1

Data Structures, Feodor F. Dragan, Kent State Universit y 1

¯ A good alternative to AVL tree

¯ A single top - d own pass allows insertion and deletion

¯ A red - blacktree is a binarytree such that

¯ The depth of a red - black tree is guaranteed to be logarithmic.

¯ The difficultyis that the insertion/deletion mayalter the str ucture of red - black tree.

30

Red - Black Trees

60

15

10 20

5

85

90 80 50

70

65

55 40

1. Everynode is colored either red or black

2. The root is black

3. If a node is red, then its children are black (consecutive red n odes are disallowed)

4. Everypath fro ma node to a NULL pointer must contain the same n umber of black nodes

Ared - black tree: The insertion sequence is 10, 85, 15, 70, 20, 60, 30,

50, 65, 80, 90, 40, 5, and 55 (shaded nodes are red).

Data Structures, Feodor F. Dragan, Kent State Universit y 2

¯ A new insertion is always a leaf

¯ Coloring a new itemblackviolates property4

Î new item is red

¯ If the parent is black, no prob lem

¯ If the parent is red, the insertion violates prop erty3

¯ T his can be fixed b ycolor changes and rotation

¯ Several cases:

G

Bottom - Up Insertion

P

X

S

A

S

1. The parent is red, the sibling of the parent is black, and the n ew node (X) is an

outside grandchild (left - left, right - right cases)

Î Single rotation between P and G+ appropriate color change to re store propert y3.

C

B

E

E

D

P

X

A

G

B

D

C

2

Data Structures, Feodor F. Dragan, Kent State Universit y 3

G

Bottom - Up Insertion (cont.)

P

X

S

B

S

2. The parent is red, the siblingof the parent is black, an d the new node (X) is an

inside grandchild (left - right, right - left cases)

Î Adouble rotation between P, Gand X +

appropriate color changes to restore

propert y3.

A

C

E

E

D

X

P

A

G

B

D

C

G

X

P

A

S

C

B

E D

3. The parent is red, the siblingof the parent is red, and the new node (X) is an

outside grandchild

G

P

X S

A

S

C

B

E

E

D

P

X

A

G

B

D

C a problem

Î Single rotation

between P and G+

appropriate color

change to restore

propert y3 (but � ).

Data Structures, Feodor F. Dragan, Kent State Universit y 4

Top - Down Red - Black Trees

¯ T o avoid the possibilityto rotate up the tree

¯ When we arrive at a leaf and insert a nod e,

¯ It is guaranteed that S is not red

¯ add a red node

¯ rotate single or double if necessary

¯ Proced ure:

¯ Color flip

¯ On the waydown if node X has two red children, flip colors

¯ T he numb er of blacknodes on paths b elo wX is unchanged

X

C1 C2

X

C1 C2

¯ If X ´ s parent is red

Î rotation between X and P

P

¯ Split (fixes consecutive right horizontal links) Î rotation between

X and R

Insertion

X

C

B A

P X

C B

A

X G

B A

X G

B A

R

R

Data Structures, Feodor F. Dragan, Kent State Universit y 12

Example: Insert 45

Aft er split at 35

Aft er skewat 50

90

30

50 15

10 20 5

85

80

60

70

40 65 55 45 35 90

30

50 15

10 20 5

85

80

60

70

40

65 55 45 35

Aft er split at 40 30

50 15

10 20 5

85

80

60

70

40

65 55 45 35

30

50

15

10 20 5

85

80

60

70

40

65 55 45 35 90

90

See next slide

Data Structures, Feodor F. Dragan, Kent State Universit y 13

30

50

15

10 20 5

85

80

60

70

40

65 55 45 35

Aft er skewat 70

90

Example: Insert 45 (cont.)

30 50

15

10 20 5

85

80

60

70

40

65 55 45 35 90

30

50

15

10 20 5

85

80

60

70

40

65 55 45 35 90

Aft er split at 30

Data Structures, Feodor F. Dragan, Kent State Universit y 14

¯ Three cases could occur with deletion in general Binar ySearch Tree

¯ the item is a leaf

¯ the item has one child

¯ the item has two children ( Î we have removeMi n in subtree, i.e., again a node with at most one child)

¯ In AA - trees deletion is made easier because the one child case can occur onl yat level 1 and we are willing to use recursion.

¯ Ever ycase boils down t o remove a level 1 node

¯ After a recursive removal, three skews and two splits guarante e rebalancing

Deletion

2

3 6 7 4

5

1

When 1 is deleted, all nodes become level1, thereb yintroducing horizontal left links.

Data Structures, Feodor F. Dragan, Kent State Universit y 15

¯ P roblem18.1 page 637 of the text

¯ P roblem18.2 pages 637 - 638 of the text

¯ P roblem18.4 page 638 of the text

¯ P roblems 19.1 and 19.2 page 718 of the text

¯ P roblems 19.5 and 19.7 page 718 of the text

Ho mework

¯ Read carefull ysections 19.6, 19.7 and 19.8 of the textbook

¯ Problems: