Chapter 48 Red Black Trees
1.

A red-black tree is a binary search tree, which is derived from a 2-4 tree. A red-black tree corresponds to a 2-4 tree. Each node in a red-black tree has a color attribute red or black. A node is called external if its left or right subtree is empty. Note that a leaf node is external, but an external node is not necessarily a leaf node. The black depth of a node is defined as the number of black nodes in a path from the node to the root.
2
A red-black tree has the following properties:

1. The root is black.

2. Two adjacent nodes cannot be both red.

3. All external nodes have the same black depth.

3.
To convert a red-black tree to a 2-4 tree, simply merge any red nodes with its parent to create a 3-node or a 4-node. The resulting tree is unique.
4. To convert a 2-4 tree to a red-black tree, perform the following transformations for each node 
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1. If 
[image: image2.wmf]u

 is a 2-node, color it black.

2. If 
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 is a 3-node with element values 
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 and 
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, there are two ways to convert it. One is to make 
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 the parent of 
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 and the other is to make 
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 the parent of 
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. In any case, color the parent black and the child red.

3. If 
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 is a 4-node with element values 
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, 
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, and 
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, make 
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 the parent of 
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 and 
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. Color 
[image: image17.wmf]1

e

 black and 
[image: image18.wmf]0

e

 and 
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 red.

The conversion from a 2-4 tree to a red black tree is not unique.

5. RBTreeNode<E> extends TreeNode<E>. The data fields in TreeNode<E> are element, left, and right. The additional data field in RBTreeNode<E> is red of the boolean type. 
A new element is always inserted as a leaf node. If the new node is the root, color it black. Otherwise, color it red. If the parent of the new node is red, it violates Property 2 of the red-black tree. We call this the double red violation. See Section 47.4 on how to fix the double red violation.

7.
See Section 47.5.

6. Please verify your answer using the animation tool.

7. Please verify your answer using the animation tool.
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