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<html xmlns="http://www.w3.0rg/1999/xhtml"
: xml:lang="en" lang="en">

Z<head>
<meta http-equiv="Content-Type"
; : content="text/html; charset=utf-8" />
<t1tle>51mple</t1tle>
-</head>
E<body>
<hl>A simple web page</hl>
B<ul>
<li>List item one</li>
<li>List item two</li>
</ul>
B<h2><a href="http://www.cs.luther.edu">Luther C8 </a><h2>
F</body>
F</html>

w KRFHEIF R/ X = #2025

YA \ |



B\] HBI5: HRAERA

h'+w Q’
TS

oy

apple

L
ai

2
S
3
>
Q
S
N~

facebook

tsinghua

w KRFHEIF R/ X = #2025

J e

e

AT N |




RIBSEX
PmNode : ARNNBNERZD
FTIRETRMR, X “RE7, PTRETURGTFIINGEN, BHEIREADNNAME
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TR FRPR) BB —FRKER—DRBAL;
T PIRIUBZREIREDREILL,
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X TRENEBER, 83NN E, 0
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3 HERNZ, RHREREN0 1
e SEHeight: PAEDHREIERKX
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WRBITIREZEM NI IR, XEN
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rootnode
childl | child2
nodel node2
childl | child2 | child3 childl
node3 node4 nodeb nodeb
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o BRI WMAPython List3RTI — R IEIELSA ;

o BPHNMREIIRILIN _XK, BEBINITRIVIIFRILIN :
BINTTENRDIRENE;

F2NTLRERESIW (FIUS2PNTRE—TIIR) ;
EITTRERGIWN (PTUBITITRER—TIR) - ° °

myTree = ['a’ #root

- IJ/{EXEI}_JT@J — DR =X ['b", ;ﬂeft subtree
REnyTree[0], ZSMmyTree[l], B3 MmyTree[2] ['d* [1, [11,
['e’ [1, [1]1 1, *
° AFEIJ?EEEE]’Q{I;#‘\ ['c', #right subtree
STRNERSEREL, B—iPB3FEESD ['f" [1, [11, |

JUREZT RAZXW, NERIENIIFRTRENT ] (1]
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def BinaryTree(r):

STEU : BRI i i .

def insertLeft(root,newBranch):
— t = root.pop(1)

g ﬁ1]ﬁ jﬁx .?l“ﬁu %&%#JEJJ%% o 1i2§::?i;si;t(1,[newBranch,t,[]])

$ra else:
{’E Aj EJ% root.insert(1, [newBranch, [], []1])
BinaryTreefBl|XBEDT BBV _Y K return root
j_nsertLeft/j_nsertRightﬂ%%ﬁ--D)J_é\j:ﬁj\m def insertRight(root,newBranch):

t = root.pop(2)

PIENHBEENAZ /G5 Pm if len(t) > 1:

root.insert(2, [newBranch,[],t])

;
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get/setRootVall|ER1§8R ORED M else: ¢ imeart(2, euBranch. (1111}
getLeft/RightChildiR O /B 5K return root

def getRootVal(root):
return root[@]

Z

def setRootVal(root,newVal):
root[@] = newVal

def getLeftChild(root):
return root[1]

def getRightChild(root):

Jb kA 3 = /2025 return root[2]
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r = BinaryTree(3)
insertLeft(r,4)
insertLeft(r,5)
insertRight(r,6)
insertRight(r,7)

1 = getLeftChild(r)
print(l)

setRootVal(l,9)

print(r)

insertLeft(1,11)

print(r)
orint(getRightChild(getRightChild(r)))

L)

(1, [11, [1]
4, [1, 011, (1), [7, [1, (6, [], [1]]]
(4, [1, [11, []], (11, [7, [1, [6,

L)

1]

L)

|#
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(1, [11]]
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e TNV —"TBinaryTree3
A ke VRFIR T m BN HEIT
Afaleft/rightChildRBEOL/EF
WESIA ([BF=ZEBinaryTreeXV&R)
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class BinaryTree:

def init (self,rootObj):

self.key = rootObj
self.leftChild = None
self.rightChild = None
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SCERR . P REERA

e insertlLeft/Right )%
TS LM R RIE AN

e FEHrNEMR

r = BinaryTree('a’)
r.insertlLeft('b")

r.insertRight('c")
r.getRightChild().setRootVal( 'hello')
r.getLeftChild().insertRight('d")|
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def

def

def

def

def

def

insertLeft(self,newNode):
1t self.leftChild == None:
self.leftChild = BinaryTree(newNode)
else:
t = BinaryTree(newNode)
t.leftChild = self.leftChild
self.leftChild = t

insertRight(self,newNode):
1t self.rightChild == None:
self.rightChild = BinaryTree(newNode)
else:
t = BinaryTree(newNode)
t.rightChild = self.rightChild
self.rightChild = t

getRightChild(self):
return self.rightChild

getLeftChild(self):
return self.leftChild

setRootVal(self,obj):
self.key = obj

getRootVal(self):
return self._key
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o BITEYLURTIATNRI WG
HPORERFEREY, AW PRIRERIER

o ERSKRIAIN((T+3)*(5-2))
BT ESHFE, [FRIUE0E, MUATTIHET+3505-2

FRILTWMNRRFBENR] S HERIATVITEBILLEK
BEENTRALN, AR
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WRZRISL VR BRIFY: RIEADRNEIRANE, SRDe EFHROERTIM
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BIRRIATVENTIIE

BN, SRITRART
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[ RIRTURENTIN -
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o BIERIATNFENTIRE
ZA (, QLI TR, SRR MNE
A4, BEIMRIRENY, EFEIRTR
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o MEBMIUEPRIIED, CI2MYEPXENEXY 8D RVERIR
HEIMmBIBZE S/, TLLEMABinaryTree. insertLeft/Right

UEIPRIZEE, OLIEMABinaryTree. setRootVal
UEIPm NERAIZEG S, G LLEARBinaryTree. getLeft/RightChild
BR, HEIMKREADRDR, XMNEBHERER!

o BATTRUR—TRKICRIRIRAL DM
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PRSTIATNEIIRIA

el

IV . AUES

def buildParseTree(fpexp):
fplist = fpexp.split()
pStack = Stack()

eTree = BinaryTree('")
pStack.push(eTree)
currentTree = eTree

for 1 in fplist:

ifi=="(":
currentTree.insertlLeft (")
pStack.push(currentTree)
currentTree = currentTree.getleftChild()
elif i not in ["+", "-', "*', /', ")']:

currentTree.setRootVal(int(i))
parent = pStack.pop()
currentTree = parent
elif i in ["+", '-", "*', '/']:
currentTree.setRootVal(i)
currentTree.insertRight("' ")
pStack.push(currentTree)
currentTree = currentTree.getRightChild()
elif i == ")":
currentTree = pStack.pop()
else:
raise ValueError
return eTree
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MARAIVENTRIKE : B

B T /RIATNFETR Z2/G, BINITUBFHITHRIAINVKE
BFBinaryTree@—NEIPBHIESEN, BRI, TJLUARITEERIE

BinaryTree, 815 K{EK & evaluate
BRI FHREARNNER, TEUMNRBEESTWHLE, ELSO LEEKXKE, RARBIRIFRIE
&

o KEKRKevaluateB B I=&K:
BEARGERFZYE: HPTReRaeElNsHN, BRBAE3ITm, ERDRBNEHRINEINITRIAT
mBYE
%8/ )R . RFBIATNHONAESTHW. a3/, Blnds/ ) \FlE
BRABE: DRlBAevaluateit EAXFRFIEGITHEYE, HERNRERRBAZGFTREKIR
TRBENRERETIIE, MMBAIREARNNE
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MRFRATNENTRKIE -
. —NBIRFTIRMNRIS:

SIF

import operator

op= operator. add
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>>> import operator

>>> operator.add
<built-in function add>
>>> operator.add(1,2)

3

>>> op= operator.add
>>> n= op(1,2)

>2>> n

3
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JRIATVENTRIKRE : 1085

import operator
def evaluate(parseTree):
opers = { '+ :operator.add, '-':operator.sub, \
"*'":operator.mul, °/':operator.truediv}

gr= AT leftC = parseTree.getleftChild()
AN rightC = parseTree.getRightChild()

it leftC and rightC:

. - fn = opers[parseTree.getRootVal()]
B3 return fn(evaluate(leftC),evaluate(rightC))
else:

HARZETR A return parseTree.getRootVal()
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V@ Tree Traversals

o LMHIESHID, XNHABHIEIN LR EEERE, XIMPMAENRE
THICBRIEFR N “I@fHTraversal”

MBERMERR, EFEDRIERNANER, BIERIDRBAREHAE
KX 73R
BUFPIEMD (preorder) : STiRIOMR TR, BREEMBIFHIALETN. REFIRFHIIETN;

(PRI (inorder) : FEBIIMPRBIHALESTH, BHOURDM, XEPHRHIDEGIH;
[GF5i@/h (postorder) : FoB3MGRRNIQIAESH, BER KOG, REHIIERDM.
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RIFRBEMRAF : —ANBREDEITE
e Book-> Ch1-> S1.1-> S1.2-> S1.2.1-> S1.2.2->
e Ch2-> S2.1-> $2.2-> 52.2.1-> $2.2.2

Figure 5: Representing a Book as a Tree
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e FhEANEBIEERBT! def preorder(tree):

it tree:

print(tree.getRootVal())
preorder(tree.getlLeftChild())
preorder(tree.getRightChild())

° ‘H_qquEBinaryTree¥Cjﬁfmﬁﬁgﬁ‘ﬁmﬁﬁ; def preorder(self):

rint(self.ke
w2 A SREE NI S s I
self.leftChild.preorder()
it self.rightChild:
self.rightChild.preorder()F

:
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o ERENANPREDNABNERIBEZSOINGS:

def postorder(tree): def inorder(tree):

if tree != None: it tree != None:
postorder(tree.getlLeftChild()) inorder(tree.getlLeftChild())
postorder(tree.getRightChild()) print(tree.getRootVal())
/print(tree.getRootVal()) inorder(tree.getRightChild())
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EFPEh: RIATVKIE

o OPMAIARNRIATENTRIKIE, Kfr LR —TERENNERE, RENHB
RBEERIEEDERT
o XABGREBNEESRIAIVKIENE:
def postordereval(tree):

opers = { + :operator.add, '-':operator.sub, \
‘:operator.mul, '/ :operator.truediv}

;
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resl = None
res2 = None
it tree:
resl = postordereval(tree.getlLeftChild())
res2 = postordereval(tree.getRightChild())
it resl and res2:
return opers[tree.getRootVal()](resl,res2)
else:
return tree.

etRootVal
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PRI IR AR EMNETE S PRFTIEI
DRBONENEF BN TES, RETEARBER (RE57)
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def printexp(tree):
sVal = ""
it tree:
sVal = "(' + printexp(tree.getlLeftChild())
sVal = sVal + str(tree.getRootVal())
sVal = sVal + printexp(tree.getRightChild())+')"
return sVal

( uoyfa)
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f3BABllqueue

o AIIBF—FPTAEIRA “ULIERAD” o
RITBOMS, VIPRLIUERS, TS

EAlUN=]

BIERAPHITRBRIESBHZERAB R
AlfEEHEAERE P EERY
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E(F) Em(O) EFH(V)

Hiz | 1588 | WABhRICE | B | AF

FES | RS

HFR

PID &

=]k

4412 HFI=ET

Bin 00

@ Wps.exe

€ chrome.exe
@ chrome.exe
€ chrome.exe

€ chrome.exe
Ewpp.exe

€ chrome.exe
¥ WeChat.exe
B |MsMpEng.ex
W xnview.exe

_explorer.exe
i |svchost.exe

ISR
SRS RI(T)

00
00

RENAHRP)

SEET(R)

= TEFEIE(F)

T TRE(A)
UAC EEHE(V)
BIEFEEH(C)

FIF AU S(0)
BHIIEZFE(N)
EE(R)

=(H)
=T 1EF(A)

1IEZ(N)

T 1E(B)
{&(L)

0o
00
00
00

3 kuaipan.exe
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o LFEPASIBYERAdequeuetREERIASI—1%, EREMPAELPRA;

o {BEMLTIAIIAER, HIBIBRFRAIRE “IL7cd” KIBE: SMITREIE

VEUHEB S, TRILEREVEIEIIHE BT
X, LIEPASIBIABARIER LR E 2% %ﬂ%éﬂﬁlﬁ’fﬁlﬁﬁmﬁ‘ﬁq&)?sﬁ@m)@uﬁJT:;'

o BZ: B ALRILIARSIULITAS] 2
HAFI A SIS REXER 2/ 2
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—_Xi#EBinary Heap3KIN{L5TRASI

| o KIILEMINZHERSRIFE " o ADT BinaryHeapHUIRIEEN AT :
z% WKL BinaryHeap () : SIE— 1R _XIHEXNR;
*\g — IHEBEIS AR SEBA DB \AKO LA S 2 insert (k) : ¥g#key MARIED ;
) EEMRAE0(log n) findMin() : JREEDPNT/NT, H/NIUD
S . uenEEoRET, uEEs  TBOED
S T o ik delMin() : REEDHS/\F, BN ME
5| MESONR, IREBEREND g, =
. SCIES ! .
N RAFSLIREY ! isEmpty () : IRCIERBNE;

o B\keyHZEREMIFRN “B/uE  size(: ROERkeysI T,

min heap” buildHeap (1ist) : M— T key3lREIEH

[z, &RkeyHFEABBIR “BRAMEmax i

heap”
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from pythonds.trees.binheap import BinHeap

bh = BinHeap()
bh.insert(5)
bh.insert(7)
bh.insert(3)
bh.insert(11)

print(bh.delMin())
print(bh.delMin())
print(bh.delMin())
print(bh.delMin())
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HE/RFHeap Order

“HE” BRI, =18

D key,

:XC

C

]

HI—TTmx, ERTRpC

D keyIY/)\-

SR, RS 7 RN, EOEA—REBE, 98— CHEE5

TG “E” MRN_-XH, ERiRTDmPHkeyER/|\
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— NIHERERSLI

0 o _NIEABH

A

@ BHTSE, RBE

)

>3 e insert(key) Hi&
B85, NIRE “5

[O]ER ?

( uoyifg

T KF I HEAFIZ/ X = #/2025

KA TIRRRSELIE, HPXRE Moz, B 5 EEaNEIURRE8

Flo class BinHeap:
def

SEE_XW” BIMER, FkeyRiZw0ES]

__init_ (self):

self.heaplist = [©]
self.currentSize = 0

YAN\™ \ |



— WIHE#RIERVSCIR

o insert (key) &
BR, #FkeyERMIEIRKE, BRLERE “IE” R

SRNEEBRERFPRERE, BNTRARNBRER YRR
TREZR#key)BEWER “ L7 FHIERUE
FE: FikeyHl  H3F” ASFINEHTREF DN “i” R

BT i ‘

( uoyifg

T KF I HEAFIZ/ X = #/2025



WIERVEBYSCEN . insert{{H8

def percUp(self,i):
while 1 // 2 > ©:
it self.heaplist[i] < self.heaplList[i//2]:
H5QI AT tmp = self.heaplist[i // 2]
self.heaplist[i // 2] = self.heaplist[i]
self.heaplList[i] = tmp
iy e I i=1//2

def insert(self,k):
ME% self.heaplList.append(k)
self.currentSize = self.currentSize + 1

m self.percUp(self.currentSize)

E K F i EIF R/ X = %/2025
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— WIHE#RIERVSCIR

e delMin () oA
B, BERMEPR/)\Bkey—— I TEBNUAMR TS mheapList [1]

NISRE “TEXW” B4R, AFRE— T DRKIABRDR

remove min

AR o ‘

( uoyifg

T KF I HEMF IR/ %) = /2025
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— NIHERERSLI

o delMin() 55%&
B, X, BEBNEBKR, BRIEIRS “&” K
BRRTE: BIFORDRLEE—RBR “TR”,
“TOM” BRERENER: WRLFTDHRA, IBARER

E%WE%%%‘

DD J]\
/NSRRI,

( uoyifa)

T KF I HEAFIZ/ X = #/2025 @ a




“XHEIRERSCHL . delMinfEE

— def percDown(self,i):

while (i * 2) <= self.currentSize:

mc = self.minChild(i)

it self.heaplList[i] > self.heaplList[mc]:
tmp = self.heaplList[i]
self.heaplist[i] = self.heaplist[mc]
self.heaplist[mc] tmp

i = mc

def minChild(self,i):
it 1 *¥ 2+ 1 > self.currentSize:

ﬂ&—?*ﬁ}f_"—l return 1 * 2

else:
it self.heaplList[i * 2] < self.heaplist[i * 2 + 1]:
return 1 * 2

\
J& else:
return i * 2 + 1

def delMin(self):

retval = self.heaplList[1]
self.heaplList[1l] = self.heaplList[self.currentSize]
self.heaplList.pop()
K i HAVE /3 self.percDown(1)
return retval
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self.currentSize = self.currentSize - 1



— WIHE#RIERVSCIR

e buildHeap (1st) % : MTICBERLERR “IE”
BAIRERIEZER : Minsert (key) 5%, RILFBRPEEIBIR TNinsert FEP, BX
LR R0 (nlog n)

X, BN &, BRI UNERIE0 () -
MBI BRIt

jil]""p,m _F;)"T_, self.currentSize = len(alist)
self.heaplList = [@] + alist[: ]"

orint(len(self.heaplist), i) L
while (i > @): z
print(self.heaplList, i) r
ﬁelf:percDown(i)
° ° ° ° o ° ° ° prini(:eif:hiapList,i)
Q10 0 9 0 0 Q 0

Initial Heap
Jbw K F i EAF IR/ X =/2025
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AR o ‘

( uoyifg

— WIHE#RIERVSCIR

e BZ: ME"YX]

Kt

THERS ?

SHEHERE” 5% 0(nlog n)

w KRFHEIF R/ X = #2025
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—_ Y ZMBinary Search Tree
.y EADT MapBISKIARP, TJURBARNHESBINBREZEREHTHNE
g§ tKey, BIEEESSH S TNHR
*\,g BEREESR+ —DBREE
% BOIRAIESIR+BERINPRERE A
o NERITFHXEZXEBRWIRSkey, KIkeyHIRIRER

( uoyifa)

T KF I HEAFIZ/ X = #/2025




—_Yi#EZ=RMiBinary Search Tree: ADT Map

23— NADT MapBYIR{E:
Map () : BIE— T =0REY

put (key, val) : Jtkey—val KEXXUIOABREYP, WRkeyE&2HFH, NRvalBRRKHIEXK
BXE ;

get (key) : £5%Ekey, IROKBXBVEIEE, WABE, NIR[ONone;
del: @iddel maplkey]l BB O MIRRkey-—valxEx;

len() : ROIBREY Pkey-val KEXHNEE ;

in: \WiJkey in mapBiBTEI, ROkeyBREFETRELP, /RE

BT S s ‘

( uoyifg

Z

T KF I HEAFIZ/ X = #/2025



— YERMBSTEYMRR
o KARMm/\HkeyED
AE—NMEE

* “58‘5‘6552\8970&791%]1‘52

OY

BT S s ‘

31EL70/)\, ME!
93LLTOK, WA
94tK93K, WA
146317\, IE!
23tb14K, W3

( uoyifa)

73EL93/)\, HE

e HE: BAINRA

Zass el
BT PR
BT PR
Zasis el
v
Hr

ol

MEAZSTHN, R MRAKBkeyED
8 BYBST, IZER70, 31, 93, 94, 14, 23, 7389/ E A

4 A BNBSTHI,

IWEG ST,

70

/

31

93

ol

T KF I HEAFIZ/ X = #/2025
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“XEBRMEKI : IR BEERS0

==
® ™3

e class BinarySearchTree

3BSTAONode RN, BSTEYroothl5as|HBR D mNode

class BinarySearchTree:

rootS|TreeNode IR def __init_ (self):
size RN P T self.root = None
_iter  (BUBEIR) self.size = ©

T KF I HEAFIZ/ X = #/2025

def length(self):
return self.size

def len_ (self):

return self.size

def __iter (self):
return self.root. iter ()
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—YIEZPBSCH . TreeNodeZt

e class TreeNode
key NEIE

payload@value
left/rightChild

FHINI0 S N parents|H

T KF I HEAFIZ/ X = #/2025

class TreeNode:
def _init_ (self,key,val,left=None,\
right=None, parent=None):

self.key = key
self.payload = val
self.leftChild = left
self.rightChild = right
self.parent = parent

def hasLeftChild(self):
return self.leftChild

def hasRightChild(self):
return self.rightChild

def isleftChild(self):
return self.parent and \
self.parent.leftChild == self

def isRightChild(self):
return self.parent and \

self.parent.rightChild == self
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—_YEZ=MBYSLEN : TreeNodeZE

def isRoot(self):
return not self.parent

def islLeaf(self):
return not (self.rightChild or self.leftChild)

def hasAnyChildren(self):
return self.rightChild or self.leftChild

def hasBothChildren(self):
return self.rightChild and self.leftChild

def replaceNodeData(self,key,value,lc,rc):
self.key = key
self.payload = value
self.leftChild = 1c
self.rightChild = rc
it self.haslLeftChild():
self.leftChild.parent = self
it self.hasRightChild():
self.rightChild.parent = self

T KF I HEAFIZ/ X = #/2025
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“XEBRMBISKHL : BST. put 57k

o0 put (key, val) 5k: 3@ AkeyiEiGBST
| 4 ERSTRB RS, MR DBE®RE, BAkeyBvEDSSroot

Y|
N BN, RIBA—MMRIRE put (key, val, root) RIHBkey

)
_put (key, val, currentNode) NEERIE —
Q0RkeyttcurrentNode. key/]\, #ABZ_putF|currentNodeZ- 5%

o [Hin R&%A T, I Lkeyit &N 2 F 1 &
Q0RkeytlcurrentNode. key X, #B8Z_putP|currentNodes 51

« B RERA TR, A Lkeyit kA& T &

B /Q\l

def put(self,key,val):
it self.root:
self. put(key,val,self.root)
else:
self.root = TreeNode(key,val)
self.size = self.size + 1

T KF I HEAFIZ/ X = #/2025
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“XYIERMEUSEIN : _put#

EN0A

o ER! XTMUEREIE
RNt EiCval B — TS

l'l"

else:

SNBSS keyHIS)T

def _put(self,key,val,currentNode):
it key < currentNode.key:
if currentNode.haslLeftChild():
self. put(key,val,currentNode.leftChild)

currentNode.leftChild = \

else:

else:

TreeNode(key,val,parent=currentNode)

it currentNode.hasRightChild():
self. put(key,val,currentNode.rightChild)

currentNode.rightChild = \

o MBI setitem NS :

O BmyZipTree[’ PKU' ] = 100871

T KF I HEAFIZ/ X = #/2025

TreeNode(key,val,parent=currentNode)

def _ setitem_ (self,k,v):
self.put(k,v) I
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“YBRMBEISKHN . BST. put &R

i
5
g
S
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%
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S
-

B A\key=19, currentNodeBZZ4{, 141

T KF I HEMF IR/ %) = #/2025
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“XBRMBIK :  BST. get/5)A

o —BBSTHEEXR, M—1TAAEMBMHPERkey>R val, RITEMPILE
keyPTEERY T
MrootFHs, BIBET, HRIRE, RETIREENHTmbFHET.

def get(self,key):

g
>
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it self.root:
o 89137:7_% res = self. get(key,self.root)
=] 9 it res:
E%rootméﬁﬁ ) return res.payload
BB AN _get shees
return None
else:
P _getﬁﬁ_\t return None
22 5|FiR CINone def _get(self,key,currentNode):
e 1if not currentNode:
LA HRIPm, AID return None
\ \ elif currentNode.key == key:
ém\Uﬁuaﬂ]\E/E%m return currentNode

elif key < currentNode.key:
return self. get(key,currentNode.leftChild)
TR F i+ FALF /X = /2025 else:
return self. get(key,currentNode.rightChild)
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" YIBEMBISSH : BST. get /54
o getitem NFHIE

ScIfval= myZipTree[’ PKU’ ]
e _contains KA
523 PKU' in myZipTreeNESH ¥z ERTin

def  getitem (self,key):
return self.get(key)

def _ contains__ (self,key):

it self. get(key,self.root):

return True

else:
return False

T KF I HEAFIZ/ X = #/2025
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—_YEZ=MBYSLT)N : BST. delete /%

o BIZTANR, E#MHdelete/T7A: l
8%, BNPEZ/OTR, BELTENE, JTA_getIBIZ2MEREN MR, ARS/EArenove
SKMIBR, HAZNHIRTEEIR;
URNBIN DR (MRRBRYRS) , IHMERELERkey, BEILEENEFMIERE DM,

:
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g
§
1PN
3
>
Q

S

ILECA 5 R ES. det delete(self,key):
it self.size > 1:
e delitem _ﬁpﬂiﬁﬁ_\t zzdﬁl::;:?ZEZEOEE?el-F._get(key,sel-F.root)
ScIRdel myZipTree[’ PKU 1iXHHUIE QRIE self.remove(nodeToRemove) a
self.size = self.size-1 ey
= o 0 else:
° EKEremoveEﬁE. raise KeyError('Error, key not in tree')
elit self.size == 1 and self.root.key == key:
. self.root = None
def _dElltEl’ﬂ_(SEl'F,kE'y): self.size = self.size - 1

self.delete(key) else:

raise KeyError('Error, key not in tree')

E K F i EIF R/ X = %/2025



—_YEZ=MBYSLTN :  BST. remove 54
o MBSTremove— N, IMOARRIGBSTRMR, LA N3FPIBH

TREESTR if currentNode.islLeaf(): #leaf
it currentNode == currentNode.parent.leftChild:
++ N2 =+
PRELITI TR currentNode.parent.leftChild = None
++ ++ :
9N else:
PREZTI DM currentNode.parent.rightChild = None p—

o RESTIRNBRED, EREMER
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—_YEZ=MBYSLTN :  BST. remove 54

o F2MBEHEER: BKHTREITITDOR
R RXTNE—NTORLR, BHERRSREME

o BFRBRIEREXD/PBN:
BB HRNTBRRE 2 ERET TR ?

B TREFRERDRNE ? EREFT M ?
BTV REEMRBIRT ?

BT S s ‘

( uoyifg
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BST. remove O

:
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%
g
§
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Q
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else: #
it currentNode.hasLeftChild():

i)

+

df
|

‘A

‘A

fe—

if ¢

this node has one child

urrentNode.isLeftChild():

currentNode. lettChild.parent
currentNode.parent.leftChild

currentNode.parent
currentNode.leftChild

elif currentNode.isRightChild():

currentNode. lettChild.parent = currentNode.parent

else

currentNode.parent.rightChild = currentNode.leftChild

currentNode.replaceNodeData(currentNode.leftChild. key,
currentNode.leftChild.payload,
currentNode.leftChild.leftChild,
currentNode.leftChild.rightChild)

else:

i
+
df
|

—=

!}EE_QH
R KFIHEMFE/ X =1/20 o

if c

urrentNode.islLeftChild():

currenthNode.rightChild.parent = currentNode.parent
currentNode.parent.leftChild = currentNode.rightChild

elif currentNode.isRightChild():

currentNode.rightChild.parent = currentNode.parent

else

currentNode.parent.rightChild currentNode.rightChild

currentNode.replaceNodeData(currentNode.rightChild.key
currentNode.rightChild.payload,
currentNode.rightChild.leftChild,
currentNode.rightChild.rightChild)




—_YEZ=MBYSLTN :  BST. remove 54

o EIMBEFNER: K TRE2TITDIR
XN A BRMRED T PR LB~

BYUKBIA—TEENDLRERER TR, XTEETRMEHRM DRI N —"keylE
T, RIS maTHDR/ N, TR “BLk”

JUEEXTMBHEDTRRZRABITT IR (RERHTPR, INXFESTW)
REX T DRBERX (EMEMERS) , SHRERR .

BT S s ‘

( uoyifg
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—_YEZ=MBYSLTN :  BST. remove 54

e BinarySearchTreezf: remove 5% (IEFE3)

elif currentNode.hasBothChildren(): #interior
succ = currentNode.findSuccessor()
succ.spliceOut()
currentNode.key = succ.key
currentNode.payload = succ.payload
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— WIRRMBISCHN -

BST. remove O

e TreeNodeZs: FH KT mfindSuccessor ()

BERKREIS/\ P afindMin ()

vy

T KF I HEAFIZ/ X = #/2025

deft findSuccesso
succ = None
1t self.hasRig

r(self):

htChild():

succ = self.rightChild.findMin()

else:

it self.pa
if

els

rent:
self.islLeftChild():
succ = self.parent
e:
self.parent.rightChild = None
succ = self.parent.findSuccessor()
self.parent.rightChild = self

return succ

def findMin(self
current = self
while current.
current =
return current

):

hasLeftChild():
current.leftChild
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—_YEZ=MBYSLTN :  BST. remove 54

e TreeNodeZt: EPmspliceOut ()

def spliceQOut(self):
if self.isleaf():

_ it self.islLeftChild():
.fl’ﬁﬂﬂﬂiﬁ?* self.parent.leftChild = None

else:

self.parent.rightChild = None

elif self.hasAnyChildren():
it self.haslLeftChild():

EEESSEE]

else:

EHTA L ORI AR

T KF I HEAFIZ/ X = #/2025

if self.islLeftChild():
self.parent.leftChild = self.leftChild
else:
self.parent.rightChild = self.leftChild
self.leftChild.parent = self.parent

if self.isleftChild():
self.parent.leftChild = self.rightChild
else:

self.parent.rightChild = self.rightChild

self.rightChild.parent = self.parent




—WIRRMBISCH : A1Es

o {E)NPython=ER, ER{ITDLE
Hkey, ADT Mapﬂj WAZ SR IX AR 23 DDEE

__iter PABERARK

8

e BinarySearchTreeZfC

i

BT S s ‘

( uoyifg

T KF I HEAFIZ/ X = #/2025

for i in dict: XFEBBHEWNE

h8

§ TreeNodeC

Lq}

H P YER

RN
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—WIRRMBISCH : A1Es

o TreeNodeZEdH iter K
KPR ER—MNEIFR X, F8F EBinaryTreetPBy_ str_ JFRIFFIEA ?

yield@XNWERIEANBNIROHE.

;
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mytree = BinarySearchTree(), 4d=f 1iter (self):

mytree[3]="red" if self:

myzr‘ee ;;: f"blﬁ . if self.hasLeftChild():

mytreelol= yeLiouw for elem in self.leftChild:
mytree[2]="at yield elem

yield self.key

orint(3 in mytree) _ _ _
if self.hasRightChild():

YA \

print(mytree[6]) _ _ _
del mytree[3] for elem in self.rightChild:
print(mytree[2]) yield elem

for key in mytree:
print key, mytree[key]

TE KFHEMNFIR/ X = #/2025



SR EEDHT (MloutDiE)96))

—X:
N - RIEERED
%E keylE RIS
A
1 o WRkeyHTlFE 2
i BRABSTHSERR

( uoyifg

o YIfo

? A"okeviF

AT _XREARMHSE (RAXER) , MESE

I =Py e N =

M. feNE, BAXRFR/NFIRDmkeyBI
log,n (B PMEVTED) , M, XHFEHRRIES
put/FARZEMEENO (logyn) o

o {BkeydlFR DR
BRMWNBIXINFBEAENG, WE

XN 1&Eput 3 7ARMEENO (n)

o HEDZEHLEXLUBR
5%

Al 00 ?

E K F i EIF R/ X = %/2025

EABES,
CET,




WE—XIERM: AVLRERENX
o RIRBBEBLkeyiE AN —BERGFERN_XERN : AVL

AVLR RBHEZRNRZESHEE : G.M. Adelson-Velskii and E.M. Landis

A FAAVLRYSCINADT Map, EAR _ESBSTHSKIIAEE, AEAZMXEF X
NERRSEHrYE

o AVLRIBUSEIIh, EEEXNE/ N DPRIBIR Y& QRS balance factor” Sy,
22y, %m*&ﬂ%mﬁﬂ’ﬂiﬁ%mgﬂm#%ﬁxw Wmlbin, RAGa3WNE
BE:

balanceFactor = height (leftSubTree) — height (rightSubTree)

WREERFTKTFO0, TN “ZL&Eleft-heavy” , /N\FIRN “BEright-heavy”
W&ERSTZFTO0, NARIEFE.
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( uoyifg
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WG YEBRN: YE&ERS
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o NN RIBFRIARSETIR

............................................................
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V& — 8RN : AVLRBEN

VERREIREDR, B YvRNEERTBEIEE, WEE—1&EH
Z @Iﬂ'ﬂﬂﬁ
RISBSTHMR! ZSRE DREV\TIR, ASTHEATIR

RE2— “L5F” AL ER
RN, NAZTE 24 2

R KF I HIF /3] = #/2025 ﬁ\ X\
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BT i ‘

( uoyfa)

AVLAYBYMERE

o SCHAVLINZHI, KEBAVLWESIHLREBAZ—MRGHIIERE

o BATRDITAVLINERZEISTE NeVIERE: BINFEBRSH1IE-L
TEINLFERIT NI “AE” ALK, WOBEMNITIE, KEBTEME (B DOREN)
AMEEXPRE (MVSEDL) ZBHNXANG ?

AL R HALF IR/ X = /2025 “
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AVLIMEREDHT

N
" h= 1,
N
Y
§ ’
2 ISR
PN

h= 4,

( uoyifg

o MIRXMEI, 1R

SE

N=2=1+1
N= 4= 1+ 1+ 2
N=T7T=1+ 2+ 4

SR AR DR

o ERARLADIBIMER
TUSHFi BB

MAEFiE&5Nh

T KF I HEAFIZ/ X = #/2025

5: Fi/Fi—-1#3[07

e MR ER/D=1, 2. 3, 4N, RPRENNEH:

Ny,=1+4+ Ny 1+ Np_»

F,=0
F=1

F,=F, { + F,_5forall:> 2

RO SER AL SR E !

Nh:Fh—FZ_l:hEl
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AVLIMEREDHT

o WFiIBERCAZINMG, SFINMEE Hht2 I
- N;, = 7 !

ERBARBNMLS, BAI#ELh

BT S s ‘

— +—+ —
o o TR, EJEERT, ARERBS 1og N, + 1= (H +2)log® — Liogs
S RENNERD, RIBEI. 44 9
3 log (Nh) BVIEZRREL . log N;, + 1 —2log® + %lﬂgﬁ 2
o TDLHAVLNIERNASRE N B log ® PN

0(log n) h = 1.441log N},
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AVLIRYESTER

o BERAVLNEMIASCREGSCURBSTIBYMRE, BRRWIBE, BRIIKEBO
AVLIIB A\ —iffikey, WA REIRITAVLIYEYSPETIER

o B, #keyNEUT PRIETUEAZIAVLYD
HHRNPERS R, RASLREMTE
BRMIELTROFERS :

 WREHETHEHN, MRF L THE T 281
s WRENETFHEHEN, WRFATHETF LR
XRPNTEEERLTRIURTRANBE—BEE LR, 53
o EBERF B AL
c REEARH A TEETFH AL, TEPHLEY AWTHET AL,
(T A-1F 1 EZ0, MI2BETHEE)

o JGAVLIYYENBSTH52£3CT), TreeNodedpi&jbalanceFactor
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AVLETEUSEIR : put/55k
SFEN_put/57ARNT

def put(self,key,val,currentNode):
it key < currentNode.key:
if currentNode.haslLeftChild():

Cd

Sy
T/

TS i

%i self. put(key,val,currentNode.leftChild)

o else:

= currentNode.leftChild = TreeNode(key,val,parent=currentNode)
§ iﬁ%_jr self.updateBalance(currentNode.leftChild)

o else:

if currentNode.hasRightChild():

self. put(key,val,currentNode.rightChild)
else:
currentNode.rightChild = TreeNode(key,val,parent=currentNode)
self.updateBalance(currentNode.rightChild)

T KF I HEAFIZ/ X = #/2025



AVLIXBYSEE) : UpdateBalance/ 5.

def updateBalance(self,node):
it node.balanceFactor > 1 or node.balanceFactor < -1:
Eop gy self.rebalance(node)

return
it node.parent != None:
if node.islLeftChild():
node.parent.balanceFactor += 1
elif node.isRightChild():
node.parent.balanceFactor -= 1

;
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it node.parent.balanceFactor != @:
self.updateBalance(node.parent)

E K F i EIF R/ X = %/2025



AVLAIBYSEIN . rebalance BT ET

FEFE: RAENSHETIE R Erotation
N “AE” & “G&” HTALQH e :, ONSEFHEXRXDmS|IA
EHiREEHEE DR EERS

WS, B— “68” IWANZNeY: (HRKBSTIER)
/@E%wﬁBkﬂ%%me’ﬂﬁ

R ER D RATENFIIR DB T O
WRFRIRBREBALIT IR, R PTRIXENANAT IR

(ANEF BR—EEE) (2 a9
/RN
(RE247) —
A Kt S R/ %) & /2025 6 2

BT S s ‘

( uoyifg




BT S s ‘

( uoyifg

I
\
I

AVLIBYSLER . rebalanceEB#ET €T
o BERLNBRN: WBH “A8” STHGHEFE

ie¥ea, FIRPTRBIBRTRIENGST TR, ERFBETRREXEEEI TR, m2nmRE
NESF PREFTEN!

RENG T IRINFBRTRENZST PR
@, ENAEST PREREE—ERR

) O — O

ONO »H © @
. F

ian

Vi

<

T KF I HEAFIZ/ X = #/2025 6

\

WA



AVLRYEYSEEN . rotateLeft{{ig

def rotatelLeft(self,rotRoot):
newRoot = rotRoot.rightChild

Qﬁucxﬁﬁ$4] rotRoot.rightChild = newRoot.leftChild
e o it newRoot.leftChild != None:
Eirﬁﬂ:f newRoot.leftChild.parent = rotRoot

newRoot.parent = rotRoot.parent
it rotRoot.isRoot():
self.root = newRoot
else:
it rotRoot.isLeftChild():
rotRoot.parent.leftChild = newRoot
else:
rotRoot.parent.rightChild = newRoot
newRoot.leftChild = rotRoot
rotRoot.parent = newRoot

;
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12@@ | -Ijl“\ rotRoot.balanceFactor = rotRoot.balanceFactor + \
__EJ__I%&.? 1 - min(newRoot.balanceFactor, 0)
7o L YR TE newRoot.balanceFactor = newRoot.balanceFactor + \

1 + max(rotRoot.balanceFactor, 9)
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% i: |BhD= 1+ max (hC, hE), FFI|8B= hA- (1+ max(hC, hE)) s
@ ¥B- |BB= 1+ max(hC, hE)- hC

8 #B= |BB+ 1+ max(hC, hE)- hC; 3BhCESiimaxWE BT |

= —
U ¥B= |HB+ 1+ max(0, -|HD) <==> ¥B= |HB+ 1- min(0, |BD) z

rotRoot.balanceFactor = rotRoot.balanceFactor + \
1 - min(newRoot.balanceFactor, 0)
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AVLIBYSCEN : rebalancefti3

def rebalance(self,node):

AEEELLE it node.balanceFactor < @:

it node.rightChild.balanceFactor > ©:
# Do an LR Rotation

AfFTOREE self.rotateRight(node.rightChild)
ST self.rotateLeft(node)

else:
# single left

self.rotateLeft(node)
ZE == I elif node.balanceFactor > 9:
EEEHEEZEEE 1T node.leftChild.balanceFactor < ©:

# Do an RL Rotation
AT ARAE self.rotateLeft(node.leftChild)
S hE self.rotateRight(node)
else:
# single right
self.rotateRight(node)

AT K F i H A e/ 3] = #/2025 e ———————————-
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e https://www. cs.usfca. edu/ galles/visualization/AVLtree. html

EBHE: Insert 3, 2, 1, 4, 5, 6, 7
MRIEE; : Insert 10,5, 15, 12, 20, 11
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ADT MapBYSKEN57A/\4ES
o B 1R 52 IBSIFIEERIKIMADT Map, HNBEREHERIW
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Hash Table Binary Search Tree AVL Tree
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%\? O(n) O(1)->0O(n)  O(log,n) -> O(n) O(log,n)

Q

3 get O(log,n) O(1) -> O(n) O(log,n) -> O(n) O(log,n)
in O(log,n) O(1) -> O(n) O(log,n) -> O(n) O(log,n)

del O(n) O(1) -> O(n) O(log,n) -> O(n) O(log,n)
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HNE S :2-3 Tree

e Tis empty

e Tisa2-node with A. |
® Left child P and right child Q Irsertin a 2-node :

® P<A<Q @ @
@

e Tisa3-node A and B.
® Left child P, Middle child q, right child R, then

® P<A<Q<B<R - @ . @ _
DICRO

initial Tempdnode Mowve middle to parent and split
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Insert in a 3-node (3 node parent) ; @

& @
.@.-@. OOO ® OOE ® |

initial M oo i dde to parent and pli Move middle to parent andsplit
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Every has at most mchildren.

Every node, except for the

root and the leaves, has at
least [m/2] children.

The root node has at least two
children unless it is a leaf.

All leaves appear on the same
level.

A non—leaf node with & children
contains A—1 keys.

T KF I HEAFIZ/ X = #/2025

TR 45y : B-tree (m)
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