] M t[j — 1], ARERRGREREDS E
14-29 Frmig =& o,

1. 7E s[i — 1] 2R t]j — 1], WEAFRE dpli, j — 1] .
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2. WRR s[i — 1], WITA T dpli — 1, 5] .
3. 4 s[i — 1] Bl t[j — 1], WRISRTFRE dpli — 1,5 — 1],

TEREBRM e
gooooo
(c[o]d]e] (c[o [« E
dp[i, j-1]
B k
.- [0OOE
‘- ooon
dpl[i, j] dp[i-1, j]
& k BiftR e
(b]o]o]e] (-] 9
(c[o]d]e] (c[o[4E
dp[i-1, j-1]

K 14-29 GwfHERESHUINSHAS

WRAE LA L34, ISR T4 dpli, 7] RDIREPEET dpli, j— 1], dpli— 1, 7] dpli — 1,5 —1]
=H RO IREDE, BN EARRNGRESE 1 . NIRRT

IR, M s[i— 1) M t[j — 1] HIFER, JEmgbs Suiv A, XME NIRESEE 7

B WA ARERIR SRS

YIRS, P E08 0, Bldpl0,0] = 0. 24 s A2HMEt NN, BOGREPEET ¢ K
&, BETT dpl0,j] = 7. 4 s AABE SN, ROREDSEET s KE, MES dpli,0] =i,

WKL TTRE, R dpli, j) e 7. BJ5. 76 BDTRg, DRIHOE I P Z IR R IE 7 i A dp RENAT,

2. AExEM

// === File: edit_distance.rs ===

[* YREEEEES: BHASHIRY */
fn edit_distance_dp(s: &str, t: &str) -> 132 {
let (n, m) = (s.len(), t.len());
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let mut dp = vec![vec![0; m + 1]; n + 1];
/] KEHER%: 517875
for 1 in 1..=n {

dp[i][0] = 1 as 132;
}
for j in 1..m {

dp[0][j] = J as 132;
}
/] REHE%: HRITHT)
for 1 in 1..=n {

for j in 1..=m {

if s.chars().nth(i -

dp[i1[3] = dp[1 - 1][] - 11;
} else {

1) == t.chars().nth(j
/] ERFRFESE, WEERKSIRFR

-1 {

/] BLEESE = A BIFR. B =MMRERIRDRIBSE + 1

dp[i1[]] =

std::cmp::min(std::cmp::min(dp[i][]

}
dp[n][m]

- 11, dp[t - 11[3]), dp[t - 1][F - 1]) + 1;

G 14-30 R, gl B )R ARSI A 5 1 R AR B 2600, AT DAB (RIS — > 4E W A 3

o
aoaon
h Jle 1 2 3 4
0
0 :
[ 2 )
[ |
s = “bag” t = “pack”
n=3 m= 4
MEWRTH (n+1) x (m+1) B dp &
l Step 1

(o
s

1

(p Q0]
2 3 4
2 3 4

1
+1
1

w N ke
w N B oe

RERB:

dpli, 31 = minC dpli, j-11, dpli-1, 3] , dpli-1, j-1]1 ) + 1

Step 3

w N ke
w N ke

MakETT dplo, j1=3 .« &% dpli, 0] =1

Step 2
ooan
;j 0 1 2 3 4
e [0 1 2 3 4
+1
u 101 1 2
e ;|
IR
R
dpli, j] = min( dp[i, j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1
Step 4
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ooon

dpli, j1 = min( dpli,

RERB:

dpl[i, j] = min( dpli,

=1

RSB

dpli, j] = min( dp[i,

(s ]

dpli, j1 = min( dpli,

RERHB:

dpli, j1 = min( dpli,

[ step 13 |

j-11 , dpli-1,

j-11 , dpli-1,

j-11 , dpli-1,

j-11 , dpli-1,

j-11 , dpl[i-1,

31, dpli-1, j-11 ) + 1

jl , dpli-1, j-1] ) + 1

31, dpli-1, j-1]1 ) + 1

il , dpli-1, j-1]1 ) + 1

31 , dpli-1, j-1] ) + 1

REFB:

dpli, j1 = min( dpli,

RERH:

= s[i-1]=t[i-1]=‘a’

[Step 8 ]

RSB

dpli, j1 = min( dpli,

dpli, j] = min( dpli, j-11 , dpli-1, j] , dpli-1, j-1] ) + 1

[step 12 |
R,
o
(5 Y
8 :
[ <
REHEB:
dpli, j1 = min( dpli,
[Step 11.]

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

~dpli, j1 = dpli-1, j-1]

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1

j-11 , dpli-1, j1 , dpli-1, j-11 ) + 1
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aoaon

?0 12 3 &4

o o 1 2 3 4

n 1 1 1 2 3 4
a 2 2 2 1 2 3
n 3 3 3 2 2 3

BERVEESY 3

Step 15

14-30 gwiREHE RSN

3. FiEfk

T dpli, ] B 77 dpli — 1, 5], %77 dpli, j — 1], 675 dpli — 1, j — 1] SHSMRH, TiE R
SFRSE LT dpli — 1,5 — 1], BIRFBHEEAHE dpli, j — 1], FEUHPRE TR,

Jutk, BT DMER — MR leftup RE A LTI dpli — 1,5 — 1], W R FTHIEL TR _EITI#
AR S e el WA, AIERIERES. A RATR:

// === File: edit_distance.rs ===

[* YRIEEEES . =EMAMERIEHSAL */
fn edit_distance_dp_comp(s: &str, t: &str) -> 132 {
let (n, m) = (s.len(), t.len());
let mut dp = vec![0; m + 1];
/] RE#E%: BT
for j in 1..m {
dp[j] = j as 132;
}
/] REHE%: HR1T
for 1 in 1..=n {
/] KEHE%: 85
let mut leftup = dp[0]; // EF dp[i-1, j-1]
dp[0] = 1 as 132;
/] WEEH%: HR5
for j in 1..=m {
let temp = dp[j];
if s.chars().nth(i - 1) == t.chars().nth(j - 1) {
/] ERFHEE, WEZBILRFR
dp[j] = leftup;
} else {
/] RLHFESE = BN Bk BRX=MRENRDHFEESE + 1
dp[j] = std::cmp::min(std::cmp::min(dp[j - 1], dp[j]), leftup) + 1;
}
leftup = temp; // EFAT—HAY dp[i-1, j-1]
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dp[m]

14.7 NG

- BIASHKIS FEE T, JREE A E T SRR EE TR, SRS RECR,

- ABENEIRATE T, FrAshSHRIREER AT AR R (B2 EITRME, (I KRR
HE TR, PR EESIICICSNER, Al DAIEERTA TR R RIS R, MR IEE A
AT H—IR,

© IR MR RAGEAAEE, TS 2 M AEhASIKIE — R KBTS L, H
iEl “HEHERKE —FE BT YAPRES ORI REIRE, EIIRATA DAERR dp R —DHEE, M
TR AR TR 52 2%

© TRE R AE R R RTR R, EE. SIS b BA AR5,

- BRI =R R, RILTEE. ToERUE.

- USRI AR AT B A AT DA T R B LA AR, e B iR I 745

© EEBIEEN T NIRE, HRRARASZIKEAX, MEEREHNTHEIRESTEX, wE2HA ML
A BEATCERNME, TCiRE A s SR POE K A#,

GREADED

- HURERRIRSESMNRE —, BA 0-1 B, 22T, ZEFUFLM.

- 0-1 BHAIREE SONRT ¢ MIGERIREEN c NEEPRRRME. RIEARAELRBAEEMN
PSR, RIS EIRILF &5, FR LRGSR TR, fEmed, BT e M RESRE Ly e
TTHUIRE, BT EEFELAIR, w5 ETTRSE 5.

- e AR AR S R BECRTCIRE], RIS AD MBS ER S 0-1 BEMEAR, BT
RESMAUE_ETTFIEZETT PR, RIEZE AL AR R 24 B3 i o

- BRSNS 2 T WA — DR, BMK RORT MEZONK RN MR, RIHIRAESE:
7R max() ROy min() o AIBR “RNEid” HEARINER “IBiF” B ERSE, KIE
M amt + 1 RFoR “TCiRZEH HARRET RITCR0E.

- RS IT AR “B/ DRI AR SOk “REMASEE", WS TREMAR MM min() SOy
RIBRF,

S o L 2 )

. GBI (Levenshtein BHEY) FITHFRHIANT 10 2 IRIMILRE, HL2 SO M—ANF A R 53—
SRR DS, BRI EERRIL. R, B

G B R AR SN s [OR G AN F RN ¢ R § TR R G AL Y
s[i] # tlj] B, SRR WO, BRR. R A RIRARIA T, SR AT AR R O
FLEM SRR SRS TR, T2 s[i] = t[5] B, JoGE s R,

- ERRERET, RESIRBLIE L. EAETT. Je b OTHORAS, BRI AR R S8 R B A
AT ASEE RS, itt, TROTRIF — AN REE A L TIRES, WTTEELES 52 2075 (S o 1
W, T DAE AL ST E R
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Abstract
Ml H 2585 KIH ), BZIESR B & KR KT EE,
O IRISAE —FREC A sk, B SMREEE.
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15.1 FOEZE

ROEZE (greedy algorithm) 22— WAYMRRAIL AR R, HEABARZRLE AT MR, #
WY ATE R R LAIESE, HS0OM M B R LATRE, DHIEBRG 2R, 2ORRRE S HsiL,
FEVFZ SLPRAE A & TZHIN

FOLRIEISASMRIER A TR e, ez B E— SR A, HanEs s It a5, =
TAEREEAFE,

- B SRYE Z AT B A A REORE S R, I 25 7 (A A A kA F 244 1T T R
- ROLRBEARFELRRE, T —BAnithit T oo0Ess, AWgNRETEE, B2 R,

TApEIHE Ty TRPODEIRN TERM, XEECAE EeniE” s5hhagid, M
BV EFH AR,

Question
255 m RS, 58 MPREMNEES coins[i — 1], HARSEN amt , SR HA] LEE IR, [
R BAR SRR R/ DR m AR, WERTCREL BAnem, NHRE —1,

AR ZO LRI 15-1 FoRe 40€ BAREET, BANSLOHEERAR T HRHGT e imim, AEiEaaix
LI, BEEE BRSO,

B T RRERFATEREEHARSHNED

B 15-1 FERSLHAY ORI
SEIRAAS AN N R
/] === File: coin_change_greedy.rs ===
[* BEREEE T */

fn coin_change_greedy(coins: &[132], mut amt: 132) -> 132 {

/] 1Ri& coins FIRERE
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let mut 1 = coins.len() - 1;
let mut count = 0;
/] ERFHITROEE, BITRREM
while amt > 0 {
/] HEVNF BRBER RS ERIED
while 1 > 0 && coins[i] > amt {
i-=1;
}
/] EHFE coins[i]
amt -= coins[i];
count += 1;

}
/] BERLEETAZE, MWiRE -1
if amt == 0 {
count
} else {
-1
}

TRAJRE AN UL : So clean ! SUOFERMNAHAHTRIERRR T TR s A,

15.1.1 HORZENRRSERE

TODBIEAMUR B, SR, i HIBH PR WA, 0L LA, e M R/NEEH min(coins) ,
WS OIE B ZIEFF amt/ min(coins) X, NEEZEN O(amt/ min(coins)) o XS
IR ZE O(n X amt) /INT —NEES,

SR, XMFREMMmEEA S, ORISR, & 15-2 250 T RE),

- 1Efl coins = [1,5,10,20,50,100]: fEZMHAHE TR, SEMLE amt, SULEIEERAT DAREIRAL
it

- &Hl coins = [1,20,50]: &% amt = 60, ZORIEHREHE 50+ 1 x 10 W5HAs, Hit 11
WM, (HEhASMKIATAEREIR M 20 + 20 + 20, XFR 3 #dhEm,

- RBl coins = [1,49,50]: Bi&% amt =98, TWOLEIEHAELE] 50 + 1 x 48 Wil s, it 49
M, (HASHUA AT DAREI R 49 4 49, 7 2 KaEm,

WhAE BiREE BOHERRER EhSARI RN R
(RaEbRILRR) (2RRIAAE)

(1) 60 +@x1@ x3
@ 98 +@x48 xz
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B 15-2 SULRIRTCIR s AR R B
Wb, N TEEAMAE, SORRITERIEE 2R/ EIRE, HHERIEIEFREZNR, EHES
EEIES Rl 27
—REOL R, SULBEIRATE AL PR PR,
L. ATPARUERSIR AR : SOLBIAERMIGR L MEER &Ik, FEOveEEmErLmm, a8 E &k,

2. AlDARRBNEAUR LM : OO REEIXMIE L TRl FRY, N TRZEZRAERGL, SRR IR
HIRIXE, REAE RSN LA L2 AR H AN,

15.1.2 FOEEFE
IR AER T, 2R RBNE S DB EREIR? s w, OEIEEM AN el BRI B &
fi?
METF ISR, SUOEIRRE S EMRTZ, H 32 R ME R,

C RIDERMR . HA YR RERER e SRR RN, SUOEEA GRS 2RI,

- RIR TSR RIS R AR LS T R S B AT AR
BRI TEMEARE ISR JBUHPNEY, XEAEFER, HEFENE, —EREPRIMETFEEHA
FAE, {EARA] {5 B 0 O B TE R,

AN FEERFT SOOE R BRI HINTTT 7. BARAERIRE ERE A, H9h BN T2 i, WS
EREE RIS H

BlanF e B n s, BATRRREWB A ZHE G, X SO BOA TRy, (EUESCHIMERERR, AR
WA 2 25 E T 435 vl DASEH SO0 RTRRE? B EAE L RE LM B B8 1) 7 5R48 th— ISR M T 1Y%
%, TAEAZS = R B UER,

Quote

H—RIEXAH T = O(n®) WS 2B REE, TR0 —NE A A S 6 S0 B IR HME
BRI AR

Pearson, D. A polynomial-time algorithm for the change-making problem([J]. Operations
Research Letters, 2005, 33(3): 231-234.

15.1.3 FLEZEBELSE

SOL PRI R R R 73 AR =2,

L. W8 A B R, EAERIRSE S U BRI R 455, X — AR RIS AR
wWHW Ko

2. W FOLSRIE: B AR — P R SU0IERE, XD IRISREVSAE R — D BV AT, B2
RNl

3. IERATEUER: 3@ T IR REEA SUOE B BRI T4, X NP BRA RERRZ 2 BCAIERT,
ANVAPITRESIETR
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B E OO RIS 2 SR AR R P B, HSLHEE R ATREH A S, TZALIRERE,

- AFERGERFORISIZE SR, X T2 RIEDRY, PU0RISHETRE, Ty A M EEs
SZIRETS o AT —22E 2% M, SOOI AT REIER RRM, XABEOUIRE S B D AL S5
BIRREN T,

- FEEETUDRIG A BRI, BN THINME OB SO0, 5 IR 2E,T, RATHE
RIER 7> ARG TR @ . IR IR ZU0 RIS R “BRERM” B, EXAHT R 2
— RIS,

T PRIEIERTE, FAIMIZN SOORIEHE T ER SR, @ Z N BRI INIE

SR, MR ARATREA R — 2 H. R ke, BAE® dsmmiiAmA et TAmiEs, —
BB RUE LRI,

15.1.4 SOEEBEGI

SOLBLIRH R HERE S0 DIE R 4R UL iAldip,  DURAI2E 7 — L2 R 50O Bk A,

- MEMERENE: EREEMAST, WORIEERA] SRR

- DXMIHEERGEL: R — 2555, SMESSTE—BRINTRINEELT, IREE MR ERRATREZ LSS, 1
REHREOE AR R R AESS, 250 0E R AT ISR R,

C rBEENE: A -AYEi— N EER, REERRIEE AR, fREERAELHER, H
BEYMERA WREEERIEN s (ME / HE) NYE, RAT0LRIEE IR0 ] DR 2
AL,

- JREREIEML: SaE R EAIDI RS, IR DU T2 IRESE, BAIRIRE AR AR, ARAtESEH
ZHIARRERF SR, BRI IRBUR AR,

- BRI ER S —AH TICHREE R SO RN, B E RSN, BIRIEREHIR
RIKMDTRET, REHFIRNERSMITHPEERE GRIEKE) &/,

- Dijkstra 5ik: B2 R IRTIUS B H AR TS B RS2 R SO0 RE.

15.2 S¥E RS

Question

BE n AR, B MRNERR wet[i — 1] WMEN valli — 1], MI—DEEN cap NEHR, &
MR REIERE— R, HA] USRI, GRS E R LT, RERES A E
THEFYRRANE, ~EIENE 15-3 FirR.
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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,

HE EE fild  B{IHE
valli-1] IRIBEMIHHE

i wgt[i-1] valli-1] wgtli-1] MEIHEHER

2 20 120 6 2

4 40 210 5.25 ¥ P

1 10 50 5 ) RiEFBUNEESHYSR
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.rs ===

[* & */

struct Item {
w: 132, // YIRE=
v: 132, // ¥IRMNE

}
impl Item {
fn new(w: 132, v: 132) -> Self {
Self { w, v }
}
}

[* DEEE: " *+/
fn fractional_knapsack(wgt: &[132], val: &[132], mut cap: 132) -> f64 {
/] eEYmIIR, BERIEE: E8. NE
let mut items = wgt
.iter()
.zip(val.iter())
.map(|(&w, &v)| Item::new(w, Vv))
.collect::<Vec<Item>>();
/] REBEGNE item.v / item.w MBENRETHR
items.sort_by(|a, b| {
(b.v as f64 / b.w as f64)
.partial_cmp(&(a.v as f64 / a.w as f64))
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.unwrap()
s
/] B BECERR
let mut res = 0.0;
for item in &items {
if item.w <= cap {
/| ERRBERRE, WY RBIEHRER
res += item.v as f64;
cap -= item.w;
} else {
/] BERRBERRE, NEHFYaHN—BoEHEE
res += item.v as f64 / item.w as f64 * cap as f64;
/| EERSEE, FEIBLBEF

break;

res

R 2o, TERERNT, TEEHEARIIE, FEREELEN O(n) , Kb n Y.
BITHIAM T —/ Tten RH5H1, FIZEHEZEN O(n) .

3. IEFRTEIEER

RARIEE. REY v RN ERSIPIM, ERERERGRANEN res,, HZBEHALEYH v
WENE U EH B ERAEREY W, BV EENYS v . HTY x B MMERS, R
WIGHUEMNE—EKRT res . X4 res RERMWEFIE, WHREGHLHEEN © .
TR R A&, B A] DA ER P E, BMEZ, MG EE RIS R BIERE, X
B 00 SR 2 B R

GniE 15-6 AR, QnSRAGY) S EE BRI S ERALATE 20 BB — 5k 4RI R AR, 0 380 B ) T
o “SRAEA FRAERHIX AT A B R, 1SS EERT DAR BIFRAT I LAl BR A 50 O SRS A 25
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YR fE
5.25 .
¥ e = ®
- YaEE
40 10 30
50
R wozm

B 15-6 0 80E WREH) T LA RR

Question

BMAN— A bt , RPN TERR—NBERRNEE, BHEPNEERNER, ARElZ
BIHYZS Bl A] AH R — D B8

B A RS TS EMEENFRN (), HAveEi e RERoE,
Z%O

BEERAHPIEEM N ER, SEHRNASRNEERK, RERKER, ~HANE 15-7 fimr.

FERM AR RS

i

R

S B N W B U OO N

L

B 15-7 RAREERBRREEE

AT EPFEARE R, FIABRRE WA BRG], ek [4, 5]



BI5E O hello-algo.com 362

HRHRLRE, AR T RO R ASERE, FOh e R BT, 00 R IR AR5 | 2 2, RN capli, j]
AT

capli, j] = min(ht[i], ht[j]) x (j — 1)
VBRI n, P RRIALA SO, GRERED Hy C2 = "D A g, SllTal UG Rk
&, WITRERARR, BESRKERN O(n?),
1. ROEREE

O A B S RCR IRk, W 15-8 R, BRI —MRAS 4, 7], BR300 < j B htli] < htlj]
B AR, g AR

8
7
6
5 | ;
4 v |
3
2
1 | ‘
3 |
0 1 2 3 4 5 6 7

i REEIR, j AKIR
LAIBE cap = min(3, &) x (7-0) = 21

K 15-8 FIRIRA

aniE 15-9 AR, LR j kiR o S5E, IR 2L,

XRRNERFENR j )5, S j— @ HER/N; MsmERERIRE, FitmERREAZE G hRER) 5
BN (BBhjaHT g OV .
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8

7

6

5 i .
Ny | :
3

2

1 y

0

0 1 2 3 4 5 6 7
MABEKR, SE—ER
YHIRE cap = min(3,3) x (6-0) = 18

B 15-9 MANBEIKAUERIRES

i B, BADARPNBREGRR , AATREEFRER, BN RARTEE —E2/), HEEIREIER (B
sNJEHIREN @ FTRERZEK). BIUNFER 15-10 1, BahEiamiiE R,

i

V
8

7

6

5 | ’
4

3

2

1 )

[/}

0 1 2 3 & 5 6 7

MABEER, BEAREEA
LUHIAE cap = min(8, 4) x (7-1) = 24

K 15-10 [AANREIERE RS

F L AT A AR OO SRS . RIARLNTEEE, BEH PSR AP, Sm AR Ve, HEEM
TEEHAHIA,

15-11 J&/R 1 50 LaRIg I P TIE AR
1. WHEIRASTS, 485 o #0 § 2 5IEEH M,

2. HEMRIRAII AR capli, j], HERBARR,
3. LR i R IR, JESEARIANAS R,



B15E b hello-algo.com 364

4. PEIRPATES 2. PHNEE 3. 8, EHE ¢ M j HBNER,

8 8
7 7
6 . 6 )
5 m d 5 J
4y .-
3 iR 3
2 2
1 1
0 [}
[} 1 2 3 4 5 6 7 ] 1 2 3 4 5 6 7
Mt 1, 5, EROTIMARN, FRBAME res = 0 YABR cap = min(ht[il, ht[5]) < (j-1) = 21
l Step 1 1 Step 2 BABE res = max(cap, res) = 21
o i
v v
8 8
7 7
6 6
5 & 5 )
R 4 4 3
3 B\ 3
2 2
1 1
4 [}
) 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
LFAE cap = min(ht[i], ht[j1) x (j-i) = 24 YFIAE cap = min(ht[il, ht[j]) = (j-i) = 15
l Step 3 |ABE res = max(cap, res) = 24 m BABE res = max(cap, res) = 24
o i
v v
8 : 8 J
R 7 EiR 7
6 6
5 5
4 4
3 3
2 2
1 1
4 )
) 1 2 3 4 5 6 7 [ 1 2 3 4 5 6 7
LBiSE cap = min(ht[i], ht[j1) x (j-i) = 28 LFIEE cap = min(ht[il, ht[j]) x (j-i) = 21
{m BAEE res = max(cap, res) = 28 $ BABE res = max(cap, res) = 28
= i
v v
8 8
7 7 )
6 6 3
5 iR 5
“ . 4
3 J 3
ER 2 P
1 1
0 )
) 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
YEIZRE cap = min(ht[il, ht[j1) « (§-i) = & LBAR cap = min(ht[il, ht[j]) < (j-i) = 5
[ Step 7 l BAER res = max(cap, res) = 28 Step 8 ] |ABE res = max(cap, res) = 28
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S kN W s OO N ®

0 1 2 3 4 5 6 7
v EEt i 5 5 488,

Tstep 9 |  BERLER, ERRASE 28

15-11 HARAEFER 7 LERE

2. KM

REERRZ n e, HENBEREN O(n) .
L' i, Jo res EREEOCVNIISNER, FRtERERER O(1) .

// === File: max_capacity.rs ===

[* RARBE: "D */
fn max_capacity(ht: &[132]) -> 132 {
/] a1, j, EEDTIEARER
let mut 1 = 0;
let mut j = ht.len() - 1;
/] PBEREEN 0
let mut res = 0;
/] EROERE, EERRES
while 1 < j {
/| ENRABE
let cap = std::cmp::min(ht[i], ht[j]) * (§ - 1) as 132;
res = std::cmp::max(res, cap);
/] EREEFER
if ht[i] < ht[j] {

i +=1;
} else {
j-=1
}
}
res

3. IEHt4IERR

ZFT AL T2 R, BROV BRI IR S (BT — 2R
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FEINTEIRTS capli, j) &, @ AR, j KR, & SDDHPEER ¢ NBah—is, 2S30E 15-12 Foriyik
B BRI, RXERE Z R ETERIEX SRS B R

capli,i + 1], capli,i + 2], ..., capli, j — 2], capli, j — 1]

caple, 7] cap[1, 7]

cap[o, 6] cap[o, 5] caplo, 4]

| | | | | |
I | | | I I |
] | I | | |l |
| HEE L]
caplo, 3] caplo, 2] caplo, 1]

15-12 sl S B@EIE IR

ML, XL IRELR ESUR R KR § PBSIEIRE, aTm&MNELIEARNBRIR—E S
SEEEL/N. MEtRE, WEBERIRSEATRER &I, B eSS BRI,

DAL AR, BalEmAiRiER “2e” 1, RORIEZEAEMN,

15.4 A7 T

Question
HE—NIEEE n , BEUIDNEDWA BRI, KU EMEBRBTRRRERREZ D, WA
15-13 Fiirro
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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

aniE 15-16 Fow, BAICAUEL EIRY) 2 EE, A AR N ERIZERE 3 M e, HREBRR
FIRED, HNA:

n=3a+b
HERE, NFn < 3WBFENR, HFESH—N1, ’#HI1L X (n—1),
// === File: max_product_cutting.rs ===

[* RAVIDR: Tl */
fn max_product_cutting(n: 132) -> 132 {
/] 8 n <=3 B, #AoH— 1
if n <=3 {
return 1 * (n - 1);
}
/] FOHTISH 3, a A 3 BN, b ARE
let a=n/ 3;
let b =n % 3;
if b==1{
/] BFRER 1B, B—3 1 * 3 8Fkh 2 *2
3_132.pow(a as u32 - 1) * 2 * 2
} else if b == 2 {
/] HREN 2 B, RIEHLE
3_132.pow(a as u32) * 2
} else {
/] HRET 0 B, FHLE
3_132.pow(a as u32)

n
./

fa— T O
=¥ b af3

n=3xa+b

B 15-16 &AM RT %
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I} TR 52 A FE R TG SR RSB Tk, DA Python N, H FRIRITE A =,

- IBEAF ** FIEEEL pow() N THE 20 O(log a) o
- ¥ math.pow() PIFBIAFH C BT M pow() BREL, HHUTIZAEGR, NMHAEZREHN O(1),

Ak o M b FEAFEOUNIEINER, FRERERERN O(1) .

3. IEH@t4IEER

HEARIEE, Rt n > 3 BIEN.

L Y < 3 BRRMYI DT RPEE > ANET o, Ia—Er] LK HASRI R 2(x — 2)
MRS ERRIRI, XS RIET &,

2. YITiRAME 1 BRI T RPFE— IR T 1, BAE—ERAILEFHFABI—PEFH, DA
PRERIFM, XS5BT E,

3. VInTiRmBUEMA 2 1 REERMVIDTRPUE=D 2, Ia—Er] gD 3, FRAHER,
XERETE,

15.5 /&

- ROREFER M TR ORI, HREUR AR S PRI B R S R L IR R, IR S 2R
AL,

- RODERZIEAHMH — DX DRI TUDIERE, RERER R (L — DU /N T A, E 2 M)
AR

- DEEACERIE R, EEARESIFERCR, AT, SO0E RN R 2% 5 E L,

- AEFE GRS, N TREEMAS, SORIAR DRIEKREIRMLME; T 55— LM & A
2R, SULREIRATREIEIRZ R,

- EAMBLREZRBER R EA AR : ORI R T2, SO0 R RER S0 R
AR,

© ONTREE A, SO REEIIE AR, AR, IEVEINA S, BIANE R,

- ORETULRREE N = [T, B SUORNS, BRI, B, e U0 RIEE RO IR,
IERPEIER R AE A

- BRI 0-1 RV E, ferRERy)shey—aksr, WIRMERAZOORETRRME, SU0RIEHIE
Ffy I PT DAfSE ] S IE TR SRAIE R,

- RAAERBAMER IR, REEREHR O(n?) . Wit o0, SRmmsshEg, b
KNRIE A ERAE O(n) -

- ERAYVI RS, BAVCEHEEERDTULRE: > 4 FREERRIZMELT oy, &ILy)nK¥
3. REPEERIEHE, NHEXERR TR, EEN O(1) 2 O0(logn) .
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Fl16E MiF
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16.1 ‘RIZIFIERIE

16.1.1 & IDE

IR, F8H VS Code fENAMEHSTT LI (IDE), ilA] VS Code B, MRAEHRIERIUEREH
RERRASE) VS Code BT FERNIZEL,

Qa%w 010 % i

Visual Studio Code  Docs  Updates + Download

Code editing.
Redefined.

Download Mac Universal | .,
Stable Build

mac0s Universal
Windows x64 User Installer

Linux x64 deb
rpm

F#i VS Code =y
Run and Deblg BONCN Git Extensions

16-1 MWEM T#; VS Code

IntelliSense

VS Code AT REASRG, SFFRZEGIZESHIZTAIE, DA Python NI, %% “Python
Extension Pack” ¥ @25, BIAI#E# T Python fREGIAIK, 220 BaE 16-2 Ak,


https://code.visualstudio.com/
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Python Extension Pack vi.7.0
Don Jayamanne 7,005,466 % % % % ¥ (16)
Popular Visual Studio Code extensions for Python
Disable v Uninstall |~

This extension is enabled globa

DETAILS
Extension Pack (7)

REHRNT

A B P O AT autoDocstring - Python Docstring Ger

doc

! Install

|
j—ﬁf*?ﬁ% ython Docstring Gen...
@ Python
P

3

Jinja

Python Extension Pack

Install

= ] Python Extended 12M k4

&l 16-2 %% VS Code ¥ et

16.1.2 REESIIR
1. Python Ifig
1. FEJFZEE Miniconda3, % Python 3.10 BEEHRRA,

2. 1£ VS Code W82 python , %4 Python Extension Pack
3. (FJi%) fE@SITHIAN pip install black , ZREMIMHEAILTHE,

2. C/C++IFIR

1. Windows RAFELEE MinGW (AL E#F2); MacOS B Clang, LM%,

2. 1£ VS Code MHEH T HHIER c++, L% C/C++ Extension Pack .

3. ([ i%) 47 JF Settings TU [, #4 & Clang_format_fallback Style fX A3 4% = fb & Wi, R E B
{ BasedOnStyle: Microsoft, BreakBeforeBraces: Attach },

3. JavaIfig

1. R#EFFZEE Open] DK (AT E > JDK 9),
2. 1£ VS Code WHtFTHH 2 java, &% Extension Pack for Java,


https://docs.conda.io/en/latest/miniconda.html
https://sourceforge.net/projects/mingw-w64/files/
https://blog.csdn.net/qq_33698226/article/details/129031241
https://jdk.java.net/18/
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4, CH#IFIE

1. FEFFZEE Net 8.0,
2. 1E VS Code HIIEMH R IZFHI822 c# Dev Kit, 2% C# Dev Kit (FilE ),
3. WAlf#A] Visual Studio (ZZ2E#f5),

5. GoIfi§
1. F#EFFZE g0,
2. 1£ VS Code WftFHi 782K go, %2 Go,
3. FPERE ctrl + Shift + PIEH@SEE, A go, 1%EFE Go: Install/Update Tools, EEBANIEIFZL
ERIA],
6. Swift IfiF

1. F#EFFZEE Swift,
2. 1E VS Code MU Hii7 182 swift, 2% Swift for Visual Studio Code o

7. JavaScript IfiE
1. FEFFZE node js .

2. £ VS Code HyidifF A4 javascript, %%E JavaScript (ES6) code snippets o
3. (AJi&) 1E VS Code MG A SR Prettier, ZHEMMEHAMTA,

8. Dartifig

1. —Fﬁ}l‘:ﬁg Dart,
2. 1£ VS Code HUfflitF 4R dart, %% Dart,

9. RustIfig

1. FEIFLEE Rust
2. 1£ VS Code W@ MR rust, &% rust-analyzer o
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FEL, WRATEWEA TSGR R, BB TBIE, DA IR AE LB > B,
Fif #5250 A GitHub ID KEARB G, WUk PDF k300 F3EA TR,  DUBGHH AT JE X T
FAZE TR


https://dotnet.microsoft.com/en-us/download
https://code.visualstudio.com/docs/csharp/get-started
https://learn.microsoft.com/zh-cn/visualstudio/install/install-visual-studio?view=vs-2022
https://go.dev/dl/
https://www.swift.org/download/
https://marketplace.visualstudio.com/items?itemName=sswg.swift-lang
https://nodejs.org/en/
https://dart.dev/get-dart
https://marketplace.visualstudio.com/items?itemName=Dart-Code.dart-code
https://www.rust-lang.org/tools/install
https://marketplace.visualstudio.com/items?itemName=rust-lang.rust-analyzer
https://github.com/krahets/hello-algo/graphs/contributors
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2. B% Markdown JEXXFNZ, WMENBSRIERMYE, HFREFEHRENSE—,
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2. RELIE

MREAE GBS S HIREE, BRI RIS, I RENESE, WATELMELLT Pull
Request TAEfE,

. B GitHub , #ABMHL G4 Fork 2N AKS R,

. HENIER) Fork @EMTL, ] git clone ar i G va B A M,
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. B AR Commit, fA)5 Push FifE )%,
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https://github.com/krahets/hello-algo/issues
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3. Docker =

1E hello-algo MRHE T, $UTLAT Docker BIA, BIAIFE http://localhost:8000 il ARTH :

docker-compose up -d

(5 AT i <> BT AT A BR 02 -

docker-compose down
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algorithm

data structure
code

file

function

method

variable
asymptotic complexity analysis
time complexity
space complexity
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iteration
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big-O notation
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English far A=
sign-magnitude JE R

1’ s complement =2

2’ s complement AN
array el
index £
linked list R
linked list node, list node TR
head node KA
tail node B R
list LB
dynamic array A
hard disk Pt
random-access memory (RAM) HfF
cache memory %17
cache miss AR
cache hit rate AR
stack e

top of the stack AL
bottom of the stack HeJiE
queue BAS)
double-ended queue EIRAS
front of the queue N=
rear of the queue [YNE2S
hash table MR
bucket it

hash function & 7y BRI 4
hash collision [EEGRUIEN
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English

right-child node
parent node

left subtree

right subtree

root node

leaf node

edge

level

degree

height

depth

perfect binary tree
complete binary tree
full binary tree
balanced binary tree
binary search tree
AVL tree

red-black tree
level-order traversal
breadth-first traversal
depth-first traversal
binary search tree
balanced binary search tree
balance factor

heap

max heap

min heap

priority queue
heapify

top-k problem
graph

vertex

undirected graph
directed graph

connected graph
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disconnected graph JFZEIE E A i
weighted graph AE A HE
adjacency RS Hikz

path 1 FEIE
in-degree NE NE
out-degree thE HiE
adjacency matrix LB R R 42 e e
adjacency list LBHER kAR
breadth-first search TTERER & e i =
depth-first search RS R REEE S
binary search TEK iy S
searching algorithm BRED Rk
sorting algorithm Her &k HeP s RTA
selection sort iRt 35 2 R
bubble sort (ER(EkE 352 HERZRE AR
insertion sort AT AP
quick sort PrEHET PrigHE
merge sort VA3 S Ei 352
heap sort HEHE HEREHE
bucket sort e W
counting sort Y i 165352
radix sort S CE 3a 2 FHH
divide and conquer GaR(=] if
hanota problem I TR) R T ST
backtracking algorithm [EIE=RPS IR RPN
constraint AP KPR
solution i figé

state K& R fE
pruning k53 1153
permutations problem SHEZ A EHEYIRE
subset-sum problem FERF ) THREME
n-queens problem n 2R n 25 HE
dynamic programming BNASHK BRER
initial state HIHRIRES CULGHIN S

state-transition equation REEB T2 ARG T2
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English falfAHZ ELINED 4
knapsack problem GE2lEk: G2k
edit distance problem St teE B 9 ] R i P e T R
greedy algorithm LFEIE BAHETA
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