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e Linked List

e Tree and Binary Tree
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Learning Objects Architecture

| Algorithm and Performance |

|

| Sequence Listing |

| Tree and Binary Tree |

Sorting and Search | ’ Heap | | Binary Search Tree ‘ | Graph ‘

Spanning Tree
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Bridge-In
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Why do we need to learn Data Structure

e The Problems of Programming
e Executable Programs v.s. Corrected Programs
e Corrected Programs v.s. Performance Programs

e Space and Execution Time

http://mail.tku.edu.tw/inhon
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Presentation of Program Design Logic

e Flow Chart

— Notation and Flow

e Algorithm
— Pseudo Code
— Programming Language Like

— Natural Language

http://mail.tku.edu.tw/inhon
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Presentation of Program Design Logic

e Notations of Flow Chart

C) Start/End @ Connection Point
Action
_— Flow
Q Decision
C\ o
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Example in Bubble Sort
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Comparison of Performance

e Bubble Sort

— http://www2.Issh.tp.edu.tw/~hlf/class-1/lang-c/bubble sort.htm
— http://hwcode.blogspot.tw/2011/11/bubble-sort.html

® Quick Sort
— http:/flyinsky76.pixnet.net/blog/post/23556348-quicksort

— http://program-lover.blogspot.tw/2008/11/quicksort.html

o {TF

— FIFALEEE 10 R %) > [FiF2C4aBubble sortEiQuick sortfEfR7
 ALECHER EHAYRT TR o FE5THIEATT1000 ~ 1000000 EHY
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Introduction
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Introduction

e System Life Cycles
e Decomposition
e Algorithms

e Performance Analysis
— Space Complexity
— Time Complexity

e Asymptotic Notation

http://mail.tku.edu.tw/inhon
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System Life Cycles

e Requirements

e Analysis

e Design

e Refinement and Coding

e Verification
— Correction proofs
— Testing

— Error Removal

http://mail.tku.edu.tw/inhon
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Algorithmic Decomposition vs Object
Oriented Decomposition

e Algorithmic Decomposition: view software as a process, break
down the software into modules that represent steps of the
process. Data structures required to implement the program are a
secondary concern.

e Object-Oriented Decomposition: view software as a set of
well-defined objects that model entities in the application
domain.

— Advantages
* Encourages reuse of software
» Allow software evolve as system requirements change

e More intuitive

http://mail.tku.edu.tw/inhon
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Algorithm -
Performance Analysis &
Performance Measurement
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Algorithm

e Definition: An algorithm is a finite set of instructions that, if followed,
accomplishes a particular task. In addition, all algorithms must satisfy
the following criteria:

1) Input. Zero more quantities are externally supplied.

2) Output. At least one quantity is produced.

3) Definiteness. Each instruction is clear and unambiguous.

4) Finiteness. If we trace out the instructions of an algorithm, then for
all cases, the algorithm terminates after a finite number of steps.

5) Effectiveness. Every instruction must be basic enough to be carried
out, in principle, by a person using only pencil and paper. It is not
enough that each operation be definite as in 3) it also must be
feasible.

http://mail.tku.edu.tw/inhon
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Algorithm vs. Program

e Major Difference between Algorithm and Program
by above Criteria
Itis -
Finiteness.

A program can always active and does not stop, for example

Operating System, ATM, Alarm Monitor, and so on.

http://mail.tku.edu.tw/inhon
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Selection Sort - Example

e Suppose we must devise a program that sorts a
collection of n > 1 integers.

From those integers that are currently unsorted, find
the smallest and place it next in the sorted list.

e Problem in the above statement

— Does not describe where and how the integers are
initially sorted.

— Does not indicate where to place the result.

http://mail.tku.edu.tw/inhon
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C++ Program for Selection Sort

void sort (int *a, const int n)
/I sort the n integers a[0] to a[n-1] into non-decreasing order

for (inti=0;i<n;i++)

{
intj=i;
/I find smallest integer in ali] to a[n-1]
for (intk=i+1;k <n; k++)
if (alk] < afi]) = ki
/l'interchange
int temp = a[i]; a[i] = a[j]; a[j] = temp;
}

http://mail.tku.edu.tw/inhon
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Binary Search -Example

e  Assume that we have n 2 1 distinct integers that are already sorted and stored in the array
al0] ... a[n-1]. Our task is to determine if the integer X is present and if so to return |
such that X = a[j]; otherwise return -1. By making use of the fact that the set is sorted, we

conceive the following efficient method:

Let left and right, respectively, denote the left and right ends of the list to be searched.
Initially, left = 0 and right = n — 1. Let middle = (left + right) / 2 be the middle position
in the list. If we compare a[middle] with X, we obtain one of the three results:

(1) x < a[middle]. In this case, if X is present, it must be in the positions between 0 and
middle — 1. Therefore, we set right to middle — 1.

(2) x == a[middle]. In this case, we return middle.

(3) x > a[middle]. In this case, if X is present, it must be in the positions between
middle+1 and n-1. So, we set left to middle+1.

http://mail.tku.edu.tw/inhon
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Algorithm for Binary Search

int BinarySearch (int *a, const int x, const int )

// Search the sorted array a/0], ... , a/n-1] for x
{
for (initialize left and right; while there are more elements;)
{
let middle be the middle element;
switch (compare (x, a[middle))) {
case >’: set left to middle+1; break;
case ‘<': set right to middle -1; break;
case ‘=*: found x;
} // end of switch
} // end of for

not found;

} // end of BinarySearch

http://mail.tku.edu.tw/inhon
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Algorithm for Binary Search (Cont.)

int BinarySearch (int *a, const int x, const int n)

/I Search the sorted array a[0], ... , a[n-1] for x

{
for (int left = 0, right = n - 1; left <= right;)
{
int middle = (left + right) / 2;
switch (compare (x, a[middle])) {
case “>’: left = middle+1; break;  // x> a[middle]
case ‘<‘:right = middle -1; break; // x < a[middle]
case ‘=‘: return middle; /I x == a[middle]
}// end of switch
} /' end of for
return -1;

} // end of BinarySearch

http://mail.tku.edu.tw/inhon
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Recursive Algorithms

e  Direct Recursive

e Indirect Recursive

e E.g, [Recursive binary search]
int BinarySearch (int *a, const int x, const int left, const int right)
/I Search the sorted array afleft], ... , a[right] for x
{
if (left <= right;) {
int middle = (left + right) / 2;
switch (compare (x, a[middle])) {
case “>’: return BinarySearch(a, x, middle+1, right); // x > a[middle]
case ‘<‘: return BinarySearch(a, x, left, middle -1); // x < a[middle]
case ‘=‘: return middle; /I x == a[middle]
} /I end of switch
} /I end of for
return -1; // not found

}// end of BinarySearch

http://mail.tku.edu.tw/inhon
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Performance Analysis

e Space Complexity: The space complexity of a
program is the amount of memory it needs to run
to completion.

e Time Complexity: The time complexity of a
program is the amount of computer time it needs to
run to completion.

http://mail.tku.edu.tw/inhon

-=_
a TSEG Tamkang Universty Software Engineering Group ZTHMIEREE http://www.tkse. thu.edu. tw/

Space Complexity

e A fixed part that is independent of the characteristics of the inputs and
outputs. This part typically includes the instruction space, space for
simple variables and fixed-size component variables, space for
constants, etc.

e A variable part that consists of the space needed by component
variables whose size is dependent on the particular problem instance
being solved, the space needed by referenced variables, and the
recursion stack space.

e The space requirement S(P) of any program P is written as S(P) = ¢ +Sp
where c is a constant

http://mail.tku.edu.tw/inhon
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Time Complexity

e The time, T(P), taken by a program P is the sum of the
compile time and the run (or execution) time. The compile
time does not depend on the instance characteristics. We
focus on the run time of a program, denoted by tp (instance
characteristics).

e Note that a step count does not necessarily reflect the
complexity of the statement.

e Step per execution (s/e): The s/e of a statement is the
amount by which count changes as a result of the execution
of that statement.

http://mail.tku.edu.tw/inhon
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Time Complexity in C/C++

e General statements in a C/C++ program

Step count
— Comments 0
— Declarative statements 0
— Expressions and assignment statements 1
— Iteration statements N
— Switch statement N
— If-else statement N
— Function invocation lorN
— Memory management statements lorN
— Function statements 0
— Jump statements lorN

http://mail.tku.edu.tw/inhon
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Time Complexity lterative Example

float sum (float *a, const int n)
{
float s = 0;
for (inti=0;i<n;i++)
s +=a[i];

return; Source

http://mail.tku.edu.tw/inhon
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Step Count of lterative Example

float sum (float *a, const int n)

{

float s =0;
count++; /I count is global

for (inti=0;i<n;i++)

{
count++; // for for
ot Add Count
count++; // for assignment

}

count++; // for last time of for

count++; /I for return

return;

1
http://mail.tku.edu.tw/inhon
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Step Count of Iterative Example (Simplified)

void sum (float *a, const int n)

{
for (inti=0;i<n;i++)
count += 2;
count +=3;
}

If initially count = O, then the total of steps is 2n + 3.

http://mail.tku.edu.tw/inhon
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Time Complexity of Recursive Example

float rsum (float *a, const int n)

{
if (n<=0)return 0;

else return (rsum(a, n—1) + a[n-1]);

Source

http://mail.tku.edu.tw/inhon
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Step Count of Recursive Example

float rsum (float *a, const int n) Assume t,g,,(0) = 2
{ trsum(ﬂ) =2+ trsum(n'l)
count++; // for if _
conditional =2+ 2+ tgum(n-2)
if (n<=0){ =22+ tigum(n-2)
count++; // for return =2n + tgym(0)
return 0; =2n+2
}
else{

count++; //forreturn

return (rsum(a, n—1) + a[n-1]);

Add Count

http://mail.tku.edu.tw/inhon
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An Example of Time Complexity Comparison
Sfi:%:oirflds

VAX8800, Two CPUs
Supercomputer. Each CPU
operates at 22.22MHz,
45ns cycle time.

——Insertion
sort by
VAXE800

=B- Quicksort
by PC/XT

IBM PC/XT, Single Intel
80286 CPU. It operates

at 6MHz, 166.65ns cycle
time.

200 600 1000 1400 1800
numer of data items

http://mail.tku.edu.tw/inhon
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Asymptotic Notation

e Determining step counts help us to compare the time
complexities of two programs and to predict the growth in
run time as the instance characteristics change.

e But determining exact step counts could be very difficult.
Since the notion of a step count is itself inexact, it may be
not worth the effort to compute the exact step counts.

e Definition [Big “oh”]: f(n) = O(g(n)) iff there exist positive
constants € and n, such that f(n) < cg(n) for all n, n >n,

http://mail.tku.edu.tw/inhon
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Examples of Asymptotic Notation

e 3n+2=0(n)

3n+2<4n foralln>2
e 100n + 6 = O(n)

100n + 6 <101n foralln>6
e 10n%2+4n +2=0(n?)

10n2+4n+2<11n2 foralln>5

http://mail.tku.edu.tw/inhon
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Asymptotic Notation (Cont.)

Theorem 1.2: If f(n) =a,n™+ ... + a;n + a,, then f(n) = O(n™).

Proof:

m

f(n)sz lai|n'

I
=]

AN
S
3

AN
S
3

2

0 forn>1
2

0

So, f(n) = O(n™)

http://mail.tku.edu.tw/inhon
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Asymptotic Notation (Cont.)

e Definition: [Omega] f(n) = Q(g(n)) iff there exist
positive constants € and N, such that f(n) = cg(n)
for all n, n>ng,

e Example:
—3n+ 2 =Q(n)
—100n + 6 = Q(n)
—10n?2+ 4n + 2 =Q(n?)

http://mail.tku.edu.tw/inhon
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Asymptotic Notation (Cont.)

e Definition: f(n) = ©(g(n)) iff there exist positive
constants c,, ¢,, and n, such that c,g(n) < f(n)
< c,g(n) for all n, n > n,,.

http://mail.tku.edu.tw/inhon
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Asymptotic Notation (Cont.)

e Theorem 1.3: Iff(n) =a,n™+ ... + a;n + a5 and
a, > 0, then f(n) = Q(n™).

e Theorem 1.4: Iff(n) =a,n™+ ... + a,n + a, and
ap, > 0, then f(n) = ©(nM).

http://mail.tku.edu.tw/inhon
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Practical Complexities

e Ifa program P has complexities ©(n) and program
Q has complexities ®(n?), then, in general, we can
assume program P is faster than Q for a sufficient
large n.

e However, caution needs to be used on the assertion

of “sufficiently large".

http://mail.tku.edu.tw/inhon
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Function Values

log n n nlogn n2 n3 2n
1 0 1 1 2
2 2 4 8 4
4 8 16 64 16
8 24 64 512 256
16 64 256 4096 65536
32 160 1024 32768 | 4294967296

http://mail.tku.edu.tw/inhon
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Plot of Function VValues

60 |
50 |
40

30

10|
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Linked List
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Bridge In: Review of Sequential
Representations

e Previously introduced data structures, including Array,

queue, and stack, they all have the property that successive
nodes of data object were stored a fixed distance apart.

e The drawback of using Array for ordered lists is that
operations, such as insertion and deletion, become
expensive.

e Also sequential representation tends to have less space
efficiency when handling multiple various sizes of ordered
lists.

http://mail.tku.edu.tw/inhon
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Bridge In: Review of Sequential

Representations
e Question 1:

19
34
68
87

How: Add 52 with sequentially

19
34
52
68
87

e Question 2:

19
34
52
68
87

How: Del 34 with sequentially

19

52

68

87

http://mail.tku.edu.tw/inhon
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Linked List

e A better solutions to resolve the aforementioned issues of sequential

representations is linked lists.

e Elements in a linked list are not stored in sequential in memory. Instead,
they are stored all over the memory. They form a list by recording the
address of next element for each element in the list. Therefore, the list

is linked together.

e A linked list has a head pointer that points to the first element of the

list.

e By following the links, you can traverse the linked list and visit each

element in the list one by one.

http://mail.tku.edu.tw/inhon
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Linked List-bDiagram Representation

first

[ BATI [ cAT [B—{eAT [—{FAT B [HaT [0

http://mail.tku.edu.tw/inhon
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Linked List Insertion

e To insert an element into the three letter linked list:

— Get a node that is currently unused; let its
address be x.

— Set the data field of this node to GAT, for example.

— Set the link field of x to point to the node after
FAT, which contains HAT.

— Set the link field of the node containing FAT to

X.

http://mail.tku.edu.tw/inhon
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Linked List Deletion

e To delete an element from the three letter linked list:

— Find the element that immediately proceeds GAT, for

example

— Which is FAT; let its address be x.

— Set the link field of x to point to the node after GAT,
which contains HAT.

— There is no need to move the data around. Even though
the link field of GAT still contains a pointer to HAT,
GAT is no longer in the list

http://mail.tku.edu.tw/inhon
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Linked List Insertion And Deletion

first

[BATI—{cAT [ —{EAT [ {FAT AT [B—

\
(ATl Tl Al Pl e B el

http://mail.tku.edu.tw/inhon
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Node Representation in C++

template <class T>

Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

class ChainNode

{

private:

T data;

ChainNode<T> *link;

// constructors come here

¥

http://mail.tku.edu.tw/inhon
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Node Representation in Java

public class Node { Sources: Data Structures & Algorithms in Java

http://mail.tku.. }

// Instance variables: Michael ich
private Object element; ichael Goodric

private Node next;
[** Creates a node with null references to its element and next node. */
public Node()

this(null, null);

[** Creates a node with the given element and next node. */
public Node(Object e, Node n) {

element = g;

next = n;
}
// Accessor methods:
public Object getElement() {

return element;

¥
public Node getNext() {
return next;

}
// Maodifier methods:

public void setElement{Object newElem) {
element = newElem; data
¥

public void setNext(Node newNext) {
next = newNext;
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Node Representation in C

#include<stdlib.h> Sources:
#include<stdio.h> http://www.macs.hw.ac.uk/~rjp/Coursewww/Cw
struct list_el { ww/linklist.html
int val;
struct list_el * next;
IS

typedef struct list_el item;
void main() {
item * curr, * head;
int i;
head =NULL;
for(i=1;i<=10;i++) {
curr = (item *)malloc(sizeof(item));
curr->val = i;
curr->next = head;
head = curr;

}

curr = head;
while(curr) {
printf("%d\n", curr->val); data

curr = curr->next ;
}
}
http://mail.tku.edu.tw/inhon
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Pointer Manipulation in C++

e Addition of integers to pointer variable is permitted in
C++ but sometimes it has no logical meaning.

e Two pointer variables of the same type can be compared.
- x==y,x!=y,x==0

http://mail.tku.edu.tw/inhon
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List Manipulation Operations

e The basic linked list operations:

add: Add an item (or array of items) to the end of the list. Adding an item

to this list in this simple implementation is O(1) in Big O notation because

we keep a reference to the last node in the list and simply append to it.

— remove: Remove an item (or array of items) from the list. I[tems are located
by equality. Complexity for removal is O(n) because the the list is iterated
from the first element to the last, testing each item for equality.

— indexOf: Indicates the position of an item in the list, returning -1 if not
found. Again, O(n) because of the list being iterated.

— size: Shows the number of items in the list. O(n) because of iteration.

— eclementAt: Gives the position in the list of an element.

http://mail.tku.edu.tw/inhon
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Add new node Operation

public void add(Object inputData) {

ListHNode node = new ListNode (inputData);

/* Make sure we cater for the case where the list is empty */
if (this.firstNode.getData() == mull) {
this.firstNode = node:;
this.lastNode = node:
}
else {
this=.lastNode.setHext (node);
this.lastNode = node:

this.sizet++;

public void add(Object [] inputirray) {
for (int i = 0; i < inputiArray.length; i++) {
this.add (inputArray([i]);
b Sources: Data Structures & Algorithms in Java
} Michael Goodrich
http://mail.tku.edu.tw/inhon
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Remove one node Operation (1)

Sources: Data Structures & Algorithms in Java
Michael Goodrich

http://mail.tku.edu.tw/inhon
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Remove one node Operation (2)

res & Algorithms in Java
1 Goodrich

http://mail.tku.edu.tw/inhon
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Remove one node Operation (3)

Sources: Data Structures & Algorithms in Java
Michael Goodrich

http://mail.tku.edu.tw/inhon
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Helper Operations - 1

Sources: Data Structures & Algorithms in Java
Michael Goodrich

http://mail.tku.edu.tw/inhon
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Helper Operations - 2

public int indexOf(Object inputData) {

ListNode currentNode = this.firstNode;
int position = 02
boolean found = false;

for (; :; position++) {
if (currentMode == null) {
break:;

}

if (inputData.equals (currenctMode.getData())) {
found = true:
break;

}

currentlode = currentNode.getNext ()
H

if (!found) {
position = -1;
1

return position; Sources: Data Structures & Algorithms in Java
¥ Michael Goodrich

http://mail.tku.edu.tw/inhon
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Define A Linked List Template

e Reusability of Linked List

e A linked list 1s a container class, so its

implementation is a good template candidate.

e Member functions of a linked list should be
general that can be applied to all types of objects.

http://mail.tku.edu.tw/inhon
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Define A Linked List Template

template < class 7> class Chain; // Fijm = 5 Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

template < class 7'>class ChainNode {
friend class Chain <T>;
private:
T datas
ChainNode<T>* link;
3
template <class 7>class Chain {
public:
Chain() {  first= 03 } I/ A TR firstiJia{ERLO
1/ S BRI R e s
private:
ChainNode<T> * first;
}

http://mail.tku.edu.tw/inhon
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Template of Linked Lists (Chain)

Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

template<class T>
class Chain
{
public:
Chain() {first=0;}
// constructor, empty chain
~Chain(); // destructor
bool IsEmpty() const {return first == 0;}
// other methods defined here
private:
ChainNode<T>* first;

55

http://mail.tku.edu.tw/inhon
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Destructor

template<class T>
chain<T>::~chain()
{// Chain destructor. Delete all nodes
// In chain.

while (first != NULL)

{// delete fTirst
ChainNode<T>* next
delete first;
first = next;

Sources: Fundamentals of Data Structures in

C++ Ellis Horowitz

= First->link;

http://mail.tku.edu.tw/inhon
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IndexOf

template<class T>
int Chain<T>::IndexOf(const T& theElement) const

{

//

3

// search the chain for theElement

ChainNode<T>* currentNode = first;

int index = 0; // index of currentNode

while (currentNode !'= NULL &&
currentNode->data != theElement)

{
// move to next node
currentNode = currentNode->next;
index++;

b

make sure we found matching element
if (currentNode == NULL)

return -1;
else

return index;

Sources: Fundamentals of Data Structures in

C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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I nse rt An E I emen t Sources: Fundamentals of Data Structures in

C++ Ellis Horowitz

template<class T>
void Chain<T>::Insert(int thelndex,

const T& theElement)
{

if (thelndex < 0)
throw “Bad insert index’;

if (thelndex == 0)
// insert at front
first = new chainNode<T>
(theElement, first);

http://mail.tku.edu.tw/inhon
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Insert An Element (Cont.)

else
{ // find predecessor of new element
ChainNode<T>* p = first;
for (int i = 0; 1 < thelndex - 1; i++)
{if (p == 0)
throw “Bad insert index”;
p = p->next;}
// insert after p
p->link = new ChainNode<T>
(theElement, p->link);

Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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Delete An Element

template<class T>
void Chain<T>::Delete(int thelndex)

{

if (first == 0)
throw “Cannot delete from empty chain’;
ChainNode<T>* deleteNode;
if (thelndex == 0)
{// remove First node from chain
deleteNode = First;
first = first->link;

}

Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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Delete An Element(Cont.)

else
{ // use p to get to beforeNode
ChainNode<T>* p = first;
for (int i = 0; 1 < thelndex - 1; i++)
{if (p == 0)
throw “Delete element does not exist”;
p = p->next;}
deleteNode = p->link;
p—>link = p->link->link;
¥
delete deleteNode;

}

Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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Attaching A Node To The End Of A List

Template <class Type>

Void List<Type>::Attach(Type k)

{
ListNode<Type>*newnode = new ListNode<Type>(k);
if (first == 0) first = last =newnode;
else {
last->link = newnode;
last = newnode;
}
b

Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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Concatenating Two Chains

Template <class Type>

void List<Type>:: Concatenate(List<Type> b)
/I this = (a1, ...,am)and b= (b1, ...,bn)m,n >,
/I produces the new chain z = (a1, ..., am, b1, bn) in this.
{
if (ffirst) { first = b.first; return;}
if (b.first) {
for (ListNode<Type> *p = first; p->link; p = p->link); // no body
p->link = b.first;

} Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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N
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e http://www.youtube.com/watch?v=195KUinjBpU

e http://www.youtube.com/watch?v=1R5wyCalayk
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When Not To Reuse A Class

o If efficiency becomes a problem when reuse
one class to implement another class.

e If the operations required by the application
are complex and specialized, and therefore

not offered by the class.

http://mail.tku.edu.tw/inhon

39



.-!
(s TSE G Tamkang Universty Software Engineering Group ZGTHMTIEREE http://www.tkse. thu.edu. tw/

Circular Lists

e By having the link of the last node points to the

first node, we have a circular list.

— Need to make sure when current is pointing to
the last node by checking for current->link ==
first.

— Insertion and deletion must make sure that the
circular structure is not broken, especially the
link between last node and first node.

http://mail.tku.edu.tw/inhon
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Diagram of A Circular List

last \1:(
.

http://mail.tku.edu.tw/inhon
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Linked Stacks and Queues

“— top

front rear

[.ﬂ Linked Queue

Linked Stack

http://mail.tku.edu.tw/inhon

- 73‘ £ G Tamkang Universty software Engineering Group TSR TIZBAE http://www.tkse. tku.edu.tw)

Linked Stacks and Queues (Cont.)

o DUTERIEER T #H#E2E (Flipped Learning)&i
PBL(Problem Based Learning) ;| 5= Z & B3
ST

o H[EIEEEE DL B B i (i Bl sE b

o SERATIS 2 s ARTEE

o 2014. 11. 14T LA BEEAI
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Example of Stack in Linked List

e (Class Stack

e Operations on Class Stack
— Add (Push) function in Stack
— Delete (Pop) function in Stack

— Helper functions in Stack

http://mail.tku.edu.tw/inhon
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Example of Stack in Linked List

e Class Link Node by C++

template <class T> class LinkedStack; //Forward Declaration
template <class T>
class Link Node {
friend class LinkedStack <T>;
private:
T data;
Link Node <T> *link;

Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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Example of Stack in Linked List
e (lass Stack

template <class T>
class LinkedStack {
public:

LinkedStack() {top = 0}; //Constructor
void Push (const T& InputData); //Add new data to stack
void Pop(const T& GetData); //Get out the data from stack
void First(const T& FirstData); /Find the first data in stack but not take
~LinkedStack(); /Release the space of stack

}

private:
Link Node <T> *top;

}’ Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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Example of Stack in Linked List

template <class T>
void LinkedStack <T>::Push(const T& InputData) {
top = new Link Node <T>(InputData, top);

template <class T>
void LinkStack <T>::Pop(const T&GetData )
{// Rt B TR BTG
if (IsEmpty()) throw “Stack is empty. Cannot delete.”;
Link_Node <T> *delNode = top;
top = top—link; // FEERTEIREEL
GetData = delNode->data;

delete delNode; // FE[E]LETRL Sources: Fundamentals of Data Structures in
} C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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Example of Stack in Linked List

T LinkedStack<T>::Top() const { Sources: http://electrofriends.com/source-
codes/software-programs/cpp-programs/cpp-
data-structure/c-program-to-implement-stack-

if (IsEmpty()) cout<<"Stack empty:"; using-linked-list/

else return top->data;

// Return top element.

void print() const {

// could just be initialized Sources:
// the asterisk is commonly http://codereview.stackexchange.com/questions/3
3195/stack-impl tati ing-linked-list

// put next to the type in C++
node* temp = top;
while (temp != NULL) {
cout << temp-> data <<","; temp = temp->next;
}
}

http://mail.tku.edu.tw/inhon
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Example of Stack in Linked List

e Class Link Node by Java

public interface Stack<E> { Sources: Data Structures & Algorithms in Java
[ Michael Goodrich
* Return the number of elements in the stack.
* (@return number of elements in the stack.
*/
public int size();
/**
* Return whether the stack is empty.
* @return true if the stack is empty, false otherwise.
*/
public boolean isEmpty();
/**
* Inspect the element at the top of the stack.
* (@return top element in the stack.
* (@exception EmptyStackException if the stack is empty.
*/
public E top()

throws EmptyStackException;
http://mail.tku.edu.tw/inhon
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Example of Stack in Linked List

ikl

* Insert an element at the top of the stack.
* (@param element to be inserted.
*/
public void push (E element);
/**
* Remove the top element from the stack.
* (@return element removed.
* (@exception EmptyStackException if the stack is empty.
*/
public E pop()
throws EmptyStackException;
}
/lend#fragment Stack

Sources: Data Structures & Algorithms in Java
Michael Goodrich

http://mail.tku.edu.tw/inhon
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e http://electrofriends.com/source-codes/software-programs/cpp-

programs/cpp-data-structure/c-program-to-implement-stack-
using-linked-list/

e http://codereview.stackexchange.com/questions/33195/stack-

implementation-using-linked-list

e http://www.java-tips.org/java-se-tips/java.lang/linked-list-based-

stack-implementation.html

e http://www.youtube.com/watch?v=V2Tb vévuqg

e http://www.youtube.com/watch? v=MuwxQ2IB81Q

e http://www.youtube.com/watch?v=_xOvZGvdBfE
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Example of Queue in Linked List

e (Class Queue

e Operations on Class Queue
— Add function in Queue
— Delete function in Queue

— Helper functions in Queue

http://mail.tku.edu.tw/inhon
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Example of Queue in Linked List

template <class T>
void LinkedQueue <T>:: Add(const T& €)
{
if (ISEmpty()) front = rear = new ChainNode(e,0); /22751
else rear = rear—link = new ChainNode(e,0); // iz B = Hirear
}

template <class T>
void LinkedQueue <T>:: Del(const T& GetData)
{// B ATF I — BT
if (ISEmpty()) throw “Queue is empty. Cannot delete.”;
ChainNode<T> *delNode = front;
front = front—link; // f2kx8ERS—(EEHEE
GetData = delNode — data;
Sources: Fundamentals of Data Structures in

delete delNode;  // B[ H:AfiEE C++ Ellis Horowitz
1
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Example of Queue in Linked List

//begin#fragment Queue Sources: Data Structures & Algorithms in Java
.. Michael Goodrich

public interface Queue<E> {

JE*

* Returns the number of elements in the queue.
* @return number of elements in the queue.
*/
public int size();
/**
* Returns whether the queue is empty.
* @return true if the queue is empty, false otherwise.
*/
public boolean isEmpty();
/**
* Inspects the element at the front of the queue.
* @return element at the front of the queue.

* @exception EmptyQueueException if the queue is empty.
*/

http://mail.tku.edu.tw/inhon
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Example of Queue in Linked List

public E front() throws EmptyQueueException;
/**

* Inserts an element at the rear of the queue.
* (@param element new element to be inserted.
*/
public void enqueue (E element);
/**
* Removes the element at the front of the queue.
* @return element removed.
* @exception EmptyQueueException if the queue is empty.
*/
public E dequeue() throws EmptyQueueException;
¥
/lend#fragment Queue

Sources: Data Structures & Algorithms in Java
Michael Goodrich
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e http://www.sanfoundry.com/cpp-program-implement-queue-
linked-list/

e http://www.sanfoundry.com/java-program-implement-queue-
using-linked-list/

e http://www.youtube.com/watch?v=A5 XdiK4J8A

e http://www.youtube.com/watch?v=PGWZUgzDMYI

e http://www.youtube.com/watch?v=esl7P2wzLGU
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Revisit Polynomials
o DI NEMANEME T FLA: Fundamentals of Data

Structures in C++ Ellis Horowitz —=&

o RIS

http://mail.tku.edu.tw/inhon

48



.-!
s TSE G Tamkang Universty Software Engineering Group ZGTHMTIEREE http://www.tkse. thu.edu. tw/

Revisit Polynomials

a.first—— 3 14.—.2 SFI O.

a=3x"+2x*+1

b.first— o 8 |14 ._. 3] 10 F 10]6 .

b=8x"-3x"+10x°
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Program 4.23 Polynomial Class Definition

struct Term

/I all members of Terms are public by default

{

int coef; Il coefficient

int exp; /I exponent

void Init(int c, int e) {coef = c; exp = e;};
h

class Polynomial

{
friend Polynomial operator+(const Polynomial&, const Polynomial&);
private:
List<Term> poly;
h

Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz
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Program 4.24 Polynomial Operation--Add

1 Polynomial Polynomial::operator+(const Polynomial& b) const
2 {// N2 *this (o) Bb3f HEHEHEMTHFI

Term temp;

Chain <Term>::Chainlterator ai = poly.begin(),

bi =b. poly.begin();

while (aidd&bi) { // HIHIETEEA R 22K

3

4

5

6 Polynomial c;
7

8 if (ai—exp == bi—exp) {
9

int sum = ai—coef + bi—coef;

10 if (sum) c.poly.InsetBack (temp.Set(sum, ai—exp));
11 ait+; bit+; // HiEE T —{E%H

12 }

13 else if (ai—exp < bi—exp) {

14 c.poly.InsertBack(temp.Set(bi—coef, bi—exp)) ;
15 bit++; /| B F—{EIEH

16 }

17 else {

18 c.poly.InsertBack(temp.Set(ai—coef , ai—exp)) ;
19 ai++; /] aff] F—{E5EE

20 }

Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz
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Program 4.24 Polynomial Operation--Add

22 while (ai) { // 12 %aR] FHTE ()

23 c.poly.InsertBack(temp.Set(ai—coef,ai—exp)) ;
24 ait++;

25 }

26 while (bi) { // THELIbTE FHTER (Y

27 c.poly.InsertBack (temp.Set(bi—coef,bi—exp)) ;
28 bit+

29 }

29 return c;

30} Sources: Fundamentals of Data Structures in
C++ Ellis Horowitz
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Operating On Polynomials

e With linked lists, it is much easier to perform operations

on polynomials such as adding and Subtracting.

— E.g., adding two polynomials a and b, Program 4.24
— Time Complexity of Program 4.24 is O(m+n)

afirst 2 ]s] (1 [o]

P
b.first n n

q
c.first 1 |14 (i) p->exp == g->exp

http://mail.tku.edu.tw/inhon
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Operating On Polynomials

afirst 2 ]e] [+ [o]

P
b.first n n
q

c.first n

(ii) p->exp < g->exp

http://mail.tku.edu.tw/inhon
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Operating On Polynomials

afirst 2 ]e] [+ [o]

P
b.first n n

q

c.first n n

(iii) p->exp > g->exp
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Doubly Linked Lists

e The problem of a singly linked list is that supposed we
want to find the node precedes a node ptr, we have to start
from the beginning of the list and search until find the node
whose link field contains ptr.

e To efficiently delete a node, we need to know its preceding
node. Therefore, doubly linked list is useful.

e A node in a doubly linked list has at least three fields: left
link field (llink), a data field (item), and a right link field
(rlink). A doubly linked list may or may not be circular.

http://mail.tku.edu.tw/inhon
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Doubly Linked List

e A head node is also used in a doubly linked list to allow us to

implement our operations more easily.
e Figure 4.27 and Figure 4.28 illustrate one example of Doubly linked
circular list with Head node and Empty List, respectively.

| R
T T = [ T —F T T L

llink item rlink

j ﬁ Empty List

Head Node

http://mail.tku.edu.tw/inhon
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Deletion From A Doubly Linked Circular List

* Program 4.32 shows the class definition of a doubly linked list of
integer.

*Program 4.33 and 4.34 present the delete and insert functions of Doubly
Linked list Class in specific node pointer.

llink item rlink

L]

—T T3

X node be deleted

Head Node

http://mail.tku.edu.tw/inhon
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Deletion From A Doubly Linked Circular List

LSS

Sirst %

http://mail.tku.edu.tw/inhon
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Insertion Into An Empty Doubly Linked

Circular List

* Program 4.35 shows the Insertion function of Doubly linked list

l— Head node

%=+

E newnode

l— Head node

r=
Lemt

After Two steps of Insertion

http://mail.tku.edu.tw/inhon
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Class Definition of Double Linked List (1)

class DblList; //Forward declaration

class DblListNode {
friend class Db/List;
private:
int data;
DblListNode *left, *right;
3
class DblList {
public:
/] BB R R

private:

i o firsts /) 45 [ P EREE )
DbiListNode *first; I/ F5 P RFELIRS Sources: Fundamentals of Data Structures in

I C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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Insert and Delete Functions of DblList (2)

void DblList :: Delete(DblListNode *x)
{
if (x = = first) throw “Deletion of header node not permited”; //first ;5 [f—{E4EDatazz Head Node

else {
x—left—right = x—right;
x—right—left = x—left;
}
delete x;
}
void DblList :: Insert(DblListNode *p, DblListNode *x)
{ /1 3B A ETREp IR REXHY 12
p—left = x; p—right = x—right;
x—right—left = p; x—right=p;

Sources: Fundamentals of Data Structures in
H C++ Ellis Horowitz

http://mail.tku.edu.tw/inhon
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Class Definition of Double Linked List (1)

//begin#fragment DLNode
public class DLNode<E> {
private E element;
private DLNode<E> next, prev;
DLNode() { this(null, null, null); }
DLNode(E e, DLNode<E> p, DLNode<E> n) {

element = e;
next =n;
prev = p;

}

public void setElement(E newElem) { element = newElem; }
public void setNext(DLNode<E> newNext) { next = newNext; }
public void setPrev(DLNode<E> newPrev) { prev = newPrev; }
public E getElement() { return element; }
public DLNode<E> getNext() { return next; }
public DLNode<E> getPrev() { return prev; }
}
//end#fragment DLNode Sources: Data Structures & Algorithms in Java
Michael Goodrich

http://mail.tku.edu.tw/inhon
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Class Definition of Double Linked List (2)

//begin#fragment DNode
public class DNode<E> implements Position<E> {
private DNode<E> prev, next; // References to the nodes before and after
private E element; // Element stored in this position
/** Constructor */
public DNode(DNode<E> newPrev, DNode<E> newNext, E elem) {
prev = newPrev;
next = newNext;

element = elem;

}

// Method from interface Position
public E element() throws InvalidPositionException {
if ((prev == null) && (next == null))
throw new InvalidPositionException("Position is not in a list!");

return element;
}

Sources: Data Structures & Algorithms in Java
Michael Goodrich

http://mail.tku.edu.tw/inhon
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Class Definition of Double Linked List (3)

/I Accessor methods
public DNode<E> getNext() { return next; }
public DNode<E> getPrev() { return prev; }
// Update methods
public void setNext(DNode<E> newNext) { next = newNext; }
public void setPrev(DNode<E> newPrev) { prev = newPrev; }
public void setElement(E newElement) { element = newElement; }

¥
//lend#fragment DNode

Sources: Data Structures & Algorithms in Java
Michael Goodrich

http://mail.tku.edu.tw/inhon
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Class Definition of Double Linked List (1)

class Node {
Node prev;
Node next;
int data;

public Node(int d) { data = d; prev = null; next = null; } // Constructor

}

class LinkedList {
Node head;
public LinkedList() { head =null; } //Constructor

Sources:
http://codereview.stackexchange.com/questions/3
3040/java-doubly-linked-list

http://mail.tku.edu.tw/inhon
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Class Definition of Double Linked List (2)

public void insert(int d) {
if (head == null) { head = new Node(d);
return;

§
if (head.data > d) {
Node holder = head;
Node newNode = new Node(d);
head = newNode;
head.next = holder;
holder.prev = newNode;
return;

}

Sources:
http://codereview.stackexchange.com/questions/3
3040/java-doubly-linked-list

http://mail.tku.edu.tw/inhon
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Class Definition of Double Linked List (3)

Node tmpNode = head;
while (tmpNode.next !=null && tmpNode.next.data < d) {

tmpNode = tmpNode.next;
1

s

Node prevTmp = tmpNode;

Node insertedNode = new Node(d);

if (tmpNode.next != null) {
Node nextTmp = tmpNode.next;
insertedNode.next = nextTmp;
nextTmp.prev = insertedNode;

}

prevTmp.next = insertedNode;
insertedNode.prev = prevTmp;

Sources:
http://codereview.stackexchange.com/questions/3
3040/java-doubly-linked-list

http://mail.tku.edu.tw/inhon
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Class Definition of Double Linked List (4)

public void delete(int d) {

if (head == null) {
System.out.println("The list is empty.");
return;

}

if (head.data==d) {
head = head.next;
if (head !=null) {

head.prev = null;

}

return;
!

s
Node tmpNode = head;
while (tmpNode !=null && tmpNode.data !=d) {

tmpNode = tmpNode.next;
!
5

Sources:
http://codereview.stackexchange.com/questions/3
3040/java-doubly-linked-list
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Class Definition of Double Linked List (5)

if (tmpNode == null) {
System.out.println("That node does not exist in the list");

return;
!

s
if (tmpNode.data == d) {
tmpNode.prev.next = tmpNode.next;
if (tmpNode.next !=null) {
tmpNode.next.prev = tmpNode.prev;

-

Sources:
http://codereview.stackexchange.com/questions/3
3040/java-doubly-linked-list

http://mail.tku.edu.tw/inhon
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2 %3 3131
S£EEN

e http://www.youtube.com/watch?v=JdQeNxWCguQ

e http://www.youtube.com/watch?v=pBrz9HmjFOs

e http://www.youtube.com/watch?v=k0pjD12bzP(

e http://www.youtube.com/watch?v=VOQN{f1VxU3Q

e http://www.youtube.com/watch?v=MZmmSbLJsB4

e http://algs4.cs.princeton.edu/13stacks/DoublyLinkedList.java.html

e http://codereview.stackexchange.com/questions/33040/java-doubly-
linked-list

http://mail.tku.edu.tw/inhon

=
s TSEG Tamkang Universty Software Engineering Group ZTHMIEREE http://www.tkse. thu.edu. tw/

Generalized Lists
o DI NEMANEME T FLA: Fundamentals of Data

Structures in C++ Ellis Horowitz —=&

o RIS
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Generalized Lists

e Definition: A generalized list, 4, is a finite sequence of n > 0 elements,
0y, O, Oy, ..., 0, Where a,, is either an atom or a list. The elements
o, 0<i<n— 1, that are not atoms are said to be the sublists of 4.

e Alist A iswrittenas 4 = (0, ..., o, ), and the length of the list is n.

e Conventionally, a capital letter is used to represent a list and a lower
case letter is to represent an atom.

e The a, is the head of list 4 and the rest (a,, ..., a,_;) is the tail of list 4.

http://mail.tku.edu.tw/inhon
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Generalized List Examples

e D =(): the null, or empty, list; its length is zero.

o A=(a, (b, c)): alist of length of two; its first element is the
atom a, and its second element is the linear list (b, ¢).

o B=(4, A4, ()): A list of length of three whose first two
clements are the list 4, and the third element is the null list
D.

e C=(a0):1s arecursive list of length two; C corresponds to
the infinite list C = (a, (a, (a, ...))).

http://mail.tku.edu.tw/inhon
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Generalized Lists

e head(4) = ‘a’ and tail(4) = (b, ¢), head(tail(4) ) =
‘b’ and tail(tail(4)) = ‘¢’

e Two important consequences of the generalized
list definition
— Lists may be shared by other lists, in example B

— Lists may be recursive, in example C

http://mail.tku.edu.tw/inhon
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Generalized List Application Example

p(x,y,2)=x"y’ 2" +2x*y’2* +3x*y* 2 + x*y iz 4 6x° Yz 4 232

e Consider the polynomial P(x, y, z) with various variables.
It is obvious the sequential representation is not suitable to
this.

e [nitial idea is

‘ Coef | ExpX | ExpY | ExpZ | Link ‘

e What if a linear list is used?

— The size of the node will vary in size, causing
problems in storage management.

e Let’s try the generalized list.

http://mail.tku.edu.tw/inhon
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Generalized List Application Example

e P(x, y, z) can be rewritten as follows:

((x10 + 2x8)y3 + 3x8y2)z2 + ((x4 + 6x3)y4 +2y)z

e The above can be written as Cz? + Dz. Both C and D are polynomials
themselves but with variables x and y only.

e If we look at polynomial C only, it is actually of the form Ey? + Fy?, where E
and F are polynomial of x only.

e Continuing this way, every polynomial consists of a variable plus coefficient-
exponent pairs. Each coefficient is itself a polynomial.

http://mail.tku.edu.tw/inhon
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PolyNode Class in C++

enum Triple{ var, ptr, no };

class PolyNode

{
PolyNode *link;
int exp;
Triple trio;
union {
char vble;
PolyNode *dlink;
int coef;
b
I3

Generalized List Node for Polynomial

http://mail.tku.edu.tw/inhon
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PolyNode in C++ (Cont.)

e trio == var: the node is a head node.

— vble indicates the name of the variable. Or it is an

integer point to the variable in a variable table.

— exp is set to 0.

e trio == ptr: coefficient itself is a list and is pointed by the
field dlink. exp is the exponent of the variable on which the
list is based on.

e trio == no, coefficient is an integer and is stored in coef.
exp is the exponent of the variable on which the list is

based on.

http://mail.tku.edu.tw/inhon
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Representing 3x2y

trio vble exp link

trio dlink exp link

var| y | O

ptr 110

var| x | O no| 3|2 |0

trio vble exp link trio coef exp link

Using PolyNode to represent the 3x2y

http://mail.tku.edu.tw/inhon
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Representation of P(x,V, 7)

((x10 + 2)68))/3 + 3x8y2)z2 + ((x4 + 6x3)y4 +2y)z

Plx, y, z)
[vIz[o[ -l [2]] [1]0]
[W1y[0 3 2]0 [VIyTol I [4T M T1]0]
ROERGEER [WIx[o] J-flz[0[0]

[vIx]o[ J-{n]1]10] J-[n]2]8]0] [vIx]o[ J-+[nl1]4] J-[n]6]3]0]

Using PolyNode to represent P(X, Y, z) included trio field

http://mail.tku.edu.tw/inhon
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Bridge-1n: Why to use Tree structure

e Why do we need to apply Tree structure in
Computer Structure

— In computer science, a tree is an abstract model of a
hierarchical structure

e Applications:
— Organization charts
— File systems

— Programming environments

http://inhon.tkse.tku.edu.tw
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Bridge-In: What is a Tree structure

e What is a Tree structure in Computer Structure

— A tree consists of nodes with a parent-child relation

e For examples

http://inhon.tkse.tku.edu.tw
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Organization Chart

[ Computers”R”Us ]

[ Manufacturing ] [R&D]

[US] [ International ] [ Laptops J [ Desktops ]

ESROE

‘ General Tree ‘

http://inhon.tkse.tku.edu.tw

-=_
‘? TSEG Tamkang Universty Software Engineering Group ZTHMIEREE http://www.tkse. thu.edu. tw/

Lineal Genealogical Chart

Proto Indo-European

|
| | |

Ttalic Hellenic Germanic

| |
| | | |

Osco-Umbrian Latin Greek  North Germanic West Germanic

T

Osco  Umbrian  Spanish French Ttalian Icelandic Norwegian SwedishLow High Yiddish

‘General Tree ‘

http://inhon.tkse.tku.edu.tw
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Pedigree Genealoqgical Chart

Cheryl

|
| |

Kevin Rosemary

!—k— | | |

John Terry Richard Kelly

| | |
|

Jack  Mary Anthony Karen Joe Michelle Mike  Angela

http://inhon.tkse.tku.edu.tw

-=_
a TSEG Tamkang Universty Software Engineering Group ZTHMIEREE http://www.tkse. thu.edu. tw/

Trees

e Definition: A tree is a finite set of one or more
nodes such that:
— There is a specially designated node called the root.

— The remaining nodes are partitioned into n > 0 disjoint
sets T4, ..., T,, where each of these sets is a tree. We
call T4, ..., T, the subtrees of the root.

http://inhon.tkse.tku.edu.tw
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Tree Terminoloqgy

e Normally we draw a tree with the root at the top.
e The degree of a node is the number of subtrees of the node.

e The degree of a tree is the maximum degree of the nodes in the
tree.

e A node with degree zero is a leaf or terminal node.

e A node that has subtrees is the parent of the roots of the subtrees,
and the roots of the subtrees are the children of the node.

e Children of the same parents are called siblings.

http://inhon.tkse.tku.edu.tw
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Tree Terminology (Cont.)

e The ancestors of a node are all the nodes along the path
from the root to the node.

e The descendants of a node are all the nodes that are in
its subtrees.

e Assume the root is at level 1, then the level of a node is
the level of the node’s parent plus one.

e The height or the depth of a tree is the maximum level
of any node in the tree.

http://inhon.tkse.tku.edu.tw
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Tree ADT

o We use positions to
abstract nodes

o Generic methods:
= integer size()
= boolean isEmpty()
= [terator iterator()
= Iterable positions()
o Accessor methods:
= position root()
= position parent(p)
= [terable children(p)

@ Query methods:
= boolean isinternal(p)
= boolean isExternal(p)
= boolean isRoot(p)

@ Update method:
= element replace (p, 0)

@ Additional update
methods may be defined
by data structures
implementing the Tree
ADT

http://inhon.tkse.tku.edu.tw
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A Sample Tree

_—
A

Level

—_

©

®)
©

N

http://inhon.tkse.tku.edu.tw
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List Representation of Trees

Al nE L419]

8l 3~ [ Flo] [e[4+elo] [of | [[ =zl F1alo]

€] F-1k[(L]o] HLf+m[o]

http://inhon.tkse.tku.edu.tw
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Possible Node Structure For A Tree of
Degree

e Lemma 5.1: If T is a k-ary tree (i.e., a tree of
degree k) with n nodes, each having a fixed size as

in Figure 5.4, then n(k-1) + 1 of the nk child fileds
are 0, n>1.

| Data | child 1] child 2| child 3 child 4| ... |childK]

‘ Wasting memory! ‘

http://inhon.tkse.tku.edu.tw

71



a TSEG Tamkang Universty Software Engineering Group ZGTHMTIEREE http://www.tkse. thu.edu. tw/

Representation of Trees

e Left Child-Right Sibling Representation
— Each node has two links (or pointers).

— Each node only has one leftmost child and one closest sibling.

o)
data ‘ /
©

left child ‘r‘ighT sibling‘ (B)

©

(e .

http://inhon.tkse.tku.edu.tw
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Tree Representation- Degree Two

© ©

‘ Binary Tree!

*

http://inhon.tkse.tku.edu.tw
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Tree Representations

P/

®
n
%
tree Left child-right sibling \©
Binary tree
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Forests

e Definition: A forest is a set of n > 0 disjoint trees.

e When we remove a root from a tree, we’ll get a
forest. E.g., Removing the root of a binary tree will
get a forest of two trees.

http://inhon.tkse.tku.edu.tw
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Transforming A Forest Into A
Binary Tree

e Definition: If T4, ..., T, is a forest of trees, then
the binary tree corresponding to this forest,
denoted by B(T4, ..., T,),

—isempty ifn=10
— has root equal to root (T,); has left subtree equal
to B(T4q, Tqo..., T4p), where Tyq, Tyo ..., Ty,

are the subtrees of root (T4); and has right
subtree B(T,, ..., T,).

http://inhon.tkse.tku.edu.tw
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Binary Tree

e Definition: A binary tree is a finite set of nodes that is
either empty or consists of a root and two disjoint binary
trees called the left subtree and the right subtree.

e Recall the Definition of Tree, Two major differences
between Tree and Binary tree

— There is no tree with zero nodes. But there is an empty binary
tree.

— Binary tree distinguishes between the order of the children
while in a tree we do not.

http://inhon.tkse.tku.edu.tw
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Binary Tree Examples
(A)
A
/

/©
N4 d

Two different Skewed Binary tree Complete Binary tree
Binary free
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The Properties of Binary Trees

e Lemma 5.2 [Maximum number of nodes]
1) The maximum number of nodes on level i of a binary tree is 21, i 2

1.

2) The maximum number of nodes in a binary tree of depth k is 2% — 1,
k1.

e Lemma 5.3 [Relation between number of leaf nodes and nodes of
degree 2]: For any non-empty binary tree, T, if n, is the number of leaf
nodes and n, the number of nodes of degree 2, then ny =n, + 1.

e Definition: A full binary tree of depth k is a binary tree of depth k
having 2k — 1 nodes, k = 0.

http://inhon.tkse.tku.edu.tw
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Complete Binary Tree Definition

e Definition: A binary tree with n nodes and depth k is complete iff its
nodes correspond to the nodes numbered from 1 to n in the full binary

tree of depth k.
level
1

A |

(4) (5) (6) ) 3

® ©® 0 o ®©® ©® @® © -4
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Array Representation of A Complete
Binary Tree

e Lemma 5.4: If a complete binary tree with n nodes is

represented sequentially, then for any node with index 7, 1 <
i <n, we have:

— parent(7) is at ifi #1. If i = 1, i is at the root and has

no parent.

— left child(7) is at 2i if 2i < n. If 21 > n, then i has no left
child.

— right child(i)is at 2i + 1 if 2i + 1 <n. If 2i + 1 > n, then
i has no right child.

e Position zero of the array is not used.

http://inhon.tkse.tku.edu.tw
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Proof of Lemma 5.4 (2)

e Assume that for all j, 1 <j <i, left child(j) is at 2;.
Then two nodes immediately preceding left child(i
+ 1) are the right and left children of i. The left
child 1s at 2i. Hence, the left child of i + 1 1s at 2/ +
2 =2(i + 1) unless 2(i + 1) > n, in which case i
+ 1 has no left child.

http://inhon.tkse.tku.edu.tw
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Array Representation of Binary Trees

(1] A

[2]

Bl | —

[4] c

b1 | —

(6] -

[7] —

(8] D

[9] —

[16]

(1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

>

HIT O MMOoT|O|®

Array representation of the binary tress Skewed
and Complete Binary trees
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Array Representation of Binary Trees
- Mapping to original structure of Binary Tree

;s
EEVANYAN

@ @
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Linked Representation

class Tree;

class TreeNode {
friend class Tree;
private:
TreeNode *LeftChild;
char data;

TreeNode *RightChild;

class Tree {
public:

/| Tree operations

private:

TreeNode *root;

http://inhon.tkse.tku.edu.tw
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Node Representation

/\

LeftChild RightChild

Leftchild] data [RightChild]
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Linked List Representation For The
Binary Trees

root

A]o]

ﬁ
ﬁ
©]

Linked representation of the binary tress of Skewed and Complete Binary Trees

http://inhon.tkse.tku.edu.tw




-=_
- TSEG Tamkang Universty Software Engineering Group ZGTHMTIEREE http://www.tkse. thu.edu. tw/

Tree Traversal

e When visiting each node of a tree exactly once,
this produces a linear order for the node of a tree.

e There are 3 traversals if we adopt the convention
that we traverse left before right: LVR (inorder),
LRV (postorder), and VLR (preorder).

e When implementing the traversal, a recursion is
perfect for the task.

http://inhon.tkse.tku.edu.tw
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Binary Tree With Arithmetic
Expression

®

Binary Tree with arithmetic expression

http://inhon.tkse.tku.edu.tw
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Tree Traversal

e Inorder Traversal: X=A/B*C*D+E

—Infix form, Example Program

e Preorder Traversal: =X+**/ABCDE

=> Prefix form , Extended Learning

e Postorder Traversal: XAB/C*D*E+=

=> Postfix form , Extended Learning

http://inhon.tkse.tku.edu.tw
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Example Program for Inorder in C++

void Tree::inorder()
//Driver calls workhorse for traversal of entire tree. The driver is
//declared as a public member function of Tree
{
inorder(root);

}

void Tree::inorder(TreeNode *CurrentNode)
//Workhorse traverses the subtree rooted at CurrentNode.
//The workhorse is declared as a private member function of Tree.
{
if(CurrentNode) {
inorder(CurrentNode->LeftChild);
cout<<CurrentNode->data;

inorder(CurrentNode->RightChild);

} Recursive inorder traversal

http://inhon.tkse.tku.edu.tw
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Example Program for Inorder in Java

public class BNode {
public BNode leftBNode, rightBNode; // the nodes
public AnyClass anyClass; //the AnyClass objext
public BNode(AnyClass anyClass ) {//constructor
this.anyClass= anyClass; this.leftBNode = null; this.rightBNode = null;

}

public class BinTree {
BNode theBTRootNode;
public BinTree() // constructor

{ theBTRootNode = null; }

}

void inorder(BNode theRootNode) {

if (theRootNode != null) {
inorder(theRootNode.leftBNode);
theRootNode.show();
inorder(theRootNode.rightBNode);

Recursive inorder traversal

1
{

http://inhon.tkse.tku.edu.tw
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Iterative Inorder Traversal

void Tree::Nonreclnorder()

/I nonrecursive inorder traversal using a stack
{
Stack<TreeNode *>s; // declare and initialize stack
TreeNode *CurrentNode = root;
while (1) {
while (CurrentNode) { // move down LeftChild fields
s.Add(CurrentNode); // add to stack
CurrentNode = CurrentNode->LeftChild;
}
if (!s.IsEmpty()) { /I stack is not empty
CurrentNode = *s.Delete(CurrentNode);
cout << CurrentNode->data << endl;
CurrentNode = CurrentNode->RightChild;
}

else break;

} Nonrecursive inorder traversal

http://inhon.tkse.tku.edu.tw
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Theorem to Ordering of Expression

e One Inorder with one Postorder or Preorder
sequences can determine an unique binary
tree meet the specific sequences
— Inorder + Postorder sequences
— Inorder + Preorder sequences

e Only one sequence or there are One
Postorder and One Preorder sequences will
find more than two binary trees to meet the
specific sequence(s).

http://inhon.tkse.tku.edu.tw
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Level-Order Traversal

e All previous mentioned schemes use stacks.
e [evel-order traversal uses a queue.

e Level-order scheme visit the root first, then the
root’s left child, followed by the root’s right child.

e All the node at a level are visited before moving
down to another level.

http://inhon.tkse.tku.edu.tw
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Level-Order Traversal of A Binary
Tree

void Tree::LevelOrder()

/I Traverse the binary tree in level order
{
Queue<TreeNode *> q;
TreeNode *CurrentNode = root;
while (CurrentNode) {
cout << CurrentNode->data<<endl;
if (CurrentNode->LeftChild) q.Add(CurrentNode->LeftChild);
if (CurrentNode->RightChild) g.Add(CurrentNode->RightChild);

CurrentNode = *q.Delete();

)

http://inhon.tkse.tku.edu.tw
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Some Other Binary Tree Functions

e With the inorder, postorder, or preorder
mechanisms, we can implement all needed binary
tree functions. E.g.,

— Insert Node into Tree / Delete Node from tree
— Copying Binary Trees, Extended Learning
— Testing Equality, Example Program

* Two binary trees are equal if their topologies
are the same and the information in

IT nding n 1s 1dentical

http://inhon.tkse.tku.edu.tw
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Example Program for Equal() in C++

//Driver-assumed to be a friend of Class Tree

Int operator==(const Tree& s, const Tree& t)
{

return equal(s.root, t.root);

//Workhorse-assumed to be a friend of Class TreeNode
int equal(TreeNode *a, TreeNode *b)
/[This function return 0 if the subtrees at a and b are not equivalent
//Otherwise, it will return 1
{
if((!a) && (b)) return 1; //both a and b is Empty
if (a && b // both a and b are not empty
&& (a->data == b->data) // data is the same
&& equal(a->LeftChild, b->LeftChild) //Left subtree are the same
&& equal(a->RightChild, b->RightChild)) //Right subtree are the same
return 1;
return 0;

}

http://inhon.tkse.tku.edu.tw
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Traversal Without A Stack

e Use of parent field to each node.

e Use of two bits per node to represents binary trees
as threaded binary trees.

e Threaded Binary Tree

— For extended learning

http://inhon.tkse.tku.edu.tw
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e Threaded Binary Tree

— http://en.wikipedia.org/wiki/Threaded binary tree
— https://www.youtube.com/watch?v=HFbAOkIBKIg

— http://www.sanfoundry.com/cpp-program-implement-threaded-

binary-tree/

e Tree and Binary Tree

— http://www.cyut.edu.tw/teacher/ft00009/Chap05-Trees.pdf
— http://www.cs.berkeley.edu/~kamil/teaching/su02/080802.ppt

— http://sjchen.im.nuu.edu.tw/Datastructure/98/course06.pdf

— http://math.hws.edu/eck/cs225/s03/binary trees/

— http://www.newthinktank.com/2013/03/binary-tree-in-java/

http://inhon.tkse.tku.edu.tw
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Binary Search Tree

e Binary search tree provide a better performance for search, insertion,

and deletion.

e Definition: A binary serach tree is a binary tree. It may be empty. If it is

not empty then it satisfies the following properties:

Every element has a key and no two elements have the same key (i.e., the
keys are distinct)

The keys (if any) in the left subtree are smaller than the key in the root.
The keys (if any) in the right subtree are larger than the key in the root.

The left and right subtrees are also binary search trees.

http://inhon.tkse.tku.edu.tw
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Binary Search Tree (Cont.)

Not binary Both are Binary
search tree Fig.5.28 search trees

http://inhon.tkse.tku.edu.tw
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Searching A Binary Search Tree

e Ifthe root is 0, then this is an empty tree. No search is
needed.

e [f the root is not 0, compare the x with the key of root.
— If x equals to the key of the root, then it’s done.

— Ifx is less than the key of the root, then no elements in the right
subtree can have key value x. We only need to search the left tree.

— If x larger than the key of the root, only the right subtree is to be
searched.

e Program 5.20 in Recursive

e Program 5.21 in Iterative

http://inhon.tkse.tku.edu.tw
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Searching A Binary Search Tree

e Program 5.20
template <class X, class £> // Driver, class K is Data Type of Key value, E is node element
pair<K, E>* BST<K, E> :: Get(const K& k)
{ // Search the identified key value k from the binary search tree, starting at root
// if it is found, return the pointer to the node element with k; else return 0 (Null).
return Get(root, k);
}
template <class X, class £> // Major function
pair<K, E>* BST<K, E> :: Get(TreeNode <pair <K, E>>* p, const K& k)
{
if (!p) return 0;
if (k < p—data.key) return Get(p—leftChild, k);
if (k > p—data.key) return Get(p—rightChild, k);
return &p—data;

}

http://inhon.tkse.tku.edu.tw
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Searching A Binary Search Tree

e Program 5.21
template <class K, class £>
pair<K, E>* BST<K, E> :: Get(const K& k)
{
TreeNode < pair<K, E> > *currentNode = root;
while (currentNode) {
if (k < currentNode —data.key)
currentNode = currentNode —leftChild,
else if (k > currentNode —data.key)
currentNode = currentNode —rightChild,
else return & currentNode —data;

Il Not found
return 0;

http://inhon.tkse.tku.edu.tw
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Insertion To A Binary Search

Tree
e Before insertion is performed, a search must be

done to make sure that the value to be inserted is
not already in the tree.

e If the search fails, then we know the value is not in
the tree. So it can be inserted into the tree.

e [t takes O(4) to insert a node to a binary search tree.

http://inhon.tkse.tku.edu.tw
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Inserting Into A Binary Search Tree

AN

Insert 80 into Fig. 5.28 (b)

Insert 35 into the example by left

http://inhon.tkse.tku.edu.tw
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Insertion Into A Binary Search Tree

Template <class Type>

Boolean BST<Type>::Insert(const Element<Type>& x)
/l insert x into the binary search tree
{
/I Search for x.key, q is the parent of p
BstNode<Type> *p = root; BstNode<Type> *q = 0;
while(p) {
a=p;
if (x.key == p->data.key) return FALSE; // x.key is already in tree O(h)
if (x. key < p->data.key) p = p->LeftChild;
else p = p->RightChild;
}
/I Perform insertion
p = new BstNode<Type>;
p->LeftChild = p->RightChild = 0; p->data = x;
if (Iroot) root = p;
else if (x.key < g->data.key) g->LeftChild = p;
else g->RightChild = p; Program 5.23
return TRUE;
}

http://inhon.tkse.tku.edu.tw
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Deletion From A Binary Search

Tree
e Delete a leaf node (Delete directly)

— A leaf node which is a right child of its parent
— A leaf node which is a left child of its parent

e Delete a non-leaf node
— A node that has one child (Delete and Change link)
— A node that has two children
* Replaced by the largest element in its left subtree, or

* Replaced by the smallest element in its right subtree

e Again, the delete function has complexity of O(/)

http://inhon.tkse.tku.edu.tw
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Deleting From A Binary Search Tree

i3

Delete 35, it is a leaf

http://inhon.tkse.tku.edu.tw
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Deleting From A Binary Search Tree

@ p o
JNENON

Delete 30, it has two children chlacp i'[ in the largest value Delete the original replacing node,
inits left subtree it is an example of on-child node

http://inhon.tkse.tku.edu.tw
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RE{HEA TS

e Lecture

— http://en.wikipedia.org/wiki/Binary search tree

http://www.csie.ntnu.edu.tw/~u91029/Order.html

http://www.cs.swarthmore.edu/~newhall/unixhelp/Java bst.pdf

— http://algs4.cs.princeton.edu/32bst/
https://www.youtube.com/watch?v=pYTI9F8 LFTM
https://www.youtube.com/watch?v=COZK7NATh4k

e Programming

— http://codereview.stackexchange.com/ (in C++)

— http://cplusplus.happycodings.com/algorithms/code4.html (in C++)

— http://algs4.cs.princeton.edu/32bst/BST.java.html (in Java)

http://inhon.tkse.tku.edu.tw
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Priority Queues

¢ In a priority queue, the element to be deleted is the
one with highest (or lowest) priority.

e An element with arbitrary priority can be inserted
into the queue according to its priority.

e A data structure supports the above two operations

is called max (min) priority queue.

http://inhon.tkse.tku.edu.tw
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Examples of Priority Queues

e Suppose a server that serve multiple users. Each
user may request different amount of server time.
A priority queue is used to always select the
request with the smallest time. Hence, any new
user’s request is put into the priority queue. This is
the min priority queue.

e If each user needs the same amount of time but
willing to pay more money to obtain the service

quicker, then this is max priority queue.

http://inhon.tkse.tku.edu.tw
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Priority Queue Representation

e Unorder Linear List
— Addition complexity: O(1) Three ways to represent
a Priority Queue
— Deletion complexity: O(n)
e Chain
— Addition complexity: O(1) Comparison of the time

complexity of their operation
— Deletion complexity: O(n) pextty P

e Ordered List
— Addition complexity: O(n)
— Deletion complexity: O(1)

http://inhon.tkse.tku.edu.tw
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Max (Min) Heap

e Heaps are frequently used to implement priority
queues. The complexity is O(log n).

e Definition: A max (min) tree is a tree in which the
key value in each node is no smaller (larger) than
the key values in its children (if any). A max heap
1s a complete binary tree that is also a max tree. A
min heap is a complete binary tree that is also a

min tree. (it means it can be implement in Array)

http://inhon.tkse.tku.edu.tw
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Max Heap Examples

‘14‘12|7‘10|8|6‘

. oS

Fig. 5.24 Max Heaps
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Min Heap Examples

\2\7|4\10|8|6\

A

Fig. 5.25 Min Heaps
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Basic operations for Max/Min heap

e Creation of an Empty heap (Constructor)

— Program 5.15 for Max Heap

¢ Insertion of a new element into the heap

— Program 5.16 for Max Heap

e Deletion of the Largest element from the heap

— Program 5.17 for Max Heap

e These operations are defined in ADTS5.2

http://inhon.tkse.tku.edu.tw
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Insertion Into A Max Heap (1)

Insert new node with 1

http://inhon.tkse.tku.edu.tw
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Insertion Into A Max Heap (2)

Insert new node with 5

http://inhon.tkse.tku.edu.tw
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Insertion Into A Max Heap (3)

Insert new node with 21

http://inhon.tkse.tku.edu.tw
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Basic operations for Max/Min heap

e ADTS5.2
template <class 7>
class MaxPQ {
public:
virtual ~MaxPQ () {}
I R T
virtual bool IsEmpty () const = 0;
I [l true 5 HAE (BT TR 22HY
virtual const 7& Top () const = 0;
I [ R AR TTRII 2 I
virtual void Push(const 7&) = 0;
I — (TR E B TS T
virtual void Pop () = 03
B IHIES SN2 iR

http://inhon.tkse.tku.edu.tw
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Insertion to A Max Heap

Template <class 7>
void MaxHeap<T>::Push(const T& e)
{// insert element e to a Max Heap °
if (heapSize == capacity) { // Extend the capacity
ChangeSize 1D(heap, capacity, 2*capacity);
capacity *¥=2;
}
int currentNode = + +heapSize;
while (currentNode '= 1 && heap[currentNode | 2] < e)
{// Bubble up
heap[currentNode] = heap[currentNode | 2];
/I Move the value in Parent Node to Current
currentNode = 2;
}

heap[currentNode] = e;

http://inhon.tkse.tku.edu.tw
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Deletion From A Max Heap (Cont.)

12 3 45 12 3 4
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Deletion From A Max Heap (Cont.)
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Deletion From A Max Heap

template <class Type>

Element <Type>* MaxHeap <Type>::DeleteMax(Element <Type>& x)
/I Delete from the max heap
{

if (In) {HeapEmpty(); return 0;}

x = heap[1]; Element <Type> k = heap[n]; n--;

for (inti=1,j=2;j<n;)

{
if (j < n)if (heap[j].key < heapl[j+1].key) j++;
/I j points to the larger child
if (k.key >= heaplj].key) break;
heap(i] = heapl[j];
i=jj=2
}
heapli] = k;
return &x;

}

http://inhon.tkse.tku.edu.tw
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Analysis

e The complexity of function /nsert is O(log n)
e The complexity of function DeleteMax is O(log n)

e The complexity of delete an arbitrary element is
O(n)

e Heap needs O(n) to perform deletion of a non-
priority queue. This may not be the best solution.

http://inhon.tkse.tku.edu.tw
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RE(HEAEE

e Lecture

— http://en.wikipedia.org/wiki/Heap %?28data structure%29

mail.sju.edu.tw/cm/course/data/09heaptree.ppt

http://openhome.cc/Gossip/AlgorithmGossip/HeapSort.htm
— https://www.youtube.com/watch?v=LhhRbRXhB40

e Programming
— http://www.cprogramming.com/tutorial/computersciencetheory/hea
pcode.html/ (in C++)
— http://codereview.stackexchange.com/questions/32606/implementat
ion-of-heap-sort (in Java)

http://inhon.tkse.tku.edu.tw
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Selection Trees

e When trying to merge k ordered sequences
(assume in non-decreasing order) into a single
sequence, the most intuitive way is probably to
perform k — 1 comparison each time to select the
smallest one among the first number of each of the
k ordered sequences. This goes on until all

numbers in every sequences are visited.

e There should be a better way to do this.

http://inhon.tkse.tku.edu.tw
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Winner Tree

e A winner tree is a complete binary tree in which
each node represents the smaller of its two children.
Thus the root represents the smallest node in the

tree.

e Each leaf node represents the first record in the

corresponding run.

e Each non-leaf node in the tree represents the
winner of its right and left subtrees.

http://inhon.tkse.tku.edu.tw
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Winner Tree For k = 8

runl run2 run3 run4 runb runé run7 run8

http://inhon.tkse.tku.edu.tw
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Winner Tree For k = 8 (Cont.)

1

runl run2 run3 run4 runb runé run7 run8

http://inhon.tkse.tku.edu.tw
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Analysis of Winner Tree

e The number of levels in the tree is

— The time to restructure the winner tree is O(log,k).

e Since the tree has to be restructured each time a number is

output, the time to merge all n records is O(n log,k).

e The time required to setup the selection tree for the first
time is O(k).

e Total time needed to merge the k runs is O(n log,k).

http://inhon.tkse.tku.edu.tw
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An Object-Oriented System of
Tree Data Structures

BinaryTree

MaxPQ | CompleteBinaryTree BST

MaxHeap Winner
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Unigueness of A Binary Tree

e In section 5.3 we introduced preorder, inorder, and
postorder traversal of a binary tree. Now suppose
we are given a sequence (e.g., inorder sequence
BCAEDGHFT), does the sequence uniquely define
a binary tree? Another way, can this sequence
come from more than one binary tree?

e Thinking problem: What kind of provided
sequences can construct one uniqueness Binary
tree?

http://inhon.tkse.tku.edu.tw

o=

- TSEG Tamkang Universty Software Engineering Group ZTHMIEREE http://www.tkse. thu.edu. tw/
Constructing A Binary Tree From
Its Inorder Sequence

- -
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Constructing A Binary Tree From
Its Inorder Sequence (Cont.)

:ee

Preorder: 1,2,3,4,5,6,7,8,9

Inorder: 2,3,1,5,4,7,8,6,9

http://inhon.tkse.tku.edu.tw
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iIstinct Binary Trees

s

1,2,3) 1,3,2) 2,1,3) (2.3,1 3.2,1)

http://inhon.tkse.tku.edu.tw
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Distinct Binary Trees (Cont.)

. The number of distinct binary trees is equal to the number of distinct inorder permutations obtainable from binary trees
having the preorder permutation, 1,2, ..., n.

. Computing the product of n matrices are related to the distinct binary tree problem.

M, * M, * ... % M,

n=3 (M;*M,)*M; M *(M,*M;)
n=4 ((M,*M,)*M;)*M,
(M, (M, * My)) * My
M, * (M, * M3) * M)
(M, * (M, * (M * My)))

(M, * M) * (M; * My))

Let bn be the number of different ways to compute the product of n matrices. b, =1, b; =2, and b, = 5.

http://inhon.tkse.tku.edu.tw
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Distinct Binary Trees (Cont.)

e The number of distinct binary trees of n nodes is

b, :Z:bl.b,ﬂ.f1 , nx1,and by =1

http://inhon.tkse.tku.edu.tw
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istinct Binary Trees (Cont.)

e Assume we let B(x)= Zbix’ which is the generating function for the

20

number of binary trees.

e By the recurrence relation we get

xB*(x)=B(x)-1

1 1/2 oo V2 ot o
B(x)zzx{l—;( . j(—4x) ]_,;)(m+1]( 1" 27m ! x

2
bnzL[ "J ~ b =04 /n*?)
n+1{ n
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Konigsberg Bridge Problem

e A river Pregel flows around the island Keniphof and then
divides into two.

e Four land areas A, B, C, D have this river on their borders.
e The four lands are connected by 7 bridges a — g.

e Determine whether it’s possible to walk across all the
bridges exactly once in returning back to the starting land
area.

http://inhon.tkse.tku.edu.tw
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Konigsberg Bridge Problem (Cont.)

http://inhon.tkse.tku.edu.tw
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Euler’s Graph

e Define the degree of a vertex to be the number of edges

incident to it

Euler showed that there is a walk starting at any vertex,
going through each edge exactly once and terminating at
the start vertex iff the degree of each vertex is even. This

walk is called Eulerian.

No Eulerian walk of the Konigsberg bridge problem since
all four vertices are of odd edges.

http://inhon.tkse.tku.edu.tw
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Application of Graphs

Analysis of electrical circuits

Finding shortest routes

Project planning

Identification of chemical compounds
Statistical mechanics

Genertics

Cybernetics

Linguistics

Social Sciences, and so on ...

http://inhon.tkse.tku.edu.tw
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Definition of A Graph

e A graph, G, consists tof two sets, V and E.

— V is a finite, nonempty set of vertices.

— E is set of pairs of vertices called edges.
e The vertices of a graph G can be represented as V(G).
e Likewise, the edges of a graph, G, can be represented as E(G).
e Graphs can be either undirected graphs or directed graphs.

e For a undirected graph, a pair of vertices (u, v) or (v, u) represent the

same edge.

e For a directed graph, a directed pair <u, v> has u as the tail and the v as

the head. Therefore, <u, v> and <v, u> represent different edges.

http://inhon.tkse.tku.edu.tw
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Three Sample Graphs

@4

&

V(6) = {0, 1, 2, 3}

V(E,) ={0, 1, 2, 3, 4,5, 6 V(Gs) = {0, 1, 2}
E(6,) = {(0, 1), (0, 2), (0, 3), -
. 2, (1, 3. @ 3 o 8o ) o 2. (3. E(63) = (<0, 1>, <1, 0>, <1, 25}
(a) 6 (b) &, (c) 65

http://inhon.tkse.tku.edu.tw
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Graph Restrictions

e A graph may not have an edge from a vertex back
to itself.

— (v, v) or <v, v> are called self edge or self loop. If a
graph with self edges, it is called a graph with self
edges.

e A graph man not have multiple occurrences of the
same edge.

— If without this restriction, it is called a multigraph.

http://inhon.tkse.tku.edu.tw
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Complete Graph

e The number of distinct unordered pairs (u, v) with
u#v in a graph with n vertices is n(n-1)/2.

e A complete unordered graph is an unordered graph
with exactly n(n-1)/2 edges.

e A complete directed graph is a directed graph with
exactly n(n-1) edges.

http://inhon.tkse.tku.edu.tw
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Examples of Graphlike Structures

©——(

(a) Graph with a self edge

©

(1

2

(b) Multigraph

http://inhon.tkse.tku.edu.tw
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Graph Edges

e [f(u, v)is an edge in E(G), vertices u and v are

adjacent and the edge (u, v) is the incident on

vertices u and v.

e For a directed graph, <u, v> indicates u 1s adjacent

to v and v is adjacent from u.

http://inhon.tkse.tku.edu.tw

112



