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1 BOEBIESN. R5INEA

YEERSIMRERENERAS, % FnEHHiE NEeREMERMFE. HZon
EETHREE /0 MR, BIRIHBHIEENTNRESRETUENBX R,
Xigit BARHRG R HBEMMFIMAAE=RIAN, ENSERNEEEIDNEEE
RAFERERELN. AXSEMTERRSIEHHIRENG], Hizftad TRIIERNTL
AR,

1 ZOERIESER: REINEA
1.1 B-Tree: XZEBBUBERENER

FRFEZRERN, B-Tree BB TEHFERIIMEHFRRUTR—FER. ETRE
a#E (Key) MiERFTREEETHIET (Pointer). HRITEAN, RFEMBRTIRFF
IR RIEREE, RXEMBRHFNR. BRI AT RO RIERE, FI40
HMESETRBHAERTN, SNRARIMTNRABRXTR/FBAREREE, B-Tree iy
MBETERAIEEFEEN. CREANHFRE, EEMIEATESBIESRE NS

=N

1.2 B+Tree: B-Tree {4 ZTHh

B+Tree MIZOEMATHIRNEMEH FHR, ABTHRNERZSMAORENRET. o
FHRBINFEAEREE, XEFCEERNIFTEHERIATTM. £ MySQL InnoDB Y
KU, HF T REFEETTEREORERRSINEIET. AMBERERENTIREK
E FrETEHeREErFHR) MESHNEENER (RBTRELZR), B+Tree &
WEEIEREN O(log,n), HP b ATRAZAF, n WHELSE.

1.3 mR&ERSI

ETFRARILUANRSEINRETERFEEVIGAER. SMINEIHERBRIGHE S
R, MAHERIINFETWRBSERERL O(1), HESTINT:

-- MySQL MEMORY 3|ZGEIGHZRS|

CREATE TABLE user_session (
session_id CHAR(36) PRIMARY KEY,
user_data JSON

) ENGINE=MEMORY;

HRBEIE T B TFREFMIRERS], session_id WA EEZEMSEIRNF L, BHKG
AR A ZFFEEEOMAT, A pReaes| 2R K,

1.4 LSM-Tree: N EBEANHNE

LSM-Tree BRENEERAINFE URABTLE, 5NREEHLHANAFFHN MemTable
(BERARRIN), HAHHERAELEHRN Immutable MemTable HRIEAEFH

SSTable X, FifE HY SSTable 2/27%f#, /54 Compaction #iEfAREHXHHE
S HAEERE, IRENTEREM MemTable FEM T ZE SSTable, Bloom Filter RIANEH
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)

MrRERSEE. LSM-Tree WERAKZRE (Write Amplification Factor) AJZ&RR/I:

KRS NSRS
ZHEEANMIEE

B3k Compaction SREEAIBMEIEK WAF &,

WAF =

1.5 HMthER3I4HH

UERSIANESMIERTINE—EERUERE, FINE3FRNUERRRA nale:
1010, female: 0101, 2XFR5IEFEHRSIKM, FHEBIAIIILTIRIBRE, TER
5190 R-Tree EAR/NARIER, (MBR) AAZEMNE, HEWEREN O(n! Y4+ k),
Hip d NEELR, k DERY

2 ZREIFIAEERKER

2.1 BRERSISIFRERS

£ InnoDB 3|2/, RERERSINHFTREREFEHIET, REERTBYIEHT. XEE
THAEEFECEEIIRIR:

-- BRI EEER
SELECT * FROM orders WHERE order_id BETWEEN 1000 AND 2000;

EERRFTBHRSIFNESEH FTR. Bk, EREBERSINHFHRXEEERE, T8F
BREHR (ER):

-- ERFERSI5IRER
SELECT * FROM users WHERE email = '"useraexample.com';

#email FEREBFRERS, BAERSIKMERE, HEdERIRIKIET,

22 BERIISEGRST
BERIEBIARSIPEEERAMENFETIBERER:

-- SIBREERSI
CREATE INDEX idx_cover ON orders (customer_id, order_date) INCLUDE (

— total_amount);

-- BNPEEERRS

SELECT customer_id, order_date, total_amount
FROM orders

WHERE customer_id = 123;

SARSINEBB/RARMZEN, Z=5| (A,B,C) e WHERE A=1 AND B>2 BT%fi{L
WHERE B=2, EHFFHINHRE:

Kegcomposite = <A7 B, C> BrHEEHE
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3 RIS

2.3 RIIRHNEFRMSEY
RS EREMEHBEARN:

COUNT(DISTINCT column)
COUNT(®)

LRFMRT 0.03 B, XM OIgEM TR IFHE, MSERERBERITHEERMEIER
4, THAPIT ANALYZE TABLE BEFAIHEEEXEE,

Selectivity =

3 R3IAILRES
31 RITRMSEE

RGBT LFEER, SMEEEGRIEANRSIEISY, #RtlEEd 5 5IH
SE48%F5|, TSIHEFERBEENMIE UUIDVL, FERESHERERS INTIHEKIR
FH 30% Ll k., BERSINEE SELECT F&RAHIF:

-- itk BERX
SELECT username, email FROM users WHERE age > 30;

-- QIEBERSIE
CREATE INDEX idx_age_cover ON users (age) INCLUDE (username, email);

3.2 BRES|IKMEEMH
BREMGREE:

o FaT0RAYEEHR: WHERE user_id = '123' (user_id AEH)
o KEI21E: WHERE YEAR(create_time) = 2023

- BISHBEZRT: WHERE name LIKE '%son’

« OR &Rtk RERE 79 UNION ALL 4514

RITHRIDTEMUEIZO TR

EXPLAIN SELECT #* FROM products
WHERE category_id = 5 AND price > 100;

BMHTH type: range RNSCEZESIFAM, Extra: Using where IRBE#HIT T &IMTIE,

33 mol4HpSkE

Z3|&E40 (ALTER INDEX ... REORGANIZE) E&AZIETINK, MEEZS| (ALTER
INDEX ... REBUILD) ZEBREMEEHMRK. B EIENETIRFITAESI:

-- PostgreSQL EERRSIERASAIT
SELECT * FROM pg_stat_user_indexes;




B+Tree 7£ OLTP 81N & E ML, M LSM-Tree EEANBERRLRURE, BE
W2 5| AR Oracle B9 Automatic Indexing BEEEISBIEZES|, ZES|ITH# (Index
Condition Pushdown) #idiE&HRRIZIFMES I ZBEMIT, B 60% L ERIEIRIENE.
LEREINIALEE: BT EXPLAIN DIIERS MR, THEFEERRKT 1% R3],
HRNERSEHIRENRS LU ER.
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16

18

AERMEN—MBE G _XEERN, iHENREURAEEEM, B ZNATE4EE
R, 5130 C++ STL A9 map # set, LUK Java BY TreeMap, XN RS H T4 ZHTEER
IEEFIERTH O(log n) REIERE, GiEmA. BFRMEIRIEIE. AXEERNBETL
EWMNFRE, HESFESRESIKEREIENG, R, RITETLEE TR AVL
W, WWeHERZIRESR, BEMALREEIEAEMHIHATRE, BIIEILS LHNE
B, AXIIREEIRMRIING, HIRIRE R TR,

4 LIEMZOEE

AEMOZOFERIEREAANR L. TREGIFLRR;, RUTK[BZNR, HFHR
(BEEANLEETNR) AR, I8TRNFIROANE, XRIETESITRNLH
0; AENRIAHFRENERS RELENSEE) HE, XRERFTHIOXE, X
EERHARBRLRMOTEL. HFESIIER: REEREEHET RN, KEANES
bh; RKBRELAERRE, KEFBE 20h. AL, WEEFED bh, WEEITE bh B 200
zial, RIET&IFER T O(log n) M8E. XKt LRI FEAHMIRER S M ENSIR(Fo

5 OEE: etk SEeiEE

TERARFRARMIAR T ENEL, BEERNAHE, EfFERRT —IERNERNEIRE
TRBFHEE. CRATREEFHSE, MARWAER. U Python KIBRF, ¥
AR IR (Fo

def left_rotate(node):
right_child = node.right
# BFRAXEK. BREFHRNEFRBHEETRNEFN
node.right = right_child.left
if right_child.left != NIL:
right_child.left.parent = node
# BRTAXEK. BFEFNITRIXTRIEAHEITRNATR
right_child.parent = node.parent
# ERTNRERTRBNFHRER
if node.parent == NIL:
root = right_child # YARHFITRER, EHIR
elif node == node.parent.left:
node.parent.left = right_child
else:
node.parent.right = right_child
# SERCHER: . BRI T RIRNEF T RREFH
right_child.left = node
node.parent = right_child

XEABEAFRFINTRNEFNR, AREMFRXEK: IRGFHRELFN, WE
HRIEHEMYRI TR, EELEXTRXEK: RIBAFNTRREFHETF, EMXTRAY



6 HENBRIFIFRE

M. &fa, BUREENXFRR, BERNEHER, e RBRIRNATARRENTMH
FRERIREHMBESA T PR, BIEREENRLASRENR. F, EHEANT
AB, RBIMESATNR, WRERT REEREFEAN.

6 FNERIFIFRE

BARFELREREMEZ RN BT RIBRALE, FHENFEYUE. 2
&, BEAERMERUMLEESOIT R, BESRESBERITIE: MRMTK[NL, NEdE
MEBRER, BRTSAMTRER. ARTREL; MEMTHRAR, WERENEE.
B9 LLERR & (BhEiR(E) LUK LR RL & (BWAEHR(E). I, 7£ LR Bdh, %
MR AT LLE, BEAKT ARG, REEMER, BMIB@ERER
BREREFRZETE, FTRIEASRARERLEAEE, BERES—EIEMERERN,

7 HIBRIRIEIFRE

BIBRIRERIF B TIRE IR DRBEEN. — PR NFRHRER. WEFE, €
EREERXE MER) TRNEM EIMRERT REUERANTINEER). BED=
MER: RARTRNL, WiBdhesk (Niiesair) BEEAR, HEMER; MR
REANBEHFNR2R, WEREGHRBNERLBERTR; IRABNREEELF
TR, W@Edhedt (WeEsNiE) MERBETE. fllN, ERRBELFH=E, ¥
BTREEHBAREE. MFEERFLUAEERLXHRFIEREES, WANERNIG
peU (21 ol i

8 STEARILI

FTRENABRMLMEE T REMIITHEIER, TREMEXTRE. AeMNFHR

Eifan

class Node:
def __init__(self, key, color='R'):
self.key = key
self.color = color # 'R’ &RNEL, 'B' RILE
self.left = self.right = self.parent = NIL # NIL AMEETR

XERABRH, SITREEHRE key. BIBREM color (RRINNAR), UNEREF. A
FNR T RBES, A NIL R, HETRE—MIELFRESG, RSB 4
R SEAEZR N FAZ 0 T5 o

class RedBlackTree:
def __init__(self):
self.NIL = Node(None, 'B') # WETSAR
self.root = self.NIL

def insert(self, key):
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~

# tREE BST NI

new_node = Node(key, 'R")

# .. BAFTREEEAE
self._fix_insert(new_node) # JAREERZX

def _fix_insert(self, node):
# FANEBEEZE, VIBEESITR
while node.parent.color == 'R':
# DIERLIENT REE
# Case 1: WMTRNL, ENER
# Case 2 & 3: MTRARER, REMEER

£ insert A, FTRBANGER _fix_insert 88, _fix_insert HEBEIEIFL
BRURANANER, 2MERKLNEEMIER:. XM, delete M _fix_delete 777AXE
MREEE. XBRAETEEZENTEN, FHINE _fix_delete PREIFDIENERT &,
BEIRT [akin) &R,

9 IEMMINUES IR

NHROEMLIMVERYE, FRWIEAKRMER, AIRSRATARKRERS—EHE: M
RURES T FRENRSNER; RNAERESFEESITEN. NXAfIRIE
FEIRFENFRRR (RIMSIFIER, WAFEAN) UEIEREZE; EURIEELNE (R
TRERVBEANBIER) SIEFEMEMESERE, FlIM, IHFHEA 1000 M aEE, WS
Rz ER$FE O(log n) SEEIM. EJfMLT AU Graphviz BJERNEHEREEIEI, (B0
ZER, #EERAAERETRXR WAFFESFREBRNBERN D ZER, WERAE
ftto

10 £I2#Y vs. Hith i

IEMS AVL XM E R TRRME, AEREEAMBIPRZIELER, AAEARAYE
RN TES (FEFRERL), EEMBBNTR,; ™AL MEFET™ENTE, &9
BREER, EATEBERNA, 10, 7 Linux AZRHEEESE Completely Fair
Schedulerl #, AEMATEMEERMESIY; TEIEEN MySOL InnoDB RI5HENZRS|
F, EXFHMSHIEER. XM RTL4ENNGTES: WDETHANRINEHRNE
1B, AFRENBRENATR (GEFME vs BEIIME) HRESEEN,
TEMIISTERET FEMESISY, Bt A RAERNEFRERIIRFERMEE, =
IR EPERPRRIENEEEE, LHENERTANLE, FERENSERITE, #
MAREIEHRLEN (ZIFLEEIRE) MEEFMEAE (0 B+ i), BIARHEN
MARIEM, REWRNZRBAEWNRE, HEXMMEHRNA. TERBISE GitHub
G, BICEMETF (B£F8) M Linux WIZRES rbtree. ho
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Go BEAHARRMWINZ OB RTHEERNE Goroutine) fiBE Channell
R, XERFEERSAARERUEENANEESHARR. R, RZATHERETSS
o, HRFFI Goroutine MRFMEM. AXSEREITEEEHNBRAR, B
EiCEM. TAEXMITULRELR, BHPSEFLENESHAIENZIS RS,

11 Go H&EH ]

Goroutine & Go WBEEXMITET, AR LERAFILE, HARESRET GMP &R

lGoroutine. Machine. Processor] BIE, #% TIRERFLENTIRFAH, Bl

FChannell fERBENGINDATRAMEEPAFRMAL, TEBEERKIEMNIZBIRIE
BFHIT, MERPBEATRIELGEURBESHERE, BAEE M0 «chan T1 88
HRZENIR, IEARBER2M, ReXABETER QIEEAT RN, BL@ENE
BEIAR close() B, BRHAXASI K panic. BFRIEH, sunc.WaitGroup F
FihEIZEFZ 1 Goroutine 52, sync.Mutex 1 sync.RliMutex FRIFIRRXEIR, M
sync.0Once HFRAIBHLIZBERHIIT R,

12 ZOHARIRIVIFHE

12.1 EEEI (Pipeline)

BERNEATZMEIERIET S, W ETL WRVIERS, SMEMRETBEEE.
UTRBER—MEREE, BFaN@EnsiEREEhT:

s

func stage(in <-chan int) <-chan int {
out := make(chan int)
go func() {
for n := range in {
out <- n * 2 // RIRBIE: HIEEN(E
}
close(out) // ReXHMELIEE
1O

return out

}

fRFZAE: K stage BR—NRIRNIEE in, BIE—MRILIEE out, NEBETI—
4 Goroutine B IREY in FEVEUE, MAMIEZE MR 21 FEAEE out. EIRLE
[EAM close(out) BERXXFEE, BEBERENREN, EXHNXBETELHERRE
FHEZ stage KK, TIMIIRRATLEEE,

12.2  TEMEZ (Worker Pool)

TEAMRRBTFREHAE, FINEBIEEEZEMHESINY, BREFER. XNEREE
FEARAEMISBEFEFLIETSE, 44 sync.WaitGroup HFEHTE Worker 2. 7
FAEBER context.Context WIBBINEVEES, Fli0:
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13

select {

case task := <-taskCh:
/] RIBEES

case <-ctx.Done():
return // MORNEUH

}

ST EARRIGETEEEIEE Worker #8, FISIHESTREREIRS Worker, =H
B8R, RGBT cap(taskCh) EHIZEHRA/N, BIRARFHHTE,

12.3 &ZWITHEE (Pub/Sub)

EHITRAEXERTFEHRDEN, WEET EBREA. ZOLEMWER map[chan
Event]struct{} BEEITREBEE S, NERITTRAERE, XREFEPBEEMIER
ERIENH:

for ch := range subscribers {
select {
case ch <- event: // IEPHEXRIE
default: // BKIFEZEITIHE
}

}

AREREIFEE EXECHETTREEOSSI, FIRHE unsubscribe(ch chan Event) B
MRS A HBRIEIES | o

124 HHIRVBEER

AHRRGH, EFHEREEBERSHESN:

errCh := make(chan error, numTasks) // &HiBEEFEHEZE
go func() {
if err := task(); err != nil {
errCh <- err // RXHiz
1
O,

IR QIEHEPREIREE errCh, Goroutine BHIRKZEEN, THREE range
errCh fi—b 18, errgroup.Group EMHENXFHIRZIEEES, M context.WithTimeout
5 select RIEBRTIEH:

ctx, cancel := context.WithTimeout(context.Background(), 5*time.
< Second)
defer cancel()

select {
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case <-ctx.Done():
/] BETRIE
case result := <-resultCh:

/] EBZER

©

-~

~

125 RH/BANER (Fan-out/Fan-in)

BHERENMEFELRAESISMHEEHTLIE, BANESNMERESIE—RE, f
HII%IR A Work-Stealing ££15, mhS7EES: =W Worker £ MEM Worker BI{E
SIFIGEITIE, RIED BB ZMEZEE Goroutine IREXFE—RINEESLMBE L, M
BN select EHEZMAHEE:

func fanIn(chans ...<-chan int) <-chan int {
out := make(chan int)
for _, ch := range chans {

go func(c <-chan int) {

for n := range ¢ {
out <- n
1
}(eh)

}

return out

13 HHMRINSRIS

RSEBEINEIE Goroutine EPRIIKEREHZAEFRA, BFEHNEEREE
o N, HEBRRSF, S MEKBEMII Goroutine MIEREEH, ERBEIBEERE,
T E =R RV A A B SSEUR B R E M

func generator() func() (int, bool) {
count := 0
return func() (int, bool) {
if count < 5 {
count++
return count, true

}

return 0, false // EFRITE

}

HEZIZEHIBEIBUN semaphore . Weighted EEMAGERES TFIWNEHISREFELEL, M



14 EFLERYFH R AR

15

singleflight.Group EHEEBEKBIEEEFLTE, WESH LK FHIBETIHNHIT R,

14 WIFREERYFH & BERH

Goroutine MREREEZWHTREIFAIH, @R KT runtime. NumGoroutine()
A pprof TN, BEFEHKESIERX FBEREZWETEERENRIE, IR
BYfEBh go test -deadlock BE=FTH. #IEFES Data Racel {RAAEREBMAEMER
BEEARETE, WRAFTTEIRELEM,; WNl&H<L go run -race main.go AIE(UR
Fm, FTIXEEBEMA, BRMMEEEREEUEN context . Context, EMAMNIBER
context.WithCancel(parent) JkEH LT

15 TIREmfESKE

F &R ZEHIR I 4% CSP 128! TCommunicating Sequential Processes), 323

BEBEREZENE, REIHAREFERESE 9 semaphore] EFIEE, BHIERST
Ho MEARLFEIM=FXEFAMN: LEXAESBEEFLIES, sunc.WaitGroup &F
FHITHPES TR, REXASEREE. M RITEE#EEMEIE Goroutine, 5
FA sync.Pool MRMEARR; BIHEFBIRFEIEFHIEEMER. AIMM4EIEE
73 Goroutine 70 ID 7R M@ context i), HE&ER OpenTelemetry EWMAH
BER, ATISITIERIEARIN TR BT 8] 1 AIAREE oo

16 THAEpERSE

Go TAMFRMBAHAZR: E/KNNRET -race ITEHFIET, HMREBEITHEIER
%, MHEEZER pprof 224 Goroutine PEZE[A), trace TEAMWIAREIER 540
GOMAXPROCS & BEFR L SHHVERFITEL, FSKEESR go vet RIE RHREIRIKAF
#i Mutex, 1 golangci-lint ERZFNEE, IBAREELM,

Go HREFMZLE NBIBEEREANE, MIEBEIHENFERE. XBREETTIR
Te: HERSIAENERD, SERERMNALRE, XRETEMESEL. {ER
BSEIPNARSR, ZAXFAREAMNRELRRAIGRMESEM, FAENFEIKRALES
{Concurrency in Go) FIEMHF IR LIER,
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17

ERBEE AR TANTINEREN, TERFEEMUMIETERMEN, FR_HEE
BHIRELEE O(n) B8, B ERFE O(logn) SHERBIRENREHR. ERKIR
BT IR NI T SRR MR T RSB ERE . EmASEHNE O(1), BR&E/NTRHA
O(logn), TXBHVR/IMBERIFBNE O(1). XMAFMEEERMN Dijkstra &RIEREZEZE
M Prim SNVERMEZSERANIEEMER, LHERTRESMMSEMMRLRN

17 Oz 5igit B8

17.1 ZiIRNHRMLEN

ERAREAR G LR R/NVEBAFHNSIRMBHEM, SRMERER)HEERERTFAEERINHE
%, TRRITEERTXEBFE:

class FibNode:
def __init__(self, key):

self.key = key # TmEE
self.degree = 0 # FHRHE
self.mark = False # IRCRBREITFTR
self.parent = None # XRTimigst
self.child = None # EEFTRIEF
self.left = self.right = self # XXAENFEXRIGH

AN EBEAERIGTRAT DR T RESHERE, left M right IR BIERIAIR
IMIOREN, NEEHEREGHEEEM,
17.2 1BMESHSRE LR

ERBIERM RN B RTRAZOREE . B, BESHAFNT REEBNRIERMA
IENEIE, BNSHREHEREIMRS T R ENIE; R, REXTERSITER/GRE
1BER, SN RBITEFRZMIIREREN, BIARERXTTRH mark #7E, EEHRIC
BRETNETRTI R XMPRIX R MBS SR D M REME, BT O(1) FURRERE,

18 TZOMEIFSRI
18.1 EbhE AT ElR(F
BRI TS SN RSERH B Rt

def insert(self, node):
if self.min_node is None: # FTIENR
self.min_node = node
else:

# FHRBNRER

self.min_node.right.left = node



18

node.right = self.min_node.right
self.min_node.right = node
node.left = self.min_node
if node.key < self.min_node.key:

self.min_node = node
self.n += 1 # BT RITEK

18

20

22

24

26

28

HEARET AN M e ERERIEN, HEERETE O(1). GHIRFEESR, XFE
BERMENRERF LR E/NT R

18.2 R/NRESHKELIMT
BN E IR YE AT Bl & SREE N -

def decrease_key(self, x, k):
if k = x.key:
raise ValueError("New_key_larger than_current_key™")
x.key = k

parent = x.parent

if parent and x.key < parent.key: # FHERERF
self.cut(x, parent)

self.cascading_cut (parent)

if x.key < self.min_node.key: # BFE/EH

self.min_node = x

def cut(self, x, parent):

# MR FRERPBIR x
if x == x.right: # B—FT=

None

parent.child
else:
parent.child = x.right
x.left.right
x.right.left = x.left

x.right

parent.degree -= 1

# B x MMARHER

x.left = self.min_node
x.right = self.min_node.right
self.min_node.right.left = x

self.min_node.right = x



18 RLRESEI

30 x.parent = None
x.mark = False # FRT SUERRIRIC
32

def cascading_cut(self, node):

34 parent = node.parent
if parent:
3 if not node.mark: # BRKEFTR
node.mark = True
% else: # BARICENIEYILIMT

self.cut(node, parent)

40 self.cascading_cut(parent)

REXTIETES mark IFSIERTREBEREZIF TR, YNREIRKEZFIRE, IWE
FHEMREER RSB SRS, ZRENTHEREN O(1), AASRIIETHEFEYE S
AFREY mark RSB BES o

18.3 MIFFmR/NTI=

MR ER/ T R B AR SR B B SR AVIR(F

def extract_min(self):

2 z = self.min_node

if z:

a # BRI\ DTENFHRMARER
child = z.child

6 for _ in range(z.degree):

next_child = child.right

8 child.parent = None
self.insert(child) # fAfXEE, LRRELSIITHER
10 child = next_child
2 + MIBRERBBIR 2
z.left.right = z.right
" z.right.left = z.left
6 if z == z.right: # EPEEFE—I TR
self.min_node = None

8 else:

self.min_node = z.right
20 self.consolidate() # XBEEHIRE

22 self.n -= 1

return z
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Hrh consolidate () @i EHEH MM ETH:

19

21

23

25

27

29

31

def consolidate(self):
degree_table = [None] * (self.n.bit_length() + 1) # REKEHVEL
— 18

current = self.min_node

roots = []

# WERFMBRTR

while True:
roots.append(current)
current = current.right
if current == self.min_node:

break

for node in roots:

d = node.degree

while degree_table(d]: # FIEEIEZH
other = degree_table[d]
if node.key > other.key: # HfR node HIR

node, other = other, node

self.link(other, node) # other F{A node FH =
degree_table[d] = None
d+=1

degree_table[d] = node

# BEERERFLIFEIVME
self.min_node = None
for root in filter(None, degree_table):
if self.min_node is None:
self.min_node = root
else:
# ¥ root HEANRHER
# [EIBYEH min_node I8

19 EZEFFRXES
19.1 BEEDE

ARSI R IO AT R AP BEREK O = trees + 2 x marks, HA trees BiREERPI
H#E, marks BHEATIET R E, Ll decrease_key Ffl: KFRETEIEZREN O(c)
(c RERBXTIMTRER) , (BERTIME trees 1E10 1 BB marks JHL 1 (BT RIRIE) ,
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20 MRAUKISSE LK 21

FELLBRETN AD = c—2¢ = —co FHEMAAERIREAMBEELZ K. O(c)+ (—c) = O(1)

19.2 mKEZL

AT A M REIRF T IR AEEK D(n) 59 O(logn)o BT IEKABEMEFRAIIE: &
size(k) RNEHA k BINBSRNT R, FHEBEXR size(k) > size(k — 1) + size(k —2)
(KRB ERT!) , RIS size(k) > Frio (F RERBZEHI)), A F), ~ ¢F/V5
(¢ REZH), k= O0(logn).

20 RAHISS E WEERH
20.1 TA2MRfbSeEk

ﬂﬁ#*ﬁRq—mﬁb/u\H\-Ei Llog¢ J +1 L/{J&.%EE%EEO p\]ﬁ EETJ_E) T?kﬁﬁij%
MEFERBRT =, BLAESIEEFE. 7 consolidate IR EH, FIITERKEHR
D(n) = [log, n| EHEHEEIEEEAR /D

20.2 EHEEIRPAE

WEERIRERTRERIEEIEHEDS B, HAHEIRM:

# BIRNE. REMEST RIS
node.left.right = node.right # i&EJ node.right.left = node.left

RERIMF R IE R BRI ER T AEE MR (parent.parent is None), BT RTLER
ide b9, FERMESRENIRIEEENITICEHEH min_node 15t

21 NEAESMEEXTEE
21.1 ERG=EDH

ERBEETTNAAEE N SE B EPRBEE, TNKRA, 3 Dijkstra BEEHRE
FIRIE LB 30% BY, MBI R IR XIHEIRTF 40% WL EBIINR, BE/NIEEIE
(n < 104) :‘Z%ufjﬁ‘ﬁ?&ﬁ*ﬂm, :Yﬁﬂ@ﬁ?&?fﬁ?@@ﬁﬂio

21.2 MHABARAE

FERRSEIRARELMHE (Strict Fibonacci Heap) @I BERMEMSEIABIRIENEIT O(1)
EXE, BHINMERMRET TEVM, KiF, Ky (Pairing Heap) EHELH
SR REIKNIERE, MAFZHRNMAERSR

ERAERT 7 BIRRITPIE Pi-tkﬁ’—ﬁﬁﬁﬂi‘iﬁﬁﬁ*ﬁﬂﬁiklﬁﬂo BGPREEE N OET AL VA
B, MEKBIRFNELRMERE. ENABFERSHERMNESEN, LUKREED
IMERREO A, NERBIEESMIITRETREEEA, RELNERERS, BERED
= MHEBRABANMNE,



5V &

—XEZEN (Binary Search Tree)
— MIBREICIESEER  oen

Jul 22, 2025



N

22 “XBRWMEIZ OIS

23

BIREMENESNEEZNESG, EhZXIEER (Binary Search Tree, BST) HFE(E
EWNAERMIRT, EEIEERS FEXNKREBREGEPIZHNA. SOEMZOESE
%, ZEP LIS BST £, BREMEESFS S LIS

22 " XRIBEMAPRZOEEE

TXEEMTREHEREEFERN X HEN, 8 M TAE8RE (Key). £FHS
(Left). BFT = (Right) RAIEMWRT R (Parent) 5%, EZOMRAFRARA: X
FTERTR, EFHAETRENTZTRE, EFHAETRERATZTRE, #HFXR
R

B’HR x, WVy € left(x) BRE y.key < x.key, Vz € right(x) HRE z.key > x.keys
XA FEB-XIXWMHNERMY, BSTHEFEFEETKEREM O(n) RIE O(h) (h A
=)o BRMEE (Height) 5RE (Depth) MIX5F: REEMIBT S EIH 50T S AR
BFKE, SEEMNISTNRISEATFHRNERERKE, HFTR (EFhR) SABTHR
(BEDBE—1FhR) HRMRAE,

23 BST RYMRIZCME(E

23.1 EIIRMEF

EHIRERSF A BST WEFME#ITE K. B)FLMBILLREMRES YA T RERTE
BRAGM:

def search(root, key):
# BEEEM: SWHIEIKEIER
if not root or root.val == key:
return root
# BAMENTHATRENRREFR
if key < root.val:
return search(root.left, key)
# BEEREFH

return search(root.right, key)

BB S R EETEHNFN O(logn), &IFER (BEMIER) N O0(n). ERRIEIENR
BARIA%, AL ZEFE.

23.2 HENIRME
HWABAR BST WEFM, SAEMBTBERT RistHERAIE:

def insert(root, key):
node = Node(key) # BIEHT=
if not root:
return node # TWEIZREIHTIS



24

curr, parent = root, None
# BIFREISENHFUIE
while curr:

parent = curr

curr = curr.left if key < curr.val else curr.right

# RIERER/IVREBANSG M
if key < parent.val:
parent.left = node
else:
parent.right = node

return root

ESRAEBERBELIBATBANIEGFR MAKRTEFET) . BFELMABEGHER

et XU,

233 MIERIEME
HiERE BST RERMIRE, BREBZMER:

« HFTR BEERBERITRSIA
« BYNR BFTRBRER TR
« WFHR BE4TR (BFHEITHR) BRENTRE, B2ERREHTR

-~

19

def delete(root, key):
if not root:

return None

# BPABHERTR
if key < root.val:

root.left = delete(root.left, key)
elif key = root.val:

root.right = delete(root.right, key)
else:

# BN 1 BFUREHFOR

if not root.left:

return root.right
if not root.right:

return root.left

# B 2 WFTRLIE
succ = find_min(root.right) # &G4t
root.val = succ.val # {E&EifR



21

23

25

27

24 ERENSIEREMMH

25

root.right = delete(root.right, succ.val) # HIPRESLE

return root

def find_min(node):
while node.left:
node = node.left

return node

KELSATRENFHRE, RATNARBREFTEAMRRELATT <. REMLIERIEHE
MEENHEIR.

23.4 BHIRE

hErEHh (£-1R-5) & BSTHOERSN, EEAFREAETR!

def in_order(root):
if root:
in_order(root.left)
print(root.val)

in_order(root.right)

RIFFER (R-£-f) BTEWNNEN, BFER (£-6-1R) BTZ2hk. BFERFE
EBPATISEI ERTIE R,

24 BREDNSVERERHF

BST M EESERMF NN T EL. BEERT, MSIBEEN BST SEESE log, n,
HEE . BN, BRI EIERENH O(logn). BIFER CIMAGERS) 28
AR, BEh=n, BIEEREELE O(n).

SEEREREN O(n), TEATERTSEE. FEREFEASHOELRY, X2
BIN AVL . TRREE PEEMMRARE — BT IRERSERINSE O(ogn)
B3,

25 FEBFLIEE BST £

LT Python SSIlE &0 %:

class Node:
__slots__ = ('val', 'left', 'right') # fL{kATE
def __init__(self, val):
self.val = val
self.left = None
self.right = None
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21

23

25

27

29

31

33

35

37

39

a1

class BST:
def __init__(self):

self.root = None

def insert(self, val):
+ FEBRNRE (WEIGERSEI)

def delete(self, val):
+ FEEMIPRIRIE (WETSGERIISEI)

def search(self, val):
curr = self.root
while curr:
if curr.val == val:
return True
curr = curr.left if val < curr.val else curr.right

return False

def in_order(self):
# IR[E|FPFEH YRR
def _traverse(node):
if node:
yield from _traverse(node.left)
yield node.val
yield from _traverse(node.right)

return list(_traverse(self.root))

def find_min(self):

# WK HE/METR
if not self.root:
return None

node = self.root
while node.left:
node = node.left

return node.val

BN ER. SHEE. BFFRT R EENEEE. AFFIBAFLRG
SOMIBRAR TS R B TR I IERTAR AV IE B 1%

26 EFIVIE

BST MBI T ERT A FENL, RS EEE:

=2

o

51



26 #HMIYiE

27

« AVLHY: B PERET (EEFRNBES) MKl
o RN MEFEFRNY, BT REBMIEER T
« Treap: 45 BST S3p451E, DAREHILSR 4R T4

SKBRRZAH, C++ STLBY std: :map RALERMKI, XHRFKERWBEER BST X
o XLEEME O(logn) BHERAMRIEHEENE, ANERNEREERER.
“XRERMUBENEAKLIN T SMNEFHIEEE, H O(logn) BIFHIEES O(n) B9
RIRERIETR T RIEEIRITNTEZEAR, £ BST NIERESRHN TEMEERM, £
TRENEPFREIRFERNELNERESHEREN,

MR: TRERELNSAMCIARR[GitHUb 6. #ERR (BESE) %12
ERNR AR,


https://github.com/example/bst-impl

