1

Data Structures, Feodor F. Dragan, Kent State University 1

¯ A good alternat ive to AVL tree

¯ A single top - down pass allo ws insert ion and deletio n

¯ A red - black tree is a binar y tree such that

¯ The depth of a red - black tree is guarant eed to be logarit hmic.

¯ The difficult y is that the ins ertion/ delet ion may alt er the str uct ure of red - black tree.

30

Red - Black Trees

60

15

10 20

5

85

90 80 50

70

65

55 40

1. Every node is colored either red or black

2. The root is b lack

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

4. Every path from a node to a NULL point er must contain the same n umber of black nodes

A red - bla ck tree: The ins ertion 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 University 2

¯ A new insertion is always a leaf

¯ Color ing a new itemblack vio lates property4

Î new itemis red

¯ Ifthe parent is black, no problem

¯ Ifthe parent is red, the insertio n vio lates propert y3

¯ This can be fixed bycolor 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 t he n ew node (X) is an

outside grandchild (left - left, right - right cas es)

Î Single rotation between P and G + appropriate color change to re store property 3.

C

B

E

E

D

P

X

A

G

B

D

C

Data Structures, Feodor F. Dragan, Kent State University 3

G

Bottom - Up Insertion (cont.)

P

X

S

B

S

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

inside grandchild (left - right, right - left cas es)

Î A double rotation between P, G and X +

appropriate color changes to restore

property 3.

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 sib ling of 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

property 3 (but � ).

Data Structures, Feodor F. Dragan, Kent State University 4

Top - Down Red - Black Trees

¯ To avoid the possibilit yto rotate up the tree

¯ When we arr ive at a leafand insert a node,

¯ It is guaranteed t hat S is not red

¯ add a red node

¯ rotat e single or doub le if necessary

¯ Procedure:

¯ Color flip

¯ On the way down if node X has t wo red children, flip colors

¯ The number ofblack nodes on paths below X is unchanged

X

C1 C2

X

C1 C2

¯ If X ´ s parent is red

Î rotation

between X and P

P

¯ Split (fixes consecutive ri ght 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 University 12

Example:Insert 45

After split at 35

After skew at 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

After 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

3

Data Structures, Feodor F. Dragan, Kent State University 13

30

50

15

10 20 5

85

80

60

70

40

65 55 45 35

After skew at 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

After split at 30

Data Structures, Feodor F. Dragan, Kent State University 14

¯ Three cases could occur with deletion in general BinarySearch Tree

¯ the item is a leaf

¯ the item has one child

¯ the item has two children ( Î we ha ve removeMin 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 t o use recursion.

¯ Every case boils down to remove a level 1 node

¯ After a recursi ve removal, three skews a nd two splits guarante e

rebalancing

Deletion

2

3 6 7 4

5

1

When 1 is deleted, all

nodes become level1,

thereby introducing

horizonta l left links.

Data Structures, Feodor F. Dragan, Kent State University 15

¯ Problem 18.1 page 637 of the text

¯ Problem 18.2 pages 637 - 638 of the t ext

¯ Problem 18.4 page 638 of the text

¯ Problems 19.1 and 19.2 page 718 of the text

¯ Problems 19.5 and 19.7 page 718 of the text

Home wor k

¯ Read carefullysections 19.6, 19.7 and 19.8 of the textbook

¯ Problems: