


B.lt

tempate

⼀点⼈。

⼋
。

1。
⼋

2

C 葕-1 名 的
iii. 㕾 众 众 统 沉沉

bhli.net ) ⼆ 4

ii.
4

⼋
。

1。
⼋

2

C 葕-1 名 的
iii. 㕾 众 众 统 沉沉



8 - bhCT.net ) = 3 -

,
⼀⼀⼝

⼋
。
/ \

2
1 4

⾏ !) C ,你

iii. 㕾 众 众 统 沉沉

bhlT.ru )
= 2 .

点-i
/ \

2

/ ˋ
o 1 4

1 名 !) C ,你

iii. 㕾 众 众 统 沉沉



1 3 . 1 - 2

礼 远
讨 抵 mseumde 于 ⼋

NFLNFLaoredred.thereswgtreismtaRed-Bluk.te.it
uwtesthatthechdrmfaredparentshonlddbebh.NO

,ititisbh.ztwilatespopag5.fr
ehnhhmmberefblacknodesshouldb.ec
hsane fausāpu pathsfou.MN
todesahntkus

、



1 3 .
1- 3

Yes.it

is.simechildnenofablakparentaubedhkasthech.it
auofaredpareu.M-4ignoreteNILSpossibledeg.es

;

④

éoi 。 这

⼋ 在 1 4 .
3 . 2 .

1 0
.

④ ③
④ ③ ③

4
3

③ 9
③ 1

01
2 ③ ④

③ 2

。 1
0

DepthsofuleavesnbhCT.not ) > i
h '
==(E).



1 3 . 1 - 5

popertysl.mn ≤ 21min
B

/ ⼈ lsau.sn/nus
B

R

⼋

blaekandllBBBBuagaetemates.IR
Sodppertg Hand 5

⼋

B. B huus.HN bh: 2

kk 思 国
1 3 . 1
- 6 畾

⾃ 回

䊆
⽢ IN max

= 2
灬

回回的
。我⼼哈的

真
H-INmi.ru 2

"
-1

20
bh ⼆ 了

h= 6

2
32
- 1 2

4
- 1



13 . 17

ratio-rkz.is +25 + -_- -2"
nstmoe
___

_
_

-5in
⼆ 华蕋器古

⼠

k-okisbhofiree-zi_4-smdlestratioeoAyblackT.ee
、

⼆ 2in
thisisauthen.de

⼆点畿
-_-

irao-AN-Rd.IE?𦻗 =2

FINThelargstrao-z.TN
smntrueo 、



13 . 2

LEFT-ROTATEGXidg-x.nu(可left.ae/lsigy.g≠ N_nilc-tifiy.left.mx⊕

rdix.rght-y.tt ⻗1teifx.is==

NILT.mn9
RIGHT-ROTATEGDekifx.p.lt==

xx.it- yx-y.leftekex.p.int,gx.rghtINILXryt.p-yyp-xpx.pt
yy.left-x.righty.tt=ㄨ

y y p ==

NILT.wotelseify.p.g-yy.P.leftelsey.p.rgwixx.p-y.py.pt/l
Xnefty



1 3 . 22

eugwdecanntatenuitsparewt.OMgthewofnhose.peentis NH atrotate

1323

awiuincreaseylbwulremahntholhsamecwudecreaseb.gl
,

ASSnngzarbigl3.it
binarysearchtreesoletnotanddlhsuuessiuery.itaurǖ

wuhnwdestadI.wiubehuialrightcha.in/tsswe
② 府 hmuwhoisa.lt chd f. xz -_-xpjefrhenode.sn如 呼化 Chán

,

areratatconsforpefonnarightrotan.iena.in t.tobeconearytheryuntionwiuonginaoe.iechn.onedesarenatatedatoftherightG.it
- 牦了 oe

chàm 、 rwonsfTz.tobecomeokapngstepzwntudthemodesaleftchem.lt
⇒ ㄒ2 0G)

areinthnrightchains.in -_-Xp 了

𠯻
themunbetofrath.ms = 0 (nuubafnohsgg.in _ yi )
⼆边 = 0G) 0G) opposfefy.ua veesa



14
.
1-1

T)=2

T) =1⼗点 T)

N=0 T (o
)= 1
= 2

0

n=1
T ( 1)= 1+ ÉT ) = 2

=2
'

n= 2
ㄒ( 2)= 1⼗字刊= HTtT)

= 1 1- 1 -1 21 =4=2
2

Asswmeforn-O.l-e-k.TN
⼝
"

⽔叫

Tlktl) = H i T )
= H (派) tT

t _
_

_ T (k)

= 1-1 2
0
-1 242+ _

_
_ 这

⼆ 1+1
_

2㕽
=
- 1

- 1 + 1 = 2叫
1- 2

q.eu



1 3 . 2 .5

下
⽐"⾮ 左

嘴
aun ※

Mgh
ˊ

_
_> f

红( 纯
似

☆weanuseOCDthohehhiniiuu.isT.7sroot.to/hewotfI.RepeatthesaneproQSSfrh2Sbtes.
Yhus 0的tightrotationscantnasfomiwhoisrightanvertih.at⽯

,

13.3

②
_
④
-2 阳

①



1 3 .

31

ztviohdhpopertg5fwedoso.su
⼭

iwt 38
41

i.net
31

41
→ Red .

4 1

1 1 3/ i y i
N N z

⼋ ⼋
bwk

N N
31 N

righttotat.eu
ase 3

38

1 \ 41
31

↓
↓

inse.tt 12

38
吡⇒

13th
38

h
blaby \ bn41 1 ↓
3 1

1 2

/ ↓
1 2fivhhcasegedunc.ie



insert 19
叫

3 8
38 ※blakr.nu/hf
T.ly! 1 9 N N N /

以 ↓
1 1 12 )

⼋ 12 N

N 1 9 zleftrotate ↓ ↓ N

l

N
N

⇒

casezcusezbwhmdecase3blackun.ca
ltchildrgaild.in
sat 8

nao Z 38

3i / 年 1

Red / 年 1 的 ↓
以 ↓

1 2
b版3 1 8

/↓ ↓!! i
28 Nfh.io
case 业 ) : Redund



1 3 . 3 -3

kt 1

k

kkkkkkkkkh.IR



13、

3-isimeuhenzisi.nootz.pisinilwhosecdorisbcack.in
thehopwmterminatesuhenzp.de ==blaek.hnthewhlulaptemnn.tlismopossibilghtwecasetnviltoRED.Simethefmae.me

wuresetthecolorofT.NU ⽐

13 . 55

BLack.iemodezisalwgsred



13 . 3- 6useastacktorecordthepuRB-INSERFFIXUPG.z.Dparentt.s.p.pl)

uhilepareat.co/or==REDRB-IWSERTCT,Z)y=i.NILgrandparenttS.RPCJx-T.no
, ifpunt ==grandparentnlftsi.noSTACKC)

y-grandpaeat.rightwhilexFNILlgy.co/oro==RED#casel
S.PUSHcyjigrandparent.co/or=REDy=x'lparent.coho=BlACK
ifx.bg > Z.IMy.cat/3LACKllz=grandparentx=x.1eft
liparent-s.poPCJ.ae
ex-x.int

1
,

yz ==parent.lt#Casezify==TNIL
LEFFROTATECTPNMDIT.ro⽐ ⼆ ⻜

'

l z=parentyelseify.bg> t.mg lgrandpatent.CO/0ERED#aslparent.Color=BLACK
y.left-ZIIRIGHT-ROTATEG.grandparentitlseg.iqntzylepareat-grandparent.rightz.co/r=RED
lgrandpareat.leftz.leftt-T.NL
ify.colort-REDz.right-T.NLgrandparent.co/or=REDRB-INSERT-FINPlIZ,Dparent.co/or=BLACKy.Color=BLACKcase#3GD-RED
z-grandpatentBLACKc.pl

gparent-s.poPCJ.ir



case# 2
Ca.se#3

卯 卯 →如

"8 zyktl_ATE.es s
y
/

⼀吼州

1 ftEFTROTATF.fi
dt.eu

c.ae#2ifZ==p.1eftRIGHTrR0TATE(TP)z=pgrandpareat.C01
0EREDcaseit3paut.cat/3LACKLEFFR0TATFlT,grandparj

T.root.co10kRED



1 3. 4 Casetllidfgfrx Case # 2 . 3 . 4 :

Blacksibyfrxx.P-REDLPCx.DD.me/LwD

Black A
D→ 1张《 Caseib

/ 年
✗

⼩
。

" ⼈ 岞/ ⼦ (Y x A 1

wdi-icaseniBlacksibgfrxandblhchicdrenfr-XBx.pe
Add 0N Black

NYERDIBLACKneuxTAkeonegqglh.inW
→𠱃

BXBLACKMACkneww.AE是
one ⽉

1 ),
⾮ 的 6号 bu

ctdbis.is
casel ⇒ case2naox.B.de

RED.theloopteminates.ae#3iBLaksib1ingfx,lefredChi1dfrwandrgHblac.be childfu
"或 B

⼋

DWRignthhonlDIlcxAdpswficase4-A.Dcoltdp-sii.is
à



casetiblaksibgfx.ba蜘ufchiuadredigchildfwDCCB-iickxlb_cLE.FI-120所已 (B)

B.IE/YeYdbiisA

iii.ˋ i ,
我

newx-T.ro t

WREDwailderenallblackcasel-sc.ae2
'

→ x.com==

REDorx-irootgtermznateswleftc.hu
REDuchlaukwryhtchildlREDWBlaki.ae?-sCaSe4-.-sx= T.rot loop trmmate!



12 4-1

tifthehaopterminateswnthecndtnthatXFT.net ,

thenlmezsmanimspopag2.itthe
"嘴 temnatesuntheondtnthatx.co100

==

BLAGweharenttouchurootyet.BA
-2

yp x-

P

☐ AED

yTRANMANTIDTT_RE.is#--iw
☒ RED 1J

REDCBLACDThewhilelopedszueitvi.no/atesthe
cond.tn

"

⻜ 0100 ==

BLACki.no/hetmrdswehaueaRED-and-BLACKXmede.iheline
25drsxtoBLACK.thuspgertg4isr.estord

、



13 . 43
38

38 / I

d 么 那 ⼀吼班的
19 4 1

的 ,
↓

的 ,
以 ⿅⺠

FIXUP.CL ⼈
8
含 ⼈

ii.
After DELET

38

38 f 年 1

/ 年 1 ⼈ w ↓

jyyfxP-De-P.ws/RunEIxUpNN/↓ ↓ BLACKSiblgBLAckchildemates.bg
我

ca.se#23./newXfStlgii
⼈



38 38

dbtlRB-DEECD.iq/stllIfYmneedfrN3l-xupNò ↓

⼈

38

38 1 年 1

DYYRBDEE-ntxNiic.ae#2XǗǙǗǛǕxxisrightchadi.Yht-DEETEC4DesNNXXN.li
𤄿c.ae#2EMPTY-IBTREEFNIL



1 3. 4-4 wschdncouklb.tn

wcabenilwhenk.tl ,beNIL.whuscadothevwi.sehpopertg5legualincasezc.me9 coudexa.me

BLaekheghdosuthdd.no头

在t.cgtheRBDEETE-vpwsrigntchaaisisnotexec.at
d.

NIL.whichislhihusonlgxcanbe.mil, case3.li

neizconldeuntkTNIL.Inthenhdeloopxcantbethent.co
xpisnotnd 、

Wsleftchildcouldbethnl.me23
" t.hr =BLACK

" 位
,

uhichisthease4.ishlinelhatmodgorexanineButnolineexam.me 。
ct

modgTNIL.TN
il.Insummag.me 2了couldmodgtheTNILngwhilelineqand.me/2Ctl0ngeominethT.NL node

。



13 .45

befreaftetoorSEGopvsc.SC
ase 1 3 3 2 2 2 2 3 3 2 2 2 2 ˇ

casezztcztcztcztc.itC
2+C

ztcztcztcztcztcztccase32tCHCHCltcztczteztcztc.lt
CHCZCZCcasl42tcztcHCCKCtCHCHCztcztc.ltCtdltctd ⽐⽐



1 3 .
4- 6

shewisREDincasetl.x.pisalsothepatentofw.Thus.xp.ca
notberedbutblack.otheni.se

, popagCRedpennt.Blcukchanlsiol.ae .

1 3 . 47

NO.InsertcaselT.net
B

○
/ nog _> ☒

90⼈④
④③ 2-

1 f Y 8L
t.fi 8点

AYRB-DELETECD.Thecolrofc.A.DE
difentac.bge.



13- 1
9 .

INSERT.foomtkhoflhleafmdeinetedDF.EEFmnlawttotasucassorfthenodeddeted.CO/Y-kEY(node)
b. 暱☒ TENT-TREE-INSER.TT 的 gnode ==NIL

yÉNIL deretnN.tt
瑟恋赟昆旺 (九)uol.wd.kg-ndkgirot.it

reannewNodewhilexttnlg-xii.fi
kegckx-COPY-NODECxrghtlg.rigu-xg.wft-x.UA

x-x.rghtelsex-copY-NODEcx.lgly.left-xiyiright-x.tt
x-x.leftroNodet.ro 必旺( keyn
y y

'
==

NILT.rooti.no/Uodellseifkcyikgyiuft=nao1Wdeelseyiright=
newNoderdrni.ro

t
,



C.hu)

d
。

Baseanodeannthavezpaensouoarecopygadthenod.es
whetree.li

烧热RB-DEETE.DBTNSERTchgesognnodes.whichw.inbeapieaihusthespue.ae0 (g)



13. 2

a. ③
RB-INSERT-FIXUPLT.tl 1 \

@

yuhilezpl-REfll-ifzp-2DD.lt
② 2

1 1 =

Z.p.P.rgntifg.color-REDdfiy.com⼆⽇

2AckZD.C@lorBl.Ac

illz-DPZ-color-RDftgz-z.pghtztZ.ph
1

LEFFRoTATECIZJltlz.p-rorBLACKCQSellzp.D.coG-DEDlc-HRIGHFROTATECT.IRD)
lelseigmmenccswuhghtiuT.tt ")
( ⼀

te-nlifi.rat.colorEREDT.wt.cohr-BLACKT.tn
⼆ 下 bhtl onwnt 0G)

inspueandiue _



RB.DE

⼆

千 九 ==

T.mofocihhadsnaeT.bhztbh-l-x.tw:5/3LACkweandeomine
taebhheighttagnedeinOCM.onamort.noa)

,



1 3-2

RB-MAXIUM-BLACKHEGHTCT.EJHhepgo.jrghtx-I.ro
unhhnehaveuitedFTNILBNrisit.edu①tTbhlIbhHb@cknodeswhilextFNILandBNVBitdEG.bh-E.bhj

yifxcoht-BLACRBNVisitedtyxixrgtretany.bg
OCT.bh-E.hn )

= 0(T.in) : 0(如)

csimex.gg⇒ Qx

@@ :
可

gy.P.rghtt.CTJUMUCED.hn
✗ > gzoaobinagsearchpopertgisroiat.eu



d.X.cdorz-REDxcanntbeTNIL.TN
,PTtty3CTNILISBLACkjholds.propertglCEuerylwdeisetUBLACKGREDJholdsobu.co.ug

,

propertyzismebothgandEhaoethesamebcaekhga.humoperty5leveryshpepathfomanode.to

aieafodecontainsthesamemenberefblACKModeD.ca
# 1

Case # 2 RB-JOIN-FIXUDCT.usx.yjifw.colorù RED

10th
②
\ RBINSERFFIXUP (列

只
④

只 只 elseyu-dr.IRED
⑨ ⑦ ⑨ ⑦

⑨ ⑦

dbibdbi.fi i

RBTNSERFFIXUPGDOChkognje.fi
bhEI.bhtheniycomesfomf.bocgnjcOCDdocgnthnRB-joi.NO

(G)



https://people.csail.mit.edu/alinush/6.006-spring-2014/avl-
height-proof.pdf

13.3
个(h)istheminimumneaTCNZTlh.tl) t T (

h -2) + 1

9hth.5mceich-DSTl.hn)

T (h ) ≥2ㄒ (
h-2) T10) = 1

T(1) = 2

in Tlh) ≥ <=> lgīcn) ≥ ②
<→ h< 26g 个们

Thus h = 0cg
n )



b.BALANCE
(九)ca.se#l:ift-ceftigx.Ift:heght-X:ht.ghtE2Z

y⼋
llgx.left.right.bg⽐ 不惭 V9绀雌从2 "

可 hpin.euxZLEFFROTAECIx.grg) ⼋
⼋ ⼋f.root-x.lefhXTGhtllitz.IT/lRIGH-RElATEG,xj

TEehgxgheyt-x.kft.hght-z.ee#zileft-rghtigx.
rightghghtzgt.rght.heigntRIGHFROTATEG.x.rght.lt) Z

Z

⼋
T.rottxrighx

T TffnLEFFROTATEM.hn
不

xh-i-CDn.gs/lretarnT.nt
⼋

给
_

𠺶㗸
左 亏

caseltlthech.aeupdatdhhtinROFT.TONS.
"

hc.ae#3:rgH-1ftzZ
/ |

⼋
万 yRIGHT.RO/

-

遁
,

「 x

(器
⼋

ㄨ T4
case#4

RIGHFRIGHTii




