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1 Bt SRIBIREE, RESHEFRKESNIIZORM

1 BARE: S3IBRVEE, RRSEEHRBUIRSHRIZD
B

ARKHLRET, BFARANRATHNE, RAERZAH, DEBRARGIEENRT.
MRSBLREHRITH, IR ETHMROAH, AESHADS TEEFENRFRNE, B
FERERE, PUIRTREHRIEM. TEBMMNARRESHGSIRE, MESZOERNER, XL
[EIERY A ER AR, FREIT RANAIERSEE. BLb2T, THEESHAREESNHA
EMaR4EE, EBREMAXNEHRE, WTFENAGMEEENAAEEXENE. &
X EEREZEERTHEIBEEMNZORITRIE, EEXMEUEMXBEASH R,
i@ 2 HEGIINTBPATIM T BALRFTRIMAT, ENRITESREENERREEBE
FeaBito

2 EA: THRERNZOER

THRENZ OB RTHHLITFINERRBE, FAL, THRENNERFCENER
MERFHPET, RIEEDE—MEZEBRENIT, BN, THUREERERERD, m
BB FEFIREMLLRHARZM (CAS) RRIEHLERME. XBIFHEIELH. THFEFNE
FEE;, TMRIERARKHEE, BEGFVWER, BESMEENHEDRERE, MEHEER
ERWEBNGIF. XEFEEFEURETSSEITEREZEK,

BHEARLELHRENXE, RHRENREFERT EEM, tRHRIE (CAS) #
ERTHMRENIRLET], EAFREFMLBE—IAFUENE, HELENEHRAFHE
HtRFIE<WMEFHM (Fetch-And-Add) FMnNEksEE/FESM (LL/SC) BEFRELEME
RREER. AFEENAFREENRFRESHITHERINE; E<EHRESHERTE
MH L@, RtEERNEFEREREFINFRRIE, £ C++ f, std:memory_order
RIT ARENAER, FINER (relaxed). KB (acquire). B (release). 3K
BV (acq_rel) HMIRF—3 (seq_cst), XLEMAEREBIF L ERHRITHINFA LI,

3 Pkik: THigmiEry “=ZEXW”

T RZRERRKA, AMEIM=APG: ABA I, AFERWKEEUANREZFES EMfMER,
ABA [RIRIHER T —MEM A T3 B XZE A, i CAS BREL AR PE T, XEFER
BRERPLAAEN, FINTSEBEREERATESREURRT. BRAREIEREEH, EF
RISt SAENMRAS RIGNEZ; NQIEH, KZARAE S ETIFRRIES B
Bl UKRSIAIHE, BEREFIHHEENREGER, BELHIME TIMRAE SR,

RFERRIRGE & H— MR EERERNEN, B— MR RNEEZRENIEHHES
HiE, XRSBETEHAREXITN. BAHFEEZM: XICIETHEI RIEARMTF KR
IBIETEEARIES; SIATHELSIMNE TR ER FIR(ERAER, EFRAMNEUR (Epoch
Based Reclamation) ERFREELMNGR, SREWIERIIRLNE;, ETHIRRS
BBl (Quiescent State Based Reclamation) EAFiE-E4I-F#H (RCU) #ER,
EELEFENGRRSHERAE. ERESIERMEREIIERDYELOZITMIE, it
FMEZSEZHEUSN, FNWNTEMEmFRNEIIER, XBRFLREELIEEI
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4 SE&L: MESEIL—DEHBAT!

I EBBATIE, HRIMBEEFRETHRNI, RACRDST BHEREEREM
PREl, PAFIZHBELIEHMERH, BRARERNERMERT S, ROREEIENN
(Enqueue) FHPEA (Dequeue), XLREEBITRFIELSHEHELTS,
IREME N EEM, BIMERT REMREGEIBIM T -8, YISaN4irkEE
o B0, 7€ C++ A, HITAIMEN T RABSEREIEN T RISFAvEM, AFIZENE
FL RIS R EIZME,

ANRIES R=AXBLS R BEIBHT R, RASREIFER CAS EMETAM next 18
i, REAIE “HER M@, B@gS—1 CAS BHEHMPIATIN tail 155, HEARIEN
BIEIEE head. tail Ml next 18, FIMTPATIRS AZE, &R CAS B head 185,
IR AR NELER, XERIUERZAITICHAEFERIKAR, FIMNERNRIEHRE
2RHRAEF.

UTR—ERE C++ REBRA, BREBMMTINZOES. BHiER std::atomic KK
MEFRE, FRIMERFRUBRBEXRESE,

#include <atomic>

struct Node {
int data;
std: :atomic<Node*> next;

Node(int value) : data(value), next(nullptr) {}

class LockFreeQueue {
private:
std: :atomic<Node*> head;
std::atomic<Node*> tail;
public:
LockFreeQueue() {
Node* dummy = new Node(0);
head. store(dummy) ;
tail.store(dummy);

void enqueue(int value) {
Node* newNode = new Node(value);
while (true) {
Node* currentTail = tail.load(std::memory_order_acquire);

Node* nextTail = currentTail-=>next.load(std::
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Node* currentHead

< memory_order_acquire) ;

if (currentTail == tail.load(std::memory_order_acquire)) {

if (nextTail == nullptr) {
if (currentTail->next.compare_exchange_weak(nextTail,
< newNode, std::memory_order_release)) {
tail.compare_exchange_weak (currentTail, newNode,
<% std::memory_order_release);
return;
}
} else {
tail.compare_exchange_weak(currentTail, nextTail, std::

< memory_order_release);

int dequeue() {
while (true) {

head.load(std: :memory_order_acquire);

Node* currentTail = tail.load(std::memory_order_acquire);

Node* nextHead = currentHead->next.load(std::

< memory_order_acquire);

if (currentHead == head.load(std: :memory_order_acquire)) {

if (currentHead == currentTail) {
if (nextHead == nullptr) {
return -1; // PAFIAZ
}
tail.compare_exchange_weak(currentTail, nextHead, std::
< memory_order_release);
} else {
int value = nextHead->data;
if (head.compare_exchange_weak (currentHead, nextHead,
< std: :memory_order_release)) {
/1 IR FREREFR, FIaNERXEIET
delete currentHead;

return value;



bs

EXERREIH, enqueue REGEIIEIF CAS HRITT MR EMHERIATIES. BX, ©
MEHFIEIEHME next 1585, AEKNERBHETRABEEMEIZEN. MR next 1B
NZE, WSHRFHGHIGENRTS, NEEHREIETT. dequeue REZEM, ENEK
B MERS, KETIRE, MRAFIFEST, NEFHERLIEHTFHREKIE RFLEUK
ER 3 7TE AR AHBRIB A5 =, (B SEPRR A AP RSB KBRS ET EMEI LU use-after-free
iR, NEFRSHY std:memory_order_acquire # std::memory_order_release
RRIZIENERMY, BALLIE<SEHERINIE,

S—MEREETHRANTHIFEEIX, EBIREERETFEIIMBEIF A, KRER
FES. EERIFEXNESR, ERAETARERRE, ERATEFE-EREYR. Btz
T, HREUERE, BEXEER.

5 M BEZTUMPERERE

BRT TBRATY, Ttk EBEHRIZNIENER, Tilid CAS R FHIEMLIERRE
DXL IR, THMFERBERAYUSRITE, BEFERIDNIRIIAITLHMER, 1
TR, WRLRES. 2THRERLUNBNESR, ERREHESHHLE. THERE
FRE LSRRG, IFTERNIERAERE, EXUEEXR, FELIE ABA REHA
e 22 8 8

6 ISEFE: AIFERURINFIERER

THREHIERE, CEATEHATR, AUZFHANTEMTN, THEDESERA
8, EFEMMEEMBEEMEMNALSR, NENHTEFEMI S, THARLAX
B, AM, THERER. VSTEERFFANZRAFAEHNERT, ERLIMAEERERK,
[R5 I N LLUEIR B IR,

RELEEERAERMRMED Intel TBB. Boost.Lockfree 5 Java B9 JUC, LURD
BITERNERE, 7o WREH0R, FRLECET A TSAN #HITENMIN, UHER
&M, RIFRBERAT, BRIEMRL, INBIREEEILZASS, UAIMEBEN
H R,

T RIRT R FIE1EM CAS BIFEARH!, LURENEFHAIERZEM, B™RT ABA jal#E,
REEIWERBIE. MEEGHLRE, NBEEESKE (HTM) 83X, HFRAFEENRERE
mzxit. RERNE, THERMHBIFEERMEIREN, BEEEELHAR, BRER
BHEBERAENEER,
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7 M B-Tree #IREWEIEWITII2, SEHRAMERIERE
MEREL1LEET]

TEHIEERGD, RIIBEATEMENIZONEIZ— AXEMEMFREE L, RARIT
SQLite R5IMITIEA. MK LIRS, BEEAEXMHEYSMNARS KRR,

BR—TF, E—FEZEERNERLBIPER—MIEAEK, BAIERZEXHE, BN
SRZRERERT XK. REIEEIBERIEELRMN TER) A6, SBITINEFETIE
MENFH, REUREHNEIBCERBE, MERIEENEK, £REWIZME (90 SELECT
* FROM table WHERE ...) HIAZL&M LA, XSHBIEEMEIRI TR, Eit,
BRZESINTEREBHERFERE, RABRERERINXE. SXFNKHENFIE
R3l, BERANFMRSIERNERRR, HEILATARIERACHR, LEHEEERE
SOLite &5|HItERE.

8 SQLite R3|MZIORIE

R AR LR—MERERNIIREN, EFETHRIBERT—JIHZIENRID, HiR
BIEANALR, UZFHREIRAR, SQLite XA B-Tree (ARG INERHUIRLEM,
XZE N B-Tree B EEHEFE, EBE2ER L 1/0 BIFAH, 5E @B -XMEL,

B-Tree @— M T #HEN, GERTA. ABHRNIHFHR, AEHFHRBUTRER—
B, XWRTEORENREY, HEEEREHN O(logn). 1 B-Tree LMEHIIEZM
BT RFE, BEtRRBEZRREA TER, RAEMDBFHFTH R

R NWABEENFIE RN KBS RIRENMEABIRTHNEH. 81FK5I%E

(BIHFHR) B88%5|57MEMKRM N Rowid 3 FEH, £ SQLite F, WMRERKRFER
WITHOUT ROWID &I, MI4E%t79 ROWID;, FN, IEHNERAT, XFIGITFEFRSIBER
PRIRKEXFIRP I TELHIET, NMEMEHEM.

9 SQLite H3|IRRE 56

ByR5| 2REMMNES AP, BT CREATE INDEX idx_name ON table(column); &
LEIOIBIE, X2, idx_name BAFEXHZERSIRI, table ABEIR®A, column AFE
BER5|M5, ZMLRERET LB — B-Tree &4, MERETZIINEEFCEEIM.
ZHEAERS| (HIFASEERS]) MESDYI LEIE, U CREATE INDEX idx_name ON
table(coll, col2, cold);, EGR5INZOLET TRERMEBEMNI, BIEEFZFHHM
BERIINREINAEERFARS. MK, MREFERS| (coll, col2, colld),
B84 WHERE coll = ? ¢ WHERE coll = ? AND col2 = ? HEWB{FERZS|, 1B WHERE

col2 = ? MFEEFARS, ANRIVRAET] coll,

M—2ZR5|i@id CREATE UNIQUE INDEX idx_name ON table(column); ta<8liE, B
RES|FINER—, BERTEMBIEZTEMLR, H—%5|5 PRINARY KEY 3¢ UNIQUE £9
REYINEX, GEEKREEIEE—FRS,

FTERERS| (HFREES]) AT AR FANGEIERS], 590 CREATE INDEX
idx_upper_name ON users(UPPER(name));, XMRIIEATFRABANNENET TS,



10 Bk: ZFH3ILLEREES EXPLAIN QUERY PLAN

BREEZIE, ERRNBAEARSRIIEXTEHEENRE (40 WHERE UPPER(name) =
?), BURSIFTEEK.

BARIIB—MERMAUEAR, ERWRPHBIFERHNITEILRS], §1%0 CREATE
INDEX idx_active_users ON users(status) WHERE stotus = 'active';o. Bf4%
RIlREKRBRNRSIRST, RAZTWNERMEE, $3ERTEMpENBIEFSE, WEK
AP ETRITE,

10 SKER: FT|SIfLk®RE8S EXPLAIN QUERY PLAN

ENFEERS|MEN, aTLER EXPLAIN QUERY PLAN 3$ 434 SOL iB4), a0,
1T EXPLAIN QUERY PLAN SELECT % FROM users WHERE nome = 'John'; SEHZE
WITRIFEE, MIRLERET, SCAN TABLE RineXRPAME, BEFEM, SEARCH TABLE
USING INDEX FRRfEFTZE51131E, SIEMIRTE, USE TEMP B-TREE MBS RHIFF S 574H
1R VER] RE R AT $Ho

ZR5|R 5 WHERE FA)F0 JOIN &HEIE2, EAXLEREAPRENNDIRIRE, Lo,
&S| RBEMLHEFF1R1E (ORDER BY). SARZESIMVRINFS ORDER BY FA—3, HUIEE
AR B RNHFESE, flil, E5%FKS] (coll, col2) AEE#ES$F ORDER BY coll,
col2 HI&EIf),

BRI IZMEAUNEERKIS, ERERIIGETEEMENMETE, BHENEETS
EIREIWFREEIE 6190, MREERS| (a, b), BBAZEIM SELECT a, b FROM table
WHERE a = ? ME—MEBERSIEN, seBER/VKEN 1/0, RAMREE,

A, RaIHIEEERN. ERELBTIMERTIE, FH7ES/X INSERT. UPDATE. DELETE
BRERER, XRBREANERE. Hit, RIWEFEMEXEE: 5%FEMY (WAF D
SERFE) EEERS], MEEFEEY WIMANSREIAE) WkmER. 22, R3ITEH
L, NTEREMEE, RARMERIBKNERS.

ANALYZE SRR ERSIRHUFINREEAE, cIWERNESINAIHERS (WHEEY), #
SOLite TAMAIZBER. HBEZNERS|ANER, MEBEABXLELHITHE BMEFMAEK,
BIVEARELURIEHEIETT ANALYZE, MHRSAITHE ERERMN,

SQLite FZ 1575|490 AUTOINDEX, EEZEIEE S ORDER BY 3 GROUP BY BYBExhel
BRI ERS, MREEMRILEMR, NEERFMEIEKARS|ILURAMEE,

BEFU LTS, HRINBELHRSIREXRREFR: 8%, ETETOFTREERS|, MIEFSEE
FREM; HR, ANERANASERINKRLASKEN; £=, RAENABER5E
REIFRIRME;, B, WESHIEEHIEIT ANALYZE M EEMK); £F, & EXPLAIN
QUERY PLAN BIEZRSIMR; &fE, ERR5IEIFME, BRdERSISHMETR,
R3O ETET @IS E)ikedE, #/ B-Tree HUREMAEIEIHNEY ESEREE .
2ERS|IRIERE, 44 EXPLAIN QUERY PLAN FT HEAELRBKRPRKIAIR, EEESERA
SOLite BUBEM4RE. B2, HBRSIZBIBEMUCRAIFZMRN—IF, BIEAXXHHR,
HELRTEEHELEPRENER, MEHESRRENNARS.
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M FEMIR: ERIESREENES

"

NERBILEMEIFEARL, 2EX—ZFUTHERFRANZD

EHFHRR, BEEEEATLRTE, NERB ZIP 5 RAR X142 MP3 &R JPEG
EF, XERABKBTSROERER EZRBOEETENEHHEE. JEEETED N
TREEMNBRERERAE; THREFERRFEGBEDTUT2ME, MEREREN ST
HEDEERRNESHNEER, BEXERBFHN—TTIHNTHESEE L, B David A.
Huffman 7£ 1952 &R, ©4E 7T REEZMRMAKBREYE, ESNEFZARE
485590 DEFLATE MER, AXHBRANERRERSRHIDHNFRE, THEIRELN
HOREMBICERKE, BEEZEX—KA.

11 F&ENIR: ERISREENER

EKRIDI ASCI BB AFME F R D EHERKENHRD, XEFRFD BRI EFYERK
T, AREXTEMASMFRNMNE. TREHBHSINERT X—EHE, HizoBBZE NN
MRS FOERRER, MRENFHOEKE, MMERBEREKE, sREEE
RMERFILIXE; EEXNAEA—NFHENRLGEBAZSZ —NFRIREHER, XRIET
/RIDBIME—EIIRNE, BRNTREIRAERIITEEN BEFIRE, MR—REESES A
437 0, B BY4wE3H 01, MAMRFRE 01 WSHIMRX, BAERIERE A GIR
B s & — B; Mai4kE330 A=0 F B=10 NgegeXiinll, HiREIEIIEEMTIR.

12 EXREREHZL: EXEMIIE

EXERENZOETHE—REXRSEN, IRMWBIREREZZSAH T R RLMRNSR
B, 8%, HNFESHFREBIETS N FHEANRE, XLUETEHKEHICRS
PNEHFNHIRBKTNR. BE, BFETINFRHAA—TRERTRNIXN, T RE9RERD
RNEFFIHVIAR, PR XN — M RHEM. A, ENBHREHMEK: SHRMF
WHHBBEAT 8, SAMPELH MERNVRTR, SIB—THNABTR, HN
EAXBIMHRNEZN, FREHNTREARTRNEERT (BEYENE/NTE
E, REARNTESL, BEXFTRMERERER). BNBERMHBRERNHRN, ESI
EREHRF TR, XENMEEXREM. BT AIRUX—I2E, HITUUFFH
ABRACADABRA Afjl: BX&FITHIE, ARIMS X, BMR&E2KX, CMDE1RX,; A
EMFMPEHRIMUET =, FIINEEH CH D WERHN 1), FHIER 2 TR,
B5 BEH R &H, Kbk, REAMBHEBNEREM,

13 MEXREWMENRIEER

—BEXSWWRETH, MAIUMPERREIER. METTRE%R, BEFHERICH 0, @
BFHEREN 1, BHSMHFTR (BIFFNR) NBREMARS 0 M 155, BIAX
FRNEXSMmT. FId0, WMRFHF ANRRREE-E, BACHRIEIMZ 00, XFHERR
AREHRE TR, AAMEFHHUTHFIR, EAFFNREBEEESRIS
BAS—NFFREHRIE, MMEERTEEHE—T, BERERTERERSN, ]
AILGRIAMIERERE, HEFEH FRHREBREFEATH], TATEIRDR.



14 b FBFLUEXRERD

TESEHEERSY, HAVRKEMA Python IEEREMEXRSERILIXBL R, B, ®IT—N
RERKTEXRENTNTR, BITRESFH. MRUNREEFTRNGIA.

class Node:

2 def __init__(self, char, freq):

LV,

self.char = char # F&F, AT EAN None

4 self.freq = freq # Sz
self.left = None # AEBF
6 self.right = None # HG#&F

HEABEXT—1MTRE, HF char FEFH, XMTFABTR, EFLA None; freq
FHESRER; left M right DREMARFTR. XAWREXRSHHRM T EMEIES,
BETR, KMZOBEZ BAATRAFHEPESINFRHOMNER, BRI FH-RFH,

def build_frequency_dict(data):
freq_dict = {}

N

for char in data:
4 freq_dict[char] = freq_dict.get(char, 0) + 1

return freq_dict

XEAEBEHRANFRE data, FAFH freq_dict BRENFHHUEIRK. get B
FERTREMRIMHAEBIINER, WRFHFAFENDHELRA 0o

RE, WE—MEERY (ERR/E) REHEETR. RITRAEFHETRBNE
B, BIRERHRF.

import heapq

-~

w

def build_huffman_tree(freq_dict):

heap = []
5 for char, freq in freq_dict.items():
heapq.heappush(heap, (freq, Node(char, freq)))
7 while len(Cheap) > 1:

fregl, nodel = heapq.heappop(heap)

heapq. heappop (heap)
merged_node = Node(None, freql + freq2)

9 freg2, node2

" merged_node.left = nodel

merged_node.right = node?2

13 heapq.heappush(heap, (merged_node.freq, merged_node))
return heapq.heappopCheap) [1]

XEABELEES TN FHTREANRNE, HRERRHF. AREFEGH: SX8ERD
RAIRHTIR, B NREAENNKRTR, RENARZHM, HEHTRERDME
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14 KE FIRFLNEXSHEG

13

B, BHEIMARIF— TR, BNERXEMRT R, XANTABEENER, 285
H YRR/ E,
ERRIRE, BIRERTBHEREN, BIFEREBR.

def build_code_table(root):
code_table = {}
def traverse(node, code):
if node is None:
return
if node.char is not None:
code_table[node.char] = code
traverse(node.left, code + '0')
traverse(node.right, code + '1')
traverse(root, '')

return code_table

EEEABENXT —ME)AREL traverse, MIRTTRFIE, RMEERM O, MAERIM 1.
YHBEIMHFTR (char A4 None) BY, FYAIERIZEFN code_tables XRTHNF
FTERISME— RN S HJ?’EE}%H!U‘UQ

&ia, RIBYE. BRRGEFHS, BETFHERNEEXSERD.

def encode_data(data, code_table):
encoded = "'

for char in data:
encoded += code_table[char]

return encoded

XEABEREMERMAFTH RPN N F RN ERFERPN LA —HEFIFH, FHHHER
RANRIER,
RIEIERFEE, cRBREEXSMZUBTREFH,

def decode_data(encoded, root):
decoded = "'
current = root
for bit in encoded:
if bit == '0':
current = current.left
else:
current = current.right
if current.char is not None:
decoded += current.char

current = root

return decoded

EXERABEMBT RS, RIBEREEFHENE—A (051) BHEXENM: BF 0 ERL



14

Fit, B EBEFH, HEEAHFHRE, BENEFHAEERRTR, REFROF
REFTD . XHRT RWISF AT R 0] ISOERIE R ARG IR,

15 DS RE

EXERIOZFIUZRMAIZ, EEANEBIREREZSREHINRNHIRME, M
MR/MEERREKE, XAUMERIENBEILR, BEEAXFTRAERUF RS, EXE
RN RBETHRES. SRMASEEEURREERSZ1E; AN, et LRI,
MFETLSIT BN ERENINER S, XOTRSBEROBHIHE (RitMNHED), HEBMR
RmiD RS EREIIE— A EE Y, WTNXHRGR, REREOFTHATERK, i, &
KERIGITHIET X, MRPRDHRELN, NFBENEEN. EXHFAS, &
KEHBWZAT GZIP. PKZIP. JPEG #1 MP3 &&=, R, BENEXSHREIEAN
M, FJUEREIEPHSENRRRE, THRARIT, BE T REM.
EEXSMmGHIZ ORI, EBIFRMRRERDK, HAB - WEMFIZRED, ST
BRNERESE. FRTENRZRNEAEE, EXERBANEELLABE.LM, &
EEMRNAPRIEEEEFER, ZMREDFEUAE, FRRRENAFERNXXEESR
£5, DINRMBIRESERANER. S XHHENRG, FEREERBEEZREEX
SRIDIIERE, HAEKBPAREZA.
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16

FIHBENEIZER, —HERE—MeNEEMEREL. EZUEE, BEENTERES
EBREFREEMET. BR—T, MRMFEN—FBHIRCHFHEPILE] TAlgorithm)
XANE, BREENAMERANTRFEESNY, Mo_NEHRNBEBIRHTFIERERK
8], 1EFRRRJLPTER. XMHMEIRTH O(log n) WETEIERE, EkERFEHIBIIEE
R, ERRBBNUNBIERK, —HBERAMNEERPHENE R, BERFSEMALIN
EERSIMBEARNIZOANT, ISBMNEFIE, RNBTZ2EHNBE, SHATNE
WPabt, FENREVREEX—FE.
TAEHRNERHEINARIRARNRENMNAZE Lo U—M3IANERZR G, YR
FEFHRATRER—IIERN, ZEERFEZ R, M-oERBEISRFERXER
#, AEgEEE. fldl, FREAREES, LMEHRFIERFEEHALR, MZHERN
FHTHR, IMYHEAENLERPEXER, FIIERRMIEESFRZEPIRERD
RYE. AXHNETANZEZFRETHN BN, EERANERESIAT, SER
WM. REETEORENSEEMER, MMESERNABREIER,

16 BXBESEREFH

“HAERNRORBRAMAEZ, EREFNERKERENF2E, EdtRFPETRES
BinME, ZTE/IVEEEERE BARSIIARNEE. A, —HEHHIELE, ERBTH
TMAERIR: BEEVIERF, TREAFEEEFHT; BN, BRSNS ZRFHENIA
8], PIANERAR AEE R BENESRSSRERTER, MERNUFEGTEZDER. &
T BEEREVERRKE. HEFRENUE. WRPETESBIME, HiRELRERE
BinfR. Bk, WTAFHEAE, BRRELAHEHARANCIIBMERERS], ARER
HEHERS, MRPETEFTEMENRRZRS; WRPETHENTERME, WERAE
e EIRERSIII—EIE; WRPFEITEATEIME, WARGHEHEIRERSE—EU
B, EEX—EREIHTBEFRIKETEN.

17 BEREEME

BFAGERERER, BITEIXFIFABREZHEHRNRE. RIEE—IAFHA
[1,3.5,7,9,1], BMEERNF 7. 1R, Aisttiem®&Es5| 0, GisfHiEm%R5| 5, 2
ZRXiEA [0,5]. F—FitERERS|, EAAN mid = left + (right - left) // 2, 5E|
mid = 2, MNUTE 5. LIRS M 7, BHF 5/)0F 7, BirEAN, EAREEREHN mid
+1 =3, #MXEA [3,5], FEZKRS mid =4, WMRTE. LEIM7, HFIKTF 7,
BFrfEAM, BEBAET A mid - 1= 3, HXEH [3,3], FEZFES| mid =3, WNTE
7, 5Et8%, RER5| 3, MREFAFE, FINERNF 4, di2EX M, BRALE
sHBE A, RE -1 RRAREE,

18 XEEMATS “tim” Jf

“HBEHHNERENEGR, BATRERW. B, BARGNEREXEE. EUNE
i while (left <= right) M while (left < right), FIEFRTERXERFKXIE [left,
right], =i left FF right Y, KIENBE— M TETERE, XEREENAN, EAER



19 HRESEIIARES GEAChRZ)

17

S, BEERTEAGHXE [left, right), & left EF right RXEAT, EEFMAK
AR LIE, BZSHERIEIR. X, REMEITERN, HEFEA mid = (left + right)
| 2 EIREEERECEHXI, & left Al right #RAN, SIINMETABHERSAME, @
R RZBMERA mid = left + (right - left) // 2 ZALEHE mid = (left + right) »>1 (£
Java FBEEH), XEFEBRTHHNE, &RE, BREFLTHREREN TR, B
left = mid + 1% right = mid - 1, XZ2REA arr[mid] EL#ELLIRE, NRAFHR, BI6E
SRR, LHEEXES S NIENTEN,

19 ARAESREIAES (EfChRks)
DTFR=SEHRMEABRE Python KI5, RAITEERBREXREL,

def binary_search(arr, target):

TEAFHA arr FEHK targeto
HEIMREHEZERS], SWEE-1,

left, right = 0, len(arr) - 1 # #FBEHERXKEAFXE (0, n-1]

while left <= right: # HXERNATEER
mid = left + (right - left) // 2 # BhLE#E
# mid = (left + right) // 2 # £ Python HEEARZEL, BFIIRZE
— FRALANSZE

if arr[mid] == target:

return mid * IXEIEMF, REZES]
elif arr[mid] < target:

left = mid + 1 # B#rfEAM, AELBR
else: # arr(mid] > target

right = mid - 1 # BfHEALM, BAELELR

return -1 # RIXFIBWR

EXERARIEH, HRBMARH left 7 0, A5t right ABAKER—, XEXTH)
YIS RXEAHAXIE [0, n-1). BIFEHEER left <= right, RREXIERFIE TTREBHEL
&, HEZERS| mid BWIHEXRA left + (right - left) // 2, X2—MHLEBEEHNRESS
7%, RETE Python REHARRGE, BARARXMIBHEHTEESNA. EREFMEA, &
SEEE arr[mid] 5 target JRE F—H1@E: ARBEF, BHIHRE mid; R arr[mid] /h
F target, REABIFEAEM, FHILE left BHFA mid + 1, HREREMNFE TR, MR
arr[mid] XF target, Wi right E#H mid - 1. WRBEIRLERAIKEIER, &RE 1,
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20 HMSEMAI

BRTIEHARAS, ZHEREATLUSEIT IR, BIFRAIFIERIEDRA TR, K%
JFEANEBE—FHXE, fla, EEIFRHT, EMEREXEATHILEIBIR, SUIRE
FREMELLRE R AIRA A F R HEF 7. BIALMHIEEEZRER O(log n), EA
B3 ARARE S SR MR I A IELL, MERMANZTEERER O(), REAE
T8, B—MELLMISEREREHFXE (left, right), EXMART, MBAIEHA
BWAKE, BIFEMHRN left <right, BREH right HiZi&HN mid, A= mid -1,
XMARNEER(FANNGNL, BENEREIR TR,

BYARRA RS RGN T :

def binary_search_recursive(arr, target, left, right):
if left > right:
return -1
mid = left + (right - left) // 2
if arr[mid] == target:
return mid
elif arr[mid] < target:
return binary_search_recursive(arr, target, mid + 1, right)
else:

return binary_search_recursive(arr, target, left, mid - 1)

XE, BIRRHEZHA. BMENISRXELAEHEASH. MRAETHBEIAEH,
R[E -1 FRRAREE; BNIHEFRERS, WRERIFARENEGFHI. XMLNEAE
M, ERBIRE)TRE TSROV P,

21 EREDN

“HEHRHREEZREN O(log n), Hf n 2HIEMIER, XERNERBEIFEIIERBER
RirBAE Y, RFBERTRERIT log X (n) Ri#fE, £, H n=100 F8Y, log X
(n) H%F 20, MAMEIRATEEE 100 FXLE, MET Z2ERNEMM, TEISHR
BEHHE, EhAERN 0(1), AANEREAELREIEIN=E; BJFhkEH O(log n), H
FEVIEARRES log n RIELL. A LaTeX AXKRT, BEEHRER (0(\logn)),
TEEREIXERRRERA (0(1)), #VIkRAH (O0(\log n) Jo

22 EREAERSNAHR

THERESZMER, ERTARTR. i, ETEEREBERIRE—FTERNT
=, FRRROAENER, TRIBGEAERARER;, FHEE—EFTERNTEN
BERR, Z—MEFEIHE—NARTEFTEGNAER, ERTENIERE, FINTH
FHIRPIENFE, XETEREHIEFERSIEEZ AT ZNA, @IRELRMaTE
i, JUBREERNEE, SMEENZOETEFRERXEIE XFBFHERRN, #
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REEERM.

ZHERNZOBRERI S AEREEFRIETESMIER, HAlREIIERF B
Mhinl, KMNEIRBAZEHEERAXE. RiEEITEREH. URAERERERST
R, XBMREEBEXEENEW. PETERS. BAREHYK. BILHK, REATUESN
NEFELEIEXEAE, N-HERMERBEANUE, WAEER. ZEXEATE, 5
ERBFBETARIE, MERABREREAFNE LI,

23 BEM

ATHE—DIRER, BESLUTRA: MRBAREFAT, ABFELFAESR? —5E
HESAUAARRL, RE, NEERERZL? RTERER, Z5H R8T EARRMLR
&, FIIRFARFEREHATEER? XERFEHRERREENTEEMZ AL R,
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21

EHRFEENVHAFR, SPEEIHERIFRRZERRY, BEESSIKEEF—BHER
ARPEHE, BR—TEERERTR: RS TIHEEANZ XM IR —HRN&RE—K
R, MRAEHRNG, JEEZSEBERBIEHEIR. XMRERTARSHEE, HROET
MNERBRNLFRZSF. ATERAXERZ, +EVBFER Edsger Dijkstra 2 7155
B, EFN—MEENESTE, fBENERRRDEHBRAIELR S, I XRKHT
REMEBREINTF, BPRN, BEAFFRU—IEFNESE, FBENATFERTIR
B, MMZTSEH A mizaIE At

24 ESERMA? —IEIESHE

ESENZOBREET—NMEAREBITSRESE, ZITHBRRITAZRENHE, BBIRMHE
Fi2(EREIBARIAR: P12 (LA wait 5 acquire) # Vi2E (tb#iK signal
release)o P RIEATRIAAEER, NRIHHBEAXTES, WHEEE—HAFEERER
17; MRIHHBERT, WEEFERE, BIEMKZERT VIREBRBRER. VIRENRASE
BRER, Bit8esEM—, HREERMNTIPNENERE, XAMREXTRIER 74,
BMRITIE PR AT, BUESSHESEK.

SSEEFENABEMER: ZHEESEMTHESE. ZH#HESEMNTHREREANS
F—, EAFERAERY, HRA—NZIE—NEETLUENERX, F0, FRIPEE
TEN, THFIESETURHIIEAE, HHRESEMNTHSRENTURERIFAEY, &
AFEHIZRGIERRNARE, tLNBIREEEARE+MERE, WIHEESEMREIRA
+, AFRZTNEERRER, E5EMNTANEESEERSRNTIREERKEENLS
2, BRAFTUNME, RFERESEERIENER, ERHTREEGIIRIERAN
i, BIEESEEFE THIBIER S,

25 MEFBREI—MESE

ATRNERESENRENE, RITEER Java BSXU—MERNESEL, B
7T, RGN, SERREEMAE. KRREEEHE—NEEE value RINSHRIITHEL,
WK — N EFBAT waitQueue BT FEPRELTIE, 52 BHEMIER L Semaphore(int
initialValue). wait() 757K P #1E, UK signal () AR V &fF. EEMA,
FATEER synchronized XBEFRARIEENRF4,

UTRE wait() AIERSEIARE:

public synchronized void wait() {
value--;
if (value < 0) {
try {
this.wait();
} catch (InterruptedException e) {
Thread.currentThread().interrupt();
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EXERLIEA, synchronized XBEFHHERT X value BB ETIRIERREFH, BHLE
ZHERNMITESENES SN, HEERAB wait(Q FE, B value B—, ARG
KWERS/NFZ. R value /NFE, RRFFEFE, HAIEEET this.wait() F#HN
ERRE, BERHEMEERE, RELIERS ARTLELZERRER, BEREZFNEZT
M, XEBMEM notify() Mk notifyall(), RRANBEEREFEEME—MERLE, BE
B H.

ETERRE signal () HERSEIKE:

public synchronized void signal() {
value++;
if (value <= 0) {
this.notify();

}

n

£ signal() A&, FEHREER synchronized RIEFEFH. B value fI—, AGK
ERENTETS. NRFHMIL, RABEETEFTIAR, AR notify() WEH
-2, XMIMAREREN, EREIENE, EERXHET, JHEFEERHAN
PABIBIER BRI IH IR, XHEFEIMUNLNBRS TIER, BESHAE TR
EMEEIRE, LIMBERATPNES 2BE RBIESHRFESMAREE M,

26 SEERIF — BRITENNE S ERREMNS

SSEEXEMMAPRIEEZ, BRMURNEHIZR G LIEFBMBREFE-HEE
Eind, Bk, EEMERFBN, AIUER— I BREN—HNZHEIESE, LETHENG
RXFIEAR wait(Q AERERS, BHIMEAR signal () AAFEKRB. flw, tlE—MES
252§l Semaphore mutex = new Semaphore(1);, ZEAREFEIRFAXHIGZH AT
mutex.wait()  mutex.signal(), HWREE—MEIRE—NEXIEHRNEZERR,
—NMEHNAREFE-HERE A, HPSZ N MEFENEEEHZ—1ERANN
%/EFEO BINFE=MZSE: emptySlots RATHEUKE, VBREAEFXKNN;
fullSlots RINBETIEMUNE, WHREANT, nutex (FAZHBIESE, RIPEHFKH
ERIARl. EFEEXETEFYRGE, K£ERF emptySlots ESERMRBTAL, ARG
mutex 8, BYIRBANEFX, REFK mutex FiBH fullSlots, HEEFLENER,
FtERF fullSlots ESERREY SR, ABKRN mutex 8, BNEYREEKR mutex H
840 emptySlotso
UTBEFEEENRETRGI:

void producer() {
while (true) {
Item item = produceItem();
emptySlots.wait();

mutex.wait();



27 ESENMHSUNAEREE

buffer.add(item);
mutex.signal();

fullSlots.signal();

}

FEXEBRABER, emptySlots.waitO MEREAXRBTAUNAEF, HLEEE,;
mutex.wait() M mutex.signal Q) RIFFREHAX N E FiFin, #RMIERZF,;
fullSlots.signal ) BRIEHBEEMYRA H, HEBEEZXENMRBEMYN, EXEF
fullSlots #l emptySlots ESEMALEF=SHEHENT R, XMIITHRTZAXETHREY
FeEF, =RNFARERE, RNMRIETEERS,

27 EESENRMSIABNLESR

REGESEERANES IR, BEEAIETIZBN—LEM, FEHEEWRE, 5190
HENMERUREIRFREES 88, FIESBEEFFMAERERNIT. NARRENEL
LESNERLAESHRALRAEZFENESEN, EXNRAMIER, i, HIEHIR
AIRESEUE SIRER, BNZANZMRERRLIZRIRIERIE, #HiM5 I RLERENH.
ERRHLRERET, CSEEERANLUMBRSRE, FliN, Java fREERHET
java.util.concurrent.Semaphore 35, EXFATHMIELATFHREE, HERTES
RETHEE, SERBIMELL, ESEEREA, MUBTER, XeeATRY; MEFBI™EER
FFIRARXFEF. FETENESERYESER, REERENFEFHBENNE, BES
BRI HREFTRESERE, FEEATRRITETR. ARENRIEBAARTRKIEESET
8, FHFEMXAE L L0 e BT iR,

SSEEANHAEENER, B IHHSERENREFIRE, ERMRTHZRESS5ERKIE
o MIBILEIKER, BATRUIRM T HZ OIS, SEFRUTEHENESEL, HEAT
ERSMEFE-HEEFZEATR, XMRANNZEIAXEBTRERIERGMHLEE
[RIBAOENIR, ERFRIE S, BiVERIMEEFRENESEXI, REEIBEHMMNRE
RRFTEEMEM, BERERERMNA, EETUEFMERF A RIEREE, WESHAIEN
R4



