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INTRODUCTION

Red-black trees-

A red-black tree is a binary search tree + 1 bit per node: an attribute color, which

is either red or black.

All leaves are empty (nil) and colored black.

• We use a single sentinel, nil[T ], for all the leaves of red-black tree T .

• color[nil[T ]] is black.

• The root.s parent is also nil[T ].

All other attributes of binary search trees are inherited by red-black trees (key, left,

right, and p). We don.t care about the key in nil[T ].

Red-black properties-

1. Every node is either red or black.

2. The root is black.

3. Every leaf (nil[T ]) is black.

4. If a node is red, then both its children are black. (Hence no two reds in a row

on a simple path from the root to a leaf.)

5. For each node, all paths from the node to descendant leaves contain the samenumber of black nodes.

EXAMPLE OF R.B.TREE-



NAME OF THE PROJECT-
                                    R.B.TREE ALGORITHM
HARDWARE REQUREMENT-
Processor
                                     Pentium III with 733 MHz

Random Access Memory 
             256 MB

Hard Disk                                            10GB

Screen Resolution                               800 by 600

Color Quality                                       16 bit

 SOFTWARE REQUREMENT-

OS                                                     
       ALL VERSION OF WINDOWS
Front End                                                  JAVA
LANGUAGE USED –JAVA
CODING-

import java.io.*;

import java.util.*;

import java.awt.*;

import java.awt.event.*;

/* <applet code=RedBlackTree.java width=1024 height=600>

</applet>*/

class Node

{

   int level;    // root level = 0, next level = 1, etc. used only by new node

   int indent;   // leftmost node in a level = 0, 1 is next right node, etc. used only by new node

   Node parent;

   Node leftTree;

   Node rightTree;

   int value;

   Color color;

   public Node(int v, Color clr)

   {

      level = 0;

      indent = 0;

      parent = null;

      value = v;

      color = clr;

      leftTree = null;

      rightTree = null;

   }

   int  getValue()        { return value; }

   Node getParent()     { return parent; }

   Node  getRightTree() { return rightTree; }

   Node  getLeftTree()  { return leftTree; }

   int  getLevel()     { return level; }

   int  getIndent()    { return indent; }

   Color getColor()    { return color; }

   void setValue(int v)  { value = v; }

   void setParent(Node p)     { parent = p; }

   void setLeftTree(Node lt)   { leftTree = lt; }

   void setRightTree(Node rt)   { rightTree = rt; }

   void setLevel(int lv)  { level = lv; }

   void setIndent(int in) { indent = in; }

   void setColor(Color c) { color = c; }

   boolean isRightChild() {

       return (this == parent.getRightTree());

   }

   boolean isLeftChild() {

       return (this == parent.getLeftTree());

   }

}

class TreePanel extends Panel

{

   RedBlackTree graph;

   Node pick;

   Node deletingNode;

   Color deletingSaveColor;

   boolean deleteNode = false, removingNode = false;

   TreePanel(RedBlackTree graph) {  this.graph = graph;  }

   Image offscreen;

   Dimension offscreensize;

   Graphics offScreen;

   int offset = 28;

   public void paint(Graphics g) {

      update(g);

   }

   public void update(Graphics g)

   {

      Dimension d = getSize();

      if ((offscreen == null) || (d.width != offscreensize.width) ||

          (d.height != offscreensize.height))

      {

         offscreen = createImage(d.width, d.height);

         offscreensize = d;

         offScreen = offscreen.getGraphics();

         offScreen.setFont(getFont());

      }

      offScreen.setColor(graph.getBGColor());

      offScreen.fillRect(0, 0, d.width, d.height);

      FontMetrics fm = offScreen.getFontMetrics();

      paintEdges(offScreen, graph.topRoot, 0, 0);

      paintTree(offScreen, graph.topRoot, fm, 0, 0);

      if (graph.getNewNode()!=null)

          paintFloatingNode(offScreen, graph.getNewNode(), fm);

      g.drawImage(offscreen, 0, 0, null);

   }

   public void paintEdges(Graphics g, Node root, int level, int index)

   {

      if (root == null) return;

      g.setColor(Color.black);

      Dimension d = getSize();

      int slotW = d.width >> (level+1);

      int x = slotW * (index*2+1)+15;

      int y = (level+1)*30+15;

      if (root.getLeftTree() != null)

      {

          int lx = (slotW/2) * (index*4+1)+15;

          int ly = (level+2)*30 + 15;

          g.drawLine(x-offset,y,lx-offset,ly);

          paintEdges(g, root.getLeftTree(), level+1, index*2);

      }

      if (root.getRightTree() != null)

      {

         int rx = (slotW/2) * (index*4+3)+15;

         int ry = (level+2)*30+15;

         g.drawLine(x-offset,y,rx-offset,ry);

         paintEdges(g, root.getRightTree(), level+1, index*2+1);

      }

   }

   public void paintTree(Graphics g, Node root, FontMetrics fm, int level, int index)

   {

      if (root == null) return;

      String lbl = String.valueOf(root.getValue());

      int w = fm.stringWidth(lbl);

      int h = fm.getHeight();

      Dimension d = getSize();

      int slotW = d.width >> (level+1);

      int x = slotW * (index*2+1);

      int y = (level+1)*30;

      if (graph.spliceNode == root) {

          g.setColor(Color.white);

          g.fillOval(x-offset, y, 30, 30);

          g.setColor(Color.blue);

          g.drawOval(x-offset, y, 30, 30);

          g.drawString(lbl, x-offset-w/2+15, y+12+h/2);

      }

      else if (graph.pickedNode == root) {

          g.setColor(Color.white);

          g.fillOval(x-offset, y, 30, 30);

          g.setColor(root.getColor());

          g.drawOval(x-offset, y, 30, 30);

          g.drawString(lbl, x-offset-w/2+15, y+12+h/2);

      }

      else if (root.getValue()<0) {

          g.setColor(Color.black);

          g.fillRect(x-offset+10, y+10, 10, 10);

      }

      else {

          g.setColor(root.getColor());

          g.fillOval(x-offset, y, 30, 30);

          g.setColor(Color.white);

          g.drawString(lbl, x-offset-w/2+15, y+12+h/2);

      }

      if (graph.xNode == root) {

          g.setColor(Color.blue);

          g.drawString("X", x-offset-w/2+17, y+35+h/2);

      }

      paintTree(g, root.getLeftTree(), fm, level+1, index*2);

      paintTree(g, root.getRightTree(), fm, level+1, index*2+1);

   }

   public void paintFloatingNode(Graphics g, Node node, FontMetrics fm)

   {

      String lbl = String.valueOf(node.getValue());

      int w = fm.stringWidth(lbl);

      int h = fm.getHeight();

      Dimension d = getSize();

      int slotW = d.width >> (node.getLevel()+1);

      int x = slotW * (node.getIndent()*2+1);

      int y = (node.getLevel()+1)*30;

      g.setColor(node.getColor());

      g.fillOval(x-offset-20, y-15, 30, 30);

      g.setColor(Color.green);

      g.drawOval(x-offset-20, y-15, 30, 30);

      g.drawString(lbl, x-offset-20-w/2+15, y+12-15+h/2);

   }

}

public class RedBlackTree extends java.applet.Applet implements ActionListener, MouseListener

{

   TreePanel panel; // the panel for drawing the rb-tree

   Node topRoot = null; // root of the whole tree

   Node newNode = null; // a new added node that has not found its insertion point

   Node curNode = null; // currrent node the newNode is trying to compare with

   Node xNode = null; // the x node during recovering the red-black tree properties

   Node yNode = null;

   Node wNode = null;

   Node spliceNode = null; // the node that will be spliced out

   Node pickedNode = null; // the picked node to be deleted

   Node stopNode = new Node(0, Color.black); // signal Binary-Tree insert/delete completed.

   Button addButton, nextButton, startButton, deleteButton, finishButton, createButton;

   TextField newValue, message;

   Panel southPanel, northPanel;

   Color bgcolor = new Color(255, 255, 255);

   boolean inserting = false; // true if an insertion operation is under way

   boolean deleting = false; // true if an deletion operation is under way

   boolean picking = false; // true if user picking a node for deletion is under way

   public Node getTree()   { return topRoot; }

   public Node getNewNode() { return newNode; }

   public void init()

   {

      setLayout(new BorderLayout());

      southPanel = new Panel();

      add("South", southPanel);

      northPanel = new Panel();

      add("North", northPanel);

      northPanel.setSize(100, 10);

      panel = new TreePanel(this);

      add("Center", panel);

      panel.addMouseListener(this);

      southPanel.setLayout(new GridLayout(1, 2, 5, 0));

      Panel sp1 = new Panel();

      southPanel.add(sp1);

      Panel sp2 = new Panel();

      southPanel.add(sp2);

      sp1.add(startButton = new Button("Restart"));

      startButton.addActionListener(this);

      sp1.add(createButton = new Button("Create Sample Tree"));

      createButton.addActionListener(this);

      sp2.add(newValue = new TextField(5));

      sp2.add(addButton = new Button("Add Node"));

      addButton.addActionListener(this);

      sp2.add(nextButton = new Button("Step"));

      nextButton.addActionListener(this);

      sp2.add(finishButton = new Button("Finish"));

      finishButton.addActionListener(this);

      northPanel.add(deleteButton = new Button("Delete Node"));

      deleteButton.addActionListener(this);

      northPanel.add(message=new TextField("", 30));

      message.setEditable(false);

      panel.repaint();

   }

   Color getBGColor()

   {

      Color bg;

      if (inserting||deleting) {

        bg = new Color(200, 200, 200);

      }

      else {

        bg = new Color(255, 255, 255);

      }

      return bg;

   }

   void clean () {

       topRoot = null;

       newNode = null;

       curNode = null;

       xNode = null;

       yNode = null;

       wNode = null;

       spliceNode = null;

       pickedNode = null;

       inserting = false;

       deleting = false;

       picking = false;   

       addButton.setEnabled(true);

         deleteButton.setEnabled(true);

   }

   void leftRotate(Node pivot)

   {

      Node y = pivot.getRightTree();

      pivot.setRightTree(y.getLeftTree());

      if (y.getLeftTree() != null) {

        y.getLeftTree().setParent(pivot);

      }

      y.setParent(pivot.getParent());

      if (pivot.getParent() == null) {

        topRoot = y;

      }

      else {

        if (pivot.isLeftChild()) {

            pivot.getParent().setLeftTree(y);

        }

        else {

            pivot.getParent().setRightTree(y);

        }

      }

      y.setLeftTree(pivot);

      pivot.setParent(y);

   }

   void rightRotate(Node pivot)

   {

      Node y = pivot.getLeftTree();

      pivot.setLeftTree(y.getRightTree());

      if (y.getRightTree() != null) {

        y.getRightTree().setParent(pivot);

      }

      y.setParent(pivot.getParent());

      if (pivot.getParent() == null) {

        topRoot = y;

      }

      else {

        if (pivot.isRightChild()) {

            pivot.getParent().setRightTree(y);

        }

        else {

            pivot.getParent().setLeftTree(y);

        }

      }

      y.setRightTree(pivot);

      pivot.setParent(y);

   }

   Node insertNode(Node node, Node root)

   {

      if (root == null) return null;

      if (node.getValue() == root.getValue()) {

         newNode = null; // no duplication of the same value

         return stopNode;

      }

      if (node.getValue() < root.getValue()) {

        node.setLevel(node.getLevel()+1);

        node.setIndent(2*node.getIndent()); // node should be in root's left subtree.

        if (root.getLeftTree() == null) {  // insertion point is found, add the node

          root.setLeftTree(node);

          node.setParent(root);

          return stopNode;   // indicating insertion point for the new node has been found

        }

        return root.getLeftTree();  // insertion point has not been found, return root's left child

      }

      else {

        node.setLevel(node.getLevel()+1);

        node.setIndent(2*node.getIndent()+1); // node should be in root's right subtree.

        if (root.getRightTree() == null) {

          root.setRightTree(node);

          node.setParent(root);

          return stopNode;  // insertion point found

        }

        return root.getRightTree(); // insertion point has not been found, return root's right child

      }

   }

   boolean Balance() {

      if ((xNode==topRoot) || (xNode.getParent().getColor()==Color.black)) {

          topRoot.setColor(Color.black);

          return true;

      }

      if (xNode.getParent().isLeftChild()) {

          yNode = xNode.getParent().getParent().getRightTree();

          if ((yNode!=null) && (yNode.getColor()==Color.red)) {

              // case 1

              xNode.getParent().setColor(Color.black);

              yNode.setColor(Color.black);

              xNode.getParent().getParent().setColor(Color.red);

              xNode = xNode.getParent().getParent();

          }

          else { // y is black

              if (xNode.isRightChild()) {

                  // case 2

                  xNode = xNode.getParent();

                  leftRotate(xNode);

                        return false;

              }

              // case 3

              xNode.getParent().setColor(Color.black);

              xNode.getParent().getParent().setColor(Color.red);

              rightRotate(xNode.getParent().getParent());

          }

      }

      else { // x is right child

          yNode = xNode.getParent().getParent().getLeftTree();

          if ((yNode!=null) && (yNode.getColor()==Color.red)) {

              // case 1

              xNode.getParent().setColor(Color.black);

              yNode.setColor(Color.black);

              xNode.getParent().getParent().setColor(Color.red);

              xNode = xNode.getParent().getParent();

          }

          else { // y is black

              if (xNode.isLeftChild()) {

                  // case 2

                  xNode = xNode.getParent();

                  rightRotate(xNode);

                        return false;

              }

              // case 3

              xNode.getParent().setColor(Color.black);

              xNode.getParent().getParent().setColor(Color.red);

              leftRotate(xNode.getParent().getParent());

          }

      }

      return false;

   }

   public Node deleteNode(Node node) {

        if (spliceNode == null) {

          if ((node.getLeftTree().getValue()<0) || (node.getRightTree().getValue()<0)) {

                  spliceNode = node;

            }

            else {

                  spliceNode = successor(node);

            }

            return spliceNode;

        }

        if (spliceNode.getLeftTree().getValue()>=0)

              xNode = spliceNode.getLeftTree();

        else

              xNode = spliceNode.getRightTree();

        xNode.setParent(spliceNode.getParent());

        if (spliceNode.getParent() == null)

              topRoot = xNode;

        else

              if (spliceNode.isLeftChild())

                    spliceNode.getParent().setLeftTree(xNode);

              else

                    spliceNode.getParent().setRightTree(xNode);

        if (spliceNode != node) {

              node.setValue(spliceNode.getValue());

              //node.setColor(spliceNode.getColor());

        }

        return stopNode;

   }

   public Node successor(Node root) {

       if (root.getRightTree().getValue() < 0)

           return root;

       return minimum(root.getRightTree());

   }

   public Node minimum(Node root) {

       if (root.getLeftTree().getValue()<0)

           return root;

       return minimum(root.getLeftTree());

   }

   public boolean fixup() {

         if ( (xNode == topRoot) || (xNode.getColor() != Color.black) ) {

               xNode.setColor(Color.black);

               return true;

         }

         if (xNode.isLeftChild()) {

               wNode = xNode.getParent().getRightTree();

               if (wNode.getColor()==Color.red) {

                     // Case 1

                     wNode.setColor(Color.black);

                     xNode.getParent().setColor(Color.red);

                     leftRotate(xNode.getParent());

                     wNode = xNode.getParent().getRightTree();

                     return false;

               }

               if ((wNode.getLeftTree().getColor()==Color.black) && (wNode.getRightTree().getColor()==Color.black)) {

                     // Case 2

                     wNode.setColor(Color.red);

                     xNode = xNode.getParent();

               }

               else {

                     // Case 3

                     if (wNode.getRightTree().getColor()==Color.black) {

                           wNode.getLeftTree().setColor(Color.black);

                           wNode.setColor(Color.red);

                           rightRotate(wNode);

                           wNode = xNode.getParent().getRightTree();

                           return false;

                     }

                     // Case 4

                     wNode.setColor(xNode.getParent().getColor());

                     xNode.getParent().setColor(Color.black);

                     wNode.getRightTree().setColor(Color.black);

                     leftRotate(xNode.getParent());

                     xNode = topRoot;

               }

         }

         else { // x is right child

               wNode = xNode.getParent().getLeftTree();

               if (wNode.getColor()==Color.red) {

                     // Case 1

                     wNode.setColor(Color.black);

                     xNode.getParent().setColor(Color.red);

                     rightRotate(xNode.getParent());

                     wNode = xNode.getParent().getLeftTree();

                     return false;

               }

               if ((wNode.getRightTree().getColor()==Color.black) && (wNode.getLeftTree().getColor()==Color.black)) {

                     // Case 2

                     wNode.setColor(Color.red);

                     xNode = xNode.getParent();

               }

               else {

                     // Case 3

                     if (wNode.getLeftTree().getColor()==Color.black) {

                           wNode.getRightTree().setColor(Color.black);

                           wNode.setColor(Color.red);

                           leftRotate(wNode);

                           wNode = xNode.getParent().getLeftTree();

                         return false;

                     }

                     // Case 4

                     wNode.setColor(xNode.getParent().getColor());

                     xNode.getParent().setColor(Color.black);

                     wNode.getLeftTree().setColor(Color.black);

                     rightRotate(xNode.getParent());

                     xNode = topRoot;

               }

         }

         return false;

   }

   public Node pickNode(Node root, int level, int index, int x, int y) {

       if (root==null)

           return null;

       Dimension d = getSize();

       int slotW = d.width >> (level+1);

       int lx = slotW * (index*2+1);

       int ty = (level+1)*30;

       if ((x>=lx-28)&&(x<=lx+2)&&(y>=ty)&&(y<=ty+30))

           return root;

       if ((x>lx-13) && (y>ty))

           return pickNode(root.getRightTree(), level+1, index*2+1, x, y);

       else if ((x<lx-13) && (y>ty))

           return pickNode(root.getLeftTree(), level+1, index*2, x, y);

       else

           return null;

   }

   // add nil nodes to all the leafs 

   void appendNils(Node root) {

       if (root.getLeftTree() == null)

           root.setLeftTree(new Node(-1, Color.black));

       else

           appendNils(root.getLeftTree());

       if (root.getRightTree() == null)

           root.setRightTree(new Node(-1, Color.black));

       else

           appendNils(root.getRightTree());

   }

   // remove nil nodes from all the leafs 

   void removeNils(Node root) {

       if (root.getLeftTree().getValue() < 0)

           root.setLeftTree(null);

       else

           removeNils(root.getLeftTree());

       if (root.getRightTree().getValue() < 0)

           root.setRightTree(null);

       else

           removeNils(root.getRightTree());

   }

   public void actionPerformed(ActionEvent evt)

   {

      if (evt.getActionCommand().equals("Restart")) {

         clean();

         panel.repaint();

      }

      else if (evt.getActionCommand().equals("Add Node")) {

         if ( inserting || deleting )

             return;

             picking = false;

         int v = 0;

         try

         {

            v = Integer.parseInt(newValue.getText());

         }

         catch (NumberFormatException e)

         {

         }

         if (v<0) {

            message.setText("value can not be negative");

         }

         else {

            inserting = true;

            newNode = new Node(v, Color.red);

            curNode = topRoot;

            addButton.setEnabled(false);

                deleteButton.setEnabled(false);

            panel.repaint();

         }

      }

      else if (evt.getActionCommand().equals("Delete Node")) {

         if ( inserting || deleting )

             return;

             if (topRoot!=null) {

                 message.setText("Left click to pick a node for deletion");

                   picking = true;

             }

      }

      else if (evt.getActionCommand().equals("Step")) {

         if (inserting) {

            if (topRoot==null) { // empty tree

                topRoot = newNode;

                topRoot.setColor(Color.black);

                newNode = null;

                inserting = false;

                addButton.setEnabled(true);

                deleteButton.setEnabled(true);

            }

            else if (newNode != null) { // the new node is still looking for insertion point

                curNode = insertNode(newNode, curNode);

                if (curNode == stopNode) { // the new node found its place

                    if (newNode == null) {

                        inserting = false;

                        addButton.setEnabled(true);

                        deleteButton.setEnabled(true);

                    }

                    else {

                        xNode = newNode;

                        newNode = null;

                    }

                }

            }

            else { // the red black property is not satisfied

                if (Balance()) {

                    inserting = false;

                    xNode = null;

                    yNode = null;

                    addButton.setEnabled(true);

                    deleteButton.setEnabled(true);

                }

            }

         }

             else if (deleting) {

                   if (pickedNode != null) {

                         if (deleteNode(pickedNode) == stopNode) {

                               pickedNode = null;

                               if (spliceNode.getColor()==Color.red) {

                                  deleting = false;

                                  xNode = null;

                                  wNode = null;

                                  spliceNode = null;

                                  removeNils(topRoot);

                        addButton.setEnabled(true);

                        deleteButton.setEnabled(true);

                               }

                         }

                   }

                   else {

                         if (fixup()) {

                               deleting = false;

                               xNode = null;

                               wNode = null;

                               spliceNode = null;

                               removeNils(topRoot);

                     addButton.setEnabled(true);

                     deleteButton.setEnabled(true);

                         }

                   }

             }

         panel.repaint();

      }

      else if (evt.getActionCommand().equals("Finish")) {

             picking = false;

             if (inserting) {

                  if (topRoot==null) { // empty tree

                         topRoot = newNode;

                         topRoot.setColor(Color.black);

                         newNode = null;

                         inserting = false;

                         addButton.setEnabled(true);

                         deleteButton.setEnabled(true);

                   }

                   while (newNode != null) {

                        curNode = insertNode(newNode, curNode);

                        if (curNode == stopNode) { // the new node found its place

                              xNode = newNode;

                              newNode = null;

                        }

                   }

                   while (inserting) {

                         if (Balance()) {

                               inserting = false;

                               xNode = null;

                               yNode = null;

                               addButton.setEnabled(true);

                               deleteButton.setEnabled(true);

                         }

                   }

             }

             else if (deleting) {

                   while (pickedNode!=null) {

                         if (deleteNode(pickedNode)==stopNode) {

                               pickedNode = null;

                               if (spliceNode.getColor()==Color.red) {

                                  deleting = false;

                                  xNode = null;

                                  wNode = null;

                                  spliceNode = null;

                                  removeNils(topRoot);

                        addButton.setEnabled(true);

                        deleteButton.setEnabled(true);

                               }

                         }

                   }

                   while (deleting) {

                         if (fixup()) {

                               deleting = false;

                               xNode = null;

                               wNode = null;

                               spliceNode = null;

                               removeNils(topRoot);

                     addButton.setEnabled(true);

                     deleteButton.setEnabled(true);

                         }

                   }

             }

         panel.repaint();

      }

      else if (evt.getActionCommand().equals("Create Sample Tree")) {

             clean();

             for (int i=1; i<10; i++) {

                newNode = new Node(i*10, Color.red);

                curNode = topRoot;

                inserting = true;

                if (topRoot==null) { // empty tree

                topRoot = newNode;

                topRoot.setColor(Color.black);

            }

            else {

                while (newNode != null) { // the new node is still looking for insertion point

                    curNode = insertNode(newNode, curNode);

                    if (curNode == stopNode) { // the new node found its place

                        xNode = newNode;

                        newNode = null;

                    }

                }

                while (inserting) { // the red black property is not satisfied

                    if (Balance()) {

                        xNode = null;

                        yNode = null;

                        inserting = false;

                    }

                }

            }

         }

         panel.repaint();

      }

   }

   public void mousePressed(MouseEvent e) {

       if (picking) {

           int x = e.getX();

           int y = e.getY();

           pickedNode = pickNode(topRoot, 0, 0, x, y);

           if (pickedNode!=null) {

               picking = false;

               deleting = true;

               addButton.setEnabled(false);

               deleteButton.setEnabled(false);

               appendNils(topRoot);

                   message.setText("");

           }

           panel.repaint();

       }

   }

   public void mouseClicked(MouseEvent e) {

   }

   public void mouseEntered(MouseEvent e) {

   }

   public void mouseExited(MouseEvent e) {

   }

   public void mouseReleased(MouseEvent e) {

   }

}

Applications and related data structures-

Red-black trees offer worst-case guarantees for insertion time, deletion time, and search time. Not only does this make them valuable in time-sensitive applications such as real-time applications, but it makes them valuable building blocks in other data structures which provide worst-case guarantees; for example, many data structures used in computational geometry can be based on red-black trees, and the Completely Fair Scheduler used in current Linux kernels uses red-black trees.

    The AVL tree is another structure supporting O(log n) search, insertion, and removal. It is more rigidly balanced than red-black trees, leading to slower insertion and removal but faster retrieval.

Red-black trees are also particularly valuable in functional programming, where they are one of the most common persistent data structures, used to construct associative arrays and sets which can retain previous versions after mutations. The persistent version of red-black trees requires O(log n) space for each insertion or deletion, in addition to time.
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