OB (M) " H &) - &

| "4$98 12
SO - (R0, 10, L 2("H 0
4"(5'6!",+%,0% 7)8%"0

x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 1/ 56



2-3-4 [ (%0, 12.

IR0 * 48 - 4. (0(+().. 1 (+(). .2+(34.) 20 $5+(67 2022 8 2/ 56



2-3-41"#' &

o AVL-1"#'$%& ' #'(#)*4), *-#.(-.#) 1)+ 0.
o 12+'3+%4% %W-, - 1$" $'56:
CUTHSUR () H8,);
 '/,0L,298,+45,+,("",60'$" 49%,)7%
0 7)( 3/ .8" ¥ ,*+696, $:6H)#+ O!"#'$;, 0" #60H6-*, <"3--%8"#-$98)-; .
o = B-1"#'$;, 0% *%) $"0"' %! "#'$;"$ % 6+) (%), +% #6"! . #]
$-)H(6/.1)9"+6, -#.1983(6 6 B-1"#'$;, 198 ?" #)**<6-)+ +) $+'?+QO
)3, -,
o A)$)B" %C'I 6+63 | 396<+ " 6 B-1 "#'$;, $2-34!"#'$;, 0,

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 3/ 56



2-3-41"#' &

Debnition (2-3-4 ! "#'$%

2-3-4 1 "#'$%8% ()* & ! "#'S% 96*(), (%IHIB 96: % . *-% 96: %6$ (%9498
*0b"#8)-* .[B/ -#20-6 % & 2-.09/ , 3.0/ 64-.09/ .2-. 09 *0"#8)- %6+
(9@ ky 6! $" **/ 9(6 +) E9"3"+/ k< ky 6 E0"3"+/ k! ki. 309/ *%"#8)-19)
(9@X) ki 6 Ko, k1 < Kp. 6 -#6 **/ 9(6. F"#$), **/ 9() & +) E"3"+/ k < ky.
=-0f), & 4) E'3"+/ Ki" K< kp6-#-:, & 4) E'3"+/ *Kk! k. 4.09/ &
OB H8) -, *OBe$'-*-$'H0h -#6 (9@X) ki < K» < K3 6 <"-/ #' **/ 9(6.

Debnition
G )9) +*6H9B) +9%8 2-3-4 | "#"$%& 2-3-4 1 "#'$% 96*(), $ (%WIB S ' . *-/ "
H O, -* +) BHIBY *%".

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 4/ 56



VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 5/ 56



")+ $2-34!1 7'

1. FOB*( +)<6+)"-*, $(%+".
2. 1*96 (9@< #)$'+ %, :/ %+98. (9@x. $.D" & VEHH)5)"3 .DO.

3. F#6 $/ ' 99+"+66 + 8 +94%.*9986, $.09" & #'(. #6$+%Y D $"3 *":, 19,
+. 8 +94% %. D).

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 6/ 56



, - 8 $2-341M#'Y(

o 79)**6<"*(), $-)$() $BST-1"#'$%(' 96*( 6 $+-)N) $-"#36+)9;+ B.D9)
'0%6) & !"H'SY%-"H,"- 1)0)+*.

HYGE %8 2-3-4 | "#'$%66 : ) 9) +* 398 +9%6*% 9@ - 6.

1%96 . D919, $*-)H(6 & 2-.D'9, -% #'$#)5)"3 "4%$ 3-. DO.

1*96 . D919, $-)H(6 & 3-.D'9, -% #'$#)5)"3 "4%$ 4-. DO.

=5 )$() $4-.D9-#:."- #)D6"+6, .1D) ) | $) 2-.[9).

196 $ #956-"9; *(98 . [9" "*-; 3"*-%(E %2- 696 3-. D'9), - %%"#) >6,
KD,

| <-9%!"9)-;, "*06 #966-"9; & 4-.D'9?

J', - D6 "6 H) - $$HD?

° H.8+%%"* "<6-;, <-%/ "#6*' .*(" $+6D4-. DD/ +' 39496 :/ :/ -; (9>9%8
" 96%().

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 71 56



, *- .85 $2-/0'1

=*.1$9, "3 (9@ 10 $ 2-. D'

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 8/ 56




, *-. 5 $3/0'1

=+.)$9, "3 (9@ 17 $ 3-. D9.

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 9/ 56



, *-. 5 $4-/0'1

=*-)$9,"3 (9@ 12 $4-.D'9. KD 6$)"3 4-.D9 +) | $) 2-.9) (4) 6 (10). =*-)$9, "3
*#'1 +6B . DO (7) $#%6-"9;*(6B 2-. D'O. FI%- 9%, "3 $*-)¥(. (12) .8" $2-.DO.

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 10/ 56



23"*4"5"6)" (-*/-*-$) &A/OL($$7"*-" $+-.$4).

o H): 9@ "+6": ' #6 ' "#'3"5"+66 (9@<"B 398 4% "#'3"5)-: 6 **/ (6.
o )#6)+/ ' %$9"+6, 4. [9) ' #6 $-) ("
1 2. #$+2,81" 98 4. #5, 3. 8"HOW"I3 4. #$" " 2)" 2. #5". 8,2%/$( 2/$"/3
3. #$,3.

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 11/ 56



23"*4"5"6)" (-*/-*-$) &A/OL($$7"*-" $+-.$4).

o =)#6)+/ ' %$9"+6, 4-. D) ' #6 $*-)H(":
2. 3 H$+2, &1 UB 4. #5,3. 8"HON"I3 4. H$' " 2)" 2. #5". 8,2%/$( 2/$"/3
4-.#5,3 +,2' ,6',),6 +* $7,6.

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 12/ 56



8%'1)5"6)" $9*(-9 I"#'$.

o 798+ 398" %()D-;*, 4-.998.
o K)D6$)"3 "Mb+) 44.'" . 6D-#20 2-. (D%

o L-%8& "1 6+-$'++ B*9.<)B, (%) .$'96<6$)"-*, § *%) | "#'S).
J ! HO8H'3"+00! 9, $0 . D%

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 13/ 56



L1t 06(" 1 (2

A)+98 | "#'$%) : *9B@ +%0*: ) 9) +*6HIB) ++%

0 J'"#)>66 $+-)H(6.$'96<6%) @ ¥ *%. | "#'S), -#':., S#'| (%$-#'<) @ "3*,
0.1?2"3 *9.<)" logN ' #'%#) V8) +6B.

o L3' 6HE<"*(6" 6%9"1 98) +6, ' %) D) 96, <-%(9B6<"*- $%6#) D 6" +6B : 960 %(
o(1).

G)3/ B:99;29B +'196-)-96 & + 8+96#): %)-; * -#'3, -6 )36 . D%
FOB"+ "3 ' #'1%-)$0"+6" +) ' #6Y <98 & 2-1"#'S;, .

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 14/ 56



CH(3H0($.6)" 2341 "#'S. $2-1"#'Y

o FO%#%."3 '#'1%-)$9,-; 2-3-41"#'$;, $$6!" *-)+ )#+ OBST-I"#'$,"$, *
+'(%%/ 3 | 9%)$9"+6"3.

@ 7)8!/B364.D9:.1"- +'(63 :9%% (M6(*6#%%)++ 3 (.*(98) 2-. (9%.

e 4-.D'9 63""- M6(*6#%%) ++ @M%3..

e 3.D963""- 1$) $)#6)+).

o G$, DB, >"3"+6# @ 6" 3-64- .09/ '9B8"-63 (#)*+ 3 >$'-98.

@ J*)9;H " *$ B & <2#+ 3 >$'-98.

o N$'- .®) %#'1"9,"3 "'%>$"-. '#6?"! ?2"B*$, 6.

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 15/ 56



C-H# +[#. 4-/01.

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 16 / 56



C-# +/#. 3-/01.

IR0 * 48 - 4. (0(+().. 1 (+(). .2+(34.) 20 $5+(67 2022 8 17/ 56



3%'4*&565 70/ 0F0. 12

Lo #S% () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 18/ 56



o TH) *+0<2tH " 1"#'$,, (RB) & '#'1*-)$9"+6" $$6! " 21 "#'$:"$ 2-3-4
|"#'S ",

o =*" *0BH#)8"46, %2-3-41"#'$;, 0+ #)$'196% !9, RB.

o G#96-"9;+ " :9%6 RB-!"#'$) & 300/ 64-.00/ 2-34!"#'$).

o RB-I"#'$;, *05"-)@ ' #9%-%. ' 96*() BST-1"#'$) C %+966-"9; +9B ' #96-%9B
$-)H(6 6 :)9) +*6HIH(6 2-3-4 | "#'S) .

o O)-#)-/ +) %W4)+6D)>6@+"$'96(6: 1:6- +) >$'- 6' 99" #9b6-"9, .

o J*HUB4), HUBH(): "6 %) #': 24() (H)*H ", -%. D9 & <)*-; 4-.[9).

o J*496+ " %"#)>66 398 49 #IBDH6-; 3)9 36 YY) 36 6
U (#)? 6$) 46" 3.

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 19/ 56



<# *6(-5HE9" | "#'DE (3>"" (4#'1"1"6)" ) *H *-$.

7 H#) *+9%<2#+95 | "#' $UE %*: ) 9) +*6HUD) ++90 : 6+) #+95 | "#'$%' 96*().
1. ="#26+ #HD"QH ) V#(+ " 6-. H#+ "
7)8!), $'#?6+) 63""- .()D-"96 left, right, parent.
7)81), -"#36+)9;+), $'#?6+) (96%-) & <2+, .
1%96 $'#264) & (#H)*4),, -%'21"-6 & <2+ ".
=*" ' .6 % %+ root ( 96%-;,3 *9b"#8)- %h6+) (UBY <6*9%<2H+ 0 $'H? 6+.
L-%<6*9%+)D $)"-*, - . #+% $, (0% ! "#"$*, black height, bh(root)

SLE R S AN

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 20/ 56



<#.*6(-5=H69" | "#'$%8,

* 4§ - - (0(+().. 1(+(). .2+(34.)



<#.*6(-5H69" | "#' P&
Theorem
| HE (MOB) *)")+&SN 4%-")986/ . 0.$12/ . ./))- +3%&, % 4&0)) log, (N + 1)

&% () (*"+, -*$%
Ol "H"SUB () *+-.#) W& ,.)-. -1'2.
1 03.4(5, *8 |Ty| >= 2000,
6.7 $-8139$$: : 198 )(,; $-. x #)"#(&# "$9805. <0=8. bh(x) = 0$ |T(x)] = 0< 2°0()

198 )(,; $-. x - #)"#(&4 "$98D5 $ bh(x) = k. <0=8. 8"# 0>0$? @ED530) bh(l) ! k! 1,
bh(r)! k! 1,&3.3,.%/ A>IB(&$5(& )/ &Lk, *+ -/ AB k! 1.

0 0@(8@"04(-$2 $-8139%$ |Ty[,|T,|>= 21" |Te|= Ty + |T | >= 2! 1 O
@ : 0%0AW)1(4) -(5(-(( @'0)$-/ 17°0) W98 )"#2&*+ -1 ()(,; $-/ .

@ bh(t)! H/2

e N! 2°/21 1

H*" 2aog,N + 1

LA () X4, - [+, (0(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 221 56




<#.

*6(-5H69" 1 "H'PE - @) 5" 1"-. 1)

P! % +%6*' 99; D&)-; +' NLL 6 +" nul I ptr,) !9, ()8! %%l "#'$) 63"-; *$IB
<2#+/ B.D9 nil.

K)D 6$)"3 *-#. (-.#. 1)+H 04) 1$' <)*-6; 6+ "#M'B+ @6 #') 960) >6%+ @
F#6 %/ <+OB $*-) $(" *$UB*-P) (#)*+%<2#+96-6 3%.- H#.?)-;*,.

A9, 6IB"+"'+6, (#)*+%<2H#+96-6'#63"+ "-*, (9" (-6#9H() >F'-+96-6 &
Pxup.

Pxup *$%6- *-#. (-.# "#'$) ( (98: 6+)>66 2-. DY, 3-. (9% 6 4-. (D%B.

=*' 08+63: ' #6 $*-) (" +H'WOH63%N "' "<6-; %*.-*-$6" 4-. V) $3"*-"
$-) (6.

=*" 0p"#)>66 * 2-3-4 . V)36 398 +%0 #IB%6-; %/ <+ 36 ' %Y%) 36.
TH*H " $'H? 6+ %#'1"9, @ (#H)*+ " >"3"+6# @b 6" *$, 6 $2-34 ! "#'$".

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 23/ 56



<#.*6(-5=HBO" | "H#'$U8: *-#+/#9 | . 669 @

typedef int T,

enumcol or_e {
RED, BLAKK
b
typedef struct rbnode s {
struct rbnode_s *left, *right, *parent;
enumcol or_e color;
T key;
} rbnode;

typedef struct rbtree s {
rbnode *root;
rbnode *nil;

} rbtree;

IR0 * 48, - 4. (0(+().. 1 (+(). 20 $5+(67 2022 8 24/ 56



" ()*+3$RBT

o FI6*( $RBT +6<'3 +' %96<)"-*, % '96*() $ 9@ 98 BST.

Lo #S% () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 25/ 56



" (H(#(-9 $RBT

o Q3"@ *9"!.@b 6" %96<6, % ' UH%IS $ BST:
© 94:2" WB//-H 1,2%/$4.;,),1,- 2,8</" T,01/T-%,)"-4 %!, 2%/ $(.
Q =-2$4, WB//-H 7,1/ 42/1]1)". >+8%, 5/1"?2%W6#'2/)"@ 7,!1' 4, ," 2,$</'
0 -4 %3/' A .
© ;48 )I"B/I"% "/ -1/0./-H ), BI"B"-4" )*6 T,/ 4 1. 7-.1" 2/1])"
2, ~% 98" % ,-2/$4 ,:, 7,1 (%!, 2%/$/6.

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 26 / 56



#.>"6)" /0L $RBT

static void rotateR ght(rbtree *r, rbnode* head) {
rbnode *new head = head- >l eft;
head- >l eft = new head->right;
if (new head->right '=r->nil) {
new _head- >ri ght - >parent = head;

}
new _head- >parent = head- >parent;
if (head->parent == r->nil) {
r->root = new head;
} else{
if (head == head->parent->right) {
head- >parent - >ri ght = new head;
} else{
head- >parent - >l eft = new head,
}
}

new head->ri ght = head;
if (head !'=r->nil)
head- >parent = new head,;

L AU () -l (O(+(). . 1(+(). .2+(34.) 20 $5+(67 2022 8 27/ 56



<#. *6(-5#69" | "#'$& $*-.$+
o =)8+98 D3")+6": ' %9" $"0 % "#)>6B (%'+ 988"+ %-)$)-;*, <2+ 3.
K)**3%#63 $)#6)+/ , (Y4 ) #9b6-"9; #': 2+() *9"$) % ! "1 .2 (6. A9, ' #) $%%
*9.<), $2*633"-#6<+%
=*-)$9,"3 " %-6 () ( $ %/ <+9% : 6+)#+6 | "#'$% 96*().
AYPD63 | %-"#36+)9; +94%. [9).
7#)*63 .D9$(H*+H B>$'-, 1"-6 & NIL, -. ". <2#+ ".
e A)9"" & $)#6)+/ :

1. C, D/2%+)/" " *6 B3/ -. F1"498 ) A" *6 ?)/-. QD (D

9
/\

2. 8,2%/$4D &' *6. G )"1%"' -* '/ 5,3/" ($%4. D i

L AU () x4, - [+, (0(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 28/ 56




<#.*6(-5+#69" | "#'$%& $*-. $+

3. K%6-"9; & (#)*+ B. 7999606, . =%#%: (#)*+ B96 !, 1,7
31 A1, & (#)*+ B L-% #%-%

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 29/ 56



<#.*6(-5+#69" | "#'$%& $*-. $+

3. K%6-"9; & (#)*+ B. 7999606, . =%#%: (#)*+ B96 !, 1,7
31 A1, & (H)*H B L-% #9%-% F"#'(#)?26%9)"3 #96-"9, * | 1"B$ <2#+ B
S$'- 61".2(. $(#)*+ B F9b+63)"3* 1%!"1.2 (66" %%, "3 ) 90#6-3.

 —

Qi Caid G Caid

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 30/ 56



<#.*6(-5+#69" | "#'$%& $*-. $+

321 A, 1, & <24+ B F"#'(#)*(YB +" %! "9)"?:* . F#6! 2-* $#)5)-;. R98"-
*9.<6-;*, 3)9/ B' 9UB9H%, "*96 X & 9"$/ B#": 24%.

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 31/ 56



<#.*6(-5+#69" | "#'$%& $*-. $+

321 A1, & <2+ B I 4B "#' () *(UB+" %! "9)"?:* . F#6! 2%, $#)5)-; $
1" 2(". R9B"- *0.<6-;*, 3)9/ B' %%%, "*96 X & 9"%¥ B#': 24%. S)( ()(
$ D" B0B"+'46, W'+ 96-)O%, <2+ 3 & %"#)>6, D) (%<'+).

— GD @D /\

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 32/ 56




<#.*6(-5+#69" | "#'$%& $*-. $+

322 A, !, $2"52<2#+ B, +%X & '#)H B#": 2+%.

O
AN JAVA

DICD

Lo #S% () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 33/ 56



<#.*6(-5+#69" | "#'$%& $*-. $+

322 A1, $2"52 <2+ B, +%X & '#)Y BH#': 24%. A%)8"3, <% #H Y B' %%%
S 2 (" "SUEBIB"+ F.*-; <2#4), § *%) 64649, 498 MH)43"+" :/ 9) t.
SVl ) <2 " H *%/ ME)B"+9BA, B, CHSH t! 1,)D6EE&t! 2
FO59" $#)5"+6, <2#+), & *%) +' 1998 +) 60B"+6-:*,. SV ) P & <2#4+),,) G
6X & (#)*+H ", <% H%OSU'<6- *$UB-$)3: +"- 1$.0 (#)*+ 0.099% ' %b#, ! .

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 34/ 56



<#.*6(-5+#69" | "#'$%& $*-. $+

322 FYE9B., ()( 6 $AVL- "#'$", + 8496 #'1 $)#6-"0; +96 UB'#+. -; $9"$%6$
H56-"9",) D-"3 & $ HIUS!".2(".

x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 35/ 56



void rb insert fixup(rbtree *r, rbnode *x) {
if (x ==r->root) {
x->col or = BLACK, return;
}
whi | e (x->parent->col or == RED) {
if (x->parent == x->parent->parent->left) {
rbnode *uncl e = x->parent->parent->right;
if (uncle->color == RED) ({
X->parent - >col or = BLACK;
uncl e->col or = BLAXK
X->par ent - >par ent - >col or = RED,
X = X->parent - >parent ;
} else{
if (x == x->parent->right) {
X = X->parent;
rotateLeft(r, x);

}

X->par ent - >col or = BLACK

X->par ent - >par ent - >col or = RED,
rotateR ght(r, x->parent->parent);

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8

36/ 56



<#.*6(-5=H69" | "#'$U8: /1.1"6)"

H)<)9%.1)9"+6, & (9)**6().

PDO & 96*-98YB. P()D)-"9; #9b6-"9, +) +'4/%6*-)$63 $NIL.

P .[9) %6+ #": 2494. F9b+63)"3 "4%+) 3"*-0%.])92++9B.

P.09) & '$) #:2+). HY %63 36+63)9;+ BEO"3"+ $'#)$98 ' %! "#'$". P
A 19960 1"-"B, .1)9,"3 "4 "# ", (9@ $4H)? . DO.

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 37/ 56



<# *6(-5=#69" ! "#'P& A) 69A(*1" /1.1"'6)&B G.4 1.
e G3. $'#?6+ 3/ .1)9696, . +'296: %+" :/ 9%! "-"B, 96: %:/ 9 #9H+%6% 6+
#': 249, (%%HY4%69 YBH) <63 X .
4. 1%96 3/ .1)9, 96 (#)*+ @$'#? 6+ 696 ' #6296 $ (%'+, -%$*2.8" *1 "9)+%
51 X & <2#+ B H)* D6+"#"*%)9 >$'- :#)-) X. H)3 + 8+%*!"9)-; "%
<O+ 319, *9" @ "MNE)'). 1¥96 % (#)*+ B& ' %) <6$)"3 .D'9 %>)
$9"$%($H) 5" +6" * 1 #)-98) 6 ' "#'(#)?6%$)"3 60: %>) $<2#+ B, 1 #)-) $
(#)*+ B.S""# . X & <2#+ B:#)- N1, <%H3 6 9! %

(%) (2
A A®® @ @

/A /o

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 38/ 56



<#.*6(-5=H69" | "#'$UB: A) 06%4(*1" /!.1"6)&B G.4 2.

5.2. O "% X & <24+ B, #956-"9; (#)*+ B 6 : #)- <2+ B G3%#63 +)
'9"3, ++6(%.

5.2.1. 196 %) ' O"3, ++6() <2 ". AW-)-%496 "#'(#)*6-: #9b6-"9, $ <24+ B6
T#)-) $(#)*H B, ' "#' 063 $#%6-"9, 6' V-0 "3 )OMK6-3 * ' .+(-) 4.

A A®® A A

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 39/ 56




<#.*6(-5=H69" | "#'$U8: A) 06%4(*1" /!1.1"6)&B G.4 3

5.2.2. 1*96 ' #)§ B' 9"3, ++6( <2#+ B 9" B& (#)*+ B F"#'(#)?6%)"3 :#)-) $
(#)*+ B>$'-, 9" 9"3, ++6() $ <2+ B6 ' U'#+23 60. F"#'§ <6*963
#)-) 6'"#'B 23 (' %9"1+"3. E)' ..

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 40/ 56



<#.*6(-5=H69" | "#'$U8: A) 06%4(*1" /!.1"6)&B G.4 4.

5.2.2. 1¥96 ' #)$ B' 9"3, +6( (#)*+ B, -%(#)*63 :#)-) $>$'- #956-"9, , (#)*+94%
19"3, ++6() $ <24+ B6 $4)5)"3 #966-"9, $9"D% | $% -" "# & $2

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 41/ 56



<#.*6(-5=#69" | "#'$8 Vs D, E-!"#'$&

RB-tree AVL-tree
G#' + , ¥ *%) 1 %1.38H H
Foo*(/ $*-)H) 1 961.38t t
FO8o#% % ' #6 $*-) $(" I %2 1 %1 : 99; ? %4%
FO8% %% ' #6 .!)9"+66 1 %3 I %log N
A%9%9+6-"9;4), ')3,-; | 1:6- + parent 1 *<2-<6(

IR0 * 48 - 4. (0(+().. 1 (+(). .2+(34.) 20 $5+(67 2022 8 42/ 56



8080. & & $0H( &

Lo #S% () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 43/ 56



F'#'$( (-#'0H$

F.*: 93 DI %#'26-; D!)<6:

o R-+044H)-+98 +) (B! "+6" 3)(*63)9; +94%DH) <"'+6, +) %#'[{)0 3)**63).

o R4YLH)-+9% +) (VB! "+6" *.33/ +) %#'" 3)**69).

R/ .3""3 *04'#?)-; E6!"B-$6, D $#'3, O(N), 4" N = R! L+ 1. F#6
%! "02++0B ' % A%U8(" 60 398 +%6*96'#2)-; D O(logN).

IR0 * 48 - 4. (0(+().. 1 (+(). .2+(34.) 20 $5+(67 2022 8

44 | 56



F'#'$( (-#'0H$

Fo%#%."3 $9%' 98, D) -, *, :6+)#+ 36! "#'$;, 36.
A9, '#63"#) $323 3)**6${3, 1, 4, 1, 5 9, 2, 6}.

=% ()( $ %,!6- E% 3)**6$

s e s e J (2] e

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 45/ 56




P S( (-#/04(3

FOb) #+9%+0B] 6+63 *U6"1 +6" $'#? 6+ , ' 98"*-6$ $ . D'9-#96-"9; Dr)<"+6"
M. +H(>66 max(l eft, right).

A S U AU o

s e s e J (2] e

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 46 | 56



F'#'$( (-#'0H$

F#%"9)"3 E. 8" %"#)>6@% ' 99. <6%$? 60*, . D%

IR0 * 48 - 4. (0(+().. 1 (+(). .2+(34.) 20 $5+(67 2022 8 47| 56



F#'S( (-#0(3

H) (%">:

L) L)) )G o2 s

KOb6-"9; ()8! 94%6.09) +)D 9"-*, | "#UB& () $# ' *+"4.

VoY #HSYR () 4§, - - (0(+(). . 1(+(). .2+(34.) 20 $5+(67 20228 48/ 56



F'#'3( (-#'0H$ 4#'1 *-.$1"6)"

=OBBYB + B #6)+ ' #'1*-)$9"+6, & b/ <+9B : 6 HHB | "#'$%* . ()D-"9, 36.
o H) ()8!/B.D9-#"."-* 1%) .()D-"9, $+6D
o AD, .16H9BH): %/ -#':."-* 6+ 6()-% TS B'#$ B.DU 6 %6+
.()D-"9; +) #%6-"9, .
o R6+63.3 4 @'3"+) 4) .DO.

HO6$'l ; E%8" ' 98498 | 6+)#+95 | "#'$98 S ) ' %3, +' 6*' 09, DIf)-; 1 64)#+ @
(.<.?

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 49 | 56



F'#'3 (-#'0H$ 3)6.#6. &+ 5.

VEH#+), (.<) -#'1."- ' 9B+94%: 6+) #+98%! "#'$) . 7 9B6<"*- $%ED" 3"+ %5 | 988 +%
- " @) $UB(6.

K
3 ) (1] EBER TR

W-%! 998 +96+) %b6-: *, $.D9)0, %3"<"++ 36 DH) ()36 $%#%) ?

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 50 / 56



F'#'$( (-#'0H$

=*" DH<'+6, $.®)0YH <6*9, @*, * ' 9B ; @M. +(>66

P = max(L,R).
W%/ +' ' 9%6-; *.5+9%-6, -%8" *)3% ! 998 +% #96*(H6-; * E'3"+98 O?Q

S%'*-; E'3"+ PO"*-; 1 ",

A9, M.+H(>66 max <6*9%! " "*-; %-.& +0%U - 2+ #,%.

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 51/ 56



F'#'$( (-#'0H$

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 52/ 56



F#'$( (-#'0H$

QY. 1'#'S) %H' DB H* H-#)+,"-*, +) $ -) (6" M. +(>66, $ (%% O

VoY #HSYR ()

A#B = B #A
A#B #C)= (A#B)#C
$E : A#E = A
J'"#)>6, | H'B-#)9;+ BER"3"+

nax e

mn +"

+ 0

* 1

x4, - [, (O(+().. 1(+(). .2+(34.)

20 $5+(67 2022 8

53/ 56



Fr#'® (-#'04$ . 1G#H) -79

(3@®) (1©@) (4 @) (1av) (522) (913) (2(14) (6(15)

o Create(size): *9R) ) 2-*, ' 98+%% : 6+) #+9%0 | "#'$% 6+6>6) 96BHIB) ++)
+'B-#9;+ 36 ®"3"+)36. C = min(2¢) : C ! size.
e Insert/ Replace(i, val): body[i+Q =val ; propagate(i);

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8

54 | 56



F'#'$ (-#'0H$ H/6H) &6. (-#'0+
)
19 (502:|(009) (2a9) (s09)

e Func(left,right):
' Res = E
rif (left %2 = 1) Res = p(Res, body[ | eft +4])
vif (right %2 == 0) Res = p(Res, body[right-¢])
vif (right > 1left) Rs = (Res, Func(left/2, right/2))

L AU () x4, - [, (O(+().. 1(+(). .2+(34.) 20 $5+(67 2022 8 55/ 56



F'#'$( (-#'0H$

GO98 +96-; %"#)>6B:
e S#':."3), ")3,-;:min= O(2N)...max = O(4N).
e J'"#)>6, Insert/ Replace: O(logN).
e J'"#)>6, Func +) 9@ 9B ' % %#'0": O(logN ).

VoY #HSYR () *A$, - A (0(H(). . (). . 2+(34.) 20 $5+(67 2022 8 56 / 56



