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Abstract

Replace a NULL Pointer by
a Null Object Using Object-Oriented Method

Zhilin Li

Pointers are one of the most powerful and flexible features in C/C++, but they are also
one of the most dangerous ones to use. Safe programming practice requires a pointer to
be initialized to NULL once declared. However a NULL pointer does not solve the
problem completely. Accessing a NULL pointer may crash the application without
offering any useful clues to the real problem. In Object-Oriented design, we can view a
NULL pointer as a special kind of object with special behaviors and implement a null
object to replace the NULL pointer. Accessing a null object will not crash the application,
instead it can perform meaningful operations or display more helpful error messages. In
this project, we implement a binary search tree, an AVL tree, a singly linked list using
both the traditional NULL pointer method and the Object-Oriented null object method.
We then compared the two methods in terms of safety, coding complexity, and

time/space efficiency. The implementation language is C++.
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1 Introduction

It is folklore among C/C++ programmers that “If you don’t understand pointers, then you
do not know how to program C/C++”. While pointers are one of the strongest features of
C/C++, they are also one of the most dangerous ones. Great efforts have been made by

programmers to reduce the danger of pointers.

This project is an attempt to provide an alternative solution to reduce the danger
associated with the pointers using Object-Oriented methods. We view a NULL pointer as
an object with special behaviors and use a fully defined null object to replace a NULL
pointer. We implement a binary search tree, an AVL tree and a singly linked list using
both the traditional NULL pointer method and the Object-Oriented null object method.
We also compare of the two methods in terms of safety, coding complexity, and

time/space efficiency.

1.1 Why Do We Need Pointers?

A pointer is the address of an object in memory. The main functionality of pointers is for
dynamic memory allocation which allows us to allocate memory of an object at run time.
Dynamic memory allocation is very useful since most times we do not know how large a
tree, a list or an array should be at compile time, and we need to allocate memory

dynamically at run time. When an object is dynamically allocated at run time, the



memory address of the object, i.e. the pointer to the object, is returned for later reference

to the object.

Pointers can also be used for passing parameters to functions by their addresses so that
functions can modify the values of the calling arguments, or improving the efficiency of
certain routines. For example, accessing an array using a pointer is faster than using an
index. In addition, to achieve the C++ polymorphism feature -- one interface and
multiple methods -- the virtual functions must be invoked through a base class pointer or

reference.

1.2 Problems with Pointers

Pointers give programmers tremendous power and are necessary for many programs. At
the same time, when a pointer accidentally contains a wrong value, it can be the most
difficult bug to find. An erroneous pointer is difficult to find because the pointer, itself,
is not the problem, the problem is that each time you perform an operation using the bad
pointer, you may be reading or writing to some unknown piece of memory. The error
may not show up until later execution of your program and can lead you to look for the
bug in the wrong place. There may be little or no evidence to suggest that the pointer is
the original cause of the problem. Sometimes, the pointer problem can be even trickier.

Consider the following case in C++:



class C

{
public:

void f{);

private:
intm_x;

}'.
Somewhere if we declared a pointer to C and used it to call function f{):

{
C *p:
...
I/l Several pages of code
/...
p->f);
}

: Though p is a uninitialized pointer, if f{) does not access any member variable in class C, then the
. statement p->£{) will not cause any problem. But if sometime later, we add a code in f{) like

void C::ff)
{
m_x=35;
}
Then statement p->f{) will crash. The following explains why:
When f{) is called, “this™ pointer is set to p. Since f{) is not a virtual function. the compiler knows
. its address and simply sets “this=p™ and calls f{). Therefore nothing is wrong until f{) tries to
access a member variable in which case
this->m_x=5;
becomes
p->m_x=5;
and the program crashes.
This case actually happened in a Montreal-based software company. By the time the error showed up,

it was very difficult to guess p is a uninitialized pointer since dereferencing it did not cause a problem
before.




1.3 NULL Pointer Problem

NULL pointer is a special value defined in C/C++ which can be assigned to each pointer
type. It is guaranteed to compare unequal to a pointer to any object or function.
Implementation of trees and linked lists use NULL pointers to mark an empty node in a

tree and the end of a list.

Safe programming practice requires that whenever you declare a pointer type variable,
you should initialize it to NULL; and whenever you access a pointer, you should check
that the pointer is not equal to NULL. In this way, we can avoid accessing a uninitialized

pointer.

However the NULL pointer is not an ideal solution to the pointer safety problem. First,
checking for NULL before dereferencing a pointer requires time overhead. Second, it is
up to each individual programmer to initialize and check for the pointer value before
using it. This is not truly safe. Third, when accessing a NULL pointer, the program may
just crash instead of handling the error more gracefully. Different systems generate
different errors when accessing a NULL pointer. For example, under Windows NT,
accessing a NULL pointer crashes the application and displays a message like this ‘The
instruction at “0x00401007" referenced memory at “0x00000000”. The memory could
not be “written”. In a Sun workstation, accessing a NULL pointer raises a segmentation

fault.



1.4 Using a Null Object to Replace a NULL pointer

The most common use of NULL pointers is to represent the end of a list and the empty
nodes of a tree. But logically NULL pointers are not required in Object-Oriented (OO)
programming. Using a binary search tree as an example, there are two possibilities for a
tree node: a node is either a full tree node, with data and pointers to subtrees, or an empry
or null node, with no data at all. Therefore, the correct OO representation of a tree node

uses a base class and two derived classes.

Figure 1 : Class Hierarchy to Represent a Tree node

I Base Node

l-NuIl Node | | Full Node |

In the Base Node class, we define all the possible operations that can be applied to a tree
node as pure virtual functions. Then, the Null Node class and the Full Node class can
implement the operations differently. For an operation that is not meaningful for a null
node to perform, such as outputting the data at the null node, the node can display an
error message, throw an exception or handle the case more gracefully. In such way, we

can implement a tree or other data structures without using NULL pointers.



The advantages of the null node method are:
e Eliminate the danger of dereferencing a NULL pointer.

e Eliminate the requirements of checking for NULL before accessing a pointer.

In this project, we implement a binary search tree of integers, a template binary search
tree, a height-balanced tree of integers and a linked list of integers using both the NULL
pointer and the null node methods. We then compared the two methods in terms of

safety, coding complexity, and time/space efficiency.

We choose C++ as the implementation language in this project. But other Object-

Oriented programming languages should also support the null node method.

The C++ compiler is Microsoft Visual C++ 5.0. The tests are done under Windows NT

4.0 in a Pentium 100MHz with 32 MB memory.



2 Background

The most significant result of finding a way to use pointers safely is the auto _ptr
template class which has become an official part of the C++ Standard Template Library
(STL). There are several variations of the auto _ptr template class [[3], [4], [5], [6]]. This

section will give a brief introduction of auto_ptr.

The auto_ptr template class describes an object that stores a pointer to an allocated

object of type T. It acts much like a normal C++ pointer with improved safety:

e The default constructor initializes from NULL, therefore the stored pointer must
either be NULL or designate an object allocated by a new expression. This reduces
the chance of dereferencing a dangling or uninitialized pointer.

® Since we always use operators ->() and *() to access a pointer, the auto_ptr template
class overloaded the two operators. The current implementation of the STL auto _ptr
class did not have a check of NULL inside the operator functions, but it is possible to
add the check, and throw an exception if the stored pointer is NULL.

® An auto_ptr object stores an ownership indicator. An object constructed with a non-
NULL pointer owns the pointer. It transfers ownership if its stored value is assigned
to another object. The destructor for the auto_ptr object deletes the allocated object if
it owns it. Hence, an object of class auto _Pptr ensures that an allocated object is
automatically deleted when control leaves a block, even via a thrown exception. This

eliminates a prime opportunity for memory leakage.



The definition of the auto_ptr template class is as follows':

#define _ THROWO() throw ()

template<class _Ty>
class auto_ptr {
public:

typedef Ty element_type;

explicit auto_ptr(_ Ty *_P = 0) _THROW(()
:_Owns(_P!=0), _Ptr(_P){}

auto_ptr(const auto_ptr<_Ty>& _Y) _THROWO()
:_Owns(_Y. Owns), Ptr(_Y.release()) {}

auto_pir<_Ty>& operator=(const auto_ptr<_Ty>& _Y) _THROWU()
{if (_Ptr!= Y.get())
{if (_Owns)
delete _Prr;
_Owns = _Y. Owns:
_Ptr = _Y.release(), }
else if (_Y. Owns)
_Owns = true;
return (*this); }
~auto_ptr(}
{if (_Owns) delete _Ptr;}
_Ty& operator*() const _THROWO()
{return (*get()); }

_Ty *operator->() const _THROW(()
{return (get()); }

_Ty *get() const _THROWO()

{return (_Prr); }

_Ty *release() const _THROWO()
{((auto_ptr<_Ty> *)this)->_Owns = false;
return (_Pir); }

private:

bool Owns;

_Ty* Prr;

ra

THROWO is defined as throw() which indicates that a function does not throw any

exception.

' Copyright (c) 1995 by P.J. Plauger. ALL RIGHTS RESER VED.



The auto_ptr template class is like a wrapper around a normal pointer. Comparing to the
Object-Oriented null node method implemented in this project, it has two main
advantages: (1) It is more general. It can represent any type of pointers. (2) It forces an
initialization to NULL inside the constructor and a deletion of the privately pointed and

owned object in the destructor.

However the auto_ptr template class does not solve the problem of accessing a NULL
pointer. Although we can add a check of NULL inside the *() and ->() operators, it forces
the check of NULL on every reference of a pointer. This is not what we want since a

pointer is not NULL in most cases.

The Object-Oriented null node method provides a particular solution to the problem of
dereferencing a NULL pointer. It is not an attempt to replace the functionality of the
auto_ptr template class, but an effort to show how the Object-Oriented idea can be

applied in improving the coding safety in the programming practice.



3 NULL Pointers and Null Objects

As we discussed in section 1.4, we can use a null node to replace a NULL pointer. In this
section, we will give the implementation details of the null node method. We selected
three data structures to implement: a binary search tree, an AVL tree and a singly linked
list. The reasons we choose the above structures are: (1) A linked list and a binary search
tree require pointers for allocating their nodes dynamically. (2) A binary search tree has a
large amount of empty nodes. It is good for comparing the space/time efficiency after
replacing a NULL pointer by a null node. (3) An AVL binary search tree is more
complex, we can use it to test whether the null node method will work in a more complex
situation and what the time and space efficiency will be in such situation. It can also
demonstrate the mechanism of further subclassing in the node class hierarchy we defined
in the null node method. (4) We also considered other data structures, but found that the
implementation of these data structures is not as significant as the implementation of the
data structures we have chosen. For example, the implementation of a doubly linked list
is similar to a singly linked list. The implementation of a hash table or a graph can use a

single or doubly linked list.

To simplify the problem, we assume that the data item in the trees and lists is an integer.
But in order to show how the implementation can be generalized to work with any data

type, we also implement a template binary search tree. To avoid conflicting with STL
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(Standard Template Library), MFC (Microsoft Foundation Class) and other C++ class

libraries, all the class names in this project start with the capital letter L.

3.1 Implementing a Binary Search Tree

A tree structure is used to store data in sorted order. It consists of nodes that contain
data. Nodes have links to other nodes. Any tree has a single root node to which all other
nodes are linked. A node data muét have a key which can be compared and sorted. A
binary search tree is the simplest type of a tree structure. Each node in a binary search
tree contains data and two links. The left link connects to all nodes with lesser data
values; and the right link connects to all nodes with greater data values. One data is
greater or lesser than another data can be determined by comparing the key values of the
two data. The links are usually implemented by pointers. When a node does not have
lesser or greater nodes, the left or the right link is a NULL pointer. Here is an example of

a binary search tree with integer values:

Figure 2: A Binary Search Tree Example



Typical binary search tree operations are: insert a node into the tree, delete a node from
the tree, traverse the tree and search a node in the tree. Since each tree node already
defined its left and right subtrees, it can be viewed as a valid binary search tree itself.
Base on this, we can implement the tree operations in each node. Only when
implementing the operations at the node level, we can define the class hierarchy as in
Figure 1 (page 5) and allow a full node and a null node to implement these operations
differently. Otherwise if we implement the operations at the tree level, the tree must

check for the null node before the operation — it is the same as check for NULL.

3.1.1 Null Node Method

In this implementation, no NULL pointer is used. Four classes are defined:

e [BaseBTreeNode. This is the base class of LNullBTreeNode and LFullBTreeNode. It
defines all the node operations as the pure virtual functions. Pure virtual functions
specify a consistent interface that all the subclasses must implement.

e LNullBTreeNode. It contains no data and represents an empty tree node.

e LFullBTreeNode. It represents a full tree node. It contains data and links (pointers) to
the left and the right subtrees.

e LBTree. It acts like a wrapper around a LBaseBTreeNode and provides an easy-to-

use interface. It contains a pointer to the LBaseBTreeNode as the tree root.

Here we give the definition of class LBaseBTreeNode since it defines the node

operations that will be implemented by both LNullBTreeNode and LFullBTreeNode. For

12



more implementation details of the classes, please refer to LBTreeNode.h in page 53,

LBTreeNode.cpp in page 57, LBTree.h in page 64, and LBTree.cpp in page 66.

class LBaseBTreeNode
{
public:
virtual LBaseBTreeNode* insert(const int data) = 0;
virtual LBaseBTreeNode* remove(const int data, BOOL &bDeleteThis, BOOL & bRemoveOK) = 0;
virtual BOOL search(const int data) = 0;
virtual void traverse(void) const = 0;
virtual void traverse(ofstream& ofs) const = 0;
virtual BOOL isNull(void) const = 0;
virtual int getSelfData(void) const = 0;
virtual void linkLeftSubtree(LBaseBTreeNode* pLeft) = 0;
virtual void linkRightSubtree(LBaseBTreeNode* pRight) = 0;
virtual const LBaseBTreeNode* getLeftSubtree(void) const = 0;
virtual const LBaseBTreeNode* getRightSubtree(void) const = 0;
virtual LBaseBTreeNode* getLeftSubtree(void) = 0;
virtual LBaseBTreeNode* getRightSubtree(void) = 0;
virtual void outputSelfData(void) const = 0;
virtual void outputSelfData(ofstream & ofs) const = 0;
virtual getHeight(void) const {return -1}
virtual long space(void) const = 0;

3.1.1.1 Implementing LNullBTreeNode

When an operation is not meaningful for a null tree node to perform, it can throw an
exception or display an error message. In this implementation, for simplification, we just
display an error message to the standard output. For example, function gerSelfData()
returns the data stored in the tree node. Since a LNullBTreeNode object does not contain

any data, we write the function as follows:

int getSelfData(void) const

{

cout << “ERROR: cannot get data from a NULL binary tree node.” << endl; return —1 :}

}

A null tree node can also implement the operations with a default response. For example,

in function outputSelfData(), it prints “NIL” to the output to indicate an null node is
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reached. In function search(), it simply returns FALSE as it does not contain the data to

be searched.

When we insert data into a null tree node, the null tree node will become a full tree node.
How could we convert a null tree node (LNullBTreeNode) to a full tree node
(LFullBTreeNode) at run time? C++ does not provide a mechanism to do this. We solve
the problem by letting the inser() function return a pointer to LBaseBTreeNode. Here is

the function definition:

LBaseBTreeNode* insert
(const int data)

{
return new LFullBTreeNode(data);

}

The returned pointer, which points to the newly created LFullBTreeNode, will be used as

the new root of the binary search tree whose root was the null tree node before.

3.1.1.2 Implementing LFullBTreeNode

In a binary search tree, there are large amounts of null nodes. In fact, there are always
more than half of the total nodes are null nodes. There is no difference among these null
nodes. If we represent each null node using a new LNullBTreeNode, it is a big waste of
memory space. In fact, we only need to allocate one LNullBTreeNode and let all the null
links point to the same null node. We do this by defining a static member variable inside

class LFullBTreeNode:

static LNullBTReeNode m_nullNode _S;
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C++ requires the initialization of m_nullNode_S to be done outside the class definition,

usually in the implementation file:
LNullBTreeNode LFullBTreeNode::m_nullNode_S;

The above statement tells the compiler to allocate memory for the static null node. In
C++, a static member variable is allocated only once when the application starts and is
freed when the application terminates. We can use this static member variable
LFullBTreeNode::m_nullNode_S to represent all the null nodes in the binary search trees.
L.e. all the null nodes in all the binary search trees in an application will point to this
single static null node. When a LFuliBTreeNode object is newly constructed, the

constructor initializes its left and right links to point to the static null node.

When implementing operations for a full tree node, such as insert(), remove(), search()
and traverse(), we fully utilize the dynamic binding and dispatching feature of virtual
functions. We also use recursive functions to simplify the coding. Here we will use
functions inseri() and remove() as an example to present the implementation details. Let

us first look at function LFuliBTreeNode: :inseri( ).

LBaseBTreeNode* LFullBTreeNode::insert
(const int data) !l new data item to be inserted

{

if (data < m_data)

{
m_pleft= m_pLefi->insert(data); I/ recursive function call

}

else if (data > m_data)

{

m_pRight= m_pRight->insert(data); I/ recursive function call

/1 else {m_data = data} we don’t allow duplication of data
Return this;
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We assume that there is no duplication of data in the binary search tree. Function inser()
returns a pointer to LBaseBTreeNode which is the new root of the binary search tree
represented by the tree node after insertion. When new data is inserted into the binary
search tree, if the data is less than the data contained in the full node, it should be inserted
into the left subtree, so we recursively call insert() function using m_pLeft (pointer to the
left subtree). Similarly, if the data is greater than the data contained in the full node, we
recursively call insert() function m_pRight (pointer to the right subtree). Since insert() is
a virtual function defined in the base class of LFullBTreeNode and LNuliBTreeNode, by
dynamic binding and dispatching, if m_pLeft or m_pRight points to a LFullBTreeNode,
then LFullBTreeNode::insert() will be called recursively; if m_pLeft or m_pRight points
to the static null node LFullBTreeNode::m_nuliNode S, then LNullBTreeNode::insert()
will be called and a new full node containing the new data will be created and linked to

the binary search tree.

Now let us look at function LFullBTreeNode::remove( ).

LBaseBTreeNode* LFullBTreeNode::remove
(const int  data, // data to be removed
BOOL& bDeleteThis, i TRUE if this node itself need to be deleted.
BOOL& bRemoveOK) Il TRUE if we sucessfully remove the data item from the tree

{

LBaseBTreeNode *pNewRoor;

bDeleteThis= FALSE;
bRemoveOK= FALSE;

if (data == m_data)
{
1l -
/! This node is the node which contains the
/] data item to be removed. Set bDeleteThis to
!l TRUE and bRemoveOK ro TRUE.
i ---
bDeleteThis= TRUE;
bRemoveOK= TRUE;
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if (m_pLeft->isNull())
{
pNewRoot= m_pRight; /! new root is the right subtree.
}
else if (m_pRight->isNull())
{
pNewRoot= m_pLeft; Il new root is the left subtree.
}
else
{
i
I/l None of the left and right subtree
/! is Null, we should replace the root
Il with the smallest node of the right
!/l subtree.
/"

LFullBTreeNode* pNewThisNode;
pNewThisNode= ((LFullBTreeNode*) m_pRight)->detachSmallestNode( ),

/I Connect the new root with the left subtree.
pNewThisNode->linkLeftSubtree(m_pLeft);

pNewRoor= pNewThisNode;
}

else if ( data < m_data)

{
BOOL bDeleteLeft;
LBaseBTreeNode* pOldLeft= m_pLeft;

m_plLeft= m_pLeft->remove(data, bDeleteLeft, bRemoveOK );
if (bDeleteLeft)
{
delete pOldLeft;
}

/! Dara item is removed from the left subtree. The tree
/1 root is still this node.
pNewRoot= this;
}
else if (data > m_data)
{
BOOL bDeleteRight;
LBaseBTreeNode* pOIdRight= m_pRight;

m_pRight= m_pRight->remove(data, bDeleteRight, bBRemoveOK);
if (bDeleteRight)

{
delere pOldRight;

}

/f Data item is removed from the right subtree. The tree
I/ root is still this node.
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pNewRoor= this;

}

return pNewRoot;

}

When we remove data from a binary search tree represented by a full tree node, we first
search for the data in the tree. If the data is found we delete the node containing the data
and re-link the tree properly. However if it is “this” node which contains the data to be
removed, we cannot delete “rhis” node right away as we are still in its member function.
To solve the problem, we have to use a flag bDelereThis to indicate whether “this” node
should be deleted or not. When bDeleteThis is TRUE, after the function is returned and
the node is not needed anymore, we should delete the node. Another flag bRemoveOK is
used to indicate whether the data is removed successfully. Like function inserz(), function
remove() also returns a pointer to LBaseBTreeNode which represents the new root of the

binary search tree after the deletion.

If the data to be removed is contained in “this” node, we should set bRemoveOK and
bDeleteThis to be TRUE. But what will be the new root of the binary search tree
represented by the node? There are several cases: (1) if the left subtree is empty, then we
should return m_pRight as the new root even if m_pRight is a null node; (2) otherwise, if
the right subtree is empty, then we should return m_pLeft as the new root; (3) if none of
the two subtrees are empty, we will move the smallest node in the right subtree to the root
position and return the node as the new root. As we know, data in the root node is always
greater than all the data in its left subtree and smaller than all the data in its right subtree.

When we choose a new root, the data in the new root must satisfy the above condition.
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Since the smallest node in the right subtree satisfies this condition and causes minimum

re-structuring of the binary search tree, we choose this node as the new root.

If the data to be removed is lesser than the data contaired in ““zhis” node, we search for
the data in the left subtree. Therefore we call remove() function recursively through
m pleft. If m _pLeft points to a LFullBTreeNode, then the function
LFullBTreeNode::remove() is called recursively. If m_pLeft points to the static null node,
then the function LNullBTreeNode::remove() is called which will set bBRemoveOK to be
FALSE to indicate that we cannot find the data to be removed from the binary search

tree.

If the data to be removed is greater than the data contained in “this” node, we search for

the data in the right subtree. It works the same way as the above case.

3.1.1.3 Implementing LBTree

Although LBTreeNode already implements the basic operations to operate a binary
search tree, it is not straightforward to use. For example, when the user wants to remove a
node from a binary search tree, he/she just wants to know whether the node can be
successfully removed. He/She is not interested in the pointer returned by function
LBaseBTreeNode::remove() and the bDeleteThis flag. Therefore LBTree is defined to
wrap around a LBaseBTreeNode and provide an easy interface for the user to use. Here

is the definition of LBTree:

class LBTree

{
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1/
/1 Constructors, destructors and enum types.
1/
public:

LBTree (void);

LBTree (const LBTree& rTree) {*this= rTree;}

virtual ~LBTree(void);

1
/! Member functions
1/
public:
BOOL remove (const int data);
void empty(void);

/! operators
LBTree& operator= (const LBTree& rTree);

/1 inline functions
void insert (const int data) {m_pRoot= m_pRoot->insert(data);}
void traverse (void) const {m_pRoot->traverse();}
void traverse (ofstream& ofs) const {m_pRoor->traverse(ofs);}
BOOL search (constint data) const {return m _pRoot->search(data).}
long space (void) { return (sizeof (*this) + m_pRoot->space());}
const LBaseBTreeNode & getRoot(void) const {return *m_pRoot;}
protected:

virtual void initRoot(void);
void setRoot(LBaseBTreeNode* pRoot) { m_pRoot= pRoot .}

protected:
LBaseBTreeNode* m_pRoor;

PN

A LBTree object has only one member variable m _pRoor which is a pointer to
LBaseBTreeNode. m_pRoot is first initialized to point to the static null node
LFullBTreeNode::m_nullNode_S. After the first call to LBTree::insert(), m_pRoot will

point to a LFullBTreeNode object.
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3.1.2 NULL Pointer Method

In this method, a null tree node is represented by a NULL pointer, we don’t need to

define a null node class. Two classes are defined:

o LPiurBTreeNode. It represents a full tree node. It contains the node data, and the left
and the right links to the subtrees. Initially both the left and the right links are NULL
pointers. As we can treat a LPtrBTreeNode object as a valid binary search tree, we
mainly implement the binary search tree operations inside this class.

e LPuBTree. It is a wrapper around a LPtrBTreeNode. The purpose of the class is to
provide an easy interface for the user to use.

The implementation of LPtrBTreeNode and LPtrBTree is similar to LFullBTreeNode and

LBTree. Both implementing the same set of tree operations and both using recursive

function calls. But LPtrBTreeNode cannot take advantage of dynamic binding as

LFullBTreeNode does. For example, when implementing function insert(),

LFullBTreeNode can treat a null tree node and a full tree node the same way -- a tree

node.

LBaseBTreeNode* LFullBTreeNode::insert
(const int dara) !/ new data item to be inserted

{

if (data < m_dara)
{
m_pLeft= m_pLeft->inseri(data); I/ recursive function call
else if (data > m_data)
{

m_pRight= m_pRight->insert(data); Il recursive function call

return this;

}

When we want to insert the data into the left subtree or the right subtree, we simply call

m_pLeft->insert(data) ot m_pRight->insert(data), we do not have to worry that m_pLeft
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or m_pRight points to a null node or a full node. But in LPtrBTreeNode, we must handle

the null node case separately.

LPirBTreeNode* LPirBTreeNode::insert
(const int data)

{
if (data < m_data)
{
if(m_plLeft == NULL)
{
m_pLeft= new LPtrBTreeNode(data);
else
{
m_pLeft->insert(data);
}
}
else if (data > m_data)
{
if (m_pRight == NULL)
{
m_pRight= new LPtrBTreeNode(dara);
}
else
{
m_pRight->insert(data);
}
4
return this;
}

If m_pLeft or m_pRight is a NULL pointer, we need to create a full tree node, otherwise

we can call LPtrBTreeNode::insert() recursively.

For more implementation details of LPtrBTreeNode and LPtrBTree, please refer to
LPtrBTreeNode.h in page 69, LPtrBTreeNode.cpp in page 71, LPirBTree.h in page 78,

and LPtrBTree.cpp in page 80.
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3.2 Implementing a Template Binary Search Tree

A binary search tree is a general data structure that can be used to maintain different
kinds of data. We can have a binary search tree of integers, doubles, strings, or any other
data types. In Section 3.1 (page 11), for simplification, we implement the binary search
tree as a binary search tree of integers. In this section, we will generalize the
implementation to work with any data types. We will implement the binary search tree

using template classes.

3.2.1 Null Node Method

Four template classes are implemented by converting from the implementation of a

binary search tree of integers:

TEMPLATE CLASS NAME CONVERTED FROM
LTmplBaseBTreeNode LbaseBTreeNode
LTmpiNullBTreeNode LnullBTreeNode
LTmplFullBTreeNode LfullBTreeNode
LTmplBTree LBTree

Each template class takes a template parameter DATA_TYPE which is the data type to

be maintained by the binary search tree.

The implementation of the template classes is basically the same as the implementation
of a binary search tree of integers, but using the template binary search tree LTmpiBTree

requires that:
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¢ The static member variable LTmpINullBTreeNode<DATA_TYPE> m_nullNode_ S
must be initialized for every DATA_TYPE used in the application. For example, if
we have a class called MyData and we want to build a binary search tree of MyDara

LTmplBTree<MyData>, we must initialize the following
LTmpINullBTreeNode<MyData> LTmplFullBTreeNode<MyData>::m_nullNode_S:

The initialization can be done in the .cpp file that LTmplBTree<MyData> will be
used, but it should be done only once in the application.
* The template parameter DATA_TYPE must implement the following operators and

constructors.

equality operator ==

inequality operator !=

greater than operator >

greater than or equal operator >=

less than operator <

less than or equal operator <=

output operator <<

assignment operator =

copy constructor if the default one is not good enough.

For implementation details, please refer to LTmplBTreeNode.h in page 84, and

LTmplBTree.h in page 94.

3.2.2 NULL Pointer Method

Two template classes are implemented: LTmplPuBTreeNode and LTmplPtrBTree.
LTmplPurBTreeNode is converted from LPuBTreeNode, and LTmplPtrBTree is

converted from LPuBTree. Usage of LTmplPtrBTree<DATA_TYPE> is similar to

24



LTmpiBTree<DATA_TYPE>, please refer to Section 3.2.1 in page 23. For
implementation details, please refer to LTmplPtrBTreeNode.h in page 97 and

LTmplPtrBTree.h in page 105.

3.3 Implementing an AVL Tree

The formal definition of an AVL tree is as follows: Height of a tree is the length of the
longest path from the root to a leaf. A binary search tree T is a height-balanced k-tree or
HB[k]-tree if each node in the tree has the HB[] property. A node has the HB[k]
property if the height of the left and right subtrees of the node differ in hei ght by at most
k. A HB[I] tree is also called an AVL tree. The following figure shows a valid and an

invalid AVL tree.

Figure 3: An AVL Tree Example

(a) Valid AVL Tree (b) Invalid AVL Tree
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In Figure 3(a), the height difference of the left subtree and the right subtree of any node
is no greater than 1, therefore it is a valid AVL wee. In Figure 3(b), the height difference
of the left subtree and the right subtree of node 10 is 2, therefore it is not a valid AVL

tree.

When inserting a node into an AVL tree, we insert it as in an ordinary binary search tree.
If the tree becomes unbalanced, we re-balance the tree. This is done by tree rotation.
According to different tree patterns, we can apply a left-right single rotation, a left-right

double rotation, a right-left single rotation, or a right-left double rotation [8].

When deleting a node from an AVL tree, we initially proceed as discussed in Section 3.1
(page 11). If none of the subtrees of the node to be deleted is empty, we will replace the
node to be deleted by the smallest node of its right subtree. After the deletion, any node
in the path from the root to the smallest node of the deleted node’s right subtree may
become unbalanced. Let us denote the path as “deletion path”. For every node in the
deletion path, from bottom to up, we need to check if it is unbalanced. If it is, we need to
re-balance the subtree starts from the node. The check will stop when we reach a node
whose height is not changed by the deletion. Re-balancing after deletion is also done by
rotations as in the insertion case. Actually, we consider that deleting a node from the
lef/right subtree of a node is equivalent to inserting a node to the right/left subtree of the

same node.
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3.3.1 Null Node Method

Since an AVL tree is a special binary search tree, we implement an AVL tree by
subclassing from the binary search tree classes. The following object diagram shows the

relationship of the classes:

Figure 4: Object Diagram of Implementing an AVL Tree

uses

¥

LLBaseBTreeNode 1
LBTree l

\v4
[LNullBTreeNode | ’ LFullBTreeNode J
| LAVLBTree }_
LNullAVLBTreeNoch , LFullAVLBTreeNode

In order to ensure the AVL tree is always balanced, we store the height information at

each tree node?. First we subclass LNullAVLBTreeNode from LNullBTreeNode.

class LNullAVLBTreeNode: public LNullBTreeNode
{

? Some implementations only store the height difference of the left subtree and the right

subtree at each tree node.
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public:
virtual LBaseBTreeNode* insert(const int data) ;
virtual int getHeight(void) const {return -1}
virtual long space (void) const { return sizeof(*this);}

};
A LNullAVLBTreeNode object always has the height of —1. When inserting data into a

LNullAVLBTreeNode, function insert() returns a pointer to a newly created

LFullAVLBTreeNode.

Second we subclass LFullAVLBTreeNode from LFullBTreeNode.

class LFullAVLBTreeNode: public LFullBTreeNode

{
"

/! Constructors, destructors and enum types.
7
public:

LFullAVLBTreeNode(const int newData);

LFullAVLBTreeNode(const LFullAVLBTreeNode& rNode) : LFullBTreeNode( rNode.getSelfDatra( })
{*this= rNode}

public:
virtual LBaseBTreeNode* insert(const int data) ;
virtual LBaseBTreeNode* remove(const int data, BOOL & bDeleteThis, BOOL& bRemoveOK )

/l operators
LFullAVLBTreeNode & operator= (const LFullAVLBTreeNode & rNode):

/I inlines
virtual LNullBTreeNode* getStaticNullNode(void) {return &m_nullAVLNode S}
static LNullBTreeNode* getNullNode_S (void) {return &m_nullAVLNode S}

virtual int  getHeight(void) const {return m_height;}
virtual void setHeight(const int height) { m_height= height;}
virtual long space (void) const;

public:
void calculateHeight (void);
LFullAVLBTreeNode* balance (const char direction);
private:

LFullAVLBTreeNode* detachSmallestNode (void):
LFullAVLBTreeNode* singleRotateLeft (void);
LFullAVLBTreeNode* doubleRorateLeft  (void);
LFullAVLBTreeNode* singleRotateRight (void);
LFullAVLBTreeNode* doubleRotateRight (void);
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private:
int m_height;
static LNullAVLBTreeNode m_nullAVLNode_S; I/ used to represent the leaf. It is static since all the
/! leaves can use the same null node.
static BOOL m_bCountNullAVLNodeSpace_S;

}'.
A LFullAVLBTreeNode has a member variable to store the height of the node. It defines

a new static null node which is of class LNullAVLBTreeNode. All the empty nodes in
the AVL twee will be represented by this new static null node. Class
LFullAVLBTreeNode implements functions singleRotateLefi(), doubleRotateLeft(),
singleRotateRight(), doubleRotateRight() and balance() to rotate and balance the tree
after insertion and deletion. It also overides inserz() and remove() functions to check the
balance property after the insertion/deletion, and re-balance the tree if necessary. It needs

to define the assignment operator = too since the operator is not inherited.

Besides the functions that are overridden, LFullAVLBTreeNode should be able to reuse
all the functions defined in LFullBTreeNode, such as search( ), traverse(),
removeSubtrees() etc. However, there is one problem here: the implementation of
LFullBTreeNode requires a LNullBTreeNode to represent a null node, but the
implementation of LFullAVLBTreeNode requires a LNullAVLBTreeNode to represent a
null node. For example, in function removeSubtrees(), after deleting all the subtrees, the
function will reset the left and the right links to point to the static null node. If the tree
node is a LFullBTreeNode, then the links should point to the static LNullBTreeNode. If
the tree node is a LFullAVLBTreeNode, then the links should point to the static

LNullAVLBTreeNode. To solve this problem, we define a virtual function
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getStaticNullNode() in classes LFullBTreeNode and LFullAVLBTreeNode.
LFullBTreeNode::getStaticNullNode( ) retumns the static LNullBTreeNode.
LFullAVLBTreeNode::getStaticNullNode() returns the static LNullAVLBTreeNode.
Function removeSubtrees() calls getStaticNulINode() to get the static node to be pointed
by the subtree links. Since getStaticNullNode() returns a static member variable, it should
be a static member function. However C++ does not allow a static member function to be

virtual, we have to define the function as a non-static function in this project.

At last, we subclass LAVLBTree from LBTree. LBTree initializes the root to point to the
static LNullBTreeNode, but LAVLBTree initializes the root to point to the static

LNullAVLBTreeNode.

In order to keep track of the nodes in the deletion path, we implement a template stack

class using the null node method. Please refer to LTmplStack.h in page 119.

For details of implementing an AVL tree using the null node method, please refer to
LAVLBTreeNode.h in page 109, LAVLBTreeNode.cpp in page 111, LBTree.h in page 64,

and LBTree.cpp in page 66.

3.3.2 NULL Pointer Method

We subclass LPtrAVLBTreeNode from LPtrBTreeNode, and LPtrBTree from LBTree.
LPtrAVLBTreeNode stores the height information of the node. It overides functions

insert() and remove(). It implements functions singleRotateLeft(), doubleRotatelefi(),
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singleRorateRight(), doubleRotateRight() and balance() to re-balance the tree after
insertion/deletion. LPtrBTree overrides function inserz() and creates a new
LPtrAVLBTreeNode instead of a LPuBTreeNode during the first insertion. For
implementation details, please refer to LPiwrAVLBTreeNode.h in page 122,
LPtrAVLBTreeNode.cpp in page 123, LPtrBTree.h in page 78, and LPtrBTree.cpp in

page 80.

In order to keep track of the nodes in the deletion path, we implement a template stack

class using the NULL pointer method. Please refer to LTmplPtrStack.h in page 131.

3.4 Implementing a Singly Linked List

A singly linked list is mainly used to maintain data in an unsorted order. There are two
ways to add data into a singly linked list: insert data in front of the list or append data at

the end of the list.

We use recursive function calls in implementing binary search trees, however we should
avoid this in implementing singly linked lists. When we insert to, remove from, search,
and traverse a binary search tree, the depth of the recursive function calls is about log(n),
where n is the node number. But when we append to, remove from, search and traverse a
linked list, the depth of the recursive function calls is n. When n is a large number,

recursive function calls will easily cause a stack overflow in the linked list case.
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When we build a singly linked list, if we use the append method which adds a new node
at the end of the list, then the implementation will be extremely inefficient. This is
because every time we add a new node, we have to traverse the entire list. We could keep
an extra pointer to remember the end of the linked list, but as we implement list
operations at the node level, this is not practical. An extra pointer at each node in the list
will greatly increase the space requirement. However, if we implement the list operations

at the list level, we will not be able to take advantage of null node anymore.

In this project, we use function insert() to build large singly linked lists.

3.4.1 Null Node Method

Four classes are implemented: LBaseSListNode, LNullSListNode, LFullSListNode and
LSList. Classes LNullSListNode and LFullSListNode are subclassed from
LBaseSListNode. LNullSListNode represents a null list node. LFullSListNode represents
a full list node. We implement the list operations in LNullSListNode and
LFullSListNode. LSList is a wrapper around a LBaseSListNode and is provided for an
easy interface for the user to use. For implementation details, please refer to
LSListNode.h in page 134, LSListNode.cpp in page 137, LSList.h in page 143, and

LSList.cpp in page 144.
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3.4.2 NULL Pointer Method

Two classes are implemented: LPtrSListNode and LPtrSList. We use a NULL pointer to
represent a null list node. LPtrSListNode represents a full list node. We implement the
list operations in LPtrSListNode. LPtrSList is a wrapper around a LPtrSListNode and is
provided for an easy interface for the user to use. For implementation details, please refer
to LPtrSListNode.h in page 146, LPtrSListNode.cpp in page 148, LPtrSList.h in page 153,

and LPtrSList.cpp in page 154.
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4 Experimental Design

In this project, our major interests are comparing the time and space efficiency of the null
node method and the NULL pointer method. We also need to make sure that the
implementation of the data structures is correct. Therefore designing the experiments
includes two steps: (1) Test correctness of the implementation; (2) Compare the time and

the space efficiency of the two methods.

4.1 Test Correctness

In main.cpp (page 164), a template function generalTest() is defined. It is used to test all

the data structures implemented in this project, which include:

* LBTree: A binary search tree of integers implemented with the null node method.

* LPuBTree: A binary search tree of integers implemented with the NULL pointer
method.

* LTmplBTree: A template binary search tree implemented with the null node method.

* LTmplPuBTree: A template binary search tree implemented with the NULL pointer
method.

* LAVLBTree: An AVL tree of integers implemented with the null node method.

e LPuAVLBTee: An AVL tree of integers implemented with the NULL pointer
method.

e LSList: A singly linked list of integers implemented with the null node method.
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e LPuSList: A singly linked list of integers implemented with the NULL pointer
method.

The following functionality is tested in the template function generalTest():

® Test insertion. Starting with an empty data structure, insert ten random numbers into
the data structure. Output the data structure and check whether the numbers are
correctly inserted.

® Test assignment operator =. Use assignment operator = to make a copy of the data
structure with ten random numbers and see whether it is correctly copied.

® Test search. Insert another five pre-selected numbers into the data structure. Check
whether the numbers are correctly inserted. Search for the five pre-selected numbers.
Generate a random number, and search for it.

® Test deletion. Delete the five pre-selected numbers and check whether they can be
correctly deleted.

e Test traverse. Each time we do an operation that will change the data structure, we
will use the traverse functionality to output the data structure to examine it.

® Test empry. Empty the entire data structure and check whether the data structure

becomes empty.

Besides function generalTest(), another two template functions slistTesz(),

AVLBTreeTest() are also implemented in main.cpp (page 164) .

In function slistTest(), we further test the insertion, appending, and deletion functionality

of a singly linked list. We first insert numbers 1 to 10 to the list, then append numbers 1
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to 10 to the list. Check the list to see whether the numbers are correctly inserted and
appended. We then try to remove I, 2 and 11. We check whether the numbers are
successfully removed and whether the number of nodes removed is correct. At last, we

insert five 2s and remove all of them.

In function AVLBTreeTest(), we further test single left rotation, single right rotation,
double left rotation, double right rotation and deletion of an AVL tree. First we insert
numbers 1 to 100, in this order single right rotations will be used to re-balance the tree.
Second we generate 20 random numbers within the range of 1 and 100 and remove them
from the tree. We check whether the numbers can be successfully removed and the tree is
properly re-balanced. We repeat the removing process for 10 times. After testing
deletion, we insert numbers 30 to 1 to the tree, in this order single left rotations will be
used to re-balance the tree. At last, we empty the tree and rebuild the tree with a special
group of numbers. The group of numbers will cause both double left rotations and double

right rotations.

The test results are written to the following files:

e TestTree.txt. Test result of LBTree. See page 179.

e TestPtrTree.txt. Test result of LPtrBTree. See page 182.

o TestintTmplTree.txt. Test result of LTmpiBTree<int>. See page 185.

o TestIntTmplPtrTree.txt. Test result of LTmplPtrBTree<int>. See page 188.
® TestAVLTree.txt. Test result of LAVLBTree. See page 191.

® TestPtrAVLTree.txt. Test result of LPtrAVLBTree. See page 202.
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e TestSList.txt. Test result of LSList. See page 213.

o TestPtrSList.txt. Test result of LPtrSList. See page 216.

4.2 Comparing Time and Space Efficiency

Using the null node method eliminates the danger of accessing a NULL pointer, but
inheritance and dynamic binding cause certain overhead. We would like to know the time
and space performance of the null node method when building and accessing large trees
and lists. We also want to compare the results to the equivalent NULL pointer method.
We use the following loop to generate some large number. This large number is used as
the number of nodes for building trees and lists and the number of times to access trees

and lists.

for (int j= largeStartNode_G: j <= largeEndNode_G;
((j >= 300000) ? (j+= 100000) : (j+= increment_G}))

When testing binary trees and AVL trees, we set

LargeStariNode_G= 10000
LargeEndNode_G= 400000
Increment_G= 20000;

When testing linked lists, we set

LargeStariNode _G= 10000:
LargeEndNode_G= 80000;
Increment_G= 10000;

The numbers chosen for linked lists are smaller than the ones for binary search trees since
accessing a linked list is much slower than accessing a binary search tree. Average time
of searching a binary search tree is about log(n) while average time of searching an

unsorted singly linked list is about n/2.
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4.2.1 Calculating Time
We use function _ftime(), which gets the current time of the system, to measure the time

for building and accessing trees and lists.

To get the build time of a tree or a list, we call _frime() right before and right after
building the tree or the list. Then we calculate the time difference between the two calls
of _ftime(). Similarly, we get the access time of a tree or a list by calling _ftime() right

before and right after accessing the tree or the list for n times.

4.2.2 Calculating Space

We use sizeof(*this) to measure the space needed for each tree node or list node. We
implement a space() function in each full node class and calculate the space needed for

an entire tree or list.

In the null node method, the null node is declared as a static member variable and is
allocated only once in the application. Therefore when we calculate the space of a tree or

a list, we only count the null node space once in the application.

4.2.3 Comparing Time and Space Efficiency

Given a number n, we define
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Time to build a data structure with n nodes using the NULL pointer method

BuildTimeRatio(n) =
Time to build a data structure with n nodes using the null node method

Time to access a data structure with n nodes for n times using the NULL pointer method

AccessTimeRatio(n) =
Time to access a data structure with n nodes for n times using the null node method

Space needed to build a data structure with n nodes using the NULL pointer method

SpaceRatic(n) =
Space needed to build a data structure with # nodes using the null node method

We use BuildTimeRatio(n), AccessTimeRatio(n), and SpaceRatio(n) to compare the time
and space efficiency of the null node method and the NULL pointer method. If the ratio
is less than 1, it means that the NULL pointer method requires less time or space than the
null node method. Since searching in a large linked list may take hours or even days, [

modify the definition of AcessTimeRatio(n) for a singly linked list as follows:

Time to access a data structure with n nodes for 500 times using the NULL pointer method

AccessTimeRatio(n) =
Time to access a data structure with n nodes for S00 times using the nuil node method

The test of the time and the space efficiency is also done in the template function

generalTest(). For details, please refer to main.cpp in page 164.

We defined classes LCompare and LStatistic which are used to keep the time and the
space values of each test and calculate the ratios. For details, please refer to LStatistic.h in

page 157 and LStatistic.cpp in page 160.
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S5 Experimental Results

We did the test three times. Each time a group of test results corresponding to different

node numbers is generated. Please refer to Figure 5 (page 45) to Figure 9 (page 49). In

this section, we will analyze the test results.

5.1 Build Time Efficiency

We can summarize the build time ratios in the following table:

Table 1: Comparing Build Time of the Two Methods

Test | Binary search Template Template AVL Tree of Singly
No. tree of Binary Search | Binary Search Integers Linked List
Integers Tree <Double> Tree <Int> of Integers

Minimum 1 1.08627 1.10748 1.09383 1.15557 0.860927
BuildTimeRatio |5 1.02244 1.09257 1.12337 1.16591 0.75

3 1.11033 1.05566 1.10121 1.15355 0.857143
Maximum 1 1.16667 1.15768 1.3 1.19528 1.29032
BuildTimeRatio [~ 1.33092 1.16509 731965 7.18753 7

3 1.342 1.39073 1.38614 1.19621 0.990991
Average 1 1.13698 1.13361 1.15615 1.18567 0.958774
BuildTimeRatio |~ 1.14441 1.13462 117286 118173 0.926097

3 1.16261 1.14556 1.16706 1.18696 0.921826

From the table, we can see that the results of all the three tests are very close. When

building a binary search tree or an AVL tree, the null node method is slightly faster than

the NULL pointer method. When building a singly linked list, the null node method is

slightly slower then the NULL pointer method. Why are such results generated? We will




look at the implementation details of the binary search tree and the singly linked list.

First let us look at the binary search tree implementation.

Null Node Method

NULL Pointer Method

LBaseBTreeNode* LFullBTreeNode::insert

(const int data) I/ new data item to be inserted
{

if (data < m_data)

{

m_plLefi= m_plLeft->insert(data):
1l recursive function call
}
else if (data > m_data)

{
m_pRight= m_pRight->insert(data);
/I recursive function call

}

Il else {m_data = dara} we don't allow
/i duplication of data

return this;

void LBTree:: insert
{const int data )

{

m_pRoot=m_pRoot->insecri(data);

}

LPtrBTreeNode* LPtrBTreeNode::insert
{const int data)

{

if (data < m_data)
{
if tm_pLeft != NULL)
e
m_pLeft->insert(data);

else

{
m_pleft= new LPtrBTreeNode(data}:

else if (data > m_data)

{
if (m_pRight '= NULL)
{

m_pRight->inseri(data);
else

{
m_pRight= new LPirBTreeNode(data);

}

refurn this:

}

void LPtrBTree::insert
(const int data)

{
if tm_pRoor == NULL)
{
m_pRoot= new LPtrBTreeNodetdata):
}
else
{

m_pRoot= m_pRoot->insert(data);
}
}

When we build a binary search tree, we will call insert() function to insert a new node.

Each time we insert a new node, the time overhead for the null node method is:

n dynamic bindings + n insert() function calls

the time overhead for the NULL pointer method is:

n tests of NULL + n insert() function calls

4]

--if m_pRoor is not NULL



n tests of NULL + (n-1) insert() function calls
n is the depth of recursive calls to function insert(). The test results show that the time

overhead caused by the dynamic binding in the null node method is slightly smaller than

the test of NULL in the NULL pointer method.

Second let us look at the singly linked list implementation.

Null Node Method

NULL Pointer Method

LBaseSListNode* LFullSListNode::insert
{const int data)

{
rerurn new LFullSListNode(data. this);

}

void LSList::insert (const int data}

{
m_pHead= m_pHead->insert(data):

}

LPtrSListNode* LPtrSListNode::insert
(const int data)
{
return new LPtrSListNode(dara. this);
}

void LPtrSList::insert
(const int data)
{
if (m_pHead == NULL)
m_pHead= new LPtrSListNode(data);
else
m_pHead= m_pHead->inseri(data);
}

When we build a singly linked list, each time we insert a new node, the time overhead for

the null node method is:

one dynamic binding + one insert() function call

the time overhead for the NULL pointer method is:

one test of NULL + one insert() function call

one test of NULL

--if m_pHead is NULL

-- if m_pRoot is NULL

-- if m_pHead is not NULL

From the analysis of the time overhead of the two methods in implementing a singly
linked list, we cannot explain why the NULL pointer method performs a little bit better
than the null node method. Since the building time of a singly linked list is very short, the

BuildTimeRatio may not reflect the accurate performance of the two methods. Using the
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first test result as an example (please refer to TestSList.txt in page 213 and

TestPtrSList.txt in page 216), the time range of building singly linked lists with nodes

from 10000 to 100000 is as follows: the null node method ranges from 3! to 360

milliseconds and the NULL pointer method ranges from 40 to 340 milliseconds.

5.2 Access Time Efficiency

Table 2: Comparing Access Time of the Two Methods

Test Binary Template Template AVL Tree of Singly
No. Search Tree | Binary Search | Binary Search Integers Linked List
of Integers Tree Tree of Integers
<Double> <Int>
Minimum 1 0.974766 0.923077 0.970588 0.99317 0.613182
AccessTimeRatio 0.869146 0.923077 0.9 0.975639 0.616844
3 0.968661 0.814367 0.889488 0.992644 0.61189
Maximum 1 1.09091 0.972721 1.02102 1.02219 0.674774
AccessTimeRatio = 1.02145 0.970139 1.019 1.03333 0.674535
3 1.11111 0.988827 1.03244 1.0134 0.674647
Average 1 1.01179 0.951768 1.00123 1.00657 0.664287
AccessTimeRatio | 0.979519 0.953431 0.987465 0.996935 0.664628
3 1.00618 0.943071 0.991536 1.0024 0.664091

From the test results, the average AccessTimeRatio of binary search trees, template binary

search trees and AVL trees are almost 1. But the average AccessTimeRatio of the singly

linked lists is only around 0.66. We can look at the implementation of the singly linked

list and see why the null node method is much slower than the NULL pointer method in

this case.
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Null Node Method

NULL Pointer Method

BOOL LFullSListNode::search
(const int dara)

{
if im_data == data)
return TRUE;

LBaseSListNode *pNext= m_pNext;
while (‘pNext->isNull())
{
if (data == pNext->getSelfDaiat }}
return TRUE;

pNext= pNext->getNext();

BOOL LPirSListNode::search
(const int data}

{
if tm_dara == dara)
return TRUE:

LPtrSListNode *pNext= m_pNext;
while (pNext != NULL)
{
if (data == pNext->getSelfData( )}
return TRUE;

pNext= pNext->getNexi():

}

return FALSE;

return FALSE:

} }

In the null node case, the function calls isNull(), getSelfData(), getNext() all involve
dynamic binding, while in the NULL pointer case do not. This explains why the null

node method is much slower for linked lists.
5.3 Space Efficiency

From the test results, we can see that the space ratios of all the data structures we
implemented are 1 except for node number 10000. This is because the null node method
needs to allocate extra space for the static null node, but it is only allocated once in the
application. The extra bytes allocated for the static null node is counted when we first
calculate the space of a tree or a list; afterwards it is not counted anymore. For large trees
and lists, we can ignore the few bytes allocated for the static null node, and consider the

space efficiency of the two methods are the same.



Figure 5: Test Result of Binary Search Tree of Integers

First Test

Second Test

Third Test

Build Time Ratio:
BuildTimeRatio(10000)= 1.16667
BuildTimeRatio(30000)= 1.10782
BuildTimeRatio(50000)= 1.14219
BuildTimeRatio(70000)= 1.1594
BuildTimeRatio(90000)= 1.1368
BuildTimeRatio(110000)= [.15248
BuildTimeRatio(130000)= [.15633
BuildTimeRatio(150000)= [.13003
BuildTimeRatio(17G6000)= 1.15177
BuildTimeRatio(190000)= 1.15207
BuildTimeRatio(210000)= 1.08627
BuildTimeRatio(230000)= 1.15451
BuildTimeRatio(250000)= 1.11483
BuildTimeRatio(270000)= [.13293
BuildTimeRatio(290000)= 1.12704
BuildTimeRatior310000)= 1.1206
BuildTimeRatio(min)= 1.08627
BuildTimeRatiotmaxj= 1.16667
BuildTimeRatiotave )= 1.13698

Access Time Ratio:
AccessTimeRatio(10000)= 1
AccessTimeRatio(30000)= 1.09091
AccessTimeRatio(50000)= 1
AccessTimeRatio(70000})= 0.989142
AccessTimeRatio(90000)= [.02517
AccessTimeRatiot110000)= 1.00678
AccessTimeRatio(130000)= [.02653
AccessTimeRatio(150000j= 0.978568
AccessTimeRatio(170000)= 0.974766
AccessTimeRatio(190000)= 1.00339
AccessTimeRatiot210000)= 1.01196
AccessTimeRatio(230000)= 1.02415
AccessTimeRatio(250000)= 1
AccessTimeRatio(270000)= [.0437
AccessTimeRatio(290000}= [.02102
AccessTimeRalio(310000)= 0.992524
AccessTimeRatio(min)= 0.974766
AccessTimeRatio(max)= 1.0909/
AccessTimeRaitio(ave)= 1.01179

Space Ratio:
SpaceRatio(10000)= 0.999975
SpaceRatio(30000)= 1
SpaceRatio(50000)= 1
SpaceRatio(70000)= 1
SpaceRatio(90000)= 1
SpaceRatiot1 10000)= |
SpaceRatio(130000)= 1
SpaceRatio(150000)= |
SpaceRatio(170000)= 1
SpaceRatio(190000)= I
SpaceRatio(210000)= 1
SpaceRatio(230000)= |
SpaceRatio(250000)= |
SpaceRatio(270000)= 1
SpaceRatio(290000)= 1
SpaceRatio(310000)= 1
SpaceRatio(min)= 0.999975
SpaceRatiotmaxj= 1
SpaceRatio(ave)= 0.999998

Build Time Ratio:
BuildTimeRatio(100060)= |.16667
BuildTimeRatio(30000)= 1.02244
BuildTimeRatio(50000)= [.1248
BuildTimeRatio(70000)= [.13491
BuildTimeRatio(90000)= [ 33092
BuildTimeRatio(110000)= 1.17544
BuildTimeRatio(130000)= 1.1765
BuildTimeRatio(150000)= 1.15474
BuildTimeRatio(170000)= 1.18555
BuildTimeRatio(190000)= [.13087
BuildTimeRaitio(210000)= 1.11793
BuildTimeRatio(230000)= 1.11747
BuildTimeRatio(250000)= 1.098
BuildTimeRatio(270000})= 1.14219
BuildTimeRatio(290000)= 1.0969
BuildTimeRatio(310000)= 1.13524
BuildTimeRatio(min)= 1.02244
BuildTimeRatiotmax)= 1.33092
BuildTimeRatio(ave)= 1.14441

Access Time Ratio:
AccessTimeRatio(10000})= 0.91
AccessTimeRatio(30000)= 1
AccessTimeRatio(50000)= 0.984152
AccessTimeRatio(70000)= 1.00987
AccessTimeRario(90000)= 0.869146
AccessTimeRatio(110000)= 0.953542
AccessTimeRatio(130000)= 0.914144
AccessTimeRatio(150000)= 1.02145
AccessTimeRatio(170000)= 1.01842
AccessTimeRatio(190000)= 1.00677
AccessTimeRatio(210000)= 0.994039
AccessTimeRatio(230000)= 1.00808
AccessTimeRatio(250000)= 0.99486
AccessTimeRatio(270000)= 1.00]98
AccessTimeRatio(290000)= 0.989663
AccessTimeRatio(310000)= 0.996182
AccessTimeRatio(min)= 0.869146
AccessTimeRatiotmax)= 1.02145
AccessTimeRatio(ave)= 0.979519

Space Ratio:
SpaceRatio(10000)= 0.999975
SpaceRatio(30000j= |
SpaceRatio(50000)= [
SpaceRatio(70000)= |
SpaceRatio(90000)= 1
SpaceRatio(! 10000)= [
SpaceRatio(130000)= 1
SpaceRatio(150000)= |
SpaceRatio(170000)= 1
SpaceRatio(190000)=
SpaceRatio(210000)=
SpaceRatio(230000)=
SpaceRatio(250000)=
SpaceRatio(270000)=
SpaceRatio(290000}=
SpaceRatio(310000)=
SpaceRatio(min)= 0.999975
SpaceRatio(max)= 1
SpaceRaiio(ave)= 0.999998

)

~

Build Time Ratio:
BuildTimeRatio(10000)= [.17117
BuildTimeRatio(30000})= 1.19189
BuildTimeRatio(50000)= [.13825
BuildTimeRatio(70000)= 1.16824
BuildTimeRatio(90000)= | 342
BuildTimeRatio(110000)= 1.17218
BuildTimeRatio(130000)= 1.12838
BuildTimeRatio(150000)= |.14188
BuildTimeRatiol 170000)= |.18759
BuildTimeRatio(190000)= 1.15906
BuildTimeRatio(210000)= [.]14585
BuildTimeRatia(230000)= [.15381
BuildTimeRatio(250000)= 1.1195
BuildTimeRatio(270000)= |.14587
BuildTimeRatio(290000)= 1.1258
BuildTimeRatiot310000j= 1.11033
BuildTimeRatio(min)= [.11033
BuildTimeRatio(max)= 1.342
BuildTimeRatiotave)= [.16261

Access Time Ratio:
AccessTimeRartio(10000)= 1.11111]
AccessTimeRatio(30000)= 0.968661
AccessTimeRatio(50000)= 0.983897
AccessTimeRatiol700G0)= 0.998915
AccessTimeRatio(90000)= ]
AccessTimeRatio(110000)= [.01935
AccessTimeRatio(130000)= [.00983
AccessTimeRatio(150000)= 0.982706
AccessTimeRatio(170000)= [.00404
AccessTimeRatio(196000)= 1.01005
AccessTimeRatio(210000= 1
AccessTimeRatio(230000)= 0.9720R87
AccessTimeRatio(250000)= 0.997582
AccessTimeRatio(270000)= 1.02816
AccessTimeRatio(290000)= [.0124K8
AccessTimeRatio(310000)= 1
AccessTimeRatiotminj= 0.968661
AccessTimeRatiotmax)= 111111
AccessTimeRatio(ave)= [.00618

Space Ratio:
SpaceRatio(10000})= 0.999975
SpaceRatio(30000)= 1
SpaceRatio(50000)= 1
SpaceRatio(70000)= 1
SpaceRatio(90000)= |
SpaceRatio(110000)= 1
SpaceRartio(130000)= 1
SpaceRatio(150000)= |
SpaceRatio(170000)=
SpaceRaiio(190000 )=
SpaceRatio(210000)= 1
SpaceRatio(230000)= 1
SpaceRatio(250000)= [
SpaceRatio(270000)= |
SpaceRatio(290000)= [
SpaceRatio(310000)= 1
SpaceRatio(min)= 0.999975
SpaceRatio(max)= 1
SpaceRatiotave)= 0.999998

~~
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Figure 6: Test Result of Template Binary Search Tree of Doubles

First Test

Second Test

Third Test

Build Time Ratio:
BuildTimeRatio(10000)= 1.13333
BuildTimeRatio(30000)= [.15768
BuildTimeRatio(50000)= 1.15215
BuildTimeRatio(70000)= 1.1491
BuildTimeRatio(90000)= 1.11229
BuildTimeRatio(110000)= 1.151]
BuildTimeRatio(130000)= 1.15326
BuildTimeRatio(150000)= 1.12678
BuildTimeRatio(170000)= 1.1367
BuildTimeRatio(190000)= 1.12444
BuildTimeRatio(210000)= 1.14193
BuildTimeRatio(230000)= 1.11938
BuildTimeRatio(250000)= 1.11275
BuildTimeRatio(270000)= 1.1355
BuildTimeRatio(290000)= 1.10748
BuildTimeRatio(310000)= 1.12388
BuildTimeRatio(min)= [.10748
BuildTimeRatio(max)= 1.15768
BuildTimeRatio(ave)= 1.1336/

Access Time Ratio:
AccessTimeRatio(10000)= 0.923077
AccessTimeRatio(30000)= 0.939583
AccessTimeRatio(50000)= 0.965157
AccessTimeRatio(70000)= 0.972721
AccessTimeRatio(90000)= 0.963258
AccessTimeRatio(110000)= 0.962669
AccessTimeRatio(130000)= 0.961214
AccessTimeRaniofl150000)= 0.9386&4
AccessTimeRatio(170000)= 0.950762
AccessTimeRatio(190000)= 0.931396
AccessTimeRatio(210000)= 0.961373
AccessTimeRatia(230000)= 0.958059
AccessTimeRatio(250000)= 0.933489
AccessTimeRatia(270000)= 0.963504
AccessTimeRatio(290000)= 0.943565
AccessTimeRatio(310000)= 0.95977
AccessTimeRatio(min)= 0.923077
AccessTimeRatiolmax)= 0.972721
AccessTimeRatiotave )= 0.95176&8

Space Ratio:

SpaceRatiot 10000)= 0.999983
SpaceRutio(30000)=
SpaceRatio(50000)=
SpaceRatio(70000)= 1
SpaceRatia(90000)= 1
SpaceRatio(110000)= 1
SpaceRatio(130000)= 1
SpaceRatio(150000)= 1
SpaceRatio(170000)= 1
SpaceRatio(190000)= 1
SpaceRatio(210000)= 1
SpaceRatio(230000)= 1
SpaceRautio(250000)= 1
SpaceRatio(270000)= {
SpaceRatio(290000)= 1
SpaceRatio(310000)= 1
SpaceRatiofmin)= 0.999983
SpaceRatiolmax)= 1|
SpaceRatio(ave)= 0.999999

—

Build Time Ratio:
BuildTimeRatio(10000)= 1.13333
BuildTimeRatio(30000)= 1.14553
BuildTimeRatio(50000)= 1.16073
BuildTimeRatio(70000)= 1.16509
BuildTimeRatio(90000)= 1.13012
BuildTimeRatio(110000)= 1.16379
BuildTimeRatio(130000)= 1.15844
BuildTimeRatio(150000)= 1.12642
BuildTimeRatio(170000)= 1.14536
BuildTimeRatio(190000)= [.10179
BuildTimeRatio(210000)= 1.12425
BuildTimeRatio(230000)= {.1272
BuildTimeRatio(250000)= 1.09257
BuildTimeRatio(270000)= 1.13903
BuildTimeRatio(290000)= [.11526
BuildTimeRatio(310000)= 1.12496
BuildTimeRatio(min)= 1.09257
BuildTimeRatio(max)= 1.16509
BuildTimeRatio(ave)= 1.13462

Access Time Ratio:
AccessTimeRaitio(10000)= 0.923077
AccessTimeRatio(30000)= 0.96008
AccessTimeRatio(50000)= 0.943946
AccessTimeRatio(70000)= 0.953704
AccessTimeRatio(90000)= 0.946126
AccessTimeRatio(110000)= 0.963014
AccessTimeRatio(130000}= 0.950627
AccessTimeRatio(150000)= 0.938191
AccessTimeRatio(170000)= 0.956224
AccessTimeRuatiof 190000)= 0.967135
AccessTimeRatio(210000)= 0.961763
AccessTimeRatio(230000)= 0.954428
AccessTimeRatio(250000)= 0.961199
AccessTimeRatio(270000)= 0.970139
AccessTimeRatio(290000)= 0.963486
AccessTimeRatio(310000)= 0.941761
AccessTimeRatio(min}= 0.923077
AccessTimeRatio(max)= 0.970139
AccessTimeRatio(ave)= 0.953431

Space Ratio:
SpaceRatio(10000)= 0.999983
SpaceRatio(30000)= 1
SpaceRatio(50000)= 1
SpaceRatio(70000)= 1
SpaceRatio(90000)= 1
SpaceRatio(110000)= 1
SpaceRatio(130000)= 1
SpaceRatio(150000)= 1
SpaceRatio(170000)= 1
SpaceRatio(190000)= 1
SpaceRatio(210000)= 1
SpaceRatio(230000)= 1
SpaceRatio(250000)= 1
SpaceRatio(270000)= |
SpaceRatio(290000)= 1
SpaceRatio(310000)= 1
SpaceRatio(min)= 0.999983
SpaceRatio(max)= 1
SpaceRatiofavej= 0.999999

Build Time Ratio:
BuildTimeRatio(10000)= 139073
BuildTimeRatio(30000)= 1.05566
BuildTimeRatio(50000)= 1.07709
BuildTimeRatio(70000)= 1 32437
BuildTimeRatio(90000)= 1.14176
BuildTimeRario(110000)= 1.14008
BuildTimeRatio(130000)= 1.14407
BuildTimeRatio(150000)= 1.13622
BuildTimeRatio(170000)= 1.12189
BuildTimeRatio(190000)= 1.12476
BuildTimeRatio(210000)= 1.13155
BuildTimeRatio(230000)= [.1172]
BuildTimeRatio(250000)= [.11014
BuildTimeRatio(270000)= 1.10355
BuildTimeRatio(290000)= 1.10164
BuildTimeRatio(310000)= 1.1082
BuildTimeRatio(min)= | .05566
BuildTimeRatio(max)= 1.39073
BuildTimeRatio(ave)= [ .[4556

Access Time Ratio:
AccessTimeRatio(10000)= 0.864286
AccessTimeRatio(30000)= 0.960417
AccessTimeRatio(50000)= 0.965948
AccessTimeRatio(70000)= 0.814367
AccessTimeRatio(90000)= 0.959816
AccessTimeRatio(110000)= 0.977406
AccessTimeRario(130000)= 0.973743
AccessTimeRatio(150000)= 0.955906
AccessTimeRatio(i70000)= 0.938065
AccessTimeRatio(190000)= 0.93634
AccessTimeRatio(210000)= 0.963388
AccessTimeRatio(230000)= 0.934543
AccessTimeRatio(250000)= 0.960701
AccessTimeRatio(270000)= ¢.939526
AccessTimeRatio(290000)= 0.955853
AccessTimeRatio(310000)= 0.988827
AccessTimeRatio(min)= 0.814367
AccessTimeRatiotmax)= 0.985827
AccessTimeRatio(ave )= 0.943071

Space Rutio:
SpaceRatio(10000)= 0.999983
SpaceRatio(30000)= 1
SpaceRaltio(50000)= 1
SpaceRatio(70000)= |
SpaceRatio(90000)= 1
SpaceRatio(110000)= [
SpaceRatio(130000)= 1
SpaceRatio(150000)= 1
SpaceRatio(170000)=
SpaceRatio(190000)=
SpaceRatia(210000)=
SpaceRatio(230000)=
SpaceRatio(250000)= 1
SpaceRatio(270000)= |
SpaceRaiio(290000)= |
SpaceRatio(310000)= 1
SpaceRatio(min)= 0.999983
SpaceRatio(max)= 1
SpaceRatiotave)= 0.999999

~
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Figure 7: Test Resuit of Template Binary Search Tree of Integers

First Test

Second Test

Third Test

Build Time Ratio:
BuildTimeRatin(10000)= 1.3
BuildTimeRatio(30000)= 1.16173
BuildTimeRatio(50000)= 1.19324
BuildTimeRatio(70000)= I.18066
BuildTimeRatio(90000)= 1.09383
BuildTimeRatiot110000)= 1.15922
BuildTimeRatio(130000)= [.13841
BuildTimeRatio(150000)= [.16212
BuildTimeRatio(170000)= 1.16739
BuildTimeRatio(190000)= [.14075
BuildTimeRaiio(210000)= [.13062
BuildTimeRatio(230000)= 1.14625
BuildTimeRatio(250000)= 1.12276
BuildTimeRatin(270000)= [.13356
BuildTimeRatio(290000)= 1.14431
BuildTimeRatio(310000)= 1.12362
BuildTimeRatiotmin)= 1.09383
BuildTimeRatio(max)= 1.3
BuildTimeRatiolave)= [.15615

Access Time Ratio:
AccessTimeRatio(10000)= {
AccessTimeRatiot 30000 )= 0.97058%
AccessTimeRatio(50000)= 1.00164
AccessTimeRatio(70000)= |
AccessTimeRatio(90000)= 0.99168]
AccessTimeRatio(110000)= 1.0/ 896
AccessTimeRutio( 130000)= 0.995342
AccessTimeRatiol 150000)= 0.9X6917
AccessTimeRatio(170000)= 1.01076
AccessTimeRartiol 190000 )= ].00034
AccessTimeRatio(2]0000)= 0.997001
AccessTimeRatio(230000)= [.01074
AccessTimeRatio(250000)= !
AccessTimeRulio(270000)= |.00682
AccessTimeRatio(290000)= 1.02102
AccessTimeRatio(310000)= 1.00784
AccessTimeRatiotmin )= 0.970588
AccessTimeRatiotmax)= 1.02102
AccessTimeRatiorave)= 1.00123

Space Ratio:
SpaceRatio(10000)= 0.999975
SpaceRatia(30000)= /|
SpaceRatio(50000)= |
SpaceRatio(70000)= |
SpaceRatio(90000)=
SpaceRatio(110000)= |
SpaceRaiio(130000)= |
SpaceRatia(150000)= |
SpaceRatio(170000)=
SpaceRatio(190000)=
SpaceRatio(210000)=
SpaceRatio(230000)= |
SpaceRatio(250000)= |
SpaceRatio(270000)= |
SpaceRatio(290000)= |
SpaceRatio(310000)= |
SpaceRatio(minj= 0.999975
SpaceRatio(max)= |
SpaceRatiofave j= 0.999998

~

~— -

Build Time Ratio:
BuildTimeRatio(10000)= | 28182
BuildTimeRatio(30000)= [ 31965
BuildTimeRatio(50000)= | 20934
BuildTimeRatio(70000)= |.18172
BuildTimeRatio(90000)= [.13655
BuildTimeRatio(110000j= 1.1602
BuildTimeRatio(130000)= 1.16641]
BuildTimeRatio(150000)= [.1440]
BuildTimeRatio(170000)= [.1634
BuildTimeRatio(190000)= |.13748
BuildTimeRatio(210000)= [ .14714
BuildTimeRatia(230000)= .15682
BuildTimeRatio(250000)= {.13402
BuildTimeRatio(270000)= [.]1502
BuildTimeRatio(290000)= [.15367
BuildTimeRatio(310000)= 1.12337
BuildTimeRatio(min)= 1.12337
BuildTimeRatio(max)= [ 31965
BuildTimeRatiolave)= 1.17286

Access Time Ratio:
AccessTimeRatia( 10000)= 0.9
AccessTimeRatio(30000)= 0.919444
AccessTimeRatiof(50000)= 0.96984]
AccessTimeRatio(70000)= |
AccessTimeRatio(90000)= 0.975248
AccessTimeRatio(110000)= 1.0062
AccessTimeRatio(]130000)= 0.990266
AccessTimeRatiof(150000)= 0.982992
AccessTimeRatio( 170000 )= |
AccessTimeRatiof 190000)= 0.996638
AccessTimeRatio(210000)= 1.01517
AccessTimeRatio(230000)= .0109%
AccessTimeRatio(250000 )= |.00246
AccessTimeRatin(270000)= 1.01328
AccessTimeRatio(290000)= .019
AccessTimeRatio(310000)= 0.99790&
AccessTimeRatio(min)= 0.9
AccessTimeRatio(max)= 1.019
AccessTimeRatio(ave )= 0.987465

Space Ratio:
SpaceRatio(10000)= 0.999975
SpaceRatio(30000)= |
SpaceRatio(50000)= |
SpaceRatio(70000)= |
SpaceRario(90000)= |
SpaceRatio(110000)= |
SpaceRatio(130000)= |
SpaceRatio(150000)= |
SpaceRatio(170000)= |
SpaceRatio(190000)= |
SpaceRatio(210000)= |
SpaceRatio(230000)= |
SpaceRatio(250000)= |
SpaceRatio(270000)= /
SpaceRatio(290000)= |
SpaceRatio(310000)= |
SpaceRatio(min )= 0.999975
SpaceRatio(max)= |
SpaceRatio(ave )= 0.999998

Build Time Ratio:
BuildTimeRatio(10000)= | 38614
BuildTimeRatio(30000)= |.225
BuildTimeRatio(50000)= |.17433
BuildTimeRatio(70000)= |.15609
BuildTimeRat1io(90000)= [.10121
BuildTimeRatio(110000)= 1.17218
BuildTimeRatio(130000)= [.16106
BuildTimeRatio(150000)= [.11278
BuildTimeRatio(170000)= {.]7466
BuildTimeRatio(190000)= [.14393
BuildTimeRatio(210000)= |.]4876
BuildTimeRatio(230000)= 1.14964
BuildTimeRatio(250000j= [.1405]
BuildTimeRatio(270000)= [.15563
BuildTimeRatio(290000)= |.14837
BuildTimeRatio(310000)= 1.1227/
BuildTimeRatio(min)= 1.10121
BuildTimeRatio(max)= 1.38614
BuildTimeRatiotave)= 1.16706

Access Time Raiiov:
AccessTimeRatiol 10000)= 0.9
AccessTimeRatio(30000 )= 0.889488
AccessTimeRatio(50000)= |
AccessTimeRatio(70000)= 0.998915
AccessTimeRatio(90000)= 0.967532
AccessTimeRatio(110000)= |.03244
AccessTimeRatiot 130000)= |.02548
AccessTimeRatio( 150000)= 0.99562
AccessTimeRatio(170000)= 1.01147
AccessTimeRatio( ]90000)=
AccessTimeRuatio(210000)= | 00626
AccessTimeRatio(230000)= 1.01351
AccessTimeRatio(250000)=
AccessTimeRatio(270000)= |.0]1305
AccessTimeRatio(290000)= | .0]25]
AccessTimeRatio(310000)= 0.995294
AccessTimeRatiofmin)= 0.889488
AccessTimeRatiotmaxj= [.03244
AccessTimeRatio(ave)= 0.99/536

~

~

Space Ratio:
SpaceRatio(10000)= 0.999975
SpaceRatio(30000)=
SpaceRatio(50000)=
SpaceRatio(70000)=
SpaceRatio(90000)=
SpaceRatio(110000)= |
SpaceRatio(130000)= |
SpaceRatio(150000)= |
SpaceRatio(170000)= |
SpaceRatio(190000)= |
SpaceRatio(210000)= |
SpaceRatio(230000)= |
SpaceRatio(250000)= |
SpaceRatio(270000}= |
SpaceRatio(290000)= 1
SpaceRatio(310000)= |
SpaceRatio(min)= 0.999975
SpaceRatiotmax)= |
SpaceRutiolave )= 0.999998

~

~ e
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Figure 8: Test Result of AVL Tree of Integers

First Test

Second Test

Third Test

Build Time Ratio:
BuildTimeRatio(10000)= 1.19194
BuildTimeRatio(30000)= 1.15557
BuildTimeRatio(50000)= 1.16923
BuildTimeRatio(70000)= 1.18756
BuildTimeRatio(90000)= 119528
BuildTimeRatio(110000)= 1.18978
BuildTimeRatio(130000)= 1.1825
BuildTimeRatio(150000)= [.]1836
BuildTimeRatio(170000)= [.19211
BuildTimeRatio(190000)= 1.1909
BuildTimeRatiot210000)= |.19209
BuildTimeRatio(230000)= 1.19135
BuildTimeRalio(250000)= |.18644
BuildTimeRatio(270000 )= 1.18952
BuildTimeRatio(290000)= [.18463
BuildTimeRatio(310000)= .18826
BuildTimeRatio(min)= 1.15557
BuildTimeRatiotmax)= 1.19528
BuildTimeRatio(ave)= 1.18567

Access Time Ratio:
AccessTimeRatio(10000)= |
AccessTimeRutio(30000)= 0.996678
AccessTimeRatio(50000)= 1.00182
AccessTimeRatin(70000)= 1.01248
AccessTimeRatiot90000)= 1.01848
AccessTimeRatio(] [0000= [.02219
AccessTimeRatior130000)= |
AccessTimeRatio(150000)= 1.00463
AccessTimeRatiol170000)= |.00446
AccessTimeRatio(190000)= 1.0078
AccessTimeRatio(210000,= 1.00336
AccessTimeRatior230000)= 1.01225
AccessTimeRatiot250000)= [.00574
AccessTimeRatio(2700005= 1.01054
AccessTimeRatio(290000)= 0.99317
AccessTimeRatiot310000= 1.01132
AccessTimeRatiotmin)= 0.99317
AccessTimeRatiotmaxi= 1.02219
AccessTimeRatiotave)= [ 00657

Spuce Ratio:
SpaceRatio(10000)= 6.99998
SpaceRatio(30000)= |
SpaceRatiot50000)= 1
SpaceRatio(70000;= |
SpaceRatio(90000)= 1
SpaceRatio(110000)= |
SpaceRatiol130000)= |
SpaceRatior150000)= |
SpaceRatio(170000)= |
SpaceRatiot190000)= |
SpaceRatio(210000)= |
SpaceRatio(230000)= ]
SpacRatio(250000)= |
SpaceRatio(270000)= |
SpaceRatio(290000)= |
SpaceRatiot310000)= |
SpaceRatioimin)= 0.99998
SpaceRatiotmax)= |
SpaceRatiotave)= 0.999999

Build Time Ratio:
BuildTimeRatio(10000}= [.17964
BuildTimeRatio(30000)= [.18465
BuildTimeRatio(50000)= 1.16591
BuildTimeRatio(70000)= 1.1842
BuildTimeRatio(90000)= [.18515
BuildTimeRatio(110000)= 1.18095
BuildTimeRatio(130000)= 1.17677
BuildTimeRatio(150000)= 1.18307
BuildTimeRatio(170000)= |.18722
BuildTimeRatio(190000)= 1.18753
BuildTimeRatio(210000)= [.18467
BuildTimeRatio(230000)= {.1807
BuildTimeRatio(250000)= 1.18087
BuildTimeRatior270000)= 1.18347
BuildTimeRatio(290000 )= 1.18002
BuildTimeRatio(310000)= !.18285
BuildTimeRatiofminj= 1.16591
BuildTimeRatio(max)= 1.18753
BuildTimeRatiotavej= 1.18173

Access Time Ratio:
AccessTimeRatio(]10000)= |
AccessTimeRatio(30000)= 1.03333
AccessTimeRulio(50000= 0.981851
AccessTimeRatio(70000)= 0.975639
AccessTimeRatio(90000;= 0.980944
AccessTimeRatio(110000)= |
AccessTimeRatio(130000)= 0.987966
AccessTimeRatio(150000)= 1.00515
AccessTimeRatior170000)= 1.00434
AccessTimeRatio(190000)= 0.988003
AccessTimeRatio(210000 = |
AccessTimeRatior230000)= 1.00977
AccessTimeRalio(250000)= 0.977496
AccessTimeRatio(270000)= 0.999738
AccessTimeRatio(290000)= 0.997594
AccessTimeRatio(310000)= [.00904
AccessTimeRatiotmin)= 0.975639
AccessTimeRatiotmax)= 1.03333
AccessTimeRatiotave )= 0.996935

Space Ratia:

SpaceRatiol 10000)= 0.99998
SpaceRctior30000)= |
SpaceRatio(50000)= |
SpaceRatio(70000)=
SpaceRatio(90000 =
SpaceRatio(110000)= 1
SpaceRatio(130000j= |
SpaceRatio(150000)= |
SpaceRatio(170000)= |
SpaceRatio(190000)= |
SpaceRatio(210000)= 1
SpaceRatio(230000)= |
SpaceRatio(250000)= 1|
SpaceRatio(270000)= |
SpaceRatio(290000)= |
SpaceRaiio(310000)= |
SpaceRatio(minj= 0.99998
SpaceRatiotmax)= |
SpaceRatio(avej= 0.999999

—

Build Time Ratio:
BuildTimeRatio(10000)= {.15355
BuildTimeRatio(30000)= 1.17379
BuildTimeRatio(50000)= 1.17882
BuildTimeRatio(70000)= 1.1871 3
BuildTimeRatio(90000)= 1.19304
BuildTimeRatio(110000)= .18541
BuildTimeRatio(130000)= 1.193 12
BuildTimeRatio(150000)= |.187 88
BuildTimeRatio(170000)= 1.195 83
BuiidTimeRatio(190000)= |.19339
BuildTimeRatio(210000)= 1.19132
BuildTimeRatio(230000)= [.19]145
BuildTimeRalio(250000)= 1.18925
BuildTimeRatio(270000)= 1.19621
BuildTimeRatio(290000)= 1.19081
BuildTimeRatio(310000)= [.19036
BuildTimeRatiofmin)= 1.15355
BuildTimeRatiotmaxj= 1.19621
BuildTimeRatiorave)= 1.1 8696

Access Time Ratio:
AccessTimeRatio(10000)= |
AccessTimeRatio(30000)= 0.9966578
AccessTimeRatio(50000)= |
AccessTimeRatio(70000 )= 0.99876&
AccessTimeRatio(90000 )= 1.00093
AccessTimeRatio(110000= |
AccessTimeRatio(130000)= |
AccessTimeRatio(150000)= |
AccessTimeRaiio(170000)= |.00% 84
AccessTimeRatio(190000j= 0.992 644
AccessTimeRatio(210000,= |.003 46
AccessTimeRatio(230000)= 1.00593
AccessTimeRatio(250000)= .005 69
AccessTimeRatio(270000)= 1.013 4
AccessTimeRatio(290000,= 1.004 &2
AccessTimeRatio(310000)= 1.01127
AccessTimeRatioimin)= 0.992644
AccessTimeRatiotmax)= 1.0134
AccessTimeRatiotave)= 1.0024

Spuce Ratio:
SpaceRativr10000}= 0.99998
SpaceRatio(30000)= |
SpaceRalio(50000)= |
SpaceRatio(70000)= |
SpaceRatio(90000)= |
SpaceRatio(]10000j= |
SpaceRatio(130000)= [
SpaceRatio(150000)= 1
SpaceRario(170000)= 1
SpaceRatio(190000)= |
SpaceRatio(210000)= |
SpaceRatio(230000)= |
SpaceRaiio(250000)= |
SpaceRatio(270000)= |
SpaceRatio290000)= |
SpaceRatio(310000)= 1
SpaceRatio(min)= 0.99998
SpaceRatio(max)= |
SpaceRatio(ave )= 0.999999
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Figure 9: Test Result of Singly Linked List of Integers

First Test

Second Test

Third Test

Build Time Ratio:

BuildTimeRatiot 10000)= [.29032
BuildTimeRatio(20000)= 1
BuildTimeRatio(30000)= 0.909091
BuildTimeRatio(40000)= 0.860927
BuildTimeRatio(50000)= 0.944444
BuildTimeRatio(60000)= 0.909091
BuildTimeRatio(70000)= 0.923077
BuildTimeRatio(80000)= 0.9
BuildTimeRatio(90000)= 0.906344
BuildTimeRatio( 100000 )= 0.944444
BuildTimeRatio{min)= 0.860927
BuildTimeRatio(max)= 1.29032
BuildTimeRatio(ave)= 0.958774

Access Time Ratio:
AccessTimeRatio(10000)= 0.613182
AccessTimeRatio(20000)= 0.649566
AccessTimeRatio(30000)= 0.664664
AccessTimeRatio(40000)= 0.674774
AccessTimeRatio(50000)= 0.673359
AccessTimeRatio(60000)= 0.6737
AccessTimeRatio(70000)= 0.675414
AccessTimeRatiot80000 )= 0.673663
AccessTimeRatio(90000 j= 0.673889
AccessTimeRatio(100000)= 0.672664
AccessTimeRatiotmin)= 0.613182
AccessTimeRatio(mux)= 0.674774
AccessTimeRatio(ave )= 0.664287

Space Ratio:

SpaceRatiot 10000)= 0.999967
SpaceRatin(20000)= 1
SpaceRatiot30000)= 1
SpaceRatio(40000)= |
SpaceRatio(50000)= 1
SpaceRatiot60000)= 1
SpuceRatio(70000= 1
SpaceRatin(80000)= 1
SpaceRatio(90000)= 1
SpaceRatio( 100000 )= 1
SpaceRatiotmin)= 0.999967
SpaceRatiotmax)= 1
SpaceRatio(ave )= 0.999997

Build Time Ratio:
BuildTimeRatio(10000)= 0.75
BuildTimeRatio(20000)= 1
BuildTimeRatio(30000)= 1
BuildTimeRatio(40000)= |
BuildTimeRatio(50000)= 0.889503
BuildTimeRatio(60000)= 0.904977
BuildTimeRatio(70000 )= 0.926923
BuildTimeRatio(80000)= 0.931034
BuildTimeRatio(90000)= 0.939394
BuildTimeRatio(100000)= 0.919137
BuildTimeRatio(min)= 0.75
BuildTimeRatin(max)= 1
BuildTimeRaiiofave )= 0.926097

Access Time Ratio:
AccessTimeRatio(10000)= 0.616844
AccessTimeRatio(20000)= 0.64984%
AccessTimeRatio(30000)= 0.664043
AccessTimeRatio(40000)= 0.674535
AccessTimeRatiot50000)= 0.673532
AccessTimeRatio(60000)= 0.673072
AccessTimeRatio(70000 )= 0.674364
AccessTimeRatio(80000 )= 0.673699
AccessTimeRatio(90000)= 0.673014
AccessTimeRatio( 100000)= 0.673326
AccessTimeRatio(min)= 0.616844
AccessTimeRatiotmaxj= 0.674535
AccessTimeRatio(ave)= 0.664628

Space Ratio:

SpaceRatior 10000 )= 0.999967
SpaceRatio(20000)= 1
SpaceRatio(30000)= 1
SpaceRatio(40000 )=
SpaceRuatin(50000)=
SpuaceRatio(60000 )=
SpaceRatio(70000 )=
SpuceRatio(80000 )=
SpuceRatio(90000 j=
SpuceRatio(100000)= 1
SpaceRatiotmin)= 0.999967
SpaceRatio(maxi= 1
SpuceRatiotavej= 0.999997

e e e )

Build Time Ratio:
BuildTimeRatio(10000)= 0.97561
BuildTimeRatio(20000)= 0.857143
BuildTimeRatio(30000)= 0.99099]
BuildTimeRatio(40000)= 0.927152
BuildTimeRatio(50000)= 0.944444
BuildTimeRalio(60000)= 0.913043
BuildTimeRatio(70000)= 0.884615
BuildTimeRatio(80000)= 0.9
BuildTimeRatio(90000 )= 0.906344
BuildTimeRatio( 100000 )= 0.918919
BuildTimeRatio(min)= 0.857143
BuildTimeRatiotmax)= 0.990991
BuildTimeRatiotave)= 0.921826

Access Time Ratio:
AccessTimeRatio(10000)= 0.6] 189
AccessTimeRatio(20000)= 0.649112
AccessTimeRatio(30000)= 0.663026
AccessTimeRatio(40000)= 0.674295
AccessTimeRatio(50000)= 0.674345
AccessTimeRatio(60000)= 0.673209
AccessTimeRatio(70000)= 0.673834
AccessTimeRatiot80000)= 0.674647
AccessTimeRatior90000j= 0.67290/
AccessTimeRatio(100000)= 0.67365
AccessTimeRatiotmin)= 0.61189
AccessTimeRatio(max)= 0.674647
AccessTimeRatiotave )= 0.66409/

Space Ratio:
SpaceRutio10000)= 0.999967
SpaceRatio(20000)= 1
SpaceRatio(30000)= 1
SpaceRatio(40000)= 1
SpaceRatio(50000)= 1
SpaceRatiat60000})= 1
SpaceRatio(70000)= 1
SpaceRatio80000)= [
SpaceRatin(90000)= [
SpaceRatio(100000 =1
SpaceRatiotminj= 0.999967
SpaceRatio(max)= |
SpuceRatiotavej= 0.999997
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6 Conclusions

The null node method provides a new way to look at the traditional NULL pointer
problem. We apply the Object-Oriented method and use a null node to replace a NULL

pointer. Unlike accessing a NULL pointer, accessing a null node is not dangerous.

The null node method requires class inheritance and the use of virtual functions. The
implementation is a little bit more complex than the NULL pointer method. For example,
if we use the NULL pointer method to implement a binary search tree, we need to write
one class to represent a tree node. But if use the null node method, we need to write three
classes — the base node class, the null node class and the full node class. Although three
classes needed to be written, the implementation of the base node class and the null node
class is simple. The base node class only needs to define the node operations as pure
virtual functions, and the null node class only needs to give default response or output the
error which the NULL pointer method does not provide. Therefore the actual null node
implementation is not as complex as it appears at the first look. In another aspect, the null
node method can even simplify the code. For example, when we insert a node or search
for some data, the null node method does not require the check of NULL anymore, while

the NULL pointer method always needs to check for NULL before accessing a pointer.

As shown in Section 5 (page 40), we can see that the dynamic binding does not introduce
much overhead to the time performance. Except for accessing a singly linked list, the null

node method either performs a little bit better or about the same as the NULL pointer
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method. Since a singly linked list only has one null node, it cannot take good advantage
of the null node method. We would say binary search trees are better applications to

apply the null node method.

When the node number is large, we can ignore the extra space occupied by the static null

node. Therefore we can say that the space efficiency of the two methods is the same.

On the whole, by applying the Object-Oriented Design method, the null node method
provides a new solution to the NULL pointer problem without introducing much time and
space overhead. But the null node method is not a perfect solution to the NULL pointer
problem. In order to use the null node method efficiently and conveniently, we must be
able to define a general class hierarchy and a general set of operations which can be
applied in most applications. How to reach the generality still remain an unsolved issue

of the null node method.
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Appendix

Code Listing 1: LBTreeNode.h

1 BEEEBREBREREER AL R EEE R LSRR R XA RE R AR R R R XA AR R R LR RS XA SR KSR KKK KR

I FILE: LBTreeNode.h

1 AUTHOR: Zhilin Li

/1 CREATION DATE: Sept. 02, 1997

/I DESCRIPTION: This file contains declarations of three classes:

1" LBaseBTreeNode. LNullBTreeNode and LFullBTreeNode.
" Both LNullBTreeNode and LFullBTreeNode are

/" derived from LBuseBTreeNode. The three classes

n" are used to describe a binary search tree dara structure.

i The empty node of the bianry tree is not

o represented by a NULL pointer as in the

1 traditional meshod. but is represented by a

1 LNullBTreeNode object.

R LA P L T T T T T T PO PP P e PPy

#ifndef LBTREENODE H
#define LBTREENODE _H

Binclude <iostream.h>
#include <iomanip.h>
#include <fstream.h>
#include <conio.h>

Rinclude "LTypes.h"

’

/i Class LBuaseBTreeNode defines a ser of pure

2 virual funcitons to manipulate the binary

i/ tree node. Here we acutually view each node as

+i a valid binary search tree.

'

class LBaseBTreeNode

{

H

/! constructors. destructors

!/ and enum rypes.

i

public:
enum

{

outpurWidth_E= 12 1t Width used 1o format the output of the node data

public:
I Insert a new data item into the tree. Return the new
/1 root for the binary search iree.
virtual LBaseBTreeNode™ insert(const int data} = 0;

/I Remove a data item from the tree. Return the new root

I for the binary search iree. If the data item is successfully

/i removed, bRemoveOK is set to TRUE, othenvise bRemoveOK

i is set to FALSE. If this node iteself need to be removed,

1 bDeleteThis is set to TRUE, otherwise it is set to FALSE.

virtual LBaseBTreeNade* remove(const int data. BOOL& bDeleteThis, BOOL& bRemoveOK) = 0:

! Search a dura item in the tree. If find. return TRUE.
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11Otherwise return FALSE.
virtual BOOL search{const int data) = 0;

i1 Traverse the entire binary search tree using the depth first
/t method. Print the result to the standard output.
virtual void traverse(vaid) const = 0;

/i Traverse the entire binary search iree using the depth first
i/ method. Print the result 1o a file represented by the

/I ofstream.

virtual void traverse(ofstreamé& ofs) const = 0;

/t Return TRUE if this node is a null node. Otherwise
/! return FALSE.
virtual BOOL isNull(void) const = 0;

It Return the node data.
virtual int getSelfData(voidj const = 0;

it Link the left subtree to a new node.
virtual void linkLeftSubtree(LBaseBTreeNode* pLeft) = 0;

It Link the righr subtree 1o a new node.
virtual void linkRightSubtree(LBaseBTreeNode* pRight) = 0;

1l Get the left subiree pointer. The left subtree cannot
/I be modified.
virtual const LBaseBTreeNode* getLeftSubtree(void) const = 0;

/i Get the right subtree poiruer. The right subiree cannot
/i be madified.
virtual const LBaseBTreeNode* getRightSubiree(void) const = 0:

/1 Ger the left subtree pointer. The left subtree can
/1 be madified.
virtual LBaseBTreeNade* getLefiSubtree(void) = 0:

1t Get the right subtree pointer. The right subtree can
/1 be modified.
virtual LBaseBTreeNode™ getRightSubtree(void) = 0:

11 Print the node data to the standard output.
virtual void owrputSelfDatatvoid ) const = 0:

/¢t Print the node data to a file.
virtual void outputSelfDaratofstream& ofs) const = 0;

/1 Return the height of the iree.
virtual getHeight(void) const {return -1:}

/1 Return the space required for the entire binary search tree.
virtual long space(void} const = 0;

1
/I Class LNullBTreeNode implements a null binary search tree
1 node which has no data and subtrees.

1
class LNullBTreeNode: public LBaseBTreeNode
{

/S

1 Methods
[
public:

/1 Function insert() cannor be inline function

/1 as it need to create a LFullBTreeNode. But cluss
/I LFuliBTreeNode is not defined at this point.
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virtual LBaseBTreeNode* insert(const int data) ;

/! inline methods
virtual LBaseBTreeNode* remove(const int data. BOOL& bDeleteThis. BOOL& bRemoveOK)

{
bDelereThis= FALSE;
bRemoveOK= FALSE;
return this;

}

virtual BOOL search(const int data) {return FALSE;}

virtual void traverse(void) const {}

virtual void traverse(ofstream& ofs) const {}

virtual BOOL isNull(void) const {return TRUE ;}

virtual int getSelfData(void) const { cour << "ERROR: cannot get data from a NULL binary tree node.” << endl; return -1 3

virtual void linkLeftSubtree(LBaseBTreeNode* pLeft) { cout << "ERROR: cannot set the lefi subtree for NULL binary tree node.”
<< endl:}

virtual void linkRightSubtree (LBaseBTreeNode* pRight) { cout << "ERROR: cannor set the right subtree for NULL binary tree
node.” << endl;}

virtual const LBaseBTreeNode* getLefiSubtree(void) const {cout << "ERROR: cannor ger the left tree of a NULL binary tree node.”
<< endl; getch(); return this;}

virtual canst LBaseBTreeNode* getRightSubtree(void) const { cout << "ERROR: cannot get the right tree of a NULL binary tree
node.” << endl; gerch(); return this:}

virtual LBaseBTreeNode* getLefiSubiree(void) {cout << "ERROR: cannot get the left tree of a NULL binary tree node.” << endl:
gerch(); return this;}

virtual LBaseBTreeNode* getRightSubtree(void) { cout << "ERROR: cannot ger the right tree of a NULL binary tree node.” <<
endi; getch(); return this:}
virtual void outpuSelfData(void) const { cout << serw(outpurWidth_E) << "NIL":}
virtual void outputSelfData(ofstiream& ofs) const { ofs << setw(outputWidth_E) << "NIL":}
virtual long space(void) const {return sizeof (*this) ;}

K

1
/1 Class LFullBTreeNode implements a full binary tree
! node which has data and subirees.

/1 Since a full binary tree node has pointers to subtree
I+ nodes. a tree node can be used 1o represent an entire
/1 binary rree.

1"
class LFullBTreeNode: public LBuseBTreeNode
{

"
11 Constructors. destructors and enum rypes.
1%
public:
LFullBTreeNode(const int newDaia);
LFullBTreeNodetconst LFullBTreeNoded& rNode):
virtual ~LF ullBTreeNode(void);

public:
virtual LBaseBTreeNode* insert(const int data) ;
virtual LBaseBTreeNode* remove(canst int data, BOOL& bDeleteThis, BOOL& bRemoveOK);
virtual BOOL search(consi inr data);
virtual void traverse(void) const;
virtual void traverse(ofstreamé& ofs) const;

virtual void removeSubtrees(void);
virtual long space(void) const;

il operators
LFullBTreeNode & operator= (const LFullBTreeNode & rNode);

/1 inline methods
virtual BOOL  isNull (vaid) const { return FALSE;}
virtual int getSelfData  (void) const {return m_data:}
virtual void linkLeftSubtree  (LBaseBTreeNode* pLeft) {m_pLefi= pLeft.}
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virtual void  linkRightSubtree  (LBaseBTreeNode* pRight) {m_pRight= pRight;}
virtual void  outputSelfData(void) const { couwt << sem{ouputWidth_E) << m_data;}
virtual void  outputSelfData(ofsireamé& ofs) const { ofs << sew(outputWidth_E) << m_dara:}

virtual const LBuseBTreeNode* getLefiSubiree(void) const { return m_pLeft;}
virtual const LBaseBTreeNode* getRightSubtree(void) const { return m_pRight;}

virtual LBaseBTreeNode* getLeftSubtree(void) { return m_pLeft;}

virtual LBaseBTreeNode* getRightSubtree(void) { return m_pRight:}

virtual LNullBTreeNode* getStaticNullNode(void) {return &m_nullNode_S;}

static LNullBTreeNode* getNullNode_S (void) {return &m_nullNode _S;}
protected:

virtual void setSelfData(const int data) {m_data= daia;}

private:
LFullBTreeNode* detachSmallestNode(void);

private:
int m_data; /1 data kept with the node
LBaseBTreeNode *m_pLeft, /1 left child. may point to a LNullBTreeNode or LFullBTreeNode
*m_pRight; 1/ right child.

static LNullBTreeNode m_nullNode_S: /1 used 10 represent the leaf. It is
/1 is static since all the leaves can
/1 use the same nudl node.

protected:
static BOOL  m_bCouniNullNodeSpace_S: i1 TRUE if the space occupied by the null node is counted.

4
#endif ILBTREENODE _H
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Code Listing 2: LBTreeNode.cpp

174 EXEXSXXXSXXARXIXESFRIBE XX ERBXEEREBRAXS XS RERES XS BREXEEEXLE B R R AR R

1 FILE: LBTreeNode.cpp

11 AUTHOR: Zhilin Li

1t CREATION DATE: Sepr. 02, 1997

/{ DESCRIPTION: Refer to LBTreeNode.h

1 EXXSERASEEREXXEXXSERREBREEEXEXXXESEREXEAEIREXRBRESERREEERE XSS

7

I Includes

#include <iostream.h>
#include <assert.h>

#include "LTypes.h"
#include "LBTreeNode.h"

I
/t Initialization of the static member variables.
i

LNullBTreeNode LFullBTreeNode::m_nullNode_S:
BOOL LFullBTreeNode::m_bCouniNullNodeSpace _S= FALSE:

1t
1t Function: LFullBTreeNode( )
il Descritpion:  Constructor.
/1 Errors Generated: None
# Limitations: ~ None
4
LFullBTreeNode::LFullBTreeNode
(const int newData)
{
m_data= newData;
m_pLeft= gerStaticNulINode( );
m_pRight= getStaticNuliNode( ):
}

n"
I+ Function: LFullBTreeNode( )
it Descritpion:  Caopy constructor.
it Errors Generated: None
/i Limitations: ~ None
"
LFullBTreeNode::LFullBTreeNode
(const LFullBTreeNode& riNode)
{
*this= rNode:

}

1"

/! Function: ~LFullBTreeNode()

1/} Descritpion:  Destructor.

/1 Errors Generated: None

/I Limitations: ~ None

17

LFullBTreeNode::~LFullBTreeNode
(void)

{
}

1"
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/I Function: removeSubtrees()
// Descritpion: ~ Remove all the subtrees of the tree node and

" ser the left and the right subiree node to be
" null nodes. Memory allocated for the subtrees
" are freed.

1! Errors Generated: None
It Limitations:
1
void LFullBTreeNode::removeSubtrees
(void)
{
R ————
/1 Delete the left subtree
F I

if (!m_pLeft->isNull())

{
if (m_pLeft->getLefiSubtree()->isNull() && m_pLefi->getRightSubtree()->isNull( })
{

!l m_pLeft is a leaf now. we can delete ir.
delete m_plLeft;
m_pLeft= getStaticNullNode();

else
{
/1 Recursively delete the left subtree.
((LFullBTreeNode*) m_plLeft}->removeSubtrees();
}
}

1

it Delete the right subtree
1

if t!m_pRight->isNull())
{
if (m_pRight->getLeftSubtree( )->isNull(} && m_pRight->getRightSubtree( )->isNull( )
{
/i m_pRight is a leaf now. we can delete ir.
delete m_pRight;
m_pRight= getStaticNullNode( ):

else
{
11 Recursively delere the right subtree.
((LFullBTreeNode* ) m_pRight )->removeSubtreesi ):
}
}

i
/1 By recursively calling removeSubtrees() for the left node and
/1 the right node. the nvo nodes will be turned into leaves.

/1 We can delete them now.

17

if (!/m_pLeft->isNull())

{
assert(im_pLeft->getLeftSubtree( )->isNull()):
assert(m_pLefi->getRightSubtree()->isNull());
delete m_plLeft;
m_plLefi= getStaticNullNode( );

if (!m_pRight->isNull(})
{

assertim_pRight->getLeftSubiree( )->isNull()):
assertim_pRight->getRightSubtree()->isNull());
delete m_pRight;
m_pRight= getStaricNuliNode( );

}
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assert(m_pLefi->isNull() && m_pRight->isNull( });

return;
}
I
1/ Function: insert()
it Descritpion:  Insert a data item into the binary tree.
" Return the new root for the binary iree.

/1 Errors Generated: None
It Limirations:
"
LBaseBTreeNode* LFullBTreeNode::insert
(const int dara) I/ new data item to be inserted
{
if (data < m_data)

{

m_plefi= m_pLeft->insert(data); i! recursive function call

else if (data > m_daraj

{

m_pRight= m_pRight->insert(data): I/ recursive function call

y

/1 else {m_data = dara} we don’t allow duplication of data

return this:

}

"

/1 Funcrion: remove( )

/1 Descritpion: ~ Remove a daita item from the binary 1ree.
" Return the new root for the binary tree.

/1 Errors Generated: None
/1 Limitations:
1"
LBuaseBTreeNode* LFullBTreeNode: :remove

(consrint  dara. I data to be removed

BOOL& bDelereThis. 11 TRUE if this node itself need to be deleted.

BOOL& bRemoveOK; i TRUE if we sucessfully remove the data item from the tree
{

LBaseBTreeNode *pNewRoor;

hDeleteThis= FALSE:;
bRemoveOK= FALSE:

if ( data == m_duta)
{
/"
! This node is the nade which contains the
/1 data item to be removed. Ser bDeleteThis 10
1 TRUE and bRemoveOK to TRUE.
1
bDeleteThis= TRUE:
bRemoveOK= TRUE;

if (m_pLefi->isNull())
{

pNewRoot= m_pRight; Il new root is the right subtree.

}
else if (m_pRight->isNull())
{

pNewRoot= m_pLeft: I! new root is the left subtree.
}
else
{

1

 None of the left and right subtree

1t is Null, we should replace the roor
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i/t with the smallest node of the right
It subtree.
"

LFullBTreeNode* pNewThisNode;
pNewThisNode= ((LFullBTreeNode* ) m_pRight)->detachSmallestNode( ):

/1 Connect the new root with the left subtree.
PNewThisNode->linkLeftSubtree(m_pLeft);

pNewRoor= pNewThisNode:
}
}

else if ( data < m_dara)

BOOL bDeleteLeft;
LBaseBTreeNode* pOldLefi= m_pLeft:

m_plLeft=m_pLefi->remove(data. bDeleteLeft. bBRemoveOK);
if (bDeleteLeft)
{

delete pOldLefr:

¢ Data item is removed from the left subtree. The tree
/f root is still this node.
pNewRoor= this;

else if (data > m_dara)
{
BOOL bDeleteRight;
LBaseBTreeNode* pOldRight= m_pRight:

m_pRight=m_pRight->remove(data. bDeleteRight. bBRemoveOK );
if tbDeleteRight)
{
delete pOldRighi:
}

it Data item is removed from the right subtree. The tree
f root is still this node.
pNewRoot= this:

}

return pNewRoot;

}

7]
I/t Funcrion: detachSmallesiNodef )
/1 Descritpion:  Detach the smallest (deepest left child) node
1 from the binary tree and re-connect the
/" rest of the binary tree. The detached node is
1" returned.
/1 Errors Generated: None
!t Limitations:
12
LFullBTreeNode* LFullBTreeNode::detachSmallesiNode
(void)
{
if (m_pLeft->isNull()}
{

i
it Since all the data items in the right subtree
/i is greater than m_data, the smallest node is
11 this node.

17
return this:
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1"
/! Find the leftmost node which is the smallest node.
/"

LFullBTreeNode® pSmallest= (LFullBTreeNode* ) m_pLeft:
LFullBTreeNode* pSmallestParent= this;

while (!pSmallest->getLeftSubtree()->isNull( )}

pSmallestParent= pSmallest:
pSmallest= (LFullBTreeNode* ) pSmallest->getLefiSubtree( );

}

7
It Detach the smallest node from the tree. Reconnecr
/1 the rest of the tree. Return the detached node.

i

pSmallestParent->linkLeftSubtree(pSmallest->getRighiSubtree( });
pSmallest->linkRightSubiree(this);
return pSmallest:

}

1

il Function: search()

1i Descritpion: ~ Return TRUE if find data in the tree. Othenvise

1i return FALSE.

i Errars Generaied: None

it Limirations:

17

BOOL LFullBTreeNode::search
(const int data)

{
BOOL bRer= FALSE:
if (data == m_data)
bRer= TRUE:

else if (data < m_dara}

{
bRet= m_plLefi->search(data):

else if (duta > m_data)

bRet=m_pRight->search(data):
}

return bRet;

}

g

i Funcrion: traverse()

/1 Descritpion: ~ Output the data in the binary tree to standard

" outpur recursively. Use depth first method.

1t Errors Generated: None

# Limitations:

1

void LFullBTreeNode::traverse
(void) const

{

m_plLeft->traverse():
m_plLeft->oupuiSelfDara( );

cout << setw(outputWidrh_E) << m_data;
cout << setw(outputWidth_E) << "======>";
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m_pRight->outputSelfData( );
cout << endl;

m_pRight->traverse();

i

1t Function: traverse()
/1 Descritpion: Output the data in the binary tree to a file
" output stream recursively. Use depth first method.

{1 Errors Generated: None

!l Limitations:

"

void LFullBTreeNode::traverse
(ofstream& ofs) const

m_pLeft->traverse(ofs);
m_pLefi->outputSelfDara(ofs);

ofs << sew(owputWidrth_E) << m_data:

ofs << sew(outputWidth_E) << "======>";
m_pRight->outputSelfData(ofs):

ofs << end!;

m_pRight->traverse(ofs);

}

7

/! Function: operator=()

/I Descritpion: Copy the entire binary tree. including the

" subirees. New memory is allocated.

!l Errors Generated: None

/I Limitations:

i

LFullBTreeNode& LFullBTreeNode:: operatcr=
(const LFullBTreeNode& rNode)

{

static int flag= 0;
1!
/1 Delere the existing tree.
1

if flag == 0)
{

removeSubtrees();

flag=1I;

m_daia= rNode.getSelfDatat );
}

if (!rNode.getLeftSubtree()->isNull())

{
m_pleft= new LFullBTreeNode(rNode.getLeftSubtree( )->getSelfDaiaf ));
(*((LFullBTreeNode* ) m_plefi}))= (*({LFullBTreeNode * IrNode.geiLefiSubtree()));

}

if (IrNode.gerRightSubtree( )->isNull( })

{
m_pRight= new LFullBTreeNode(rNode.getRightSubtree()->geiSelfData( ));
(*((LFullBTreeNode* ) m_pRight))= (*((LFullBTreeNode* jrNode.getRightSubtree(}));

}
flag=0:

return *this;

}

"
11 Function: space()
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1! Descritpion: Rerurn the space of the entire binary tree.

1 Note that in an application, all the empty
" nodes in all the binary trees are actually
" represented by the same static null node.
1 Therefore we only calculate the space

/" occupied by the null node once in the

1 application.

/1 Errors Generated: None
/! Limitations:
"
long LFullBTreeNode::space
(void) const
{
long treeSpace= sizeof (*this);
if (/m_pLeft->isNull( )
{

treeSpace+= m_plefi->space();

}

if (!m_pRight->isNull())

{
treeSpace+= m_pRight->space();

}

if (!m_bCountNullNodeSpace_S)

{
treeSpace+= m_nuliNode_S.space():
m_bCowntNullNode Space_S= TRUE :

}

return treeSpace;

}

R I e e v,
R T T e A N T A 0]

i1 Implementation for class INullBTreeNode
17

1/

/1 Function: insert
ii Descritpion: [nsert a data item into the null node.
1" Return a full node.

/t Errors Generated: None

it Limitations: Didn't handle the memory allocation failure

" if occurred.

o

LBaseBTreeNode* LNullBTreeNode::insert
(const int data)

{

return new LFullBTreeNode(data);

}




Code Listing 3: LBTree.h

1/ EEEBEERR B R XS ERXE R R R XERERRBIR XXX EREXEREXREFELEEREBREIR R R RER

11 FILE: LBTree.h

/1 AUTHOR: Zhilin Li

/f CREATION DATE: Sept. 15, 1997

/I DESCRIPTION: LBTree encapsulates a binary tree data structure.

" It uses a LBaseBTreeNode object as its root.
1 EEERERS X SREREE XX AR XBEABRREEB X SRR XX LR BE XS X SR AR IRRERRREEAREKEE

#ifndef LBTREE_H
#define LBTREE_H

#include <fstream.h>

#include "LTypes.h"
#include "LBTreeNade.h"
finclude "LAVLBTreeNode.h"

cluss LBTree

{

1"
it Constructors. destruciors and
/1 enum types

1"

public:
LBTree (vaid);
LBTree (const LBTree& rTree) (*this= rTree:}
virtual ~LBTree(void):

public:
BOOL remove (const int data):
void empry(void);

/! operdtors
LBTree& operator= (const LBTree& rTree);

/1 inline functions
void insert (const int data) {m_pRoot= m_pRoot->inserttdaia);}
void traverse (void) const {m_pRoot->iraverse():}
void traverse (ofstreamd& ofs) const {m_pRoot->traverse(ofs )}
BOOL search (const int data) const {return m_pRoor->search(dara):}
long space (void) { return (sizeof (*this) + m_pRoot->spacel());}

const LBaseBTreeNode& getRoot(void) const {return *m_pRoot:}

protected:
virtual void initRoot(void);
void setRoot(LBaseBTreeNode* pRoot) { m_pRoot= pRoot;}

protected:
LBaseBTreeNode* m_pRoor:
4

class LAVLBTree : public LBTree
{
public:
LAVLBTree(void);
LAVLBTree(const LAVIBTree& rTree) {*this= rTree:}
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public:
LAVIBTree& operator= (const LAVLBTree& rTree);

protected:
virtual void initRoot(void};

»
Hfendif
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Code Listing 4: LBTree.cpp

1 BERSBAREXEEERRXERXRRSER A A RXREERXEBBRERAEX R XXX RKXERRXER SRS KRR

/I FILE: LBTree.cpp

/I AUTHOR: Zhilin Li

!l CREATION DATE: Sept. 15, 1997
/I DESCRIPTION: Refer to LBTree.h

J] BEEEREBXARRSREESSREEEEREAXRR S SRR RR K SRR EREB AR XS ERAESREEEREEH

#include <assert.h>
#include "LBTree h"
#include "LBTreeNode.h"

i

/! Function: LBTree()

/1 Descritpion:  Default constructor. Initialize the root

1 1o be the static LNullBTreeNode member
" variable defined in LFullBTreeNode class.
1" class.

/! Errors Generated: None
/! Limitations:
H
LBTree::LBTree
(void)
{
initRoot( };

}

1
il Function: ~LBTree()

!l Descritpion:  Destructor. Delete the entire binary tree.
" Free memory allocated.

/1 Errors Generated: None

1! Limitarions:

1
LBTree::~LBTree(void)

{

empry();
7
/f Function: remove()
i/ Descritpion: Remove data from the binary tree. Return
1i TRUE if found the data and successfully
1 remove it. Ortherwise return FALSE.

/1 Errors Generated: None

/1 Limitations:

"

BOOL LBTree::remove
{const int data)

BOOL bDeleteRoor,
bRemoveOK:;

LBaseBTreeNode* pOldRoor= m_pRoot;

m_pRoot= m_pRoot->remove(data, bDeleteRoot. bRemoveOK );

if (bDeleteRoo1)

delete pOldRoot;
}

return bRemoveOK;
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1

/I Function: operator= ()
il Descritpion:  Copy the entire binary tree. Allocate
1 memory as needed.

/1 Errors Generated: None
1t Limitations:
"
LBTree& LBTree::operator=
(const LBTree& rTree)
{
if (m_pRoor->isNull())
{
if (!rTree.getRoot( ).isNull())
4
{
m_pRoot= new LFullBTreeNode(rTree.getRoot().getSelfData( )):
(*((LFullBTreeNode* ) m_pRoot))= ((LFullBTreeNode& )rTree.getRoot(});
}
}
else
{
if (rTree.getRoot( ).isNull())

((LFullBTreeNode* ) m_pRoot)->removeSubtrees();
delete m_pRoor;

m_pRoot= LFullBTreeNode::getNullNode_S():
}
else
{
(*((LFullBTreeNode* ) m_pRoot))= ((LFullBTreeNode& )rTree.getRoor ));
}
}

return *this;

}

1%
11 Function: emptyTree()
ii Descritpion:  Empry the entire tree. Set the root o
1 be a null tree node.
it Errors Generated: None
/1 Limitations:
it
void LBTree::empry
(void)
{
if (!m_pRoot->isNull())
{
((LFullBTreeNode* ) m_pRaoor)->removeSubtreest );
delete m_pRoot:

initRoot( );
}
}

1
!t Function: initRoot( )
!t Descritpion: ~ Set the root to the null binary tree node.
/i Errors Generated: None
!t Limitations:
"
void LBTree::initRoot

(void)
{

setRoot(LFullBTreeNode::getNullNode_S()):
}

TR e e
I T L E L
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il Implementation of LAVLBTree
1

1
/1 Function: initRoot()

11 Descritpion:  Set the root 10 the null AVL tree node
/1 Errors Generated: None

! Limitations:

"
void LAVLBTree::initRoort

(void)

setRool(LFullAVLBTreeNode::getNullNode_S()):
}

i“"
1t Function: LAVLBTree

I/ Descritpion:  Constructor. Intialize the roor.
/I Errors Generated: None

/i Limitations:

1"

LAVLBTree::LAVLBTree

(void)
{
nitRoor();
}
1
! Function: operator= ()
/i Descritpion: Copy the entire AVL binary rree. Allocate
" memaory as needed.

/i Errors Generatred: None
7 Limitations:
7
LAVLBTree& LAVLBTree::operator=
(const LAVLBTree & rTree)
{
if tm_pRoaor->isNull( })
{
if (!rTree.getRoott LisNull( })
{
m_pRooi= new LFullAVLBTreeNode(rTree.getRoot().getSelfDatat ));
(“(LFullAVLBTreeNode* ) m_pRoat))= ((LFullAVLBTreeNode& ) rTree.getRoon )):
}
}
else
{
if trTree.getRoot( ).isNull( )}
{
((LFullBTreeNode* ) m_pRoot)->removeSubtrees( );
delete m_pRoot;

m_pRoot= LFullAVLBTreeNode::getNullNode _S():
/

else
{
(*((LFullAVLBTreeNode*) m_pRoot))= (LFullAVLBTreeNode&) rTree.getRoot( ));

}
4

return *this;

}
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Code Listing 5: LPtrBTreeNode.h

i Rttt e L L e Y P YT Y Y P YT T

/1 FILE: LPtrBTreeNode.h

1 AUTHOR: Zhilin Lt

/1 CREATION DATE: Oct. 07, 1997

/{ DESCRIPTION: Class LPirBTreeNode implemenis a binary tree

" node. The node itself actually represents a
/" valid binary tree. The empty nodes of the tree
17 are represented using NULL pointers.

1 bt b R 2 d AL A d d L L e T P T P T T Y 3

#ifndef LPTRBTREENODE _H
#define LPTRBTREENODE_H

Rinclude <fstream.h>
#include “LTypes.h"

class LPirBTreeNode
{
N
1i Canstructors, destructors and enum types.
"
public:

LPtrBTreeNode(const int data);

LPtrBTreeNode(const LP1irBTreeNode & riNode):

virtual ~LPirBTreeNode(void):

enum
{

ouwrpuWidth_E= 12
I

L
i Methods

/

virtual LPtrBTreeNode* insert(const int data);
virtual LPirBTreeNode* remove(const int data, BOOL& bDeleteThis. BOOL& bRemoveOK j:
virwal void traverse(void) const:

virtual void traversefofsiream& ofs) const;
virtual void removeSubtrees(void);

virtual long space(void) const:
BOOL searchtconst int data):

!/ operators
LPirBTreeNode& aperator = (const LPtrBTreeNode& riNode);

!/ inline methods

void linkLeftSubtree (LPtrBTreeNode* pLeft) {m_pLefi= pLeft;}

void linkRightSubtree (LPtrBTreeNode* pRight) {m_pRight= pRight:}
LPirBTreeNode* getLefiSubtree  (void) {return m_pLeft:}

LPirBTreeNode* getRightSubtree  (void) {return m_pRight;}

const LPirBTreeNode* getLefiSubtree  (void) const {return m_pLefi:}
const LPtrBTreeNode* getRightSubtree (void) const {return m_pRight;}

int getSelfData (void) const {return m_data;}
void serSelfDaia (consrt int data) {m_data= dara;}
private:

LPirBTreeNode* detachSmallestNode(void);

private:
int m_data;
LP1rBTreeNode* m_plLefi;
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LPtrBTreeNode* m_pRight:
k
Rendif

70



Code Listing 6: LPtrBTreeNode.cpp

I BREARSEAZXASIAAREEEARARERRXREEBR S XX A XA AR ESRREEER R RSB EERERKE KK

/I FILE: LPtrBTreeNode.cpp

/1 AUTHOR: Zhilin Li

/1 CREATION DATE: Oct. 07, 1997

1/ DESCRIPTION: Refer to LPtrBTreeNode.h

1 FEEXERXREBBEAXEBBAREA XX XS ARES AR SRR BRRRRE R KRS SRR SR KB EEEERRBERS

#include <assert.h>
#include <iostream.h>
#include <iomanip.h>

#include "LPirBTreeNode.h"

"
/! Function: LPtrBTreeNode()
i Descritpion:  Constructor.
!/l Errors Generated: None
/f Limitations:
"
LPtrBTreeNode::LPtrBTreeNode
(const int newData)
{
m_data= newDarta;:
m_pLeft= NULL:
m_pRighr= NULL;

174

1t Function: LPtrBTreeNode()

/1 Descritpion:  Copy constructor.

1i Errors Generated: None

/I Limitations:

i

LPtrBTreeNode::LPtrBTreeNode
(const LPirBTreeNode & rNode )

{
*this= rNode:
}
i -
1t Function: ~LPirBTreeNode( )

i Descriipion:  Destructor.

/! Errors Generated: None

1t Limitations:

H

LPirBTreeNode ::~LPtrBTreeNode
(void)

{

}

"
/t Function: insert(})
/ Descritpion:  Insert a data item into the binary iree.
/I Errors Generated: None
/I Limitations:
1
LPirBTreeNode* LPirBTreeNode::insert
(const int data )
{
if (data < m_data)
{
if (m_pleft '= NULL)
{

m_plefi->inserttdata);
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else

{
m_plLefi= new LPtrBTreeNode(data);

else if (data > m_dara)

{
if (m_pRight != NULL)
{
m_pRight->insert(data);
else
{
m_pRight= new LPtrBTreeNode(data):
}
}
return this:
}
/!
1t Function: remove()

/1 Descritpion: ~ Remove a data item from the binary tree.
/I Errors Generared: None
/1 Limirations:
1"
LPtrBTreeNode* LPirBTreeNode::remove

(consr int data. 1t data 1o be removed

BOOL& bDeleteThis. 11 TRUE if this node itself need to be deleted

BOOL& bRemoveOK) 1/ TRUE if the data item is successfully removed from the binary tree.
{

bDeleteThis= FALSE;

bRemoveOK= FALSE;

if (data == m_datu)

bDeleteThis= TRUE:
bRemoveOK= TRUE:
if tm_pLeft == NULL)
{

returnm_pRight;
else if im_pRight == NULL)
{

return m_plLeft:

else

{
LPirBTreeNode* pNewThisNode= m_pRight->detachSmallesiNode();

pNewThisNode-> linkLeftSubtreetm_pLeft);
if (pNewThisNode '= m_pRight)

pNewThisNode->linkRightSubtree(m_pRight):
}

return pNewThisNode:

}
}

else if ( data < m_dara)

{
if (m_pLeft == NULL)
{

1 We cannaot find the data item. bRemoveOK
/1 and bDeleteThis are set to FALSE already
!/ Root is still this node, so return this.
return this;

}
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BOOL bDeleteLeft:
LPirBTreeNode* pOldLeft= m_plLefi;

m_plefi= m_pLeft->remove(data. bDeleteLeft. bRemoveOK ):
if (bDeleteLeft)

{
delete pOldLeft;
return this;

else if (data > m_data)
{
if (m_pRight == NULL)
{
/I We cannot find the data irem. bRemoveOK
/t and bDeleteThis are set 10 FALSE alreay.
/1 Root is still this node. so return this.
return this;
}
BOOL bDelereRight;
LPirBTreeNode* pOldRight=m_pRight:

m_pRight= m_pRight->remove(daia. bDeleteRight, bRemoveOK );

if (bDeleteRight)
{
delete pOldRight;
}
return this;
}
return this:
}
/!
/! Funcrion: searcht)
! Descritpion:  Search data in the binary tree. If found.
" return TRUE. othenvise return FALSE.

11 Errors Generated: None

/1 Limitations:

i

BOOL LPirBTreeNode::search
(const int duta )

BOOL bRet= FALSE:
if tdata == m_daia)
bRer= TRUE:
else if (data < m_data)
f if tm_plLeft '= NULL)
bRer= m_pLefi->search(daia);

else if (data > m_dara)

if (m_pRight '= NULL)
bRet= m_pRight->searchidata);

}
return bRet;
}
1
/1 Funcrion: traverse()
/7 Descritpion:  Output the data in the binary tree 1o the
1 standard output recursively.

/1 Errors Generated: None
/1 Limitations:
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1
void LPtrBTreeNode::traverse
(void) const
{
if (m_pleft '= NULL)
{

m_pleft->traverse();
cout << setw(outpuWidth_E) << m_pLefi->getSelfData();
}
else
{
cout << serw(owrputWidth Ej << "NIL";
}

cout << sem(outputWidth_E) << m_data:
cout << serw(outpuWidth_E) << "======>";

if tm_pRight '= NULL)
{

cout << serw(outputWidth_E) << m_pRight->gerSelfDarta() << endl;
m_pRight->traverse();

else
{

coul << serw(outputWidth_E} << "NIL" << endl;
}

Il

/1 Function: traverse()

1 Descritpion:  Quiput the data in the binary tree 10 a

" Sile output stiream recursively.

/1 Errors Generated: None

/1 Limitations:

1/

void LPtrBTreeNode::traverse
{ofsiream& ofs) const

iftm_pLeft '= NULL)
{

m_pLefi->traverse(ofs):
ofs << sewtoutpuWidth_E ) << m_pLefi->getSelfDaraq ):
}
else
{
ofs << serwlouputWidth_E) << "NIL";
}

ofs << setw(outputWidth E) << "<======";
ofs << setw(ouputWidih_E) << m_data;
ofs << serw(outputWidth_E) << "s=====>";

if (m_pRight = NULL)
{

ofs << serw(outpuWidth E) << m_pRight->getSelfData() << endl;
m_pRight->traverse(ofs);

else
{
ofs << serw(outputWidth_E) << "NIL" << endl;
}
I
/! Function: operator=()

/I Descritpion:  Copy the entire binary tree. including the
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1" subtrees. New memory is allocated to copy

1" the entire tree structure.

11 Errors Generated: None

/! Limitations:

1

LPtrBTreeNode& LPtrBTreeNode::operator =
(const LPtrBTreeNode& riNode)

{

static int flag= 0;

14
1t Delete the existing tree.
14

if (flag == 0)
{

removeSubirees();

flag ++;

m_dara= rNode.gerSelfData( );
}

if (rNode.getLeftSubtree() != NULL)

{
m_plLeft= new LPtrBTreeNode(rNode.getLeftSubtree( }->getSelfDara( }):
*m_pLeft= *rNode.getLeftSubtree( );

if (rNode.getRighiSubtree() I= NULL)
{

m_pRight= new LPtrBTreeNade(rNode.getRightSubiree()->getSelfData( )):
*m_pRight= *rNode.getRightSubtree(};
flag=0;

return *this;

1
11 Function: removeSubtrees()
/1 Descritpion:  Remove all the subtrees of the tree node and
/ set the left and the right subtrees to be NULL.
7 Free the memory allocated for the subtrees.
!l Errors Generated: None
/1 Limitations:
1
void LPirBTreeNode::removeSubirees
(void)
{
/.
1l Delete the left subtree
L

if tm_plLeft '= NULL)
{
if(tm_pLeft->getLeftSubtree() == NULL) && (m_pLefi->geRightSubtree(} == NULL))
# m_pleft is a leaf. we can delete it.
delete m_pLeft;
m_pLeft= NULL:
else

{

m_pLeft->removeSubtrees();
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i
1i Delete the right subtree
/"

if tm_pRight = NULL)

{
if ((m_pRight->getLeftSubtree() == NULL) && (m_pRight->getRightSubtree() == NULL))
{

/{ m_pRight is a leaf. we can delete ir.
delete m_pRight;
m_pRighr= NULL;

else

{

m_pRight->removeSubtrees():

y

174
11 By recursively calling removeSubtrees( ) for the left node and
/7 the right node. the rwo nodes become leaves. we can delete

1 them.

1"

if tm_pLeft I= NULL)

{
assert(m_pLeft->getLefiSubtree(j == NULL):
asseriym_pLeft->getRightSubtree() == NULL):
delete m_pLeft:
m_pLefi= NULL:

if (m_pRight != NULL)

{
assert{m_pRight->getLefiSubtree() == NULL);
asseritm_pRight->getRightSubtree() == NULL);
delete m_pRight;
m_pRight= NULL;

}

assert((m_pLeft == NULL) && (m_pRight == NULL));

return;
}
H
it Function: detachSmallestNode()
il Descritpion:  Derach the smallest (deepest left child) node
1 from the binary tree and re-connect the
" rest of the binary tree. Return the detached
i smallest node.

! Errors Generated: None
/i Limitations:
i
LPtrBTreeNode* LPtrBTreeNode::detachSmallestiNode
(void)
{
if tm_pLeft == NULL)
{
return this;
}
else
{
LPirBTreeNode* pSmallest= m_pLeft:
LPtrBTreeNode* pSmallestParent= this;

while (pSmallest->getLeftSubtree() '= NULL)

pSmallestParent= pSmallest;
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pSmallest= pSmallest->gerLeftSubtree():
}

pSmallestParent->linkLefiSubtree(pSmallest->geiRightSubtree()):

return pSmallest;
}
}

1"

1t Function: space()

i/ Descritpion:  Return the space needed for the entire tree.

/1 Errors Generated: None

/f Limitations:

/"

long LPirBTreeNode::space
(void) consr

{

long treeSpace= sizeof (*this);
if tm_pLeft '= NULL)
{

rreeSpace+= m_pLefi->spacel );

}
if (m_pRight !'= NULL)
{

treeSpace+= m_pRight->space( );

}

return treeSpace;
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Code Listing 7: LPtrBTree.h

1 ZREBBEXSEREEBEEELZ A LA RS XX XXEREE XX EREER LS XS XXX XXX EESRSRR RS

/ FILE: LPtrBTree.h

1t AUTHOR: Zhilin Li

1 CREATION DATE: Oct. 15, 1997

/t DESCRIPTION: LPirBTree encapsulates a binary tree data structure.

" It uses a LPirBTreeNode pointer as its root.

H" LPtrAVLBTree encapsulates a AVL binary tree data
1" structure. It uses a LPtrAVLBTreeNode pointer

" as its root.

1 RBAEREREEREXSEELEBXEREEREXBARKEE SR RSB ERE XS EBXXE XXX EBEXRKER XS

#ifndef LPTRBTREE H
#define LPTRBTREE _H

#include "LTypes.h"
#include "LPirBTreeNode.h"

class LPtrBTree
{
1
11 Constructors. destructors and
i enum rypes

1

public:

LPtrBTree(void);
LPtrBTree(const LPtrBTree& rTree} {*this = rTree;}
virtual ~LPtrBTree(void):

virtual void insert (const int duta);
BOOL remove (const int data);

void empry(void):

BOOL search (canst int data} const;

! operators
LPirBTree& operator = (const LPtrBTree& rTree);

i/ inline functions

void traverse (void) const { if (m_pRoot != NULL) m_pRoor->traverse();}

void traverse (ofstream& ofs) const { if (m_pRoaot != NULL) m_pRoot->iraverse(ofs):}

long space (void) const { if (m_pRoot = NULL) return (sizeof (*this) + m_pRoor->space()); else return sizeofi*this);}

const LPirBTreeNode* getRoot(void) const {return m_pRoot;}

LPtrBTreeNode*  getRoot(void)  {return m_pRoot;}
void setRoor(LPirBTreeNode* pRoot) {m_pRoor= pRoot;}

privare:
LPtrBTreeNode* m_pRoot;

)
class LPtrAVLBTree : public LPirBTree
public:
LPtrAVLBTree(void) {}
LPtrAVLBTree(const LPirAVLBTree& rTree) (*this = rTree;}

public:
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virtual void insert (const int dara);

/t operators

LPtrAVLBTree& operator = (const LPtrAVLBTree& rTree);

'
#endif it LPTRBTREE H
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Code Listing 8: LPtrBTree.cpp

/i EXARERESRERXSEERAERRRBXE XX REBEERERE SR ES SR SRR RBEXSRR KX ERSRE RN

I FILE: LPirBTree.cpp

1t AUTHOR: Zhilin Li

!t CREATION DATE: Oct. 15, 1997

/Il DESCRIPTION: Refer to LPirBTree.h

i BEBREESSRERXEE RS EBREBRB XS ASBEE XS ER R RXEEER AR R AR NE X R ERER RS

#include <stddef-h>

#include <assert.h>

#include "LPtrBTree.h"

#include "LPirBTreeNode k"
#include "LPtrAVLBTreeNode.h"

1
/l Function: LPtrBTree()

/! Descritpion:  Default constructor.
it Errors Generated: None

/! Limitations:

1
LPtrBTree::LPirBTree

(void)
{
m_pRoor= NULL;
}
i
/" Function: ~LPtrBTreef()

il Descritpion:  Destructor. Delete the root node.
il Errors Generated: None

/i Limitations:

i

LPirBTrec::~LPtrBTree(void)

{
empry();
i
/i Function: insert()
1 Descritpion:  insert new data into the binary tree.

i Errors Generaied: None
I+ Limitations:
I
void LPtrBTree::insert

{const int data)
{

iftm_pRoot == NULL)

{

m_pRoot= new LPtrBTreeNode(data):
4
else

{

m_pRoot= m_pRoor->insert(data);

}

I
!l Function: remove()

/l Descritpion:  Remove data from the binary tree. Return
" TRUE if found the data and successfully

" remove it. Otherwise return FALSE.

/t Errors Generated: None

/I Limiations:

1/
BOOL LPirBTree::remove
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(const int data)

if (m_pRoot == NULL)
return FALSE;

BOOL bDeleteRoor,
bRemoveOK:

LPirBTreeNode* pOldRoot= m_pRoot:

m_pRoot= m_pRoot->remove(data, bDeleteRoot. bRemoveOK);
if (bDeleteRoot)

{

delete pOldRoot;
}

return bRemoveOK;

}

1"

!t Function: operator=(}

/t Descritpion: ~ Copy the entire binary tree.

11 Errors Generated: None

/! Limirations:

"

LPtrBTree& LPirBTree::operator =
(const LPtrBTree& rTree)

{
if (m_pRoot == NULL)
{
if trTree.getRoot( ) = NULL )
{
m_pRoot= new LPtrBTreeNode(rTree.getRoot( )->geiSelfData( ));
*m_pRoor= *rTree.getRool(j:
}
4
else
{
if (rTree.getRoot() == NULL)
{
m_pRoot->removeSubtrees():
delere m_pRoot;
m_pRoor= NULL;
}
else
{
*m_pRoot= *rTree.getRoor();
}
}
return *this;
}
it
11 Function: empry()
/! Descritpion: ~ Empry the entire tree. Set the root to
17 be a NULL pointer

1i Errors Generated: None
1t Limitations:

1
void LPtrBTree::empry

(void}

{

if tm_pRoor !'= NULL)

{
m_pRoot->removeSubtrees():
delete m_pRoot;
m_pRoor= NULL;

}
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}

1
/ Function: search(}
/1 Descritpion:  Check if data is contained in the binary
" tree. If yes, return TRUE. Otherwise return
" FALSE.
1 Errors Generated: None
/1 Limitations:
1
BOOL LPirBTree::search
(const int data) const
{
if (m_pRoot == NULL)
return FALSE;
else
return m_pRoor->search(data):

}

R T 144
LTI I
/t Implemeniation of LPtrAVLBTree

1"

"

1t Function: insert( )

It Descritpion:  insert new data into the AVL binary tree.

i1 Errars Generated: None

It Limitations:

1"

void LPtrAVLBTree::insert
(const int data)

{
if (getRoot() == NULL)
{
setRoot(new LPirAVLBTreeNode(data)):
/
else
{
setRoot(getRoot )->insert(data);
}
}
it
i Function: operator=(}

i Descritpion:  Capy the entire AVL binary tree.
/1 Errors Generated: None
/1 Limirations:
/!
LPirAVLBTree& LPtrAVLBTree::operator =
(const LPtrAVLBTree& rTree)
{
if (getRoot() == NULL)
{

if trTree.getRoot() '= NULL )

{
setRoot(new LPIrAVLBTreeNode(rTree.getRoot()->getSelfDaral )));
(LPIrAVLBTreeNode &) *getRoot( )= (LPirAVLBTreeNode &) *rTree.getRoot( );

}
}
else
{
if (rTree.getRoor() == NULL)
{
getRoot( }->removeSubtrees();
delete getRoot();
setRooyNULL);
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}

else

{
(LPirAVLBTreeNode&) *getRoot( )= (LPtrAVLBTreeNode&) *rTree.getRoo1();
}
}

return *this;

y
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Code Listing 9: LTmpIBTreeNode.h

" !‘t‘t“3“"t#.“‘.‘*ﬁ““t“*‘t““““#tt#t#‘t‘3““.3“““*“*“

!l FILE: LTmp(BTreeNode.h

1t AUTHOR: Zhilin Li

/Il CREATION DATE: Dec. 12. 1997

1 DESCRIPTION: This file contains declarations of three classes:

" LTmplBaseBTreeNode, LTmpINullBTreeNode and

" LTmplFullBTreeNode.

" Both LTmpINullBTreeNode and LTmpIFullBTreeNode are
" derived from LTmplBaseBTreeNode. The three classes

17 are used to describe a binary tree data structure.

" The empry node of the bianry tree is not

I represented by a NULL pointer as in the

" traditional method. but is represented by a

" LTmpINullBTreeNode object.

Y74 ‘1.333‘3‘““‘#“t*‘t#*“#‘t*!t‘*‘t“““ EAXAEIRXPEXEEABEREREX X R RS

Rifndef LTMPLBTREENODE_H
#define LTMPLBTREENODE _H

#include <iostream.h>
#include <iomanip.h>
#include <fstream.h>
#include <assert.h>

#include "LTypes.h"

17

/ Class LTmplBaseBTreeNode defines a ser of pure

/1 virual funcitons 10 manipulate the binary

/i tree node. Here we acutually view each node as

/7 a valid binary tree.

1/

templare <class DATA_TYPE>

class LTmplBaseBTreeNode

{

"

!l construcrors. destructors

1/ and enum types.

1

public:
enum

{
outputWidth_E= 12 11 Widsth used to format the output of the node data
}:

public:
!l Insert a new data item into the tree. Return the new
/1 root for the binary tree.
virtual LTmpiBaseBTreeNode<DATA_TYPE>* insert(const DA TA_TYPE data) = 0;

/f Remove a data item from the tree. Return the new roor

/1 for the binary tree. If the data item is successfully

11 removed, bRemoveOK is set to TRUE, otherwise bRemoveOK

Il is set to FALSE. If this node iteself need 1o be removed,

!/ bDeleteThis is set to TRUE, otherwise it is set to FALSE.

virtual LTmplBuseBTreeNode<DATA_TYPE>* remove(const DATA_TYPE data, BOOL& bDeleteThis. BOOLS bRemoveOK) = 0

I/ Search a data item in the tree. If find, return TRUE. Otherwise
! return FALSE.
virtual BOOL search(const DATA_TYPE data} = 0;

1/ Traverse the entire binary tree using the depth first
/I method. Print the resulr to the standard output.
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virtual void 1raverse(void) const = 0:

!l Traverse the entire binary tree using the depth first
/I method. Print the result 1o a file represented by the
/1 ofstream.

virtual void traverse(ofstream& ofs) const = 0;

I Return TRUE if this node is a null node. Otherwise
!/ return FALSE.
virtual BOOL isNull(void) const = 0;

/1 Return the node daza.
virtual DATA_TYPE getSelfData(void) const = 0;

it Link the left subtree to a new node.
virtual void linkLeftSubtree( LTmplBaseBTreeNode<DA TA_TYPE>* pLeft) = 0;

/t Link the right subtree 1o a new node.
virtual void linkRightSubtree(LTmplBaseBTreeNode<DA TA_TYPE>* pRight) = 0;

11 Ger the left subtree pointer. The left subtree cannot
/1 be modified.
viriual const LTmplBaseBTreeNode<DATA_TYPE>* getLefiSubtree(void) cons = 0;

/t Ger the right subtree pointer. The right subtree cannot
!/l be modified.
virtual const LTmplBaseBTreeNode<DA TA_TYPE>* getRightSubtree(void) const = 0;

!t Get the left subtree pointer. The left subtree can
1 be modified.
virtual LTmplBaseBTreeNode<DA TA_TYPE>* getLeftSubtree(void) = 0:

!I Ger the right subtree pointer. The right subtree can
/1 be modified.
virtual LTmplBaseBTreeNode<DA TA_TYPE>* getRightSubtree(void) = 0:

/i Print the node data to the standard ourput.
virtual void outputSelfDatatvoid) const = 0:

// Print the node data 10 a file.
virtual void outpuwtSelfDatatofstream& ofs) const = 0:

! Return the space required for the entire binary tree.
virtual long space(void) const= 0:

1
it Class LTmpINullBTreeNode implements a null binary tree
/i node which has no data and subtrees.

"
template <class DATA_TYPE>

class LTmpINullBTreeNode: public LTmplBaseBTreeNode<DATA_TYPE>

{

/! Function inseri() cannot be inline function

/1 as it need to create a LTmplFullBTreeNode. But class

/1 LTmplFullBTreeNode is not defined at this point.

virtual LTmplBaseBTreeNode<DATA_TYPE>* inseri(const DA TA_TYPE data) ;

/1 inline methods
virtual LTmplBaseBTreeNode<DATA_TYPE>* remove(const DA TA_TYPE data, BOOL& bDeleteThis. BOOL& bRemoveOK)

bDeleteThis= FALSE;
bRemoveOK= FALSE;
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return this;

}

virtual BOOL search(const DATA_TYPE data) {return FALSE;}

virtual void rraverse(void} consr {}

virtual void traverse(ofstream& ofs) const {}

virtual BOOL isNull(void) consr {return TRUE ;}

virtual DATA_TYPE getSelfDara(void) const { cout << "ERROR: cannot get data from a NULL binary tree node." << endl: return
-1}

virtual void linkLeftSubtree(LTmpiBaseBTreeNode<DATA_TYPE>* pLeft) { cout << "ERROR: cannot set the left subtree for
NULL binary rree node." << endl;}

virtual void linkRightSubtree (LTmplBaseBTreeNode<DATA_TYPE>® pRight} { cour << "ERROR: cannot set the right subtree Jor
NULL binary tree node." << endl;}

virtual const LTmplBaseBTreeNode<DATA_TYPE>* getLefiSubtree(void) const {cout << "ERROR: cannot get the lefi tree ofa
NULL binary tree node.” << end!; return this:}

virtual const LTmplBaseBTreeNode<DATA_TYPE>* getRightSubiree(void) const { cour << "ERROR: cannot get the right tree of a
NULL binary tree node." << endl; return this;}

virtual LTmplBaseBTreeNode<DATA_TYPE>* getLeftSubtree(void) {cout << "ERROR: cannot get the lefi tree of a NULL binary
tree node." << endl; return this:}

virtual LTmplBaseBTreeNode<DATA_TYPE>* getRightSubtree(void) { cout << "ERROR: cannor get the right tree ofaNULL
binary tree node." << endl; return this;}

virtual void outputSelfDara(void) const { cour << serw(outputWidth_F) << "NIL"}

virtual void outputSelfData(ofsiream& ofs) const { ofs << setw(outputWidth_E) << "NIL";}

virtual long space(void) cunst {return sizeof (*this) ;}

}

"
/1 Class LTmplFullBTreeNode implemenis a full binary tree
!l node which has data and subtrees.

it Since a full binary tree node has pointers to subtree

/! nodes. a tree node can be used to represent an entire

1/ binary rree.

i
template <class DATA_TYPE>

class LTmplFullBTreeNode: public LTmplBaseBTreeNode<DATA_TYPE>
{

1i
i1 Constructors, destructors and enum rypes.
‘f
public:

LTmplFullBTreeNode(const DATA_TYPE newData):

LTmplFullBTreeNode (const LTmpIFullBTreeNode <DATA_TYPE> & rNode) {*this= rNode:}

virtual ~LTmplFullBTreeNode(void):

/] mmmmeeee
1t Methods

public:
virtual LTmplBaseBTreeNode<DATA_TYPE>* insert (const DATA_TYPE data) ;
virtual LTmpiBaseBTreeNode<DATA_TYPE>* remove (const DATA_TYPE data. BOOL& bDeleteThis. BOOL& bRemoveOK ):

virtual BOOL search  (const DA TA_TYPE data):
virtual void traverse (void) const;

virtual void traverse (ofstream& ofs) const;
virtual long space (void) const;

void removeSubtrees(void);

/i operators
LTmplFullBTreeNode<DATA_TYPE>& operator=(const LTmplFullBTreeNode<DATA_TYPE> &rNode);

i1 inline methods
virtual BOOL isNull (void) const { return FALSE;}
virtual DATA_TYPE getSelfData  (void) const {return m_data:}
virtual void linkLefiSubtree (LTmplBaseBTreeNode<DATA_TYPE>* plefi) {m pLefi= pLeft:}
virtual void linkRightSubtree (LTmplBaseBTreeNode<DATA_TYPE>* pRight) {m_pRight= pRight:}
virtual void outputSelfData  (void) const { cour << semw(outpuWidth_E) << m_data:}
virtual void owputSelfData  (ofsiream& ofs) const { ofs << setw(outputWidth_E) << m_dara:}

virtual const LTmplBaseBTreeNode<DATA_TYPE>*  getLefiSubiree(void) const { return m_pLefi;}
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virtual const LTmplBaseBTreeNode<DA TA_TYPE>* getRightSubtree(void) const { return m _pRight}
virtual LTmpIBaseBTreeNode<DATA_TYPE >* getLefiSubtree(void) { return m_pLeft;}
virtual LTmp[BaseBTreeNode<DATA_?YPE >* getRightSubtree(void) { return m _pRight;}

virtual LTmpINullBTreeNode<DA TA_TYPE>* gerStaticNullNode(void ) {return &m_nullNode_S:}
static LTmpINullBTreeNode<DATA_TYPE>* getNullNode_S (void) {return &m_nullNode_S;}

private:
LTmpiFullBTreeNode<DATA_TYPE>* detachSmallestNode(void);

7 —

11 Attributes

private:
DATA_TYPE m_data; I/ data kept with the node
LTmplBaseBTreeNode<DATA_TYPE> *m_pLeft. 1/ lefi child. may point 10 a LTmpINulIBTreeNade or LTmplFullBTreeNode
*m_pRight: 1 right child.

static LTmpINuilBTreeNode<DATA_TYPE> m_nullNode_S: i used 1o represent the leaf. It is

/1 is static since all the leaves can

/ use the same null node.
static BOOL m_bCountNullNodeSpace_S: i/ TRUE if the space occupied by the null node is counted.
b

e 144
R e e
17
!t Function: LTmplFullBTreeNode()
It Descritpion:  Constructor.
/1 Errors Generated: None
// Limitations:  None
I
template <class DATA_TYPE>
LTmplFullBTreeNode<DA TA_TYPE>::LTmplFullBTreeNode
(const DATA_TYPE newData)
{
m_data= newData;
m_pLeft= gerStaticNullNodet ):
m_pRight= getStaticNullNode( ):

/1 Function: ~LTmplFullBTreeNode( )

!t Descritpion:  Destructor.

! Errors Generated: None

il Limitations: ~ None

1 -
template <class DATA_TYPE>

LTmplFullBTreeNode<DA TA_TYPE>::~LTmplFuliBTreeNode

(void)
{
}
1
!t Funcrion: removeSubirees()
! Descritpion:  Remove all the subtrees of the tree node and
" set the left and the righ: subiree node to be
" null nodes. Memory allocated for the subtrees
" are freed.

11 Errors Generated: None

If Limitations:

1

template <class DATA_TYPE>

void LTmpIF ullBTreeNvde<DATA_TYPE>::removeSubtrees
(void)

{

/1 Delete the left subtree
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if (fm_pLeft->isNull())

{
if im_pLeft->getLeftSubtree()->isNullt}) && m_pLefi->getRightSubtree()->isNull())
{

/I m_pleft is a leaf now. we can delete it.
delete m_pleft;
m_pLefi= getStaticNullNode():

else
{
1t Recursively delete the left subtree.
((LTmplF ullBTreeNode<DATA_TYPE>*| m_pLeft)->removeSubtrees();

it Delete the right subtree
"

if (!'m_pRight->isNull( )}
{
if tm_pRight->getLeftSubtree()->isNuil(} & & m_pRight->getRightSubtree( )->isNullf ))
{
/{ m_pRight is a leaf now. we can delete ir.
delete m_pRight;
m_pRight= getStaticNuliNode( );

else
{
# Recursively delete the right subtree.
((LTmplFullBTreeNode <DATA_TYPE>*)m_pRight )->removeSubtrees();
}
}

y
7

/I By recursively calling removeSubtrees() for the left node and
il the right node. the nvo nodes will be turned into leaves.

/1 We can delete them now.
1

if (Im_pLeft->isNulli))
{

asserttm_plLefi->getLefiSubtree( )->isNull ));
asserttm_plLefi->getRightSubtree( )->isNull( ));
delete m_plefi:

m_plefi= getSiaticNullNode( );

if (!m_pRight->isNull())
{

assertim_pRight->getLeftiSubtree( )->isNull());
assertim_pRight->gerRightSubtree( )->isNull()):
delete m_pRight;
m_pRight= getStaticNullNade( );

}

assert(m_pLeft->isNull() && m_pRight->isNull());
return;

}

1
1 Function: insert()

I Descritpion:  Insert a data item into the binary tree.
" Return the new root for the binary tree.

/1 Errors Generated: None

// Limitations:

"

88



template <class DATA_TYPE>
LTmplBaseBTreeNode<DATA_TYPE>* LTmplFullBTreeNode<DATA_TYPE> ::insert
(const DATA_TYPE data) I/ new data item to be inserted

{

if (data < m_data)

f m_pLefi= m_plLefi->insert(data); 1! recursive function call
else if (data > m_data)

f m_pRight= m_pRight->insert(data); i recursive function call
/1 else {m_data = data} we don't allow duplication of data

return this;

}

1

/1 Function: remove( )

/i Descritpion:  Remove a data item from the binary tree.
/" Return the new root for the binary tree.

/1 Errors Generated: None
/I Limitations:
1
template <class DATA_TYPE>
LTmplBaseBTreeNode<DATA_TYPE>* LTmpiFullBTreeNode<DATA_TYPE>::remove
(const DATA_TYPE data, i/ data 1o be removed
BOOL& bDeleteThis, It TRUE if this node itself need to be deleted.
BOOL& bRemoveOK) it TRUE if we sucessfully remove the daia item from the tree
{
bDeleteThis= FALSE:
bRemoveOK= FALSE:

if ( data == m_data)
{
i
it This node is the node which contains the
1! data item 1o be removed. Ser bDeleteThis 1o
ii TRUE and bRemoveOK to TRUE.
bDeleteThis= TRUE:
bRemoveOK= TRUE:

if tm_pLeft->isNull())

f returnm_pRight; /: new root is the right subtree.
ilse if tm_pRight->isNull(})

f return m_plLefi: /1 new root is the left subtree.

else
{
4
1/l None of the left and right subtree
1 is Null. we should replace the roor
/1t with the smallest node of the right
It subtree.
f

LTmplFullBTreeNode<DATA_TYPE>* pNewThisNode= ((LTmplFullBTreeNode* ) m _pRight)->detachSmallestNode( );

It Connect the new root with the left subtree.
pNewThisNode->linkLefiSubtree(m_pLeft);

/i Connect the new root with the right subtree.

it If the new root is the right subtree itself, then

/I we should not re-link the new roor’s right subtree.
if (pNewThisNode '= m_pRight)

{
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pNewThisNode->linkRightSubtree(m_pRight);
}

return pNewThisNode;
}

else if { data < m_dara)

BOOL bDeleteLefr;
LTmplBaseBTreeNode<DATA_TYPE>* pOldLeft= m_pLefi:

m_pLeft= m_pLeft->remove(data. bDeleteLefi. bBRemoveOK):
if (bDeleteLeft)

delete pOldLeft;
}

/1 Data item is removed from the left subtree. The tree
/I root is still this node.
rerurn this;

else if (data > m_data)

BOOL bDeleteRight;
LTmplBaseBTreeNode<DATA_TYPE>* pOldRight= m_pRight;

m_pRight= m_pRight->remove(data. bDeleteRight. bBRemoveOK):
if tbDeleteRight)

delete pOldRight:
}

/1 Data item is removed from the right subtree. The tree
11 root is still this node.
return this;

}

return this;

4

!
/1 Function: detachSmallesiNodet )
it Descritpion:  Derach the smallest (deepest left child) node
7 Jfrom the binary tree and re-connect the
Vi rest of the binary tree. The detached node is
i returned.
/1 Errors Generated: None
/i Limitations:
"
template <class DATA_TYPE>
LTmplFullBTreeNode<DATA_TYPE>* LTmplFullBTreeNode<DATA_TYPE>::detachSmallestNode
(void)
{
if tm_pLefi->isNull())
{
i
/1 Since all the data items in the right subtree
/1 is greater than m_data. the smallest node is
1! this node.
1
return this;
}
else
{
124
/1 Find the leftmost node which is the smallest node.
/"

LTmplFullBTreeNode<DATA_TYPE>* pSmallest= (LTmplF ullBTreeNode* ) m_pLefi:
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LTmplFullBTreeNode<DATA_TYPE>* pSmallestParent= this;
while (!pSmallest->getLeftSubtree()->isNull())

pSmallestParent= pSmallest;
pSmallest= (LTmplFullBTreeNode* ) pSmallest->getLefiSubtree():
}

"
11 Detach the smallest node from the tree. Reconnect
11 the rest of the tree. Return the detached node.

U

pSmallestParent->linkLeftSubtree(pSmallest->getRightSubtree());
return pSmallest;
}
}

1

il Function: search()

/1t Descritpion:  Return TRUE if find data in the tree. Otherwise

" return FALSE.

/I Errors Generated: None

1 Limitations:

1"

templare <class DATA_TYPE>

BOOL LTmplFullBTreeNode<DATA_TYPE>::search
(const DATA_TYPE data)

BOOL bRet= FALSE:
if (data == m_data)
bRet= TRUE:
else if (data < m_dara)
bRet= m_pLefi->scarchidata):
else if (data > m_dara)

bRet=m_pRight->search(dara):

}
return bRet;
}
"
11 Function: traversef)
! Descritpion:  Ouitput the data in the binary tree to standard
1 outpur recursively. Use depth first method.

It Errors Generated: None

i1 Limitations:

1

template <class DATA_TYPE>

void LTmplFullBTreeNode<DATA_TYPE>::traverse
(void) const

{

m_pLefi->traverse();

m_pLeft->outputSelfData();

cout << senw(oupuWidth_E) << "<======";
cout << setw(outputWidth_E} << m_data;

cout << senv(outputWidth_E) << "s=====3>"
m_pRight->outputSelfDatat );

cout << endl;

m_pRight->traverse();
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}

i

/! Function: traverse(}
!/ Descritpion:  Output the data in the binary tree to a file
1" output stream recursively. Use depih first method.

/I Errors Generated: None

/! Limitations:

1

remplate <class DATA_TYPE>

void LTmplF ullBTreeNode<DDATA_TYPE>::traverse
(ofsiream& ofs) const

m_pLeft->traverse(ofs);
m_pLefi->outpuiSelfData(ofs);

ofs << setw(outpuWidth_E ) << m_dara;

ofs << setw(ouputWidth_E ) << "s=====>";
m_pRight->outputSelfDatac ofs):

ofs << endl;

m_pRight->traverse(ofs):

i

/1 Function: operator =()
/! Descritpion: ~ Copy the enttire binary tree. including the
/" subtrees. New memory is allocared.

it Errors Generated: None

/1 Limitations:

"

template <class DATA_TYPE >

LTmplIFullBTreeNode<DATA_TYPE>& LTmplFullBTreeNode<DATA_TYPE>::operator =
(const LTmplFuliBTreeNode<DATA_TYPE> &rNode)

{

static int flag= 0:
"
/i Delete the existing tree.
"

if (flug == 0)
{

removeSubtrees();

flag=1;

m_data= rNode.getSelfDazat ):
}

if t!rNode.getLefiSubtree( )->isNull( )
{

m_plefi= new LTmplFullBTreeNode(rNode.getLeftiSubtree( )->getSelfData()):
*ULTmplFullBTreeNode < DATA_TYPE>*) m_pLeft)= *((LTmplFullBTreeNode<DATA_TYPE>*)rNode.getLefiSubtree( ));

}

if (!rNode.getRighiSubtree( }->isNull(})

{
m_pRight= new LTmplFullBTreeNode(rNode.geiRightSubtree( )->getSelfData());
*((LTmplFullBTreeNode<DATA_TYPE>*}m_pRight)= *((LTmpIFuliBTreeNode<DATA_TYPE>*)rNode.getRightSubtree()):

flag=0:

return *this;

/

/-
1 Function: space()

/i Descritpion:  Rerurn the space of the entire binary tree.
" Nore thar in an applicanion. all the empry

1 nodes in all the binary irees are actually
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" represented by the same static null node.

1" Therefore we only calculate the space
" occupied by the null node once in the
" application.

I/t Errors Generated: None
/! Limitations:
1
template <class DATA_TYPE>
long LTmplFullBTreeNode<DATA_TYPE>::space

(void) const
{

long treeSpace= sizeof (*this):

if (Im_pLeft->isNull())

{

treeSpace+= m_pLefi->space();

}
if (!m_pRight->isNull())
{

treeSpace+= m_pRight->space():
}

if (!m_bCountNullNvdeSpace_S)
{
treeSpace+= m_nullNode_S.space():
m_bCountNullNodeSpace_S= TRUE:
/

return rreeSpace;

}

T L 8T 1T

U e i T s

1t Implementation for class LTmpINullBTreeNode
/ ./

1

4 Function: insert
¢ Descritpion: Insert a data item into the null node.
1 Return a full node.

i1 Errors Generated: None

/1 Limitations: Didn’t handle the memory allocation failure

% if occurred.

i

template <class DATA_TYPE>

LTmplBaseBTreeNode<DATA_TYPE>* LTmpINullBTreeNode<DATA_TYPE>::insert
(const DATA_TYPE data)

{
return new LTmplF ullBTreeNode<DATA_TYPE>(data);
4

#endif ILTMPLBTREENODE _H
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Code Listing 10: LTmplBTree.h

7 EESERXFEEEESEEIREARXEREAS BB REES S XS SR EBAERERXREE AR RREERBRRS XS

/I FILE: LTmplBTree.h

/1 AUTHOR: Zhilin Li

1 CREATION DATE: Dec. 31. 1997

/1 DESCRIPTION: LTmplBTree encapsulates a binary tree data structure.

1" It uses a LTimplBaseBTreeNode object as its root.
/i EXERXREXEEEXXREEEER S A SRR B A B SRR AR SRERREE R X RRE LSRR SRR RERRE K

#ifndef LTMPLBTREE _H
#define LTMPLBTREE _H

#include <fstream.h>
#include <assert.h>

#include "LTypes.h"
#include "LTmplBTreeNode.h"

template <class DATA_TYPE>
class LTmplBTree

{
1"
1t Constructors. destructors and
/I enum rypes

"

public:
LTmplBTree(void);
virtual ~LTmp(BTree(void):

public:
BOOL remove (const DATA_TYPE dara):
void empry(void);

/1 operators
LTmpiBTre¢e<DATA_TYPE>& operator =(const LTmplBTree<DATA_TYPE>& tree);

/i inline functions
void insert  (const DATA_TYPE duta) {m_pRoor= m_pRoot->insert(data):}
void traverse (void) const {m_pRoot->traverse{ );}
void traverse (ofstream& ofs) const {m_pRooi1->traverse(ofs):}
BOOL search (const DATA_TYPE data) canst {return m_pRoot->search(data);}
long space  (void} const { return (sizeof (*this) + m_pRoot->space()):}

const LTmplBaseBTreeNode<DATA_TYPE>& getRoot(void) const {return *m_pRoot;}

private:
LTmplBaseBTreeNode<DATA_TYPE>* m_pRoot:
»

PRI
Nt

i
/1 Function: LTmpiBTreet)

/t Descritpion:  Default constructor. [nitialize the root

4 to be the static INullBTreeNode member

/" variable defined in LTmplFullBTreeNode class.
/" class.

/1 Errors Generated: None
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! Limitations:
1
template <class DATA_TYPE>
LTmplBTree<DATA_TYPE>::LTmplBTree

(void)
{

m_pRoot= LTmpIFullBTreeNode<DATA _TYPE> ::getNullNode _S();

}

1
/! Function: ~LTmplBTree()

1/ Descritpion:  Destructor. Delete the entire binary tree.
" Free memory allocated.

/1 Errors Generated: None

/! Limitations:

i
template <class DATA_TYPE>
LTmpiBTree<DATA_TYPE>::~LTmpiBTree(void)

{
empty();
4
1
# Function: remove()
/t Descritpion: ~ Remove data from the binary tree. Return
/" TRUE if found the data and successfully
1" remove it. Otherwise return FALSE.

/¢ Errors Generated: None

! Limitations:

1"

template <class DATA_TYPE>

BOOL LTmplBTree<DATA_TYPE>::remove
(const DATA_TYPE data)

BOOL bDeleteRoot.
bRemoveOK:

LTmplBaseBTreeNode<DATA_TYPE>* pOldRoot= m_pRoor;
m_pRoor= m_pRoot->remove(data. bDeleteRoot, bRemoveOK );
if (hDeleteRootr)

delere pOldRoot:
}

return bBRemoveOK;

}

"
+/ Function: operator = ()
i Descritpion: ~ Capy the entire binary tree. Allocate
" memory as needed.
i1t Errors Generated: None
/! Limitations:
1"
template <class DATA_TYPE>
LTmplBTree<DATA_TYPE>& LTmplBTree<DATA_TYPE> ::operator =
(const LTmpIBTree<DATA_TYPE>& tree)
{
if (m_pRoot->isNull())
{
if (hiree.getRoot( ).isNull())
{
m_pRoot= new LTmplFullBTreeNode<DATA_TYPE>(tree.getRoot().getSelfDatal ));
*(LTmplFullBTreeNode<DATA_TYPE>*)m_pRoot)= (LTmplFullBTreeNode<DATA_TYPE>&jiree.getRoot():
}
}
else

{
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if (tree.getRoot( ).isNull( })

((LTmplF ullBTreeNode<DATA_TYPE>*) m_pRoot1)->removeSubtrees( );
delete m_pRoot;

m_pRoor= LTmpIF ullBTreeNode<DATA_TYPE>::getNullNode_S();
}

else

*((LTmplFullBTreeNode<DATA_TYPE>*)m_pRoot)= (LTmplFullBTreeNode<DATA_TYPE>& jtree.getRool();

}
return *this;
}
1
/1 Function: empry()
/I Descritpion:  Empty the entire tree. Set the roor 10
1" be a null tree node.

/t Errors Generated: None
/1 Limirations:
il
template <class DATA_TYPE>
void LTmplBTree<DATA_TYPE>::empry
(void)
{
if (!m_pRoot->isNull(})

((LTmplF ullBTreeNode<DATA_TYPE>*)m_pRoat)->removeSubtrees();
delete m_pRoot;

m_pRoor= LTmplFullBTreeNode<DATA_TYPE>::getNullNode_S();

}
}

#endif 1 LTMPLBTREE H

96



Code Listing 11: LTmplPtrBTreeNode.h

1 FEREXASXREISRRRRERRRES XA RERARE XSS XXX XXX KRR RRR R AR R KRN BEEXRE R B X

11 FILE: LTmplPtrBTreeNode.h

/1 AUTHOR: Zhilin Li

/t CREATION DATE: Feb. 20, 1998

!/ DESCRIPTION: Class LTmplPtrBTreeNode implements a template

/" binary tree node. The node itself actually
1" represents a valid binary tree. The empty
1" nodes of the tree are represented using

1 NULL pointers.

¥/ EXSEEXEXXRERBBRXR RS AR SR A SR BEEREB XX AR AERERSIBERAER RSB XBR K XS

#ifndef LTMPLPTRBTREENODE_H
#define LTMPLPTRBTREENODE _H

#include <fstream.h>
#include "LTypes.h"
#include <assert.h>
#include <iostream.h>
#include <iomanip.h>

template <class DATA_TYPE>
class LTmplPtrBTreeNode
{
1!
/1 Constructors. destructors and enwm rypes.
1
public:

LTmplPirBTreeNode(const DATA_TYPE data);

LTmplPirBTreeNode(const LTmplPirBTreeNode<DATA_TYPE>& riNode):

virtual ~LTmplPtrBTreeNode(void):

enum

{
ouwtpuWidth E= 12

public:
virtual LTmplPtrBTreeNode<DATA_TYPE>* insert(const DATA_TYPE data):
virtual LTmplPirBTreeNode <DATA_TYPE>* remove(const DATA_TYPE data, BOOL& bDeleteThis. BOOL& bRemoveOK):
virtual void traverse(void) const;
virtual void traverse(afsiream& ofs) const;
virtual void removeSubtrees(void);

virtual long space(void) const:
BOOL searchiconst DATA_TYPE dara);

Il operators
LTmplPtrBTreeNode<DATA_TYPE>& operator = (const LTmplPtrBTreeNode<DATA_TYPE>& rNode);

11 inline methods

void linkLefiSubtree  (LTmplPirBTreeNode<DATA_TYPE>* pLeft) {m_pLeft= pLefi:}
void linkRightSubtree (LTmplPtrBTreeNode<DATA_TYPE>* pRight) {m_pRight= pRight}
DATA_TYPE getSelfData (void) const {return m_data:}

void setSelfData (const DATA_TYPE data} {m_data= data;}
LTmplPtrBTreeNode<DATA_TYPE>* getLeftSubtree (void) {return m_plLeft;}
LTmplPirBTreeNode<DATA_TYPE>* getRightSubtree (void) {return m_pRight;}

const LTmplPtrBTreeNode<DATA_TYPE>* gelleftSubtree (void) const {return m_pLefi;}
const LTmplPirBTreeNode<DATA_TYPE>* getRightSubtree (void) const {returnm_pRighi:}

private:
LTmplPtrBTreeNode<DATA_TYPE>* detachSmallesiNode(void);
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A -—

It Antributes

[

private:
DATA_TYPE m_dara;
LTmplPtrBTreeNode<DATA_TYPE>* m_plefi;
LTmplPtrBTreeNode<DATA_TYPE>* m_pRight;

WU L
e e
/I Implemenzation

/1
1 Function: LTmplPtrBTreeNode()
It Descritpion:  Constructor.
/1 Errors Generated: None
/1 Limitations:
"
template <class DATA_TYPE>
LTmplPtrBTreeNode<DATA_TYPE>::LTmplPtrBTreeNode
fconst DATA_TYPE newData)
{
m_dara= newData;
m_pleft= NULL;
m_pRight= NULL;

15
/1 Function: LTmplPirBTreeNade( )
1! Descritpion:  Copy constructor.
/1 Errors Generated: None
! Limitations:
r
template <class DATA_TYPE>
LTmplPtrBTreeNode<DATA_TYPE>::LTmplPirBTreeNode
(const LTmplPtrBTreeNode& riNode)
{
*this= rNode:
}

i

1 Function: ~LTmplPirBTreeNode()

/i Descritpion:  Destructor.

!l Errors Generated: None

/l Limirations:

"

template <class DATA_TYPE>

LTmplPirBTreeNode<DATA_TYPE>::~LTmplPtrBTreeNode
(void)

{

}

1t

/1 Function: insert()

/! Descritpion:  Insert a data item into the binary tree.

!l Errors Generated: None

! Limitations:

"

template <class DATA_TYPE>

LTmplPirBTreeNode<DATA_TYPE>* LTmpiPirBTreeNode<DA TA_TYPE>::insert
(const DATA_TYPE data)

else if (data < m_data)
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{
if tm_pLeft '= NULL)
{

m_pLefi->insert(data);
else
{
m_plLeft= new LTmplPtrBTreeNode<DATA_TYPE> (data);
}
}
else if (data > m_data)

iftm_pRight != NULL)
{

m_pRight->insert(data);

else
{
m_pRight= new LTmplPtrBTreeNode<DATA_TYPE> (data):
}
return this;
}
174
{ Function: remove( )

/1 Descritpion: ~ Remove a data item from the binary tree.
i1 Errars Generated: None
/1 Limitations:
"
template <class DATA_TYPE>
LTmpiPtrBTre¢eNode<DATA_TYPE>* LTmplPirBTreeNode<DATA_TYPE>::remove

(const DATA_TYPE data. /! data to be removed

BOOL& bDeleteThis. 1t TRUE if this node itself need to be deleted

BOOL& bRemoveOK) 11 TRUE if the data item is successfully removed from the binary tree.
{

bDeleteThis= FALSE:

bRemoveOK= FALSE:

if tdarta == m_data)

{
bDeleteThis= TRUE:
bRemoveOK= TRUE;
iftim_pleft == NULL)
{

returnm_pRight;
else if (m_pRight == NULL)
{
return m_plLeft;
else
{
LTmplPtrBTreeNode<DATA_TYPE>* pNewThisNode= m_pRight->detachSmallestNode( );
pNewThisNode->linkLefiSubtree(m_pLeft);
if (pNewThisNode = m_pRight)

pNewThisNode->linkRightSubtreetm_pRight);
}

return pNewThisNode;
}
Y

else if ( data < m_data)

if(m_pLefi == NULL)
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{
!t We cannot find the data item. bRemoveOK
11 and bDeleteThis are set to FALSE already
/1 Root is still this node. so return this.
return this;

}

BOOL bDeleteLefi:
LTmplPirBTreeNode<DATA_TYPE>* pOldLefi= m_pLefi:

m_pLeft= m_pLefi->remove(data. bDeleteLefi. BRemoveOK);
if (bDeleteleft)

delete pOldLeft:
}

return this;

else if (data > m_dara)
{
if tm_pRighr == NULL)
{
!/ We cannor find the data item. bRemoveOK
11 and bDeleteThis are set to FALSE alreay.
/i Root is still this node. so return this.
return this:

}
BOOL bDelereRight:
LTmplPtrBTreeNode<DATA_TYPE>* pOldRight= m_pRight:

m_pRight= m_pRighi->remove(data. bDeleteRight. bRemoveOK ):
if (bDeleteRight)

{
delere pOldRight:
}
rewern this:
4
return this:
}
1
/! Function: search()
/! Descritpion:  Search data in the binary tree. If found.
1 return TRUE. othenwise return FALSE.

i/t Errors Generated: None
it Limirations:
1/
template <class DATA_TYPE>
BOOL LTmplPtrBTreeNode <DATA_TYPE>::search
(const DATA_TYPE data)
{
BOOL bRer= FALSE:

if (data == m_data)
bRer= TRUE:
else if (data < m_data)
{
if (m_pLeft '= NULL})
bRet= m_pleft->search(data);
else if (data > m_dara)
if (m_pRight '= NULL)
bRer= m_pRight->searchidata);
}

rerurn bRet:

}
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i
/1 Function: traverse()
! Descritpion:  Quiput the data in the binary tree to the
" standard output recursively.
/1 Errors Generated: None
/! Limitations:
1l
template <class DATA_TYPE>
void LTmplPirBTreeNode<DATA_TYPE> ::traverse
(void) const
{
iftm_pleft '= NULL)
{

m_pleft->traverse();
cout << setw(outpurWidth_E) << m_pLefi->geiSelfDatal();
}

else
{

cout << serw(outpurWidrh_E) << "NIL";
}

cour << semwfoutrputWidth_E) << m_dara;
cour << St’fw(oulpuIWidlh_E) << "====z==5";

if tm_pRight '= NULL)
{

cout << serwlowpuWidth_E) << m_pRight->geiSelfDatat ) << endl;
m_pRight->traverse( );

else
{

cour << serw(outputWidth_E) << "NIL" << end!;

y

1} -

1 Function: traversef()

1! Descritpion:  Outpur the data in the binary tree to a

1 file outpur stream recursively.

1 Errors Generated: None

1# Limitarions:

i

template <class DATA_TYPE>

void LTmplPtrBTreeNode<DATA_TYPE> ::traverse
{ofstream& ofs) const

iftm_pLeft '= NULL)
{

m_pleft->traverse(ofs);
ofs << serw(outputWidth_E} << m_pLefi->getSelfData( );
}

else

{
ofs << serw(outpuWidth_E) << "NIL":

}

ofs << serw(outpurWidth_E) << m_data;

ofs << senvioupuiWidih_E) << "======>";
iftm_pRight '= NULL)

{

ofs << semw(outputWidth_E) << m_pRight->ge1SelfData() << endl:
m_pRight->traverse(ofs);

else
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ofs << serw(outputWidth_E) << "NIL" << endl:
}

}

1/

/I Function: operator=(}

!/l Descritpion: ~ Capy the entire binary tree, including the

" subtrees. New memory is allocated to copy

" the entire tree struciure.

/! Errors Generated: None

!t Limitations:

"

template <class DATA_TYPE>

LTmplPtrBTreeNode<DATA_TYPE>& LTmplPtrBTreeNode<DATA_TYPE>::operator =
{const LTmplPtrBTreeNode<DATA_TYPE>& rNode)

{

staric int flag= 0:

1"
1l Delete the existing tree.
"

if (flag ==0)
{

removeSubtrees();

flag ++;
m_data= rNode.getSelfDarat );

}
if (riNode.getLefiSubrree() != NULL)

m_pLeft= new LTmplPtr8TreeNode<DATA_TYPE> (rNode.getLeftSubtree( )->getSelfData());
*m_pLefi= *rNode.getLeftSubtree( );

if irNode.geiRightSubtree() '= NULL)
{

m_pRight= new LTmplPirBTreeNode<DATA_TYPE> (rNode.getRightSubtree( )->getSelfDaia( )):
*m_pRight= *rNode.getRightSubtree();
flag=0;

return *this;

}

"

/I Function: removeSubtrees()

/Il Descritpion: ~ Remove all the subtrees of the tree node and
" set the left and the right subtrees o be NULL.

" Free the memory allocated for the subtrees.

i Errors Generated: None

/1 Limitations:

/!

template <class DATA_TYPE>

void LTmplPtrBTreeNode<DATA_TYPE>::removeSubtrees
{void)

{

i Delere the left subtree
S

if (m_pLeft '= NULL)
{

if (tm_pLefr->getLeftSubiree() == NULL) & &
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(m_pLeft->getRightSubtree() == NULL}))
{

1l m_pLeft is a leaf, we can delere it.

delete m_plLeft;

m_pLeft= NULL;

else

{
m_pleft->removeSubtrees();

}

1/
/1 Delete the right subtree
1/

if (m_pRight '= NULL)
{

if (tm_pRight->getLeftSubtree() == NULL) &&
(m_pRight->getRightSubtree() == NULL))

1t m_pRight is a leaf. we can delete ir.
delete m_pRight;
m_pRight= NULL:

else

{

m_pRight->removeSubtrees();

y

"
i By recursively calling removeSubirees() for the lefi node and
/1 the right node. the nvo nodes become leaves, we can delete

i them.

1"

iftm_pLeft 'I= NULL)

{
asseri(m_pLeft->getLeftSubtree() == NULL):
assertim_pLefr->getRightSubtree() == NULL):
delete m_pLefi:
m_plefi= NULL;

if tm_pRight != NULL)

{
assertim_pRight->getLeftSubtree() == NULL);
assert(im_pRight->getRightSubtree() == NULL):
delete m_pRight;
m_pRight= NULL:

}

assert({m_pLeft == NULL) && (m_pRightr == NULL});

return;

}

"

11 Function: detachSmallestNode()

!l Descritpion:  Detach the smallest (deepest left child ) node
i from the binary tree and re-connect the

/" rest of the binary tree. Return the detached

1 smallest node.

/1 Errors Generated: None
1t Limitations:

1!
template <class DATA_TYPE>

LTmplPirBTreeNode <DATA_TYPE>* LTmplPirBTreeNode<DATA_TYPE> ::detachSmallestNode
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(void)

{
iftm_plLeft == NULL)
{
return this;
}
else
LTmplPtrBTreeNode<DATA_TYPE>* pSmallest= m_pLefi;
LTmplPirBTreeNode<DATA_TYPE>* pSmallestParent= this;
while (pSmallest->getleftSubtree() '= NULL})
{
pSmallesiParent= pSmallest;
pSmallest= pSmallest->getLeftSubtree();
}
pSmallestParent->linkLeftSubtree(pSmallest->getRightSubtree( ));
return pSmallest:
}
}
!
!t Function: space()

/1 Descritpion: ~ Return the space needed for the enrire tree.

it Errars Generated: None

/1 Limitations:

/"

remplate <class DATA_TYPE>

long LTmplPtrBTreeNode<DATA_TYPE>::space
(void} const

{

long treeSpace= sizeof (*this):

if tm_pLeft '= NULL)

f treeSpace+=m_pleft->space():
4

;f (m_pRight '= NULL)

IreeSpace+= m_pRight->spuce();

}

return rreeSpace;

4
#endif 1/ LTMPLPTRBTREENODE _H
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Code Listing 12: LTmplPtrBTree.h

1 EEAERXZNARX SRR RR XS RERREEEREEERRBR BB R R EAEEE XX S XSEERESEERE R RS X

/I FILE: LTmplPtrBTree.k;

/I AUTHOR: Zhilin Li

/t CREATION DATE: Feb. 20. 1998

/I DESCRIPTION: LTmplPtrBTree encapsulates a template binary
n" tree data structure.

/" It uses a LTmplPtrBTreeNode pointer as its root.
1 FXESEXREXBREEREAREXXERREE R LR X Z R AR R SR BREARRBE XS RELEE R SR ERR KK

#ifndef LTMPLPTRBTREE_H
#define LTMPLPTRBTREE_H

Rinclude <stddef.h>
#include <assert.h>

#include "LTypes.h"
#include "LTmplPirBTreeNode.h"

template <class DATA_TYPE>
class LTmplPtrBTree

{
1t
¢ Constructors. destructors and
i/ enum rypes

i

public:

LTmplPtrBTree(void):
LTmplPtrBTree(const LTmplPtrBTree<DATA_TYPE> & rTree) (*this = rTree:}
virtual ~LTmplPtrBTree(void):

public:
virtual void inserr (const DATA_TYPE data);
BooL remove  (const DATA_TYPE data);
void empry  (void):

BOOL search  (const DATA_TYPE data) consi;

It operators
LTmplPtrBTree<DATA_TYPE>& operator = (const LTmpiPtrBTree<DATA_TYPE>& rTree);

!l inline functions
void traverse (void) const { if (m_pRoot = NULL)m_pRoot->traverse();}
void traverse (ofstream& ofs) const { if (m_pRoot != NULL) m_pRoot->traverse(ofs);}
long space  (void) const { if (m_pRoot != NULL) return (sizeof (*this) + m_pRoot->spacet)); else return sizeof(*this):}

const LTmplPirBTreeNode <DATA_TYPE>* getRoot (void) const {return m_pRooi;}

LTmplPirBTreeNode<DATA_TYPE>* getRoor (void) {return m_pRoor;}
vaoid setRoor (LTmplPtrBTreeNode<DATA_TYPE>* pRoot) {m_pRoot= pRoot:}

private:
LTmplPirBTreeNode<DATA_TYPE>* m_pRoot;

ST T L 1 L T
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1t Implementation
1

14
!l Function: LTmplPirBTree()
!/ Descritpion:  Default constructor.
i/l Errors Generated: None
i Limirations:
"
template <class DATA_TYPE>
LTmplPirBTree<DATA_TYPE>::LTmplPtrBTree
(void)
{
m_pRoot= NULL;

I
1t Funcrion: ~LTmpPirBTree()
/i Descritpion:  Destructor. Delete the root node.
/1 Errors Generared: None
It Limitations:
1
template <class DATA_TYPE>
LTmplPtrBTree<DATA_TYPE>::~LTmplPtrBTree(void)
{

empry();

}

/’/
 Function: insert()

// Descritpion:  insert new data into the binary tree.
1t Errors Generated: None

# Limitations:

%
f

template <class DATA_TYPE>
void LTmplPirBTree<DATA_TYPE> ::insert
(const DATA_TYPE data)
{
if tm_pRoat == NULL)
{
m_pRoot= new LTmpiPtrBTreeNode<DATA_TYPE> (data):
}
else
{
m_pRoor= m_pRoot->insert(data);
}
}

/"
/1 Function: remove()
/I Descritpion: ~ Remove data from the binary tree. Return
" TRUE if found the data and successfully
1" remove it. Otherwise return FALSE.
/I Errors Generated: None
/1 Limitations:
I
template <class DATA_TYPE>
BOOL LTmplPtrBTree<DATA_TYPE>::remove
(const DATA_TYPE data)
{
if tm_pRoor == NULL)
return FALSE;

BOOL bDeleteRoor.
bRemoveOK ;

LTmplPirBTreeNode<DATA_TYPE>* pOldRoot= m_pRoot;

m_pRoor= m_pRoot->remove(data. bDeleteRoot. bRemoveOK j;
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if (bDeleteRoot}

delete pOldRoor;
}

return bRemoveOK;

4

7
!/l Function: operator=()
/! Descritpion:  Copy the entire binary tree.
/1 Errors Generated: None
/I Limitations:
"
template <class DATA_TYPE>
LTmplPtrBTree<DATA_TYPE>& LTmplPtrBTree<DATA_TYPE>::operator =
(const LTmplPirBTree<DA TA_TYPE>& rTree)
{
if (m_pRoot == NULL)

if (rTree.getRoot() I= NULL )

{
m_pRoor= new LTmplPirBTreeNode<DATA_TYPE> (rTree.getRoot( )->getSelfDara());
*m_pRoot= *rTree.getRoot(j;

}
}
else
{
if (rTree.getRoot() == NULL)
{
m_pRoot->removeSubtreest );
delete m_pRoot;
m_pRoot= NULL:
}
else
{
*m_pRoor= *rTree.getRoot();
}
}
refurn *this;
}
/1
/! Function: empry()
it Descritpion:  Empty the entire tree. Set the root to
" be a NULL pointer

/1 Errors Generated: None
/i Limitarions:
I
template <class DATA_TYPE>
void LTmplPtrBTree<DATA_TYPE> ::emprty
(void)
{
iftm_pRoor != NULL)
{
m_pRoot->removeSubtrees( );
delete m_pRoot;
m_pRoor= NULL;
}
}

i
/I Funcrion: search()

/1 Descritpion:  Check if data is contained in the binary
i tree. If yes. return TRUE. Otherwise return
" FALSE.

!l Errors Generated: None

!/ Limitations:
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"
templare <class DATA_TYPE>
BOOL LTmplPtrBTree<DATA_TYPE>::search
(const DATA_TYPE data) const
{
if (m_pRoot == NULL)
return FALSE:
else
return m_pRoot->search(dara);

}

#endif i1 LTMPLPTRBTREE_H
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Code Listing 13: LAVLBTreeNode.h

1 BXES XXX AR XA REEN SR REREERETXL XXX XXX XX L AXB XX EB X RE SRR EE RN R RS

1 FILE: LAVLBTreeNode.h

/I AUTHOR: Zhilin Li

/I CREATION DATE: Jan. 20, 1998

/{ DESCRIPTION: This file contains declarations of two classes:
1z INullAVLBTreeNode and LFullAVLBTreeNode.

I ESRERXEREBAEERAREAE XX R EREEERI RS XXX EX AR AXXEBRERSEEEERER R KN

Bifndef LAVLBTREENODE_H
#define LAVLBTREENODE_H

#include “LBTreeNode.h"

1z
It Class LNullAVLBTreeNode implements a null node for
It an AVL binary tree.

1
class LNUlIAVLBTreeNode: public LNullBTreeNode

/! Function insert( ) cannor be inline function

/1 as it need 10 create a LFullAVLBTreeNode. But cluass
/I LFullAVLBTreeNode is not defined at this point.
virtual LBaseBTreeNode* insert(const int data) ;

11 inline methods
virtual int getHeight(void) const (return -1}
virtual long space (void) const { return sizeof(*this);}

K

1"
1t Class LFullAVLBTreeNode implements a full binary tree
it node for an AVL tree. It is subclassed from

1! LFullBTreeNode. Each node will keep its height

/i information and is abways balanced.

1
class LFullAVLBTreeNode: public LFullBTreeNode
{

1
/t Constructors, destructors and enum rypes.
"
public:

LFullAVLBTreeNode(const int newData);

LFullAVLBTreeNode(const LFullAVLBTreeNode& rNode) : LFullBTreeNode(rNode.getSelfData()) {*this= rNode.}

public:
virtual LBaseBTreeNode* inseri(const int data) ;
virtual LBaseBTreeNode* remove(const int data, BOOL& bDeleteThis, BOOL& bRemoveOK):

i/l operators
LFullAVLBTreeNode & operator= (const LFullAVLBTreeNode& rNode);

! inlines

virtual LNullBTreeNode* getStaticNullNode(void) {return &m_nullAVLNode_S:}
static LNullBTreeNode* geiNullNode_S (void) {return &m_nullAVINade _S:}
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virtual int getHeight(void) const {return m_height;}
virtual void setHeight(const int height} { m_height= height:}
virtual long space (void) const;

public:
void calculateHeight  (void);
LFullAVLBTreeNode* balance {const char direction);
private:

LFullAVLBTreeNode* detachSmallestNode (void);
LFullAVLBTreeNode* singleRotateLefi (void);
LFullAVLBTreeNode* doubleRotateLeft (void);
LFullAVLBTreeNode* singleRorateRight (void):
LFullAVLBTreeNode* doubleRotateRight (void);

7.

/I Anributes

private:
int m_height;
static LNullAVLBTreeNode m_nullAVINode_S: /i used to represent the leaf. It is
/i static since all the leaves can
/! use the same null node.
static BOOL m_bCounmtNullAVLNodeSpace_S:
'S

Bendif ILAVLBTREENODE _H
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Code Listing 14: LAVLBTreeNode.cpp

¥4 RXRESERELEZEZXRRXEXAR RS SRR A XL X XA A XA EERXXXAAREERXELEE SRR SR %

/ FILE: LAVLBTreeNode.cpp

/1 AUTHOR: Zhilin Li

/1 CREATION DATE: Jan. 20. 1998

/I DESCRIPTION: Refer to LAVLBTreeNode.h

1 XXX EREFISEBASAEEXER X B RS R R XN AR R RS A B EXBERESEREE RS ERRKXXEEF

#define LAVLBTREENODE_CPP
R
/1 Includes

/—

#include <iostream.h>
#include <assert.h>

#include "LAVLBTreeNode.h"
#include "LTmplStack.h"

#define MAX(a. b} ( ((a) >= (b))? (a) : (b))

1/
! Initialization of the static member variables.
/"

INullAVLBTreeNode LFullAVLBTreeNode::m_nillAVINode_S:
BooOL LFullAVLBTreeNode::m_bCountNullAVLNodeSpace_S= FALSE:
LTmpiNullStackNode<LFullAVLBTreeNode*> LTmplFullStackNode<LFullAVLBTreeNode*> :: m_nullNode_S:

/‘I
/t Function: LFullAVLBTreeNode()
1l Descritpion:  Consiruclor.
/1 Errors Generated: None
/1 Limitations: ~ None
1
LFullAVLBTreeNode::LFullAVLBTreeNode
(const int newData)
:LFullBTreeNode(newData).
m_height(0)

linkLeftSubtree(getStaticNullNode());
linkRightSubtree(getSiaticNullNode( )):

return;

}

"

/t Function: insert()

I/t Descritpion:  Insert a data item into the binary tree.

1" Return the new root for the binary tree.

/" Re-balance the tree when needed.

/1 Errors Generated: None

/1 Limitations:

n

LBaseBTreeNode* LFullAVLBTreeNode::insert
(const int data) Il new data item 10 be inserted

LFullAVLBTreeNode* pNewRoot= this:
if ( data < getSelfData() )

linkLeftSubtree(getLefiSubtree()->insert(duta });
pNewRoot= balance(’L');

}
else if ( data > getSelfDara() }
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linkRightSubtree(getRightSubtree( }->insert(data));
pNewRoot= balance('R’);

}
il else m_data == getSelfData(). Don't do anything.

return pNewRoor;

}

"

/i Function: remove()

/I Descritpion: Remove a data item from the binary tree.
" Return the new root for the binary tree.
" Re-balance the tree when needed.

/1 Errors Generated: None
/1 Limitarions:
/1
LBaseBTreeNode* LFullAVLBTreeNode::remove

(const int data, /! daia to be removed

BOOL&  bDeleteThis, 1! TRUE if this node itself need ro be deleted.

BOOL&  bRemoveOK} 1i TRUE if we sucessfully remove the dara item from the tree

{

LBaseBTreeNode* pNewRoot:;

bDeleteThis= FALSE:
bRemoveOK= FALSE:

if ( data == getSelfDaraf })
{
174
/f This node is the node which contains the
/I data item to be removed. Set bDeleteThis to
# TRUE and bRemoveOK to TRUE.
/7
bDeleteThis= TRUE:
bRemoveOK= TRUE:

if (getLeftSubtree()->isNull( ))
{

pNewRoat= getRighiSubtree( ): i1 new root is the right subtree.

}
else if (getRightSubtree( )->isNull( ))
{

pNewRaoi= getLeftSubtree(): i: new root is the lefi subtree.
}
else
{

1

/1 None of the left and right subtree

it is Null. we should replace the root

i1 with the smallest node of the right

Ii subtree.

1

LFullAVLBTreeNode* pNewThisNode;
PNewThisNode= (LFullAVLBTreeNode* ) getRightSubitree( )}->detachSmallestNode();

11 Connect the new root with the left subtree.
pNewThisNode->linkLefiSubtree(getLefiSubtree());
pNewThisNode->calculateHeight( ):

1
/1 Re-balance the new tree.
"

PNewThisNode= pNewThisNode->balance('L’);
pNewThisNode->calculateHeight( );
pNewRoor= pNewThisNode
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}
}
else if ( data < getSelfDara())
{

BOOL bDeleteLeft;
LBaseBTreeNode* pOldLeft= getLeftSubiree():

linkLefiSubtree(getLeftSubtree()->remove(data. bDeleteLefi. bRemoveOK));

if (bDeleteLeft)

{
delete pOldLeft;

i
/f Dara item is removed from the left subtree. The tree
/ root is still this node.

"

PNewRoor= this;

"
! If the dura is successfully deleted. and the tree is

/1 not balanced yet, we should re-balance the tree.

I/ Note that deleting a node from the left sub-tree is
1/t equivalent 10 inserting a node in the right sub-tree.
!

if (bRemoveOK }
{

pNewRoor= balance('R’);
}

}
else if (data > getSelfDatrar ))

BOOL bDeleteRight:
LBaseBTreeNode* pOldRight= getRighiSubtree():

linkRighiSubtree(getRightSitbtree( )->removetdara, bDeleteRight. bRemoveOK)):
if (hDeleteRight)
{
delete pOldRight:
}

1
/1 Dara item is removed from the right subtree. The tree
! root is still this node.

"

pNewRoort= this;

/"
/1 If the data is successfully deleted, and the tree is

/I not balanced yet, we should re-balance the tree.

!/ Note that deleting a node from the right sub-iree is
/l equivalent to inserting a node in the left sub-iree.
174

if (bRemoveOK)

{
pNewRoot= balance('L’);
}
}

return pNewRoot;

4

1
/! Function: operator= ()
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/t Descritpion:  Copy the entire binary rree. including the

" subtrees. New memory is allocated.

!/l Errors Generated: None

!t Limitations:

"

LFullAVLBTreeNode& LFullAVLBTreeNode::operator=
(const LFullAVLBTreeNode& rNode)

{

static int flag= 0;
/!
/1 Delete the existing tree.
i

if(flag == 0)
{

removeSubtrees();
flag=1;
setSelfDara(rNode.getSelfDatat ));
m_height= rNode.getHeight!():

}

if(!rNode.getLeftSubtree( )->isNull())

{
linkLeftSubtree(new LFullAVLBTreeNode(rNode.gerLefiSubtree()-> getSelfDatar)));
*((LFullAVLBTreeNode* ) getLeftSubtree())= *((LFullAVLBTreeNode* JrNode.getLeftSubtree()):

}
if(!rNode.getRightSubtree()->isNull())

linkRighiSubtreetnew LFullA VLBTreeNode(rNade.getRightSubtreet J->getSelfDaia( )));
*((LFullAVLBTreeNode* ) getRightSubtree( )= *((LFullAVLBTreeNode* IrNode.getRightSubtree( )):

}
flug=0;

return *this;

}

1
/1 Function: singleRotateLefi( )
/1 Descritpion: Do a single left rotation of the tree
!/ Errors Generated: None
/i Limitations:
Iz
LFullAVLBTreeNode* LFullAVLB TreeNode::singleRotateLeft

(void)
{

LFullAVLBTreeNode™ pNewRoot= (LFullAVLBTreeNode *) getLeftSubtree():

linkLeftSubtree(pNewRoot->getRightSubtree( )):
pNewRoor->linkRightSubtree(this):
calculateHeighi();
pNewRoor->calculareHeighi();

return pNewRoat;

4
It Function: singleRotareRight()
11 Descritpion: Do a single right rotation of the tree
/1 Errors Generated: None
/I Limitations:
"
LFullAVLBTreeNode* LFullA VLBTreeNode::singleRotateRight

(void)
{

LFullAVLBTreeNode* pNewRoor= (LFullAVLBTreeNode *) getRightSubtreef):
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linkRightSubtree(pNewRaoor->getLeftSubtree()):
pNewRoor->linkLefiSubtree(this);
calculateHeight();
pNewRoor->calculateHeight();

return pNewRoot;

1"

!l Function: doubleRotateLefi()

it Descritpion: Do the left-right double rotation

1 Errors Generated: None

/I Limirations:

"

LFullAVLBTreeNode* LFullAVLBTreeNode::doubleRotateLeft
(void)

linkLeftSubtree(((LFullAVLBTreeNode * ) getLefiSubtree( ))->singleRotateRight()):
return singleRotateLefi( }:

}

"

/! Function: doubleRotateRighi()

I/ Descritpion: Do the right-left double rotation

/1 Errors Generated: None

/1 Limitations:

1!

LFullAVLBTreeNode* LFullAVLBTreeNode::doubleRotareRight
(void)

linkRightSubtree(((LFullAVLBTreeNode * ) getRightSubtree( })->singleRotateLefi( });
return singleRotateRight( );

}

I
! Function: detachSmallestNode( )

/i Descritpion:  Detach the smallest (deepest left child) node
1 from the binary tree and re-connect the

1 rest of the binary tree. The detached node is

i returned.

11 Errors Generated: None

/1 Limirations:

7 2

LFullAVLBTreeNode* LFullAVLBTreeNode::detachSmallestNode
(void)

LTmplStack<LFullAVLBTreeNode*> stackTrace;

if (getLeftSubiree()->isNull())

{
I
/1 Since all the data items in the right subtree
/1 is greater than m_dara, the smallest node is
1t this node.
"
return this:

}

"
/i Find the leftmost node which is the smallest node.
11

LFullAVLBTreeNode* pSmallest= (LFullAVLBTreeNode* ) getLefiSubtree():
LFullAVLBTreeNode* pSmallestParent= this;

stackTrace.push(pSmallesiParent);
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while (IpSmallest->getLefiSubtree( }->isNull( )}

pSmallestParent= pSmallest;
stackTrace.push(pSmallesiParent});
pSmallest= (LFullAVLBTreeNode* ) pSmallest->getLeftSubtree();

}

"
1! Detach the smallest node from the tree. Reconnect
/1 the rest of the tree. Return the detached node.

1

pSmallestParent->linkLefiSubiree(pSmallest->getRightSubtree( ));
pSmallest->linkRightSubtree(this);

"
i1 If the tree is un-balanced after detaching the smaliest
/ node. then re-balance the tree.

174

LFullAVLBTreeNode* pNode= stackTrace.pop();
LFullAVLBTreeNode* pParentNode;

while (!stackTrace.isEmpry( }j

pPareniNode= srackTrace.pop( ):
pParentNode->linkLeftSubtree(pNode->balance('R’)):
pNade= pPareniNode;
pPareniNode->calculateHeight ):

Y

H e e ee
/! pSmallest is now the parent node of pNode.
iz

pSmallest->linkRightSubtree(pNode->balance('R'));

return pSmallest;

i
« Function: calculateHeight )
't Descritpion:  Re-calculate the height of the tree

1/ Errors Generated: None

/1 Limitations:  none.

i

void LFullAVLBTreeNode::calculateHeight
(void})

{
const int [h= getLeftSubiree()->getHeight();
const int rh= geiRightSubtree()->getHeight():
m_height= (MAX(lh, rh} + 1 );

}

"
It Function: banlance
/! Descritpion:  Balnace the tree. Return the new root.

11 Errors Generated: None

/I Limitations:  none.

1!

LFullAVLBTreeNode* LFullAVLBTreeNode::balance
(const char direction)

{
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LFullAVLBTreeNode* pNewRoot= this;
if (direction =="L’)

if ((getLeftiSubtree( )->getHeight() -
getRightSubtree()->getHeight(}) == 2}

assert(!getLeftSubtree( )->isNull());

if (getLefiSubtree( }->getLeftSubtree( }->getHeight() >=
getLefiSubtree()->getRightSubtree( )->getHeight( ))

pNewRoor= singleRoratelLefi();
}

else

pNewRoor= doubleRotateLeft();
}
}

else
calculateHeight();

else if (direction == R’)

if(tgetRightSubtree( )->getHeight() -
getLefiSubtree()->getHeight()) == 2)
{

assert(!getRightSubtree()->isNull()):

if (getRightSubrree()->getRightSubitree( )->getHeight() >=
getRightSubtree( )->getLeftSubtree( )->getHeight( ))

pNewRoot= singleRorareRighi( );
}
else
{
pNewRoot= doubleRotateRight();
}
}
ele
calculateHeight();
}
else
{
assert{FALSE):
Y

't pNewRoot->calculareHeight( ):

return pNewRoot;
}
It
/1 Function: space()
it Descritpion:  Return the space of the entire AVL binary tree.
" Note thar in an application, all the empty
/" nodes in all the binary trees are actually
1 represented by the same static null node.
n Therefore we only calculate the space
" occupied by the null node once in the
" application.

I/t Errors Generated: None

/I Limitations:

1

long LFulIAVLBTreeNode: :space
(void) const

{
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long treeSpace= sizeof (*this);
if (!gerLefiSubtree( )->isNull(})
{

treeSpace+= getLeftSubtree()->space():
}

if (!getRightSubiree( )->isNull( })

{
treeSpace+= getRightSubtree()->space();

}

if (!LFullBTreeNode::m_bCountNullNodeSpace S)
{

reeSpace+= LFullBTreeNode::getNullNode_S()->space():

m_bCountNullNodeSpace_S= TRUE;
}

if (!/m_bCountNullAVLNodeSpace_S)
{
treeSpace+= m_nullAVINode_S.space();
m_bCountNullAVL.NodeSpace_S= TRUE:
4
return treeSpace;

}

HITILB LN T I
HHBIET T H L 1

it Implementarion of class LNullAVLBTreeNode.
"

1"

il Function: insert
/1 Descritpion:  Insert a data item into the nuli node.
" Return a full AVL tree node.

17 Errors Generated: None
/I Limitations:  Didn’t handle the memory allocation failure
/i if occurred.
1/
LBaseBTreeNode* INullAVLBTreeNode: :insert
(const int data)
{
return new LFullAVILBTreeNode(data):

}
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Code Listing 15: LTmpiStack.h

1 FEREEXFEEREEBEREERSESF IR I AR RS ERRREBREE R EX R RESXERRRR RS R X%

/I FILE: LTmplStack.h

1t AUTHOR: Zhilin Li

/I CREATION DATE: Feb. 10, 1998

/I DESCRIPTION: Template class of a stack. Use null node method.

] FEFEIREXXREIXEXRRAEBEAXBAXR SR RS X BB AR A SRR RSB EREB RS SRS ERRES S

Bifndef LTMPLSTACK _H
#tdefine LTMPLSTACK H

Rinclude <iostream.h>
#include "LTypes.h"

"
!t LTmplBaseStackNode defines the virtual APIs
/1 to operate on a stack node.

Ui
template <class DATA_TYPE>
class LTmplBaseStackNode

{

It Member funcrions

.

public:

virtual DATA_TYPE  getDara(void) const = 0;

virtual BOOL isNull(void) const = 0;

virtual LTmplBaseStackNode<DATA_TYPE>* getNexi(void) = 0;
b

17
11 LTmpINuliStackNode defines a null stack
/! node which contains no data.
17
template <class DATA_TYPE>
class LTmpINullStackNode: public LTinplBaseStackNode <DATA_TYPE>
{
public:

viriual DATA_TYPE  getData(void) const {cour << "ERROR: cannot ger data from a null stack node.” << endl: DATA_TYPE x;
return x:}

virtual BOOL isNull(void) const {return TRUE ;}

virtual LTmplBaseStackNode<DATA_TYPE>* geiNext(void) {cout << "ERROR: cannot get next stack node from a null stack
node.” << endl; return 0.}

}

1"
!t LTmplFullStackNode defines a full stack node
/1 which contains actual data. It has a static

1 null stack node which is used to replace the

11 functionality of a null pointer.

1
template <class DATA_TYPE>

class LTmplFullStackNode: public LTmplBaseStackNode <DATA_TYPE>
{

1
11 Constructors and destructors
1
public:

LTmplFullStackNede (const DATA_TYPES data, LTmplBaseStackNode<DATA_TYPE> *pNext= &m_nullNode_S) {m_data=
data;: m_pNext= pNext;}
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virtual BOOL isNull (void) const {return FALSE;}
virtual DATA_TYPE getData (void) const {return m_data;}

virtual LTmplBaseStackNode<DATA_TYPE>* getNext (void) {return m_pNext;}

virtual LTmpINullStackNode<DATA_TYPE>* getStaticNullNode (void) {return &m_nullNode_S;}
static LTmpINullStackNode<DATA_TYPE>* getNullNode_S (void) {return &m_nullNode_S:}

private:
DATA_TYPE m_data: /I dara item of the node.
LTmplBaseStackNode<DATA_TYPE>* m_pNext;

static LTmpiNullStackNode<DATA_TYPE> m_nullNode_S:;

1"
/t LTmplStack defines a simple stack.
1
template <class DATA_TYPE>

class LTmplStack
{
public:
LTmpiStack (void):
void push (const DATA_TYPE data);
DATA_TYPE pop (void):
int getCount  (void) const {return m_count:}
void traverse  (void) const;
BOOL isEmpry  (void) const { return (m_counr == 0);}
private:
LTmpiBaseStackNode<DATA_TYPE>* m_pTop:
inr m_count;
b

R
R e e e I e
1 Implementation

1
11 Function: LTmpiStack()

it Descritpion:  Default constructor.
/1 Errars Generated: None

't Limitations:

remplate <class DATA_TYPE>
LTmplStack<DATA_TYPE>::LTmplStack(void)

{
m_pTop= LTmplFullStackNode<DATA_TYPE>::getNullNode_S():
m_count= 0;

}

/"

! Function: push()

it Descritpion:  Push a data item into the stack.
/1 Errors Generated: None
/f Limitations:
/"
template <class DATA_TYPE>
void LTmplStack<DATA_TYPE>::push
(const DATA_TYPE data)
{
LTmplFullStackNode<DATA_TYPE> *pNewNode= new LTmpiFullStackNode<DATA_TYPE>(data. m_pTap);
m_pTop= pNewNode;
m_count++;

}
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1l
/! Function: pop()

/1 Descritpion:  Pop a data item from the stack.
It Errors Generated: None

{/ Limitations:

1"
template <class DATA_TYPE>

DATA_TYPE LTmplStack<DATA_TYPE>::pop(void)
{

DATA_TYPE data= m_pTop->getData();
LTmplBaseStackNode<DATA_TYPE>* pOld= m_pTop:
m_pTop=m_pTop->getNext();

delete pOld:

m_count--;

return data;

/"
/I Function: traverse()
!t Descritpion:  Display all the data in the stack.
/1 Errors Generated: None
It Limitations:
"
template <class DATA_TYPE>
void LTmplStack<DATA_TYPE>::traverse(void) const
{

LTmplBaseStackNode<DATA_TYPE>* pNode=m_pTop:

inri= 0;

cout << "traverse stack.” << endl;
while (IpNode->isNull( }))

{
i++;
cout << pNode->getData() << "™t";
fti%eg4==0)

cout << endl;

pNode= pNode->getNext();
}

cour << end! << endl:

Y
#endif 11 LTMPLSTACK _H
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Code Listing 16: LPtrAVLBTreeNode.h

1/ BEAREEEXRERRIRE XX EEXEEZERA XXX SRS B A EREEEX XXX RXESEE XX EXEE SRR R K

1t FILE: LPtrAVLBTreeNode.h

11 AUTHOR: Zhilin Li

/i CREATION DATE: Feb. 10, 1998

/1t DESCRIPTION: This file defines class LPtrAVLBTreeNode

174 BXEXESEEBEXIRXXXESRFXELIBEXE XSRS REETEER XX RRESSESESEXEERSRB AR

#ifndef LPTRAVLBTREENODE_H
#define LPTRAVLBTREENODE_H

#include "LPtrBTreeNode.h"

1
/1 Class LPtrAVLBTreeNode implements a node for an
1 AVL tree.

1"
class LPtrAVLBTreeNode: public LPtrBTreeNode

{

1
/i Constructors. destructors and enum rypes.
"
public:

LPirAVLBTreeNode(const int newData);

LPirAVLBTreeNode(const LPirAVLBTreeNode& riNode ) : LPtrBTreeNode(rNode) {*this= rNode:}

[ .
1t Methods
7 —
public:
virtual LPtrBTreeNode* insert(const int data);
LPtrBTreeNode* remove(const int data. BOOL & bDeleteThis. BOOL& bRemoveOK);

/I operators
LPirAVLBTreeNode& operator= (const LPtrAVLBTreeNode& rNode );

/7 inlines

virtual int getHeight(void) const {return m_height;}

void setHeight(const int height) { m_height= height:}
virtual long space (void) consi;

public:
void calculateHeight  (void);
LPirAVLBTreeNode* balance (const char direction);
private:

LPirAVLBTreeNode* detachSmallestNode (void);
LPtrAVLBTresNode* singleRotareLeft (void);
LPIrAVLBTreeNode* doubleRorateLeft  (void):
LPtrAVLBTreeNode* singleRotateRight (void):
LPtrAVLBTreeNode* doubleRotateRight (void):

private:
int m_height;

»
#endif ILPTRAVLBTREENODE _H
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Code Listing 17: LPtrAVLBTreeNode.cpp

/i SEREAREXELERAESBRER B A SRR ESEBEEBEABEEX RS SRS RAE B XX S XRERLEREEEEE RS

/1 FILE: LPtrAVLBTreeNode.cpp

1/t AUTHOR: Zhilin Li

/1 CREATION DATE: Feb. 10. 1998

/1 DESCRIPTION: Refer to LPirAVLBTreeNode.h

14 EXSEXRERXXESEBRAESELEXBRFBEAXE AR RSAEIEXXERXR BN EXRRER A ERRRRRE RS

#define LPTRAVLBTREENODE_CPP

I mermime

1t Includes

e

#include <iostream.h>
#include <assert.h>

#include "LPirAVLBTreeNode.h"
#include "LTmplPtrStack.h"

#define MAX(a. b) ( ((a) >= (b))? (a) : (b))
7

It Initialization of the static member variables.
1

/"

/1 Function: LPtrAVLBTreeNode( )

/! Descritpion:  Constructor.

it Errors Generated: None

/i Limitations:  None

/"

LPirAVLBTreeNode::LPtrAVLBTreeNode
(const int newDaru)
:LPtrBTreeNode(newDara),
m_height(0)

{
return;

}

/"

!¢ Function: insert()

/i Descritpion:  Insert a data item into the binary Iree.

1 Return the new root for the binary tree.

il Re-balance the tree when needed.

{1 Errors Generated: None

il Limitations:

i

LPirBTreeNode* LPtrAVI.BTreeNode::insert
(const int data) 1! new data item to be inserted

LP1rAVLBTreeNode* pNewRooi= this:

if ( data < getSelfData(} )

{
if (getLeftSubtree() '= NULL)

linkLeftSubiree(getLeftSubtree( )->insert(dataj);
}

else

linkLeftSubtree(new LPtrAVLBTreeNode(data));

}

pNewRoor= balance('L’);
}
else if ( data > getSelfData( ) )
{
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if (getRightSubtree() '= NULL)
{

linkRightSubtree(getRightSubtree( )->insert(data));

}
else
{
linkRightSubtree(new LPtrAVLBTreeNode(data});
}
pNewRoot= balance('R’);
}
/f else m_data == getSelfData(). Don’t do anything.
return pNewRoot:
}
"
1! Function: remove()

it Descritpion: ~ Remove a data item from the binary tree.

4
"

Return the new root for the binary tree.
Re-balance the tree when needed.

il Errors Generated: None
1! Limitations:

"

LPtrBTreeNode* LPirAVLBTreeNode::remove

(const int data, It data to be removed

BOOL&  bDeleteThis, I/ TRUE if this node itself need to be deleted.

BOOL&  bRemoveOK) 1l TRUE if we sucessfully remove the data item from the tree

{

LPirBTreeNode* pNewRoot;

bDeleteThis= FALSE;
bRemoveOK= FALSE;

if ( data == getSelfData( ))

{

7
/i This node is the node which contains the

1/ data item 1o be removed. Set bDeleteThis to
!t TRUE and bRemove OK 1o TRUE.

i’
bDeleteThis= TRUE:
bRemoveQOK= TRUE:

if (getLefiSubtree() == NULL)
{
pNewRoot= getRightSubtree(); il new root is the right subtree.
}
else if (getRightSubtree() == NULL)
{

pNewRoor= getLefiSubtree(): Il new root is the left subtree.
}
else
{

"

/1 None of the left and right subtree

/1 is Null. we should replace the roor

1/ with the smallest node of the right

/I subtree.

1

LPtrAVLBTreeNode* pNewThisNode;
pNewThisNode= ((LPirAVLBTreeNode* ) getRighiSubtree( ))->detachSmallestNode():
/t Connect the new root with the left subtree.

pNewThisNode->linkLeftSubiree(getLeftSubtree());
pNewThisNode->calculareHeight();
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/
/! Re-balance the new tree.
Vi

PNewThisNode= pNewThisNode->balance('L’);
pNewThisNode->calculateHeighy();
pNewRoor= pNewThisNode;
}
}

else if ( data < getSelfData())

{
if (getLeftSubtree() == NULL)
{

bRemoveOK= FALSE;
}

else

BOOL bDelereLeft:
LPtrBTreeNode* pOldLeft= getLefiSubtree( );

linkLeftSubrree(getLefiSubtree( )->remove(data. bDeleteLeft, bBRemoveOK));
if thDeleteLefr)
{

delere pOldLefi;

}

1
/1 Data item is removed from the left subtree. The tree
/1 root is still this node.

1

pNewRoor= this;

i
i If the data is successfully deleted. and the iree is

11 not balanced yer. we should re-balance the iree.

it Note that deleting a node from the left sub-tree is
/! equivalent 1o inserting a node in the right sub-tree.
1t

if tbRemoveOK )
{

pNewRoor= balance('R’);
Y

}
else if (data > getSelfDatat ))
7

if (gerRightSubtree() == NULL)

bRemoveOK= FALSE:
}
else
{
BOOL bDeleteRight;
LPirBTreeNode* pOldRight= getRightSubtree();

linkRightSubtree(getRightSubtree()->remove(data, bDelereRight. bBRemoveOK));
if (bDeleteRight)

delete pOldRighr;
}
}

"
/1 Data item is removed from the right subtree. The tree
!l root is still this node.

i
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pNewRooir= this;

"
11 If the data is successfully deleted, and the tree is

/1 not balanced yet. we should re-balance the tree.

/f Note that deleting a node from the right sub-tree is
/ equivalent to inserting a node in the left sub-tree.
174

if (bRemoveOK)
{

pNewRoor= balance(’L');
}

return pNewRoot:

}

1

!t Function: operator= ()

/i Descritpion:  Copy the entire binary tree. including the

" subtrees. New memory is allocated.

1t Errors Generated: None

/1 Limitations:

1

LPirAVLBTreeNode& LPirAVLBTreeNode::operator=
(const LPirAVLBTreeNode& rNode)

{

staric int flag= 0;
"
1/l Delete the existing tree.
/l’

if (flag == 0)
{

remaoveSubtrees();
flag=1;
setSelfDaratrNode.getSelfDaraf }):
m_height= rNode.getHeight();

}

if (rNode.getLeftSubtree() '= NULL)

linkLeftSubtree(new LPtrAVLBTreeNode(rNode.getLeftSubtree()->getSelfData(})):
*((LPirAVLBTreeNode* ) getLeftSubtree())= *((LPtrAVLBTreeNode* )rNode.geileftSubtree()):

}
if (rNode.getRightSubtree() '= NULL)
{

linkRightSubtree(new LPirAVLBTreeNode(rNode.getRightSubtree()->getSelfData(})):
*((LPirAVLBTreeNode* ) getRightSubtree())= *((LPtrAVLBTreeNode* rNode.getRightSubtree()):

}
flag= 0;

return *this;

}

17

/1 Function: singleRotateLeft()

/I Descritpion: Do a single left rotation of the tree

/I Errors Generated: None

I/ Limitations:

1"

LPtrAVLBTreeNode* LPrAVLBTreeNode::singleRotateLeft
(void)

{
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LPirAVLBTreeNode* pNewRoot= (LPtrAVLBTreeNode * ) getLeftSubrree( );

linkLefiSubtree(pNewRoor- >getRightSubtree());
PNewRoot->linkRightSubtree(this);
calculateHeight();

pNewRoot->calculateHeighi( );

return pNewRoor:
}
"
/i Function: singleRotateRighi()

/1 Descritpion: Do a single right rotation of the tree
/I Errors Generated: None
/! Limitations:
17
LPirAVLBTreeNode* LPIrA VLBTreeNode::singleRotateRighs

(void)
{

LPrrAVLBTreeNode* pNewRoor= (LPIrAVLBTreeNode * ) getRightSubtree( );

linkRighiSubtree(pNewRoot->getLefiSubtree()):
pNewRoot->linkLeftSubtree(this);
calculateHeight();
pNewRoot->calculateHeight();

return pNewRoos;

I
it Function: doubleRotateLefi()
/1 Descritpion: Do the lefi-right double rotation
it Errors Generated: None
/I Limitations:
[ZAE TR
LPIrAVLBTreeNode* LPIrA VLBTreeNode::douhleRolaleLeﬁ
(void)
{
linkLeftSubtree(((LPtrAVLBTreeNode * | getLefiSubtree ))->singleRotateRight());
return singleRotareLefi( );

}

1
1 Function: doubleRotateRight()
/! Descritpion: Do the right-left double rotation
i! Errors Generared: None
! Limitarions:
il e
LPtrAVLBTreeNode* LPIrAVLE TreeNode::doubleRotateRighr
(void)
{
linkRightSubtree(((LPtrAVLBTreeNode * ) getRightSubtree() )->singleRotateLeft( });
return singleRotateRight( );

[/

/I Function: detachSmallestNode( )

! Descritpion:  Detach the smallest (deepest left child) node

4 from the binary tree and re-connect the

" rest of the binary tree. The detached node is

1" returned.

It Errors Generated: None

I/t Limitations:

" -—-

LPtrAVLBTreeNode* LPirAVLB TreeNode::detachSmallestNode
(void)
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{
LTmplPtrStack<LPirAVLBTreeNode*> stackTrace:

if (getLeftSubtree(} == NULL)
{

1/
/1 Since all the data items in the right subtree
/1 is greater than m_dara. the smallest node is
/1 this node.

"
return this;

}

1"
/1 Find the lefrmost node which is the smallest node.
"

LPirAVLBTreeNode* pSmallest= (LPtrAVLBTreeNode*) getLefiSubiree();
LPtrAVLBTreeNode* pSmallestParent= this;

stackTrace.push(pSmallestParent);
while (pSmallest->gerLeftiSubtree() = NULL)
{

pSmallestParent= pSmallest;

stackTrace.push(pSmallestParent);

pSmallest= (LPtrAVLBTreeNode* ) pSmallest->getLefiSubtree( ):
}

17
/1 Detach the smallest node from the tree. Reconnect
/I the rest of the tree. Return the detached node.

"

pSmallestParent->linkLeftSubtree(pSmallest->getRightSubtree( ));
pSmallest->linkRightSubtree(this);

1
!t If the tree is un-balanced after detaching the smallest
/i node. then re-balance the tree.

1" -

LPirAVLBTreeNode* pNade= stackTrace.pop();
LPirAVLBTreeNode* pParentNode;

while (!stackTrace.isEmpry())

{
pParentNode= stackTrace.pop();
pParentNode->linkLefiSubtree(pNode->balance('R')j:
pNode= pPareniNode;
pParentNode->calculareHeight( );

}

"
! pSmallest is now the parent node of pNode.
/"

pSmallest->linkRightSubtree(pNode->balance('R’));

return pSmallest;

1z
/1 Function: calculateHeight()
/1 Descritpion:  Re-calculate the height of the tree

/1 Errors Generated: None
/l Limitations:  none.
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4
void LPtrAVLBTreeNode::calculateHeight
{void)
{
const int lh= (getLefiSubtree() == NULL) ? -1 : (LPtrAVLBTreeNode*) getLeftSubtree( }}->getHeight():
const int rh= (getRightSubtree() == NULL) ? -1 : ((LPtrAVLBTreeNode*) getRightSubtree())->getHeight );
m_height= (MAX(lh. rh) + 1);
}

Ui
/! Function: banlance
/I Descritpion:  Balnace the tree. Return the new roor.

!l Errors Generated: None

It Limitations:  none.

H

LPirAVLBTreeNode* LPirAVLBTreeNode::balance
(const char direction)

LPirAVLBTreeNode* pNewRoor= this:

const int lefiHeight= (getLefiSubtree() == NULL) ? -1 : ((LPtrAVLBTreeNode* ) getLefiSubtree(})->getHeight();
const int rightHeight= (getRightSubtree() == NULL) ? -1 : ((LP1rA VLBTreeNode* ) getRightSubiree( )->getHeighi();

if (direction == L")
{
if t(leftHeight - rightHeight) == 2)

assert(getLefiSubtree(} '= NULL):

const int lefiLeftHeight= (getLeftSubtree( )->getLefiSubtree() == NULL) ? -] : ((LPtrAVLBTreeNode*) getLefiSubtree( )-
>getLeftSubtree())->getHeight);

const int lefiRightHeight= (getLefiSubtree()->getRightSubtree() == NULL )2 -1 : ((LPtrAVLBTreeNode* ) getLefiSubtreef )-
>getRightSubtree( ))->getHeight( );

if tlefiLeftHeight >= leftRightHeight)
{

pNewRaoor= singleRotateLefit );
}
else
{
pNewRoor= doubleRotateLeft( );
}
}

else
calcularefieighi( );

}

else if (direction == R’)
if ((rightHeight - lefiHeight) == 2)
{
assert(getRightSubiree() '= NULL);

const int rightRightHeight= (getRightSubtree( )->getRightSubtree() == NULL) ? -1 : ((LPrAVLBTreeNode* ) getRightSubtree( -
>getRightSubtree())->getHeight():

const int rightLefiHeighr= (getRightSubtree()->gerLeft Subtree() == NULL) ? -1 - ((LPIrAVLBTreeNode* ) getRightSubtree( )-
>geiLeftSubtree( ))->getHeighi( );

if (rightRightHeight >= righiLeftHeight)
{
pNewRoor= singleRotateRight();

}

else

{
pNewRaoor= doubleRotateRight( ):

}
}

else
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calculateHeight();

}

else

assert(FALSE);
}

return pNewRoot;

}

1"

/! Function: space()

/! Descritpion:  Return the space needed for the entire AVL tree.

!t Errors Generated: None
/I Limitations:
i

long LPirAVLBTreeNode::space
(void) const

{
long treeSpace= sizeof (*1his);
if (getLeftSubtree( ) '= NULL)
f treeSpace+= getLeftSubtree( )->space():
4
if (getRightSubiree( ) '= NULL)

treeSpace+= geiRightSubiree( )->space( );

}

rerurn treeSpace:
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Code Listing 18: LTmplPtrStack.h

14 EEEREXREIXXERIRASRE RSB ENEXEERREB LB A R AR AL RSER XXX EXRBREXBERES

! FILE: LTmplPrrStack.h

/1 AUTHOR:  Zhilin Li

It CREATION DATE: Feb. 15, 1998

i/t DESCRIPTION: Template class of a stack. Use null pointer

1% BEEXSEBEEXXEE SR AR R A I ERBEEIRR R X LB EREEDRRRREE S AR ER BB X E KRR EERER

#ifndef LTMPLPTRSTACK_H
#define LTMPLPTRSTACK_H

#include <iostream.h>
#include "LTypes.h"

/"
11 LTmplPtrStackNode defines a stack node. It
/1 uses a null pointer.

1
template <class DATA_TYPE>
class LTmplPtrStackNode

{

1
/i Constructors and destructors
1
public:

LTmplPirStackNode (const DATA_TYPE& data. LTmplPirStackNode<DATA_TYPE> *pNexi= NULL) {m_data= data; m_pNexi=
pNext:}

LTmplPirStackNode (void) {m_pNext= NULL:}

virtual BOOL isNull (void) const {return FALSE :}
virtual DATA_TYPE getData (void) const {return m_data.}

virtual LTmplPirStackNode <DATA_TYPE>*  gertNext (void) {return m_pNexi;}

privare:
DATA_TYPE m_data: i data item of the node.
LTmplPirStackNode<DATA_TYPE>* m_pNext;

"
1! LTmplPirStuck defines a simple stack.
1
template <class DATA_TYPE>

class LTmplPtrStack
{
public:
LTmplPtrStack (void);
void push (const DATA_TYPE data);
DATA_TYPE pop (void):
int getCount  (void) const {return m_count;}
void traverse (void) const;
BOOL isEmptry  (void) const { return (m_count == 0);}
private:
LTmplPtrStackNode<DATA_TYPE>* m_pTop:
intm_count;
S

i g
i i e
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!t Implementation

"
/I Function: LTmplPtrStack()

!/l Descritpion:  Default constructor.
!l Errors Generated: None

/! Limitations:

I
template <class DATA_TYPE>
LTmplPirStack<DATA_TYPE>::LTmplPtrStack(void)

{
m_pTop= NULL;
m_count= 0;

}

1

1! Function: push()

!/l Descritpion:  Push a data item into the stack.

i/t Errors Generated: None

il Limitarions:

"

template <class DATA_TYPE>

void LTmplPtrStack<DATA_TYPE>::push
(const DATA_TYPE data)

LTmplPtrStackNode<DATA_TYPE> *pNewNode= new LTmplIPtrStackNode<DATA_TYPE>(data. m_pTop);
m_pTop= pNewNode:
m_count++:

}

/"
/1 Function: pop()
it Descritpion:  Pap a data item from the stack.
it Errors Generated: None
/! Limitations:
"
template <class DATA_TYPE>
DATA_TYPE LTmplPtrStack<DATA_TYPE>::pop(void)
{
DATA_TYPE data= m_pTop->getData( )
LTmplPirStackNode<DATA_TYPE>* pOld= m_pTop:
m_pTop=m_pTop->getNext();
delete pOld;
m_count--;
return data:

"
/1 Function: traverse()

/ Descritpion:  Display all the dara in the stack.
!/l Errors Generated: None

!t Limitations:

1"
template <class DATA_TYPE>

void LTmplPtrStack<DATA_TYPE> ::tiraverse(void) const

LTmplPtrStackNode<DATA_TYPE>* pNode= m_pTop:
int i=0;

coutr << "traverse stack." << endl:
while (pNode '= NULL)

{
i++
cout << pNode->getDara() << "\1";
if(i%4==0)
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cout << endl;
pNode= pNode->getNext():

cour << endl << endl;

}
#endif 11 LTMPLPTRSTACK_H
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Code Listing 19: LSListNode.h

/i BEXEESRBEER XSRS EXRETR AR AR XX ERRASREEXBRESRBEXRSXRRSEXNERKSERSR

1 FILE: LSListNode.h

/1 AUTHOR: Zhilin Li

/! CREATION DATE: Sept. 02, 1997

/I DESCRIPTION: This file contains declarations of three classes:

1" LBaseSListNode. LNullSListNode and LFullSListNode.
1" Both LNullSListNode and LFullSListNode are

1" derived from LBaseSListNode. The three classes

" are used to describe a singly linked list data

" structure. It uses LNullSListiNode 10 represent

" a null node and replace the traditional NULL

" pointer

1 BREABERERER XL XEES KRS A BB EEEREE AR EE R ER RIS R ERB RS RE XK B K RS R RKER

#ifndef LSLISTNODE_H
#define LSLISTNODE _H

#include <iostream.h>
Rinclude <fstream.h>

H8include "LTypes.h"

"
/1 Class LBaseSListNode defines a set of pure

/1 virual funcitons to manipulate a single

Il linked list. Here we acutually view each node
! as a valid singly linked list. since through the
/ node. we can access the entire linked list which
i1 uses this node as the head node.

"
class LBaseSListNode
{
7
it constructors. destructors
il and enum rypes.

public:
/I Insert a new data item in the front of the singly linked list
virtual LBaseSListNade* insert(const int data) = 0;

It Insert a new data item at the end of the singly linked list.
virtual LBaseSListNode* append(const int data) = 0;

/I Remove all the data items that equal 10 "data” from the

11 singly linked list. Return the new head

/1 for the singly linked list.

I If this node iteself need 10 be removed,

I bDeleteThis is set to TRUE, otherwise i1 is set to FALSE.

/I nCount return the number of data items removed.

virtual LBaseSListNode* remove(const int data. BOOL& bDeleteThis, int& nCount) = 0;

Il Search a dara item in the singly linked list. If find. return TRUE.
/I Otherwise return FALSE.
virtual BOOL search(const int data) = 0;

/I Traverse the entire singly linked list. Prints the result 1o
/1 10 the standard output.
virtual void traverse(void) const = 0;

!l Traverse the entire singly linked lis1.

1/ Print the result 1o a file represented by the
I ofstream.

134



virtual void rraverse(ofstreamé& ofs} const = 0;

/I Return TRUE if this node is a null node. Otherwise
/1 return FALSE.
virtual BOOL isNull(void) const = 0;

I/ Return the node data.
virtual int getSelfData(void) const = 0;

i1 Link this node with another node.
virtual void linkNext(LBaseSListNode* pNext) = 0;

11 Get the next node pointer. The next node cannor
1/ be modified.
virtual const LBaseSListNode* getNexi(void) const = 0;

1 Get the next node pointer. The next node can
1/ be madified.
virtual LBaseSListNode* getNexi(void) = 0:

/1 Print the node daia to the standard outpus.
virtual void outputSelfDaratvoid) const = 0;

/! Print the node data 10 a file.
virtual void outpuiSelfData(ofstream& ofs) const = 0;

{1 Return the space required for the entired singly linked list.
virtual long space(void) const = 0;

1"
#t Class LNulISListNode implements a null single linked
it list which has no data and the next node.

1"
class LNullSListNode: public LBaseSListNode
{

public:
/t Function inser1( } and append() cannot be inline function
/1 they need to create a LFullSListNode.
/1 But cluss LFullSListNode is not defined at this point.
virtual LBaseSListNode* insert(const int data):
virtual LBaseSListNode* append(const int data};

/1 inlines
virtual LBaseSListNode* remove(const int duta. BOOL& bDeleteThis, int& nCouni)

bDeleteThis= FALSE;

nCount=0;
return this;
}
virtual BOOL search (const int data) {return FALSE ;}
virtual void traverse (void} const {}
virtual void traverse (ofstream& ofs ) const {}
virtual BOOL isNull (void) const {return TRUE;}

virtual int  getSelfData (void) const { cout << "ERROR: cannor get data from a NULL singly linked list node." << endl: return
-1}

virtual void linkNex (LBaseSListNode* pNext) { cout << "ERROR: cannot set the next node for a NULL singly linked list
node." << endli;}

virtual void outputSelfData  (void) const { cour << "NIL":}

virtual void owpwtSelfDara  (ofstreamé& ofs) const { ofs << "NIL":}

virtual long  space(void) const {return sizeof (*this);}

virtual const LBaseSListNode*  getNexi(void) const { cout << "ERROR: cannot get the next node SJor a NULL singly linked list
node." << endl; return this;}
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virtual LBaseSListNode* geiNext(void) { cout << "ERROR: cannot get the next node for a NULL singly linked list node.” <<
endl; return this:}

IE

/‘I
/! Class LFullSListNode implements a full single linked
/1 list nade which has data and the next pointer.

/1 Since a full singly linked list node has a pointer

/! to the next node in the list, it can be used to

/I represent an entire linked list.

14
class LFullSLisiNode: public LBaseSListNode
{

1
/1 Constructors, destructors and enum rypes.
"
public:

LFullSListNode(const int newData, LBaseSListNode* pNext= &m_nuliNode_S);

LFullSListNode(const LFullSListNode & riNode):

virtual ~LFullSListNode(void);

7

1t Methods

public:
virtual LBaseSListiNode® insert(const int data):
virtual LBaseSListNode* append(const int data);
virtual LBaseSListNode* remove(const int data. BOOL& bDeleteThis, int& nCount:

virtual BOOL search(const int data);
virtual void traverse(void) const;

virtual void traversetofstream& ofs) const:
void removeSublist(void);

virtual long  space(void) const;

/I operators
LFullSListNode & operator= (const LFullSListNode& riNode):

{1 inline methods

virtual BOOL  isNull (void) const { return FALSE ;}

virteal int getSelfDara (void) const {rerurn m_data;}

virtual void  linkNext (LBaseSListNode* pNext) {m_pNext= pNext;}
virtual void  outputSelfData (void) const { cout << m_dara;}

virtual void  owputSelfData (ofstream& ofs) const { ofs << m_data;}

virtual const LBaseSListNode*  getNext (void) const { return m pNext;}
virtual LBaseSListiNode* getNext (void) { return m_pNext;}

virtual LNullSListNode* getStaticNullNode (void) (return &m_nullNode S;}
static LNullSListNode* getNullNode_S (void) (return &m_nullNode_S;}

private:
int m_data: 1/ data kept with the node
LBuseSListNode *m_pNext; Il next node which may point 1o a LNullSListNode or a LFulISListNode
static LNullSListNode m_nullNode_S: it used to represent the end of the list. It is
/1 is static since all LFullSListNodes in an
/1 application can use the same null node.
static BOOL m_bCountNullNodeSpace_S: 11 TRUE if the space occupied by the null node is counted.

S
#endif ILSLISTNODE_H
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Code Listing 20: LSListNode.cpp

1 EXARARXRBEXRXBREE R AR AR SRR R LS ERSRERREREESRE KB KRB R ERRBEE R LXK KR

/I FILE: LSListNode.cpp

11 AUTHOR: Zhilin Li

/I CREATION DATE: Oct. 7, 1997

/1t DESCRIPTION: Refer to LSListNode.h

¥ BESESBEEREXBEEFRFIRXXERARRESEBEER XX B AR EERERREBRERRESREREEBERS

11 Includes

7 —

#include <iostream.h>
#include <assert.h>

#include "LTypes.h"
#include "LSListNode.h"

"
/! Initialization of the static member variables.
1

LNullSListNode LFullSListNode::m_nullNode_S:
BOOL LFullSListNode::m_bCountNullNodeSpace_S= FALSE;

1t

/! Funcrion: LFullSListNode(}

/! Descritpion:  Constructor.

/1 Errors Generated: None

/! Limitations:  None

1

LFullSListNode::LFullSListNode
(const int newDara.
LBaseSListNode* pNext)

{

m_data= newData;
m_pNext= pNext:
}

1

11 Function: LFullSListNode()

1/ Descritpion:  Copy constructor.

1! Errors Generated: None

/! Limitations:  None

1

LFullSListNode::LFullSListNode
(const LFullSListNode & rNode)

*this= rNode;

}

"
/1 Function: ~LFullSListNode()
/1 Descritpion:  Destructor.

11 Errars Generated: None

/I Limitations:  None

1

LFullSListNode::~LFullSListNode
(void)

{

}

i

/! Function: insert()
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!/ Descritpion:  Insert a new node in front of the single
1" linked list.
/1 Errors Generated: None
/! Limitations:  None
17
LBaseSListNode* LFullSListNode::insert
(const int data)
{
return new LFullSListNode(data. this);
}

H
i Function: append()

/1 Descritpion:  Insert a new node ar the end of the single
It linked list.

i/t Errors Generated: None

/f Limitations:  None

1"
LBaseSListNode* LFullSListNode::append

(const int data)

{

LBaseSListNode* pNext= this;
while (!pNext->getNext()->isNull( })

pNexi= pNext->getNexi();
}

pNext->linkNext( new LFullSListNode(data)):

return this;

}

i

/7 Funetion: remove( )

-+ Descritpion:  Remove all nodes which coniain the data from
it the singly linked list. If "this" node

H is the node 1o be removed. then bDeleteThis
1 is set to TRUE. nCount return the number
4 of the node removed.
11 Errors Generated: None
i/ Limirations:  None
17
LBaseSListNode* LFullISListNode::remove
(const int daia,
BOOL& bDelereThis.
int& nCount)

bDeleteThis= FALSE:
nCounr= 0;

if (data == m_data)
{
nCount++;
bDeleteThis= TRUE;
}

LBaseSListNode *pNode.
*pNextNode;

while ((!m_pNexi->isNull()) &&
(data == m_pNext->getSelfDaia( })})

{

pNexiNode= m_pNext->getNext();

delete m_pNext;

nCount++;

m_pNext= pNexiNode:
}
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if (‘m_pNext->isNull())

{
pNode= m_pNext:
pNextNode= pNode->getNext();

while (‘pNextNode->isNull(})

{
if (data == pNextNode->getSelfDazta())
{

pNode->linkNexi(pNextNode->getNexi( ));
delete pNextNode:
nCount++;
pNexiNode= pNode->getNexi();
}
else
{
pNode= pNextNode;
pNextNode= pNextNode->getNext( );

}
}
}
if tbDeleteThis}
{
return m_pNex:
}
else
{
return this;
}
}
1
11 Function: search(}
/1 Descritpion:  Search the data in the singly linked list.
2 If find the data. return TRUE, othervise
i return FALSE.

it Errors Generated: None
it Limitations: ~ None
1
BOOL LFullSListNode::search

(const int data)
{

if (m_data == data)

return TRUE;

LBaseSListNode *pNext=m_pNext;

while (!pNext->isNull())
{
if t(data == pNext->gerSelfDaia( })
return TRUE;

pNext= pNext->getNexi();

return FALSE;
}

"

{1 Function: traverse()

1 Descritpion:  Print data in the singly linked list

" to the standard outpui.

/1 Errors Generared: None

1t Limitations:  None

1"

void LFullSListNode::traverse
(void) const

{
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inti=1;
outputSelfData( );
cour << '"\)\o';

LBaseSListNode *pNexi= m_pNext:

while (‘pNext->isNull( )

{
pNext->outputSelfDatar );
cour << "\J\"';
i++;

fl(i%k4)==0)
f cout << endl;
}
pNext= pNexi->getNext(};
}
}

"
/t Function: traverse( )
i1 Descritpion:  Print data in the singly linked list
1" 10 a file stream.
/! Errors Generated: None
/t Limirations:  None
1
void LFullSListNode::traverse
(ofstream& ofs) const
{
inti=1];
aurputSelfDara(ofs);
ofs << "\ru";

LBaseSListNode *pNext= m_pNext:

while (!pNext->isNull))
{

pNext->outputSelfDaratofs ):
ofs << "\ng";
i++;

Hii%4)==0)
{
ofs << endl;

}

pNext= pNext->getNexi( );

}

1"
it Function: operatar =(})
!/ Descritpion:  copy the entire list, including next nodes.
" New memory is allocared.
/1 Errors Generated: None
/I Limitations: ~ None
1
LFullSListNode & LFullSListNode::operator=
(const LFullSListNode & riNode)
{
removeSublist();
m_daita= rNode.ge1SelfDara( );

const LBaseSListNode *pNodeNext= rNode.getNexi();
LBaseSListNode *pNext= this;
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while (!pNodeNext->isNull())
{

pNext->linkNext(new LFi ullSListNode(pNodeNext->getSelfData(})):
PNext= pNext->getNext();
pNodeNext= pNodeNext->getNexi();

}

return *this;

}

1

/1 Function: removeSublisi(}

I Descritpion: ~ Remove the sublists Sfrom the single linked
" list. Free the memory allocated.

/I Errors Generated: None
/! Limitations:  None
1
void LFullSListNode::removeSublist
(void)
{
LBaseSListNode *pNext=m _pNext,
*pPrevNext;
while (‘pNext->isNull())
{
pPrevNext= pNext;
pNext= pNext->getNext( j;
delete pPrevNext:
}

m_pNext= getStaticNullNode( );
/

it Function: spacet |
it Descritpion:  Calculate the entire space occupied by
" by the singly linked list.
/" Errors Generated: None
/7 Limitations: ~ None
it
long LFullSListNode: :space
(void) const
{
long spaceNeeded= sizeaft*this):
LBaseSListNode *pNext= m_pNext:

while (pNext->isNull( })

{
spaceNeeded+= sizeoft™ (LFullSListNode * ) pNext)):
PNext= pNext->getNext();

if (!/m_bCountNull} ‘odeSpace_S)
{
spaceNeeded+= sizeof(*pNext):
m_bCountNullNodeSpace_S= TRUE:
}

return spaceNeeded;

}

R Ty 4
I R I R I T L

1 Implementation for class LNulISListNode
1
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1"
/! Function: inseri()
/! Descritpion:  Insert a node into the null list. Return
/" pointer 1o a LFullSListNode
!t Errors Generated: None
/1 Limitations:  None
"
LBaseSListNode* LNullSListNode::insert
(const int data)
{
return new LFullSListNode(data);

}

H
/! Funcrion: append()
/1 Descritpion: ~ Append a node into the null list. Return
/" pointer to a LFullSListNode
/t Errors Generated: None
/! Limitations:  None
"
LBaseSListNode* LNullSListNode::append
{const int data)
{
return new LFullSListNode(data);

}
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Code Listing 21: LSList.h

n EXSRRXAREREER SRR LR ARXEEXXEXABEBAERE XSS A XSRS RR S X EIERFEREEXE XS

/I FILE: LSList.h

1/t AUTHOR: Zhilin Li

11 CREATION DATE: Nov. 01, 1997

!t DESCRIPTION: LSList encapsulates a singly linked list data
" structure. It uses a LBaseSListNode object as

" its root.
// AXXEAXRE XXX RE R LA R XEERER LR XSS EREBXXESAEEI RSB ELEXREE AR

#ifndef LSLIST H
#define LSLIST H

Hinclude <fstream_h>

#include "LTypes.h"
#include "LSListNode .h"

class LSList

{
"

/i Constructors. destructors and
/1 enum rypes
"

public:
LSListtvoid):
LSList(const LSList& rList);
virtual ~LSList(void):

public:
int remove (const int data);
void empryvivoid);

-~

! operalors
LSList& operator= (const LSList& rlList);

/i inline functions
void insert (const int data) { m_pHead= m _pHead->insert(data);}
void append (const int data) { m_pHead= m_pHead->append(data);}
void traverse(void) const { m_pHead->traverse();}
void traverse(ofsiream& ofs) const { m_pHead->traverse(ofs );}
const LBaseSLisiNode& getHead(void) const {return *m _pHead:}
BOOL search (const int data) const { return m_pHead->search(dara);}
long space(void) const { return (sizeof (*this) + m_pHead->space());}

private:
LBaseSListNode* m_pHead;
4

#endif 11 LSLIST_H
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Code Listing 22: LSList.cpp

// BEXRXREEBREEREAXEREEEXXRAR RSB SR KEE SRR ESREREE BB ERBXR XXX R E R K

/! FILE: LSList.cpp

/1 AUTHOR: Zhilin Li

11 CREATION DATE: Sept. 15, 1997
/I DESCRIPTION: Refer to LSList.h

] SEEERAEERREARREER KR 2222 22 224 EEXSREXERXERERER R KRR

#include <assert.h>
#include "LSList.h"
#include "LSListNode.h"

"

/1 Function: LSList()

!/ Descritpion:  Default constructor. Initialize the head

" to be the static INulLSListNode member
/" variable defined in LFullSListNode class.

/1 Errors Generated: None
/1 Limitations:

12
LSList::LSList
(void)
{
m_pHead= LFullSListNode::getNullNode_S():
}
17
/! Funcrion: LSList()
/1 Descritpion:  Copy constructor.

/! Errors Generated: None
/1 Limitations:
1"
LSList::LSList

(const LSList& rList)

*this= rList;

}

1¢

it Function: ~LSList()

it Descritpion:  Destructor. Delete the entire binary list.
1" Free memory allocated.

/¢ Errors Generated: None
/i Limitations:

I
LSList::~LSList(void)

{
empry();
"
1 Funcrion: remove()
/I Descritpion: ~ Remove data from the singly linked list.
" Return the number of nodes being removed.

!l Errors Generated: None

/! Limitations:

1

int LSList::remove
(const int data)

BOOL bDeleteHead;
int nCount;

LBaseSListNode* pOldHead= m_pHead;

m_pHead= m_pHead->remove(data, bDeleteHead, nCount);
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if (bDeleteHead )

{
delete pOldHead;

return nCount;

}

1

!/ Function: operator= ()

!l Descritpion:  Copy the entire singly linked list. Allocate
" memory as needed.

i1 Errors Generated: None

! Limitations:

1

LSList& LSList::operator=
(const LSList& list)

if (m_pHead->isNull(})
{
if (Hlist.getHead( ).isNull())

m_pHead= new LFullSListNode(list.getHead( J).getSelfDatat));
*((LFullSListNode* ) m_pHead)= (LFullSListNode & Mist.getHead();
}
}
else
{
if tlist.gerHead( ).isNuli( ))
{
(ILFullSListNode* ) m_pHead )->removeSublist();
delete m_pHead:

LFullSListNode aFullNode(0);
m_pHead= aFullNode.getStaticNulINodef );
else

{
*((LFullSListNode* ) m _pHead)= (LFullSListNode &)list.getHead );

}

}
return *this;
}
Hoeee
/I Function: empry()
!l Descritpion:  Empty the entire singly linked list.
1 Set the head node be a null sinige linked
" list node.

/1 Errors Generated: None
/I Liritations:
-
void LSList::empry
(void)
{
if!m_pHead->isNull())
{

((LFullSListNode* ) m_pHead )->removeSublist();
delete m_pHead;

m_pHead= LFullSListNode::getNullNode_St);

}
}
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Code Listing 23: LP:rSListNode.h

14 ‘t“ttt“““3“‘“t‘t‘3"‘#““‘t!t.““‘l‘t‘l““tt“#““‘

/I FILE: LPirSListNode.h

/f AUTHOR: Zhilin Li

/I CREATION DATE: Dec. 02, 1997

/1 DESCRIPTION: This file contains declarations of class

" LPtrSListNode which is used to describe a
" singly linked list data structure. The

/" end of the list is represented using a

" NULL pointer.

1! ““"#‘3‘&““‘.‘t‘“.‘“3#"““t“t#““““‘tt‘#t‘t“"“

#ifndef LPTRSLISTNODE _H
#define LPTRSLISTNODE_H

#include <iostream.h>
#include <fstream.h>

/Hinclude "LTypes.h"

1/
it Class LPtrSListNode implements a single linked
i1 list node which has data and the next painter.

11 Since a full singly linked list node has a pointer
/1 1o the next node in the list, it can be used 10

/! represent an entire linked list.

1

class LPtrSListNode
{

1
it Constructors. destructors and enum rypes.
1
public:

LPrirSListNode(const int newData. LPirSLisiNode *pNext= NULL):

LPrrSListNode(const LPirSListNode & rNode);

virtual ~LPtrSListNode(void);

public:
LPirSListNode*  insert (const int dara);
LPrrSListNode*  append (const int data);

BOOL search (constint data);
void traverse (void) const;

void traverse (ofstream& ofs) const;
void removeSublist(void);

long space (void) const;

LPirSListNode*  remove(const int data, BOOL& bDeleteThis. int &nCount);

/1 operators
LPirSListNode & operator= (const LPtrSListNode& riNode):

/1 inline methods
BOOL isNull (vaid) const { return FALSE;}
int getSelfData (void) const { return m_data:}
void outputSelfData (void) const { cout << m_data;}
void outpuiSelfData (ofstream& ofs) const { ofs << m_data;}

const LPtrSListNode*  getNext (void) const { return m_pNext:}

LPtrSListNode* getNext (void) { return m_pNext:}
void linkNext (LPtrSListNode* pNext) {m _pNext= pNext:}
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7

It Attributes

7 —

private:
int m_data; !/ data kept with the node
LPirSListNode *m_pNext; I next LPtrSListNode

pe
#endif ILPTRSLISTNODE_H
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Code Listing 24: LPtrSListNode.cpp

J] FREREREEEREASRINFESEFRARRARAEA SRR SRR RARRRESBREABRERAE KRR R AR

/I FILE: LSListNode.cpp

1t AUTHOR: Zhilin Li

/1 CREATION DATE: Dec. 02. 1997

/t DESCRIPTION: Refer to LPtrSListNode.h

" RXXEEAEBEEEXSX XXX IR EERESRREES B X ESESRS XXX EE RN XXX BEL LR LR ERE

7 ——

1 Includes
1

#include <iostream.h>
#include <assert.h>

#include "LTypes.h"
#include "LPtrSListNode.h"

1

11 Function: LPirSListNode()

it Descritpion:  Consiructor.

/1 Errors Generated: None

/1 Limitations:  Nane

i

LPwrSListNode::LPtrSListNode
(const int newData,
LPirSListNode *pNext)

{
m_data= newData:
m_pNexr= pNext;
4

il

it Function: LPirSListNode()

11 Descritpion:  Copy construclor.

11 Errors Generated: None

1t Limitations:  None

"

LPirSLisiNode::LPirSListNode
(const LPtrSListNode & riNode)

*this= rNode;

}

1
I/t Function: ~LPirSListNode( }
!/ Descritpion:  Destructor.

!t Errors Generated: None

/f Limitations:  None

"
LPtrSListNode: :~LPirSListNode

(void)
{
}
"
/l Funcrion: append()
/1 Descritpion:  Append a node at the end of the single
" linked list.

! Errors Generated: None

! Limitations:  None

i

LPtrSListNode* LPirSListNode::append
(const int data)

{
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LPirSListNode* pNexr= this:
while (pNext->getNexi() = NULL )
{
pNext= pNext->getNex( );
}
pNext->linkNext( new LPirSLisiNode(data)):

return this ;

}

Y

! Function: insert()

I/ Descritpion:  Insert a new node in front of the single
" linked lisz.

Il Errors Generated: None

!l Limitations:  None

/!’

LPirSListNode* LPirSListNode::insert
(const int data)

{
return new LPirSListNode(data. this);
}
1"
/t Function: remove(}
it Descritpion: ~ Remove all the nodes which contain the data
i Sfrom the singly linked list. If this node
" is the node 1o be removed. then bDeleieThis
1 is set to TRUE. nCount return the number of

it nodes removed.
/! Errors Generared: None
! Limitarions:  None
LPrrSListNode™ LPirSListNode::remove
(const int data.
BOOL& bDeleteThis.
int& nCount)
{
bDeleteThis= FALSE:
nCount= 0;

if (data == m_dara)
{

nCount++;
bDeleteThis= TRUE:
}

LPirSListNode *pNode.
*pNextNode;

while ((m_pNext I= NULL) &&
(data == m_pNext->getSelfData(}})
{
pNextNode= m_pNext->getNext();
delete m_pNext;
nCount++;
m_pNext= pNextNode:

if (m_pNext '= NULL)
{

pNode=m_pNext;
pNextNode= pNode->getNext( );

while (pNextNode '= NULL)

{
if (data == pNexiNode->gerSelfDataf })

{
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pNode->linkNexi(pNextNode->getNext( )):
delete pNexiNode:
nCount++;
pNextNode= pNode->getNexi():
}

else

pNode= pNexiNode;
pNextNode= pNextNode->getNexi( )

}
}
}
if (bDeleteThis)
{
returnm_pNext;
else
{
return this;
}
}
1
/1 Funcrion: search()
/1 Descritpion:  Search the data in the singly linked list.
1 If find the data. return TRUE. othenvise
i return FALSE.

/1 Errors Generated: None
/! Limirtations:  None
1
BOOL LPtrSListNode::search

(const int data)
{

if tm_data == dura)

return TRUE:

LPurSListNode *pNext= m_pNext:

while (pNext '= NULL)
{
if tdata == pNext->gerSelfDatal ))
return TRUE:

pNext= pNext->getNext();

}
return FALSE:
}
1
!l Function: traverse()
/l Descritpion:  Print data in the singly linked list
" to the standard outpur.

/1 Errors Generated: None

/! Limitations:  None

1

void LPtrSListNode::traverse
(void) const

{

inti=1;
ourpurSelfData( )
cout << "u\";

LPirSLisiNode *pNext= m_pNext;

while (pNext != NULL)
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pNext->outputSelfData();
cour << "W\r";
i++;

if(i % 4)==0)
{

cour << endl;

}

pNext= pNext->getNexi();
}
/

1"
/! Function: traverse()
/1 Descritpion:  Print data in the singly linked list
/" to a file stream.
/1 Errors Generated: None
/! Limitations:  None
I
void LPtrSListNode::traverse
(ofstream& ofs) const
{
inti=1;
outputSelfData(ofs):
ofs << "y

LPtrSListNode *pNext= m_pNext:

while (pNext '= NULL)

{
pNext->outpuiSelfData(afs j:
ofs << "w\u";
f++;
iflti%4)==0)
{
ofs << endl;
}
pNexi= pNexi->getNext();
}
}
"
!t Function: operator = ()
!t Descritpion:  copy the entire list. including next nodes.
" New memory is allocared.

/1 Errors Generated: None

/I Limirations:  None

"

LPrrSListNode & LPirSListNode::operator=
(const LPtrSListNode & riNode)

{

removeSublist();
m_data= rNode.ge1SelfData( );

const LPirSListNode *pNodeNext= rNode.getNexi();
LPirSListNode *pNext= this;

while (pNodeNexi '= NULL)
pNext->linkNexttnew LPtrSListNode(pNodeNext->getSelfDara()));
pNexi= pNext->getNext();

pNodeNext= pNodeNext->getNext();
}
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return *this;

}

"

/1 Function: removeSublisi()

/1 Descritpion:  Remove the sublists from the single linked
/" list. Free the memory allocated.

/1 Errors Generated: None
/! Limitations:  None
1z
void LPtrSListNode::removeSublist
(void)
{
LPrtrSListNode *pNext=m_pNex.
*pPrevNext;
while (pNext '= NULL)
{
pPrevNext= pNext;
pNext= pNext->getNext( );
delete pPrevNext;
}

m_pNext= NULL:
}

12
/1 Funcrion: space( )
/1 Descritpion:  Calculate the entire space occupied by
/" by the singly linked list.
!t Errors Generated: None
/t Limitations:  None
"
long LPirSListNode::space
(void) const
{
long spaceNeeded= sizeof (*this);
LPirSListNode *pNext= m_pNext:

while (pNext '= NULL)

{
spaceNeeded+= sizeoft*pNext);
pNexi= pNext->getNext( );

4

return spaceNeeded;

}
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Code Listing 25: LPtrSList.h

i BEXEBEERAESEREBSBARREEEXEFLBRE R AR SRS REXSRRER AR XSS ESERRBE RS

Il FILE: LPirSList.h

1t AUTHOR: Zhilin Li

/{ CREATION DATE: Dec. 02. 1997

i/t DESCRIPTION: LPirSList encapsulates a singly linked list data
" structure. It uses a LPtirSListNode object as

" its root.
// SEXXREXIRXA B XX RE R RS BB SRRER B AKX E XX XL RIS XX LR R ERREXRSXE XSS

tifndef LPTRSLIST H
#define LPTRSLIST H

#include <fstream.h>

#include "LTypes.h"
#include "LPirSListNode.h”

class LPtrSList

{
]

1 Constructors. destructors and
i/l enum types
It

public:
LPtrSList(void);
LPtrSListconst LPtrSList& rlist);
virtual ~LPirSList(void);

e ———.
1 Member functions

public:
int remove (const int dara);
void empry(void);

/l operators
LPirSList& operator= (const LPirSList& rList);

It inline functi ons
void insert (const int dara):
void append (const int data);
void traverse(void) const {if (m_pHead = NULL)m_pHead->traverse():}
void traverse(ofstream& ofs) const {if (m_pHead '= NULL) m_pHead->traverse(ofs);}
const LPirSListNode* getHead(void) const {return m_pHead ;}
BOOL search (const int data) canst {if (m_pHead != NULL) return m_pHead->search(data); else return FALSE :}
long space(void) const { if (m_pHead != NULL) return (sizeof (*this) + m_pHead->space()); else return sizeofi*this);}

private:
LPirSListNode* m_pHead:
»

Hendif It LPTRSLIST H
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Code Listing 26: LPtrSList.cpp

174 BESEESARBEASEEREREAERER SR XX SRR SR RNERE XXX RS RSB ESRXKE RS EXR KRR

11 FILE: LPtrSList.cpp

11 AUTHOR: Zhilin Li

It CREATION DATE: Dec. 02, 1997

/1 DESCRIPTION: Refer 1o LPtrSList.h

Y74 EABESEXXREEARE R LR ZEXIEXEAE AR EXXREBRRRE AN SRR XX LR ERBSERRE RS

#include <asser1.h>
#include "LPirSList.h"
#include "LPirSListNode.h"

/"

/! Function: LPrrSList()

/! Descritpion:  Default constructor. Initialize the head
" to be a NULL pointer

11 Errors Generated: None
{1 Limitations:

/"
LPrirSList::LPtrSList

(void)
{
m_pHead= NULL:
}
"
!t Function: LPirSLisy)
1/ Descritpion:  Copy constructor.

1! Errors Generated: None

/! Limitations:

1

LPirSList::LPirSList
(const LPtrSList& rlist)

{
*this= rlList;
}
/l'
It Function: ~LPtrSList()
!t Descritpion:  Destructor. Delete the entire binary list.
" Free memory allocated.

11 Errors Generated: None
1f Limitations:
il
LPtrSList::~LPtrSList(void)
{

empry();
}

1
/! Function: insert()
It Descritpion:  Insert data in front of the singly linked list.
/1 Errors Generated: None
/f Limitations:
1
void LPtrSList::insert
(const int data)
{
iftm_pHead == NULL)
m_pHead= new LPtrSListNode(data):
else
m_pHead= m_pHead->insert(data);

}
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Ui
/] Function: append()
/I Descritpion:  Append data at the end of the linked list.
1
it Errors Generated: None
1t Limirations:
1
void LPtrSList::append
(const int data)
{
if (m_pHead == NULL)
m_pHead= new LPtrSListNode(data):
else
m_pHead= m_pHead->append(data):

}

1

/! Function: remove()

/I Descritpion: ~ Remove data from the singly linked list.
i Return the number of nodes that is being
I removed from linked list

11 Errors Generated: None

/1 Limitations:

"

int LPtrSList::remove
(const int data)

BOOL bDelereHead:
int nCount;

if tm_pHead '= NULL)
{
LPirSListNode* pOldHead= m_pHead;

m_pHead= m_pHead->remove(data. bDeleteHead. nCount);

if (bDeleteHead )

{
delete pOldHead:

4
}

return nCount;

}

1"
it Function: operator=()
it Descritpion:  Copy the entire singly linked list. Allocate
" memory as needed.
/1 Errors Generated: None
/I Limitations:
"
LPrrSList& LPtrSList::operator=
(const LPurSList& list)
{
if tm_pHead == NULL)
{
if (list.getHead() '= NULL)
{
m_pHead= new LPirSListNode(list.getHead( )->getSelfDaiai });
*m_pHead= *list.getHead();
}
}
else
{
if (list.getHead() == NULL)
{
m_pHead->removeSublisi();
delete m_pHead;
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m_pHead= NULL;
}

else

*m_pHead= *list.getHead! );

}

}

return *this:
}
i
/1 Funcrion: empry()
!l Descritpion:  Empty the entire singly linked lis:.
" Set the head node 10 be a NULL pointer.

/1 Errors Generated: None
/1 Limitations:

17
void LPtrSList::empry

(void)

{

if (m_pHead '= NULL)

{
m_pHead->removeSublist();
delete m_pHead:
m_pHead= NULL:

}

}
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Code Listing 27: LStatistic.h

7 BEBSFEXREXAZERBEEXSSXEB XX EXR AR AR RIS XXX R R BB RS SRR AERK KRR KR

1 FILE: LStaristic.h
1 AUTHOR: Zhilin Li
1t CREATION DATE: Oct. 30. 1997

/1 DESCRIPTION: This file contains the declaration of two

/" classes LCompare and LStatistic. The wo

/" classes are used to generate the statistical

" result comparing the null object method and

/" the null pointer method. Build time, access time
1" and space required with the two methods are

n" compared.

/4 EEXRBEXAEESXXEXRXXXXRELRIXX XX XXX ERRXER XL EE XX KX LR SRE XXX ERR

#ifndef LSTATISTIC_H
#define LSTATISTIC _H

class LDivOException {}:
class LCompare

friend class LStatistic;

1
It Constructors. destructors and enum types.

public:
void calcRatiotvoid)
{
if tm_nullPtrval == 0)
{
LDivOException eDiv0;

cout << "divide by 0.\n" << endl;
throw ¢DiO;
}

else

m_ratio= m_nmudlPtrVal | m_nullObjVal:

private:
double m_nullPtrval,
m_nullObjVal,

m_ratio:
}
class LStaristic
{
i

1t Constructors, destructors and enum rypes.
1

public:
enum

{

accessTime_E.
buildTime E.
space_E

rE

7 —
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11 Methods

/R —

public:

/I inline methods
void setNodeNumber (const unsigned long nodeNum)

{

m_nodeNum= nodeNum:

Y

void setPtrBuildTime (const double nullPirTime)

m_buildTime.m_nullPtrVal= nullPtrTime:

}
void setObjBuildTime (const double nullObjTime)

m_buildTime.m_nullObjVal= nullObjTime;
}

void setPtrAccessTime (const double nullPrrTime)

{

m_accessTime.m_nullPtrVal= nullPtrTime;

}

void setObjAccessTime (const double nillObjTime)
¢ .

m_accessTime.m_nullObjVal= nullObjTime;

}

void setPtrSpace (const double nullPirSpace)

{

m_space.m_nullPtrVal= nullPtrSpace:

}
void setObjSpace (const double nullObjSpace)

m_space.m_nullObjVal= nullObjSpace:
}

void calcRatives  (void)

{

m_accessTime.calcRatiof);
m_buildTime.calcRatio():
m_space.calcRatiof( );

}

double getAccessTimeRatio(void) const

{

return m_accessTime.m_ratio;

4

double getBuildTimeRatio(void) const

{

return m_buildTime.m_ratio;

}

double getSpaceRatio(void) const

{

return m_space.m_rafio;

}

/! methods defined in the implementation file
void printRepor: (const int rptType) const;
void printReport (ofstream& ofs. const int rptType) const;

private:
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unsigned long m_nodeNum:

LCompare m_buildTime,
m_accessTime,
m_space;

}

#endif I/ LSTATISTIC H
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Code Listing 28: LStatistic.cpp

1/ lt‘t"‘““““““““‘ttt".#“t"“‘3““."3“““3.#3“‘

Il FILE: LStatistic.cpp

1t AUTHOR: Zhilin Li

/I CREATION DATE: Sept. 15, 1997

/I DESCRIPTION: Refer to LStatistic.h

[/Rdd bl el sy T T L ST I

#include <iostream.h>
Rinclude <fstream.h>
#include <assert.h>

#include "LStatistic.h”
#include "LTypes.h"

1

1l Function: printReport( )

/ Descritpion:  Print the statistical results 1o the

" standard output. Access time ratio.,

1" build time ratio and space ratio are

1 calculated as: the time or space required
1! with the null pointer method divided by

I the time or space required by the null

" object method.

"

/! Errors Generated: None

/f Limitations:

/"

void LStaristic::printReport
tconst int rptType) const

{

coutr << endl:

switch(rptType)
{

case accessTime_E:
cout << "AccessTimeRatio(" << m_nodeNum << ")= " << m_accessTime.m_ratio << end|;
break;

case buildTime_E:
cout << "BuildTimeRatio(" << m_nodeNum << ")= " << m_buildT, ime.m_ratio << endi;
break:

case space_E:
cour << "SpaceRariot” << m_nodeNum << "j= " << m_space.m_ratio << endl;

break;
default:
assert(FALSE);
}

}
1"
/1 Function: printRepori()
!l Descritpion:  Print the siatistical results to
" a file stream. Access time ratio,
1 build time ratio and space ratio are
1" calculated as: the time or space required
" with the null pointer method divided by
" the time or space required by the null
" object method.

17
!t Errars Generated: None
! Limitations:
il
void LStaristic::printRepaort
(ofstream& ofs.
const int rptType) const
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switch(rptType)
{
case accessTime_E:
ofs << "AccessTimeRatio(” << m_nodeNum << ")=" << m_accessTime.m_ratio << endl;
break:
case buildTime_E:
ofs << "BuildTimeRatio(" << m_nodeNum << ")= " << m_buildTime.m_ratio << endl;
break;
case space_E:
ofs << "SpaceRatio(” << m_nodeNum << )= " << m_space.m_ratio << end!;
break;
defaulr:
assert(FALSE);
}
}

161



Code Listing 29: LRandomGen.h

I EEESRRERAEXESREXB SIS RXBARE IR ERBE B SRS SR ERR LSRR R XA RREERKEEE

/1 FILE: LRandomGen.h

/I AUTHOR: Zhilin Li

/I CREATION DATE: Oct. 17, 1997

/1 DESCRIPTION: This file implements a class LRandomGen which
i3 can be used to generate a random positive

" integer number.
// XXX XX XBREBEEEEEBE AR B R XA A EREEE KR XS R XX ERREREXEXEXR KRS EERE R

#ifndef LRANDOMGEN H
#define LRANDOMGEN _H

Rinclude <stddef.h>
#include <time.h>
Rinclude <limits.h>

class LRandomGen
{
1
11 Constructors and destruciors
1

public:
LRandomGen(unsigned long seed= (unsigned long) time(NULL}) : m_seed(seed) {}

1/
it Methods
1

void seiSeed(unsigned long newSeed= (unsigned long) time(NULL)) {m_seed= newSeed;}

;
[
1l operators

[

int operator() (int lim= INT_MAX)

{
m_seed=m_seed * 5709421UL + I1UL:

return ((int) (m_seed % lim)):

private:
unsigned long m_seed:

FE
#endif
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Code Listing 30: LTypes.h

!l File LTypes.h

#ifndef LTYPES_H
#define LTYPES_H

#define FALSE O
#define TRUE [
rypedef int BOOL;

#endif 1* LTYPES_H */
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Code Listing 31: main.cpp

/! “#""*‘*“““t‘tﬁl.tt““&t‘t b2 2 AEEBAREEEEEEANSERRBARKRES S H

/I FILE: main.cpp

11 AUTHOR: Zhilin Li

/I CREATION DATE: Sept. I5. 1997

/I DESCRIPTION: This file contains the main(} function and other

17 test functions.
// “ttﬂ‘t‘*““"".‘.tt‘t“‘t““#“t“““t“‘3*“*"“&“‘1‘

/! Include files
7

#include <sysirypes.h>

¥include <sysitimeb.h> 1l for time Sfunctions
#include <fsiream.h>

#include <stdio h>

Rinclude <assert.h>

#include <conio.h>

#include <string.h>

#tinclude "LBTree h"
#include "LPtrBTree "

#include "LSList.h"
#include "LPrSList.h"

#include "LTmpiBTree.h"
#include "LTmplPtrBTree.h"

#include "LTmplStack.h"
#include "LTmplPtrStack.h”

#include "LNull.h"
#include "LRandomGen.h"
#include "LSiatistic.h"

/! macro definitions
.

#define STA_FOR_LOOP(;) Jor tint j= lurgeStartNode G j <= largeEndNode _G: ((j >= 300000) ? ( (j+= 100000) : (j+=
increment_G)}j

static const int arraySize= 20;

static int staNum_G= 0;

static LStaristic  staB TreeResuli_GlarraySize];

static LSiatistic staSListResult_GfarraySize]:

staric LStatistic  staDbIT mplBTreeResul_G{arraySize];
static LStaristic slalanmp[BTreeResuIl_G[ arraySize]:
static LStatistic  staA VLBTreeResult_GlarraySize]:

!1 Used to generate a set of large binary trees or linked list with node numbers benveen
il largeStartNode and largeEndNode. The set of binary trees are used

i/ to compare the time and space efficiency berween the null object method

/I and the null pointer method.

static int largeStartNode G: i1 10000

static int largeEndNode G: 1! 400000

static int increment_G: 1/ 20000
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/1 Local variables

[/ ——

enum
{
binaryTree E.
singleLinkedList_E,
intTmplBinaryTree_E.
dbiTmpiBinaryTree_E.
AVLBinaryTree E.,
»

enum
{

pir_E,
obj E,
»

il Seed that is used as the start for generating a series
/1 of random numbers.
static const inf seed_S= 919;

Il 1estTreeFile S is the test result file for LBTree.

/ testPirTreeFile_S is the test result file for LPirBTree.
static const char* testTreeFile_S= "TestTree.txt":
static const char* testPtrTreeFile_S= "TestPtrTree.txt”;

it testintTmplTreeFile_S is the test result file for LTmplBTree<int>.

i testimtTmplPirTreeFile_S is the test result file for LTmplPtrBTree<int>.
static const char* testimiTmplTreeFile_S= "TestintTmplTree.txt";

static const char* testimtTmplPirTreeFile_S= "TestImtTmplPtrTree.ixt";

i1 testDbITmplITreeFile_S is the test result file for LTmplBTree<double>.

ii 1estDbITmplPirTreeFile_S is the test result file for LTmplPtrBTree<double>.
static const char* testDbITmpiTreeFile_S= "TestDbITmpl(Tree.txt";

static const char* 1esiDbITmplPirTreeFile_S= "TestDbITmplPirTree.tx1";

it testAVLTreeFile S is the test result file for LAVLBTree.

il 1estPirAVLTreeFile_S is the test result file for LPtrAVLBTree.
static const char* 1estAVLTreeFile_S= "TestAVLTree.rxt";

static const char* testPtrAVLTreeFile_S= "TestPtrAVLTree.txt";

il testSListFile_S is the test reswlt file for LSList.

i1 1estPtrSListFile S is the test result file for LPirSList.
static consi char* testSListFile_S= "TestSList.ix1";

siatic const char* testPirSLisiFile_S= "TestPtrSList.txt”;

! statisticFile S is the result for comparing the nvo
11 methads: null pointer method and null object method.
static const char* staristicFile_S= "TestStatistic.1x1";

1t Used to generate a small binary tree with nodeNum_S nodes.
!t Each node s an integer less than maxTestNum_S.

/l The small binary tree is used 1o test basic functionality

! of the binary tree.

static const int maxTestNum_S= 10000;

static const int nodeNum_S= 10;

/1 Used to test insert. delete some casually selected numbers.
static const int numl_S= 12345

static const int num2_S= 4321 ;

static const int num3_S= 15;

static const int num4_S= 8876;

static const int num5_S= 5034

i1 @ small utiliry to print out a new test header.

staric char S!rBorder_S[]: N T e e T T T

inline static void newTest(ofstreamd& ofs. const char* s} {ofs << endl << endl << sirBorder S << endl << s << endl <<
strBorder S << end! << endl;}
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inline static void setTestNum(ins start. int end, ing increment)

{
largeStartNode_G= start;
largeEndNode_G= end:
increment_G= increment:

staNum_G= 0:
STA_FOR_LOOP(j)

staNum_G++:
}
}

4
/1 initilization of the public siatic member variables
11 of the template class LTmplFullBTreeNode.

7

LTmpiNullBTreeNode<int> LTmplFullBTreeNode<inr>::m_nullNode_S:
BOOL LTmplFullBTreeNode<int>::m_bCouniNullNodeSpace_S= FALSE:

LTmpINullBTreeNode <double> LTmplFullBTreeNode <double>::m_nullNode_S:
BOOL LTmplFullBTreeNode<double>::m_bCountNullNodeSpace_S= FALSE:

LTmpINullStackNode <inr> LTmplFullStackNode<int>::m_nullNode_S:

template <class TYPE>
void generalTest (TYPE &testType. ofstream& testFile, LStatistic* staArray. int methodType. BOOL isLinkedList= FALSE):

remplate <cluss TYPE>
void slistTest (TYPE &testType. ofstream& testFile);

template <class TYPE>
void AVLBTreeTesttTYPE &tesiType. ofsiream &testFile);

it print out the statistical result
void printStaRepori(ofsiream& ofs. const int testType);

1/
1t Function: main
1 Descritpion:  main() function for the test program.
it Errors Generated: None
It Limitations:
i
int main(void)
{
ofstream staFile(statisticFile_S);
ofstream testFile;

setTestNum(10000. 400000, 20000);

1"
11 Print out the statistical result.
1"

staFile << endl:
staFile << "NOTE THAT\n";

staFile << time or space required using null pointer method\n";
staFile << "Ratioes = \n";
staFile << " time or space required using null object method\n";

staFile << endl << endl;

1t Test binary tree.
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/R —

1 test null object method
cour << "test binary tree — null object” << endl;

testFile.open(testTreeFile_S. ios::our):

LBTree objBTree;

testFile << tf=================-=====-====—============cz==z==== " << endl;
testFile << " Test Binary Tree Built With Null Node Object” << endl;

testFile << I===============z===== ==== = = ==" << endl

generalTest(objBTree, testFile. staBTreeResult_G. obj E);
testFile.close();

/1 test null pointer method.

cout << "test binary tree - null pointer" << end|;

testFile.open(testPtrTreeFile_S. ios::out);

LPirBTree ptirBTree;

restFile << "\I=========c========= ===== ========zz=======" << end!
testFile << "\t Test Binary Tree Built With NULL pointers” << endI;

testFile << \I========sxc==c=—c====== === ===========z==s=====" << endl;

generalTest(pirBTree. testFile. staBTreeResult_G, pir_E);
testFile.close():

/ print the siatistical resulr
printStaRepori(staFile. binaryTree_E);

/"
!t Test template binary tree of double.
u

/1 test null object method
cout << "tesr template binary tree <double> -- null object” << endl:

testFile.open(1estDbITmplTreeFile _S. ios::our);
LTmp(BTree<double> objDb{TmpIBTree;

testFile << "y==z=z==========S=z=z=z==z=====z==-=============z=scz====—==z====z====z==" <<
endl;

lestFile << "zt Test Template Binary Tree <double> Built With Null Node Objects" << endl;

testFile << "y==z===z========S=zz======cc=c=============zz=z==z==s======—====z====" <<
endl;

generalTest(objDbITmplBTree. testFile. staDblTmplBTreeResult_G. obj_E);
testFile.close();

11 test null pointer method.

cout << "test template binary tree <double> -- null pointer” << endl;

testFile.open(resiDbITmplPirTreeFile_S, ios::out);
LTmplPirBTree<double> ptrDblTmplBTree;

testFile << "\I============zsz=========c-================-=s=z-zc=s=====—======= << endl;

testFile << ™y Test Template Binary Tree <double> Built With NULL poiniers" << endl;

testFile << "t=======z=====s==s=========z-===sccozz=z=o=======z=cz==========z======= << endl:

generalTestptrDbITmplBTree, testFile. staDbITmplBTrecResult_G, pir_E);
testFile.close():

/ print the statistical result
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printStaReport(staFile, dbITmplBinaryTree_E);

1t
/I Test template binary tree of int.
i

/! test null object method
cout << "test template binary tree <int> -- null object” << end!;

testFile.open(testimTmplTreeFile_S. ios::out);
LTmplBTree<inr> objlniTmplBTree:

testFile << "t========= == ===z ==s=====S=z=s============
testFile << ™t Test Template Binary Tree <int> Built With Null Node Objects” << endl;

testFile << "t================ === == ===z======

generalTest(objlmTmpiBTree. 1estFile. stalntTmplBTreeResult_G, obj E);
testFile.close();

11 test null pointer method.

cout << "lest template binary tree <inr> -- null pointer" << endl;

testFile.open(testintTmplPirTreeFile S, ios::out);
LTmplPtrBTree<inr> ptrintTmplBTree;

testFile << "™ Test Template Binary Tree <int> Built With NULL pointers” << endl;

lestFile << "t==========c====sss======s====s=zcz==z======zz=z==

generalTestptrintTmplBTree. tesiFile. stalniTmplBTreeResult_G. ptr_E);
testFile.close();

il print the statistical result
printStaReport(siaFile. intTmplBinaryTree_E):

/i Test AVL binary tree.
17

i test null object method
cout << "test AVL binary tree -- null object” << endl:

testFile.openttestAVLTreeFile_S. ios::out):
LAVLBTree objAVLBTree:

testFile << I======c-===z====zc=====z==========cc==z==========

testFile << ™t Test AVL Binury Tree Built With Null Node Object” << endl:

testFile << f=====cz-z=====c=s=s=====s-co-=-——r==mcccommmmm———o

AVLBTreeTest(objAVLBTree. 1estFile);
generallTest(0bjAVLBTree, testFile. staAVLBTreeResult_G, ob j_E)

testFile.close();
/1 1est null pointer method.
cout << "test AVL binary tree - null pointer” << endl;

testFile.open(1estPtirAVLTreeF. ile_S. ios::out);
LPtrAVLBTree pirAVLBTree:

testFile << "\I====z=====================c=====c=z=zcmc-—z=c==—

testFile << "™t Test AVL Binary Tree Built With NULL pointers” << endl:

testFile << "\l::::::::::::::::::===:============:======:=:==

AVLBTreeTest(ptrAVLBTree. testFile);
generalTest(ptrAVLBTree. testFile. stauAVLBTreeResult_G. ptr_E);

168

=======z==========" << endl;

==================" << endl:

===" << ¢nd!;

===" << endl;

==" << endl;

==" << endl;



testFile.close();

11 print the statistical result
printStaReport(staFile. AVLBinaryTree_E);
/1 Test singly linked list
/.

setTestNum(10000, 100000, 10000):

1 test null object method
cout << "test singly linked list -- null object™ << endl;

testFile.open(testSListFile_S. ios::out):

LSList objSList;

testFile «< "y===zz=zz==z===========c===cz-=z==s=—-———c—sco——z-==—z—=———== " << endl:
testFile << ™t Test Singly linked list Built With Null Node Object” << end|;

testFile << "I=s=====z============= =========o=======" << endl;

slistTest(objSList, testFile);
generalTest(objSList. tesiFile. staSListResult_G. obj E.TRUE):

testFile.close();

11 test nudl pointer method.
cout << "test singly linked list - null pointer” << endl;

testFile.open(testPirSListFile_S. ios::out);

LPrtrSList ptrSLis:;

{elei[e << "\l::::::::::::::::=:===::============:::============" << en([[_'
testFile << ™t Test Singly linked list Built With NULL pointers” << endl;

testFile << "\I==oz===z====z=c==z=z===—-cz===—cc-ccr-romr-—=—c—m======" << endl:

slistTesuptrSList. testFile);
generalTestpirSList. testFile. staSListResult_G. ptr_E. TRUE):

testFile.closet );

it print the statistical result
printStaReport(staFile. singleLinkedList_E);

return 0:;

}

7
/1 Function: printStaRepaort
il Descritpion:  Print out the statistical report.
/1 Errors Generated: None
/1 Limitations:
"
void printStaReport

( ofstrreamé& staFile.,

const int tesiType)

{

LStaristic* pStaArray;
inri;

switch (tesiType)

{

case binaryTree_E:

1
/1 Print out the statistical results

/1 for implementing the binary iree.
1
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staFile << "=============z==z=z====== ===========z==zz===
staFile << " Compare the two methods for implementing a binary tree \n";

slaFile << "s====s===========================================z====
pStaArray= staBTreeResult_G:
break;

case singleLinkedList_E:
1
/f Print out the statistical results

/I for implementing the binary tree.
"

staFile << "=============m=============m=-==-=c=czZ==T==oo=T=========
staFile << " Compare the two methods for implementing a singly linked list\n";
staFile << "=============z=z=z=====z= ==== ===== ====

pStaArray= staSListResult_G:
break;

case dblTmplBinaryTree_E:

I
/1 Print out the siatistical results

/i for implementing the template binary tree of double.
1

staFile << "=============coco=ocorzss==-oo=========S=SS=-===S=====z====c
staFile << " Compare the nve methods for implementing a remplate binary tree \n":

staFile << " Data rype is: double\n”;

staFile << "'====zc==c==zczo====m========c===—-=c-o==Z===-=—======—========
pStaArray= staDblTmplBTreeResult_G:

break:

case intTmplBinaryTree _E:

1"
1 Print out the statistical results

!t for implementing the templaie binary tree of int.
1

slaFile << "s======coo=SsoosocooS=s==—=z=o=so=S=SSnoSSD=S==oo=T=so=o===
staFile << " Compare the nvo methods for implementing a template binary tree \n";

staFile << " Data rype is: integer\n";

staFile << "======c======z-=s=====-=-=========c=sc-=====-=-zsz=-======
pStaArray= stalntTmplBTreeResult_G;

break;

case AVLBinaryTree_E:

1"
/1 Print out the statistical results

! for implementing the AVL binary iree.
1

staFile << oo =——=—=C-=s=-=s=—s=—==CoSC TS SCoCS=====S=S=S=S=moo———=—
staFile << " Compare the nvo methods for implementing an AVL binary tree \n";

pStaArray= staAVLBTreeResult_G:

break;
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default:
assert(FALSE);

break:

}

double minAccessTimeRatio,
maxAccessTimeRatio,
aveAccessTimeRatio,
sumAccessTimeRatio= 0.
minBuildTimeRatio,
maxBuildTimeRatio,
aveBuildTimeRatio,
sumBuildTimeRatio= 0,
minSpaceRatio.
maxSpaceRatio.,
aveSpaceRatio,
sumSpaceRatio= 0;

i
11 Calculate the access time. the build time

I/ and the space ratioes for the rwo methods.
1

for(i=0;i < staNum_G; i++)
pStaArrayfi].calcRatioes();

if(i==0)
{

minAccessTimeRatio= maxAccessTimeRatio= sumAccessTimeRatio= pStaArray[i].getAccessTimeRatiot )
minBuildTimeRatio= maxBuildTimeRario= sumBuildTimeRatio= pStaArray(i].getBuildTimeRatio();
minSpaceRatio= maxSpaceRatio= sumSpaceRatio= pStaArray[i].getSpaceRatio( )

}

else

{
minAccessTimeRatio= (minAccessTimeRatio <= pStaArray[i].getAccessTimeRatio( ))? minAccessTimeRatio :

pStaArray[if.getAccessTimeRatio();
maxAccessTimeRatio= (maxAccessTimeRatio >= pStaArray(i].getAccessTimeRatio())? maxAccessTimeRatio :

pStaArray[i].getAccessTimeRatiol );
sumAccessTimeRatio+= pStuArray(i].getAccessTimeRatio();

minBuildTimeRatio= (minBuildTimeRatio <= pStuArray(i].getBuildTimeRatio( ))? minBuildTimeRatio :

pStaArray(i].getBuildTimeRario( );
maxBuildTimeRatio= (maxBuildTimeRatio >= pStaArray[i].getBuildTimeRario( ))? maxBuildTimeRatio :

pStaArrax(i].geiBuildTimeRatio( );
sumBuildTimeRatio+= pStaArray[i].getButldTimeRatio( )

minSpaceRario= (minSpaceRatio <= pStaArray(i].getSpaceRatio())? minSpaceRatio : pStaArray(i].getSpaceRatio():
maxSpaceRatio= (maxSpaceRatio >= pStaArray[i].getSpaceRatio()}? maxSpaceRatio : pStaArray[i].getSpaceRatio();

sumSpaceRatio+= pStaArray(i].getSpaceRatiof( );

}
}

aveAccessTimeRatio= sumAccessTimeRatio | staNum_G;
aveBuildTimeRatio= sumBuildTimeRatio | staNum_G:
aveSpaceRatio= sumSpaceRatio | staNum_G:

"
11 print out the result about the build time

1

staFile << "Build Time Ratio:\n";
staFile << "-ecmemcmsonnnacd \n"';

Jor(i=0;i < staNum_G: i++)

pStaArray(i].printReport(staFile. LStatistic::buildTime_E);
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staFile << "BuildTimeRatio(min)= " << minBuildTimeRatio << endl:
staFile << "BuildTimeRatio(maxj= " << maxBuildTimeRatio << endl;
staFile << "BuildTimeRatio(ave)= " << aveBuildTimeRatio << endl;

staFile << endl;

i
it print out the result abour the access time
1

staFile << "Access Time Ratio: \n"';
staFile << "eommennceceeeae, —-\n";

Jor (i=0;i < staNum_G: i++)
{
pStaArray[i] printReport(staFile. LSatistic::accessTime_E);

staFile << "AccessTimeRatio(min)= " << minAccessTimeRatio << endl;
staFile << "AccessTimeRatio(max)= " << maxAccessTimeRatio << endl;
staFile << "AccessTimeRatio(ave)= " << aveAccessTimeRatio << endl:
staFile << endl;

i
/1 print oul the result about the space
1

staFile << "Space Ratio:\n";
staFile << "eemeeeeeeoip”;

for (i=0;i < staNum_G: i++)
{

pStaArray(i].printRepori(staFile. LStatistic::space_E);

stafFile << "SpaceRatiotmin)= " << minSpaceRatio << endl:
staFile << "SpaceRatio(max)= " << maxSpaceRatio << endl;
staFile << "SpaceRatiotave)= " << aveSpaceRatio << endl;
staFile << end! << endl;

}

! /‘

1 Funcrion: generalTest

i Descritpion:  Template function for testing different

" implementation of the trees and linkes list.

1+ Errors Generated: None
/i Limitarions:

.t

remplate <class TYPE>
void generalTest (TYPE &testType. ofstream &testFile. LStatistic* staArray. int methodType. BOOL isLinkedList)
{

char strBuff[256);

TYPE cpType.

largeType:
LRandomGen rg(seed_S);
int i

/"
/! Generate nodeNum_S random numbers and
1¢ insert the numbers into data structure.

1

Jor (i= 0; i < nodeNum_S; i++)
{

testType.inseri(rg(maxTesiNum_S)):

sprintfistrBuff. "il Here is a data structure with %d random numbers:", nodeNum_S);
newTest(testFile, sirBuff);
testType.iraverse(testFile);
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"
I/l Test operator =().
i

cpType=testType:
newTest(testFile. "li The following data siructure is a copy of the above one:");
cpType.traverse(testFile);

1
it Insert numli_S. num2_S. etc.
"

testType.insert(numl_S);
testType.insert(num2_S);
testType.insert(num3_S);
testType.insertinum4_S);
testType.insert(num5_S);

sprinifistrBuff. "Ii Afier inserting %ld. %ld. %Id. %Id, %Id:".
nauml_S. num2_S, num3_S. num4_S. num5_S):

newTest(testFile. sirBuff);
testType.traverse(testFile);

"
11 Test search
1

newTest(testFile. "/! Search for the newly inserted numbers"):

if (testType.search(numi_S))
{

testFile << "Find number " << num!_S << endl:

}

else

{

testFile << "Cannot find number " << num!_S << endl;

4

if 1estType.searchinum2_S))

{

testFile << "Find number " << num2_S << endl;

}

else

{

testFile << "Cannor find number " << num2_S << end|:

}
if testType.searchinum3_S))
{

testFile << "Find number " << num3_S << endl:
}

else

{

testFile << "Cannor find number " << num3_S << endl;

}
if (testType.searchinum4_S))

testFile << "Find number " << num4_S << endl;

}

else

{
testFile << "Cannot find number " << num4_S << end|:
}
if testType.search(num5_S))
{

testFile << "Find number " << num5_S << endl;
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}
else
{
testFile << "Cannot find number " << num5_S << endl:

}

il
1t Try 1o search for a random generated number.
7
const int randNum= rg(maxTestNum_S);

if (testType.search(randNum})
{

testFile << "Find random number " << randNum << endl:

}

else

{

testFile << "Cannot find random number " << randNum << end!:
}

174
il Remove the first three test numbers
I

newTest(testFile, "Ii Remove rest”);

testType.remove(numi_S);
testType.remove(num2_S);
testType.remove(num3_S):

testFile << "===After removing ":
testFile <<numl_S <<"." <<num2 S <<"."<<num3_S§<<" \n\n";

testType.traverse(testFile )
/

/! Remove the last nvo test numbers.
"

testType.remove(numé_S);
testType.remove(num5_S);

testFile << endl << "===Afier removing "';
testFile << num4_§ << ". " << numS_S << ".\n\n";

testType.traverse(testFile);
1/

/i Remove a random genarated number.
1t

newTest(testFile, "/l Remove a random number from the above structure.”);
if (testType.remove(randNum))

testFile << "Successully remove " << randNum << endl;
else

testFile << "Cannot remove " << randNum << endl;

/1
/i Empry struture.
1

newTest(testFile. "Il Afier empry(). the above duta structure become:" );
testType.empry();
testType.traverse(testFile):

1
1! Measure build time. access time and space requirements
{1 to build a large tree or linked list.

"
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struct _timeb startTime. endTime;
double elapsedTime;

newTesi(testFile. "/ Measure time needed to build and access the data structure.”);
int testNum= 0;

STA_FOR_LOOP(j)

{

cout << j << endl;

1/
11 Store the node number to the siatistical resuls array.
7

staArray{testNum].set; ‘odeNumber(j);

testFile << "====== Daa structure with " << j<< "nodes ======" << end|:

1
/i Time used 10 build a j-node iree
1"

_ftime(&startTime):
Jor(i=0;i<j:i++}
{

largeType.inseri(rg());
_ftime(&endTime);
elapsedTime= (endTime.time - stariTime.time) * 1000 + endTime.millitm - startTime.millitm:
testFile << "Time 10 build the dara structure: * << elapsedTime << " milliseconds" << endl:
"
! Store the build time using the null object method into the

il statistical resudr array.
1

if (methodType == obj E)
staArray(testNum].setObjBuildTime( elapsedTime);
else if (methodType == prr £
staArray(testNum].setPtrBuildTime(elapsedTime);
else
assert(Q);

13
/ Time that is needed 1o access the data
/1 structure for j times.

1

if (isLinkedList)
{
_fime( &startTime);
Jor (i=0:i < 500; i++)
{
largeType.search(rgi));

_fiime(&endTime ):

else
{
_fiime(&stariTime):
Jor(i=0;i<j; i++)
{
largeType.search(rg());

}
_fiime( &endTime );
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elapsedTime= (endTime.time - startTime.time) * 1000 + endTime.millimm - startTime.millitm;
testFile << "Time 10 access the data structure for " << j << " times: " << elapsedTime << " milliseconds" << endi:

12
/! Store the access time using the null object methad inio the
/! statistical result array.

"

if (methodType == obj E)
staArray[testNum].setObjAccessTime(elapsedTime);
else if (methodType == ptr_E)
staArray(testNum].setPirAccessTime(elapsedTime);
else
assert(0);

H
It Calculate the space required by
/! the tree.

/"

unsigned long treeSpace= largeType.space():
testFile << "Space required 10 build the data structure: " << treeSpace << " bytes" << endl << endl:

14
/1 Store the space required using the null object method into the
/I statistical resulr array.

"

if tmethodType == obj E)
staArray[tesiNum].setObjSpace(treeSpace);
else if (methodType== pir_E})
staArray(testNum].setPtrSpace(treeSpace):
else
assert(0):;

f7 et e m—————————
!t Empry the large tree.
£ mmetccececmemmce—eaaan

largeType.empry();
1estNum+ +;

/"
/i Function: slistTest

/i Descritpion: Do part of the basic functional test for
1" singly linked lis1.

i Errors Generated: None

/t Limitations:

/"
template <class TYPE>

void slistTest (TYPE &iesiType. ofstream &testFile)
{

int i

1t
/1 Test insert(). append( ) and remove()
"

Jor(i=1:i<=10;i++)
{
testType.insert(i);

}

newTest(testFile, "i1 Test insert(), append() and remove()");
testFile << endl << "Afier inserting numbers 1 10 10: " << endl;
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testType.traverse(testFile);

Jor (i=1;i<=10;i++)
{
testType.append(i);

testFile << endl << endl << "Afier appending numbers I to 10: " << endl;
testType.traverse(restFile);

int nRemoved;

nRemoved= testType.remove(l);

testFile << endl << "After removing 1:" << endl:
testType.traverse(testFile);

testFile << endl << "Number of nodes removed: " << nRemoved << endl;

nRemoved= testType.remove(2);

restFile << endl << "After removing 2:" << endl;
testType.traversetiestFile);

testFile << endl << "Number of nodes removed: " << nRemoved << endl;

nRemoved= 1estType.remove(ll);

testFile << endl << "After removing 11:" << endl;
testType.traverse(testFile);

testFile << endl << "Number of nodes removed: " << nRemoved << endl;

testType.empry();

i
/l Insert five 2 and remove 2.
"

Jor (i=0;i<5: i++)
{

testType.insert(2);

neswTesittestFile, "/ Insert five 2s and remove 2:");

testFile << endl << "After insert five 25:" << endl;
testType.traverse(testFile );

nRemoved= testType.remove(2);

testFile << endl << "After removing 2:" << endl;
testType.raverse(testFile);

testFile << endl << "Number of nodes removed: " << nRemoved << endl;

testType.empry();

1
/I Function: AVLBTreeTest
Il Descritpion: Do part of the functional test for AVL binary
1" ree.
It Errors Generated: None
It Limitations:
I
template <class TYPE>
void AVLBTreeTest(TYPE &testType. ofstream &testFile)
{

char sirBuff[256);

int i

LRandomGen rg(seed_S):

1
/1 Build a tree with numbers ! to 100.
I
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Jorti=1;i<=100;i++)
{
testType.insert(i);

}

sprintfistrBuff. "t/ Here is a height balance tree with numbers | 10 %d (right rotation):", i-1);
newTest(testFile, strBuff);
testType.rraverse(testFile);

sprintfistrBuff. "After removing "):
char imp[10]:

for (i=200;i>=1:i--)
{
int x=rg(100);
testType.remove(x);
sprintfirmp, "%d, ", x);
streat(strBuff. imp);
if((i % 20 == 0) && (i /= 200))
{
newTest(testFile, sirBuff);
testType.traverse(testFile);
sprintf(sirBuff. "After removing ");

}

"

1/ Build a tree with numbers 30 10 |
"

Jor (i=30:i>=1:i--)
{
testType.inseri(i);

Y

sprintfistrBuff. "i/ Here is a height balance tree with numbers 30 to 1 (left rotation):" )
newTest(testFile. sirBuff);

testType.traverse(testFile );

testType.empty();

it
1t Select a group of number 1o test double rotation.

i 30. 10. 30.55,.51.5.9.52. 53
/"

testType.insert(30);
testType.insert(10);
testType.insert(50);
testType.insert(55);
testType.insert(51);
testType.insert(5);

testType.insern(9);

testType.inseri(52);
testType.insert(53);

sprintfistrBuff. "/t Here is a height balance tree with double rotation");
newTesttestFile, strBuff):

testType.traverse(testFile );

testType.empry();
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Test Result 1: TestTree.txt

b et T g . L e T T T,

Test Binary Tree Built With Null Node Object

R S NS S ST sSISC S CSSSSCS=SsS=SSraos oo ssaSsESSSSTSoo=

LILLL771 1777777777777 7 7777777777777 77777 727777777/777//77777777
// Here is a data structure with 10 random numbers:

LILLLLLLI LI I 2777777077777 77 7777777777777 7777707777777 7777777/7/

NIL <====== 35 NIL

35 <= 604 1213
NIL <= 810 NIL
810 <= 1213 6152
NIL <= 3956 NIL
3956 <= 6102 NIL
6102 <= 6152 9609
NIL <= 6383 9221
NIL <= 9221 NIL
6383 <= 9609 NIL

LILLLLLIILLI 1272777777077 07 7777700777777/ 777777707777 7777777/7777

// The following data structure is a copy of the above one:

LILLLLLIILLI 1217777777777 7777777777777 777777770777 777777777777/777

NIL 35 NIL

35 604 1213
NIL 810 NIL
810 1213 6152
NIL 3956 NIL
3956 6102 NIL
6102 6152 9609
NIL 6383 9221
NIL 9221 NIL
6383 <====== 96C9 =====z=> NIL

LILLLLLLLLI P11 7707777777777 077 7777777777777 77777777777777777/7777777
// After inserting 12345, 4321, 15, 8876, 5034:

LILLLLLLIIILILL 7777777777777 7 7777777777777 7777770727777777777777777

NIL (=sS==== 15 NIL
15 < = 35 NIL
35 < = 604 1213
NIL < = 810 NIL
810 < = 1213 6152
NIL <== = 3956 4321
NIL <== = 4321 5034
NIL <== = 5034 NIL
3956 <== = 6102 NIL
6102 <====== 6152 9609
NIL <==s==== 6383 9221
NIL <== 8876 NIL
8876 <== 9221 NIL
6383 <== 9609 12345

NIL <====== 12345 NIL

L1018 7L1 7777777777777 7777777777777777777777777777777777777777777777
// Search for the newly inserted numbers
LILIILIL7L7 7177777777777 777 777777777777 777777777777/07777777777777

Find
Find
Find
Find
Find

number
number
number
number
number

12345
4321
15
8876
5034
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Cannot find random number 7762

LIL7LLLL L7777 7L/ /7777777 77777 /777 /7777777777
// Remove test
LI 777777777077 777 SIS 77/ 7/ 7777/ /77777

===After removing 12345, 4321, 15,

35 ====x=> NIL
604 ====ma 1213
810 s=====) NIL

1213 =sm===> 6152
3956 ====c=> 5034
5034 ======> NIL
6102 ====m=) NIL
6152 s=====> 9609
6383 ======)> 9221
8876 ======> NIL
9221 ======> NIL
9609 ====s=> NIL

35 ======> NIL
604 ===== 1213
810 ======) NIL

1213 6152
3956 NIL
6102 NIL
6152 9609
6383 9221
9221 NIL
9609 NIL

LIL7 7707777777777 7777 7777707777777 77777777/7777777777/777/777777
// Remove a random number from the above structure.

LELILLIL 777777 7177777777777 77777777777/ 7777777777777 777/777

Cannot remove 7762

L1711 7 7777777777777/ 777777777777777777777777777/77777/7777777777/7/777
// After empty(), the above data structure become:

LILLI 2177770777770 7 777777 7777 1777 /77 7777777777777/ 77/7/77/

L1770 7777 7777707 77777777777777 777777727 777777777777777777777777777777
// Measure time needed to build and access the data structure.

LI/LL7 777777270777 277777 77777777777 7777777777777/777/777/77/77777/7/77/777

====== Data structure with 10000 nodes ======

Time to build the data structure: 120 milliseconds

Time to access the data structure for 10000 times: 90 milliseconds
Space required to build the data structure: 160012 bytes

====== Data structure with 30000 nodes ======

Time to build the data structure: 371 milliseconds

Time to access the data structure for 30000 times: 330 milliseconds
Space required to build the data structure: 480008 bytes

====== DpData structure with 50000 nodes ======

Time to build the data structure: 640 milliseconds

Time to access the data structure for 50000 times: 621 milliseconds
Space required to build the data structure: 800008 bytes

====== Data structure with 70000 nodes ======

Time to build the data structure: 941 milliseconds
Time to access the data structure for 70000 times: 921 milliseconds
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Space required to build the data structure: 1120008
====== Data structure with 90000 nodes ======

Time to build the data structure: 1462 milliseconds
Time to access the data structure for 90000 times:
Space required to build the data structure: 1439992

====== Data structure with 110000 nodes ======

Time to build the data structure: 1633 milliseconds
Time to access the data structure for 110000 times:
Space required to build the data structure: 1760008

====== Data structure with 130000 nodes ======

Time to build the data structure: 1983 milliseconds
Time to access the data structure for 130000 times:
Space required to build the data structure: 2079976

Data structure with 150000 nodes ======

Time to build the data structure: 2384 milliseconds
Time to access the data structure for 150000 times:
Space required to build the data structure: 2399960

Data structure with 170000 nodes
Time to build the data structure: 2774 milliseconds
Time to access the data structure for 170000 times:
Space required to build the data structure: 2719960

Data structure with 190000 nodes ======

Time to build the data structure: 3025 milliseconds
Time to access the data structure for 190000 times:
Space required to build the data structure: 3039864

Data structure with 210000 nodes ======

Time to build the data structure: 3605 milliseconds
Time to access the data structure for 210000 times:
Space required to build the data structure: 3359896

Data structure with 230000 nodes
Time to build the data structure: 3825 milliseconds
Time to access the data structure for 230000 times:
Space required to build the data structnre: 3679960

Data structure with 250000 nodes
Time to build the data structure: 4276 milliseconds
Time to access the data structure for 250000 times:
Space required to build the data structure: 3999928

Data structure with 270000 nodes
Time to build the data structure: 4747 milliseconds
Time to access the data structure for 270000 times:

Space required to build the data structure: 4319896

====== pata structure with 290000 nodes ======
Time to build the data structure: 4967 milliseconds
Time to access the data structure for 290000 times:

Space required to build the data structure: 4639800

Data structure with 310000 nodes ======

Time to build the data structure: 5398 milliseconds
Time to access the data structure for 310000 times:
Space required to build the data structure: 4959832
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Test Result 2: TestPtrTree.txt

T Eo s T OSSR CAS S oSS SRSESSSITEI=T RS

Test Binary Tree Built With NULL pointers

EEr—sss oSS CERERIES S ST =SS SSSCEESCE SRS

VP20 00020004448l it iisisssdiid
// Here is a data structure with 10 random numbers:

VI 24200424002004002000 000000040 diieiililiiidiisisesds

NIL g====== 35S ==ms==> NIL
35 <====== 604 ======3 1213
NIL ====== 810 =m====> NIL
810 (m=m=== 1213 =sm===> 6152
NIL <====== 3956 s=====> NIL
3956 <z====== 6102 = > NIL
6102 <z====== 6152 = => 9609
NIL <====== 6383 = => 9221
NIL 9221 = = NIL
6383 9609 = NIL

VI 0200020000000 00000000200 04000 0000 iiddiiisiiisiiiiiiesss
// The following data structure is a copy of the above one:

VI8 02220 2022020020740040400244204070424 i iiidiiiisiiieasds

NIL 35 ===== NIL
35 604 = 1213
NIL 810 = NIL
810 1213 = 6152
NIL 3956 = NIL
3656 6102 ====== NIL
6102 6152 = 9609
NIL 6383 = 9221
NIL 9221 = NIL
6383 9609 = NIL

V2220024220000004000iipiiiiiiiiiiiiiiiiiiiiiidiiiiiieideesesd
// After inserting 12345, 4321, 15, 8876, 5034:
VP22 2200022220000 000000000000200004ieeidiisiiiiisissisigiiisd

NIL <====== 15 = NIL
15 < 35 = NIL
35 < 604 = 1213
NIL < 810 = NIL
810 < 1213 = 6152
NIL 3956 s===== 4321
NIL 4321 = 5034
NIL 5034 = NIL
3956 6102 = NIL
6102 6152 = 9609
NIL 6383 = 9221
NIL = 8876 = NIL
8876 = 9221 = NIL
6383 = 9609 = 12345

NIL <====== 12345 = NIL

JI70777707777777777777077777777777777777770707777777007/777077///7//7/
// Search for the newly inserted numbers

LI707777727777777777/07777777777777727777777777077777/07777777/77/777

Find number 12345
Find number 4321
Find number 15
Find number 8876
Find number 5034
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Cannot find random number 7762

L7011/ 7777777777777 7 7 777 71 7777 7 7 7777 77777777
// Remcve test
LI 77777777777 7777 7777777777777/ 77777777777777727777/777/7777777777

===After removing 12345, 4321, 15,
NIL <==z==== 35 m=====> NIL
35 <====== 604 ======> 1213
NIL <s===== 810 ==ssc=> NIL
810 <====== 1213 s=====> 6152
NIL <===e=== 3956 =ss===> 5034
NIL <s=a=== 5034 ======> NIL
3956 <====== 6102 =maz==d NIL
6102 <=s===== 6152 ======> 9609
NIL <====== 6383 =m====> 9221
NIL <====== 8876 ==s=== NIL
8876 <====== 9221 s=as==> NIL
6383 ====== 9609 ==s===> NIL
===After removing 8876, 5034,

NIL <====== 35 ======> NIL
35 <= 604 s=====> 1213
NIL <= 810 ===a==> NIL
810 C==== 1213 = 6152
NIL = 3956 NIL
3956 <= 6102 NIL
6102 <= 6152 9609
NIL <= 6383 9221
NIL <= 9221 NIL
6383 <= 9609 NIL

L1777 7 777777707 777777777777777777777777777770777/777777777777/7777777
// Remove a random number from the above structure.

LILLLI7 0720777707777 7 7777777777777 7707777777777 777777777777777777/777

Cannot remove 7762

L1107 7777770777777 777777777777777777777777777777777/77777777/77777777
// After empty(), the above data structure become:

LILLL1 0777707777777 7 7777777777 777727777777 7777777777/7777/777777777/

L0177 0 7777770770777 777777777277 7777777777777 70777777777777/7777/777777
// Measure time needed to build and access the data structure.

LILILLLI LIS I1 707777077/ 7771777777777/ 7 77777777777

Data structure with 10000 nodes ======

Time to build the data structure: 140 milliseconds
Time to access the data structure for 10000 times:
Space required to build the data structure: 160008

=xx===

90 milliseconds
bytes

====== Data structure with 30000 nodes
Time to build the data structure: 411 milliseconds
Time to access the data structure for 30000 times:
Space required to build the data structure: 480008

360 milliseconds
bytes

Data structure with 50000 nodes ======
Time to build the data structure: 731 milliseconds

Time to access the data structure for 50000 times:
Space required to build the data structure: 800008

—————— Data structure with 70000 nodes
Time to build the data structure:

Time to access the data structure for 70000 times:
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Space required to build the data structure: 1120008
====3= Data structure with 90000 nodes ======

Time to build the data structure: 1662 milliseconds
Time to access the data structure for 90000 times:
Space required to build the data structure: 1439992

====== Data structure with 110000 nodes ======

Time to build the data structure: 1882 milliseconds
Time to access the data structure for 110000 times:
Space required to build the data structure: 1760008

====== Data structure with 130000 nodes ======

Time to build the data structure: 2293 milliseconds
Time to access the data structure for 130000 times:
Space required to build the data structure: 2079976

Data structure with 150000 nodes ======

Time to build the data structure: 2694 milliseconds
Time to access the data structure for 150000 times:
Space required to build the data structure: 2399960

Data structure with 170000 nodes ======
Time to build the data structure: 3195 milliseconds
Time to access the data structure for 170000 times:

Space required to build the data structure: 2719960

Data structure with 190000 nodes ======

Time to build the data structure: 3485 milliseconds
Time to access the data structure for 190000 times:
Space required to build the data structure: 3039864
Data structure with 210000 nodes ======
Time to build the data structure: 3916 milliseconds
Time to access the data structure for 210000 times:
Space required to build the data structure: 3359896

Data structure with 230000 nodes
Time to build the data structure: 4416 milliseconds
Time to access the data structure for 230000 times:
Space required to build the data structure: 3679960

Data structure with 250000 nodes
Time to build the data structure: 4767 milliseconds
Time to access the data structure for 250000 times:
Space required to build the data structure: 3999928

—————— Data structure with 270000 nodes
Time to build the data structure: 5378 milliseconds
Time to access the data structure for 270000 times:
Space required to build the data structure: 4319896

Data structure with 290000 nodes ======

Time to build the data structure: 5598 milliseconds
Time to access the data structure for 290000 times:
Space required to build the data structure: 4639800

====== pData structure with 310000 nodes
Time to build the data structure: 6049 milliseconds
Time to access the data structure for 310000 times:
Space required to build the data structure: 4959832
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Test Result 3: TestIntTmplTree.txt

Test Template Binary Tree <int> Built With Null Node Objects

Ao EorCTSSRSCCoESasoossSTEa==

L1117 17777700777 S 7777 777 777 7777777777777 777777777
// Here is a data structure with 10 random numbers:

LIVII 0707707770777 777 7777 1777777777777 77/77/77

NIL <==m=== 35 =m====> NIL
35 <====== 604 s=m===> 1213
NIL C===m== 810 m==e==> NIL
810 = 1213 =a=e==> 6152
NIL = 3956 s=====> NIL
3956 = 6102 ======> NIL
6102 = 6152 ====== 9609
NIL c====== 6383 m=m===> 9221
NIL <=s===== 9221 ======> NIL
6383 C====== 9609 e NIL

LILI7IL 7007777777777 P77 77777777777 7777777/

// The following data structure is a copy of the above one:

LILLL1/2 0717777770777 7 777777 7777777777777/ 777777777/777777

NIL 35 s=====> NIL

35 604 = ==> 1213
NIL 810 = ==> NIL
810 1213 = ==> 6152
NIL 3956 = ==> NIL
3956 6102 = ==> NIL
6102 6152 = ==> 9609
NIL 6383 = ==> 9221
NIL 9221 = ==> NIL
6383 9609 ======> NIL

LIIILIILI7 17777 77777777777 7777777 77777/ 7777777777777
// After inserting 12345, 4321, 15, 8876, 5034:

LILLLLI 770777717 7777777777727/ P 7777 777777777 7/77777777

NIL 15 NIL
15 35 NIL
35 604 ======)> 1213
NIL 810 s======) NIL
810 1213 6152
NIL 3956 = 4321
NIL 4321 ======> 5034
NIL 5034 s=====> NIL
3956 6102 s=====> NIL
6102 6152 ======> 9609
NIL 6383 s=====> 9221
NIL 8876 ====== NIL
8876 9221 =szm=a= NIL
6383 9609 12345

NIL 12345 NIL

LIILILI 77777777 7727777777777 7/7 777777777777 777777777777777777/7/77777
// Search for the newly inserted numbers
L1117 77 7707777777777 7 7777777 7 7S P72 77777777777 77/7777/

Find
Find
Find
Find
Find

number
number
number
number
number

12345
4321
15
8876
5034
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Cannot find random number 7762

L0011 007 17777777777 00777 7777777777777 77777777777777777777777777777/
// Remove test
L1117 7 7701777707777 77777 77 777 7177777777777 777777777777/

===After removing 12345, 4321, 15,

NIL ====== 35 ======> NIL

35 <====== 604 s=s===> 1213
NIL <====== 810 mmama=> NIL
810 <====== 1213 ===m==> 6152
NIL <====== 3956 ======> 5034
NIL <====== 5034 s======) NIL
3956 <==z=== 6102 ==z===> NIL
6102 <==mm=== 6152 ======3 9609
NIL <m====== 6383 =s==n=) 9221
NIL <====== 8876 ===om=) NIL
8876 9221 ===e==> NIL
6383 9609 ==za==> NIL

===After removing 8876, 5034,

NIL <====== 35 NIL

35 <====== 604 1213
NIL <=mo== 810 NIL
810 <= 1213 6152
NIL <= 3956 NIL
3956 <= 6102 NIL
6102 <= 6152 9609
NIL <= 6383 §221
NIL <= 9221 NIL
6383 C====== 9609 NIL

LI7777277877777777777777777 7777777777777/ 77777777777777777777/77777777
// Remove a random number from the above structure.
L1271 177777 7777727777777 7777777777777 7777772777/77/7777/77/77777/777/

Cannot remove 7762

LILILLII L7177 7 17777277 PSS P77 77777/ 777 7777777777777
// After empty(). the above data structure become:
L1107 7 7277077277777 70 7777777777777 77777777 777777/77777/77777

L1107 77 7777777777777 777 /7777777777777 777777777777/77/7777277777/7777
// Measure time needed to build and access the data structure.

LILILLI11 1777777777777 7 7777777777770/ 777777777777 7777777//777777/7777

====== Data sStructure with 10000 nodes ======

Time to build the data structure: 100 milliseconds

Time to access the data structure for 10000 times: 100 milliseconds
Space required to build the data structure: 160012 bytes

====== Data structure with 30000 nodes ======

Time to build the data structure: 371 milliseconds

Time to access the data structure for 300600 times: 340 milliseconds
Space required to build the data structure: 480008 bytes

====== Data structure with 50000 nodes ======

Time to build the data structure: 621 milliseconds

Time to access the data structure for 50000 times: 610 milliseconds
Space required to build the data structure: 800008 bytes

====== Data Structure with 70000 nodes =s=====

Time to build the data structure: 941 milliseconds
Time to access the data structure for 70000 times: 921 milliseconds
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Space required to build the data structure: 1120008

====== Data structure with 80000 nodes ======

Time to build the data structure: 1492 milliseconds
Time to access the data structure for 90000 times:
Space required to build the data structure: 1439992

====== Data structure with 110000 nodes ======

Time to build the data structure: 1633 milliseconds
Time to access the data structure for 110000 times:
Space required to build the data structure: 1760008

====== Data structure with 130000 nodes ======

Time to build the data structure: 2023 milliseconds
Time to access the data structure for 130000 times:
Space required to build the data structure: 2079976

====== Data structure with 150000 nodes ======

Time to build the data structure: 2344 milliseconds
Time to access the data structure for 150000 times:
Space required to build the data structure: 2399960

pData structure with 170000 nodes ======

Time to build the data structure: 2754 milliseconds
Time to access the data structure for 170000 times:
Space required to build the data structure: 2719960

pData structure with 190000 nodes ======

Time to build the data structure: 3055 milliseconds
Time to access the data structure for 190000 times:
Space required to build the data structure: 3039864

Data structure with 210000 nodes
Time to build the data structure: 3445 milliseconds
Time to access the data structure for 210000 times:

Space required to build the data structure: 3359896

Data structure with 230000 nodes
Time to build the data structure: 3836 milliseconds
Time to access the data structure for 230000 times:
Space required to build the data structure: 3679960

Data structure with 250000 nodes ======

Time to build the data structure: 4236 milliseconds
Time to access the data structure for 250000 times:
Space required to build the data structure: 3999928

Data structure with 270000 nodes ======

Time to build the data structure: 4717 milliseconds
Time to access the data structure for 270000 times:
Space required to build the data structure: 4319896

====== Data structure with 290000 nodes ======

Time to build the data structure: 4927 milliseconds
Time to access the data structure for 290000 times:
Space required to build the data structure: 4639800

====== Data structure with 310000 nodes ======

Time to build the data structure: 5428 milliseconds
Time to access the data structure for 310000 times:
Space required to build the data structure: 4959832
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Test Result 4: TestIntTmplPtrTree.txt

Bt Bl it e e T b T T T oy e et 1 T T T T T ey

Test Template Binary Tree <int> Built With NULL pointers

V1117770777727 7777 7 7 7 7 717 7 77777777777
// Here is a data structure with 10 random numbers:

LILIILLL0L7 7777707777177 77 7777 7 P 7 7 Il 771177777777

NIL <=s==== 35 m==a==> NIL
35 <====== 604 ====== 1213
NIL <====== 810 ======> NIL
810 1213 ======> 6152
NIL 3956 s=e===> NIL
3956 6102 s=====> NIL
6102 6152 ======> 9609
NIL <m===== 6383 ======> 9221
NIL <====== 9221 ======> NIL
6383 <====== 9609 e NIL

LI127727777 70077777007 7777777777777777777777777777777777/7/7/7/7777777
// The following data structure is a copy of the above one:

LILIILLLILI2 L1777 SIS 7777777777777 777777777/77777/7777

NIL 35 NIL

35 604 1213
NIL 810 NIL
810 1213 6152
NIL 3956 NIL
3956 6102 NIL
6102 6152 ======> 9609
NIL 6383 ======> 9221
NIL 9221 sm=a==> NIL
6383 9609 ======> NIL

LILILI11777 7777070700707 77 77777777 7777777777777 7777777777777
// After inserting 12345, 4321, 15, 8876, 5034:
LILIIIII 1211707077777 7 7 777777777777 7 77 7772/77/77777

NIL 15 =F====> NIL
15 <= 35 = ==> NIL
35 <= 604 = => 1213
NIL <= 810 == => NIL
810 <= 1213 == => 6152
NIL <= 3956 ======> 4321
NIL <= 4321 ======> 5034
NIL <= 5034 sz====3 NIL
3956 <= 6102 s=====> NIL
6102 <= 6152 ==m===> 9609
NIL 6383 ======> 9221
NIL 8876 =x====3 NIL
8876 9221 ======> NIL
6383 : 9609 mm=a== 12345

NIL <====== 12345 ===m==3 NIL

V0071777777777 7777777777777 77777777777777777777/777777777777727777777
// Search for the newly inserted numbers

LILIILLLLL I 7007101707070 777 0777777777777 7777777777777 707777777/7

Find
Find
Find
Find
Find

number
number
number
number
number

12345
4321
15
8876
5034
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Cannot find random number 7762

L1171 777777777707 777 77 S 777 I/ /77 777777777777
// Remove test
LIS I 7 LI SIS 7 7777777777777/ 7/77/

===After removing 12345, 4321, 15,

NIL <====== 35 s=s==== NIL

35 ====== 604 s=ms==) 1213
NIL <me==== 810 =m=s=a> NIL
810 <====== 1213 s===xa> 6152
NIL C====== 3956 EEmas=d 5034
NIL <====== 5034 ==m===) NIL
3956 <====== 6102 =s====> NIL
6102 <=sm==== 6152 ====== 9609
NIL <=z=z==a= 6383 ====== 9221
NIL <====== 8876 =m====3 NIL
8876 9221 ======> NIL
6383 9609 ======> NIL

===After removing 8876, 5034,

NIL 35 ======> NIL

35 604 1213
NIL 810 NIL
810 1213 6152
NIL 3956 NIL
3956 6102 NIL
6102 6152 9609
NIL 6383 9221
NIL 9221 NIL
6383 9609 NIL

LI/ 17771070777 777 7707777777777 77777777777 77077777777/7777/77/7777777
// Remove a random number from the above structure.
L7777 777777770777 7777777777 77777777777777777777/77777777/7/77777777777

Cannot remove 7762

L2777 0777777777727 77777777777777777777777/777777/777777777/77777777777
// After emptv(), the above data structure become:

LILLL07 7070700777777 77777777777 777 7777777777777/ 77777777

LIL/7 /7777777777777 7777777777777707777777777777/7777777777777777777
// Measure time needed to build and access the data structure.

L1007 0007 7770772777777 7777 7770777777770 /777 7707777777777/ /777/7777/7

====== Data Structure with 10000 nodes ======

Time to build the data structure: 130 milliseconds

Time to access the data structure for 10000 times: 100 milliseconds
Space required to build the data structure: 160008 bytes

====== Data structure with 30000 nodes ======

Time to build the data structure: 431 milliseconds

Time to access the data structure for 30000 times: 330 milliseconds
Space required to build the data structure: 480008 bytes

====== Data structure with 50000 nodes ======

Time to build the data structure: 741 milliseconds

Time to access the data structure for 50000 times: 611 milliseconds
Space required to build the data structure: 800008 bytes

====== Data structure with 70000 nodes ======

Time to build the data structure: 1111 milliseconds
Time to access the data structure for 70000 times: 921 milliseconds
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Space required to build the data structure: 1120008

====== Data structure with 90000 nodes ======

Time to build the data structure: 1632 milliseconds
Time to access the data structure for 90000 times:
Space required to build the data structure: 1439992

====== Data structure with 110000 nodes ======

Time to build the data structure: 1893 milliseconds
Time to access the data structure for 110000 times:
Space required to build the data structure: 1760008

=====2= Data structure with 130000 nodes
Time to build the data structure: 2303 milliseconds
Time to access the data structure for 130000 times:
Space required to build the data structure: 2079976

====== Data structure with 150000 nodes ======

Time to build the data structure: 2724 milliseconds
Time to access the data structure for 150000 times:
Space required to build the data structure: 2399960
====== Data structure with 170000 nodes ======
Time to build the data structure: 3215 milliseconds
Time to access the data structure for 170000 times:
Space required to build the data structure: 2719960
====== Data structure with 190000 nodes ======
Time to build the data structure: 3485 milliseconds
Time to access the data structure for 190000 times:
Space required to build the data structure: 3039864

Data structure with 210000 nodes
Time to build the data structure: 3895 milliseccnds
Time to access the data structure feor 210000 times:
Space required to build the data structure: 3359896

Data structure with 230000 nodes ======
Time to build the data structure: 4397 milliseconds
Time to access the data structure for 230000 times:

Space required to build the data structure: 3679960

Data structure with 250000 nodes
Time to build the data structure: 4756 milliseconds
Time to access the data structure for 250000 times:

Space required to build the data structure: 3999928

Data structure with 270000 nodes
Time to build the data structure: 5347 milliseconds
Time to access the data structure for 270000 times:
Space required to build the data structure: 4319896

====== Data structure with 290000 nodes ======

Time to build the data structure: 5638 milliseconds
Time to access the data structure for 290000 times:
Space required to build the data structure: 4639800

Data structure with 310000 nodes ======
Time to build the data structure: 6099 milliseconds
Time to access the data structure for 310000 times:

Space required to build the data structure: 4959832
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Test Result 5: TestAVLTree.txt

TS oososCTorSmooTa—=T===s=oo= s==s=o= EEsos=o==m=s=

Test AVL Binary Tree Built With Null Node Object

////////////////////////////////////////////////////////////////////
// Here is a height balance tree with numbers 1 to 100 (right rotation):

LILLLLL277 7707770007071 20777777777707777777777777777777777777777777

NIL 1 ======> NIL
1 2 ======> 3
NIL 3 ==z=c=> NIL
2 4 ======> 6
NIL 5 s=====> NIL
5 6 ======> 7
NIL 7 s=mz==> NIL
4 8 ======> 12
NIL 9 =x====> NIL
S 10 s===== 11
NIL 11 = NIL
10 12 = 14
NIL 13 = NIL
13 14 15
NIL 15 NIL
8 16 24
NIL 17 NIL
17 18 19
NIL 19 NIL
18 20 22
NIL 21 NIL
21 22 23
NIL 23 NIL
20 24 28
NIL 25 NIL
25 26 27
NIL 27 NIL
26 28 30
NIL 29 NIL
2% 30 31
NIL 31 NIL
16 32 48
NIL 33 NIL
33 34 35
NIL 35 NIL
34 36 38
NIL 37 NIL
37 38 39
NIL 39 NIL
36 40 44
NIL 41 NIL
41 42 43
NIL 43 NIL
42 44 46
NIL 45 NIL
45 46 47
NIL 47 NIL
40 48 56
NIL 49 NIL
49 S0 51
NIL 51 NIL
50 52 54
NIL 53 NIL
53 54 55
NIL <====== 55 NIL
52 <E====== 56 60
NIL <====== 57 NIL
57 <====== 58 59



NIL 59 ======> NIL
58 60 =m=es==)> 62
NIL 61 ==c=za=) NIL
61 62 =muma== 63
NIL 63 =a====> NIL
32 64 =====a) 80
NIL 65 ======> NIL
65 66 =sa=s=> 67
NIL 67 NIL
66 68 70
NIL 69 NIL
69 70 71
NIL 71 NIL
68 72 76
NIL 73 NIL
73 74 75
RIL 75 NIL
74 76 78
NIL 77 NIL
77 78 79
NIL 79 NIL
72 80 88
NIL 81 NIL
81 82 83
NIL 83 NIL
82 84 86
NIL 85 NIL
85 886 87
NIL 87 NIL
84 88 96
NIL 89 NIL
89 Qe0 91
NIL 91 NIL
90 92 94
NIL 93 NIL
93 94 95
NIL 95 NIL
92 96 98
NIL 97 NIL
97 98 9%
NIL 99 100
NIL 100 NIL

VISP 20000l siiidiiiiiisiiiiisiiiisssieds

after removing 4, 13, 10, 35, 52, 9, 2, 83, S6, 21, 62, 91, 32, 17, 94, 83, 56, 37, 66,
51, 80,

V2002000000000 00 it iiiiiddiiiessssisds

NIL NIL
1 NIL
3 6
NIL 7
NIL NIL
5 12
NIL NIL
11 14
NIL 15
NIL NIL
8 24
NIL 19
NIL NIL
18 22
NIL 23
NIL NIL
20 28
NIL NIL
25 27
NIL NIL
26 30
NIL NIL



25 30 31
NIL 31 NIL
16 33 48
NIL 34 NIL
34 36 38
NIL 38 39
NIL 39 NIL
36 40 44
NIL 41 NIL
41 42 43
NIL 43 NIL
42 44 46
NIL 45 NIL
45 46 47
NIL 47 NIL
40 48 57
NIL 49 NIL
49 50 NIL
50 53 54
NIL 54 55
NIL 55 NIL
53 57 60
NIL 58 59
NIL 59 NIL
58 50 63
NIL 61 NIL
61 63 NIL
33 64 81
NIL 65 NIL
65 67 NIL
67 68 70
NIL 69 NIL
69 70 71
NIL 71 NIL
68 72 76
NIL 73 NIL
73 74 75
NIL 75 NIL
74 76 78
NIL 77 NIL
77 78 79
NIL 79 NIL
72 81 88
NIL 82 NIL
82 84 86
NIL 85 NIL
85 86 87
NIL 87 NIL
84 88 96
NIL 89 NIL
89 90 NIL
90 92 85
NIL 93 NIL
93 95 NIL
92 96 98
NIL g7 NIL
g7 98 99
NIL 93 100
NIL 100 NIL

VLRI LA Al A i A A A VI V4
After removing 77, 66, 47, 72, 49, 70, 87, 48, 61, 86, 7, 32, 21, 62, 31, 92, 45, 94, 15,

96,
VLA LA A R A A A A A A A A A A A L L 2 4

NIL 1 NIL
1 3 NIL
3 5 6
NIL 6 NIL
5 8 12




NIL NIL
11 14
NIL NIL
8 24
NIL 19
NIL NIL
18 22
NIL 23
NIL NIL
20 28
NIL NIL
25 27
NIL NIL
26 30
NIL NIL
29 NIL
16 50
NIL NIL
34 38
NIL 39
NIL NIL
36 44
NIL NIL
41 43
NIL NIL
42 46
NIL NIL
40 57
NIL NIL
53 55
NIL NIL
54 60
NIL 59
NIL NIL
58 63
NIL NIL
33 81
NIL NIL
65 NIL
67 71
NIL NIL
69 NIL
68 76
NIL 75
NIL NIL
74 78
NIL 79
NIL NIL
73 93
NIL NIL
82 85
NIL NIL
84 90
NIL NIL
89 NIL
88 97
NIL NIL
95 99
NIL NIL
98 100
NIL 100 NIL

////////////////////////////////////////////////////////////////////

After removing 49, 14, 51, 4, 85, 78, 43, 96, 85, 38, 71, O, 33, 58, 67, 56, 65, 62,
20,

////////////////////////////////////////////////////////////////////

NIL 1 ===a==> NIL
1 3 ======D NIL
3 5 =====) 6

55,



NIL NIL
5 12
NIL NIL
11 NIL
8 24
NIL 19
NIL NIL
18 23
NIL NIL
22 28
NIL NIL
25 27
NIL NIL
26 30
NIL NIL
29 NIL
16 50
NIL 39
NIL NIL
36 44
NIL NIL
41 NIL
42 46
NIL NIL
40 57
NIL NIL
53 NIL
54 60
NIL NIL
59 63
NIL NIL
34 81
NIL 69
NIL NIL
68 76
NIL 75
NIL NIL
74 79
NIL NIL
73 93
NIL NIL
82 NIL
84 S0
NIL NIL
86 NIL
88 97
NIL NIL
85 99
NIL NIL
98 100
NIL NIL

LILILLI 7777707707777 77777777077 7P S 7777777777777 7777777/7/7777
After removing 45, 2, 83, 64, 29, 18, 99, 40, 57, S0, 63, 36, 45, 54, 3, 0, 89, 62, 59,

24,
LI10107 7077777077777 /077777777777 77777777777770770707777/7/777/77/7777

NIL 1 NIL
1 5 6
NIL 6 NIL
5 8 12
NIL 11 NIL
11 12 NIL
8 16 22
NIL 19 NIL
19 22 23
NIL 23 NIL
16 25 34
NIL 26 27
NIL 27 ======> NIL



26 28 ===ma=> 30
NIL 30 mm=zmz NIL
28 34 ===a==3 44
NIL 39 ======) NIL
39 41 ======) 42
NIL 42 ==s====> NIL
41 44 ===ac=D 53
NIL 46 ======3 NIL
46 53 ==s=== 60
NIL 60 m==zz== NIL
25 68 ======> 81
NIL 69 ======> NIL
69 73 NIL
73 74 76
NIL 75 NIL
75 76 79
NIL <sw===== 79 NIL
74 <====== 81 93
NIL <====== 82 NIL
82 <==m=== 84 NIL
84 <====== 88 90
NIL <====== 90 NIL
88 93 97
NIL 95 NIL
95 97 100
NIL 98 NIL
98 100 NIL

LILLLII77 7770077700707 7 77777777077 777777777777777777777777777777777
After removing 97, 70, S9, 76, 1, 74, 47, 8, 1, 54, 7, 36, 85, 98, 23, 52, 97, 70, 11,

44,
LILLLILL 2717777777007 7 707777777777 777777 777777777777 777777777/7777777

NIL 5 NIL
5 6 12
NIL 12 NIL
6 16 22
NIL 19 NIL
1¢ 22 NIL
16 25 34
NIL 26 27
NIL 27 NIL
26 28 30
NIL 30 NIL
28 34 46
NIL 39 NIL
39 41 42
NIL 42 NIL
41 46 53
NIL 53 60
NIL 60 NIL
25 68 81
NIL 69 NIL
69 73 NIL
73 75 79
NIL 79 NIL
75 81 93
NIL 82 NIL
82 84 NIL
84 88 90
NIL 90 NIL
88 93 100
NIL <====== g5 NIL
95 <===s=== 100 NIL

LLLLILLL 7217077777077 07 777707777777 777777777777777777777777777777777

after removing 33, 98, 35, 36, 33, 30, 95, 48, 77, 46, 55, 40, 61, 90, 23, 44, 69, 30,
19, 12,

LILILLILLI 7771707277777 777 1Y L 777707 7777777777777 77777777777
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NIL <====== 5 NIL
5 <===a== 6 NIL

6 <===z==== 16 22
NIL <====== 22 NIL
16 <=z==== 25 34
NIL <====== 26 NIL
26 <z===== 27 28
NIL <====== 28 NIL
27 <====== 34 33
NIL <=====z 39 NIL
39 ====== 41 42
NIL <====== 42 Emwm== NIL
41 L====== 53 ======> 60
NIL 60 =====a=> NIL
25 68 s=====> 81
NIL 73 ======> NIL
73 75 = 79
NIL 79 NIL
75 81 == 88
NIL 82 ====e=> NIL
82 84 NIL
84 88 93
NIL 93 100
NIL 100 NIL

L1101 7 0770777777077/ 77 7 77 77 7 7777717777777/ 77777

After removing 89, 6. 7, 84, 17, 26, 59, 0, 77, 46, 71, 76, 21, 74, 51, 52, 93, 62, &7,
48,

LILIILL7 707777707777 7770777777777 77 /77 7171777777777 7777

NIL <= 5 NIL
5 <= 16 22
NIL <= 22 NIL
16 <= 25 27
NIL <= 27 28
NIL <= 28 NIL
25 <= 34 53
NIL <= 39 NIL
39 <= 41 42
NIL <= 42 NIL
41 <===== S3 60
NIL <====== 60 NIL
34 <= 68 81
NIL <= 73 NIL
73 <== 75 79
NIL <=== 79 NIL
75 <= 81 88
NIL <= 82 NIL
82 <====== 88 100
NIL <=== 100 NIL

LIVI2L7L 0077777777777 7 7077777777717 /77777777 7777777777777
After removing 17, 82, 35, 92, 53, 70, 19, 56, 13, 26, 39, 40, 1, 62, 7, 12, 93, 86, 95,

44,
LII11727 7770777700770 00 7777777707777/ 7777777077777777777/77777/77777

NIL 5 m====== NIL
5 16 == 22
NIL 22 == NIL
16 25 == 27
NIL 27 == 28
NIL 28 ======> NIL
25 34 s====z> 42
NIL 41 = NIL
41 42 = 60
NIL 60 = NIL
34 68 = 81
NIL 73 = NIL




73 75 ==s=sz> 79
NIL 79 ======> NIL
75 g1 s=====> 88
NIL 88 s=====> 100
NIL <====== 100 =e====> NIL

LL1LLL7LL0 2070077707777 7777777777777 77777/77777777/77777/77/7777/7777

After removing 33, 94, 23, 28, 53, 14, 43, 28, 45, 58, 39, S6, S5, 78, 47, 64, 61, 2, 31,
88,

L1110 1707 770777770777 7070777 0077777777777 7777777777777/777777/777777

NIL 16 ======> 22
NIL 22 =a=a==> NIL
16 25 b a4 27
NIL 27 ======> NIL
25 34 es====> 42
NIL 41 sss==s=D NIL
41 42 ======> 60
NIL 60 btttk NIL
34 68 ======> 81
NIL 73 NIL
73 75 79
NIL 79 NIL
75 <====== 81 100
NIL <====== 100 NIL

LILI207 7777777777777 7 77777777 77777 7 777777777777 777777777/7777
// Here 1is a height balance tree with numbers 30 to 1 (left rotation):

LILLLILLL LI P77 77777708777 P77 7777777777777/ 777/7777

NIL <====== 1 NIL
1 2 3
NIL 3 NIL
2 4 5
NIL 5 NIL
4 6 10
NIL 7 NIL
7 8 9
NIL S NIL
8 i0 ======> 12
NIL 11 NIL
11 12 = = 13
NIL 13 = = NIL
6 14 = = 22
NIL 1S = = NIL
15 1€ = = 17
NIL 17 = = NIL
16 18 20
NIL 19 Ss====> NIL
19 20 21
NIL 21 NIL
18 22 25
NIL 23 NIL
23 24 NIL
24 25 27
NIL 26 ======> NIL
26 27 28
NIL 28 NIL
14 29 73
NIL 30 NIL
30 41 42
NIL 42 60
NIL 60 NIL
41 73 81
NIL 75 79
NIL 79 NIL
75 81 100
NIL 100 NIL




LI177777 7777777777777 7777777777777 7777777777770777/7777777/77/7//777777
// Here is a height balance tree with double rotation

LI1011 1777077070777 77777777777 LI I 777/ 7777777777777/

NIL 5 ======1 NIL
S 9 s=====3 10
NIL 10 ====== NIL
9 30 a=as==> 51
NIL 50 s=====> NIL
50 51 ==ac=<)> 53
NIL 52 ==s===> NIL
52 53 ==xm==> 55
NIL 55 s=m===s> NIL

VL2000 Al il i iiiiiisiis
// Here is & data structure with 10 random numbers:

LIL11 0070770777777 P77 7 777 177777777777 77777/

NIL <==s==== 35 s==z== NIL
35 <z====== 604 ====== NIL
604 <== 810 == 6152
NIL <== 1213 ====== NIL
1213 <== 3956 = 6102
NIL <== 6102 = NIL
3956 <== 6152 = 9221
NIL <== 6383 = NIL
6383 <====== 9221 = 9609
NIL <====== 9609 ===== NIL

LILLI17 7077727077777 7 7777777 77 77777 /7 77777777777 77777/77/777/77/

// The following data structure is a copy of the above one:

L1177 7070777770777 PP 7777 7777777777777/ 7777777777777/

NIL <====== 35 NIL

35 <= 604 NIL
604 <= 810 6152
NIL <= 1213 NIL
1213 <= 3956 6102
NIL <= 6102 NIL
3956 <= 6152 9221
NIL <== 6383 NIL
6383 <== 9221 9609
NIL <====== 9509 NIL

L1017 77 77777727777 770777 7777777777 7777777777777777770/777777777//7/77
// after inserting 12345, 4321, 15, 8876, 5034:

LILI2I7 1770777770777 7 707 777707777777 777 777770777/ 77777//77777777

NIL L=F=s=m== 15 NIL

15 <== = 35 604
NIL <== = 604 NIL

35 <== = 810 3956
NIL <== = 1213 =zam==> NIL
1213 <== = 3956 ======> 5034
NIL <== = 4321 s=====> NIL
4321 <== = 5034 ======> 6102
NIL g====== 6102 NIL
810 <====== 6152 g221
NIL s===== 6383 8876
NIL <====== 8876 NIL
6383 <====== 9221 9609
NIL <====== 9609 12345
NIL <====== 12345 NIL

L1007 77 7777777777777 7777 7777777777777 77777777777777777777777/7/7/7/77777
// Search for the newly inserted numbers
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L1177 0707072770777/ 00 777077777777 7777 7777777777777/ 7/77777/77/777/

Find number 12345

Find number 4321

Find number 15

Find number 8876

Find number 5034

Cannot find random number 7762

L1177 7777777707777777777777777777777777777/7777777777/77777777777/77777
// Remove test
L1101/ 1 1777777777777 77 7777 777 77 7/ 77777777/ 7277777/

===aAfter removing 12345, 4321, 15,

NIL <s====== 35 604
NIL 604 NIL

35 g10 3956
NIL 1213 NIL
1213 3956 5034
NIL <= == 5034 6102
NIL <=s==== 6102 NIL
810 <= == 6152 9221
NIL <====== 6383 8876
NIL <=zs==== 8876 NIL
6383 9221 9609
NIL <==s=== 9609 NIL

===After removing 8876, 5034,

NIL 35 ======> 604
NIL 604 ======> NIL

35 <====== 810 ======> 1213
NIL < 1213 == NIL
810 < 3956 == 6152
NIL < 6102 == NIL
6102 < 6152 ======> 9221
NIL < 6383 NIL
6383 < 9221 9609
NIL < 5609 NIL

L1117 7 0777777777777/ /777 777727/ 777777777/777777777777777777/7//7//77/777
// Remove a random number from the above structure.

LILLI1 1007777777777 0777707777777 7 777777777777 7777777/777777/7777777

Cannot remove 7762

L1017 1777777077777/ 777777777777 77777777777777777777
// After empty()., the above data structure become:

LILILIIL 7770777777777 0 777777777 1777 7777777777777/ 777

L1077 7 7777777777777/ 777777777777 77777772777777777777077/7777777777
// Measure time needed to build and access the data structure.

LILIL1I77077 7777777777777 77 7777777777777/ 70777777777077777/777777777

====== Data structure with 10000 nodes ======

Time to build the data structure: 521 milliseconds

Time to access the data structure for 10000 times: 80 milliseconds
Space required to build the data structure: 200012 bytes

====== Data structure with 30000 nodes ======

Time to build the data structure: 1742 milliseconds

Time to access the data structure for 30000 times: 301 milliseconds
Space required to build the data structure: 600008 bytes

====== Data structure with 50000 nodes ======
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Time to build the data structure: 3315 milliseconds
Time to access the data structure for 50000 times: 550 milliseconds
Space required to build the data structure: 1000008 bytes

====== pData structure with 70000 nodes ======

Time to build the data structure: 4436 milliseconds

Time to access the data structure for 70000 times: 801 milliseconds
Space required to build the data structure: 1400008 bytes

====== Data structure with 90000 nodes ==c===

Time to build the data structure: 5848 milliseconds

Time to access the data structure for 90000 times: 1082 milliseconds
Space required to build the data structure: 1799988 bytes

====== Data structure with 110000 nodes ======

Time tc build the data structure: 7340 milliseconds

Time to access the data structure for 110000 times: 1352 milliseconds
Space required to build the data structure: 2200008 bytes

====== Data structure with 130000 nodes ======

Time to build the data structure: 8833 milliseconds

Time to access the data structure for 130000 times: 1652 milliseconds
Space required to build the data structure: 2599968 bytes

====== Data structure with 150000 nodes ======

Time to build the data structure: 10365 milliseconds

Time to access the data structure for 150000 times: 1943 milliseconds
Space required to build the data structure: 2999948 bytes

====== Data structure with 170000 nodes ===s===

Time to build the data structure: 11837 milliseconds

Time to access the data structure for 170000 times: 2243 milliseconds
Space required tc build the data structure: 3399948 bytes

====== Data structure with 120000 nodes ======

Time to build the data structure: 13379 milliseconds

Time to access the data structure for 150000 times: 2564 milliseconds
Space required to build the data structure: 3799828 bytes

====== Data structure with 210000 nodes ======

Time to build the data structure: 14962 milliseconds

Time to access the data structure for 210000 times: 2894 milliseconds
Space required to build the data structure: 4199868 bytes

====== Data structure with 230000 nodes ======

Time to build the data structure: 16493 milliseconds

Time to access the data structure for 230000 times: 3175 milliseconds
Space required to build the data structure: 4599948 bytes

====== Data structure with 250000 nodes ======

Time to build the data structure: 18156 milliseconds

Time to access the data structure for 250000 times: 3485 milliseconds
Space required to build the data structure: 4999908 bytes

====== Data structure with 270000 nodes ======

Time to build the data structure: 19708 milliseconds

Time to access the data structure for 270000 times: 3796 milliseconds
Space required to build the data structure: 5399868 bytes

====== Data structure with 290000 nodes ======

Time to build the data structure: 21421 milliseconds

Time to access the data structure for 290000 times: 4246 milliseconds
Space required to build the data structure: 5799748 bytes

====== Data structure with 310000 nodes ======

Time to build the data structure: 22873 milliseconds

Time to access the data structure for 310000 times: 4416 milliseconds
Space regquired to build the data structure: 6199788 bytes
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Test Result 6: TestPtrAVLTree.txt

el S e L T 2 e gy

Test AVL Bipary Tree Built With NULL pointers

=SS ==asSsSos=oomas T=mom===== ====== ===

LILIILILS LI 7T 777 7777777777 7 77 7/ 77777777777 7777 77777777777
// Here is a height balance tree with numbers 1 to 100 (right rotation):

LILLLLLLL L2117 777077777777 77771 2777777777777 7777777777777777

NIL 1 ======) NIL
1 2 ===az==> 3
NIL 3 woz===m NIL
2 4 ==s===> 6
NIL S ======> NIL
5 6 7
NIL 7 NIL
4 8 12
NIL 9 NIL
9 10 11
NIL 11 NIL
10 12 14
NIL 13 NIL
13 14 15
NIL 15 NIL
8 16 24
NIL 17 NIL
17 18 19
NIL 19 NIL
18 20 22
NIL 21 NIL
21 22 23
NIL 23 NIL
20 24 28
NIL 25 NIL
25 26 27
NIL 27 NIL
26 28 30
NIL 29 NIL
29 30 31
NIL 31 NIL
16 32 48
NIL 33 NIL
33 34 35
NIL 35 NIL
34 36 38
NIL 37 NIL
37 38 39
NIL 39 NIL
36 40 44
NIL 41 NIL
41 42 43
NIL 43 NIL
42 44 46
NIL 45 NIL
45 46 47
NIL 47 NIL
40 48 56
NIL 49 NIL
49 50 51
NIL 51 NIL
50 52 54
NIL 53 NIL
53 54 55
NIL 5SS NIL
52 56 60
NIL 57 NIL
57 58 59




NIL NIL
58 62
NIL NIL
61 63
NIL NIL
32 80
NIL NIL
65 67
NIL NIL
66 70
NIL NIL
69 71
NIL NIL
68 76
NIL NIL
73 75
NIL NIL
74 78
NIL NIL
77 79
NIL NIL
72 88
NIL NIL
81 83
NIL NIL
82 86
NIL NIL
85 87
NIL NIL
84 96
NIL NIL
89 91
NIL NIL
90 94
NIL NIL
93 95
NIL NIL
2 98
NIL NIL
97 99
NIL 100
NIL NIL

LILI1077 7077770077777 0007777777777 77/7777777/777777/777/77/7777/777/7/777
After removing 4, 13, 10, 35, 52, 9, 2, 83, 56, 21, 62, 91, 32, 17, 94, 83, 56, 37, 66,

S1. 80,
LIL1177 077777777077 77777 77777777777 77777/777777777/77777/7/7/77777777

NIL 1 NIL
1 3 NIL
3 5 6
NIL 6 7
NIL 7 s=s===)> NIL
5 8 ======3 12
NIL 11 ====== NIL
11 12 ===o=a3 14
NIL 14 ======> 15
NIL 15 ==s===> NIL
8 16 ======) 24
NIL 18 ======3 19
NIL 19 ======> NIL
18 20 = 22
NIL 22 23
NIL 23 ======> NIL
20 24 ===mm=) 28
NIL 25 ======> NIL
25 26 ======> 27
NIL 27 ======> NIL
26 28 ====x=] 30
NIL 29 ==x===3 NIL



29 30 ===z 31
NIL 31 m=s=== NIL
16 33 ====a= 48
NIL 34 ====aml NIL
34 36 ======)> 38
NIL 38 ======> 39
NIL 39 ==s===> NIL
36 40 =smsm=) 44
NIL 41 ======> NIL
41 42 cm==== 43
NIL 43 ss==== NIL
42 44 ====a=> 46
NIL 45 =oma==l NIL
45 46 ====== 47
NIL 47 mamom= NIL
40 48 ======> 57
NIL 49 s=sa==> NIL
49 50 s==a== NIL
50 53 ==z===s=)> 54
NIL 54 ======> 55
NIL 55 ======> NIL
53 57 60
NIL 58 59
NIL <== 59 NIL
58 <== 60 63
NIL <== 61 NIL
61 <== 63 NIL
33 <== 64 81
NIL <== 65 NIL
65 <== = 67 NIL
67 <= = 68 70
NIL <= = 69 NIL
69 <== 70 71
NIL <== 71 NIL
68 <== 72 76
NIL <==s==== 73 NIL
73 74 75
NIL 75 = NIL
74 76 = 78
NIL 77 ===x=== NIL
77 78 = 79
NIL 79 = NIL
72 81 88
NIL 82 = NIL
82 84 = 86
NIL 85 = NIL
85 86 87
NIL 87 = NIL
84 88 = 96
NIL 89 = NIL
89 90 = NIL
g0 92 = 95
NIL 93 = NIL
93 95 = NIL
92 96 98
NIL 97 NIL
97 98 = 99
NIL 99 100
NIL 100 NIL

A i A 0 e s i A4

After removing 77, 66, 47, 72, 49, 70, 87, 48, 61, 86, 7, 32, 21, 62, 31, 92, 45, 94, 15,
96,

L1110 0710770777707 0 7777770777777 77 7777777777707 77/77777/777/777777

NIL 1 ======> NIL
1 3 ===a==> NIL
3 5 s=====> 6
NIL 6 s=====> NIL
5 8 ======> 12
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NIL 11 NIL
11 12 14
NIL 14 NIL
8 16 24
NIL 18 19
NIL 19 NIL
18 20 22
NIL 22 23
NIL 23 NIL
20 24 28
NIL 25 NIL
25 26 27
NIL 27 NIL
26 28 30
NIL 29 NIL
29 30 NIL
16 33 50
NIL 34 NIL
34 36 38
NIL 38 39
NIL 39 NIL
36 40 44
NIL 41 NIL
41 42 43
NIL 43 NIL
42 44 46
NIL 46 NIL
40 50 57
NIL 53 NIL
53 54 55
NIL 55 NIL
54 57 60
NIL 58 59
NIL 59 NIL
58 60 63
NIL 63 NIL
33 64 81
NIL 65 NIL
65 67 NIL
67 68 71
NIL 69 NIL
69 71 NIL
68 73 76
NIL 74 75
NIL 75 NIL
74 76 78
NIL 78 79
NIL 79 NIL
73 81 93
NIL 82 NIL
82 84 85
NIL 85 NIL
84 88 90
NIL 89 NIL
89 90 NIL
88 93 97
NIL 95 NIL
95 97 99
NIL 98 NIL
98 Q99 100
NIL 100 NIL

LILILLI 117120777077 77 7777077777 777777777777777777777777777777777777
After removing 49, 14, S1, 4, 85, 78, 43, 96, 85, 38, 71, O, 33, 58, 67, 56, 65, 62, 55.

20,
LILILIIILI 717770770707 77 7777770777 7777777777777777777777777/77777777

NIL <=== 1 =m====> NIL
1 3 NIL
3 S 6




NIL <=m==== 6 NIL
S <====== 8 12
NIL <==m=== 11 NIL
11 12 NIL
8 16 = 24
NIL 18 = 19
NIL 19 a=m===) NIL
18 22 ======> 23
NIL 23 mo====) NIL
22 24 s==a==> 28
NIL 25 ==maa=) NIL
25 26 ======) 27
NIL 27 ======) NIL
26 28 ===o==> 30
NIL 29 ======> NIL
29 30 ======> NIL
16 34 ======)> 50
NIL 36 ======> 39
NIL 39 s=====> NIL
36 40 s====a> 44
NIL 41 ======) NIL
41 42 = NIL
42 44 = 46
NIL 46 = NIL
40 50 = 57
NIL 53 = NIL
53 54 = NIL
54 57 = 60
NIL 59 = NIL
59 60 = 63
NIL 63 = NIL
34 64 81
NIL 68 69
NIL 69 NIL
68 73 76
NIL 74 75
NIL 75 NIL
74 76 79
NIL 79 NIL
73 81 93
NIL 82 NIL
82 84 NIL
84 88 S0
NIL 89 NIL
89 90 NIL
88 93 97
NIL 95 NIL
95 97 99
NIL 98 NIL
98 99 100
NIL 100 NIL

LILI1 11777777777 777 7077777777770/ 7777777772077077777777/7707/77777/777
after removing 45, 2, 83, 64, 29, 18, 99, 40, 57, 50, 63, 36, 45, 54, 3, 0, 89, 62, 59,

24,
LILILII1 7771777777777 07777777 7 7 7771717777777 7777/777777/

NIL 1 ======> NIL
1 5 6
NIL 6 NIL
S 8 12
NIL 11 NIL
11 12 NIL
8 16 22
NIL 19 NIL
19 22 23
NIL 23 NIL
16 25 34
NIL 26 27
NIL <====== 27 NIL



26 C====== 28 ==s===> 30

NIL <m===== 30 ===m==> NIL
28 <==m==== 34 ==s=s=> 44
NIL <====== 39 ==sx==> NIL
39 <====== 41 s=x===> 42
NIL <====== 42 s=a===> NIL
41 <==s==== 44 ======> 53
NIL <==z=o== 46 ======> NIL
46 <====== 53 m=====> 60
NIL <====== 60 ======> NIL
25 = 68 Faz===> 81
NIL 69 ==sas= NIL
69 73 s==a==3 NIL
73 74 s=s===> 76
NIL 75 ==m===3 NIL
75 76 ======> 79
NIL 79 NIL
74 81 93
NIL 82 NIL
82 84 NIL
84 88 90
NIL 90 NIL
88 93 97
NIL 95 NIL
95 97 100
NIL 98 NIL
g8 100 NIL

LLI10110 1777777772777 7 707777077777 77777777777777777777777/777777/7777/
After removing %7, 70, 59, 76, 1, 74, 47, 8, 1, 54, 7, 36, 85, 98, 23, 52, 97, 70, 11,

44,
LIIVI12 2787771777777 7 777777777 777777777777 777777777/ 7/77777

NIL 5 NIL
5 6 12
NIL 12 NIL
6 16 22
NIL <====== 19 NIL
19 <= 22 NIL
16 <= 25 34
NIL <= 26 27
NIL <= 27 NIL
26 <= 28 30
NIL <= 30 NIL
28 <= 34 46
NIL <====== 39 NIL
39 <= 41 42
NIL = 42 NIL
41 <=== 46 53
NIL <====== 53 60
NIL <= 60 NIL
25 <= 68 81
NIL <= 69 NIL
69 <= 73 NIL
73 <= 75 79
NIL <= 79 NIL
75 <= 81 93
NIL <====== 82 NIL
82 <==s=== 84 NIL
84 <====== 88 90
NIL <== 90 NIL
88 <== 93 100
NIL <===m== 95 NIL
95 <====== 100 NIL

LLLILLI07 7777777770777 7777777770777 777777777777777777777777777/777777
After removing 33, 98, 35, 36, 33, 30, 95, 48, 77, 46, 55, 40, 61, 90, 23, 44, 6%, 30,

19, 12,
LILILII1L77 070077777077 777 777777777 7077777777777777777777777777/7/7777
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NIL 5 s==a== NIL
5 6 =m====3 NIL

6 16 s=====> 22
NIL 22 sE====> NIL
16 25 ss====3 34
NIL 26 =sem==> NIL
26 27 ===s==> 28
NIL 28 ssm===3 NIL
27 34 esmmm= 53
NIL 39 sm====> NIL
39 41 ===asc> 42
NIL 42 ss==== NIL
41 53 sem===> 60
NIL 60 ==s===> NIL
25 68 ======)> 81
NIL 73 sox===> NIL
73 75 79
NIL 79 NIL
75 81 88
NIL 82 NIL
82 84 NIL
84 88 93
NIL 93 100
NIL 100 NIL

L1111 7777777777777777 777777777777 77777777777777777777707/77777/7777777
After removing 89, 6, 7, 84, 17, 26, 59, 0, 77, 46, 71, 76, 21, 74, 51, 52, 93, 62, 67,

48,
LIL70007 777717077077 07 077777277777 7777 /7777777777777 77777777/7/77777

NIL <====== 5 NIL
5 <= 16 22
NIL <= 22 NIL
16 <= 25 27
NIL <= 27 28
NIL <====== 28 NIL
25 <= 34 S3
NIL <= 39 NIL
39 <= 41 = 42
NIL <= 42 ======> NIL
41 <= 53 ===> 60Q
NIL <= 60 s=====> NIL
34 <= 68 ======> 81
NIL <= 73 ======> NIL
73 <= 75 79
NIL <= 79 NIL
75 <= 81 88
NIL <= 82 NIL
82 <= 88 100
NIL <====== 100 NIL

LI1177700707777870777777777777777777777/7777777777777/77777772/777777
After removing 17, 82, 35, 92, 53, 70, 19, 56, 13, 26, 39, 40, 1, 62, 7, 12, 93, 86, 95,

44,
L1111 7771007770007 7 7777777777777 277777 777707777777 777777/7/777/

NIL S NIL
5 16 22
NIL 22 NIL
16 = 25 27
NIL = 27 28
NIL <==s=== 28 NIL
25 <====== 34 42
NIL <====== 41 NIL
41 <=s==== 42 60
NIL ====== 60 NIL
34 <====== 68 81
NIL <z=m===== 73 NIL



73 Cm===== 75 PR 79

NIL <====== 79 =a====> NIL

75 <=m==== 81 ======> 88
NIL <====== 88 s===== 100
NIL <====== 100 ======> NIL

VI12220020242272247000077001004 00000000 izediiiiiiiiiiiiiiiiies

after removing 33, 94, 23, 28, 53, ‘14, 43, 28, 45, 58, 39, 56, 5, 78, 47, 64, 61, 2, 31,
88,

LILIIL27 7777721777770 7 0777777277777 2777777717777 7777//77/77/77777

NIL 16 ===ss=> 22
NIL 22 ======> NIL
16 25 =as=== 27
NIL 27 ======> NIL
25 34 ====== 42
NIL 41 ======> NIL
41 ====== 42 60
NIL = 60 NIL
34 <= 68 81
NIL <= 73 NIL
73 <= 75 79
NIL <= 79 NIL
75 <= 81 100
NIL <====== 100 NIL

L1777 777777777777777777077777777777777777777777777/777777777777/7777
// Here is a height balance tree with numbers 30 to 1 (left rotation):

VP22 il il deiiiiiiiiiiiiisissiiiiiedssd

NIL <====== 1 Ss====)> NIL
1 <= 2 = 3
NIL <= 3 sS=s==== NIL
2 <= 4 = 5
NIL <= 5 = NIL
4 <= 6 = 10
NIL <= 7 = NIL
7 <= 8 = 9
NIL <= 9 = NIL
8 <= 10 ====== 12
NIL <= 11 sms== NIL
11 <= 12 ====== 13
NIL <= 13 = NIL
6 <= 14 = 22
NIL K====== 15 =s==== NIL
15 <= 16 = 17
NIL <= 17 = NIL
16 <= 18 = 20
NIL <= 19 === NIL
19 <= 20 21
NIL <= 21 NIL
18 <= 22 25
NIL <= 23 NIL
23 <= 24 NIL
24 <= 25 27
NIL <= 26 NIL
26 <= 27 28
NIL <= 28 NIL
14 C====== 29 73
NIL <= 30 ======> NIL
30 = 41 ===s===) 42
NIL <=s===== 42 ======> 60
NIL <= 60 ===s==> NIL
41 <= 73 ======> 81
NIL <= 75 ======> 79
NIL <= 79 ======> NIL
75 <= 81 ======) 100
NIL <====== 100 ======> NIL



LILIL7LL 1772107777777 7777 /777777 /777 /7777777
// Here is a height balance tree with dcuble rotation

L1110 7707107777777 7 7772777777777 7 77777777777 7777077777777/7777/7777

NIL <====== 5 ====== NIL

5 <=m==== 9 ====e=> 10
NIL <=m==== 10 s=====> NIL

9 <====== 30 ======> 51
NIL <====== 50 ======> NIL
50 <====== 51 s=====> 53
NIL <====== 52 s=====> NIL
52 <m===a= 53 ======> 55
NIL <m===== 55 seme==> NIL

L1017 77 7777777777707 77777 77 777/ /777 I 777777/ 7/ 7 /777777777
// Here is a data structure with 10 random numbers:

L1000 007 117777770777 707 7777777700777 77 777777777777 7777777777777//777

NIL <====== 35 NIL
35 <====== 604 NIL
604 <====== 810 6152
NIL <z===s== 1213 NIL
1213 <====== 3956 6102
NIL <= 6102 NIL
3956 <= 6152 9221
NIL <= 6383 NIL
6383 <= 9221 9609
NIL <= 9609 NIL

LIL01L0L7 07070727777 777777 7777777777077 77777777777777777/7777/777777

// The following data structure is a copy of the above one:

LILL1L 7770077777777 07777 77777777/ 7777777/77777777777777777777/77777

NIL <====== 35 NIL
35 < 604 NIL
604 < 810 6152
NIL < 1213 NIL
1213 < 3956 6102
NIL < 6102 NIL
3956 <= 6152 9221
NIL <= 6383 NIL
6383 <= 9221 9609
NIL <= 9609 ======> NIL

22 0 i A P I I IS IO I I I I I IS4

// After inserting 12345, 4321, 15,

L2 I S I I IV NN ISP T I IIIIIITI VI IV IV 4

5034:

NIL <==s==== 15 NIL
15 <= 35 604
NIL <====== 604 NIL
35 <====== 810 3956
NIL <====== 1213 NIL
1213 <====== 3956 5034
NIL <====== 4321 NIL
4321 <====== 5034 6102
NIL <= 6102 NIL
810 <= 6152 9221
NIL <=== 6383 8876
NIL <= 8876 NIL
6383 <= 9221 9609
NIL <====== 9609 12345
NIL <=m===== 12345 NIL

L1117 0707770777777 7 7777777777777 7777777777777 777777/7777//77/77777
// Search for the newly inserted numbers
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LILILLLL0 7000077777777 0 777000707777 077777777777777777777777777777777

Find number 12345

Find number 4321

Find number 15

Find number 8876

Find number 5034

Cannot find random number 7762

////////////////////////////////////////////////////////////////////
// Remove test
////////////////////////////////////////////////////////////////////

===After removing 12345, 4321, 15,

NIL <====a= 35 =s===a> 604
NIL <====== 604 =x==== NIL

s C====== 810 s=====> 3956
NIL <====== 1213 ======> NIL
1213 <===a== 3956 ===s==> 5034
NIL <===m== 5034 ======> 6102
NIL <====== 6102 ======> NIL
810 6152 s=====> 9221
NIL 6383 s=====> 8876
NIL 8876 ======> NIL
6383 = 9221 s=====> 9609
NIL <====== 9609 =====a> NIL

===aAfter removing 8876, 5034,

NIL <====== 3s ===s==> 604
NIL = 604 NIL

35 = 810 1213
NIL <====== 1213 NIL
810 3956 s=====> 6152
NIL 6102 NIL
6102 6152 9221
NIL 6383 NIL
6383 §221 9609
NIL 9609 NIL

////////////////////////////////////////////////////////////////////
// Remove a random number from the above structure.

////////////////////////////////////////////////////////////////////

Cannot remove 7762

////////////////////////////////////////////////////////////////////
// After empty(), the above data structure become:

LILLLLLLLII 277007071777 1172777077 2077777777777777777777777777777777

////////////////////////////////////////////////////////////////////
// Measure time needed to build and access the data structure.

LILILILILIIII 1770277700707 77077771777 777777727777777777777777777777

====== Data structure with 10000 nodes ======

Time to build the data structure: 621 milliseconds

Time to access the data structure for 10000 times: 80 milliseconds
Space required to build the data structure: 200008 bytes

====== Data structure with 30000 nodes ======

Time to build the data structure: 2013 milliseconds

Time to access the data structure for 30000 times: 300 milliseconds
Space required to build the data structure: 600008 bytes

====== Data structure with 50000 nodes ======



Time to build the data structure: 3876 milliseconds
Time to access the data structure for 50000 times: 551 milliseconds
Space required to build the data structure: 1000008 bytes

====== Data structure with 70000 nodes ======

Time to build the data structure: 5268 milliseconds

Time to access the data structure for 70000 times: 811 milliseconds
Space required to build the data structure: 1400008 bytes

====== Data structure with 90000 nodes ======

Time to build the data structure: 6990 milliseconds

Time to access the data structure for 90000 times: 1102 milliseconds
Space required to build the data structure: 1799988 bytes

====== Data structure with 110000 nodes ======

Time to build the data structure: 8733 milliseconds

Time to access the data structure for 110000 times: 1382 milliseconds
Space required to build the data structure: 2200008 bytes

====== Data structure with 130000 nodes ======

Time to build the data structure: 10445 milliseconds

Time to access the data structure for 130000 times: 1652 milliseconds
Space required to build the data structure: 2599968 bytes

====== Data Structure with 150000 nodes ======

Time to build the data structure: 12268 milliseconds

Time to access the data structure for 150000 times: 1952 milliseconds
Space required to build the data structure: 2999948 bytes

====== Data structure with 170000 nodes ======

Time to build the data structure: 14111 milliseconds

Time to access the data structure for 170000 times: 2253 milliseconds
Space required to build the data structure: 3399948 bytes

====== Data structure with 190000 nodes ======

Time to build the data structure: 15933 milliseconds

Time to access the data structure for 190000 times: 2584 milliseconds
Space required tc build the data structure: 3799828 bytes

====== Data structure with 210000 nodes ======

Time to build the data structure: 17836 milliseconds

Time to access the data structure for 210000 times: 2904 milliseconds
Space required to build the data structure: 4199868 bytes

====== Data structure with 230000 nodes ======

Time to build the data structure: 19649 milliseconds

Time to access the data structure for 230000 times: 3214 milliseconds
Space required to build the data structure: 4599948 bytes

s===== Data structure with 250000 nodes ======

Time to build the data structure: 21541 milliseconds

Time to access the data structure for 250000 times: 3505 milliseconds
Space required to build the data structure: 4999908 bytes

====== Data structure with 270000 nodes ======

Time to build the data structure: 23443 milliseconds

Time to access the data structure for 270000 times: 3836 milliseconds
Space required to build the data structure: 5399868 bytes

====== Data structure with 290000 nodes ======

Time to build the data structure: 25376 milliseconds

Time to access the data structure for 290000 times: 4217 milliseconds
Space required to build the data structure: 57938748 bytes

====== Data structure with 310000 nodes ======

Time to build the data structure: 27179 milliseconds

Time to access the data structure for 310000 times: 4466 milliseconds
Space required to build the data structure: 6199788 bytes
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Test Result 7: TestSList.txt

Test Singly Linked List Built With Null Node Object

S T RS SCEr CS ER SRS SR N S S S TC oo ESIEISCSTIZ===

LILLILLLI 7177777777777 7777 L 77 77777/ 7777777777777/
// Test insert(), append() and remove()
LILILLL L7177 7 7777777777777 7777277717 77777 7777777/ 777777/77777

After inserting numbers 1 to 10:

10 9 8 7

6 5 4 3

2 1

After appending numbers 1 to 10:

10 9 8 7

6 5 4 3

2 1 1 2

3 4 5 [

7 8 9 10

After removing 1:

10 9 8 7

6 5 4 3

2 2 3 4

5 6 7 8

9 10

Number of nodes removed: 2

After removing 2:

10 9 8 7

6 5 4 3

3 4 5 6

7 8 9 10
Number of nodes removed: 2

After remowving 11:

10 Q 8 7

6 5 4 3

3 4 5 6

7 8 9 10

Number of nodes removed: 0

LILLL7 7777777777777 77777 7777777777777 7777777777777/7/777777777777777
// Insert five 2s and remove 2:
LI/ L717 7777777777777 7777 7777777777777 77777777777777/777777777777777

After insert five 2s:

2 2 2 2
2

hfter removing 2:

Number of nodes removed: S

L1117 7777777777777 777777777777777777777777777777777777/7777777777777
// Here is a data structure with 10 random numbers:

LILIILI L1777 7 0707777707707 7 7777777777777 777777/777777777777/7/777

9221 3956 6383 6102
9609 6152 35 810
1213 604
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L1777 777777 777777777 77777 /777777 77777777777
// The following data structure is a copy of the above one:

VL A A A A A A A A NS N IS TGS I I P4

9221 3956 6383 6102
9609 6152 35 810
1213 604

LL77 777777777777 7777777777777 /77777 7777777777777
// After inserting 12345, 4321, 15, 8876, 5034:

LIL11777 0777777077077 777777777777 77 777777777/ 77777/77/7777/77777/777/

5034 8876 15 4321
12345 9221 3956 6383
6102 9609 6152 35
810 1213 604

L7777 77777777777777777777777777777/777777777777777777/777777777/77777
// Search for the newly inserted numbers

LLLLL00 0000777777777 7777777777777 7777 7 7/ 7 /77777777777

Find number 12345

Find number 4321

Find number 15

Find number 8876

Find number 5034

Cannot find random number 7762

L1770 7777777777770/ 7 7727777777777 7777/77777777777777777777777/77777
// Remove test
L1707 77 7777707777707 777 7770707777777 77777777777777/7/777777/7/77777/7

===after removing 12345, 4321, 15,

5034 8876 9221 3956
6383 6102 9609 6152
35 810 1213 604

===After removing 6876, 5034,

9221 3956 6383 6102
9609 6152 35 810
1213 604

LI/ 0770777777007 7777777777777 7777 7 777777777777 7/777777
// Remove a random number from the above structure.

LI1L700 007100777070 07 707777770770 077777777777777777777/7777777/7/7777

Cannot remove 7762

L0070 777 7770777777777 707777777 7777777777777777777777777/7//77777777
// After empty(). the above data structure become:

L1100 7 7077777077777 007777777777 77777777777777777777/777777/77/77777

L7777 70777 7777777777777 77777777777777777777/7777777777777/7/77777777
// Measure time needed to build and access the data structure.

L1070 000777707777 00 777777077 7777777777777777777777770777777777777/7/777

====== Data structure with 10000 nodes ======

Time to build the data structure: 31 milliseconds

Time to access the data structure for 10000 times: 3004 milliseconds
Space required to build the data structure: 120012 bytes

====== Data structure with 20000 nodes ======

Time to build the data structure: 70 milliseconds
Time to access the data structure for 20000 times: 6569 milliseconds
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Space required to build the data structure: 240008 bytes

====== Data structure with 30000 nodes ======

Time to build the data structure: 110 milliseconds

Time to access the data structure for 30000 times: 10154 milliseconds
Space required to build the data structure: 360008 bytes

====== Data structure with 40000 nodes ======

Time to build the data structure: 151 milliseconds

Time to access the data structure for 40000 times: 13609 milliseconds
Space required to build the data structure: 480008 bytes

====== Data structure with 50000 nodes =s=====

Time to build the data structure: 180 milliseconds

Time to access the data structure for 50000 times: 16985 milliseconds
Space required to build the data structure: 600008 bytes

====== Data structure with 60000 nodes ======

Time to build the data structure: 220 milliseconds

Time to access the data structure for 60000 times: 20380 milliseconds
Space required to build the data structure: 720008 bytes

====== Data structure with 70000 nodes ======

Time to build the data structure: 260 milliseconds

Time to access the data structure for 70000 times: 23764 milliseconds
Space required to build the data structure: 840008 bytes

====== Data structure with 80000 nodes ======

Time to build the data structure: 300 milliseconds

Time to access the data structure for 80000 times: 27159 milliseconds
Space required to build the data structure: 960008 bytes

====== Data structure with 90000 nodes ======

Time to build the data structure: 331 milliseconds

Time to access the data structure for 90000 times: 30554 milliseconds
Space required to build the data structure: 1080008 bytes

====== Data structure with 100000 nodes ======

Time to build the data structure: 360 milliseconds

Time to access the data structure for 100000 times: 33959 milliseconds
Space required to build the data structure: 1200008 bytes
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Test Result 8: TestPtrSList.txt

e e it g L T T T

Test Singly Linked List Built With NULL pointers

I et e e it T b T

////////////////////////////////////////////////////////////////////
// Test insert(), append() and remove( )
////////////////////////////////////////////////////////////////////

After inserting numbers 1 to 10:

10 9 8 7
[ 5 4 3
2 1

After appending numbers 1 to 10:

10 9 8 7
6 5 4 3
2 1 1 2
3 4 5 6
7 8 9 10
After removing 1:

10 9 8 7
6 5 4 3
2 2 3 4
5 6 7 8
9 10

Number of nodes removed: 2

After removing 2:

10 9 8 7
6 5 4 3
3 4 S 6
7 8 9 10
Number of nodes removed: 2

After removing 11:

10 9 8 7
6 5 4 3
3 4 5 6
7 8 9 10

Number of nodes removed: 0

////////////////////////////////////////////////////////////////////
// Insert five 2s and remove 2:
////////////////////////////////////////////////////////////////////

After insert five 2s:

2 2 2 2
2

After removing 2:

Number of nodes removed: 5

////////////////////////////////////////////////////////////////////
// Here is a data structure with 10 random numbers:

////////////////////////////////////////////////////////////////////

9221 3956 6383 6102
9609 6152 35 810
1213 604
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L1000 70 7727777777777 7277777777777 77 7 77777777777 77777777
// The following data structure is a copy of the above one:

LI10007777 777777777777 7777077777777/ 7777777077777777/77777//7777/777

9221 3956 6383 6102
9609 6152 35 810
1213 604

LI 001 7777777777777 777777 P S 7777 777777 77/ 7 7777777777777
// After inserting 12345, 4321, 15, 8876, 5034:
L1100 77 777777777777 7 7SI II/77 777 77/ 777777//77///

5034 8876 15 4321
12345 9221 3956 6383
6102 9609 6152 35
810 1213 604

L1177 777777777777/ 7777 /7777777777777 77777777777/77/7/777777
// Search for the newly inserted numbers

L0010 10 7777777077077 7777770 0700777777777 7777707777777/ 7/0/777/777/777

Find number 12345

Find number 4321

Find number 15

Find number 8876

Find number 5034

Cannot find random number 7762

LILLI7 1777777777777/ 7707777777777 7777777777777777777777/77/7/77/777/777
// Remove test
L1707/ 2777777777 777777 7777777077777 7777777777777/7777/7777/7777777

===After removing 12345, 4321, 15,

5034 8876 9221 3956
6383 6102 9609 6152
35 810 1213 604

===After removing 8876, 3034,

9221 3956 6383 6102
9609 6152 35 810
1213 604

L1100 7 7 /777777 77 S 777/ 7 7 77/ 777 /777777777
// Remove a random number from the above structure.

LILLL17 7777707777777 7 7777772777777 77/727777777777777777/77777777/77/77/

Cannot remove 7762

L1117 077777 7777777777777 77777777/77777777777777777777/77/7777777/7777
// After empty(), the above data structure become:

LILI 777071077077 77 777077777777 7707777777/7/7777/77777777/77777777777/

LI707777777777777 7777777777777 7777777777777777777777777777777777/7777
// Measure time needed to build and access the data structure.

L1111 77 7777777777777 777770777777 7777077770777777777777/77777/777/777

====== Data structure with 10000 nodes ======

Time to build the data structure: 40 milliseconds

Time to access the data structure for 10000 times: 1842 milliseconds
Space required to build the data structure: 120008 bytes

====== PData structure with 20000 nodes ======

Time to build the data structure: 70 milliseconds
Time to access the data structure for 20000 times: 4267 milliseconds
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Space required to build the data structure: 240008 bytes

====== Data structure with 30000 nodes ======

Time to build the data structure: 100 milliseconds

Time to access the data structure for 30000 times: 6749 milliseconds
Space required to build the data structure: 360008 bytes

==a=== Data structure with 40000 nodes ====a=

Time to build the data structure: 130 milliseconds

Time to access the data structure for 40000 times: 9183 milliseconds
Space required to build the data structure: 480008 bytes

====== Data structure with 50000 nodes ======

Time to build the data structure: 170 milliseconds

Time to access the data structure for 50000 times: 11437 milliseconds
Space required to build the data structure: 600008 bytes

====== DpData structure with 60000 nodes ====a=

Time to build the data structure: 200 milliseconds

Time to access the data structure for 60000 times: 13730 milliseconds
Space required to build the data structure: 720008 bytes

====== Data structure with 70000 nodes ======

Time to build the data structure: 240 milliseconds

Time to access the data structure for 70000 times: 16003 milliseconds
Space required to build the data structure: 840008 bytes

====== Data structure with 80000 nodes ======

Time to build the data structure: 270 milliseconds

Time to access the data structure for 80000 times: 18296 milliseconds
Space required to build the data structure: 960008 bytes

====== pData structure with 90000 nodes ======

Time to build the data structure: 300 milliseconds

Time to access the data structure for 90000 times: 20590 milliseconds
Space required to build the data structure: 1080008 bytes

====== Data structure with 100000 nodes ======

Time to build the data structure: 340 milliseconds

Time to access the data structure for 100000 times: 22843 milliseconds
Space required to build the data structure: 1200008 bytes
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