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AVL Trees way Red-Black Trees
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AVL Tree

e AVL = Adel’'son-Vel-skii + Landis (1962)
e AVL Tree = Binary Search Tree + n4)
o AVL Tree

—empty tree

— a node with two AVL subtrees (T, , Tg)
| height(T,) — height(Tg) | <1
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Fibonacci Trees
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Wiiaauay AVL

e contains, getMin, getMax, successor, ...11'l3
LRaudavidaya dotniiauuag BST

e add, remove fadtddau tWadnIng
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public boolean add(Object 0) {
iIT (root == null) {
root = new Entry(o, null); |auldiing
size++; return true;
} else {
Entry temp = root;
int c;
while (true) {
c = ((Comparable) o).compareTo(temp.element);
IfT (c == 0) return fTalse; |4.9a4
IT (c <0) { -

dayalnidiatiaanii innege

} else {

dayalulifidrunnnii a9




while (true) {

c = ((Comparable) o).compareTo(temp.element);

iIT (c == 0) return false;

if (c <0) { 41 node wdvgalaily =
1T (temp.balanceFactor != "=") ancestor = temp;
1T (temp.left = null) {

temp = temp.left;

} else {

temp.left = new Entry(o, temp); | ‘Auludnwasdy

TixAfteriInsertion(ancestor, temp.left);

wilan a9

si1ze++;
return true;

}
} else {

dayaluifidaiunnnii lumnI9aN

}



fixAfterInsertion : ns&ii 1

ancestor tilu null
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fixAfterInsertion : ns&ii 2
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fixAfterInsertion : nseili 3, 4
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fixAfterInsertion : nselii 5, 6
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void FixAfterlInsertion(Entry ancestor, Entry iInserted) {
Comparable o = (Comparable) (inserted.element);
iIT (ancestor == null) {
root.balanceFactor = o.compareTo(root.element) < O

? "L - "RT7;
adjustPath(root, iInserted);
}

else 1f((ancestor.balanceFactor == "L" & O O
o.compareTo(ancestor.element) > 0) ||
(ancestor.balanceFactor == "R" &&
o.compareTo(ancestor.element) < 0)) {

ancestor.balanceFactor = "=";
adjustPath(ancestor, iInserted);

+ ®
else 11( ) { --. :

else 11( ) { --. Z&jizl ‘éif]‘k
else if( Yy { ... o 0
else {
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private void adjustPath(Entry to, Entry inserted) {
Comparable o = (Comparable) (inserted.element);
Entry temp = 1nserted.parent;
while (temp !'= to) {
IT (o.compareTo(temp.element) < 0) {
temp.balanceFactor = "L";
} else {
temp.balanceFactor = "R";

by
temp = temp.parent;
}

Inserted Inserted




void FixAfterlInsertion(Entry ancestor, Entry iInserted) {

Comparable o = (Comparable) (inserted.element);

it ( d>{ --- }
else 11( ) { --. }
else 1T( ancestor.balanceFactor == "R" &&
o.compareTo(ancestor.right.element) > 0) {
ancestor.balanceFactor = "=7;

rotatelLeft(ancestor);
adjustPath(ancestor.parent, iInserted);

}

else if( > { .-}

else if( > { .-}

else { --- }
}

ancestor %2)
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void FixAfterlInsertion(Entry ancestor, Entry iInserted) {
Comparable o = (Comparable) (inserted.element);

it ( d>{ --- }
else 11( ) { --. }
else 11( ) { --. }
else 1T( ancestor.balanceFactor == "L" &&
o.compareTo(ancestor.left.element) < 0) {
ancestor .balanceFactor = "=";

rotateRight(ancestor);
adjustPath(ancestor.parent, iInserted);

}

else if( > { .-}

else { --- }
}

(S é ancestor
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void FixAfterlInsertion(Entry ancestor, Entry iInserted) {
Comparable o = (Comparable) (inserted.element);

it ( >{ --- }
else 11( ) { --. }
else 11( ) { --. }
else 11( ) { --. }
else 1T( ancestor.balanceFactor == "L" &&

o.compareTo(ancestor.left.element) > 0) {
rotateLeft(ancestor.left);
rotateRight(ancestor);
adjustLeftRight(ancestor, iInserted);

+
else { --- }
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Left Rotations @

private void rotateLeft(Entry p) {

_Entry r = p.right; r

. p-right = r.left; i

1T (r.left 1= null) { oo T

. r.left_parent = p; i ™

s I : B\ /C

. r.parent = p.parent;

_______

. 1F (p-parent == null) {

. root = r; |
'} else if (p.parent.left == p) {
. p.parent._left = r; i
.} else {

. p.parent.right = r;

navnyuAdailu search tree



Right Rotations @

P

private void rotateRight(Entry p) {

- p-left = r.right; |
. 1f (r.oright = null) { 7 Tl
. r.right_parent = p; :
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. r.parent = p_parent;

. 1F (p-parent == null) {

. root = r; 5
5 } else if (p.parent.left == p) {
. p-parent.left = r; |

——————

 } else {

. p.parent.right = r; i N—
1 S

. r.right = p; i P

. p-parent = r; N T

}______________________________________'

navnyuAdailu search tree



add T4itaa1 O(log n)

WWineudnd eaansndelu O(h)

fiav adjustPath ann node 1119 1n O(h)
anafinsunuatneunngasasy O(1)
1IR153U O(h)

hav. = O(log n)
P89 add tilu O(log n)
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TreeSet + TreeMap

¢ Collections framework 4 TreeSet LLay
TreeMap

e TreeMap implements Map Au (key, value)

e TreeSet tAutiayalu key uag TreeMap
(laigula value uav TreeMap)

e TreeMap AaLAu (key, value) a1y nodes
61vq AaJIau Ll Red-Black

e Red-Black tree (ilu balanced binary search
tree ( hgyg < 2log, (n+1) )



anrrarzaad Red-Black Trees
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AUIUU Y

o Wi bh(t) wnudrwududzasifnGuain t 1
doduilisanimanianife) g e
n(t) > 2bh®) — 1
e Agaul : TiMidadiiauu h(t)
— basis : h(t) = 0, 16 n(t)=1, bh(t)=1,1 > 21-1
h(t) = 1 uay t Aanthen, 16 n(t) = 2,
bh(t) = 1,2 =21 -1
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o WU :
— inductive : 1% t i&298n U UKL Vv
e Wiia t tfluduwme : bh(u) = bh(v) = bh(t)
o ia t Wfuiusn : bh(u) = bh(v) = bh(t) - 1
e h(u) < h(t) uaz h(v) < h(t) wse u uay v iiuan
en(t) =n(u) + n(v) +1
e 317 inductive hypothesis

— n(u) 2 26h@) — 1 > (2bh®-1) _ 1
— n(v) = 250) — 1 > (26h®-1) _ 1

e n(t) = (25h®-1) — 1 + (2bh®-1) _ 1 + 1 = 2bh®) _ 1
B




ANUFVUAY Red-Black Trees

* ANNANY : ANAILAIAIAINUANIRAIQN
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o §17IumvAY uiluavdavfiniiasn
— iU bh(t) = h(t)/2
o &9 n(t) = 2h02 1

e 1d log, 1a h(t) < 2 log, (n(t)+1)

Red-black tree 7fi n u go'laitAu 2 log, (n+1)




TreeMap

public TreeMap ... {
private Entry root = null;
private iInt size = 0, modCount = O;

static class Entry...{

Object key, value;

Entry left = null, right = null;

Entry parent;

boolean color = BLACK;

Entry(Object key, Object value, Entry parent) {
this.key = key;
this.value = value;
this.parent = parent;

}




public Object put(Object key, Object value) {
Entry t = root;
it (t == null) {
incrementSize(); // size++; modCount++;
root = new Entry(key, value, null);
return null;
+
while (true) {
int ¢ = compare(key, t.key); //key.compareTo(t.key)
iIT (c == 0) { return t.setValue(value); }
else 1T (c < 0) {
it (t.left '= null) { t = t.left; }
else {
incrementSize();
t.left = new Entry(key, value, t);
TixAfteriInsertion(t.left);
return null;
+
} else { /7* add 1In the right subtree */ }
+
+




fixAfterInsertion(x)

private void FTixAfterlnsertion(Entry x) {
x.color = RED;
while(x = null && x!=root && Xx.parent.color== RED) {
1T (parentOf(x) == leftOf(parentOf(parentOf(x)))) {
Entry y = rightOf(parentOf(parentOf(x)));
iIT (colorOf(y) == RED) {
/* case 1 */
} else {
IT (X == rightOf(parentOf(x))) {
/* case 2 */
by

/* case 3 */
by
} else { /* case 4, 5, 6 */ }

}
root.color = BLACK;

}




private static final boolean RED = fTalse;
private static final boolean BLACK = true;
private static boolean colorOf(Entry p) {

return (p == null ? BLACK : p.color);

¥

private static Entry parentOf(Entry p) {
return (p == null ? null: p.parent);

X

private static void setColor(Entry p, boolean c) {
iIT (p '= null) p.color = c;

}

private static Entry leftOf(Entry p) {
return (p == null)? null: p.left;

}

private static Entry rightOf(Entry p) {
return (p == null)? null: p.right;

}




fixAfterInsertion(x)

private void FTixAfterlnsertion(Entry x) {
x.color = RED;
while(X "= null && x!'=root && X.parent.color== RED) {
1T (parentOf(x) == leftOf(parentOf(parentOf(x)))) {
/* case 1, 2, 3 */
} else {
Entry y = leftOf(parentOf(parentOf(x)));
iIT (colorOf(y) == RED) {
/* case 4 */
} else {
IT (X == leftOf(parentOf(x))) {
/* case 5 */

}
/> case 6 */
}
}
}
root.color = BLACK; 4 5 ©

}




fixAfterInsertion(x) : nseli 1

1T (parentOf(x) == leftOf(parentOf(parentOf(x)))) {
Entry y = rightOf(parentOf(parentOf(x)));
iIT (colorOf(y) == RED) {
setColor(parentOf(x), BLACK);
setColor(y, BLACK);
setColor(parentOf(parentOf(x)), RED);
X = parentOf(parentOf(x));

}
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fixAfterInsertion(x) : nseili 2

iIT (colorOf(y) == RED) {
/* case 1 */
} else {
IT (X == rightOf(parentOf(x))) {
X = parentOf(x);
rotateLeft(X);




fixAfterInsertion(x) : nséi 3

iIT (colorOf(y) == RED) {
/* case 1 */

} else {
/* case 2 */
setColor(parentOf(x), BLACK);
setColor(parentOf(parentOf(x)), RED);
1T (parentOf(parentOf(x)) = null) {

rotateRight(parentOf(parentOf(x)));

}
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o AVL :
— unii 8 UiNT 323 — 348
e Red-black :
— unii 8 niin 348 — 355
— unii 9 wiin? 361 — 375
e BNULAY ; ¥hdia 10.2 10.3 uay 10.4



