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Executors
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Threads
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Thread local data Coroutines
Condition variables Transactional memary
Tasks Task blocks

C** Algorithm

Problem Solving

Abstract data types

Essential concepts

Programming vs. problem solving
e ————————

» Computer scientists/engineers consider a problem as one thing that requires a
program as the final solution.

* Solving a problem requires:
— (Analysis) Gaining an understanding of the problem.
— (Design) Construct a conceptual solution.

— (Programming) Implement the solution as a computer program.

Data Structures - The Data Strocture “Bag™ 488 Ling-Chich Kung (NTU IM)

Object-oriented Solution
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Abstract data types

Essential concepts

Object-oriented solutions

* Anobject-oriented (OO) solution is a program that consists of a system of
interacting classes of objects.

— Each object has characteristics (attributes) and behaviors (functions) related
to the solution.

— A class is the common type of a set of objects.

* Object-oriented analysis and design helps us discover and describe these

objects and classes (to construct a solution, i.e., a program).
Data Structures - The Data Structure “Bag™ 5/88 Ling-Chich Kung (NTU IM)
Abstract data types Ar 1 impl.

Essential concepts

Object-oriented analysis and design

* Analysis (in general) is to understand the problem and the requirements of a

solutign.
—%‘at a solution (program) must do.
4&%10“ to implement the solution.
— The analyzer should generate an accurate understanding of what end users
will expect the solution to be.

» Design (in general) is to describes a solution to a problem.
— To fulfill the requirements discovered during analysis.

Data Structures — The Data Structure “Bag™ 6/88 Ling-Chich Kung (NTU IM)

Abstract data types

Essential concepts The ADT b

Object-oriented ‘ﬂrogramming

* An object—oriented‘ﬁnguage enables us to build classes of objects.
* Aclass combines:

— Attributes (characteristics) of objects of a single type.

— Behaviors (operations)
*  Typically:

— Attributes are called data members or member variables.

— Behaviors are called methods or member functions.

Data Structures — The Data Structure “Bag” 7/88 Ling-Chich Kung (NTU IM)
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Abstract data types Array-based

Essential concepts

Object-oriented programming

nupsuldtmn

— Aclass combines data and operations.

— A class hides inner details.
nhcn itance:

— Classes can inherit properties from other classes.
— Existing classes can be reused.

*  Polymorphism:

— Objects can do appropriate operations at execution time.

Data Structures — The Data Structure “Bag™ 8/88

Ling-Chich Kung (NTU IM)

A module’s operation contract specifiesits purpose, assumptions, and

input/output.
—VPrecondition: Statement of conditions that must exist before a module

Postcondition: Statement of conditions that exist after a module (function)

Abstract data types

Ling-Chich Kung (NTU IM)

Essential concepts

Operation Contracts (2/3)

* Anexample:
purpose

1

«
/)’ Sorts an array.

// Postcondition: The integers in anArray are sorted
==
sort (anArray, num)

// Precondition: anArray is an array of num integers; num > 0 >

Precondition & postcondition pretty vague.

SSort? descending or ascending order?

Data Structures — The Data Structure “Bag™ 10/88
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Abstract data types c
Essential concepts
Operation Contracts (1/3)
* Anoperation contract documents how a module can be used and what
ST oW d TRoC e
limitatiol has.
Begin the contract during analysis and finish during design.
— Used to document code, particularly in header files. l/
— Does not describe how the module will perform its task.
— Vs V4
\ymian)-cmcu&
OSIEORTY!
executes.
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Abstract data types

Esscntial concepts

Operation Contracts (3/3)

* Revised specifications:

// Sorts an array into ascending order.
// Precondition: anArray is an array of num ntegers;
// 1 <= num <= MAX ARRAY, where MAX ARRAY is a glcbal

// ol ant that specifies the maximum size of anArray.
// Postcondition: anArray[0] <= anArray[l] <= ...
// <= anArray[num-1]. num is unchanged.

sort (anArray, num)

* Documentation is very important!
— You, the programmer, may forget everything about your programs.

Data Structures ~ The Data Structure “Bag™ 11/88 Ling-Chich Kung (NTU IM)

Abstract Data Type

Abstract data types

Essential concepts

Abstract data types

* After one obtains basic programming ability, she/he may (should) study the role
of data abstraction (and algorithms) in problem solving.

— Apply data abstraction to increase modularity.
— Conceptually, build a “wall” between a program and its data structures.
* She/he should design abstract data types (ADTs) first before doing
implementations (i.e., building data structures).
— Data abstraction focuses on what the operations do to data, not on their
implementation.

* A data structure is an implementation of an ADT.
— It is defined within a programming language to store a collection of data.
— E.g., array-based or link-based implementation of ADT bag.

Data Structures — The Data Structure “Bag™ 12/88 Ling-Chich Kung (NTU IM)

Abstract data types

Essential concepts ¢ ADT b:

Abstract data types

» The interface of a class identifies the publicly accessible methods (and data).

* A complete interface provides methods for accomplishing any reasonable task
consistent with the responsibilities of the class.

— Very important.

* A minimal interface provides only essential methods.
— Easier for understanding and maintenance.
— Less important than completeness.

Data Structures — The Data Structure “Bag” 15/88 Ling-Chich Kung (NTU IM)

ADT Bag
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Abstract data types Array-based implementation k-based impleme

The ADT bag

The ADT “Bag”

* We want to implement an ADT “Bag” of items whose types are “ItemType”:
Ry etCurrentSize(): integer
AZEmpty(): boolean
add(newEntry: ItemType): boolean // duplications are allowed
remove(anEntry: ItemType): boolean // remove only one copy

clear(): void
getFrequencyOf(anEntry: ItemType): integer
contains(anEntry: ItemType): boolean

print(): void
* Specifications indicate what the operations do, not how to implement
* Let’s begin with a bag of C++ strings.

Data Structures — The Data Structure “Bag”™ 21/88 Ling-Chieh Kung (NTU IM)

Abstract data types Array-based sed impl

The ADT bag

Implementing the ADT “Bag”

» Implementing the ADT as a C++ class provides ways to enforce a wall:
— This prevents one to access the data without using the defined operations.

o contains
(does interesting things) Data structure

remove

Data Structures — The Data Structure “Bag” 22/88 Ling-Chieh Kung (NTU IM)

Abstract data types Array-based implementatic Link-based implementatio

Essential concepts The ADT bag

Implementing the ADT “Bag”

* The abstract class BagInterface defines the behaviors of the ADT.
— In many cases, no member variable is needed for the abstract class.

class BagInterface

{

public:
virtual int getCurrentSize() const = 0;
virtual bool isEmpty() const = 0;
virtual bool add(const string& newEntry) = 0;
virtual bool remove (const string& anEntry) = 0;
virtual void clear() = 0;
virtual int getFrequencyOf (const string& anEntry) const = 0;
virtual bool contains(const string& anEntry) const = 0;
virtual void print() const = 0;

Data Structures — The Data Structure “Bag™ 23/88 Ling-Chieh Kung (NTU IM)
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act data types Array-based implementation

A static array implementation

Implementing the ADT “Bag”

* Now it is time to choose a data structure.
» For the ADT bag, we will try two different data structures:
— Anarray and a linked list.
* Let’s use a fixed-size (static) array first.
— In a fixed-size array, each item occupies one entry of the array.
— These items are unsorted. A one-dimensional unsorted array will be used.

Array indices
o 1 2 3 k-1 @
I 'IZI 3 | 19 I'IOOI I 5 10 | 18| ? | ? | “ees | ?
itemCount items

Figure 3-2 (Carrano and Henry, 2013)

Data Structures — The Data Structure “Bag™ 26/88 Ling-Chieh Kung (NTU IM)

Array-based implementation k-based implementatio

A static array implementation

Implementing the ADT “Bag”

+ To implement the ADT, \fclass ArrayBag : public BagInterface

. {
we write a (C_Qrﬁr_ctﬁ) N rivate:
class to inherit
¢ V (
BagInterface and public:

yimplement all the

operations.

ArrayBag() ;

int getCurrentSize() const;

bool isEmpty() const;

bool add(const string& newEntry) ;

bool remove (const string& anEntry) ;

void clear() ;

bool contains(const string& anEntry) const;

int getFrequencyOf (const string& anEntry) const;
void print() const;

}i
Data Structures - The Data Structure “Bag” 25/88 Ling-Chich Kung (NTU IM)
Abstract data types Array-based implementation
A static array implementation Ad

Using a fixed-size array

*  What else should we keep track of
Wh\e/n(we use a fixed array?

e maximum size of the array.

—\/{‘;le number of items currently
O

class ArrayBag : public BagInterface

{
const int DEE'M]LT__(‘APACI

private:
stati
“String items [DEFAULT CAPACITY] ;

file:///C:/Users/User/Downloads/Memo_Data_Structure.html

d int itemCount;
stored. int maxTtems;
*  We add member variable // may have samething else...
declarations into the private section, |PULic:
st Ao A // those member functions...
* Note that only a constant static };
variable may be initialized in the
class definition part.
— A non-constant static variable
must be initialized outside it. —
Data Structures — The Data Structure “Bag” 27/88 Ling-Chich Kung (NTU IM)
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ypes Array-based implementation

A static array implementation

Implementing member functions

Array-based implementation

. %me member functions are ArrayBag: :ArrayBag()
. : itemCount(0),
pretty straightforward. maxTtems (ArrayBag: :DEFRULT CAPACITY) {}
—/Note that these should be | int ArrayBag: :getCurrentSize ()
constant member { .
. return itemCount;
functions. }
* May you add a constructor to bool ArrayBag: :isEmpty() const
set the maximum number of { .
A return itemCount = 0;
items? }
void ArrayBag: :print() const
{
for(int i = 0; i < itemCount; i++)
cout << items[i] << " ";
cout << endl;
}
Data Structures — The Data Structure “Bag™ 28/88 Ling-Chich Kung (NTU IM)

A static array implementation

The member function remove ()

* For removing a given item:
— Remove one copy if it exists in the array.
— Return true if the item exists or false otherwise.

* Note that we need to determine whether a given item exists.
— This is exactly the function contains ().

— Moreover, we need to locate that item.

* We may enhance modularity (and make the development more efficient) by
implementing a member function to be a building block.

Abstract data types Array-based implementation

Data Structures — The Data Structure “Bag™ 32/88 Ling-Chieh Kung (NTU IM)

A static array implementation

The member function getIndexOf ()

* Let’s implement a member function getIndexOf ().
— getIndexOf(anEntry: ItemType): integer

~
index
A\
Array indices » 0 1 2 3 4 5 6
I Doug l Alice INunc_\'l Ted [\';mdcc Sue l |
A

items [index]
Figure 3-4 (Carrano and Henry, 2013)

* Define things precisely: Returning an array index or a rank of an item?

— Given an item, return the index ofn the array or —1 otherwise.
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Array-based implementation

A static array implementation

Privatizing

private array.
— Data hiding
(encapsulation,

* The function getIndexOf ()

should be private! O
L . ) ) private:
« Ifiit is public, clients will static const int DEFAULT CAPACITY = 6;
know some details of the string(TEems [DEFADLT_CAPACTTYT ™
int itemCounE;

would be damaged.
* As long as one thing should

not be used by (or is useless

i i it!
t’chhents, hide it!

getIndexOf ()

class ArrayBag : public BagInterface

int maxItems;
At getIndexOf (cdnst string& target) const;

the “wall”) | public:
// those menber functions./.
14

Data Structures — The Data Structure “B:

ag”

35/88 Ling-Chich Kung (NTU IM)

Array-based implementation

A static array implementation

*  With getIndexOf (), remove ) remove(anEntry)
can be easily implemented. Seam———

* The pseudocode:.

* How to “remove the item while
ensuring no hole?” {

The member function remove ()

7

f

s
Search the array items for anEn
iflanEntry is in the bag at items[index]

Decrement the counter itemCount
@e the iten)while ensuring no hole
return true
else
return false

}

Data Structures — The Data Structure “Bag™

36/88 Ling-Chich Kung (NTU IM)

Array-based implementation

A static array implementation

Ensuring

a)

no hold (idea 2) Lo/Q
Entry to delete in i tems[index] ﬁ

itemCount jtems l
’ | ’ |

itemCount

.ﬂ”
L

1 2

12 3 19 'C‘OI seee | 10 18 I a4 ? cene | ? |
3 k-1_~k maxItems -1

.

maxItems -1

w__/
Array indices

Figure 3-6 (Carrano and Henry, 2013)
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Abstract data types Array-based implementation

A static array implementation

Remarks

* The array-based implementation of the ADT bag has been completed?/
» Before we start the implementation, always “design” your program first.
— Design the ADT. In particular, design the operations and behaviors.
— Write an abstract class to specify the operations.
— Write a concrete class tq iherit the abstract class. Implement the class.

T r—
—\?r a smciﬁc/’fuw)n, pseudocodes are helpful.
—VIest your implementation.

* Do not forget data hiding: \/
— If.something is not useful for clients, hide it.
— E.g., do not let clients know whether you starts at items[0] or items[1].
— E.g., do not let clients know whether you store your items in an array.

Data Structures — The Data Structure “Bag”™ 42/88 Ling-Chieh Kung (NTU IM)

Implement by static Array

#include <iostream>
#include <string>
using namespace std;

class BagInterface {
public:
virtual int getCurrentSize() const = 0;
virtual bool isEmpty() const = 9;
virtual bool add(const string& newEntry) = 0;
virtual bool remove(const string& anEntry) = 0;
virtual void clear() = 0;
virtual int getFrequencyOf(const string& anEntry) const = 0;
virtual bool contains(const string& anEntry) const = 0;
virtual void print() const =0;

%

class ArrayBag : public BagInterface{
private:
static const int DEFAULT_CAPACITY = 6;
string items[DEFAULT_CAPACITY];
int itemCount;
int maxItems;
int getIndexOf(const string& target) const;
public:
ArrayBag();
int getCurrentSize() const;
bool isEmpty() const;
bool add(const string& newEntry);
bool remove(const string& anEntry);
void clear();
int getFrequencyOf(const string& anEntry) const;
bool contains(const string& anEntry) const;
void print() const;
}s
ArrayBag: :ArrayBag()

:itemCount(0),
maxItems(ArrayBag: :DEFAULT_CAPACITY){}

file:///C:/Users/User/Downloads/Memo_Data_Structure.html 9/160
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int ArrayBag::getCurrentSize() const {
return itemCount;

bool ArrayBag::isEmpty() const {
return itemCount == 0;

void ArrayBag::print() const {
for (int i = 9; i < itemCount; i++){

cout << items[i] << ;

}

cout << endl;

bool ArrayBag::add(const string& newEntry){
bool hasRoomToAdd = (itemCount < maxItems);

if (hasRoomToAdd){
items[itemCount] = newEntry;
itemCount++;

}

return hasRoomToAdd;

int ArrayBag::getIndexOf(const string& target) const {

bool found = false;
int result = -1;
int searchIndex = 0;

while(!found && (searchIndex < itemCount)){
if (items[searchIndex] == target){

found = true;
result = searchIndex;

by

else {
searchIndex++;

}

}

return result;

bool ArrayBag::remove(const string& anEntry){
int locateIndex = getIndexOf(anEntry);
bool canRemoveItem = (locateIndex > -1);

if (canRemoveItem){
itemCount--;

items[locateIndex] = items[itemCount];

}

return canRemoveltem;

bool ArrayBag::contains(const string& anEntry) const {

return getIndexOf(anEntry) > -1;

//void ArrayBag::clear(){
// while(!isEmpty()){

// remove(items[@]);
// ¥

/1}

void ArrayBag::clear(){

file:///C:/Users/User/Downloads/Memo_Data_Structure.html
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itemCount = 0;

int ArrayBag::getFrequencyOf(const string& anEntry) const{
int frequency = 9;
int curIndex = 0;
while(curIndex < itemCount){
if(items[curIndex] == anEntry) {
frequency++;
}

curIndex++;

}

return frequency;

int main(){
ArrayBag bag;
bag.add("aaa");
bag.print();
cout << bag.isEmpty() << endl;
cout << bag.getCurrentSize() << endl;
bag.add("bbb");
bag.print();
cout << bag.isEmpty() << endl;
cout << bag.getCurrentSize() << endl;

return 0;

Implement by Dynamic Memory Allocate

#include <iostream>
#include <string>
using namespace std;

class BagInterface {
public:
virtual int getCurrentSize() const = 9;
virtual bool isEmpty() const = 9;
virtual bool add(const string& newEntry) = 0;
virtual bool remove(const string& anEntry) = 0;
virtual void clear() = 0;
virtual int getFrequencyOf(const string& anEntry) const = 0;
virtual bool contains(const string& anEntry) const = 0;
virtual void print() const =0;

}s

class ArrayBag : public BagInterface{
private:

static const int DEFAULT_CAPACITY = 6;

string* items;

int itemCount;

int maxItems;

int getIndexOf(const string& target) const;
public:

ArrayBag();

~ArrayBag();

int getCurrentSize() const;

file:///C:/Users/User/Downloads/Memo_Data_Structure.html 11/160
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bool isEmpty() const;

bool add(const string& newEntry);

bool remove(const string& anEntry);

void clear();

int getFrequencyOf(const string& anEntry) const;
bool contains(const string& anEntry) const;

void print() const;

ArrayBag: :ArrayBag():

itemCount(0),
maxItems(ArrayBag: :DEFAULT_CAPACITY){
items = new string[DEFAULT_CAPACITY];

ArrayBag: :~ArrayBag(){

int

delete [] items;

ArrayBag: :getCurrentSize() const {
return itemCount;

bool ArrayBag::isEmpty() const {

return itemCount == 0;

void ArrayBag::print() const {

for (int i = 9; i < itemCount; i++){

cout << items[i] << ;

}

cout << endl;

bool ArrayBag::add(const string& newEntry){

int

bool hasRoomToAdd = (itemCount < maxItems);
if (hasRoomToAdd){
string* oldArray = items;
items = new string[2 * maxItems];
for (int index = 0; index < maxItems; index++){
items[index] = oldArray[index];
}
delete [] oldArray;
maxItems = 2 * maxItems;

}

items[itemCount] = newEntry;
itemCount++;
return true;

ArrayBag: :getIndexOf(const string& target) const {
bool found = false;
int result = -1;
int searchIndex = 0;
while(!found && (searchIndex < itemCount)){
if (items[searchIndex] == target){
found = true;
result = searchIndex;

}

else {
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searchIndex++;

}
}

return result;

}

bool ArrayBag::remove(const string& anEntry){
int locateIndex = getIndexOf(anEntry);
bool canRemoveItem = (locateIndex > -1);
if (canRemoveItem){
itemCount--;
items[locateIndex] = items[itemCount];
}

return canRemoveltem;

}

bool ArrayBag::contains(const string& anEntry) const {
return getIndexOf(anEntry) > -1;

}

//void ArrayBag::clear(){
// while(!isEmpty()){

// remove(items[0@]);
// ¥

/1}

void ArrayBag::clear(){
itemCount = 0;

}

int ArrayBag::getFrequencyOf(const string& anEntry) const{
int frequency = 9;
int curIndex = 0;
while(curIndex < itemCount){
if(items[curIndex] == anEntry) {
frequency++;
}

curIndex++;

}

return frequency;

int main(){
ArrayBag bag;
bag.add("aaa");
bag.print();
cout << bag.isEmpty() << endl;
cout << bag.getCurrentSize() << endl;
bag.add("bbb");
bag.print();
cout << bag.isEmpty() << endl;
cout << bag.getCurrentSize() << endl;

return 0;

Implement by Linked List
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Abstract pes Array-based implementatic Link-based implementation

Nodes Member func s Construc

N/odes @‘O—O

* The type of an item is ItemType.

template<typename ItemType>
class BagInterface / v/
{ I
public: [ @ >
virtual bool -
add (const ItemType& newEntry) = 0; item next
}.// & Sorer fancticns Figure 4-1 (Carrano and Henry, 2013)

» For each item, we will associate a pointer pointing to the next item-pointer pair.
* The combination of the item and pointer is often called a node.
— The pointer points to the next node, not the next item!

Data Structures — The Data Structure “Bag”™ 51/88 Ling-Chich Kung (NTU IM)

Al based implementatic Link-based implementation

Nodes Member functions Constructors and

The class Node

template<class ItemType>

class Node
( o >

private: =
Itenype item; 1tem next
Node<IteniType>* next; Figure 4-1
public:
Node () ;
Node (const ItemType& anItem);
Node (const ItemType& anItem, Node<ItemType>* nextNodePtr) ;
void setItem(const ItemType& anItem) ;
void setNext (Node<ItemType>* nextNodePtr) ;
ItemType getItem() const ;
Node<ItemType>* getNext() const ;

(Carrano and
Henry, 2013)

Data Structures — The Data Structure “Bag™ 53/88 Ling-Chich Kung (NTU IM)

Abstract ¢ es Array-based impleme C Link-based implementation

Nodes Me

The class Node

* The class Node has getters and setters for all instance variables.
— It does_no data hiding at all.

* Sometimes people implement_N_;og;as a structure.
— Member variables of a structure are by default public.
— Though they can be set to be private.

* Sometimes a better way is to set LinkedBag a fm_/m_l of Node.

Data Structures — The Data Structure “Bag” 56/88 Ling-Chich Kung (NTU IM)
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Friends and static members Object pc

friend for functions and classes

* Declare friends only if data hiding is preserved.
— Do not set everything public!
— Use structures rather than classes when nothing should be private (this is
recommended but not required).
— Be careful in offering public member functions (e.g., getters and setters).
* friendin fact help you hide data.
— If a private member should be accessed only by another class/function, we
should declare a friend instead of writing a getter/setter.

Programming Design - Classes 28/52 Ling-Chich Kung (NTU IM)

ypes Array-based implementatic Link-based implementation

Nodes Member functions Constructors an

The head pointer headPtr

* An object of LinkedBag will has an item counter itemCount.
— Its type is int.
* An object of LinkedBag will has a head pointer headPtr.
— Its type is Node<itemType>*. It is a pointer; mot a node.
— headPtr is a “static member;” all other nodes are “dynamic members.”

3 T HA T H

itemCount headPtr  item next
Figure 4-5 (Carrano and Henry, 2013)

"ed"

— This “static” is different from that “static” for “static member variables.”

Data Structures — The Data Structure “Bag™ 59/88 Ling-Chieh Kung (NTU IM)

Link-based implementation

Constructors and the destructor

Copy constructor (shallow copy)

* If we do not define a copy constructor by [ template<class Itemype>
ourselves, the default copy constructor LinkedBag<ItemType>: : LinkedBag

of LinkedBag will be like: (”‘“t—%m@

nab" ned” nef"

HolcE

itemCount headPtr,

(<]

Copy of Copy of
itemCount headPtr

]~

-] -

3

Figure 4-8 (a) (Carrano and Henry, 2013)

Data Structures — The Data Structure “Bag” 78/88 Ling-Chich Kung (NTU IM)
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lementation Link-based implementation

unctions Constructors and the destructor

Copy constructor (deep copy)

*  What we want is deep copy: A new list of items should be dynamically created.

(b) |Z| E—r >—|—' >—|—> »—I—»I "gh"I/I
itemCount headPtr
A B e
_ Copy of Copy of  Copy of the linked chain
itemCount headPtr
Figure 4-8 (b) (Carrano and Henry, 2013)

"ab" "cd” "ef"

"ab" "ed” nef"

* To do so, we need to define our own copy constructor for LinkedBag:

Data Structures — The Data Structure “Bag™ 79/88 Ling-Chieh Kung (NTU IM)

#include <iostream>
#include <string>
#include <vector>
using namespace std;

//Class Node
template<typename ItemType>
class Node{
private:
ItemType item;
Node<ItemType>* next;
public:
Node();
Node(const ItemType& anItem);
Node(const ItemType& anItem, Node<ItemType>* nextNodePtr);
void setItem(const ItemType& anlItem);
void setNext(Node<ItemType>* nextNodePtr);
ItemType getItem() const;
Node<ItemType>* getNext() const;
}s

//Constructors of Node

template<typename ItemType>

Node<ItemType>: :Node()
next(nullptr) {}

template<typename ItemType>
Node<ItemType>: :Node(const ItemType& anItem)
item(anItem), next(nullptr) {}

template<typename ItemType>
Node<ItemType>: :Node(const ItemType& anItem, Node<ItemType>* nextNodePtr)
item(anItem), next(nextNodePtr) {}

// Getters and Setters

template<typename ItemType>

void Node<ItemType>::setItem(const ItemType& anItem){
item = anItem;

template<typename ItemType>
void Node<ItemType>::setNext(Node<ItemType>* nextNodePtr){

file:///C:/Users/User/Downloads/Memo_Data_Structure.html 16/160



1/23/23, 12:04 AM

Memo_Data_Structure

next = nextNodePtr;

template<typename ItemType>
ItemType Node<ItemType>::getItem() const {
return item;

template<typename ItemType>
Node<ItemType>* Node<ItemType>::getNext() const {
return next;

//Class BagInterface
template<typename ItemType>
class BagInterface {
public:
virtual int getCurrentSize() const = 0;
virtual bool isEmpty() const = 9;
virtual bool add(const ItemType& newEntry) = 0;
virtual bool remove(const ItemType& anEntry) = 0;
virtual void clear() = 0;
virtual int getFrequencyOf(const ItemType& anEntry) const = 9;
virtual bool contains(const ItemType& ankEntry) const = 9;
virtual void print() const =0;

%

//class LinkedBag
template<typename ItemType>
class LinkedBag : public BagInterface<ItemType> {
private:
Node<ItemType>* headPtr;
int itemCount;
public:
LinkedBag(); // constructor
LinkedBag(const LinkedBag<ItemType>& aBag); // copy constructor
virtual ~LinkedBag(); // destructor
int getCurrentSize() const;
bool isEmpty() const;
bool add(const ItemType& newEntry);
vector<ItemType> toVector() const;
bool remove(const ItemType& ankEntry);
void clear();
Node<ItemType>* getPointerTo(const ItemType& anEntry) const;
int getFrequencyOf(const ItemType& anEntry) const;
bool contains(const ItemType& anEntry) const;
void print() const;

}s

template<typename ItemType>
LinkedBag<ItemType>:: LinkedBag(){
headPtr = nullptr;
itemCount = 0;

template<typename ItemType>
LinkedBag<ItemType>::LinkedBag(const LinkedBag<ItemType>& aBag){
itemCount = aBag->itemCount;
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Node<ItemType>* origChainPtr = aBag->headPtr;
if(origChainPtr == nullptr){
headPtr = nullptr;
}
else {
headPtr = new Node<ItemType>();
headPtr->setItem(origChainPtr->getItem);
Node<ItemType>* newChainPtr = headPtr;
while(origChainPtr != nullptr){
origChainPtr = origChainPtr->getNext();
ItemType nextItem = origChainPtr->getItem();
Node<ItemType>* newNodePtr = new Node<ItemType>(nextItem);
newChainPtr->setNext(newNodePtr);
newChainPtr = newChainPtr->getNext();

}
newChainPtr->setNext(nullptr);

template<typename ItemType>
LinkedBag<ItemType>: :~LinkedBag(){
clear();

template<typename ItemType>
bool LinkedBag<ItemType>::isEmpty() const{
return itemCount == 0;

template<typename ItemType>
int LinkedBag<ItemType>::getCurrentSize() const {
return itemCount;

//add to the beginning

template<typename ItemType>

bool LinkedBag<ItemType>::add(const ItemType& newEntry){
Node<ItemType>* newNodePtr = new Node<ItemType>();
newNodePtr->setItem(newEntry);
newNodePtr->setNext(headPtr);
headPtr = newNodePtr;
itemCount++;
return true;

template<typename ItemType>
vector<ItemType> LinkedBag<ItemType>::toVector() const{
vector<ItemType> bagContents;
Node<ItemType>* curPtr = headPtr;
while(curPtr != nullptr ){
bagContents.push_back(curPtr->getItem());
curPtr = curPtr->getNext();
}

return bagContents;

template<typename ItemType>
bool LinkedBag<ItemType>::remove(const ItemType& anEntry){
Node<ItemType>* entryNodePtr = getPointerTo(anEntry);

bool canRemoveItem = !isEmpty() && (entryNodePtr != nullptr);
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if (canRemoveItem) {
entryNodePtr->setItem(headPtr->getItem());//Replace
Node<ItemType>* nodeToDeletePtr = headPtr;
headPtr = headPtr->getNext();
delete nodeToDeletePtr;
nodeToDeletePtr = nullptr;
itemCount--;

}

return canRemoveItem;

template<typename ItemType>
Node<ItemType>* LinkedBag<ItemType>::getPointerTo(const ItemType& anEntry) const {
bool found = false;
Node<ItemType>* curPtr = headPtr;
while(!found && (curPtr != nullptr)){
if(anEntry == curPtr->getItem()){
found = true;
}
else
curPtr = curPtr->getNext();
}

return curPtr;

template<typename ItemType>
bool LinkedBag<ItemType>::contains(const ItemType& anEntry) const {
return (getPointerTo(anEntry) != nullptr);

template<typename ItemType>
int LinkedBag<ItemType>::getFrequencyOf(const ItemType& anEntry) const {
int frequency = 9;
Node<ItemType>* curPtr = headPtr;
while(curPtr != nullptr){
if(anEntry == curPtr->getItem()){
frequency++;
}
curPtr = curPtr->getNext();

}

return frequency;

template<typename ItemType>
void LinkedBag<ItemType>::clear(){
Node<ItemType>* nodeToDeletePtr = headPtr;
while(headPtr != nullptr){
headPtr = headPtr->getNext();
delete nodeToDeletePtr;
nodeToDeletePtr = headPtr;
}

itemCount = 0;

void testBag(BagInterface<string>* bagPtr){
string item[] = {"aa", "bb", "cc"};
for(int i = 9; i < 3; i++){
bagPtr->add(item[i]);
}
cout << bagPtr->isEmpty();
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cout << bagPtr->getCurrentSize();
bagPtr->remove("two");

cout << bagPtr->isEmpty();
cout << bagPtr->getCurrentSize();

int main(){
pass

return 0;

Recursive Function

Algorithms and complexity Recursion Searching and sorting

Recursive functions ij%; 2)

* A function is recursive if it invokes itself (directly or indirectly).
* The process of using recursive functions is called recursion.
*  Why recursion?
— Many problems can be solved by dividing the original problem into one or
several smaller pieces of subproblems.
— Typically subproblems are quite similar to the original problem.
— With recursion, we write one function to solve the problem by using the
same function to solve subproblems.

Programming Design ~ Algorithms and Recursion 14/43 Ling-Chich Kung (NTU IM)

Recursive Functions

int recursion ( x)

{

return;

FT[+W(X==0)}F

recursion ( x-1);
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imt factorial int );

void mainl }

|
it fact. n;
printfl“Enter any posithve Integer: °);
scanfl*%d &n);

fact = factorial(n ); "
printH Factorial of 8ed is Sd” n, factl; factorial(3);

Int factoriall int n}
[
int temp;
il a==a)
raturn 1!

ﬁ elue -
temp = n * factoriali n- | 3*factorial(2 ) ;

return temp;

int factorial{int n)
I
int temp:
ill: m==a)
refurn 1;
e % .
tamp = * factorialln1 5 2*factorial{ 1) ;

return bemps

int factoriall int n)
i
int vemp;
if{ n == o) .
retisrn 13 1*factorial(0) ;
alse
termp = n * factoriall n<1 };
raturn temp;

int factoriallint n}
i
int temp;
Him==a)
return 15
elie
temp = n * factorialin-1 |
return femp;

#include <iostream>
using namespace std;

int fact(int n);

int main(){

cout << "fact(5): " << fact(5) << endl;

return 0;
}
int fact(int n){
if(n==0)
return 1;
else

return n * fact(n-1);
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Recursion

Example 1: finding tvl;%g;l;lximum

Let’s try to implement the strateg

*  First, I know I need to write a function whose header is:

'/[double max (double array[], int len);

— This function returns the maximum in array (containing len elements).
— I want this to happen, though at this moment I do not know how.

* Now let’s implement it:
— If the function really works, subtask 1 can be completed by invoking

[ double subtax = max(array, len - 1); |

— Subtask 2 is done by comparing subMax and array[len - 1].

Programming Design — Algorithms and Recursion 16/43 Ling-Chich Kung (NTU IM)

Recursion

Some remarks

* There must be a stopping condition in a recursive function. Otherwise, the
program will not terminate.
* In many cases, a recursive strategy can also be implemented wnhm !

— E.g., writing a loop for finding a maximum and factorial. ‘t

— But sometimes it is hard to use loops to imitate a recursive function.

* Compared with an equivalent iterative function, a ¥ecursive |mplcmcntdl|0‘z| is
usually simpler and easier to understand.

* However, it g(,ncrally uses Ill()l ¢ memory spdus and is more [ll]l( k()ll\llllllll"
—_—

— Invoking functions has some cost.

Programming Design - Algorithms and Recursion

"
F

Ling-Chich Kung (NTU IM)

#include <iostream>
using namespace std;

double findMax(double array[], int len);

int main(){
double a[5] = {5, 7, 2, 4, 3};
cout << "The max item is " << findMax(a, 5) << endl;

return 0;

double findMax(double array[], int len){
if (len == 1){
return array[0];
}
else {
double subMax = findMax(array, len-1);
if (array[len-1] > subMax){
return array[len -1];
}
else {
return subMax;

file:///C:/Users/User/Downloads/Memo_Data_Structure.html 22/160



1/23/23, 12:04 AM

#include <iostream>
using namespace std;

int choose(int n, int k);

int main(){

cout << "Choose(3 from 5 items):

return 0;
}
int choose(int n, int k){
if(k == || kK == n)
return 1;
else if(k > n)
return 0;
else

Memo_Data_Structure

return choose(n-1, k-1) + choose(n-1, k);

Recursion

<< choose(5, 3) << endl;

Algc

Number of recursive calls

The Hanoi towers

if count is 1

else

solveHT(count, source, destination, spare)
e —
Move a disk directly from source to destination
e —
\/éolveHT( c_oun/t,—_;. source, spare, destination)

solveHT(1, source, destination, spare)
solveHT(count - 1, spare, destination, source)

Data Structures — Recursion and Algorithm Complexity

Recursion

26/66

Ling-Chich Kung (NTU IM)

Algc

Number of recursive calls

The Hanoi towers

N =1 @ : move the disk once from source to
destination directly.

1 move

3 moves

7 moves

moves(N) equals to
the number of nodes in
a binary tree: 2V — 1.

Data Structures — Recursion and Algorithm Complexity
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Recursion Algc

Number of recursive calls

Recursion and efficiency

» Recursion is a powerful problem-solving technique that often produces very
clear solutions to complex problems.

* However, some recursive solutions are inefficient that they should not be used.
. Fa(;t}fs that contribute to the inefficiency of some recursive solutions:
—YOyerhead associated with function calls.
—VAinherent inefficiency of some recursive algorithms.

Data Structures — Recursion and Algorithm Complexity 33/66 Ling-Chich Kung (NTU IM)

Find Prime Number

Algorithms and complexity

Example: listing all prime numbers

* Given an integer n, let’s list all the prime numbers no greater than .
* Consider the following (imprecise) algorithm: =
— For each number i no greater than », check whether it is a prime number. |
* To check whether i is a prime number:
— Idea: If any number j < i can divide i, i is not a prime number.
— Algorithm: For each number j < i, check whether j divides 7. If there is any
J that divides i, report no; otherwise, report yes.
* Before we write a program, we typically prefer to formalize our algorithm.
— We write pseudocodes, a description of steps in words organized in a
program structure.

— This allows us to ignore the details of implementations.

Programming Design — Algorithms and Recursion 5/43 Ling-Chich Kung (NTU IM)

Algorithms and complexity

Example: listing all prime numbers

* One pseudocode for listing all prime
numbers no greater than » is:

Given an integer n:
Sorifrom2ton
‘ assume that 7 is a prime number
Sorjfrom2toi-1
ifj divides i
set i to be a composite number
if i is still considered as prime
print i

Programming Design — Algorithms and Recursion 6/43 Ling-Chich Kung (NTU IM)

#include <iostream>
using namespace std;

int main(){
int num = 9;
cout << "Learning Algorithm and Data Structure" << endl;
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cout << "Enter your Integer Number: ";
cin >> num;

for (int i = 2; i <= num; i++){
bool isPrime = true;
for (int j = 2; j < i; j++){
if ((1 % 3) == 0){
isPrime = false;

break;
}
}
if (isPrime == true) {
cout << i << " is prime" << endl;
}
}
return 0;

#include <iostream>
using namespace std;

bool isPrime(int x);

int main(){
int num = 0;
cout << "Learning Algorithm and Data Structure" << endl;

cout << "Enter your Integer Number: ";
cin >> num;

for (int i = 2; i <= num; i++){
if (isPrime(i) == true) {
cout << i << " is prime" << endl;

}

return 0;

bool isPrime(int x) {
for (int i = 2; i < x; i++){
if ((x % 1) == 0){
return false;

}

return true;

#include <iostream>
using namespace std;

bool isPrime(int x);

int main(){
int num = 0;
cout << "Learning Algorithm and Data Structure" << endl;

cout << "Enter your Integer Number: ";
cin >> num;

for (int i = 2; i <= num; i++){
if (isPrime(i) == true) {

cout << i << " is prime" << endl;
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}

return 0;

bool isPrime(int x) {
for (int i = 2; i * i < x; i++){
if ((x % 1) == 0){
return false;

}

return true;

#include <iostream>
using namespace std;

const int MAX_LEN = 10000;

Memo_Data_Structure

void ruleOutPrime(int x, bool isPrime[], int n);

int main(){
int num = 0;

cout << "Learning Algorithm and Data Structure" << endl;

cout << "Enter your Integer Number(2~10000): ";

cin >> num;
bool isPrime[MAX_LEN] = {0};
for (int i = 2; i < num; i++){

isPrime[i] = true;

for (int i = 2; i <= num; i++){
if(isPrime[i] == true){

cout << i << " is prime"
ruleOutPrime(i, isPrime,
return 0;

<< endl;
num) ;

void ruleOutPrime(int x, bool isPrime[], int n){

for (int i = 1; x * 1 < n; i++){
isPrime[x * i] = false;

Dynamic Programming

#include <iostream>
#include <stdexcept>
using namespace std;

int fib(int n);
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int main(){
cout << "fib(5): " << fib(5) << endl;

return 0;

int fib(int n){

if(n < 0)
throw logic_error("Error!");
if(n == 0)
return 9;
if (n == 1)
return 1;
else
return fib(n-1) + fib(n-2);

#include <iostream>
#include <stdexcept>
using namespace std;

int fib(int n);

int main(){
cout << "fib(6): " << fib(6) << endl;

return 0;

int fib(int n){

int A[20];
A[0] = ©;
A[1] = 1;

for(int i = 2; i <= n; i++){
A[i] = A[i-1] + A[i-2];
}

return A[n];

The Knapsack Problem
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Knapsack problem

+ Each item has a value and a weight
+ Objective: maximize value
« Constraint: knapsack has a weight limitation

? Three versions:
n s
mw ’ 0-1 knapsack problem: take
> Q@ each item or leave it
@ Fractional knapsack problem:
Eﬁ! o items are divisible
) Unbounded knapsack problem:
unlimited supplies of each item.
Which one is easiest to solve?

=
We can solve the fractional knapsack
problem using greedy algorithm

Algorithm complexity

The knapsack problem The max

The knapsack problem

* Problem input:
— The weight of items: wy, Wy, ..., Wy,.
— The value of items: vy, v,, ..., Uy.
— The weight limit of the knapsack B.
* Problem formulation:
— Letx; = 1 ifitem i is selected and 0 otherwise.

— The problem: n
max Z’U,‘,.’I?,’
i=1
n
s.t. Z’u!,’flj,‘ <B

i=1

z; €{0,1} Vi=1,.,n

Data Structures — Recursion and Algorithm Complexity 41766 Ling-Chich Kung (NTU IM)

Algorithm complexity

The knapsack problem

Box trace

* Example:w = (8, 3,&5) and B = 16.

IMP NS
v
Pae2) | [Pa22)| 'PL2) | | P(7.2) ]
IMP IMP S IMP
i) [o]
IMP IMP IMP IMP IMP S IMP IMP
Data Structures — Recursion and Algorithm Complexity 47/66 Ling-Chich Kung (NTU IM)
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Algorithm complexity

Recursiot

The knapsack problem

The dynamic programming algorithm

» The idea is great, but a recursive implementation is inefficient (why?).
* By applying “dynamic programming,” we solve this problem with a matrix:

w;/B 0 1 2 3 4 5 6

2 NS IMP IMP IMP IMP IMP
3 NS IMP s IMP s IMP
4 NS IMP NS NS s NS
5

NS IMP NS NS NS SorNS NS

» The last cell is what we want. The answer is “Yes, we may fill a knapsack of
capacity 6 with the four items.”
* How to determine the items to be selected?

Data Structures - Recursion and Algorithm Complexity 48/66 Ling-Chich Kung (NTU IM)

Algorithm complexity

The knapsack problem

Efficiency

* The complexity of the dynamic programming algorithé: 0(nB ) )

* Is this algorithm efficient?
— Typically yes, but no if the knapsack capacity is really large.

— This is why it is “pseudo”-polynomial: Its complexity depends on the
“value” of inputs, not just the “number” of inputs.

Data Structures — Recursion and Algorithm Complexity 50/66 Ling-Chich Kung (NTU IM)

The Max Flow Problem

‘Maximum Flow

# A flow for a network N is
said to be maximum if its
value is the largest of all

flows for N
® The maximum flow problem
consists of finding a 7
maximum flow for a given Flowofvalue8§=2+3+3=1+3+4
network N

# Applications
= Hydraulic systems
= Electrical circuits
» Traffic movements
= Freight transportation

2/2
Maximum flow of value 10 =4+ 3+3=3+3+ 4

8/1/2014 2:02 AM Maximum Flow 5
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Algorithm complexity

The maximum flow problem

The maximum flow problem

* A very natural application is in logistic/shipping/delivery.
— The source node is a factory. The destination node is a market.
— An edge’s capacity is the maximum number of goods that can be shipped
along that edge.
— It may be easily used to model a problem with multiple factories and
multiple markets (how?).
* There are many other applications.
* It may also be defined on undirected networks.

— Let’s consider only directed networks.

Data Structures ~ Recursion and Algonithm Complexity $3/66 Lin

Algorithm complexity

napsack proble The maximum flow problem

Efficiency

+ The worst-case efficiency of the augmenting path algorithm is O (mf™).
— m is the number of edges: each augmenting path’s maximum length.
— f* is the maximum flow: the maximum number of iterations.

* Alternatively, if you prefer, O(mU).
= U = ¥ j)er Uij» the total capacity, is an upper bound of f*.

* The augmenting path algorithm is thus pseudo-polynomial.

* There exists polynomial algorithm for the maximum flow problem.

Data Structures — Recursion and Algorithm Complexity 66/66 Ling-Chich Kung (NTU IM)

Max-flow [Primal) Min-cut (Dual)

s > [a variable per edge] d,, Yuv)e Efa le per edga]

variables -
z Yo el {.&.J} [2 riable per non-terminal node]
- -

maximize } E f,. minimize 3 P Coupr e
objective e ol

[max total flow from source] [min total capacity of edges in cut]

subject bo subject to

Jon % Gy Y(u,v)e E dyy — 2y + & L] ¢ 1
constraints Zj Z f 0 veE V {5t} e+ 2 = 1 &)
u = du = Vlu, t) € F
[a constraint per edge and a constraint per non-terminal node] | 14 constraint per e
i , ) e >0 (u,v) € E
sign constraints  f,, 1] Wu,v) € E ¥
& ER Yoe V) {st}

C** Performance Evaluation - Space Complexity
and Time Complexity
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What does a BETTER Algorithm mean ?

Faster ? (Less execution time) — Time Complexity

Less Memory ? — Space Complexity
Easy to read ?

Less Line of Code ?

Less Hw/Sw needs ?

*Note: Algorithm Analysis does not give you accurate/exact values(time,
space etc), however it gives estimates which can be used to study the
behavior of the algorithm.

What is Asymptotic Algorithm Analysis ?

Definition: In mathematical analysis, asymptotic analysis of algorithm
is a method of defining the mathematical boundaries of its run-time
performance.

Using the asymptotic analysis, we can easily estimate about the
average case, best case and worst case scenario of an algorithm.

Simple words: It is used to mathematically calculate the running time of
any operation inside an algorithm.

Asymptotic Algorithm analysis is to estimate the time complexity
function for arbitrarily large input.

Time Complexity : is a computational way to show how(behavior)
runtime of a program increases as the size of its input increases.

What is Space complexity?

Definition: The space complexity of an algorithm or a computer
program is the amount of memory space required to solve an
instance of the computational problem as a function of the size of the
input.

Simple words : It is the memory required by an algorithm to execute
a program and produce output.

Similar to time complexity, Space complexity is often expressed
asymptotically in big O notation, such as O(n), O(nlog(n)), O(n*2)
etc., where n is the input size in units of bits needed to represent the
input.
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%  We want to define time taken by an algorithm without depending on the
implementation details.
% because
% A given algorithm will take different amounts of time on the same inputs
depending on such factors as:
= Processor speed,
= |nstruction set,
> Disk speed,
> Brand of compiler and etc.
< The way around is to estimate efficiency of each algorithm asymptotically.
s Time Complexity: Running time of the program as a function of the size
of input
= Space Complexity: Amount of computer memory required during the
program execution, as a function of the input size

bAr. Hitin M Shrvale (Asst. Prof 1ISPRM'S BSIO R)

Space Complexity

0 When memory was expensive we focused on
making programs as space efficient as possible
and developed schemes to make memory appear
larger than it really was (virtual memory and
memory paging schemes)

3 Space complexity is still important in the field of
embedded computing (hand held computer
based equipment like cell phones, palm devices,
etc)

Algorithms and complexity

Complexity

Running time may be affected by the hardware, number of programs running at
the same time,etc.
— The) llﬂ)}‘ﬂ&)p(‘l'mi()lmis a better measurement.
— Basic operations include simple arithmetic, comparisons, etc.
« Convince yourself that algorithm 2 does fewer basic operations.
. '/fhe calculation of complexity needs training.

— This will be formally introduced in Discrete Mathematics, Data Structures,
and/or Algorithms.

Programming Design — Algorithms and Recursion 12/43 Ling-Chich Kung (NTU IM)
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Consider the previous example.

Time complexity: example

Let’s count the number of basic operations algorithm 1.

For the first part of algorithm 1, we have 5mn + 10m + 2 basic operations.

Decl. Assi. Arith.  Comp. int rowSum[MAX ROW CNT] = {0}; // (1)
for(int i = 0; i <m; i+) // (2)
O m om o o :
) 1 m+1 m m int aRowSum = 0; // (3) Vv
for(int 3 =0; j <n; jH) // (4)
G m m 0 0 aRowsum += A[i1[31; // (5)
4 m mmn+1) mn mn rowSum[i] = aRowSum; // (6)
}
5) 0 mn mn 0
(6) 0 m 0 0 // the remaining are skipped
Programming Design ~ Complexity and Graphs 9/54 Ling-Chich Kung (NTU IM)
Complexity The “big O” notatior

erminology o

sraphs

Graph algorithms

Let’s analyze algorithm 2.
The bottleneck is the two nested loops.
The complexity is roughly mn:

Time complexity: example

int maxRowSum(int A[] [MAX COL CNT],
int m, int n)
{
int maxRowSumValue = 0;
jnt maxRowNumber = 0;

— This is how the execution time would feor (intia, =10 1< my 445)

grow as the input size increases.

To formalize the above idea, let’s
introduce the “big O” notation.

{

int aRowSum = 0;
‘/’f‘er.ntj=0;j<n;jH')

if (aRowSum > maxRowSumValue)
{
maxRowSuniValue = aRowSum;
maxRowNumber = i + 1;

}
/ }

return maxRowNumber;
}

Big "O"

Programming Design — Complexity and Graphs 11/54
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The “big O” notation

Graph 2

T

he “big O” notation

%
X

Mathematically, ML@_Z\O and g(n) = 0 be two functions defined for n € N.

We say

f(n) € 0(g(m)
if and only if there exists a positive number ¢ and a number N such that
fm) <cg(m)

foralln > N.

Intuitively, that means when n is large enough, g(n) will dominate f(n).

If f(n) is the number of operations that an algorithms takes to complete a task,

we say the algorithm’s complexity is g(n).
— We write f(n) M but some people write f(n) = 0(g(n)).

Program
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The “big O” notation

Terminology of graphs

Graph algorith

s

t-case time co i

« In many cases, the number of operations of running an algorithm depends on not
only the number of input values but also contents of input values.

* People talk about two kinds of time complexity:

— Average-case time complexity: the expected number of operations
required for a randomly drawn input. The probability distribution matters.

— Worst-case time complexity: the maximum possible number of operations
required for a randomly drawn input.

* The “big O” notation typically deals with worst-case complexity.

Programming Design — Complexity and Graphs

21/54

Ling-Chich Kung (NTU IM)
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C** Type of Data Structure
Types of Data Structure

A
{ }

Frimitive Data

Mon-Primitive Data
Structure Structure
|
{ v I v
Integer Float Character Boolean Linear Data Mon-Linear
Structure Data Structure

I\ V'
ooy v v

Arrays  Linked List Stack Queue Trees Graphs

Fig. Types of Data Structure

Linear Data Structue

Array

Array in C

array variable
L%

12 element
sed

v .
inta[3]={ }; int a[3]={[0...1]=3 ¥
inta[3]={0};
o [ o | o
intal31={1}

1|-::-|_|

0 N . "W I S I I A AN A S S . S S S I I 0 U A : " Y-S [ O R s
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it al3]=(1, 1, 1;
L
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int *a;
3 | o int* a;
. int* a;
inta[ 1={[0...1]=3 };

int*a;
1 1
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language built-in array

container library array

#include <iostream=

#include <iostream=

#include <array= |

using namespace std;

int main()

{
int myarray[3] = {10,208,30};

for {(int i=0; i<3; ++1i)
++myarray[il;

for (int elem : myarray)
cout =< elem =< '\n';

using namespace std;

int main()

{

array=int,3> myarray {10,208,30};

for (int i=0; i<myarray.size(); |++i)

++myarray[il;

for (int elem : myarray)
cout =< elem =< '\n';

Linked List

Some Applications of Linked List Data Structure

Some Applications of Linked List are as follows —

Linked Lists can be used to implement Stacks , Queues.

Linked Lists can also be used to implement Graphs. \\‘
(Adjacency list representation of Graph). Sy

=
Implementing Hash Tables :- Each Bucket of the hash table
can itself be a linked list. (Open chain hashing).

Undo functionality in Photoshop or Word . Linked list of

states

CLL
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head—»| 1 |—»| 2 |—— 3 |[—Null

head— 1 [—% 2 |/ 3 |/

Circular Linked List

DLL

waxy, Linwed List

head Aoy
struct Node { e
int data; N, s Evo a0
struct Node* next; j_'(_l o | i‘wolj i/ools’ P

struct Node* prev; :‘bﬂol z I = |ﬁ_

¥

- Revevse ALoorg-wp

mycodeschool.com

E‘jﬂ u.blz. .I'I_i'l"l!‘;Lﬂ Ligst - IMPL:Mﬂ.ﬂfthpn

head
struct Node 4
int data; I T — R e e Fa e
; o =1 | | 1= '
struct Node* next; L I | |- 1 jé—] _1
struct Node* prev; 3
1
mycodeschool.com

Matrix
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This is the final representation of sparse matrix
using linked list

i o 5] 0 ] 1 | 2 | 3
| Py = I = A > .
4@ ot _T !
0 HITEE
2 1
VN =
1 1| |z INEE
AG_l_T > ] )=|=
2 v | E— —1
U]I... 21 o |3
~s|| ] N
3 L 3 | 2 |
[ A > [
4 | i I

Linked List in Memory

LINKED LIST REPRESENTED IN MEMORY

« Linked lists con be represented in memory by @.
using tweo arrays respeciively known ax INFO
ond LINEK, such that INFO[K] and LINKK]

containg informatien of element and next node
o cirass TS chive i,

=The list also requires o vorichle 'Name' or
"Start', which containe address of first node.
Pointer field of las node denoted by NULL
which indicates the end of list

= Canslder a linked lst glven on the sde P —
Figure shows linked list, It indicates that the
node of a list nead not accupy odjacent

elemeants in the array INFO ond LINEK,

-
=i—uﬁ

/\

O\
1/
A

3) Insertion & deletion of elements (Cost)

;TN LINKED LIST
J ¢ \
int arr[4]
index ->

address -> #10 #14 #18 #22

1) Insertion/Deletion at the Beginning - 1) Insertion/Deletion at the Beginning -

On) = n Linear @ (V)) = ‘ > Conslent

2) Insertion/Deletion at the End - _2) Insertion/Deletion at the End -

Oh)= | Coamd 0(n) =N > linees,

3) Insertion/Deletion at random nth postion - 3) Insertion/Deletion at random nth postion -

ﬁ@(h): h o [Theas O(“)-:V\—% in ean
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Stack

Some Applications of Stack Data Structure

Balancing of symbols
Infix to Postfix /Prefix conversion
Redo-undo features at many places like editors,

Forward and backward feature in web browsers

Used in many algorithms like Tower of Hanoi, tree
traversals, stock span problem, histogram problem.

Other applications can be Backtracking, Knight tour
problem, rat in a maze, N queen problem and
sudoku solver

In Graph Algorithms like Topological Sorting and
Strongly Connected Components

- (e P
i . #y LastIn-First Out /
; ; Pop

pl,lﬁ”l

D Ehemaat

S Erpeege)

Operation of stack /How to use

cout<<”Hello”;
cout<<”World”;

}

e o

Ota Eimrrare.

Dats Dierrand

the operation in stack. ,

ata Structure

Stack Application

* Function recursion oxin moc
» System stack pae

L main ENDP

Used in the run time to
process recursive

Subl PROC 4

call sub2

function calls Al

r Sub2 PROC &
Store the return caii 53
addresses of previous =~ =2 m=or

[ Sub3 PROC 4

outer Procedures

ret
Sub3 ENDP
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Introduction Applicatio c Impl

Stacks: formal definition in words

Data: A finite number of objects, not necessarily distinct, having the same data type and
ordered by when they were added.

Operations Descriptions
isEmpty() Task: Check whether this stack is empty.
Input: None. ®

Output: True if the stack is empty; otherwise false.

push(newEntry) Task: Add newEntry to the top of this stack.
Input: newEntry.
Output: True if the operation is successful; otherwise false.

pop() Task: Remove the top (the lastly added item) of this stack.
Input: None.
Output: True if the operation is successful; otherwise false.

peek() Task: Return the top of this stack. Do not modify the stack.
Input: None.
Output: The top of the stack.

Introduction Applications of s —

Data Structures — Stacks 8/78 Ling-Chieh Kung (NTU IM)

An UML diagram for the class Stack

* Many people describe an information system by drawing a UML diagram.
— UML = unified modeling language.
* Aclass in a UML diagram is depicted as follows:

Stack

+isEmpty(): boolean
+push(newEntry: ItemType): boolean
+pop(): boolean

+peek(): ItemType

Figure 6-2
(Carrano and Henry, 2013)

Stack: Array Implementation

pop()

class StackArraylmpl{
public:
int POP(){ 2
if(top ==-1){

cout << “Stack is Empty” << endl; 1 2
return -1;

} —

3

return stackArr[top--]; 0 1 —Top=0

ROOECRCER COM

}

#include <iostream>
#include <stdexcept>
using namespace std;

const int MAX_STACK = 999;

template<typename ItemType>

file:///C:/Users/User/Downloads/Memo_Data_Structure.html
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class StackInterface {
public:
virtual bool isEmpty() const = @; //pure virtual function
virtual bool push(const ItemType& newEntry) = 0; //pure virtual function
virtual bool pop() = 0; //pure virtual function
virtual ItemType peek() const = ©@; //pure virtual function

%

template<typename ItemType>
class ArrayStack : public StackInterface<ItemType>{
private:
ItemType items[MAX_STACK];
int top;
public:
ArrayStack(); //Default constructor
bool isEmpty() const;
bool push(const ItemType& newEntry);
bool pop();
ItemType peek() const;
}s

template<typename ItemType>
ArrayStack<ItemType>: :ArrayStack() : top(-1){}

template<typename ItemType>
bool ArrayStack<ItemType>::isEmpty() const{
return top < 0;

template<typename ItemType>
bool ArrayStack<ItemType>::push(const ItemType& newEntry) {
bool result = false;
if(this->top < MAX_STACK - 1){
top++;
this->items[top] = newEntry;
result = true;

}

return result;

template<typename ItemType>
bool ArrayStack<ItemType>::pop(){
bool result = false;
if(!this->isEmpty()){
top--;
return true;

}

return result;

template<typename ItemType>
ItemType ArrayStack<ItemType>::peek() const{
if(!this->isEmpty()){
return items[top];
}
else
throw logic_error("...");
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int main(){
StackInterface<int>* as = new ArrayStack<int>();
as->push(4);
as->push(11);

as->pop();

try {
cout << as->peek() << endl;
as->pop();

cout << as->peek() << endl;

}
catch (logic_error e){
cout << "empty!" << endl;

}

return 0;

Stack: Linked List Implementation

Class StackLinkedListimpl{ push(2)
public:
void push(int data){ N
Node *n = new Node(data); >
if(top == NULL)
top = n;
—celse{ NULL
—=—n->next = top;
top = n; 1 Top
}
} NULL

k NOUBCODER LOM

#include <iostream>
#include <stdexcept>
using namespace std;

template<typename ItemType>
class Node {
private:
ItemType item;
Node<ItemType>* next;
public:
Node();
Node(const ItemType& anlItem);
Node(const ItemType& anItem, Node<ItemType>* nextNodePtr);
void setItem(const ItemType& anItem);
void setNext(Node<ItemType>* nextNodePtr);
ItemType getItem() const;
Node<ItemType>* getNext() const;

%

template<typename ItemType>
Node<ItemType>::Node() : next(nullptr) {}
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template<typename ItemType>
Node<ItemType>:: Node(const ItemType& anItem)
: item(anItem), next(nullptr) {}

template<typename ItemType>
Node<ItemType>::Node(const ItemType& anItem, Node<ItemType>* nextNodePtr)
: item(anItem), next(nextNodePtr) {}

template<typename ItemType>
void Node<ItemType>::setItem(const ItemType& anItem){
item = anlItem;

template<typename ItemType>
void Node<ItemType>::setNext(Node<ItemType>* nextNodePtr){
next = nextNodePtr;

template<typename ItemType>
ItemType Node<ItemType>::getItem() const {
return item;

template<typename ItemType>
Node<ItemType>* Node<ItemType>::getNext() const{
return next;

template<typename ItemType>
class stackInterface {
public:
virtual bool isEmpty() const = 9;
virtual bool push(const ItemType& newItem) = 0;
virtual bool pop() = 0;
virtual ItemType peek() const = 0;
}s

template<typename ItemType>
class LinkedStack : public stackInterface<ItemType>{
private:
Node<ItemType>* topPtr;
public:
//Constructor and Destructor
LinkedStack(); // Default constructor
LinkedStack(const LinkedStack<ItemType>& aStack); //Copy constructor
virtual ~LinkedStack(); // Destructor
// Stack Operations: Interface
bool isEmpty() const;
bool push(const ItemType& newItem);
bool pop();
ItemType peek() const;
}s

template<typename ItemType>
LinkedStack<ItemType>::LinkedStack() : topPtr(nullptr) {}

template<typename ItemType>
LinkedStack<ItemType>: :~LinkedStack() {
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while(!isEmpty()){ // Pop until stack is empty
pop();

template<typename ItemType>

LinkedStack<ItemType>: :LinkedStack(const LinkedStack<ItemType>& aStack){
//Point to nodes in the original chain
Node<ItemType>* origChainPtr = aStack.topPtr;

if(origChainPtr == nullptr){
this->topPtr = nullptr; // Original Stack is empty
}
else {
//Copy the first node
topPtr = new Node<ItemType>();
topPtr->setItem(origChainPtr->getItem());
Node<ItemType>* newChainPtr = topPtr;

//Copy remaining nodes

while(origChainPtr->getNext() != nullptr){
origChainPtr = origChainPtr->getNext();
ItemType nextItem = origChainPtr->getItem();
Node<ItemType>* newNodePtr = new Node<ItemType>(nextItem);
newChainPtr->setNext(newNodePtr);
newChainPtr = newChainPtr->getNext();

}

newChainPtr->setNext(nullptr); //Mark the bottom of stack

template<typename ItemType>
bool LinkedStack<ItemType>::isEmpty() const {
return topPtr == nullptr;

template<typename ItemType>

bool LinkedStack<ItemType>::push(const ItemType& newItem){
Node<ItemType>* newNodePtr = new Node<ItemType>(newItem, topPtr);
topPtr = newNodePtr;
return true;

template<typename ItemType>
bool LinkedStack<ItemType>::pop(){
bool result = false;
if(lisEmpty()){
Node<ItemType>* nodeToDeletePtr = topPtr;
topPtr = topPtr->getNext();
delete nodeToDeletePtr;
result = true;

}

return result;

template<typename ItemType>
ItemType LinkedStack<ItemType>::peek() const {
if(!this->isEmpty()){
return topPtr->getItem();
}
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else {
throw logic_error("...");

}

int main(){

LinkedStack<int> 1s;
1s.push(4);

1s.push(11);
LinkedStack<int> 1sCopy(ls);
1sCopy.pop();

try {
cout << 1lsCopy.peek() << endl;

cout << ls.peek() << endl;
}
catch(logic_error e) {

cout << "empty!" << endl;

)

return 0;
}
#include<iostream>

using namespace std;

class Node{
public:
int data;
Node* next;

Node();
Node(int d);
}s

Node: :Node(){
data = 9;
next = nullptr;

}

Node: :Node(int d){
data = d;
next = nullptr;

}

class Stack{
public:
Node* top;

Stack();
bool isEmpty();
bool checkIfNodeExist(Node* newNode);
void push(Node* newNode);
Node* pop();
Node* peek();
int count();
void display();
}s
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Stack: :Stack(){
top = nullptr;
}

bool Stack::isEmpty(){
if(top==nullptr)
return true;
else
return false;

}

bool Stack::checkIfNodeExist(Node* newNode){
Node* temp = top;
while(temp!=nullptr){
if(temp->data==newNode->data)
return true;
else {
temp = temp->next;
¥
}

return false;

}

void Stack: :push(Node* newNode){
if(top==nullptr){
top = newNode;

cout << "Pushed First Node Successfully" << endl << endl;

}
else if(checkIfNodeExist(newNode)){

cout << "Node with value already exist" << endl;
cout << "Please enter different key and value" << endl << endl;

¥
else {

newNode->next = top;

top = newNode;

cout << "Pushed Successfully" << endl;
}

}

Node* Stack: :pop(){
if(isEmpty()){
return nullptr;

}

else {
Node* temp = top;
top = top->next;
return temp;

}

}

Node* Stack: :peek(){

if(isEmpty()){
return nullptr;

}
else {

return top;
}

}

int Stack::count(){
int count = 0;

file:///C:/Users/User/Downloads/Memo_Data_Structure.html

46/160



1/23/23, 12:05 AM Memo_Data_Structure
Node* ptr = top;
while(ptr!=nullptr){
count++;
ptr = ptr->next;
}

return count;

void Stack::display(){

if(isEmpty()){
cout << "Stack is empty";

}
else {
cout << "Stack: " << endl;
Node* ptr = top;
while(ptr!=nullptr){
cout << "Value: " << ptr->data << endl;
ptr = ptr->next;
}
}

cout << endl;

int main(){
Stack s;
int option, data;

do {
cout << "What operation do you want to perform?" << endl;
cout << "Select Option Number or @ to Exit" << endl << endl;
cout << "1. Push" << endl;
cout << "2. Pop" << endl;
cout << "3. Peek" << endl;
cout << "4. isEmpty" << endl;
cout << "5. Count" << endl;
cout << "6. Display" << endl;
cout << "9. Clear Screen" << endl;
cout << "@. Exit" << endl << endl;
cout << "Enter Your Option Number: ";
cin >> option;

Node* newNode = new Node();

switch(option){

case 0:
break;

case 1:
cout << "Enter Value of Node" << endl;
cin >> data;
newNode->data = data;
s.push(newNode) ;
break;

case 2:
cout << "Pop Function Called." << endl;
newNode = s.pop();
if(newNode==nullptr){

cout << "Stack Underflow" << endl << endl;
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}
else{

cout << "Pop Value: " << newNode->data << endl << endl;
}

delete newNode;

break;

case 3:
cout << "Peek Function Called." << endl;
newNode = s.peek();

cout << "The Top Value of Stack: " << newNode->data << endl << end.
break;
case 4:
if(s.isEmpty()){
cout << "Stack is Empty" << endl;
}
else {
cout << "Stack is not Empty" << endl;
}
break;
case 5:
cout << "Count Function Called." << endl;
cout << "No of Node in the Stack: " << s.count() << endl << endl;
break;
case 6:
s.display();
cout << endl;
break;
case 9:
system("cls");
break;
default:
cout << "Please Enter the Proper Option Number" << endl;
break;

} while(option!=0);

return 0;

Infix Prefix & Postfix Expressions Using Stack
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INFIX to POSTFIX using STACK

a+b*c abc*+

S SIMPLE SNIPPETS

Pseudocode of Infix to Postfix conversion using STACK Data Structure

Rules for infix to Postfix using STACK DS |Pseudocode - 3 3 Q-I) Convert INFIX to POSTFIX -

1) Scan Expression from Left to Right FUNCTION InfixToPostfix(stack,infix)

2) PRINT OPERANDs as the arrive. string postfix. ((a+b-c)*dAreArf)/g

ORarrives & Stack IS EMPTY,PUSH this | 1 00p j=0 to i<infix.length

; In(omlr;;gl:i‘i:eﬂs]'.:::sHIGHEH precedence | 1-IF Infix{l)-> OPERAND then postiix: =tnd]
than the TOP of the Stack, PUSH it on stack. 2.ELSE IF infix{1)-> ‘(' then PUSH to stack

5)IF incoming OPERATOR has LOWER precedence 3. ELSE IF infix[i] -> ')’ then POP & PRINT stack
than the TOP of the Stack, then POP and PRINT till stack gets empty OR (" is found. POP that (
the TOP. Then test the incoming 4, ELSE IF infix[i] -> OPERATOR (+,-, hen
against the NEW TOP of stack. 4.1.1F stack TY then PUSH infix[i] on stack

6) IF incoming OPERATOR has EQUAL precendence
with TOP of Stack, use ASSOCIATIVITY Rules.

7) For ASSOCIATIVTY of LEFT to RIGHT- POPand PRINT
the TOP of stack, then PUSH the incoming : o infix(i]) ==precendence(stack.to

8) For ASSOCIATIVTY of RIGHT to LEFT-PUSH incomin y Stack s
OPERATOR on stack.

9) At the end of Expression, POP & PRINT all
from the stack. h

10) IF incoming SYMBOL is (' PUSH it onto Stack. Py e{infixi] <=precendence(stack. A€ .

11) IF incoming SYMBOL is ')’ POP the stack and PRINT then POP and PRINT stack Postfix -

OPERATORS till'("is found. 4.1.3.2PUSH current OPERATOR on Stack
12) IF TOP of stack is (' PUSH OPERATOR on Stack END FOR LOOP

> precendence(stack.top)
then -> ] on Stack

[i) on Stack
413 ELSE Manual Conve
4130V NOT EMPTY - def N

PRIORITY T/

Priority level Operators

1. Unary + Unary -, NOT
2. R

3 e

4, . -

5. <> €= »=

6. ==

i 243

8. I
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INFIX to PREFIX using STACK

a+b*c

S SIMPLE SNIPPETS

abc*+

Pseudocode of Infix to PREFIX conversion using STACK Data Structure

Rules for INFIX to PREFIX using Stack DS -
1)REVERSE infix expression & swap '('to ') & ('to )’
2) Scan Expression from Left to Right

3) Print OPERAND:s as the arrive

4) If OPERATOR arrives & Stack is empty, PUSH to stack

5) IF incoming OPERATOR has HIGHER precedence
than the TOP of the Stack, PUSH it on stack

6) IF incoming OPERATOR has EQUAL precendence

with TOP of Stack && incoming OPERATORis'/',
POP & PRINT TOP of Stack. Then test the incoming
OPERATOR against the NEW TOP of stack.

7) IF incoming OPERATOR has EQUAL precendence

with TOP of Stack, PUSH it on Stack.

8) IFincoming OPERATOR has LOWER precedence
than the TOP of the Stack, then POP and PRINT
the TOP of Stack. Then test the incoming OPERATOR
against the NEW TOP of stack.

9) At the end of Expression, POP & PRINT all
OPERATORs from the stack

10) IFincoming SYMBOL is ‘(' PUSH it onto Stack.

11) IF incoming SYMBOL is ')’ POP the stack & PRINT

OPERATORs till '('is found or Stack Empty.
POP out that ‘(' from stack
12) IF TOP of stack is '(' PUSH OPERATOR on Stack
13) At the end REVERSE output string again.

Pseudocode - x to Prefix
FUNCTION InfixToPrefix(stack, infix)
infix = reverse(infix)
LOOP i=0 to i<infix.length
IF infix{i] is OPERAND --> prefix+=infix[i]
ELSE IF infix{i] is ‘(' --> Stack.push(infix[i])
ELSE IF infix[i > POP & PRINT Stack values
till (' is found & stack NOT EMPTY ,POP that ('
ELSE IF infix[i] IS A OPERATOR(+,-*/,A) -->
IF Stack IS EMPTY --> PUSH OPERATOR on stack
ELSE-->
IF precedence(infixi])>precedence(stack.top)
--> PUSH infix{i] on Stack
ELSE IF precedence(infix{i])==precendence(stack.top)
&& infix(i]=="A"
> POP & PRINT TOP of Stack till this condition is true.
> PUSH infix[i] on Stack
ELSE IF precedence(infix{i])==precendence(stack.top)
-->PUSH infix{i] on Stack
ELSE IF precedence(infix(i])<precendence(stack.top)
--> POP & PRINT till Stack NOT EMPTY &&
precedence(infix[i]) <precendence(stack.top)
--> PUSH infix{i] onto Stack
END LOOP
POP & PRINT Remaining Elements of Stack
prefix = reverse(prefix) & RETURN

Q1) Convert INFIX to PREFIX -
{(a+b-c)*dArenrf)/g

Stack s

Manual Conver's,\ion -
/%~ tabc Nd efyg
Using Stack -

Rules & Pseudocode of POSTFIX to INFIX Conversion using Stack DS

Rules for POSTFIX to INFIX using Stack -

1) Scan POSTFIX expression from
LEFT to RIGHT

2) IF the incoming symbol is a OPERAND,
PUSH it onto the Stack

3) IF the incoming symbol is aOPERATOR,
POP 2 OPERANDs from the Stack,
ADD this incoming OPERATOR in between
the 2 0PERANDs,
ADD (' &")'to the whole expression &
PUSH this whole new expression string
back into the Stack.

4) At the end POP & PRINT the full
INFIX expression from the Stack.

-—

file:///C:/Users/User/Downloads/Memo_Data_Structure.html

Pseudocode -
Function PostfixTolnfix(string postfix)
1.stacks
2. LOOP: i=0 to postfix.length
2.1.IF postfix[i] is OPERAND ->
2.1.1s.push(postfix[i])
2.2. ELSE IF postfix[i] is OPERATOR ->
L52.2.10p1 =s.top()
[%2.2.2 s.pop()
£2.2.3 op2 =ss.top()
2.2.45.pop()
:2.2.5 exp = '("+ op2 + postfix[i] + op1+")'
—2.2.6 s.push(exp)
END LOOP
RETURN s.top

(Cccatby-crx(eers)) /9)

Q1) Convert POSTFIX to INFIX -

albl+c[-[d]e[f]

3[asT6 1718 19 0]
OPI = 3
P2 =(((a+b)-c)¥ (o

((C(a+b)-Ox(d"(e"})))/9)

Stack s Top

" rsion -
(((a+b)-c)*(d"(e"f)))/g

Using Stack -
((C@+)-Ox(d"(e")))/9) |

>
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Rules & Pseudocode of PREFIX to INFIX Conversion using Stack DS
Rules for PREFIX to INFIX using Stack - | Pseudocode - Q1) Convert PREFIX to INFIX -

1)REVERSE the PREFIX expression
OR
1) Scan PREFIX expression from
RIGHT to LEFT
2) IF the incoming symbol is a OPERAND,
PUSH it onto the Stack
3) IF the incoming symbol is aOPERATOR,
POP 2 OPERANDs from the Stack,
ADD this incoming OPERATOR in between
the 2 0PERANDs,
ADD'('&")'to the whole expression &
PUSH this whole new expression string
back into the Stack.
4) At the end POP & PRINT the full
INFIX expre from the Stack.

3. RETURN s.top

Function PrefixTolnfix(string prefix)
1.stack s j5L —= .
2.L0OP: i=prefix.length-1to0 4=O
2.1 IF prefix(i] is OPERAND ->

2.1.1 s.push(prefix]i])
- 2.2 ELSE IF prefix[i] is OPERATOR ->

2.2.1 op1 =s.top()

1-2.2.2 s.pop()

L2.2.3 op2 =s.top() ((ar)-)x@e"$))/ g

£2.2.4 s.pop() Stack s

£52.2.5 exp ='('+op1+prefix[il+op2+)’ ep

L-2.2.6 s.push(exp) )
END LOOP

opr=(((a+b

Ops = \(7

Manual Conversion -
((((atb)-c)*(d"(e”f)))/g)
Using Stack -

((CCatbl-0)xde"P)/9)

»

Rules & Pseudocode of POSTFIX to PREFIX Conversion using Stack DS

Rules for POSTFIX to PREFIX using Stack DS -

1) Scan POSTFIX expression from
LEFT to RIGHT

2) IF the incoming symbol is a OPERAND,
PUSH it onto the Stack

3) IF the incoming symbol is aOPERATOR,
POP 2 OPERANDs from the Stack,
ADD this incoming OPERATOR at the
START of the 2 OPERANDs
PUSH this whole new expression string
back into the Stack.

4) At the end POP & PRINT the full

PREFIX expression from the Stack.

Pseudocode -
Function PostfixToPrefix(string postfix)
1. stacks o—i2 3
%2, LOOP: i=0 to postfix.length A=12_
2.1.IF postfix(i] is OPERAND ->
2.1.1s.push(postfix[i])
1~2.2. ELSE IF postfix[i] is OPERATOR-> +.—, / N2k
2.2.10p1=s.top()
2.2.2 s.pop()
2.2.3 op2 =s.top()
22.45.pop()
2.2.5 exp =postfix[i] + op2 +op1
2.2.6 s.push(exp)
—>>END LOOP
RETURN s.top

Q1) Convert POSTFIX to PREFIX -

[819]
OPI‘—3 DPL:)Q—-{-qL,c"o“ef X
CD(ﬁ:/*-+qbcAdAef3 T°P

Stack s

Manual Conversion -

/*-+abc”rdrefg

Rules & Pseudocode of PREFIX to POSTFIX Conversion using Stack DS

Rules for PREFIX to POSTFIX using Stack DS -| Pseudocode -

1) Scan PREFIX expression from
RIGHT to LEFT i.e REVERSE

2) IF the incoming symbol is a OPERAND,
PUSH it onto the Stack

3) IF the incoming symbol is aOPERATOR,

" POP 2 OPERANDS from the Stack,
ADD this incoming OPERATOR at the
END of the 2 OPERANDs
PUSH this whole new expression string
backinto the Stack.

4) At the end POP & PRINT the full
POSTFIX expression from the Stack.

#include<iostream>
#include<string>
#include<stack>
#include<algorithm>
using namespace std;

bool isOperator(char c){
if(c=="+
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Q1) Convert POSTFIX to INFIX -

Function PrefixToPostfix(string prefix) J1*]- \+§TEET(] Alelf
1.stacks 12 —0 , [OTT 1273745 6%
2.L00P: i=prefix.length-1 to 0 4 =0 =abtc- def
2.1 IF prefix[i] is OPERAND ->
2.1.1 s.push(prefix[i])
Ls2.2 ELSE IF prefix[i] is OPERATOR ->
2.2.10p1=s.top()
2.2.2s.pop()
2.2.3 op2 =s.top()
2.2.4s.pop()
2.2.5 exp = op1+ op2+ prefix(i]
2.2.6 s.push(exp)
END LOOP

2 DETIIDM ¢ ¢#an

Stack s

Manual Conversion -
s albi¥'c . de ™ L gy
Using Stack -

> obt c-def "N x 9/

L]
1008475 » 4 EIEES500 -
mtw

[ cam=" || cmmt=t [ camt/t || cmetar)

ot
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return true;
else
return false;

}

bool isOperand(char c){
if((c>="A" && c<='Z") || (c>='a' && c<="z"))
return true;
else
return false;

int precedence(char c){

AF(e=="2")
return 3;

else if(c=="*" || c=="/")
return 2;

else if(c=="+"' || c=="-")
return 1;

else
return -1;

}

string infixToPostfix(string infix){
stack<char> s;
string postfix;

for(int i=0; i<infix.length(); i++){
// check if oprand
if((infix[i]>="A" && infix[i]«='Z")
|| (infix[i]>='a' && infix[i]<='z")){
postfix += infix[i];

}

else if(infix[i]=="(" ){
s.push(infix[i]);

¥

else if(infix[i]==")"){
while((s.top()!="(") && (!s.empty())){
postfix += s.top();
s.pop();
¥
if(s.top()=="("){
s.pop();
¥
}
else if(isOperator(infix[i])){
if(s.empty()){
s.push(infix[i]);
¥
else{
if(precedence(infix[i])>precedence(s.top())){
s.push(infix[i]);
}
else if((precedence(infix[i])==precedence(s.top())) && (infix[i]==
s.push(infix[i]);
}
else{
while((!s.empty()) &_& (precedence(infix[i])<=precedence(s.top(.
postfix += s.top();
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s.pop();
}
s.push(infix[i]);

}

while(!s.empty()){
postfix += s.top();
s.pop();

}

return postfix;

string infixToPrefix(string infix){
stack<char> s;
string prefix;

reverse(infix.begin(), infix.end()); // include<algorithn>

for(int i=0; i<infix.length(); i++){
if(infix[i]=="(")
infix[i] = ")";
else if(infix[i]==")")
infix[i] ="(";

}

cout << "\nReverse Infix: << infix << endl;

for(int i=0; i<infix.length(); i++){
if((infix[i]>="A"' && infix[i]<='Z") || (infix[i]>='a' && infix[i]<='z")){
prefix += infix[i];

}

else if(infix[i]=="("){
s.push(infix[i]);

¥

else if(infix[i]==")"){
while((s.top()!="(") && (!s.empty())){
prefix += s.top();
s.pop();
¥
if(s.top()=="("){
s.pop();
}
}
else if(isOperator(infix[i])){
if(s.empty()){
s.push(infix[i]);
¥
else {
if(precedence(infix[i]) > precedence(s.top())){
s.push(infix[i]);
}
else if((precedence(infix[i])==precedence(s.top())) && (infix[i]==
while( (precedence(infix[i])==precedence(s.top())) &&(infix[i]=:
prefix += s.top();
s.pop();
}
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while((!s.empty()) && (precedence(infix[i])<precedence(s.top()

s.push(infix[i]);
}
else if(precedence(infix[i])==precedence(s.top())){
s.push(infix[i]);
}
else {
prefix += s.top();
s.pop();
}
s.push(infix[i]);
}

}

while((!s.empty())){

prefix += s.top();

s.pop();
}

reverse(prefix.begin(), prefix.end());

return prefix;

}

string postToInfix(string postfix){

stack<string> s;

for(int i=0; i<postfix.length(); i++){
if(isOperand(postfix[i])){

string op(1,
s.push(op);
}
else {
string opl
s.pop();
string op2
s.pop();
s.push('(" +

}

return s.top();

}

string preToInfix(string
stack<string> s;

postfix[i]);

s.top();

s.top();

op2 + postfix[i] + opl + ")');

prefix){

for(int i=prefix.length()-1; i»>=0; i--){
if(isOperand(prefix[i])){

string op(1,
s.push(op);
}
else {
string opl
s.pop();
string op2
s.pop();
s.push('(" +

}
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}

return s.top();

}

string postToPrefix(string postfix){
stack<string> s;

for(int i=0; i<postfix.length(); i++){

if(isOperand(postfix[i])){
string op(1, postfix[i]);
s.push(op);

}

else {
string opl
s.pop();
string op2
s.pop();
s.push(postfix[i] + op2 + opl);

s.top();

s.top();

}

return s.top();

}

string preToPostfix(string prefix){
stack<string> s;

for(int i=prefix.length()-1; i»=0; i--){
if(isOperand(prefix[i])){
string op(1, prefix[i]);
s.push(op);
}
else {
string opl
s.pop();
string op2 = s.top();
s.pop();
s.push(opl + op2 + prefix[i]);

s.top();

}

return s.top();

int main(){

string infix_exp, postfix_exp, prefix_exp;

string post_in_exp, pre_in_exp, post_pre_exp, pre_post_exp;
cout << "Enter a Infix Expression: " << endl;

cin >> infix_exp;

cout << "\nInfix Express: << infix_exp << endl;

postfix_exp = infixToPostfix(infix_exp);
cout << "\nPostfix Expression: " << postfix_exp << endl;

prefix_exp = infixToPrefix(infix_exp);
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cout << "\nPrefix Expression: << prefix_exp << endl;

cout << endl;

post_in_exp = postToInfix(postfix_exp);
cout << "\nPostfix to Infix: " << post_in_exp << endl;
cout << endl;

pre_in_exp = preToInfix(prefix_exp);
cout << "\nPrefix to Infix: " << pre_in_exp << endl;
cout << endl;

post_pre_exp = postToPrefix(postfix_exp);
cout << "\nPostfix to Prefix: " << post_pre_exp << endl;
cout << endl;

pre_post_exp = preToPostfix(prefix_exp);
cout << "\nPrefix to Postfix: " << pre_post_exp << endl;

cout << endl;

return 0;

Queue

Some Applications of Queue Data Structure

Queue is used when things but have to be processed
in First In First Out order. Like —

CPU scheduling, Disk Scheduling.

Handling of interrupts in real-time systems. The interrupts
are handled in the same order as they arrive, First come first
served.

In real life, Call Center phone systems will use Queues, to
hold people calling them in an order, until a service
representative is free.

When data is transferred asynchronously between two
processes. Queue is used for synchronization.

RAequeue () fromt Year

v vA

2lsfz] [ [ | [ []]
o 1 2 3 4 5 & + & 9

i Ts Empty()

ve fuyvw

else i -anw'l‘ —=rear
Fronté veare -1 Engueue (2)
else Engueue (5)
#roﬂt& #Taﬂi +4 Eﬁi‘kﬁ“e—(?)

mycodeschool.com
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Queue s a linear data structure which operates in a
LILO{Last In Last Out)

or

FIFO(First In First Out) pattern.

Dequeue «—— «=——Enqueue
15t Value 2nd Value 3rd Value 4th Value
FRONT end REAR end
front rear
pointer pointer

Application: Round Robin
Schedulers

*  We can implement a round robin scheduler using a queue,
Q, by repeatedly performing the following steps:
1. e =(.dequeue()
2. Service element ¢

3. Q.enqueue(e)

3. Enquenie the
serviced element

i

Priority Queue

public class IndexMinPQ<Item extends Comparable<Item>:>

create a priority gueue of capacity maxN

IndexMinPQ(int maxN) with possible indices between 0 and maxN-1

void insert(int k, Item item) imseriqitem; associate it with k

void change(int k, Item item) change the item associated with k to item

boolean contains(int k) is k associated with some item?
void delete(int k) remove k and its associated ifem
Item min() return a minimal item
int minIndex() return a minimal item’s index
int delMin() remove a minimal item and return its index
boolean isEmpty() is the priority queue empty?
int size() number of items in the priority queue
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Please go
to polling booth
number three.

it is located straight

@& ® [
@ DD & @
\@@@@@@ ?

Please go to polling
booth number one

nnnnnnnnn

normal queue priority queue

Queue Summary
* Queue Operation Complexity for Different

Implementations
Array Array List
Fixed-Size | Expandable (doubling Singly-
strategy) Linked
dequeue() o(1) 0(1) Qo(1)
enqueus(o) o) O(n) Worst Case o)

O(1) Best Case
O(1) Average Case

front() 0(1) 0o(1) 0(1)

Size(), isEmpty() O(1) o(1) o)

Implementation of Queue using Array

int arr[S]  int rear =-1; int front = -1;

Initially when the queue is empty, the ’ | ’ ’ ‘ ‘ insert(10)

value of both front and rear will be -1

For insertion, the value of rear is d
incremented by | and the element is

mserted at the new rear position

www.geekyshows.com
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#include <iostream>
#include <string>
using namespace std;

const int MAX_QUEUE = 5;

template<typename ItemType>
class Queue {
private:
ItemType items[MAX_QUEUE];
int front;
int rear;
public:
Queue();//default constructor
~Queue();
bool isEmpty() const;
bool isFull() const;
void enqueue(const ItemType& newEntry);
ItemType dequeue();
int size();
void display();
}s

template<typename ItemType>
Queue<ItemType>: :Queue() {
front = -1;
rear = -1;

for (int i = @; i < MAX_QUEUE; i++){
items[i] = -1;

template<typename ItemType>
Queue<ItemType>: :~Queue() {
delete [] items;

template<typename ItemType>
bool Queue<ItemType>::isEmpty() const{
return ((front < 0) & & (rear < 0));

%

template<typename ItemType>
bool Queue<ItemType>::isFull() const {

return ((this->front == 0) && (this->rear == (MAX_QUEUE - 1)));
¥

template<typename ItemType>
void Queue<ItemType>::enqueue(const ItemType& newEntry){
if(this->rear == MAX_QUEUE - 1){
cout << "Can not Enqueue." << endl;
return;
}
if(this->isEmpty()){
this->front = 0;
this->rear = 0;
this->items[rear] = newEntry;
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this->items[rear] = newEntry;

}

else {
rear++;

}

template<typename ItemType>
ItemType Queue<ItemType>::dequeue(){
int result = 9;

if(this->isEmpty()){
return -1;

}

if(this->front
result = this->items[front];
this->items[front] = -1;

== this->rear){

result = this->items[front];
this->items[front] = -1;

rear = -1;
front = -1;
return result;
}
else {
front++;
return result;
)

%

template<typename ItemType>
int Queue<ItemType>::size(){
if(!this->isEmpty())

return (this->rear - this->front + 1);

else

return 0;

template<typename ItemType>
void Queue<ItemType>::display(){

cout << "The elements in Queue are as below:

for (int i = @; i < MAX_QUEUE; i++){

cout << items[i] <« 5

}

cout << endl << endl << endl;

int main(){

Queue<int> ql1;//Call default constructor

int option, item;

do {
cout
cout
cout
cout
cout
cout
cout

<<
<<
<<
<<
<<
<<
<<

Enqueue” << endl;
Dequeue" << endl;
isEmpty" << endl;
isFull" << endl;
Count" << endl;
Display" << endl;
Clear Screen" << endl;
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cout << "@. Exit" << endl;

cout << endl;

cout << "Select Your Option Number: ";
cin >> option;

switch(option){
cout << endl;
case 0:
break;
case 1:
cout << "Equeue your number(>=0): ";
cin >> item;
gl.enqueue(item);
cout << endl << endl;
break;
case 2:
cout << "Dequeue...
item = gl.dequeue();
if (item == -1){
cout << "Queue is empty" << endl << endl;

<< endl;

}
else {
cout << "Dequeued element: " << item << endl << endl;
}
break;
case 3:
if(ql.isEmpty())
cout << "Queue is empty" << endl << endl;
else
cout << "Queue is not empty" << endl << endl;
break;
case 4:
if(ql.isFull())
cout << "Queue is full" << endl << endl;
else
cout << "Queue is not full" << endl << endl;
break;
case 5:
cout << "Count of queue: " << gl.size() << endl << endl;
break;
case 6:
gl.display();
break;
case 7:
system("cls");
break;
default:
cout << "Please enter the proper option" << endl;
break;

} while (option != 0);

return 0;
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Queue: LinkedList Implementation
cla;:lgll;::uehnkedhstlmpl{ de ;|ueue()

int dequeue(){
= if(front == NULL){

#include <iostream>
using namespace std;

class Node{
public:
int data;
Node* next;

Node();
Node(int d);
}s5

Node: :Node(){
data = 9;
next = nullptr;

Node: :Node(int d){
data = d;
next = nullptr;

class Queue{
public:
Node* front;
Node* rear;

Queue();
bool isEmpty();

cout << "Empty Queue" << endl;

return -1;
}
Node *temp = front; 1 2 —— NULL
int tempData = front->data;
if(front == rear)
front = rear = NULL; ' '
else front rear

front = front->next;

delete temp; ==

bool checkIfNodeExist(Node* newNode);
void enqueue(Node* newNode);

Node* dequeue();

int count();

void display();
}s

Queue: :Queue()

: front(nullptr), rear(nullptr) {}

bool Queue::isEmpty(){
if(front==nullptr && rear==nullptr)

return true;
else
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return false;

bool Queue::checkIfNodeExist(Node* newNode){
Node* ptr = front;
while(ptr!=nullptr){
if(ptr->data==newNode->data)
return true;
else
ptr = ptr->next;
¥

return false;

void Queue: :enqueue(Node* newNode){
if(checkIfNodeExist(newNode)){
cout << "Node with value: << newNode->data <<
cout << "Enter different value" << endl << endl;

already exist" << endl;

}
if (isEmpty()){

front = newNode;

rear = newNode;

cout << "Enqueue first node successfully." << endl << endl;
}
else {

rear->next = newNode;

rear = newNode;

cout << "Enqueue successfully" << endl << endl;
}

Node* Queue: :dequeue(){

if (isEmpty()){
cout << "Queue is empty" << endl << endl;

}

else if(front==rear){
cout << "Dequeue Value: " << front->data << endl << endl;
front = nullptr;
rear = nullptr;

}

else {
cout << "Dequeue Value: " << front->data << endl << endl;
front = front->next;

}

return front;

int Queue::count(){
if(isEmpty())
return 0;
else {
int count 0;
Node* ptr = front;
while(ptr!=nullptr){
count++;
ptr = ptr->next;

}

return count;
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void Queue::display(){

if(isEmpty()){
cout << "Queue is empty" << endl << endl;

}
else {
cout << "Queue: " << endl;
Node* ptr = front;
while(ptr!=nullptr){
cout << ptr->data << " -> ";
ptr = ptr->next;
}
¥

cout << endl << endl;

int main(){
Queue q;
int opti

do {
cout
cout
cout
cout
cout
cout
cout
cout
cout

cout
cout

on, data;
<< "What operation do you want to perform?" <<
<< "Select Option Number or © to Exit" << endl << endl;
<< "1. Enqueue" << endl;
<< "2. Dequeue" << endl;
<< "3. isEmpty" << endl;
<< "4, Count" << endl;
<< "8. Display" << endl;
<< "9. Clear Screen" << endl;
<< "@. Exit" << endl << endl;
<< "Enter Your Option Number: ";
<< endl;

cin >> option;

Node* newNode = new Node();

switch(option){
case 0:

br

eak;

case 1:

cout << "Enqueue Function Called." << endl;

co
ci
ne
q.
co
br

ut << "Enter Value of Node: ";
n >> data;

wNode->data = data;

enqueue (newNode) ;

ut << endl;

eak;

case 2:

cout << "Dequeue Function Called." << endl;

ne
de
co
br

wNode = qg.dequeue();
lete newNode;

ut << endl;

eak;

case 3:

if

}
el

}

(q.isEmpty()){
cout << "Queue is Empty" << endl;

se {
cout << "Queue is not Empty" << endl;
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cout << "Count Function Called." << endl;

cout << "No of Node in the Queue:

break;
case 8:

q.display();
cout << endl;

break;
case 9:

system("cls");

break;
default:

cout << "Please Enter the Proper Option Number" << endl;

break;

} while(option!=0);

return 0;

Circular Queue

<< g.count() << endl << endl;

CIRCULAR QUEUE DATA STRUCTURE

FRONT end

THEORY
&
C++

front
PROGRAM -

K SIMPLE SNIPPETS
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(value removed from this end)

REAR end

(value inserted from this end)

rear
pointer

- Tanmay Sakpal
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Circular Queue using
Array in C

Enqueue (50) Dequeue()

Enqueue() rear = (rear + 1) % SIZE;

Dequeue() front = (front + 1) % SIZE;

Circular Quene using Arrays

In [ ]: #include <iostream>
#include <string>
#include <cmath>
using namespace std;

const int MAX_QUEUE = 5;

template<typename ItemType>
class CircularQueue {
private:
ItemType items[MAX_QUEUET];
int front;
int rear;
int itemCount;
public:
CircularQueue();//default constructor

file:///C:/Users/User/Downloads/Memo_Data_Structure.html 66/160



1/23/23, 12:05 AM

Memo_Data_Structure

~CircularQueue();
bool isEmpty() const;
bool isFull() const;
void enqueue(const ItemType& newEntry);
ItemType dequeue();
int size();
void display();
}s

template<typename ItemType>
CircularQueue<ItemType>::CircularQueue() {
front = -1;
rear = -1;
itemCount = 09;

for (int i = 9; i < MAX_QUEUE; i++){
items[i] = -1;

template<typename ItemType>
CircularQueue<ItemType>::~CircularQueue() {
delete [] this->items;

template<typename ItemType>
bool CircularQueue<ItemType>::isEmpty() const{
return ((front < 0) & & (rear < 0));

%

template<typename ItemType>
bool CircularQueue<ItemType>::isFull() const {
return (((this->rear + 1) % MAX_QUEUE) == this->front);

%

template<typename ItemType>
void CircularQueue<ItemType>::enqueue(const ItemType& newEntry){
if(this->isFull()){
cout << "Queue is full" << endl << endl;
return;
}
if(this->isEmpty()){
this->front = 0;
this->rear = 0;
this->items[rear] = newEntry;

}
else {
rear = (rear + 1) % MAX_QUEUE;
this->items[rear] = newEntry;
}
itemCount++;

template<typename ItemType>
ItemType CircularQueue<ItemType>::dequeue(){
int result = 9;

if(this->isEmpty()){
return -1;

}
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if(this->front == this->rear){
result = this->items[front];

this->items[front] = -1;
rear = -1;
front = -1;

itemCount--;
return result;

}

else {
result = this->items[front];
this->items[front] = -1;
front = (front + 1) % MAX_QUEUE;
itemCount--;
return result;

}

%

template<typename ItemType>
int CircularQueue<ItemType>::size(){
if(!this->isEmpty())
return itemCount;
else
return 0;

template<typename ItemType>

void CircularQueue<ItemType>::display(){
cout << "The elements in Queue are as below:
for (int i = ©; i < MAX_QUEUE; i++){

cout << items[i] << 5

<< endl;

}

cout << endl << endl << endl;

int main(){
CircularQueue<int> ql1;//Call default constructor
int option, item;

do {
cout << "1. Enqueue" << endl;

cout << "2. Dequeue" << endl;

cout << "3. isEmpty" << endl;

cout << "4. isFull" << endl;

cout << "5. Count" << endl;

cout << "6. Display" << endl;

cout << "7. Clear Screen" << endl;

cout << "@. Exit" << endl;

cout << endl;

cout << "Select Your Option Number: ";

cin >> option;

switch(option){
cout << endl;
case 0:
break;
case 1:
cout << "Equeue your number(>=0): ";
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cin >> item;
gl.enqueue(item);
cout << endl << endl;
break;
case 2:

cout << "Dequeue...
item = gl.dequeue();
if (item == -1){

cout << "Queue is empty" << endl << endl;

<< endl;

}
else {
cout << "Dequeued element: " << item << endl << endl;
}
break;
case 3:
if(ql.isEmpty())
cout << "Queue is empty" << endl << endl;
else
cout << "Queue is not empty" << endl << endl;
break;
case 4:
if(ql.isFull())
cout << "Queue is full" << endl << endl;
else
cout << "Queue is not full" << endl << endl;
break;
case 5:
cout << "Count of queue: " << gl.size() << endl << endl;
break;
case 6:
gl.display();
break;
case 7:
system("cls");
break;
default:
cout << "Please enter the proper option" << endl;
break;

} while (option != 0);

return 0;

Non-Linear Data Structue

Tree
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Introduction to TREE data stru

TREE - A tree is a nonlinear data structure that simulates a hierarchial tree structure with a root value
& subtrees of children with parent node, represented as set of linked nodes.

Important TREE terms - Logical Tree Diagram

1. Root - Root i a special node in a tree. The entire tree is referenced
throughit. It does not have a parent. @
2. Parent Node - Parent node is an immediate predecessor of a node. / \\
3. Child Node - All immediate successors of a node are its children. @ @
4. Siblings - Nodes with the same parent are called Siblings. / l \ / \I
5. Leaf - Last node in the tree. There is no node after this node. @ @ @ @
|

6. Edge - Edge is a connection between one node to another. It isa
line between two nodes or a node and a leaf.
7. Path - Path is a number of successive edges from source node to
destination node.
8. Degree of Node - Degree of a node is equal to number of children,
anode have.

Check video description for CODE & THEORY on our official website

B SIMPLE SNIPPETS

Introduction to TREE data structure

TREE - A tree is a nonlinear data structure that simulates a hierarchial tree structure with a root value
& subtrees of children with parent node, represented as set of linked nodes.

Important TREE terms / properties - Logical Tree Diagram

1) Tree can be termed as a RECURSIVE data structure.
2) In avalid tree for N Nodes we have N-1 Edges/Links.

3) Depth of Node - Depth of a node represents the number of
edges from the tree's root node to the node.

4) Height of Node - Height of a node is the number of edges on the
longest path between that node & a leaf.

5) Height of Tree - Height of tree is the height of its root node.

Introduction to TREE data structure

TREE - A tree is a nonlinear data structure that simulates a hierarchial tree structure with a root value

& subtrees of children with parent node, represented as set of linked nodes.
Types of Trees - Applications of Tree Data Structure -
1. Store hierarchical data, like folder structure, organization structure
1.GeneralTree | — data.
2 B in a ry Tree 2, Binary Search Tree is a tree that allows fast search, insert, delete
‘ onasorted data.

3.Bi nary Search Tree 3. Heap is a tree data structure which is implemented using arrays and
used toimplement priority queues.

4- A Vl Tr ({4 4. B-Tree and B+ Tree are used to implement indexing in databases.
5. Used to store router-tables in routers.

5 S Sp annin g Tree 6. Used by compilers to build syntax trees.

6. B- Tree 7. Used to implement expression parsers and expression solvers.

7.B+ Tree
8. Heap

Binary Tree
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Binary Tree Data Structure
Binary Tree - Abinarytreeis atree datastructure in which each node has at most two children,
which are referred to as the left child (LC) and the right child (RC).
Important Binary Tree Terms & Properties -
1) A binary tree is called STRICT/PROPER binary tree,

when each node has 2 or 0 children. / @ \\

2) A binary tree is called COMPLETE binary tree if
all levels except the last are completely filled and

Binary Tree Diagram

all nodes are as left as possible. / @ \ / \/
3) Abinary tree is called PERFECT binary tree of all
levels are completely filled with 2 children each. @ @ @ @
4) Max number of nodes at level x'= ) X
5) For a binary tree, maximum no of nodes with
height'h' = 2%+ 27+
=) (h+1) _ 4

Balanced binary tree

Non-balanced Balanced

@
@ ©

®© & ©

(0) (0) 0)
L @ @O 2 @4 2
D @ OBWE OGE

full complete perfect
binarytree binarytree binarytree
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Finding Height of Binary Tree (with (++ Program)
Height of Tree - Main( =

The height of a binary tree is the number of edges
between the tree's root and its furthest leaf.

Height of Tree (Pseudocode) -

int height(TreeNode* r)
{
1.IFr==NULL
1.1.THEN -> return -1
2. ELSE
2.1. lheight = heightir->left)
—2.2. rheihtkzl?eei‘h t->right)
L> 2.3. IF Iheight>theight | >O /]
“~=2.3.1.THEN -> return (Iheight + 1)
2.4. ELSE
2.4.1.return (rheight + 1)

file:///C:/Users/User/Downloads/Memo_Data_Structure.html

1.int height(n1)
Iheight=1_
I rheight=O

= 2.int height(n2)

lheight = )

rheight= O
n2(#1e6)

4.int height(NULL)

—> 5.int height(NULL)

é’,/,//—/
nl(#31) \
[0l "\

9.int height(n3)
lheight = —(
rheight =~/

.int height(NULL)
8. int height(NULL)
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Binary Tree Data Structure
Binary Tree - Abinarytree s atree data structure in which each node has at most two children,
which are referred to as the left child (LC) and the right child (RC).

1. Binary Tree as dynamic nodes in memory 2.Binary Tree as conventional arrays
Node (*left,data ,*right ) 0 :

N
' @
\nS(#Z7) /N oy
m HOMOIGNOR

&n7(#71)
arr=[2[8]3 1]

0123 456

n2(#23)

n5(#66)  n6(#13)

SIMPLE SN

BT Traversal

Binary Tree Data Structure (Traversal Techniques)

Tree Traversal : Treetraversal (also known as tree search and walking the tree) refers to the process of visiting (checking and/or updating)
each node in a tree data structure, exactly once. Such traversals are classified by the order in which the nodes are visited.

Tree Traversal

ﬁ‘—__l

) \Depth-first search/traversal (DFS)

(These searches are referred to as depth-first search (DFS), since the

search treeis deepened as much as possible on each child before
going to the next sibling.)

1. Pre-order (NLR)
2. In-order (LNR)
3. Post-order (LRN)

B SIMPLE SNIPPETS
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Breadth-first search/traversal (BFS)

Trees can also be traversed in level-order, where we visit

every node on a level before going to a lower level. This search
is referred to as breadth-first search (BFS), as the search tree

is broadened as much as possible on each depth before going to
the next depth.
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Binary Tree Data Structure (Traversal Techniques)

—> Depth-first search/Traversal - These searches are referred to as depth-first search (DFS), since the search tree is
of binary tree (DES) deepened as much as possible on each child before going to the next sibling.

1. Pre-order (NLR) (nade-eft-right) | 2. In-order (LNR) lft- fadeTiaht) 3. Post-order (LRN) (eft-right -node)
15~ Access the data part of the current node. L~Traverse the left subtree by recursively | -Traverse the left subtree by recursively
- Traverse the left subtree by recursively calling the in-order function. calling the post-order function.
calling the pre-order function. L<Access the data part of the current node. ~Traverse the right subtree by recursively
3\ Traverse the right subtree by recursively L<Traverse the right subtree by recursively calling the post-order function.
calling the pre-order function. calling the in-order function. 2 - Access the data part of the current node.

In BST in-order traversal retrieves the keys in ascending
sorted order.

Binary Tree Data Structure (Traversal Techniques)

Tree Traversal : Treetraversal (also known as tree search and walking the tree) refers to the process of visiting (checking and/or updating)
each node in a tree data structure, exactly once. Such traversals are classified by the order in which the nodes are visited.

1. Pre-order (NLR) - 30, 18,10, 25,43, 32, 48

2. In-order (LNR) - (10, 18, 25, 30, 32, 43,48
3. Post-order (LRN) - 10,25, 18, 32, 48, 43, 30

BFS - 30,18, 43, 10, 25, 32, 48

Print Level Order (Pseudocode) -

id pri ntl.evelOrderBS(TreeNode* r)<‘

h= helght( alculate height of tree
jFORi=0toi<=h A= <=2
.1. printGivenLevel(r,i)

Print Given Level (Pseudocode) - s o > printGivenLevel(n3,0)
void printGivenLevel(TreeNode* r, int level) '3 pr%tleenLevel(nl,Z)C )
{
1.1F r==NULL
1.1.THEN -> return
2.ELSE IF level==0 5 enlevel(NULL,0)
2.1.PRINT (r->value) l 7 prlntleenLeveI(NULL 0)
v 3.ELSE
3.1. printGivenLevel(r->left, level-1)
= 3.2. printGivenLevel(r->right, level-1)
}
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The order in which the nodes are visited during a tree
traversal can be easily determined by imagining there is a
“flag” attached to each node, as follows:

e A X

preorder inorder postorder

To traverse the tree, collect the flags:

BST vs BT
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Binary Search Tree
Dictionary Data Structure

Binary tree property
each node has < 2 children
result:
storage is small
operations are simple
average depth is small
Search tree property
all keys in left subtree smaller than
root’s key
all keys in right subtree larger than
root’s key
result:
easy to find any given key
Insert/delete by changing links

Binary Search Trees

Binary Search Tree/BST

Biwava Keorch Tree
B,'mma, Seavch 'Trp_e,_(BST) voot

L) a 6iﬂar& tree [v Which L//
for cach mede, Value Of 10
oLl the wooles in Aegf

Aubtree (s /‘es_foe(r/\ezzr%‘&’ 1,/ \\\L 1// \/
value of all the +nodes Lwm (é) @

r.gst Subtree i arao\te_r.

struct BstNode {

o
int data; K{D €
BstNode* left; @

BstNode* right; I/ \(
.
int FindMin(BstNode* root) {

if(root == NULL) { 1/ \

cout<<"Error: Tree is empty\n";

AR
return -1; @ @ @

else if(root->left == NULL) {
return root->data;

¥

// Search in left subtree.

return FindMin(root->left); mxsadaschoalcam
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E;uno\ra, Search [ree — Tmplementation in c/<,++

voof
BstNode* Insert(BstNode* root,int data) {
if(root == NULL) { // empty tree Ij
root = GetNewNode(data); )
} 200
else if(data <= root->data) { ___L{
root->left = Insert(root->left,data); 150 &
)
else { :
— root->right = Insert(root->right,data); hﬂf\L77
w

}

return root;

Insert(zvo, 20)

}
mycodeschool.com

BST implementation in ¢/<_+_,, - Pt IT

BstNode* Insert(BstNode* root,int data) {
if(root == NULL) { // empty tree
root = GetNewNode(data);

Stock Heop

else {

}
se if(data <= root->data) {
root->left = Insert(root->left,data);

root->right = Insert(root->right,data);

e oot [250]4
} Insert hd
return root; > deta[ 5]
} L [ze=2H
[ i
7 m¥FQdﬂ§EhﬂﬂLC@m

Binary SEARCH Tree Data Structure
Binary search tree - BSTis abinary tree data structure, in which the values in the left subtrees of every node
are smaller and the values in the right subtrees of every node are larger.
Values/Keys = {25,23,14,36,29, 19, 52}

= Time Complexity (B|g 0)

M
maccess [0 00N | o)
O(log n)icsic 7

0(1) 0(1) O(N) I
>

Insert Node - Recursive

file:///C:/Users/User/Downloads/Memo_Data_Structure.html

77/160



1/23/23, 12:05 AM

Memo_Data_Structure

Delete Node(Pseudocode) - Delete Node Operation in Binary Search Tree (with (++ Code)

TreeNode* deleteNode(TreeNode* 1, intv) {
1. IF r==NULL THEN -> // Base condition
T.1returnr
2. ELSE IF v < r->value THEN -> //if value smaller go left sub tree

i
Pelete =30 = 1. deleteNode(n1, 30)
DI>¥1ght = 44
¥ — nl(#31)

2.1 r->left = deleteNode(r->left, v)
3.ELSE IF v > r->value THEN -> //if value larger go right sub tree
3.1r->right = deleteNode(r->right, v)
4, ELSE //if value matches
4.11F r->left==NULL THEN -> // node with only right child
4.1.1temp=r->right  //ORno child n2(#16)
4.1.2 deleter
4.1.3 return temp
4.2 ELSE IF r->right==NULL THEN ->// node with only left child
4.2.1 temp =r->left
4.2.2 delete r 4. deleteNode(n5,42)
4.2.3 return temp Femp =L
4.3 ELSE // node with TWO children ne6 (#43)
4.3.1 temp = minValueNode(r->right)
4.3.2r->value, dttemp >yalue
g_ > 43. 3l’>ﬂlhit el—teﬁ‘% e(r->right, temp->value)
S.returnr

3. deleteNode(n3,42)
ML n3(#99) "t =NuL

Binary SEARCH Tree Data Structure - INSERTION (RECURSIVE)
RT(Recursive) PSEUDOCODE -
reeNode* nsertRe(ursive(TreeNode TreeNode *new_node)

L>1. IFr==NULLTHEN--> L~
Las1s new_node # 77
Lo1.2.(teturn )
2. IF new_node->value IS LESS THAN r->value THEN -->
2.1. r->left = insertRecursive(r->left, new_node)
3. ELSE IF new_node->value IS GREATER THAN r->value THEN -->
3.1. r->right = insertRecursive(r->right, new_node)
4, ELSE
4.1, PRINT ("NO DUPLICATES ALLOWED")
4.2, returnr

5. returnr
} 2

Main Function - pointer value  pointer
"BST obj; // create object of BST class
L-TreeNode *new_node = new TreeNode();// create node in HEAP memory,
v“new_node->value =val //take from user

ob; root= obj. msmkefurswenewfnode); //insert node
= R¥ ROt/ New-node

—> 1. obj.root= obj.IR( ﬂ new_node); Y —> WL

AP PPETS

Binary SEARCH Tree Data Structure - INSERTION (RECURSIVE)

BST INSERT (Recursive) PSEUDOCODE - {2+t » @R@new nod;’j @

TreeNode* insertRecursive(TreeNode *r, TreeNode *new_node) C# 77

+~2. IF new_node->value IS LESS THAN r->value THEN -->
2.1. r->left = insertRecursive(r->left, new_node)
3. ELSE IF new_node->value IS GREATER THAN r->value THEN -->
3.1. r->right = insertRecursive(r->right, new_node)
X 4. ELSE
4.1. PRINT ("NO DUPLICATES ALLOWED")
/ 4.2. returnr

\T5 [ right

Main Function - pointer  value  pointer
BST obj; // create object of BST class
TreeNode *new_node = new TreeNode();// create node in HEAP memory|
new_node->value =val; //take from user l

obj.root= obj.insertRecursive(obj.root,new_node); //insert node
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Binary SEARCH Tree Data Structure - INSERTION (RECURSIVE)

BST INSERT (Recursive) PSEUDOCODE -

TreeNode* insertRecursive(TreeNode *r, TreeNode *new_node)

ULL THEN -->
. new_node
1.2, return)
2. |[F new_node->value IS LESS THAN r->value THEN -->
—=2.1. r->left = insertRecursive(r->left, new_node)
3. ELSE IF new_node->value IS GREATER THAN r->value THEN -->
—3.1. r->right = insertRecursive(r->right, new_node)

4. ELSE
4.1. PRINT ("NO DUPLICATES ALLOWED")

N I P

Main Function - pointer  value  pointer
BST obj; // create object of BST class
TreeNode *new_node = new TreeNode();// create node in HEAP memory|
new_node->value =val; //take from user
obj.root=obj.insertRecursive(obj.root,new_node); //insert node

Delete Node

Memo_Data_Structure

=# 77 #i2

| #l2

->right,new_node);

Delete Node(Pseudocode) - Delete Node Operation in Binary Search Tree (with C++ Code)

TreeNode* deleteNode(TreeNode*r, intv) {
1. IF r==NULL THEN -> // Base condition
1.1returnr
2.ELSE IF v < r->value THEN -> //if value smaller go left sub tree
2.1 r->left = deleteNode(r->left, v)
3.ELSEIF v > r->value THEN -> //if value larger go right sub tree
3.1r->right = deleteNode(r->right, v)
4, ELSE //if value matches
4.1IF r->left==NULL THEN -> //node with only right child
4.1.1 temp = r->right //0R no child
4.1.2 deleter
4.1.3 return temp
4.2 ELSE IF r->right==NULL THEN ->// node with only left child
4.2.1 temp =r->left
4.2.2 delete r
4.2.3 return temp
4.3 ELSE // node with TWO children
4.3.1 temp = minValueNode(r->right)
4.3.2 r->value = temp->value
ﬁ 433 rgﬁ_ﬁt ds'éneﬁ!ﬁe(r >right, temp->value)
S.returnr

n4(#6)

D%,l(fc ’@

1. deleteNode(p1, 30)
Al >7r|j}|[' ~¢97
¥ —> N1(#31)

4
3. deleteNode(g3,42)
ANV 03 (#99) Na-=> ’Ej—t =N0L

4. deleteNode(n5,42)

Femp=NMC

n6 (#43)

AVL tree is a self-balancing Binary Search Tree (BST) where the difference between heights of left & right subtrees
cannot be more than one for all nodes. This difference s called the Balance Factor(BF). BF -{-1,0,1}

Binary Tree

B SIMPLE SNIPPETS
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AVL Tree Definition

* AVL trees are balanced.

* An AVL Tree is a binary
search tree such that
for every internal node
v of T, the heights of the
children of v can differ
by at most 1.

An example of an AVL tree where the
heights are shown next to the nodes:

AVL Trees 12

The AVL Tree Data Structure

An AVL tree is a BST

In addition: Balance property:
balance of every node is
between -1 and |

balance(node) = height(node.left) — height(node.
Result: Worst-case depth is O(log n)

How are we going to maintain this? Worry
about that later...
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A B
‘// \\\ Right rotation //' \\\
Cc — D

B A
// \\ Left rotation // \\
D 3 c

Q: Why does this work? Why are you allowed to
change the structure of a tree like this?

Short answer: In the left tree we know that
D<B<E<A<UC C and this remains true for
the right subtree, so we didn’t break the BST
invariant and, therefore, this is a valid
transformation.

3.0rder of Insertion-30,10,20 | ~R T mbalonce
ni n
@9 “(CQ
LEFT> ’ \

RiGH1=> n2

; 4.0rderof|nsertion-]9,3_0,2_0

VL | N

E SNIPPETS

LEFT RIGHT case/imbalance

Z z
y 7N /N, .
Right(z) x/ \z T4 LEFT (y) X / N

‘ | -F Robqbion

—— = z
Rotation / \ / \ \ Rotation / \T3 R[;Itgal"(:(gz) /\ /\

1
™ T2 T3 T4 / T2 T3 T4

T1, T2, T3 and T4 are subtrees.
2\RIGHT RIGHT case/imbalance RIGHT LEFT case/imbalance \

nght(y)

z
y
Rotati / LEFT (2) X
f— Z/ \X ¢ y otation \ LLLLIEN / \

Rotation

T T2 T3 T4 o T2 T3

\&i) Rotation / \ / \ y /Z\ /y\
N

T1, T2, T3 and T4 are subtrees. T1, T2, T3 and T4 are subtrees.
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Binary Search Tree - Insertion (Recursive) AVL - Insertion (Recursive)
TreeNode* insertRecursive(TreeNode *r, TreeNode *new_node) TreeNode* insertRecursive(TreeNode *r, TreeNode *new_node)

1. IFr==NULLTHEN -->
1.1. r=new_node 1.2.returnr
1.2. returnr 2. IF new_node->value LESS THAN r->value THEN ->
2. IF new_node->value IS LESS THAN r->value THEN --> Z1.rleft= sertls >leftnew node)
2.1 r->left =i tR ive(r->left de) 3. ELSE IF new_node->value GREATER THAN r->value THEN ->
.1. r->left = insertRecursive(r->left, new_node 3.2.1->right = insert(t->tight,new_node)
3. ELSE IF new_node->value IS GREATER THAN r->value THEN --> | 4.ELSE
3.1. r->right = insertRecursive(r->right, new_node) 4.1.PRINT("No duplicate values")
4. ELSE 4.2.returnr

4.1. PRINT ("NO DUPLICATES ALLOWED") 5. bf = getBalanceFactor(r)
4.2. returnr 6. IF bf > 1 AND new_node->value < r->left->value

5. returnr 6.1. return rightRotate(r)

7.1F bf < -1 && new_node->value > r->right->value
7.1.return leftRotate(r)

8. IF bf > 1 && new_node->value > r->left->value
8.1.r->left = leftRotate(r->left)
8.2. return rightRotate(r)

9. IF bf < -1 && new_node->value < r->right->value
9.1. r->right = rightRotate(r->right);
9.2. return leftRotate(r)

10. returnr

Binary Search Tree Delete Node (Recursive) - AVL Tree Delete Node (Recursive) -
TreeNode* deleteNode(TreeNode*r, int v) { TreeNode* deleteNode(TreeNode* 1, int v) {

/1IF r==NULL THEN -> // Base condition
1.1returnr
2.ELSE IF v < r->value THEN -> //if value smaller go left sub tree
¥ 2.1 r->left = deleteNode(r->left, v) =
3.ELSEIF v > r->value THEN -> //if value larger go right sub tree | 6. IF bf == 2 AND getBalanceFactor(r->left) >=0
3 r->right = deleteNode(r->right, v) 6.1. return rightRotate(r)
4, ELSE //if value matches 21. ELSE IF bf == 2 AND getBalanceFactor(r->left) =:
~ 4.11F r->left==NULL THEN > // node with only right child 7.1.r->left = leftRotate(r->left)
4.1.1temp = r->right /IOR no child 7.2.return rightRotate(r)
4.1.2 deleter
4.1.3 return temp

// First 4 Steps same as BST DELETION
b= Lg;tBaIam:eI;t:tor(r) J/

DL

2 8. ELSE IF bf == -2 AND getBalanceFactor(r->right) <= -0

4.2 ELSE IF r->right==NULL THEN ->// node with onlyleft child 8.1.return leftRotate(r)
4.2.1 temp = r->left 9. ELSE IF bf 2 && getBalanceFactor(r->right) == 1

4.2.2 delete r 9.1. r->righ ightRotate(r->right);

4.2.3 return temp 9.2. return leftRotate(r)

4.3 ELSE // node with TWO children
4.3.1 temp = minValueNode(r->right)
4.3.2 r->value = temp->value
4.3.3 r->right = deleteNode(r->right, temp->value) 10. returnr
S.returnr

P }

#include <iostream>
#define SPACE 5
using namespace std;

class TreeNode{
public:
int value;
TreeNode* left;
TreeNode* right;

TreeNode();
TreeNode(int v);

TreeNode: : TreeNode() : value(@), left(nullptr), right(nullptr){}

TreeNode: : TreeNode(int v){
value = v;
left = nullptr;
right = nullptr;

class BST{
public:
TreeNode* root;
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BST();

bool isEmpty();

void insertNode(TreeNode* newNode, int v);
TreeNode* searchNode(int v);

int height(TreeNode* root);

TreeNode* minValueNode(TreeNode* root);
TreeNode* deleteNode(TreeNode* root, int v);
void print2D(TreeNode* root, int space);
void printPreorder(TreeNode* root);

void printInorder(TreeNode* root);

void printPostorder(TreeNode* root);

void printLevelOrder(TreeNode* root);

void printGivenLevel(TreeNode* root, int level);

s
BST::BST() : root(nullptr){}

bool BST::isEmpty(){
if(root==nullptr)
return true;
else
return false;

void BST::insertNode(TreeNode* newNode, int v){
newNode->value = v;
if(root==nullptr){
root = newNode;
cout << "Value Inserted as Root Node!" << endl;

}
else {
TreeNode* ptr = root;
while(ptr!=nullptr){
if(newNode->value == ptr->value){
cout << "Value Already exist. Insert Another Value." << endl;
return;
}
else if((newNode->value < ptr->value) && (ptr->left==nullptr)){
ptr->left = newNode;
cout << "Value Inserted in the left" << endl;
break;
}
else if(newNode->value < ptr->value){
ptr = ptr->left;
}
else if((newNode->value > ptr->value) && (ptr->right==nullptr)){
ptr->right = newNode;
cout << "Value Inserted in the right" << endl;
break;
}
else {
ptr = ptr->right;
}
}
¥

TreeNode* BST::searchNode(int v){
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if(root==nullptr)
return root;
TreeNode* ptr = root;
while (ptr!=nullptr){
if(ptr->value == v)
return ptr;
else if(ptr->value > v){
ptr = ptr->left;

}
else {

ptr = ptr->right;
}

}

return nullptr;

}

int BST::height(TreeNode* root){
if(root==nullptr)
return -1;
else {
int leftHeight = height(root->left);
int rightHeight = height(root->right);

if(leftHeight > rightHeight)
return (leftHeight + 1);
else
return (rightHeight + 1);

}

TreeNode* BST::minValueNode(TreeNode* root){
TreeNode* ptr = root;
while(ptr->left!=nullptr){

ptr = ptr->left;
}

return ptr;

}

TreeNode* BST::deleteNode(TreeNode* root, int v){

if(root==nullptr)
return root;
TreeNode* ptr = root;
if(ptr->value > v){
ptr->left = deleteNode(ptr->left, v);
)
else if(ptr->value < v){
ptr->right = deleteNode(ptr->right, v);
}
else{ // find the node with v
if(ptr->left==nullptr){ // maybe have right child or no right child when p
TreeNode* temp = ptr->right;
delete ptr;
return temp;
}
else if(ptr->right==nullptr){ // only left child
TreeNode* temp = ptr->left;
delete ptr;
return temp;

}

else { // have two children
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TreeNode* temp = minValueNode(ptr->right);
ptr->value = temp->value;
ptr->right = deleteNode(ptr->right, temp->value);

}

return ptr;

void BST::print2D(TreeNode* root, int space){
if(root == nullptr)
return;
space += SPACE; // increase distance between level
print2D(root->right, space);
cout << endl;
for(int i=SPACE; i<space; i++){

cout << 8
}
cout << root->value << endl;
print2D(root->left, space);

void BST::printPreorder(TreeNode* root){
if(root==nullptr){
return;
}
cout << root-»>value << " ";
printPreorder(root->left);
printPreorder(root->right);

void BST::printInorder(TreeNode* root){
if(root==nullptr){
return;

}

printInorder(root->left);

cout << root-»>value << 5
printInorder(root->right);

void BST::printPostorder(TreeNode* root){
if(root==nullptr){
return;
}
printPostorder(root->left);
printPostorder(root->right);

cout << root->value << 5

void BST::printGivenLevel(TreeNode* root, int level){
if(root==nullptr){

return;
}
else if (level==0)
cout << root-»>value << " ";
else {
printGivenLevel(root->left, level - 1);
printGivenLevel(root->right, level - 1);
}

void BST::printLevelOrder(TreeNode* root){
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int h = height(root);
for(int i=0; i<=h; i++){
printGivenLevel(root, i);

class AVLTree : public BST {
public:

AVLTree();

int getBalanceFactor(TreeNode* ptrNode);

TreeNode* insertRecursive(TreeNode* root, TreeNode* newNode, int v);
TreeNode* rotateRecursive(TreeNode* root);

TreeNode* insertAndRotate(TreeNode* root, TreeNode* newNode, int v);
TreeNode* deleteAndRotate(TreeNode* root, int v);

TreeNode* rightRotate(TreeNode* ptrNode);

TreeNode* leftRotate(TreeNode* ptrNode);

TreeNode* recusiveSearch(TreeNode* root, int v);

%

AVLTree: :AVLTree(){
root = nullptr;

TreeNode* AVLTree::insertRecursive(TreeNode* root, TreeNode* newNode, int v){
newNode->value = v;
if(root==nullptr){
root = newNode;
cout << "Value inserted successfully" << endl;
return root;
)
if(newNode->value < root->value){
root->left = insertAndRotate(root->left, newNode, Vv);
}
else if(newNode->value > root->value){
root->right = insertAndRotate(root->right, newNode, v);

}

else {
cout << "No duplicate value allowed" << endl;
return root;

}

return root;

int AVLTree::getBalanceFactor(TreeNode* root){
if (root==nullptr)
return -1;
return (height(root->left) - height(root->right));

TreeNode* AVLTree::rightRotate(TreeNode* root){
TreeNode* ptrNode = root->left;
ptrNode->right = root;
root->left = nullptr;

return ptrNode;

TreeNode* AVLTree::leftRotate(TreeNode* root){
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TreeNode* ptrNode = root->right;
ptrNode->left = root;
root->right = nullptr;
return ptrNode;
}
/*
TreeNode* AVLTree::insertAndRotate(TreeNode* root, TreeNode* newNode, int v){
newNode->value = v;
if(root==nullptr){
root = newNode;
cout << "Value inserted successfully" << endl;
return root;
}
if(newNode->value < root->value){
root->left = insertAndRotate(root->left, newNode, Vv);
}
else if(newNode->value > root->value){
root->right = insertAndRotate(root->right, newNode, v);

}

else {
cout << "No duplicate value allowed" << endl;
return root;

}

// Transform to AVL Tree
int balanceFactor = getBalanceFactor(root);

if((balanceFactor>1) && (newNode->value < root->left->value))
return rightRotate(root);

if((balanceFactor>1) && (newNode->value > root->left->value)){
root->left = leftRotate(root->left);
return rightRotate(root);

}

if((balanceFactor<-1) & (newNode->value > root->right->value))
return leftRotate(root);

if((balanceFactor<-1) && (newNode->value < root->right->value)){
root->right = rightRotate(root->right);
return leftRotate(root);

}

return root;

}
*/

TreeNode* AVLTree::rotateRecursive(TreeNode* root){
int balanceFactor = getBalanceFactor(root);

if((balanceFactor>1) && (getBalanceFactor(root->left)>=0))
return rightRotate(root);

if((balanceFactor>1) && (getBalanceFactor(root->left)==-1)){

root->left = leftRotate(root->left);
return rightRotate(root);

if((balanceFactor<-1) && (getBalanceFactor(root->right)<=0))
return leftRotate(root);
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if((balanceFactor<-1) && (getBalanceFactor(root->right)==1)){
root->right = rightRotate(root->right);
return leftRotate(root);

}

return root;

TreeNode* AVLTree::insertAndRotate(TreeNode* root,

root

insertRecursive(root, newNode, Vv);

root = rotateRecursive(root);

return root;

TreeNode* AVLTree::deleteAndRotate(TreeNode* root,

root
root

return root;

TreeNode* AVLTree::recusiveSearch(TreeNode* root, int v){

deleteNode(root, v);
rotateRecursive(root);

if(root==nullptr || root->value==v)
return root;

else if(v < root->value)
return recusiveSearch(root->left, v);

else

return recusiveSearch(root->right, v);

int main(){

int option, value, height;
int space = 2;

BST obj;

AVLTree balanceObj;

do{
cout

cout
cout
cout
cout
cout
cout
cout
cout
cout
cout
cout
cout
cout

<<

<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<

"Welcome to learning Data Structure and Algorithm.

"Select Option Number or Enter @ to exit.
"1l. Insert Node" << endl;

"2. Search Node" << endl;

"3. Delete Node" << endl;

"4. Height of Tree" << endl;

5. Print Values in 2D" << endl;

6. Insert Node to AVL Tree" << endl;
"7. Delete Node in AVL Tree" << endl;
8. Search Node in AVL Tree" << endl;
9. Print AVL Tree" << endl;

"10. Clear Screen" << endl;

"@. Exit Program" << endl;

endl;

cin >> option;

int v){

<< endl;

TreeNode* newNode = new TreeNode(); // in heap memory

switch(option){
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case 0:
break;
case 1:
cout << "Insert" << endl;
cout << "Enter Value of Tree Node to Insert in BST: ";
cin >> value;
obj.insertNode(newNode, value);
cout << endl << endl;
break;
case 2:
cout << "Search" << endl;
cout << "Enter Value of Tree Node to Search: ";
cin >> value;
newNode = obj.searchNode(value);
if(newNode!=nullptr){
cout << "Value "

<< value << Found" << endl;

}
else {
cout << "Value

<< value << Not Found" << endl;

}
break;
case 3:

cout << "Delete" << endl;

cout << "Enter Value of Tree Node to Delete: ";

cin >> value;

if(obj.searchNode(value)!=nullptr){
obj.deleteNode(obj.root, value);
cout << "Value Deleted" << endl << endl;

}

else {
cout << "Value " << value <<

not Found" << endl << endl;

break;

case 4:
cout << "Tree Height" << endl;
height = obj.height(obj.root);
cout << "Height: " << height << endl;
cout << endl << endl;
break;

case 5:
cout << "2D Print" << endl;
obj.print2D(obj.root, space);
cout << endl << endl;
cout << "Preorder: " << endl;
obj.printPreorder(obj.root);
cout << endl << endl;
cout << "Inorder: " << endl;
obj.printInorder(obj.root);
cout << endl << endl;
cout << "Postorder: " << endl;
obj.printPostorder(obj.root);
cout << endl << endl;
cout << "Levelorder: << endl;
obj.printLevelOrder(obj.root);
cout << endl << endl;
break;

case 6:
cout << "Insert Node to AVL Tree" << endl;

cout << "Enter Value: ";
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cin >> value;
balanceObj.root = balanceObj.insertAndRotate(balanceObj.root, newNc
cout << endl << endl;
break;
case 7:
cout << "Delete Node in AVL Tree" << endl;
cout << "Enter Value: ";
cin >> value;
balanceObj.root = balanceObj.deleteAndRotate(balanceObj.root, value
cout << endl << endl;
break;
case 8:
cout << "Search Node in AVL Tree" << endl;
cout << "Enter Value to Search: ";
cin >> value;
newNode = balanceObj.searchNode(value);
if(newNode!=nullptr){

cout << "Value "

<< value << Found" << endl;

}
else {
cout << "Value

" "

<< value << Not Found" << endl;

}
break;
case 9:
cout << "Print AVL Tree" << endl;
balanceObj.print2D(balanceObj.root, space);
cout << endl << endl;
break;
case 10:
system("cls");
break;
default:
cout << "Please Enter the Proper Option.
break;

[

<< endl;

}
} while (option !=0);

return 0O;

Red Black Tree

file:///C:/Users/User/Downloads/Memo_Data_Structure.html 90/160



1/23/23, 12:05 AM

Memo_Data_Structure

There is a kind of balanced binary search tree named red-black tree in the data structure. [t has the following 5
propeties:

= (1) Every mode is either red or black,

» {2 The root B back

o {3} Every beaf (NULL) is black.

= {4} If a node is red, then bath its children are black.

. !'}] Far each mocke, all simple paths from the node o descendant leaves contain the came number of black

nongles.

For exampde, the tred in Figure 115 a red-black free, while the ones in Figuee 2 and 3 are not.

P g

Figure 1 Fagure 2 Figre 3

For each {ivien binary SEarch trie, you are supposed to el il it s a Ief_;.r‘. fed-hilack Trie

Input Specification:

Eachinput file contains several test cases. The first line gives 4 positive integer K [ 300 which is the total numbses
al cases, For each case, the lrst line gves a posative integer M= 30, thee todal nuembser af nodches i thie binary nee
The second line gives the preorder traversal sequence of the tree. While all the keys in a tree are positive integers,
we s negative signs 1o represent red nodes. All the numbers in a line are separated by a space. The sample input
cases commespond o the trees shown in Figune 1, 2 and 3
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= (Unt na of black neg
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Expression Tree

Expression trees

Binary trees could be used to represent arithmetic expressions
Each operator{+ - */Jmay have one or two operands

The left operand is the left subtree of the operatar, right operand is the

right subtree
= e
A A
(== £ ' 2'\{:>'J
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 Arithmetic Expression Tree

J Binary tree associated with an arithmetic expression is a
proper binary tree where:

internal nodes: operators
- external nodes: operands
Example:

arithmetic expression tree for the expression
(2x(a-1)+(3xb))

Prefix, Postfix, Infix

Prefix, Infix, and Postfix Forms

» Anpreorder traversal of an expression tree yields the prefix (or polish)
form of the expression.

* In this form, every operator appears before its operand(s).

* Aninorder traversal of an expression tree yields the infix form of the
expression.

» In this form, every operator appears between its operand(s).

» A postorder traversal of an expression tree yields the postfix (or
reverse polish) form of the expression.

- In this form, every operator appears after its operand(s).

Prefix form: +a*-bcd e o
Infix form:a+b-c*d ° @
Postfix form:abc-d* + e e
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Infix Traversal

Algorithm énfix (val tree <tree pointer>)
if (tfree not empty)
if (free—token is an operand)
print (tree — token)
else
print (open parenthesis)
infix (tree —left)
print (tree —token)
infix (tree —right)
print (close parenthesis)
end if
end if
return
end infix

Postfix Traversal

* Menggunakan postorder traversal seperti pada tree.
» Tidak membutuhkan kurung
Algorithm pestfix (val tree <tree pointer>)
if (tree not empty)

postfix (tree -left)
postfix (tree —right)

print (tfree —token)
end if
return
end postfix

Heap
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What 1s a Heap Data Structure?

+ A Heap data structure is a binary tree with the following properties :

1. Itis a complete binary tree; that is, each level of the tree is completely filled, except possibly
the bottom level. At this level, it is filled from left to right.

2. It satisfies the heap-order property: The data item stored in each node is greater
than or equal to the data items stored in its children.

el v @ o g
Ao S wm A v
608 & db  Hod

« In the above examples only (a) is a heap. (b) is not a heap as it is not complete and (c) is complete
but does not satisfy the second property defined for heaps.

Programming and Data Structures 1

Application of Heap

= Heapsort: One of the best sorting methods being in-place and
with no quadratic worst-case scenarios.

= Finding the min, max, both the min and max, median, or even
the k-th largest element can be done in linear time using
heaps.

= Priority Queue:: Priarity queues can be efficiently
implemented using Binary Heap because it supports insert(),
delete() and extractmax(), decreaseKey() operations in
O(logn) time.

= Graph algorithms like Prim's Algorithm and Dijkstra's

ald

HEAP Data Structure - Definition, Types, Applications, Implementation

1) Creating Nodes in Memory & link them in Tree Structure (min - heap) | 2) Arranging the Heap DS elements in an Array structure (min - heap)

L= The representation is done as -
- i/ 1) The root element will be at A[0]
>m (#81V) 2) Below table shows indexes of other nodes for the ith node
i.e, Alil:
1) A[(i-1)/2] Returns the PARENT node
= 2)A [(2%)+1] Returns the LEFT child node
13 (#50) 3) A[(2%i)+2] Reu{ms the RIGHT child node

n|

n4 (#75)
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Step 1: Initial Max Heap Step 2
50 = . -4
10 23 —_ 10 23
- K a . 4_41’ - = L] - @
Step 3: Max Heap Step 4
23 )% 7
10 4 — 10 -4
S ' 00
Step 5: Max Heap Step 6
10 1-__. 1
7 ) ‘—4 — 7 ) ‘-4
00 000
Step 7: Max Heap Step 8
AN -4
! Ko 4# I:,b 1 K
OO 7 Jioloalso
Step 9: Max Heap Step 10
1
i

2 — 6
7 Jiol22150 @

Priority Queue
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Heap Data Structure
Min Heap
Max Heap

Binary Heap Priority Q Data

Structure
» Heap-order property

— parent’s key is less than
children’s keys

— result: minimum is always ‘/@)
at the top e
+ Structure property
— complete tree with fringe
nodes packed to the left 0 @ @
— result: depth is always
O(log n); next open location @ @ @

always known

How do we find the mmmum?

#include <iostream>
#include <math.h>
using namespace std;

/*

swap(int &x, int &y){
int temp = x;
X =Y;

temp;

<
1]

}
*/

class MinHeap{
public:
int* heapArray;
int capacity;
int heapSize;

MinHeap(int cap);
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int linearSearch(int val);
int parent(int 1i);
int leftchild(int i);
int rightchild(int i);
void insertion(int val);
void minHeapify(int i);
void deletion(int val);
void decreaseKey(int i, int newVal);
int getMin();
int extractMin();
void heapSort();
int height();
void printHeapArray();

¥

MinHeap: :MinHeap(int cap){
capacity = cap;
heapSize = 0;
heapArray = new int[cap];

int MinHeap::linearSearch(int val){
for(int i=0; i<heapSize; i++){
if(heapArray[i]==val){
return i;

}

return -1;

int MinHeap::parent(int i) {
return (i-1)/2;

int MinHeap::leftchild(int i){
return (2*i+1);

int MinHeap::rightchild(int i){
return (2*i+2);

void MinHeap::insertion(int val){
if(heapSize == capacity){
cout << "\nMin Heap Overflow" << endl;
return;
}
for(int i=0; i<heapSize; i++){
if(heapArray[i]==val){

cout << "Value Already exist. Insert Another Value." << endl;
return;
}
}
heapSize++;

int i = heapSize - 1;
heapArray[i] = val;

while(i!=0){
if(heapArray[parent(i)] > heapArray[i]){
swap(heapArray[parent(i)], heapArray[i]);
i = parent(i); // continue to compare until i==0

}

else
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return;

}

void MinHeap: :minHeapify(int i){
int left = leftchild(i);
int right = rightchild(i);
int smallest = i;

if ((left<heapSize) && (heapArray[left]<heapArray[smallest])){

smallest = left;
¥

if((right<heapSize) && (heapArray[right]<heapArray[smallest])){

smallest = right;

}

if(smallest!=1i){
swap(heapArray[i], heapArray[smallest]);
minHeapify(smallest);

}

void MinHeap::decreaseKey(int i, int newVal){
heapArray[i] = newVal;
while(i>=0 && (heapArray[parent(i)] > heapArray[i])){
swap (heapArray[parent(i)], heapArray[i]);
i = parent(i); // continue to compare until i==

}

void MinHeap: :deletion(int val){
int index = linearSearch(val);
if(index==-1){
cout << "Value " << val << " Not Found";

}
else {
decreaseKey(index, INT_MIN);
extractMin();
cout << "Delete Value " << val << endl;
}

int MinHeap::getMin(){
return heapArray[0];

int MinHeap: :extractMin(){
if(heapSize <=0)
return INT_MAX;
if(heapSize==1){
heapSize--;
return heapArray[9];
}
int min = heapArray[9];
heapArray[0] = heapArray[heapSize-1];
heapSize--;
minHeapify(0);
return min;

void MinHeap: :heapSort(){
for(int i=0; i<capacity; i++){
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cout << extractMin() << ;

int MinHeap::height(){
return ceil(log2(heapSize+l)) - 1;

void MinHeap::printHeapArray(){
for(int i=0; i<heapSize; i++){

cout << heapArray[i] << 5

}

cout << endl << endl;

int main(){

int cap;

cout << "Enter the Size of Min Heap: ";

cin »>> ¢

ap;

MinHeap obj(cap);
cout << "Min Heap Created" << endl << endl;

int option, val;

do{
cout
cout
cout
cout
cout
cout
cout
cout
cout
cout
cout

cout

<<
<<
<<
<<
<<
<<
<<
<<
<<
<<
<<

<<

"What operation do you to perform?" << endl << endl;

S VNV ANWNKR

Insert" << endl;

Search" << endl;

Delete" << endl;

Get Min" << endl;
Extract Min" << endl;
Height of Heap" << endl;
Min Heap Sort" << endl;
Print the Heap" << endl;
Clear Screen" << endl;
Exit Program" << endl;

n

"\nSelect Option Number or @ to Exit.

cin >> option;

switch(option){
case 0:

break;

case 1:

cout << "Insert Operation" << endl;

cout << "Enter Value to Insert in Heap:

cin >> val;
obj.insertion(val);
cout << endl << endl;
break;

case 2:

cout << "Search Operation" << endl;

cout << "Enter Value to Search in Heap:

cin >> val;
if(obj.linearSearch(val)==-1){
cout << "Not Found";

}

else {
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cout << val << " Found at index " << obj.linearSearch(val);

}
cout << endl << endl;
break;
case 3:
cout << "Delete Operation" << endl;
cout << "Enter Value to Delete in Heap: ";
cin >> val;
obj.deletion(val);
cout << endl << endl;
break;
case 4:
cout << "Get Min Operation" << endl;
cout << "Min Value: " << endl;
cout << obj.getMin() << endl;
cout << endl << endl;
break;
case 5:
cout << "Extract Min Value: ";
cout << obj.extractMin() << endl;
cout << endl << endl;
break;
case 6:
cout << "The Height of Heap: ";
cout << obj.height() << endl;
cout << endl << endl;

break;

case 7:
cout << "\nUnsorted Array: " << endl;
obj.printHeapArray();
cout << "Sorted Array: " << endl;
obj.heapSort();
cout << endl << endl;
break;

case 8:
cout << "Print Heap Array: " << endl;
obj.printHeapArray();
cout << endl << endl;
break;

case 9:
system("cls");
break;

default:
cout << "Please Enter the Proper Option.";
break;

}
} while(option!=0);
return 0;

Treep
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data structure: Treap (tree « heap)

Suua EvANS
@blrk

EVE('j node has a value (abe) omd o priorfﬁ Ci23)
A f’reo.p is a binan:) search tree:

/f\

d +
Ve
S Ne W N

Whece every node has a tmndo.mlj ass.‘gned) Pn‘orifj

{s]
/‘F A Pr.‘oa—fres
8d _Z always go up
/7 \ as you g0 up
Ny 2”3 \Xé’ the tree

To:search: for o valve (like “H"), do a binacry search.

v
VY

‘||'||'If"
-

'zfpffﬁ'“ﬁ o new value s where it gets clever ¥

LE

Let's insert ®

® Choose a random pr;on‘-hj ;;5/

@ Do a binarfj search 10 oh no, 5 and 3
to insert ()5 Yerde s “rea

into the tree order
@ Do tree cotations until the 10
pciocities are in the right £
order | 8 e h {
) /d\l 5/ \_e
3 K
h/

Splay Tree
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What is Splay Tree?

0 Splay trees are self-adjusting binary search

trees.

0 A node in a Binary_Search_Tree is

"splayed"” when it is moved to the root of the

tree by one or more "rotations".

O Whenever a node is accessed (Find, Insert,
Remove, etc.), it is splayed, thereby making it

the root.

O In addition to moving the accessed node to

the root, the height of the tree may be

shortened.
SPLAY TREE TIME COMPLEXITY
Sorted List |Search Insertion Deletion
with arrays O(log n) O(n) O(n)
with linked list | O(n) O(n) O(n)
With Splay O(log n)  |O(log n) O(log n)
trees
B Tree
167 v e ]
[, [ l
,-""’f \‘\\ "'a._H
Pl ¥ R“-‘ ks,
B | |} | F | [} I | | L H | o Q v |'ﬁ’ ¥ Z
i i | i || | | ] ||
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B* Tree
Example B+ Tree
+ Search begins at root, and key comparisons
direct it to a leaf (as in ISAM).
< Search for 5% 15%, all data entries >= 24* ...
Root \
= T [ ELIEEEE

> |3‘

T ‘ ‘14‘

| [

* Based on the search for 15%, we know it is not in the tree!

Database Management Systems 3ed, R. Ramakrishnanand]. Gehrke 10
‘ Huttman Codes
To encode:
o Search the tree for the character
to encode
o As you progress, add “0" or “1"
to right of code
a  Code is complete when you find
character
To decode a code:
a2 Proceed through bit string left to right
a1 For each bit, proceed left or right as
indicated
a1 When you reach a leaf, that is the
decoded character
A TIL i - F . | 1 (= ul
A AUrtmdn CLodc 11ec
words from node word symbols
00 | O1 10| 11 0 00 A
0 01 B
0 3 4 1 2 0 10 c
§ 1 1 2 1 2 0 11 c.c
2lz| 3| 4 1] 2 1 00 A
HE AR P% A
pas - 14| 3| 4 1| 2 1 11 B, G
a) b) c)
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Imtvoductiom fo Grephs

Social Networi

-Fac.cl:nol&)

Can you suggest some
friends to Rama?

Fimof all modes Aaviv\}

Acnafk % Shortest poth
-From RaMﬂL eiunl fO 2

What is a Graph?

* A graph G = (V.E) is composed of:

V: set of vertices

* An edge e = (u,v) is a pair of vertices

@

= Example:

©

E: set of edges connecting the vertices in V

V= {ab,c,d,e}

E= {(a)b).(a,c),
(a,d).

(b,e),(c,d),(c,e),
(de)}
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Directed and undirected graphs

A graph is said as directed graph whose definition makes

reference to edges which are directed. le,
edges which are ordered pair of vertices.

* Agraph is said as undirected graph whose definition makes
reference to unordered pairs of vertices as edges is known as

an undirected graph. v

(v1)
(v1) (v1) (v1) (1)
7N
{= o @@@ :e

Figure 6.5.1 Various Graphs

Graph Presentation

Adjacency

Matrix
Adjacency
List
1 2 3 4 5 6

1 0 1 1 0 0 0
1 2 —> 3 /

2 1 0 1 1 1 0
2 > 1 —»| 3 > 4 — 5 /

3 1 1 0 0 1 0
3 > 1 —»> 2 > 5 /

4 0 1 0 0 1 1
4 2 —>| 5 > 6 /

5 0 1 1 1 0 1
5 2 —>»>| 3 —> 4 e 6 /

-] 0 0 0 1 1 0
6 > 4 —>| 5 /
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o‘ 4
."\‘.. 1 .

3| 3 A
‘Ia'kx_\ | —

°. --z--

Weighted Graph

#include <iostream>
using namespace std;

const int MAX_NODE_CNT = 10;

void distFromSource(
const bool adjacenet[][MAX_NODE_CNT],
int dist[],
int nodeCnt,
int source

I

int main(){
int nodeCnt = 5;

Al

c
D

E

= O o oo P
o = o o b g
o 00 0w
2 emM o eqg

Adjacency matrix

bool adjacent[MAX_NODE_CNT][MAX_NODE_CNT] = {

{1, 1, o, o, 1},
{1) 1) 1) e) 9}’

{e) 1) 1) 1) e})
{6, o, 1, 1, 1},
{1, o, 6, 1, 1}

}s
int dist[MAX_NODE_CNT] = {0};
int source = 09;

distFromSource(adjacent, dist, nodeCnt, source);

cout << "\nThe complete result: \n";
for (int i = @; i < nodeCnt; i++){

cout << dist[i] <« ;

return 0;

void distFromSource(const bool adjacent[][MAX_NODE_CNT],

int dist[], int nodeCnt, int source)
for (int i = @; i< nodeCnt; i++){

dist[i] = nodeCnt;

dist[source] = 0;
int curDist = 1;
int complete = 1;

while (complete < nodeCnt){

file:///C:/Users/User/Downloads/Memo_Data_Structure.html

o = O 0 O

108/160



1/23/23, 12:05 AM

for (int i =
if(dist[
for

}

curDist++;

Graph Implementation -

-- Our graph would represent
network of connected cities.
-- Undirected & Weighted.

Operations- _

1. Add Vertex (state)

2. Update Vertex(State name)

3. Delete Vertex

4.Add Edge

5. Update Edge(weight)

6. Delete Edge

7. Get All Neigbors of a Vertex

8. Check if 2 Vertices are
connected/neighbors

9. Search a vertex

10. Print Full Graph

Graph Implementation -

-- Our graph would represent
network of connected cities.
-- Undirected & Weighted.

Operations - _

1. Add Vertex (state)

2. Update Vertex(State name)

3. Delete Vertex

4.Add Edge

5. Update Edge(weight)

6. Delete Edge

7. Get All Neigbors of a Vertex

8. Check if 2 Vertices are
connected/neighbors

9. Search a vertex

10. Print Full Graph

Memo_Data_Structure

< nodeCnt; i++){
== curDist - 1){

nt j = 0; j < nodeCnt; j++){
((adjacent[i][j] == true)

&& (dist[j] == nodeCnt)){
dist[j] = curDist;
complete++;

Graph (visual representation)

@ 4

‘]/ 400 km lists, stacks, arrays, etc. It is a library of container classes, algorithms,

1300 km
4 and iterators.

1 2000/ km § Vector-
Uttar Pradesh

Vectors are same as dynamic arrays with the ability to resize itself
1200km dynamic arrays 4 tyto resize

\ 19004m \ automatically when an element is inserted or deleted, with their
700 km
o

storage being handled automatically by the container.
Vector elements are placed in contiguous storage so that they can be
3 1800 km
Hon (int I=0, .

WST__Standard Template Library
The Standard Template Library (STL) is a set of (++ template classes

accessed and traversed using iterators.
In vectors, data is inserted at the end.

>Slterators -

b . .
Iterators are used to point at the memory addresses of STL containers.
They are primarily used in sequence of numbers, characters etc.

[’LJ 9”5" - Dobl,(j Linkef List
Lists are sequence containers that allow non-contiguous memory
allocation. They are similar to Doubly Linked List

Graph Implementation - Structure & Operations
Graph Object <~

Graph (visual representation)

Uttar Pradesh

- \‘IZSOOkm

3[Goa] — 7

1800 km

--> Vertex Object [ -->Edgelist [ ]..> Fdge Object

>
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Graph Implementation -

-- Our graph would represent
network of connected cities.

-- Undirected & Weighted.

Operations- _

1. Add Vertex (state)

2. Update Vertex(State name)

3. Delete Vertex

4.Add Edge

5. ME Edge(weight)

6. Delete Edge

7. Get All Neigbors of a Vertex

8. Checkif 2 Vertices are

connected/neighbors
9. Search a vertex
10. Print Full Graph

#include <iostream>
#include <vector>
#include <list>
#include <1iterator>
using namespace std;

class Edge {
private:
int DestinationVertexID;
int weight;

public:
Edge();

Memo_Data_Structure

Graph Implementation - Structure & Operations
*Data Members only
Edge Class -
int DestinationVertexID
int weight

DestinationVertexID m

Vertex Class -
int state_id;
string state_name;
list<Edge> edgelist;

T ot
]

Graph Class -
vector<Vertex> vertices;

state ld state name ’ Im

]

sta(e name l !
_ L=
ww “ —_--> Vertexob[ed ]: >Edgel.:st ‘___] -> Edge Object

>

// constructor

Edge(int destVID, int w);

void setEdgeValues(int destVID, int w);
void setWeight(int w);

int getDestinationVertexID();

int getWeight();

DestinationVertexID(0), weight(@) {}

}s

Edge: :Edge()

Edge::Edge(int destVID, int w){
DestinationVertexID = destVID;
weight = w;

}

void Edge:

:setEdgeValues(int destVID, int w){

DestinationVertexID = destVID;

weight = w;

void Edge::setWeight(int w){
weight = w;

int Edge::getDestinationVertexID(){
return DestinationVertexID;

int Edge::getWeight(){
return weight;
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class Vertex {

private:
int state_id;
string state_name;

public:
Vertex();
Vertex(int id, string name);
int getStateID();
string getStateName();
void setStateID(int id);
void setStateName(string sname);
list<Edge> edgelist;
list<Edge> getEdgelList();
void printEdgelist();

}s

Vertex::Vertex() : state_id(@), state_name(""){}

Vertex: :Vertex(int id, string sname){
state_id = id;
state_name = sname;

int Vertex::getStateID(){
return state_id;

string Vertex::getStateName(){
return state_name;

void Vertex::setStateID(int id){
state_id = id;

void Vertex::setStateName(string sname){
state_name = sname;

list<Edge> Vertex::getEdgelList(){
return edgelist;

void Vertex::printEdgelList(){
cout << ("[");
for(auto it=edgelist.begin(); it!=edgelist.end(); it++){
cout << it->getDestinationVertexID()<< "(" << it->getWeight() << ") -->";

}

cout << ("]") << endl;

class Graph {
public:
vector<Vertex> vertices;
bool checkIfVertexExistByID(int vid);
bool checkIfEdgeExistByID(int fromVertex, int toVertex);
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Vertex getVertexByID(int vid);
void addVertex(Vertex newVertex);
void addEdgeByID(int fromVertex, int toVertex, int weight);
void updateEdgeByID(int fromVertex, int toVertex, int newWeight);
void deleteEdgeByID(int fromVertex, int toVertex);
void deleteVertexByID(int vid);
void updateVertexByID(int vid, string sname);
void printGraph();
}s

Vertex Graph::getVertexByID(int vid){
Vertex temp;
for(int i=0; i<vertices.size(); i++){
temp = vertices.at(i);
if(temp.getStateID() == vid){
return temp;

}

return temp;

bool Graph::checkIfVertexExistByID(int vid){
for(int i=0; i<vertices.size(); i++){
if(vertices.at(i).getStateID() == vid)
return true;

}

return false;

void Graph::addVertex(Vertex newVertex){
bool check = checkIfVertexExistByID(newVertex.getStateID());
if(check){
cout << "Vertex with this ID already exist" << endl << endl << endl;

}
else {

vertices.push_back(newVertex);

cout << "New Vertex Added Successfully" << endl << endl << endl;
}

bool Graph::checkIfEdgeExistByID(int fromVertex, int toVertex){
Vertex v = getVertexByID(fromVertex);
list<Edge> e;
e = v.getEdgelList();
for(auto it = e.begin(); it != e.end(); it++){
if(it->getDestinationVertexID() == toVertex){
return true;

}

return false;

void Graph::addEdgeByID(int fromVertex, int toVertex, int weight){
bool checkl = checkIfVertexExistByID(fromVertex);
bool check2 = checkIfVertexExistByID(toVertex);
if (checkl && check2){
bool check3 = checkIfEdgeExistByID(fromVertex, toVertex);
if(check3){
cout << "Edge between" << getVertexByID(fromVertex).getStateName()
<< "(" << fromVertex << ") and " << getVertexByID(fromVertex).getStatel
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<< "(" << toVertex << ") already existed";

}
else {
for(int i=0; i<vertices.size(); i++){
if(vertices.at(i).getStateID() == fromVertex){
Edge e(toVertex, weight);
vertices.at(i).edgelList.push_back(e);
}
else if(vertices.at(i).getStateID() == toVertex){
Edge e(fromVertex, weight);
vertices.at(i).edgelList.push_back(e);
}
¥
}

n "

cout << "Edge between << fromVertex << and "
<< toVertex << "added edge successfully" << endl << endl;

}

cout << "Invalid Vertex ID entered.'

<< endl << endl;

void Graph::updateEdgeByID(int fromVertex, int toVertex, int newWeight){
bool check = checkIfEdgeExistByID(fromVertex, toVertex);
if(check){
for(int i=0; i<vertices.size(); i++){
if(vertices.at(i).getStateID() == fromVertex){
for(auto it=vertices.at(i).edgelList.begin(); it!=vertices.at(i).ed;
if(it->getDestinationVertexID() == toVertex){

it->setWeight (newhWeight);
break;

¥
else if(vertices.at(i).getStateID() == toVertex){

for(auto it=vertices.at(i).edgelList.begin(); it!=vertices.at(i).ed;
if(it->getDestinationVertexID() == fromVertex){
it->setWeight (newhWeight);

break;
}
}
}

}

cout << "Edge Weight Updated Successfully" << endl << endl;
}
else {

cout << "Edge Between " << getVertexByID(fromVertex).getStateID()

<< "and " << getVertexByID(fromVertex).getStateID() << " not existed";
}

void Graph::deleteEdgeByID(int fromVertex, int toVertex){
bool check = checkIfEdgeExistByID(fromVertex, toVertex);
if(check){
for(int i=0; i<vertices.size(); i++){
if(vertices.at(i).getStateID() == fromVertex){
for(auto it=vertices.at(i).edgelList.begin(); it!=vertices.at(i).ed;
if(it->getDestinationVertexID() == toVertex){
vertices.at(i).edgelList.erase(it);
break;

}
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else if(vertices.at(i).getStateID() == toVertex){
for(auto it=vertices.at(i).edgelist.begin(); it!=vertices.at(i).ed;
if(it->getDestinationVertexID() == fromVertex){
vertices.at(i).edgelList.erase(it);

break;
}
}
}

}

cout << "Edge Deleted Successfully" << endl << endl;
}
else {

cout << "Edge does not exist" << endl << endl;
}

void Graph::deleteVertexByID(int vid){
bool check = checkIfVertexExistByID(vid);
if(check){
int vertexIndex = 0;
for(int i=0; i<vertices.size(); i++){
if(vertices.at(i).getStateID() == vid){
vertexIndex = i;

}

for(auto it=vertices.at(vertexIndex).edgelList.begin(); it!=vertices.at(veri
deleteEdgeByID(it->getDestinationVertexID(), vid);

}

vertices.erase(vertices.begin() + vertexIndex);

cout << "Vertex Deleted Successfully" << endl;

¥
else{

cout << "Invalid Vertex ID entered." << endl;
}

void Graph::updateVertexByID(int vid, string sname){
bool check = checkIfVertexExistByID(vid);
if(check){
for(int i=0; i<vertices.size(); i++){
if(vertices.at(i).getStateID() == vid){
vertices.at(i).setStateName(sname);

break;
}

by

cout << "Vertex(State) Updated Successfully" << endl << endl;
}
else {

cout << "Invalid Vertex ID entered." << endl;
}

void Graph::printGraph(){
for(int i=0; i<vertices.size(); i++){
Vertex temp;
temp = vertices.at(i);
cout << temp.getStateName() << "(" << temp.getStateID() << ") -->";
temp.printEdgelList();
cout << endl << endl;
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int main(){

int option;

int id, id1, id2, weight;
Graph g;

string sname;

Vertex v;

do {
cout << "\nWelcome to Learning Data Structure and Algorithm" << endl;
cout << "Topic: Graph" << endl << endl;

cout << "What operation do you want to perform? "
<< "Select Option Number or Enter @ to exit." << endl << endl;

cout << "1. Add Vertex" << endl;

cout << "2. Update Vertex" << endl;

cout << "3. Delete Vertex" << endl;

cout << "4. Add Edge" << endl;

cout << "5. Update Edge" << endl;

cout << "6. Delete Edge" << endl;

cout << "7. Check if 2 Vertices are Neighbors" << endl;
cout << "8. Print All Neighbors of a Vertex" << endl;
cout << "9. Print Graph" << endl;

cout << "10. Clear Screen" << endl;
cout << "@. Exit Program" << endl;
cout << endl;
cin >> option;

cout << endl;

switch (option) {

case 0:
break;

case 1:
cout << "Add Vertex" << endl;
cout << "Enter State ID: “;
cin >> id;
cout << "Enter State Name: ";
cin >> sname;
v.setStateID(id);
v.setStateName(sname);
g.addVertex(v);
break;

case 2:
cout << "Update Vertex" << endl;
cout << "Enter ID of Vertex(State) to Update: ";
cin >> id;
cout << "Enter the new State Name: ";
cin >> sname;
g.updateVertexByID(id, sname);
break;

case 3:
cout << "Delete Vertex" << endl;
cout << "Enter ID of Vertex(State) to Delete: ";
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cin >> id;
g.deleteVertexByID(id);
break;

case 4:
cout << "Add Edge" << endl;
cout << "Enter ID of Source Vertex(State): ";
cin »>> idi;
cout << "Enter ID of Destination Vertex(State): ";
cin >> id2;
cout << "Enter Weight of Edge: ";
cin >> weight;
g.addEdgeByID(idl, id2, weight);
break;

case 5:
cout << "Update Edge" << endl;
cout << "Enter ID of Source Vertex(State): ";
cin >> idi;
cout << "Enter ID of Destination Vertex(State): ";
cin >> id2;
cout << "Enter Updated Weight of Edge: ";
cin >> weight;
g.updateEdgeByID(id1l, id2, weight);
break;

case 6:
cout << "Delete Edge" << endl;
cout << "Enter ID of Source Vertex(State): ";
cin >> id1;
cout << "Enter ID of Destination Vertex(State): ";
cin >> id2;
g.deleteEdgeByID(idl, id2);
break;

case 7:
cout << "Check if 2 Vertices are Neighbors" << endl;
break;

case 8:
cout << "Print All Neighbors of a Vertex
break;

case 9:
cout << "Print Graph" << endl;
g.printGraph();

case 10:
break;

default:
cout << "Please enter the proper option" << endl;
break;

<< endl;

}
} while ( option != 0);

return 0;

Graph Algorithm
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Complex

Terminology of graphs

Graphs/networks

In graph theory, we talk about
graphs/networks.
A graph has nodes (vertices) and edges
(ares/links).
— A typical interpretation: Nodes are
locations and.arcs are_roads.

This graph has 9 nodes and 13 edges.

Two nodes are adjacent if there is an
edge between them.
— We say they are ygmn\s

— Anode’s degree is its number of
neighbors.

Programming Design ~ Complexity and Graphs 32/54

Complex

Ling-Chich Kung (NTU IM)

Terminology of graphs

Paths

A path (route) from node s to node t is a
set of directed edges (s, v4), (v1,v2), ...,
and (Vg—1,Vg), and (v, t) such that s
and t are connected.
— s is called the source and t is called
the destination of the path.
— Sometimes we write a path as
(5,v1, V2, v, U, £).
— Direction matters!
There are at least two paths from node 8
tonode 9: (8,1,5,9) and (8,7,1,2,3,9).

Programming Design — Complexity and Graphs 34/54

Ling-Chich Kung (NTU IM)

Terminology of graphs

Cycles

A cycle (equivalent to circuit in some
textbooks) is a path whose destination
node is the source node.
— Anpath is a simple path if it is not a
cycle.
— A graph is an acyclic graph if it
contains no cycle.
There is a cycle (1,2,3,9,6).

Programming Design — Complexity and Graphs 35/54
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Complex ¢ 16}

Terminology of graphs Graph 2

Weights

* An edge may have a weight.
— A weight may be a distance, a cost
per unit item shipped, etc.
— A weighted graph is a graph whose
edges are weighted.
+ In this network, we may use edge
weights to represent distances.
— The distance of the path (8,1, 5,9) is
36. That of (8,7,1,2,3,9) is 56.

* Anode may also have a weight.

Programming Design — Complexity and Graphs 36/54 Ling-Chich Kung (NTU IM)

Graph algorithms

Graph algorithms

* As graphs can represent many things (logistic networks, power networks, social
networks, etc.), there are many interesting issues.
— How to find a shortest path from a node to another node?
— How to link all nodes while minimizing the weights of selected edges?
— How to check whether there is a cycle?
— How to find the node with the maximum degree (number of neighbors)?

— How to select the minimum number of nodes such that all nodes are either
selected or adjacent to a selected node?

* Algorithms that solve these issues on graphs are graph algorithms.
* Below we give some examples demonstrating how to use an adjacency matrix.

Programming Design — Complexity and Graphs 42/54 Ling-Chich Kung (NTU IM)

DFS

Introduc Applications of stacks Implementation of a stack

Calculator Graph search Recursio

Implementing depth-first search

* How to implement DFS?
* It is very natural to implement DFS with a stack.

— When we want to visit a new node, find an out-neighbor from the top node
of the stack. Note that the out-neighbor should be unvisited (why?).

— Once we find one node to visit, push it into the stack.

— When we reach a dead end, pop a node from the stack. This allows us to
backtrack to the previous node.

* BFS may be implemented with a queue (to be introduced in the future).

Data Structures — Stacks 37/78 Ling-Chieh Kung (NTU IM)
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Applications of stacks Imp!

Graph search Recursio

Implementing DFS with a stack

* Let’s implement DFS with a stack containing nodes.
» First, push s.
* In each iteration, we peek (not pop!) the top node u and push a node v into the
stack if (u, v) exists (i.e., v is an out-neighbor of ©) and v is unvisited.
— If no such v exists, pop the top node and continue.

— If there are multiple candidates, there should be a way to pick one out-
neighbor among them.

» Keep going until £ is pushed into the stack or the stack becomes empty.
— In the former case, the nodes in the stack gives a path from s to ¢.

— In the latter case, there is no path from s to t.

Data Structures — Stacks 38/78 Ling-Chieh Kung (NTU IM)

Introductio Applications of stacks Imple

Calc Graph search Recursio
e
Remarks ‘
\/ t
» YDFS may also be used to identify cycles in { b
a graph: Tr— s/ X
— Whenever we try to visit a node that 3 f
has been visited, we know there is a {c “d
cycle.

*  However, how to know whether a node has
it o e
— We may need the support of some other
data structures (such as an array) to
record the history of visit.

®

Data Structures — Stacks 41/78 Ling-Chich Kung (NTU IM)

HTTP/SCANFTREE.COM

Depth-First Search: The Code

DFS (G) DFS_Visit(u)

{ {
for each vertex u € G->V u->solor = GREY;
{ time = time+l;

u->d = time;

u->color = WHITE; .
for each v € u->Adj[]

}
ti 0 t
ime = 0;
if (v->color == WHITE)
for each vertex u € G->V ..
DFS_Visit (v) ;

t }

if ->col == WHITE

S ya=eghoe ) u->color = BLACK;

DFS Wisit (u); i .

) - time = time+l;

u->f = time;

Running time: Ofn’) because m}f DFS _Visit on each vertex,
and the loop over Adjf] can run as many as |V times

BFS
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Cancider the following example graph to perform BFS traversal

N

Step 1:

- Select the vertex A as staring posnt [visit A),
Insert A inta the Queus

Queue

Step 2:
- Wisit all adjacent vertices of A which are not visited (D, E. B).
- Insert newly visited vertices into tha Queue and delete A from the Queus.

Queue
DIE|B

Step 3:
- Wisit all adjacent vertices of D which are not visited (there is no vertex),
- Delete D from the Queue.

Queue

Step 4:
- Wisit all adjacent vertices of E which are not visited (C, F).
- Insert newly visited vertices into the Queue and delete E from the Queus.

Queue

Step 5:
- Wisit all adjacent vertices of B which are not visited (there is no vertex).
- Delete B from the Gueue.

Queue
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Step 6:
- Wisit all adjacent vertices of € which ara not visited (G},
- Insert newly visited vertex into the Queue and delete € from the Gueue.

Queue
F|G
Step T:
Wisit all adjacent vertices of F which are not visited (there is no vertex).
- Dalete F from the Queus
Queue
G

Step B:
- Visit all adjacent vertices of G which are not visited (there is no vertex)
Delate G from the Queue.

Queue

- Queus became Emply. 50, stop the BFS process,
- Final result of BFS is a Spanning Tree as shown below..

Graph - Spanning Tree

_ o SpingTrees ° @7
5b b0 8d ol
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Minimum Spanning Tree (MST)

Problem Select edges in a connected and undirected graph to

% form a tree that connects all the vertices (spanning tree).
{V't?\ minimize the total edge weight of the spanning tree.

Total weightof tree edges: 14

Graph algorithms

Minimum number of edges

* Those “shortest paths” (thick lines in the
graph) together form a spanning tree.

Programming Design — Complexity and Graphs

45/54 Ling-Chich Kung (NTU IM)
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Prim's Algorithm for Minimum Spanning
Tree (MST)
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A={(af) (c.f). (b f).(c.d),(de)}
Q={}

file:///C:/Users/User/Downloads/Memo_Data_Structure.html
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Prim Algorithm

A=0

foreachv e V:
KEY[V] = «
PARENT[v] = null

KEY[r] = 0

Q=V

while Q !=¢:

u = min(Q) by KEY value
Q=Q-u
if PARENT(u) !=null:
A =AU (u, PARENT(u))
foreach v € Adj(u):
if v e Q and w(u,v) < KEY[V]:
PARENT[v] = u
KEY[v] =w
return A
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Kruskals Algorithm for Minimum Spanning
Tree- Greedy method

~ Kruskal’s Algorithm
(Minimum Spanning Tree)

Graph: : Minimum Spanning Tree:
g a°‘:"‘::‘::d - Minimum possible total edge weight
-+ Weighte ;

«  All the vertices connected
No cycles z , )
Edges are a sub set of the graph edges

+  Undirected

Number of Vertices = 9
Stop when - : :
number of = (# of vertices-1)
edges of the =9-1=8
© spanning tree ;
Lecture Slides By Adil Aslam 60

Walk-Through

Select first [IVI-1 edges which do not
generate a cycle

edge | d, edge | d,
OE | 1| v (BE) | 4
DG | 2| ¥ ®BF) | 4
EC) | 3| » (BH) | 4
€Dy | 3| v (AH) | 5
GH 3| v (DF) | 6
CcH|3]| v (AB)| 8
BC) | 4| v (AF) | 10

Detect Cycle in Directed Graph
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Detect Cycle 1n a Directed Graph

(3) using
DFS
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Adja cent list (G) 0— 1,2
1—=0
2-10,3
3-3

Initially : A [ [ D

visited | false | false | false | false

recStack | false | false | false | false

isCyclicUtil{ 0), visited[ 0 ] = recStack[ 0] = true
i
isCyclicUtil{ 1), visited[ 0 ] = recStack[ 1] = true
o

isCyclicUtil{ 2 ), visited[ 2 ] = recStack[ 2 ] = true

%
recStack[ 0] is true

Cycle found

Detect Cycle in Undirected Graph

= Dedtect R 5 ) | T
= STt Lycle wm Undigected Graph
1 o= == dit i
JENNY's Yol
LECTURES ARE DES
| RFS
‘ Topo ko gical) S
‘D’LIM“" Sth

j~4S4:- ngcop
TE sny veiksx grd;s T'u qo‘jqcenl vestex with 19[«3 0, +hen 4
ing Cacl&
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p
1 0 3
2 4
Adjacentlist (g} 0-—+ 1,23
1—+0,2
2-+0,1
3-+0,4
43
isCyclicUtil{ 0,-1 ), vis[ 0 ] = true
/
isCyclicUtil{ 1,0 ), vis[ 1 ] = true
/ \‘
v[ 0]is already iscyclicutil{ 2,1), vis[ 2] = true
visited and *i = parent
/
v[ 0] is already visited and *i ! = parent
cycle found
p.

?E -

WS- O 15.0FS - PowerPoint
I oM NSERT  DESGN  TRANSIIONS  ANIMATIONS  SUDESHOW  REVIEW  VIEW

FORMAT Minsuk Heo + O
£, Edit Shape

€= ok a“uauﬂ

T lHeight o1

“\Rotate~ i Width: 071

= EXAMPLE

stack [0]
while stack:
current = stack.pop()
for neighbor in adjacencyList[current]:
if mot neighbor in visitedvertex:
stack.append (neighbor)
visitedVerte pend (current)

° return visitedvertex

2 Notes W COMMENTS

Topological Sorting for Graph
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Definition of Topological Sort

+ Given a directed graph G = (V, E) a topological sort of G is an
ordering of V such that for any edge (u, v), u comes before v in
the ordering.

Examplet:

T ®—®

* Example2:

P 2 v e

(4 3 5) (7) //\/ i,
S ﬁ@;@sw >

(2} g { ) = \\ DR -

(=) o0 (&) % TS e

TOPOLOGICAL SORTING

Consider the following Graph:

Indegree [1] =0 Check [1]=0
Indegree [2] =1 Check [2] =0
Indegree [3] =2 Check [3]=0
Indegree [4] =1 Check [4] =0
Indegree [5] =2 Check [5]=0
Indegree [6] =2 Check [6] =0
Indegree [7] =3 Check [7]=0

Connected Components
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Connected Components

= Strongly connected components
» Each node within the component can be reached from every other node in
the component by following directed links

Strongly connected components . E
BCDE c G
A & C‘
; H
D
E

* Weakly connected components:
every node can be reached from every other node by following links in either
direction a

Weakly connected components F
ABCDE A c

P ! d’o
* Inundirected networks one talks simply about
“connected components” D

(a)
A21——=(34 2 "C2/7 Jummnn((5/6 ) >
e f g h
a b a d
(b)
e f 4 h
(c)

Figure 22.9 (a) A directed graph G. Each shaded region is a strongly connected component of G.
Each vertex is labeled with its discovery and finishing times in a depth-first search. and tree edges
are shaded. (b) The graph GT, the transpose of G, with the depth-first forest computed in line 3
of STRONGLY-CONNECTED-COMPONENTS shown and tree edges shaded. Each strongly connected
component corresponds to one depth-first tree. Vertices b, ¢, g, and h, which are heavily shaded, are
the roots of the depth-first trees produced by the depth-first search of GT. (¢) The acyclic component
graph G5CC obtained by contracting all edges within each strongly connected component of G so
that only a single vertex remains in each component.
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A bridge is an edge that if removed from a
connected graph would create a
disconnected graph.

ridge A

A B B A ridge B
C c b Bridge ridge
Bridge.
D E F ¢ D
G H
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Graph Theory

Cut-edge, Cut-vertex ...

O A cut-edge or cut-vertex of a graphis an
edge or vertex whose deletion increases the
number of components

Cut-edge = Not a Cut-vertex

I

\Y

Cut-vertex

—=— Cut-edge

Ch. 1. Fundamental Concept

SSSP(Shortest Path Algorithms)

Shortest-Path Algorithms

= Find the “shortest” path
from point A to point B

= “Shortest” in time,
distance, cost, ...

= Numerous applications
= Map navigation
= Flight itineraries
= Circuit wiring
= Network routing

Cpt S 223. School of EECS, WSU 2
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Shortest Path Problems

Single-source shortest path problem

= Given a weighted graph G=(V,E), and a
source vertex s, find the minimum weighted
path from s fo every other vertexin G

Some algorithms:

Weighted:
Dijkstra’s algo

S: source Unweighted:

Simple BFS

Graph algorithms

Minimum number of edges

* To find the distances from s to all nodes, we use breadth-first search (BFS).

Let all nodes have weights representing their distances from s.
— First, we label s as 0 and all other nodes as .
— We then find the neighbors of s. Label them as 1.

— For each node whose label is 1, find its neighbors that are currently labeled
as oo, Label them as 2.

— Continue until all nodes are labeled.
* The graph should be connected (i.e., there is a path from s to any other node).

Programming Design — Complexity and Graphs 46/54 Ling-Chich Kung (NTU IM)
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e

JENNY's
LECTURES

Problem Formulation

— Compute shortest distance
from source node S to every other node 2

Many algorithms

Bellman-Ford (1957)

Dijkstra (1959)

— Chaotic relaxation (Miranker 1969)
— Delta-stepping (Meyer et al. 1998)
Common structure

— Each node has label dist
with known shortest distance from §

Key operation
— relax-edge(u,v)

L]

if dist(A) + W, < dist(C)
dist(C) = dist(A) + W,
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Single Source Shortest Path

* Dijkstra’s Algorithm
— Label Path length to each vertex as « (or 0 for the start vertex)

— Loop while there is a vertex
* Remove up the vertex with minimum path length
* Check anc quired update the path length of its adjacent
neighbors Update rule:
Let ‘a’ be the vertex removed and ‘b’ be its adjacent vertex
— end IOOp Let ‘e’ be the edge connecting a to b.
if (a.pathLength + e.weight < b.pathLength)
b.pathLength<a.PathLength + e.weight
b.parent < a

“Dijkstra’s Rules

Rule 1: Make sure there is no negative edges. Set distance to source vertex as zero and set all other distances to infinity.
Rule 2: Relax all vertices adjacent to the current vertex.

Rule 3: Choose the closest vertex as next current vertex.

Rule 4: Repeat Rule2 and Rule 3 until the queue or reach the destination.

If (D[C] + D[AdjEdge]} < D [Adj]) {Update Adj’s D with new shortest path}

=V | A B C D E F
D=2 D=w .

4 5

A 04 44 oA oA 0A

24 lese

Bellman Ford Algorithm
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- Bellman-Ford algorithm

d[s] « 0

for cachve V- {s} initialization
do d|v] ¢ o

fori—1to|V]|—1

do for each edge (i, v) € £
do if d[v] = d[u] + w(u, v) relaxation
then d[v] < d[u] +w(u, v) step
for each edge (1, v) € £
do if d[v] > d[u] + w(u, v)
then report that a negative-weight cycle exists
At the end, d[v] = 6(s, v), if no negative-weight cycles.
Time = O(VE).

Algorithms LIE.4

Bellman- Ford Algorithm RELAX,v. 1)

I ifv.d>wu.d+ w(u.v)

vid = u.d+ w(u,v)
v =u

w R

2 fori =1to|G.V|—1
for each edge (1,v) € G.E
RELCAX (u, v, w)

AW

(s.h) (s.2) (tx) (Ly) (t2) ZX) @ZY) X1 (.s) (v.x)
el

Floyd Warshall Algorithm (All Pair Shortest
Path algorithm)

) Warshall Algorithm Finalpds - Adobe Reader - - & . . - "B = - - - - r-
=

File Edit View Window Help

SRZEEE| ®®[s|mw| @[] HB| e @ Tools . Sign | Comment

Floyd’s Algorithm: All pairs shortest paths

a b ¢ d a b ¢ d
@|0 = 3 a|0 10 3 4 t
Lopl2 0 e e b2 0 5 6
W=ile 7 0 1 b=tcl7 7 01 =
d[6 o~ o 0 d|6 16 9 0 )

(b) (©)
FIGURE 8.5 (a) Digraph. (b) Its weight matrix. (c) Its distance matrix.
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FLOYD-WARSHALL(W)
1. n < rows|W|

2. D) W

3. for k< 1ton

4. do fori < 1ton

5 do for j <« 1ton

: A = min(dlf ™, dli™) + dfs™)
7. return D™

Search Algorithm

Scarching and sorting

Linear search vs. binary search

* In binary search, the number of instructions to be executed is roughly
proportional to log, 7.
* So binary search is much more efficient than linear search!
— The difference is huge is the array is large.
— However, binary search is possible only if the array is sorted.
— Is it worthwhile to sort an array before we search it?
» Itis natural to implement binary search with recursion.
— A subproblem is to search for the element in one half of the array.
* Binary search can also be implemented with repetition.

— Is it natural to do so?

Programming Design - Algorithms and Recursion 3$/43 Ling-Chich Kung (NTU IM)

Linear Search

#include <iostream>

using namespace std;

void linearSearch(int arr[], int n);
int main(){

int arr[5] = {1, 22, 34, 5, 7};
int searchNum;

cout << "Please enter a number to search: ";
cin >> searchNum;

linearSearch(arr, searchNum);

return 0;

void linearSearch(int arr[], int searchNum){
int found = -1;
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for(int i = 0; i < 5; i++){

if(arr[i] == searchNum){
cout << "Found at index: " << i << endl;
found = 1;
¥
¥
if(found == -1){
cout << "Not Found" << endl;
}

Binary Search in sorted Array

BINARY SEARCH ALGORITHM
C++ PROGRAM

Find - '75"'

I1 | IE |12|14|23|34|55|65

6

0o 1 > 3 4 5
Iteration 1 - 1 T
arr[mid]<7'

7 8 9

]

Interation 3-

X SIMPLE SNIPPETS

#include <iostream>
using namespace std;

A
- Tanmay Sakpal

int binarySearch(int arr[], int left, int right, int n);

int main(){

int myArr[10];
int searchNum;
int index;

cout << "Please enter 10 numbers in ASCENDING order" << endl;

for(int i=0; i<10; i++){
cin >> myArr[i];

}

cout << endl;

cout << "Please enter a number to search: ";
cin >> searchNum;

cout << endl;

index = binarySearch(myArr, 0, 9, searchNum);

if(index == -1){

cout << "No Match Found" << endl;
}
else {
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cout << "Found at index: << index << endl;

return 0;

int binarySearch(int arr[], int left, int right, int x){

while(left <= right){
int mid = left + (right - right)/2;
if(arr[mid] == x){
return mid;
}
else if(arr[mid] < x){
left = mid + 1;

}
else {
right = mid - 1;
}
}
return -1;

Scarching and sorting

Binary search: pseudocode

binarySearch(a sorted array A, search in between from and o, search for p)
ifn=1
return true if A
else
let median be floor((from + to) / 2)
ifp = Apedian
return true
elseifp <A, um
return binarySearch(A, from, median, p)
else
return binarySearch(A, median + 1, to, p)

p: return false otherwise

from

Programming Design — Algorithms and Recursion 34743 Ling-Chich Kung (NTU IM)

#include <iostream>
using namespace std;

int binarySearch(int arr[], int left, int right, int n);
int main(){

int myArr[10];
int searchNum;
int index;

cout << "Please enter 10 numbers in ASCENDING order" << endl;
for(int i=0; i<10; i++){

cin >> myArr[i];
¥

cout << endl;

file:///C:/Users/User/Downloads/Memo_Data_Structure.html 138/160



1/23/23, 12:05 AM Memo_Data_Structure

cout << "Please enter a number to search: ";
cin >> searchNum;
cout << endl;

index = binarySearch(myArr, 0, 9, searchNum);

if(index == -1){
cout << "No Match Found" << endl;
}
else {
cout << "Found at index: " << index << endl;
}
return 0;

int binarySearch(int arr[], int left, int right, int x){

while(left <= right){
int mid = left + (right - right)/2;
if(arr[mid] == x){
return mid;
}
else if(arr[mid] < x){
return binarySearch(arr, mid + 1, right, x);

}
else {

return binarySearch(arr, left, mid - 1, x);
}

return -1;

Sort Algorithm
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Sorting Algorithm

Insertion Sort

Selection Sort

Bubble Sort

Merge Sort

Quicksort

Heapsort

Counting Sort

Radix Sort

Memo_Data_Structure

Q(n) 8(m?d) 0(n?)
Q@3 a(m?) 0(@m?®
Q(n) 8(nd) 0(n?)

Q(nlog(m)) O(nlog(n)) O(mlog(n))

Q(nlog(n)) B(nlog(n)) om"R)

Q(nlog(n)) 8(n log(n)) O(n log(m))

Q(n+k) 8(n+k) 0(n+k)

Q(nk) ®(nk) 0(nk)

C++’s Sort Methods

» Designed to optimize the average performance.
* std:sort()

Modified Quick sort.
Heap Sort

when the number of subdivision exceed clogn
Insertion Sort

when the‘ﬁgment size becomes small

« std:stable_sort()

Merge Sort.

Insertion Sort
when the segment size becomes small

« std::partial_sort()

Heap Sort.

Sorting in Array
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Here are the two C++ implementations to use for your tracing exercise. First is a Selection Sort

1 template<class T> void sort(T* a, int n)
2 { for (int i=0; i < n- i+4)

3 { int min=1;

4 for (int j=i+1; j < n; j++)
5 if (alj]l < almin]) min = j;
(3]
7
8

b

swap(almin], a[il);

i

The second is an Insertion Sort:

template<class T> void [sort(T# a, int n)
{ for (int i=1, j; i < n; i++)
{ T temp = alil;
for (j=i; j » @ && alj-1] > temp; j--)
aljl = alj-1];
alj]l = temp;
}

Co ~ O N & WM —

}

Selection Sort

SELECTION SORT ALGORITHM
(C++ PROGRAM)

void selectionSort(int arr[])

{
Starting index = 2| in value index = 3 :or(int i=0;ic4;i++)
|_| [ int min = i;
: for(int j=i+1;j<5;j++)
1 {
1 {
I in=j;
0o 1:2 3 4 | s
1
1 ‘f_f if(minl=i)
' SWAP
: int temp=arr[min];
arr[min] = arr[i];
sub arra; sub arra }
}
}
€ SIMPLE SNIPPETS - Tanmay Sakpal

Insertion Sort
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LnseytionSert ( A,m
g *For Le— 1 4o -1

Value =— AT ]J
ﬁo{e_.g_ L
While/ hode >p 4$A[/\ade-ij>v¢(lue>
{ A[Aolejé—- A[Aole-i_]
hode «— hode-1

A[hode] =— value

}J

\{mid insertionsort(int arr[])

int key;
Shift 7 & 9 one index to the righ int j =@;
for(int i=1;i<5;i++)
{

key=arr[i];

I
‘ - j=i-1;
n.nnn ik s i
g {
i arr[j+1] = arr[j1;
1 3=3j-1;
m ' un-sorteolliAENUR
: = = arr[j+1] = key;
sub arra insert 6 at J.ndex = 1 sub arrayjil
)
}

Insertion Sort
l 35[ 12[ 59 [ 45 [ 72 | 51 ] L l 121 451 59 l 85 l 72 l 51 ] aort 48 n
T 1st item T that place
M 85>12 , shift C b/ 85>72 , shift
Cl l ssl 59[ 451 72| 51 ] R0 the Hoht Cl 121 451 591 l 55\ 51 ] it to the right
59<72, so
80 insert 12 LR
l 12[ 85[ 59 l 45 1 72 | 51 ] in that place l 121 451 59 l 72 l 85 \ 51 ] m:?;lziem
C b/ 85559 , shift Al 85251 , shift
C 12 85| 45| 72| 51 it to the right 12| 45| 59 | 72 85 it to the right
12<59, —
l 12[ 59[ 85 l 45 l 72 | 51 ] insert 59 In ¥ T
C T GEBIEse 12[ 45 [ 59 [ [ 72 I 85 ] it to the right
Y ) —
l 12[ 59[ l 351 72| 51 ] it the gt C ¥ cost ani
C T l 12] iE ] ] 59[ Za \ 2 I it to the right
\J i C 45<51, so
l 12[ 59[ 851 72| 51 ‘ 1o the right l 121 451 51 l 59 l 72 lss ] insert 51 in
S that place
© wiresource.com
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Scarching and sorting

(Non-repetitive) insertion sort \ -

I

* The pseudocode: G 4
insertionSort(a non-repetitive array 4, the array length », an index cutoff < n)
at any time, 4, .1 sorted and 4,7+ 1., is unsorted
I Ao+ 1 < At.cuop
letp be 1
else

find p such that 4, | <A1 <4,
insert A+ 1 10 A, and shift 4, 710 Ay 1) curogr+ 1y

ifcutoff + 1 <n
insertionSort(4, n, cutoff + 1)

*  Whatif 4 is repetitive?

Programming Design — Algorithms and Recursion 38/43 Ling-Chich Kung (NTU IM)

Bubble Sort
BUBBLE SORT ALGORITHM

void bubblesort{int a[])

- {
EBubble Sor for{imt i=8; LeS;iss)

arger elements shift to the end) {

for{int f=0; Je(5-1-1); J++)

if(aff]-ali#1])

; {
(7]3]6]2f0 {
: int temp s afj]:
' I = afj*i];
0 1 2 il :;31” ‘[1.:;__;;
, ol LY [ Y e T
sub_array : . 3
}

OPTIMIZED BUBBLE SORT ALGORITHM

void cptimizedbubbleSort{int a[])

int rounds=g;

lBRubble Sor for(int i=e; i<5;i++)
i,
[Larger elements shift to the end EZ:"?IZ;; = false;

for(int j=0; je(5-i-1); j++)

if(a[j)>ali+1])

{
flag=true;
int temp = a[j];

g 7[3]6]2
g 1.2 3 }
Un-Sorted| l Al Al A if (flag==Ffalse)
{
sub arrayi sub arra | brest

cout<<"No of rounds : “<<rounds<<endl;

a[j] = a(inl;
a[j+1] = temp;

#include <iostream>
using namespace std;

void display(int* arr, int n);
void selectionSort(int* arr, int n);

void insertionSort(int* arr, int n);
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void bubbleSort(int* arr, int n);
int main(){

int option;
int arraySize;

do {
cout << "Welcome to Learning C++ Data Structure and Algorithm" << endl;
cout << "Topic: Sorting Algorithm" << endl << endl;

cout << "1. Selection Sort" << endl;
cout << "2. Insertion Sort" << endl;
cout << "3. Bubble Sort" << endl;

cout << "@. Exit" << endl;

cout << endl;

cout << "Select Your Option Number: ";
cin >> option;

cout << endl;

if(option==0){
break;

cout << "Enter your array size: ";
cin >> arraySize;

int arr[arraySize];
cout << "\nEnter "

<< arraySize << " numbers in random order: << endl;
for(int i = 9; i < arraySize; i++){
cin >> arr[i];

}

cout << endl;

switch(option){

//case 0://Quit

// break;

case 1://Selection Sort
selectionSort(arr, arraySize);
display(arr, arraySize);
break;

case 2://Insertion Sort
insertionSort(arr, arraySize);
display(arr, arraySize);
break;

case 3://Bubble Sort
bubbleSort(arr, arraySize);
display(arr, arraySize);
break;

default:
cout << "Enter the proper option number" << endl;
cout << endl;
break;

}
} while (option != 9);

return 0;
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void display(int* arr, int n){

cout << "The Sorted Array: " << endl;
for(int i=0; i<n; i++){

cout << arr[i] << " ";
}

cout << endl << endl << endl;

void selectionSort(int* arr, int n){
for(int i=0; i < n-1; i++){

int min = i;

for(int j=i+1; j<n; j++){
if(arr[min] > arr[j]){

min = j;

}

}

if (min != i){
int temp = arr[min];
arr[min] = arr[i];
arr[i] = temp;

void insertionSort(int* arr, int n){
for(int i=1; i<=n-1; i++){

int key = arr[i];

int hole = i;

while(hole>=0 && arr[hole-1]>key){
arr[hole] = arr[hole-1];
hole = hole-1;

}

arr[hole] = key;

/*
void bubbleSort(int* arr, int n){
for(int i=0; i<n-1; i++){
for(int j=0; j<n-i-1; j++){
if(arr[j] > arr[j+1]){
int temp = arr[j];
arr[j] = arr[j+1];
arr[j+1] = temp;

}
*/

//Optimized Bubble Sort Algorithm
void bubbleSort(int* arr, int n){
for(int i=0; i<n-1; i++){
bool swapFlag = false;
for(int j=0; j<n-i-1; j++){
if(arr[j] > arr[j+1]){
swapFlag = true;
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int temp = arr[j];
arr[j] = arr[j+1];
arr[j+1] = temp;

}
if(swapFlag==false){
break;

Merge Sort

Mar?&59vt (A)
AlE]e]2lals]e]z]2] M Aemgin(a)
% (M <) retuvn
Miof e N

IY
BHER Aegt o array of size(mic)
o - 2. 3
P

O 4 2 3 4y 5§ ¢

=] a 2 3 T!‘?A_ZL<_- a"kdy Dj S‘.éc‘/’n‘mlvd)
T P ~ for le— o o "o~ 1
A , 0
o st
2 K o~ A A Fight [i_miol] e Af:
B EEBEEBE Bl B gt

f")er?as‘,,ﬂ_ (L&j'i)
M(’_)’?&So‘rt (vight)
Mevge (legt, vighi, A)
mycodeschool.com

MERGE SORT ALGORITHM
(C++ PROGRAM)

/* L is for Left index and r is right index of the
rr to be sorted */|
void mergesort(int arr[], int 1, int r)

{

sub-array o

if(l<nr)

{

2.mS(arr,0,2) 7.mS(arr,3,4)
m=1 m=3

// find midpoint

int m o= (1+r)/2;

=R // recurcive mergesort first and second halves
mergeSort(arr, 1, m);

0
ﬂ mergesort(arr, m+l, r);
3179 2|6
3.ms(arr,0,1) 6.ms(arr,2,2) 8.ms(arr,3,3) |9.ms(arr,4,4) // merge
ms(ar merge(arr,1,m,r);
¥
3 2
4.ms(arr,0,0) 5.mS(arr,1,1)
)

L e
o1 @
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Scarching and sorting

Mergesort (Merge sort): pseudocode

mergeSort(an array A, the array length n)
let median be floor((1 +n)/2)

/' mergeSort(A; i median) // now A

Y'mergeSort(A egian + 1. 1 — median + 1) // now A,

\/mel'ge A\ median a0d A

iian 18 sorted

how?

(median + 1)..n

is sorted

; % &
(| 3§ E/Lﬁw

1
A

\”

Programming Design — Algorithms and Recursion 42/43

Scarching and sorting

Ling-Chich Kung (NTU IM)

Mergesort (Merge sort)

* Interestingly, insertion sort is a special way of running mergesort.
— Not splitting the array into two halves.
— Instead, splitting it into A[1..n — 1] and A[n].
*  Once we use the “smart split”, the efficiency is improved a lot!
— Insertion sort: Roughly proportional to n2.
— Merge sort: Roughly proportional to n log n.
* Asimple observation can make a huge difference!

Programming Design — Algorithms and Recursion 43

#include <iostream>
using namespace std;

void display(int* arr, int n);

void mergeSort(int* arr, int 1, int r, int n);

int main(){

int arraySize;

cout << "Welcome to Learning C++ Data Structure and Algorithm" << endl;

Ling-Chich Kung (NTU IM)

cout << "Topic: MergeSorting Algorithm" << endl << endl;

cout << "Enter your array size: ";
cin >> arraySize;
int arr[arraySize];
cout << "\nEnter

<< arraySize <<
for(int i = @; i < arraySize; i++){

cin >> arr[i];

}

cout << endl;

numbers in random order:

mergeSort(arr, 0, (arraySize-1), arraySize);
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display(arr, arraySize);

return 0;

void display(int* arr, int n){

cout << "The Sorted Array: << endl;

for(int i=0; i<n; i++){

cout << arr[i] << ;

}

cout << endl << endl << endl;

void merge(int* arr, int 1, int m, int r, int n){

}

int i = 1;
int j = m+1;
int k = 1;
int temp[n];

while(i<=m && j<=r){
if(arr[i] <= arr[j]){
temp[k] = arr[i];

i++;
}
else {
temp[k] = arr[j];
J++;
}
k++;
}
if(is>m){
while(j<=r){
temp[k] = arr[j];
J++;
k++;
¥
}
else {
while(i<=m){
temp[k] = arr[i];
i++;
k++;
}
}

for(k=1; k<=r; k++){
arr[k] = temp[k];
}

void mergeSort(int* arr, int 1, int r, int n){

}

if(1l<r){
intm=14+ (r -1) / 2;
mergeSort(arr, 1, m, n);
mergeSort(arr, m+l, r, n);
merge(arr, 1, m, r, n);
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Quick Sort
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mycodeschool.com

QUICK SORT
ALGORITHM

QuickSort{arr(], 5, &)
]

el e §
peden

' Hﬁcﬂ

|:| Partition(arr].s.e)
QuickSort{arr], 5. (p-1))
QuickSort(arr], (p+1), ¢)

#include <iostream>
using namespace std;

void display(int* arr, int n);
void quickSort(int* arr, int 1, int r);
int main(){

int arraySize;

cout << "Welcome to Learning C++ Data Structure and Algorithm" << endl;
cout << "Topic: QuickSorting Algorithm" << endl << endl;

cout << "Enter your array size: ";
cin >> arraySize;

int arr[arraySize];

cout << "\nEnter " << arraySize <<

numbers in random order: << endl;

for(int i = 9; i < arraySize; i++){
cin >> arr[i];

}

cout << endl;

quickSort(arr, 0, (arraySize-1));

display(arr, arraySize);

file:///C:/Users/User/Downloads/Memo_Data_Structure.html 149/160



1/23/23, 12:05 AM

return 0;

void display(int* arr, int n){

int

cout << "The Sorted Array:
for(int i=0; i<n; i++){

cout << arr[i] << 5

}

cout << endl << endl << endl;

Memo_Data_Structure

<< endl;

partition(int* arr, int 1, int r){

int pivot = arr[r];
int pIndex = 1;
for(int i=1; i<r; i++){
if(arr[i]<=pivot){
int temp = arr[i];

arr[i] = arr[pIndex];

arr[pIndex] = temp;
pIndex++;

}

int temp = arr[r];
arr[r] = arr[pIndex];
arr[pIndex] = temp;

return pIndex;

void quickSort(int* arr, int 1, int r){

if(1<r){

int pIndex = partition(arr, 1, r);
quickSort(arr, 1, pIndex-1);
quickSort(arr, pIndex+l, r);

Counting Sort

Pseudocode - "
CountingSort()

1
1.take input_arrayfsize]

2. create output_arr.
3.take range (or no of unique elements)

4, for(int i=0t
4,1 count_a

5. for{int i = 0 to i<size)
5.1 +=+count_array[input_arrayi]]

S.forfinti=1toi<

7.1 output_: count_arraylinput_arraylilll =input_array{il

8. for(i=0t
8.1 input output_arrayil

}
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Key-indexed counting

Task: sort an array a[] of N integers between 0 and R-1

Plan: produce sorted result in array temp| ]

1. Count frequencies of each letter using key as index

2. Compute frequency cumulates

3. Access cumulates using key as index to find record positions.
4, Copy back into original array

al] temp[]
. 0fa 0|a
int N = a.length; . .
int[] count = new int[R]; 2 2
2| b count[] 2| b
ount _>for (int i = 0; i < N; i++) 3|b a n 3B
frequencies count[a[i]+1]++; s b[s| 4
5| c c n 5|¢
compute i = . o
cumul?ﬂmg —» for (int k = 1; k < 256; k++) 6|a 4 H 6|a
count[k] += count[k-1]; 7[a e n 7[a
8| e £ 8|le
movi‘ for (int i = 0; i < N; i++) oz oz
records il++ = i
temp[count[a[i]++]] a[i] 10l 2 w0l F
copy back _>f0r (int i = 0; i < N; i++) 11 £ 11 £

a[i] = temp[i];

#include <iostream>
#include <string>
using namespace std;

void display(int* arr, int n);
void countingSort(int* arr, int n);
int main(){

cout << "Welcome to Learning C++ Data Structure and Algorithm" << endl;
cout << "Topic: CountingSorting Algorithm" << endl << endl;

int arraySize = 9;

cout << "Enter your array size: ";

cin >> arraySize;

int arr[arraySize];

cout << "\nEnter " << arraySize << " numbers in random order in range 0-9: " <«

for(int i = ©; i < arraySize; i++){
cin >> arr[i];
}

cout << endl;
countingSort(arr, arraySize);
display(arr, arraySize);

return 0;

void display(int* arr, int n){
cout << "The Sorted Array:
for(int i=0; i<n; i++){

cout << arr[i] << 5

<< endl;
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}

cout << endl << endl << endl;

void countingSort(int* arr, int n){
int countArray[10] = {0};
int outputArray[n];

// to take a count of all elements in the input array
for(int i=0; i<n; i++){
++countArray[arr[i]];

// update countArray to get the position in the outputArray
for(int i=1; i<10; i++){
countArray[i] = countArray[i] + countArray[i-1];

// placing inputArray elements into outputAarray
for(int i=n-1; i»>=0; i--){
outputArray[--countArray[arr[i]]] = arr[i];

for(int i=0; i<n; i++){
arr[i] = outputArray[i];

Radix Sort

void CountingSort(int arr[], int size, int div)
{
int output[size];
int count[10] = {0};
for (int i = @; i < size; i++)
count[ (arr[i]/div)%1@ J++;
for (int i = 1; i < 10; i++)
count[i] += count[i - 1];

rmeeeo | ALGORITHM
{

output[count[ (arr[i]/div)%1@ ] - 1] = arr[i];
count[ (arr[i]/div)%1@ ]--;

for (int i 0; i < size; i++)
arr[i] output[i];
3
void RadixSort(int arr[], int size)
{
int m = getMax(arr, size);
for (int div = 1; m/div > @; div *= 10)

CountingSort(arr, size, div);
}

[ ] X SIMPLE SNIPPETS
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Let's Say The Given Array Is This :-

[326

453 |608 | 835 | 751 |435 704 1690 ]
First, Consider The One's Place :-
[32@ 453 |608 |835 |751 {435 704

690 ]

Now Sort the above array on the basis of digits on one's place

[ 690 | 751 [453 |704 |835 [435 |326 |608 ]
Observe That 835 has before 90 this is
because it appeared before in the
original array.

Now Consider the 10's Place :-
704 326

690

\.

751

453

835

435

608

/

Now Sort the above arrayon t

he basis of digits on 10 's place

7

~

704 | 608 |326 | 835 [435 (751 |453 ]690
Now Consider the 100's Place :-
V 704 | 608 |326 | 835 [435 (751 453 690 ‘
;Vow Sort the above array on the basis of digits on 100's place‘

4

326

435

\

453

608

690

704

751

835

#include <iostream>
#include <string>
using namespace std;

void display(int* arr, int

n);

Array Is Now Sorted

void radixSort(int* arr, int n);

int main(){

cout << "Welcome to Learning C++ Data Structure and Algorithm" << endl;
cout << "Topic: RadixSorting Algorithm" << endl << endl;

int arraySize
int countSize

0;
10;

cout << "Enter your array size:

cin >> arraySize;
int arr[arraySize];

cout << "\nEnter " << arraySize <<

for(int 1 = 9; i < arraySize; i++){

cin >> arr[i];
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}

cout << endl;
radixSort(arr, arraySize);
display(arr, arraySize);

return 0;

void display(int* arr, int n){
cout << "The Sorted Array:
for(int i=0; i<n; i++){

uwon

cout << arr[i] << 5

<< endl;

}

cout << endl << endl << endl;

void countSort(int* arr, int n, int pos){
int countArray[10] = {0}; // initialize with "0"
int outputArray[n];

// to take a count of all elements in the input array
for(int i=0; i<n; i++){
++countArray[ (arr[i]/pos) % 10];

// update countArray to get the position in the outputArray
for(int i=1; i<10; i++){
countArray[i] = countArray[i] + countArray[i-1];

// placing inputArray elements into outputAarray
for(int i=n-1; i»>=0; i--){
outputArray[--countArray[(arr[i]/pos) % 10]] = arr[i];

for(int i=0; i<n; i++){
arr[i] = outputArray[i];

int getMax(int* arr, int n){
int maxNumber = arr[0];
for(int i=1; i<n; i++){

if(maxNumber<arr[i]){
maxNumber = arr[i];

}

return maxNumber;

void radixSort(int* arr, int n){
int maxNumber = getMax(arr, n);

for(int pos=1; maxNumber/pos>0; pos *= 10){
countSort(arr, n, pos);
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Bucket Sort

17
18

Analysis of Bucket Sort

Bucket-Sort(A)

1. LetB[0...n-1] be a new array
2. n=length[A]
3. fori=0ton-1
4, make B[i] an empty list St Siandb
5. fori=1ton takes O (n)
6. do insert A[i] into list B[ floor of n A[i] ] time
: Step 7 and 8

7. fori=0ton-1 ke O
8. dosortlist B[i] with Insertion-Sort log(n/k) time
9. Concatenate lists B[0], B[1],...,B[n-1] } Shop O Fakes

together in order 0(k) time

In total Bucket sort takes : O(n) (if k=6(n))

Shell Sort
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SHELL SORT ALGORITHM
(C++ PROGRAM)

Shell Sor void ShellSort(int arr[], int n)
{

Swap elements which are at for(int gap=n/2;gap>@;gap /= 2)
interval positions from each othe: {

In (size of array) = 9

for(int j = gap;j<n;j+=1)

int temp = arr[j];

gap/interval = n/2 = 4 int i=0;
for(i=j;(i>=gap)&&(arr[i-gap]>temp);i-=gap)
EEQ) | 75 |js02][ 90 |[EZY [ 2 |[24[[45] 7 | ‘}arrm:arru-gam;
0 1 2 3 4 5 6 7 8 5 arr[i] = temp;
| A }

Compare these 2 elements that are at gap/interval distance form each other
& perform swapping/shifting based on bubble or insertion sort

3K SIMPLE SNIPPETS

#include <iostream>

#include <string>

using namespace std;

void display(int* arr, int n);
void shellSort(int* arr, int n);

int main(){

cout << "Welcome to Learning C++ Data Structure and Algorithm" << endl;
cout << "Topic: shellSorting Algorithm" << endl << endl;

int arraySize
int countSize

0;
10;

n

cout << "Enter your array size: ";
cin >> arraySize;

int arr[arraySize];

cout << "\nEnter " << arraySize <<

numbers in random order: << endl;

for(int 1 = 0; i < arraySize; i++){
cin >> arr[i];

}

cout << endl;
shellSort(arr, arraySize);
display(arr, arraySize);

return 0;

void display(int* arr, int n){
cout << "The Sorted Array:
for(int i=0; i<n; i++){

cout << arr[i] << 5

<< endl;

}

cout << endl << endl << endl;
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void countSort(int* arr, int n, int pos){
int countArray[10] = {0}; // initialize with "©0"
int outputArray[n];

// to take a count of all elements in the input array
for(int i=0; i<n; i++){

++countArray[ (arr[i]/pos) % 10];
}

// update countArray to get the position in the outputArray
for(int i=1; i<10; i++){
countArray[i] = countArray[i] + countArray[i-1];

}

// placing inputArray elements into outputAarray

for(int i=n-1; i»>=0; i--){
outputArray[--countArray[(arr[i]/pos) % 10]] = arr[i];

}

for(int i=0; i<n; i++){
arr[i] = outputArray[i];

}

void shellSort(int* arr, int n){
for(int gap=n/2; gap>0; gap/=2){
for(int j=gap; j<n; j++){
for(int i=j-gap; i»>=0; i-=gap){
if(arr[i+gap] > arr[i]){

break;

}

else{
int temp = arr[i];
arr[i] = arr[i+gap];
arr[i+gap] = temp;

}
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Heap Sort

HEAPSORT SORTING ALGORITHM (C++ Program)

EXTRACT | e wowsorco
MIN P & s ;.intr!e‘m:[capac%ty] o
for( j= jecapacity)
HEAP | HEAPIFY Sstmeliizasencsling

@

/\
® O

Hashing

Hash o‘/-g%‘olnterviewB\t
Table
Hash Table
Index Value
Key 1 Hash Value 1 0
F ‘ 2 b
Key 2 T HashValue 2
2 Null
Hash Value 3 3
Key 3
- Hash Value n
Key n n
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Hash Function

buckets

hash(‘a’) & 7

o
—
(@]
o
E-
rQ

Division method Mid Square Digit Folding
Method Method

www.educba.com

Static Hash
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Static Hashing

* # primary pages fixed, allocated sequentially,
never de-allocated; overflow pages if needed.

* h(k) MOD N= bucket to which data entry with
key kbelongs. (N = # of buckets)

h(key) mod N

N-1 ...
Primary bucket pages Overflow pages

Static Hashing

% A bucket is a unit of storage containing one or more
records (a bucket is typically a disk block).

« In a hash file organization we obtain the bucket of a record
directly from its search-key value using a hash function.

« Hash function I is a function from the set of all search-key
values K to the set of all bucket addresses B.

< Hash function is used to locate records for access, insertion
as well as deletion.

+ Records with different search-key values may be mapped
to the same bucket; thus entire bucket has to be searched
sequentially to locate a record.

-- Memo End --
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