
Hello, my friendly C++ teacher. We are starting a new 
course on Data Structures and Algorithms. You'll remember 
to comment on any code you write clearly and generously 
so I can follow along. This is one of the auxiliary courses to 
our main program on C++. I'll always have a new question 
after your replies, so for the sake of saving space for my 
logs, avoid asking me to let you know if I have more 
questions, at the end of your answers. On my next prompt 
I'll give the first topic, are you ready? 

Hello! I'm happy to help you learn about data structures and 
algorithms in C++. I'll be sure to add plenty of comments to any 
code I write, to help make it clear what's going on. Feel free to ask 
me any questions you have, and I'll do my best to provide clear 
and detailed explanations. I am ready for the first topic, go ahead! 
 
Let's begin the lecture with an introduction to Data 
Structures. 
 
Sure! In computer science, a data structure is a way of organizing 
and storing data in a computer so that it can be accessed and 
modified efficiently. Different types of data structures are suited to 
different kinds of applications, and some are highly specialized to 
specific tasks. 
Some common examples of data structures include: 

●​Arrays: A basic data structure that stores a fixed-size 
collection of elements, each identified by an index. 

●​Linked Lists: A data structure that consists of a sequence of 
elements, each containing a reference to the next element in 
the sequence. 

●​Stacks and Queues: Data structures that store a collection of 
elements, but with different access restrictions. Stack allows 
access only to the last element (LIFO) and Queue allows 



access only to the first element (FIFO) 
●​Trees: A data structure that simulates a hierarchical tree 

structure, with a set of linked nodes. 
●​Hash Tables: Data structure that provides an efficient way to 

store and retrieve data by using a "hash function" to map 
keys to array indices. 

Data structures are often implemented as classes or templates in 
C++, and they typically have associated algorithms for inserting, 
deleting, and searching for elements. 
In this course, we will discuss various data structures and the 
algorithms that can be used with them in more detail, including 
the advantages and disadvantages of each data structure, and when 
to use them. 
Do you have any question or specific topic that you want to start 
with? 
 
Now an introduction for algorithms. 
 
An algorithm is a step-by-step procedure for solving a problem or 
completing a task. Algorithms are implemented as sequences of 
instructions that a computer can execute, and they can be 
implemented in many different programming languages, including 
C++. 
An algorithm is a set of instructions that can be followed to 
perform a specific task. In computer science, algorithms are 
usually expressed as a sequence of steps and are used to solve 
computational problems, such as sorting data, searching for 
information, or performing mathematical calculations. 
There are many different types of algorithms, but some common 
ones include: 

●​Sorting algorithms: These algorithms are used to arrange data 
in a particular order, such as ascending or descending. 



Examples include bubble sort, insertion sort, and quicksort. 
●​Searching algorithms: These algorithms are used to find an 

item or a group of items from a collection of data. Examples 
include linear search and binary search. 

●​Graph algorithms: These algorithms are used to process data 
that is represented in the form of a graph, such as finding the 
shortest path between two nodes. 

●​Divide and conquer algorithms: These algorithms involve 
breaking down a problem into smaller subproblems that can 
be solved independently and then combined to solve the 
original problem. Examples include merge sort and the 
quick-sort algorithm. 

●​Dynamic Programming algorithms: These algorithms are 
used to solve complex problems by breaking them down into 
simpler subproblems that can be solved independently and 
then combining their solutions. 

Algorithms are usually designed to be run on a computer, and they 
are often implemented in code. The efficiency of an algorithm is 
usually measured in terms of its time and space complexity. Time 
complexity refers to the amount of time it takes an algorithm to 
complete, while space complexity refers to the amount of memory 
an algorithm uses. 
Let me know if you have any specific algorithm or any question in 
mind. 
 
Expand on how data structures and algorithms relate. 
 
Data structures and algorithms are closely related concepts in 
computer science. A data structure is a way of organizing and 
storing data in a computer, while an algorithm is a step-by-step 
procedure for solving a problem or completing a task. 
Algorithms are often designed to work with specific data 
structures, and the choice of data structure can have a big impact 



on the efficiency of an algorithm. For example, some algorithms 
are designed to work with arrays, while others are better suited to 
linked lists. Additionally, the choice of data structure can affect 
the time and space complexity of an algorithm. 
For example, consider the task of searching for an element in a 
collection of data. If the data is stored in an unordered array, a 
simple linear search algorithm may be used, which examines each 
element in the array one at a time until it finds the target element. 
The time complexity of this algorithm would be O(n), where n is 
the number of elements in the array. However, if the data is stored 
in a binary search tree, a different algorithm, such as binary 
search, can be used to quickly find the element. The time 
complexity of this algorithm is O(log n), which is much faster 
than linear search in the worst case scenario. 
Another example is sorting data, we have many sorting algorithms 
like bubble sort, insertion sort and quicksort, each of them have 
their own time and space complexity, so when we are given a data 
set with a specific amount of elements and a specific task, we can 
pick the sorting algorithm that fits the best. 
In general, data structures and algorithms work together to allow 
us to perform a wide variety of tasks efficiently, and the choice of 
data structure and algorithm can have a big impact on the 
performance of a program. 
 
Ah, so this is the part where we talk about that "big O 
notation" I heard about before. 
 
Yes, "big O notation" is a way of describing the performance of an 
algorithm, specifically the time complexity or the upper bound of 
an algorithm in terms of the size of the input, n. It gives us an idea 
of how the running time of an algorithm increases as the input size 
grows. 



The "big O" notation specifically describes the worst-case 
scenario and gives an upper bound of the running time of an 
algorithm, but other notations are also used to describe other 
aspects of the running time like "big omega" notation and "big 
theta" notation. 
For example, if an algorithm has a time complexity of O(n), this 
means that the running time of the algorithm increases linearly 
with the size of the input. This means that if you double the size of 
the input, the running time will roughly double as well. On the 
other hand, an algorithm with a time complexity of O(1) is 
considered constant time, which means that the running time does 
not depend on the size of the input and will always be the same. 
For example, looking up an element in an array is O(1) as we 
directly get the element by its index, while looking up in a linked 
list is O(n) as we need to iterate over the list to find the element. 
It is worth noting that big O notation is an approximation of the 
running time and it does not take into account constant factors or 
lower-order terms. It gives an upper bound to help compare the 
performance of different algorithms. 
Does that clarify things or do you have any further questions about 
Big O notation? 
 
Let's go back to data structures, are there others, beyond 
those listed above? 
 
The data structures that I listed earlier are some of the most 
common ones that are studied in computer science, but there are 
many others as well. Here are a few examples of other data 
structures that are worth knowing: 

●​Heaps: A special type of tree data structure where either the 
parent is always greater than or equal to its children 
(max-heap) or the parent is always less than or equal to its 



children (min-heap). Heaps are often used to implement 
efficient priority queues. 

●​Tries: A tree-like data structure that is often used for efficient 
string matching and text processing. 

●​Bloom filters: a space-efficient probabilistic data structure 
that can be used to test whether an element is a member of a 
set. 

●​Disjoint set: data structure which is used to keep track of a 
partition of a set into disjoint subsets. 

●​Graphs: The data structure has been discussed before, a way 
of representing a set of connections among a set of objects, it 
can be represented in various ways like Adjacency List, 
Adjacency Matrix, Incidence Matrix 

●​Deque(Double Ended Queue): a dynamic data structure with 
both insertion and deletion at both the ends 

These are just a few examples, but there are many other 
specialized data structures as well. Each of these data structures 
has its own strengths and weaknesses, and they are used in 
different situations depending on the problem at hand. 
In general, when solving a computational problem, it is important 
to carefully consider the problem's requirements, constraints, and 
the operations that will be performed on the data before choosing 
a data structure. 
Is there any specific data structure that you want to discuss more 
in-depth? 
 
Very well, write a briefer on arrays, detailing how it's used. 
 
An array is a basic data structure that stores a fixed-size collection 
of elements, each identified by an index. The elements in an array 
are usually of the same type, such as integers or floating-point 
numbers, and they can be accessed directly using their indices. 



In C++, arrays are created using the array type, which is a 
template that takes the type of the elements stored in the array and 
the size of the array as its template arguments. Here is an example 
of how to create an array of integers that can store 5 elements: 
int myArray[5]; // Declare an array with 5 
elements 

Alternatively, you can initialize an array at the time of creation: 
int myArray[] = {1, 2, 3, 4, 5}; // Declare 
an array with 5 elements and initialize the 
elements to 1, 2, 3, 4, 5. 

Once an array is created, you can access its elements using the 
array indexing operator "[ ]", which takes an integer index as its 
argument and returns a reference to the element at that index. Here 
is an example of how to access the element at index 2 in the array: 
int value = myArray[2]; // This will give 3 

You can also use the array indexing operator to modify the 
elements in an array: 
myArray[2] = 10; // This will set the value 
of the element at index 2 to 10 

Arrays have constant time complexity for accessing and 
modifying an element at a specific index, O(1), which makes them 
suitable when we have to access elements by index number 
frequently. On the other hand, insertion or deletion at a specific 
position in an array has linear time complexity, O(n), as all 
elements need to shift to make room for new elements or to close 
the gap created after deletion. 
Arrays are widely used in various tasks, such as in various sorting 
algorithms, searching algorithms, and in representing graphs. 
Because of their simplicity and direct random access feature, they 
are also commonly used as a basic building block in other data 
structures like dynamic arrays and matrices. 



Do you have any more questions or specific topics you want me to 
go deeper into? 
 
Show me a simple example of an array being used in a 
sorting algorithm. 
 
Here is an example of a simple sorting algorithm called "Bubble 
Sort" implemented in C++ using an array: 
#include <iostream> 

using namespace std; 

 
int main() { 

    int array[] = {5, 2, 9, 1, 0}; 

    int n = sizeof(array)/sizeof(array[0]); 

 
    // Bubble sort algorithm 

    for (int i = 0; i < n-1; i++) { 

        for (int j = 0; j < n-i-1; j++) { 

            if (array[j] > array[j+1]) { 

                int temp = array[j]; 

                array[j] = array[j+1]; 

                array[j+1] = temp; 

            } 

        } 

    } 

 
    // print sorted array 

    for (int i = 0; i < n; i++) { 

        cout << array[i] << " "; 

    } 

 
    return 0; 

} 

This program sorts an array of integers in ascending order using 



the bubble sort algorithm. The for loops iterate through the array 
and compare adjacent elements, swapping them if they are in the 
wrong order. After the inner loop completes, the largest element 
"bubbles up" to the end of the array, and the process repeats until 
the entire array is sorted. 
It's a simple algorithm and its O(n^2) Time complexity, It's not the 
best option for larger arrays or when performance is crucial. For 
those cases, you could use other sorting algorithms like quicksort 
or merge sort. 
 
This reminds me, for some reason, what about the "struct"? 
 
In C++, a struct is a user-defined data type that can store a 
collection of variables of different types. The struct is similar to an 
array in that it can store multiple values, but it is different in that 
the variables stored in a struct are usually of different types and 
are identified by names rather than indices. 
Here is an example of how to define a struct in C++: 
struct Person { 

    std::string name; 

    int age; 

    float height; 

}; 

This defines a struct named "Person" that has 3 fields "name" of 
type std::string, "age" of type int, and "height" of type 
float. 
To create an object of this struct: 
Person p; 

To assign values to the fields: 
p.name = "John"; 



p.age = 30; 

p.height = 1.7; 

Or You can initialize the struct at the time of its creation 
Person p = {"John", 30, 1.7}; 

Structs can be useful when you need to group together related 
variables of different types. For example, you could use a struct to 
store information about a person, such as their name, age, and 
height, or to store information about a point in 3D space, such as 
its x, y, and z coordinates. 
It is worth noting that in C++, structs and classes are very similar, 
but classes have some additional features and behavior. Structs are 
generally used when the class is going to be a data container that 
only holds data, no methods or behavior. While classes are used to 
define an object with both data and behavior. 
If you have any more questions or if you want to know more about 
a specific topic, please let me know! 
 
Interesting, so the struct is, like you said, more of a type of 
class, and not one of the data structures per se. 
 
Yes, that's correct. A struct is a user-defined data type that can 
store a collection of variables of different types, and it is similar to 
a class in that it can have data and behavior, but it is considered a 
lightweight version of a class with some different defaults in its 
behavior in C++. 
The primary difference between structs and classes in C++ is in 
the default visibility of their members. In C++, the members of a 
struct are public by default, while the members of a class are 
private by default. This means that the members of a struct can be 
accessed directly using the dot operator(.) while the members of a 
class need to use getter and setter methods. 



In practice, structs are often used to group related data together, 
and classes are used to group together related data and behavior. 
While structs are used as simple data containers with public 
variables and no methods, Classes have public, private and 
protected members, and methods that operate on the data. 
While structs are not one of the data structures per se, as we 
discussed earlier, they could be used as a building block for data 
structures, for example, structs can be used to create a linked list 
by storing a struct variable that points to the next element, while 
the actual data is stored in the struct itself. 
I hope that clears things up, let me know if you have any more 
questions or if you want to know more about a specific topic. 
 
Let's see an example of a struct being used in that way. 
 
Sure! Here's an example of how a struct can be used to create a 
simple linked list: 
struct Node { 

    int data; 

    Node* next; 

}; 

This defines a struct named "Node" that has two fields "data" and 
"next" of type int and Node* respectively. The field "data" 
holds the value of the node, and the field "next" holds a pointer to 
the next node in the list. 
Here's how we can create a new node and add it to the list: 
Node* head = nullptr;  // initialize head 
pointer to null 

 
//Create a new node 

Node* newNode = new Node(); 



newNode->data = 5; 

newNode->next = nullptr; 

 
if (head == nullptr) 

    head = newNode; 

else 

{ 

    Node* temp = head; 

    while(temp->next != nullptr) 

        temp = temp->next; 

    temp->next = newNode; 

} 

The above example creates a new node and stores it in the heap by 
using new. Then we check if the list is empty, if so, set the head 
pointer to point to the new node. Else, traverse to the last node in 
the list and then we set its next pointer to the newly created node. 
This way, you can add new elements to the list and traverse 
through the list to access the data stored in each node. The linked 
list is a dynamic data structure, its size can grow and shrink as per 
the requirement and the data is stored in nodes which can be 
accessed via a pointer. 
This is just a basic example of how a struct can be used to create a 
simple linked list. There are many other ways to implement a 
linked list and many variations and modifications of linked lists. 
Let me know if you have any questions or if you want me to 
explain anything in more detail. 
 
Let's see another example involving a struct and an array.  
 
Sure, here is an example of using an array of structs with a sorting 
algorithm in C++: 
 



#include <iostream> 

#include <string> 

using namespace std; 

 
// define struct 

struct Person { 

    string name; 

    int age; 

}; 

 
// function to compare two Person structs 
based on age 

bool compareByAge(Person a, Person b) { 

    return a.age < b.age; 

} 

 
int main() { 

    Person people[] = {{"Alice", 30}, 
{"Bob", 25}, {"Charlie", 35}}; 

    int n = 
sizeof(people)/sizeof(people[0]); 

 
    // sort array of structs by age 

    sort(people, people + n, compareByAge); 

 
    // print sorted array 

    for (int i = 0; i < n; i++) { 

        cout << people[i].name << ", " << 
people[i].age << endl; 

    } 

 
    return 0; 

} 

 



In this example, we define a struct Person that contains a string 
name and an integer age. Then we create an array of Person 
structs, each containing a name and an age. The sort algorithm 
is a standard C++ sorting algorithm, it needs a comparator, which 
is the compareByAge function in this case. It compares two 
Person structs based on their age and returns true if the first 
struct has a lower age than the second one, and false otherwise. 
This code sorts the array of structs by age, and the output will be 
the array sorted by the age field of each person. Keep in mind that 
sort algorithm is not available by default, so you need to include 
the <algorithm> library. 
 
Write some general guidelines and tips on using arrays in 
C++. 
 
Here are some general guidelines and tips for using arrays in C++: 

1.​Declare the size of the array when you create it: When 
declaring an array, always specify its size. This will prevent 
buffer overflow errors. 

2.​Initialize the array: Before using an array, initialize all its 
elements to some default value or set of values to avoid any 
undefined behavior or unexpected results. 

3.​Access elements within the bounds of the array: Make sure to 
only access elements that are within the bounds of the array. 
Attempting to access elements outside of the array's bounds 
will result in undefined behavior. 

4.​Be aware of array's length: C++ arrays are not resizable and 
their length is determined when the array is defined. Once 
you create an array, the size cannot be changed. To change 
the size of an array, you must create a new array with a new 
size and copy the contents of the old array to the new one. 

5.​ Remember that arrays are passed by reference: Arrays are 



passed to functions by reference by default, which means that 
any changes made to the array inside a function will be 
reflected in the original array. 

7.​Be careful with memory management: Arrays are stored on 
the stack if they are created on the main function but also in 
heap if you use dynamic allocation. Be careful with cleaning 
up after you are done using an array and make sure to 
properly release the memory you allocated if it's on the heap 

8.​Understand the array's layout: C++ arrays are stored in 
contiguous blocks of memory. This means that if you have an 
array of structs or classes, the memory layout for the 
elements of the array is going to be linear and all adjacent 
elements of the array will be stored next to each other in 
memory. This property can help in situations like array 
traversal and optimization. 

By following these guidelines, you'll be able to write efficient and 
robust code that makes use of arrays in C++. 
 
Expand on using standard library functions for arrays. 
 
C++ provides a wide range of standard library functions for 
working with arrays that can make your code more concise, 
efficient and readable. Here are a few examples: 

1.​sort(begin, end): This function sorts the elements of 
an array in ascending order. It is part of the <algorithm> 
header and it can be used on arrays of any type that has an 
operator< defined. 

2.​reverse(begin, end): This function reverses the order 
of elements in an array. It is also part of the <algorithm> 
header, and can be used on arrays of any type. 

3.​fill(begin, end, value): This function assigns the 
specified value to all the elements of an array in the range 



specified by the iterators begin and end. It is part of the 
<algorithm> header. 

4.​copy(begin1, end1, begin2): This function copies 
the elements from one array to another. It is also part of the 
<algorithm> header. 

5.​swap(arr1, arr2): This function swaps the contents of 
two arrays. It's part of <algorithm> header, the two arrays 
need to have the same size. 

6.​count(begin, end, value): This function counts the 
number of occurrences of a specific value in an array. It is 
also part of the <algorithm> header, and works with any type 
that can be compared with the == operator. 

7.​find(begin, end, value): This function finds the 
first occurrence of a specific value in an array and returns an 
iterator pointing to that element. If the value is not found, it 
returns the end iterator. It is also part of the <algorithm> 
header. 

8.​lower_bound(begin, end, value), 
upper_bound(begin, end, value): These 
functions return an iterator pointing to the first element in the 
array that is not less than (lower_bound) or greater than 
(upper_bound) the specified value. They work with sorted 
arrays and can be used to implement binary search efficiently. 
They are part of <algorithm> header. 

These are just a few examples of the standard library functions 
that can be used with arrays in C++. By using these functions, you 
can write more readable and efficient code and reduce the risk of 
bugs in your program. 
 
Do I need to include something at the top to use that? 
 
 



To use the standard library functions for arrays that I mentioned in 
my previous answer, you need to include the <algorithm> header 
in your program. This header file provides a wide range of 
functions to perform operations on arrays and other data 
structures, like the ones I mentioned like sort, reverse, fill, etc. It 
can be included at the top of your program by adding the 
following line: 
#include <algorithm> 

This include statement allows you to use all the functions and 
algorithms declared in the <algorithm> header, which are part of 
the C++ Standard Template Library (STL). The STL is a powerful 
collection of generic classes and functions that can be used to 
perform a wide range of operations on a variety of data structures, 
not just arrays. 
It's also worth noting that some specific functions are not provided 
by this header, in that case you may need to include other headers 
to use them. Like begin() and end() functions that are part of 
<iterator> header. Also, if you want to use other data structures 
like vector, you will have to include <vector> header. 
In summary, #include <algorithm> is sufficient to use most of the 
standard functions you'll use with arrays, but not all the functions 
that are available in C++. 
 
Write a briefer on the linked list, its usage, how it differs from 
an array. 
 
A linked list is a data structure that consists of a sequence of 
elements, called nodes, each containing a reference to the next 
element in the sequence. Each node in a linked list contains two 
fields: one to store data and another to store the reference(or 
pointer) to the next node in the list. The last node in the list has a 
reference to null, indicating the end of the list. 



Here's an example of how a simple singly linked list is defined in 
C++: 
struct Node { 

    int data; 

    Node* next; 

}; 

Linked lists are different from arrays in several ways. First, the 
elements in a linked list are not stored in contiguous memory 
locations like in an array. Instead, each element is a separate 
object with its own memory location, and the elements are linked 
together using pointers. 
Because of the dynamic allocation of memory, linked lists can be 
resized easily. Insertions and deletions can be done efficiently in 
constant time, O(1), by updating the pointers to the next and 
previous elements, while in an array, it would take linear time, 
O(n) as the elements need to be shifted to make room for new 
element or to close the gap created after deletion. 
Another advantage of linked lists is that they can be used to 
implement dynamic data structures that can grow or shrink as 
needed, such as a stack or a queue. Arrays, on the other hand, have 
a fixed size, and if an array needs to grow or shrink, a new array 
with the new size must be created and the elements must be copied 
over. This can be a costly operation in terms of both time and 
memory. 
Linked lists also have lower memory overhead compared to arrays 
because they only store the data and the pointer to the next 
element in each node, rather than allocating a contiguous block of 
memory for all elements. 
Another difference is that arrays have a built-in indexing 
mechanism that allows you to access elements directly by index 
number, whereas linked lists are accessed sequentially by 
following the pointers from one node to the next. 



Linked lists are particularly useful in scenarios where the size of 
the data is not known in advance and may change during the 
execution of the program or when you need to insert or delete 
elements from anywhere in the collection, rather than just at the 
end. 
On the other hand, arrays are more efficient in terms of cache 
performance and generally faster for lookups by index because all 
elements are stored in contiguous memory. They also can be a 
good option if the size of the data is known in advance and does 
not change frequently. 
Keep in mind that Linked lists are dynamic data structures and can 
be more complex to implement than arrays, but also offer more 
flexibility and can be more efficient in certain scenarios. 
It's also worth mentioning that there are different types of linked 
lists, such as singly-linked lists, doubly-linked lists and circular 
linked lists. Each type of linked list has its own use cases and 
trade-offs. For example, singly-linked lists only have references to 
the next element, making it easy to insert or delete elements, but 
difficult to traverse the list in reverse. On the other hand, 
doubly-linked lists have references to both the next and previous 
elements, allowing for easy traversal in both directions, but they 
have more memory overhead. And finally, circular linked lists 
have a circular reference in the last node, which connects back to 
the head, making it useful for certain problems and operations that 
require cycling through the list. 
In summary, linked lists are a type of data structure that stores a 
sequence of elements, each containing a reference to the next 
element in the sequence. They have some similarities with arrays 
but also some important differences, like dynamic allocation and 
efficient insertion and deletion operations. They are widely used in 
many problems and algorithms, and it is good to know about them 
and their different types. 
 



I take from this that unlike linked lists, arrays can't resize 
freely since it could be stuck between other occupied 
memory that it has no access to. 
 
That's correct. In C++, arrays have a fixed size, which means that 
the amount of memory allocated for an array is set when the array 
is declared and cannot be changed later. This means that if the size 
of the array needs to be increased or decreased, a new array must 
be created and the elements from the old array must be copied 
over. This process can be time-consuming and can be costly in 
terms of memory usage, especially if the size of the array needs to 
change frequently. 
On the other hand, linked lists can be resized easily because each 
element is a separate object with its own memory location and are 
linked together using pointers, so adding or removing an element 
only requires updating the pointers of the neighboring elements. 
Additionally, with linked list, when you allocate memory 
dynamically and the memory is no longer needed, it can be freed 
back to the system, whereas with arrays, it is not possible to free 
up a specific block of memory once it has been allocated and the 
entire block of memory remains in use until the program 
terminates. 
That being said, arrays are still very useful in certain scenarios 
where the size of the data is known in advance and does not 
change frequently, and where the performance of constant time 
random access is a requirement. 
 
Interesting. Let see an example with a linked list, involving 
an algorithm. 
 
Sure, here's an example of using a linked list to implement a 
simple algorithm called "Reverse a Linked List". 



Here's the implementation of a simple singly-linked list: 
struct Node { 

    int data; 

    Node* next; 

}; 

And here's the implementation of a function that takes the head of 
the linked list and reverses the order of the elements: 
Node* ReverseList(Node* head) { 

    Node* prev = nullptr; 

    Node* current = head; 

    Node* next = nullptr; 

 
    while (current != nullptr) { 

        next = current->next; 

        current->next = prev; 

        prev = current; 

        current = next; 

    } 

    head = prev; 

    return head; 

} 

The function works by iterating through the list, reversing the next 
pointer of each node and updating the previous, current and next 
pointers accordingly. Starting with the previous pointer set to null, 
current pointer pointing to the head and next pointer set to null. 
The current pointer traverses the list and for each element, the next 
pointer points to the previous element, then prev pointer is 
updated to the current pointer and current pointer is updated to the 
next pointer. Finally, the head pointer is set to the previous pointer, 
which is the new head of the reversed list. 
The time complexity of this algorithm is O(n) because we are 
iterating through the entire list once. And space complexity is 
O(1), as we are only using a few extra pointers in the function and 



not allocating any new memory. 
Note that reversing a linked list is a common and useful operation 
that can be used in various problems, such as in solving 
palindrome problems or reversing the order of elements in a stack. 
This is a basic example of how a linked list can be used to 
implement an algorithm. There are many other algorithms that can 
be implemented using linked lists, like sorting algorithms, 
searching algorithms, and more. If you want to know more about a 
specific algorithm or have any questions, please let me know. 
 
Let's look at those, show me a simple sorting algorithm. 
 
Sure, one simple sorting algorithm that can be implemented using 
a linked list is "Selection Sort". 
Selection sort is an in-place comparison-based algorithm that 
works by dividing the input list into two parts: a sorted sublist and 
an unsorted sublist. The algorithm repeatedly selects the smallest 
element from the unsorted sublist and moves it to the end of the 
sorted sublist. 
Here's an example of how the selection sort algorithm can be 
implemented on a singly-linked list in C++: 
void SelectionSort(Node* head) { 

    Node* current = head; 

    Node* min = nullptr; 

    Node* prev = nullptr; 

    while (current != nullptr) { 

        min = current; 

        Node* temp = current->next; 

        Node* tempPrev = current; 

        while (temp != nullptr) { 

            if (temp->data < min->data) { 

                min = temp; 



                prev = tempPrev; 

            } 

            tempPrev = temp; 

            temp = temp->next; 

        } 

        if (min != current) { 

            // swap the data 

            int temp = min->data; 

            min->data = current->data; 

            current->data = temp; 

            // remove the node 

            prev->next = min->next; 

            min->next = current->next; 

            current->next = min; 

        } 

        current = current->next; 

    } 

} 

The function works by iterating through the list, and for each 
element, it finds the smallest element from the remaining unsorted 
sublist and moves it to the end of the sorted sublist. The outer loop 
iterates through the entire list, and for each element, the inner loop 
iterates through the remaining unsorted sublist, comparing the 
current element with the next elements to find the smallest 
element. Once it finds the smallest element, it swaps the data of 
the current element with the smallest element, and then removes 
the node from its original position and inserts it at the end of the 
sorted sublist. 
The time complexity of this algorithm is O(n^2) because, for each 
element in the list, we are iterating through the remaining 
elements to find the smallest one, which takes O(n) time. And 
since we are doing this for n elements, the overall time complexity 
becomes O(n^2). The space complexity is O(1) as we are only 
using a few extra pointers and not allocating any new memory. 



It's worth noting that Selection Sort is not the most efficient 
sorting algorithm, especially for large lists, but it's a simple and 
easy-to-understand algorithm. There are other sorting algorithms 
such as Quick Sort, Merge Sort and Bubble sort that have better 
performance but also require a little more complex 
implementation. 
Let me know if you have any questions about this implementation 
or if you want to see examples of other sorting algorithms. 
 
While we're at it, give me a list of all the O() expressions and 
their meaning. 
 
In computer science, the big O notation is a way to describe the 
complexity of an algorithm, specifically the time and space 
complexity. It is used to describe the upper bound of an 
algorithm's running time or space usage, and it is expressed using 
a mathematical notation. 
Here is a list of some common time complexities and their 
corresponding big O notation: 

●​O(1): Constant time. An algorithm that takes constant time is 
independent of the size of the input and always takes the 
same amount of time to execute. 

●​O(log n): Logarithmic time. An algorithm that takes 
logarithmic time increases the size of the input by a fixed 
factor at each step, resulting in a running time that grows 
logarithmically with the size of the input. 

●​O(n): Linear time. An algorithm that takes linear time 
increases the running time linearly with the size of the input. 

●​O(n log n): Linear logarithmic time. An algorithm that takes 
linear logarithmic time has a running time that grows linearly 
with the size of the input and logarithmically with the 
complexity of the input. 

●​O(n^2): Quadratic time. An algorithm that takes quadratic 



time has a running time that grows with the square of the size 
of the input. 

●​O(n^3): Cubic time. An algorithm that takes cubic time has a 
running time that grows with the cube of the size of the input. 

●​O(2^n): Exponential time. An algorithm that takes 
exponential time has a running time that grows exponentially 
with the size of the input. 

Here is a list of some common space complexities and their 
corresponding big O notation: 

●​O(1): Constant space. An algorithm that uses constant space 
is independent of the size of the input and always uses the 
same amount of space. 

●​O(n): Linear space. An algorithm that uses linear space 
increases the space usage linearly with the size of the input. 

●​O(n^2): Quadratic space. An algorithm that uses quadratic 
space has a space usage that grows with the square of the size 
of the input. 

●​O(2^n): Exponential space. An algorithm that uses 
exponential space has a space usage that grows exponentially 
with the size of the input. 

Keep in mind that the big O notation is just an upper bound and 
does not necessarily describe the exact running time or space 
usage of an algorithm. There are also other notations such as big Θ 
(theta) and big Ω (omega) that are used to describe the average 
case and lower bound complexity of an algorithm, respectively. 
For example, if an algorithm has a time complexity of O(n^2), it 
means that the running time grows with the square of the size of 
the input and could be as fast as Θ(n^2) or Ω(n^2) in the average 
or lower bound case, respectively. But it could also be slower, for 
example O(n^3) or O(2^n) in the worst case. 
It's also worth noting that the big O notation only considers the 
most significant term in the complexity expression and ignores 
constants and lower-order terms. For example, the complexities 



O(n+1), O(n+log n), and O(n^2+n) are all considered O(n), O(n 
log n), and O(n^2), respectively. 
I hope this helps. Let me know if you have any questions or if you 
want more information about the big O notation. 
 
This was so well explained that I feel like I might actually get 
it tomorrow, when I re-read it. Very nice. Now let's see about 
the searching algorithm with the next example. 
 
Sure, here's an example of a searching algorithm called "Linear 
Search" that can be implemented using a linked list. 
Linear search is an algorithm that sequentially searches an element 
in a list by iterating through the elements one by one until it finds 
the element or reaches the end of the list. 
Here's an example of how the linear search algorithm can be 
implemented on a singly-linked list in C++: 
bool LinearSearch(Node* head, int element) { 

    Node* current = head; 

    while (current != nullptr) { 

        if (current->data == element) { 

            return true; 

        } 

        current = current->next; 

    } 

    return false; 

} 

The function works by iterating through the list, starting from the 
head, and checking if the current element is equal to the element 
being searched for. If it is, the function returns true, otherwise, it 
continues to the next element. If the element is not found after 
iterating through the entire list, the function returns false. 
The time complexity of this algorithm is O(n) because, in the 



worst case, we may need to iterate through the entire list to find 
the element. The space complexity is O(1), as we are only using a 
single pointer to traverse the list. 
Linear search is a simple and easy-to-understand algorithm, but it 
can be inefficient for large lists, especially when compared to 
algorithms with better time complexity such as binary search, 
which has a time complexity of O(log n). However, linear search 
is still useful in certain scenarios where the list is small or the 
elements are not ordered. 
Let me know if you have any questions about this implementation 
or if you want to see examples of other searching algorithms. 
 
OK, that was a short one, let's see one a bit more complex. 
 
Sure, here's an example of a more complex searching algorithm 
called "Binary Search" that can be implemented using a linked 
list. 
Binary search is an efficient algorithm that searches for an element 
in a sorted list by repeatedly dividing the list in half and 
comparing the element with the middle element. 
Here's an example of how the binary search algorithm can be 
implemented on a singly-linked list in C++: 
bool BinarySearch(Node* head, int element) { 

    Node* current = head; 

    int size = 0; 

    while (current != nullptr) { 

        current = current->next; 

        size++; 

    } 

    current = head; 

    int start = 0; 

    int end = size - 1; 



    while (start <= end) { 

        int mid = start + (end - start) / 2; 

        int i = 0; 

        current = head; 

        while (i < mid) { 

            current = current->next; 

            i++; 

        } 

        if (current->data == element) { 

            return true; 

        } 

        if (current->data < element) { 

            start = mid + 1; 

        } else { 

            end = mid - 1; 

        } 

    } 

    return false; 

} 

The function works by first finding the size of the list, then setting 
the start and end indices to the beginning and end of the list, 
respectively. Then it enters a loop that repeats until the start index 
is greater than the end index. In each iteration, the function 
calculates the middle index and traverses the list to reach the 
middle element. If the element being searched for is equal to the 
middle element, the function returns true. If the element is smaller 
than the middle element, the function updates the end index to be 
the middle index minus one and searches the left half of the list. If 
the element is larger than the middle element, the function updates 
the start index to be the middle index plus one and searches the 
right half of the list. 
The time complexity of this algorithm is O(log n) because, in each 
iteration, we are dividing the size of the list by half, resulting in a 
running time that grows logarithmically with the size of the input. 



The space complexity is O(1), as we are only using a few extra 
variables and a single pointer to traverse the list. 
Binary search is a very efficient algorithm for searching elements 
in a sorted list, but it requires the list to be sorted and it can only 
be used for searching, not for inserting or deleting elements. 
I hope this helps. Let me know if you have any questions about 
this implementation or if you want to see examples of other 
searching algorithms. 
 
Let's see one more type of search mechanism. 

Sure, here's an example of another searching algorithm called 
"Jump Search" that can be implemented using a linked list. 

Jump search is an algorithm that searches for an element in a 
sorted list by jumping a fixed number of elements at a time and 
comparing the element with the current element. 
Here's an example of how the jump search algorithm can be 
implemented on a singly-linked list in C++: 
bool JumpSearch(Node* head, int element) { 

    Node* current = head; 

    int size = 0; 

    while (current != nullptr) { 

        current = current->next; 

        size++; 

    } 

    current = head; 

    int block = sqrt(size); 

    int start = 0; 

    int next = block; 

    while (current->data < element) { 

        start = next; 

        next += block; 

        if (start >= size) { 



            return false; 

        } 

        int i = 0; 

        current = head; 

        while (i < start) { 

            current = current->next; 

            i++; 

        } 

    } 

    for (int i = start; i < next; i++) { 

        if (current->data == element) { 

            return true; 

        } 

        current = current->next; 

    } 

    return false; 

} 

The function works by first finding the size of the list, then 
calculating the size of the block to jump in each iteration. Then it 
enters a loop that repeats until the current element is greater than 
or equal to the element being searched for. In each iteration, the 
function updates the start and next indices to be the current indices 
plus the block size and jumps to the element at the next index. If 
the element is not found after iterating through the entire list, the 
function returns false. 
After finding the block where the element may be located, the 
function does a linear search from the start index to the next index 
to find the element. 
The time complexity of this algorithm is O(√n) because, in each 
iteration, we are jumping a fixed number of elements, resulting in 
a running time that grows with the square root of the size of the 
input. 
The space complexity is O(1), as we are only using a few extra 



variables and a single pointer to traverse the list. 
Jump search is an efficient algorithm for searching elements in a 
sorted list, but it requires the list to be sorted and it may not be as 
efficient as other algorithms such as binary search, which has a 
time complexity of O(log n). However, jump search is faster than 
linear search for large lists, and it also has the advantage of being 
able to jump over elements, which can be useful in scenarios 
where the list has a large number of elements but only a few of 
them are likely to be searched for. 
I hope this helps. Let me know if you have any questions about 
this implementation or if you want to see examples of other 
searching algorithms. 
 
Write an introduction to Vectors in C++. 
 
Vectors in C++ are dynamic arrays that can be resized as needed. 
They are implemented as a class in the STL (Standard Template 
Library) and can be used to store elements of any data type. The 
vector class provides many useful functions for working with 
elements, such as adding and removing elements, as well as 
accessing elements by index. 
Here is an example of how to create a vector in C++: 
#include <vector> 

 
int main() { 

    std::vector<int> myVector; 

    return 0; 

} 

In this example, we have created a vector called "myVector" that 
can store integers. We can add elements to the vector using the 
push_back() function, like so: 

myVector.push_back(5); 



myVector.push_back(10); 

We can access the elements of the vector by using the [] operator, 
like so: 

int x = myVector[0]; // x will be set to 5 

int y = myVector[1]; // y will be set to 10 

Vectors also provide many other member functions like size(), 
clear(), insert() etc. With this one can easily manipulate the 
container. 
It is important to note that the [] operator does not perform 
bounds checking, so if you try to access an element that is out of 
bounds, it will result in undefined behavior. To check if an index is 
valid before accessing an element, you can use the .at() 
function, like so: 

int x = myVector.at(0); // x will be set to 
5 

If the index is out of bounds, at() will throw an out_of_range 
exception 

In this way, vectors are a very powerful and flexible container 
class that can be used to easily work with collections of elements 
in C++. 
 
Is a vector considered a type of data structure, like arrays 
and linked lists? 
 
Yes, a vector in C++ is considered a type of data structure, just 
like arrays and linked lists. 
A data structure is a way of organizing and storing data in a 
computer so that it can be accessed and modified efficiently. 
Vectors, arrays, and linked lists are all examples of data structures 
that have different trade-offs when it comes to time and space 



complexity of different operations like insertions, deletions and 
lookups. 
Vectors are a type of dynamic array, which means that they can 
grow and shrink in size as elements are added or removed. They 
offer a contiguous block of memory and thus memory is always 
contiguous. As a result, they are very efficient for random access, 
and adding/removing elements at the end of the array. However, 
adding/removing elements in the middle of a vector can be 
relatively expensive, as it requires shifting all the elements after 
the insertion point. 
Arrays, on the other hand, are a type of static data structure. They 
have a fixed size and cannot be resized. They also offer a 
contiguous block of memory and thus memory is always 
contiguous. And thus just like vectors they also excel at random 
access and are poor at insertions and deletions. 
Linked lists are a type of data structure that consists of a chain of 
nodes, where each node contains a value and a pointer to the next 
node. They do not provide random access like arrays and vectors 
but excel at inserting and deleting elements in the middle of the 
list. 
In conclusion, the choice of data structure depends on the problem 
you want to solve and the specific requirements of the application. 
Each data structure has its own strengths and weaknesses, and the 
best data structure to use will depend on the specific requirements 
of the problem you are trying to solve. 
 
Show me an example of some code where vectors are used 
to do something commonly seen. 
 
Here's an example of a program that uses a vector to keep track of 
a list of students and their grades: 
#include <iostream> 



#include <vector> 

#include <string> 

 
struct Student { 

    std::string name; 

    double grade; 

}; 

 
int main() { 

    std::vector<Student> classList; 

    classList.push_back({"Alice", 90}); 

    classList.push_back({"Bob", 85}); 

    classList.push_back({"Charlie", 92}); 

 
    std::string student_name; 

    std::cout << "Enter the student name to 
find their grade: "; 

    std::cin >> student_name; 

 
    for (auto student : classList) { 

        if (student.name == student_name) { 

            std::cout << student_name << "'s 
grade is " << student.grade << std::endl; 

            break; 

        } 

    } 

    return 0; 

} 

This program creates a vector called classList which stores a 
list of Student structs. Each struct contains a name and a 
grade. The program adds three students to the list and then 
prompts the user to enter a student name. It then uses a for-each 
loop to iterate through the list of students and checks if the student 
name entered by the user matches the name of any of the students 



in the list. If a match is found, the program prints out the student's 
grade. 
This example demonstrates how vectors can be used to store a 
collection of objects and easily iterate over them. Vectors are ideal 
for use cases like this, where you need to keep track of a growing 
list of items, and need to efficiently add, remove, or access items 
by index. The program also shows how vectors allow for an easy 
way to iterate over its elements. 
Also note that this is just a basic example, one can use various 
vector functions like sort() to sort the list of students based on 
their grades and other algorithms to get a better understanding of 
the data, etc. 
 
Write a briefer on the member functions of the vector class. 
 
The vector class in C++ is a class template that provides a 
dynamic array with a wide range of functionality. Here are some 
of the most commonly used member functions of the vector 
class: 

●​push_back(value): Adds an element to the end of the 
vector. 

●​pop_back(): Removes the last element of the vector. 
●​begin(): Returns an iterator pointing to the first element of 

the vector. 
●​end(): Returns an iterator pointing to the last element of the 

vector. 
●​empty(): Returns a boolean value indicating whether the 

vector is empty or not. 
●​size(): Returns the number of elements in the vector. 
●​resize(n): Resizes the vector to hold n elements. 
●​capacity(): Returns the maximum number of elements 

that can be stored in the vector before it needs to be resized. 



●​clear(): Removes all elements from the vector. 
●​insert(pos, value): Inserts a new element with a 

value of value at position pos in the vector. 
●​erase(pos): Erases the element at position pos in the 

vector. 
●​at(n): Returns a reference to the element at position n in 

the vector. This function performs bounds checking and 
throws an out_of_range exception if the index is invalid. 

●​[] operator: Returns a reference to the element at 
position n in the vector. This function does not perform 
bounds checking. 

These are just some of the most commonly used member 
functions of the vector class. It also provides a number of other 
functions for more specific tasks like sorting, swapping, and 
merging vectors, etc. And in addition to the member functions, 
one can use the standard algorithms and iterators that work with a 
container like vector. 
In summary, vectors are a powerful and flexible container class 
that provides a dynamic array with a wide range of functionality 
for working with collections of elements in C++. With the 
member functions like push_back, pop_back, at, begin, end, etc 
one can easily manipulate and work with the vector container. 
 
Show another example with a vector, involving a simple 
algorithm. 
 
Sure, here's an example of a program that uses a vector to find the 
largest element in a collection of integers: 
#include <iostream> 

#include <vector> 

#include <algorithm> // for the 
"max_element" function 



 
int main() { 

    std::vector<int> numbers = {5, 1, 8, 4, 
2, 9, 6}; 

 
    // Using the STL algorithm max_element 
to find the largest element 

    auto largest = 
std::max_element(numbers.begin(), 
numbers.end()); 

    std::cout << "The largest element is: " 
<< *largest << std::endl; 

 
    return 0; 

} 

In this program, a vector of integers called numbers is created 
and initialized with some values. Then, the 
std::max_element function is used to find the largest 
element in the vector. max_element is a standard algorithm that 
works with any container which has a random access iterator. It 
finds the greatest element in the range [first, last) and returns the 
iterator to that element. 
This example demonstrates how a vector can be used to store a 
collection of data, and how the STL provides powerful algorithms 
that can be used to perform common operations on that data. The 
max_element function is a simple algorithm but it's a good 
example of how one can use the STL algorithms to perform 
efficient operation on a container. 
Also note that one can also use 
*std::max_element(numbers.begin(), 
numbers.end()) directly to get the maximum element, it 
eliminates the need of an extra variable. 
In summary, vectors provide an easy way to store a collection of 



data and the STL provides a wealth of powerful algorithms that 
can be used to perform common operations on that data. 
Combining the two allows for efficient and easy to write code for 
solving a wide range of problems. 
 
Talk about time and space complexity when it comes to 
vectors. 
 
The time and space complexity of the vector class depends on the 
specific operations being performed. In general, vectors are very 
efficient for random access, but they may be less efficient for 
certain operations like insertions and deletions. 
Here is a summary of the time complexity of some common 
operations on a vector: 

●​Accessing an element by index: O(1) - Constant time. 
Accessing an element of a vector by index is an extremely 
fast operation, as it can be done in constant time. 

●​Adding an element to the end of the vector: O(1) - Constant 
time (amortized). Adding an element to the end of a vector is 
usually a fast operation, as long as the vector does not need to 
be resized. When the vector needs to be resized, the operation 
can be more expensive, but on average, it is still considered 
to be a constant time operation. 

●​ Inserting or deleting an element from the middle of the 
vector: O(n) - Linear time. Inserting or deleting an element 
from the middle of a vector can be a relatively expensive 
operation, as it requires shifting all the elements after the 
insertion or deletion point. 

In terms of space complexity, a vector in C++ can be considered to 
be a relatively efficient data structure. When a vector needs to be 
resized, it is typically resized to a size that is double its current 
size. As a result, the number of resizes required is logarithmic in 
the number of elements added to the vector. So, the average 



number of resizes needed is a constant time operation. 
Additionally, it is also worth mentioning that one can manually 
control the capacity of the vector via reserve function and the 
number of resizes can be reduced. 
It is important to note that the time and space complexity of a 
vector can be affected by the size of the elements it is holding. 
And if elements are large, the time and space complexity of 
insertion and deletion may increase. 
In summary, vectors are very efficient for random access and 
adding/removing elements at the end of the array. However, they 
are less efficient for inserting and deleting elements in the middle. 
They are an efficient data structure in terms of space complexity 
as well, by allowing users to manually control the capacity of the 
vector, one can optimize the performance according to their needs. 
 
Let's see another, more complex example with vectors. 
 
Sure, here's an example of a program that uses a vector to keep 
track of a list of employees and their information. 
#include <iostream> 

#include <vector> 

#include <string> 

 
struct Employee { 

    std::string name; 

    int id; 

    double salary; 

    std::string department; 

}; 

 
void print_employee_info(const 
std::vector<Employee>& employees) { 

    for (const auto& e : employees) { 



        std::cout << "Name: " << e.name << 
std::endl; 

        std::cout << "ID: " << e.id << 
std::endl; 

        std::cout << "Salary: $" << e.salary 
<< std::endl; 

        std::cout << "Department: " << 
e.department << std::endl; 

        std::cout << std::endl; 

    } 

} 

 
int main() { 

    std::vector<Employee> company_employees; 

 
    company_employees.push_back({"John 
Smith", 1234, 80000.0, "IT"}); 

    company_employees.push_back({"Jane Doe", 
5678, 75000.0, "HR"}); 

    company_employees.push_back({"Bob 
Johnson", 2468, 90000.0, "Finance"}); 

 
    std::string dept; 

    std::cout << "Enter a department name to 
see the employee information: "; 

    std::cin >> dept; 

 
    std::vector<Employee> employees_in_dept; 

    for (const auto& e : company_employees) 
{ 

        if (e.department == dept) { 

            employees_in_dept.push_back(e); 

        } 

    } 

    if(employees_in_dept.size() > 0){ 



        std::cout << "Employee information 
for " << dept << " department:" << 
std::endl; 

        
print_employee_info(employees_in_dept); 

    }else{ 

        std::cout << "No employee found in 
department " << dept << std::endl; 

    } 

    return 0; 

} 

In this program, a vector called company_employees is 
created which stores a list of Employee structs. Each struct 
contains information about an employee like name, id, salary and 
department. The program adds three employees to the list, then 
prompts the user to enter a department name. It then uses a 
for-each loop to iterate through the list of employees and checks if 
the department entered by the user matches the department of any 
of the employees in the list. If a match is found, the program 
pushes the matched employee to a separate vector called 
employees_in_dept and then using a separate function 
print_employee_info it prints the employee information. 
This example demonstrates how a vector can be used to store a 
collection of complex data and how one can use the vector's 
iteration and access capabilities to perform more complex 
operations like filtering and printing the filtered data. It also shows 
the use of structs, and how vectors can be used to store and work 
with them. 
This example is more complex than the previous ones, but it 
shows how vectors can be used in a real-world scenario to store 
and manipulate large amounts of data in an efficient and organized 
manner. The example shows how one can use the vector's iteration 
and access capabilities to perform complex operations like 



filtering data based on specific criteria, and then printing the 
filtered data. 
It also demonstrates how a struct can be used to store complex 
data and how vectors can be used to store and work with structs. 
The example could be extended to include more complex 
operations like sorting, updating or removing employees from the 
list, giving a better understanding of the real-world use-cases of 
vectors. 
In summary, vectors are a powerful and flexible container class 
that can be used to store and manipulate large amounts of data in 
an efficient and organized manner. This example shows how 
vectors can be used in a real-world scenario to work with complex 
data and perform more advanced operations, like filtering data 
based on specific criteria. 
 
Good stuff, I think we can move on to an introduction to 
Graphs. 
 
Sure, a graph is a data structure that consists of a finite set of 
vertices (or nodes) and a set of edges connecting these vertices. 
The vertices represent the objects and the edges represent the 
relationships between the objects. 
There are two main types of graphs: directed and undirected. In a 
directed graph (also known as a digraph), the edges have a 
direction and are connected to only one vertex, whereas in an 
undirected graph, the edges are connected to two vertices and do 
not have a direction. 
Graphs can be used to represent various types of relationships and 
structures, such as roads in a city, computer networks, social 
networks, and more. 
There are several ways to represent a graph in computer memory, 
such as adjacency matrix and adjacency list. 



An adjacency matrix is a two-dimensional matrix where each row 
and column represent a vertex, and the value of each element (i, j) 
represents the weight of the edge between vertex i and vertex j. If 
there is no edge between the two vertices, the value is set to 0 or 
infinity. 
An adjacency list is a collection of linked lists, where each list 
represents the vertices adjacent to a particular vertex. Each list 
contains pairs of vertices and weights, indicating the edges 
between the vertices. 
There are also different types of graphs based on the 
characteristics of their edges and vertices, such as weighted and 
unweighted graphs, connected and disconnected graphs, and more. 
I hope this gives you a basic understanding of what a graph is. Let 
me know if you have any questions or if you want more 
information about graphs. 
 
Let's see some code with a simple example of your choice. 
 
Sure, here's an example of how to implement a graph using an 
adjacency list in C++: 
#include <vector> 

#include <list> 

 
// Graph class represents a directed graph 

// using adjacency list representation 

class Graph { 

  int V; // Number of vertices 

  std::list<int>* adj; // Pointer to an 
array containing adjacency lists 

 
public: 

  Graph(int V); // Constructor 

  void addEdge(int v, int w); // Function to 



add an edge to the graph 

  void DFS(int v); // Depth First Search 

}; 

 
Graph::Graph(int V) { 

  this->V = V; 

  adj = new std::list<int>[V]; 

} 

 
void Graph::addEdge(int v, int w) { 

  adj[v].push_back(w); // Add w to v's list 

} 

 
void Graph::DFS(int v) { 

  // Mark all the vertices as not visited 

  bool* visited = new bool[V]; 

  for (int i = 0; i < V; i++) { 

    visited[i] = false; 

  } 

 
  // Create a stack for DFS 

  std::vector<int> stack; 

 
  // Push the current source node 

  stack.push_back(v); 

 
  while (!stack.empty()) { 

    // Pop a vertex from the stack and print 
it 

    v = stack.back(); 

    stack.pop_back(); 

 
    // Check if the vertex was visited 
before 

    if (!visited[v]) { 



      std::cout << v << " "; 

      visited[v] = true; 

    } 

 
    // Get all the vertices adjacent to the 
current vertex 

    // and push them onto the stack 

    for (auto it = adj[v].begin(); it != 
adj[v].end(); it++) { 

      if (!visited[*it]) { 

        stack.push_back(*it); 

      } 

    } 

  } 

} 

 
int main() { 

  Graph g(4); 

  g.addEdge(0, 1); 

  g.addEdge(0, 2); 

  g.addEdge(1, 2); 

  g.addEdge(2, 0);  

  g.addEdge(2, 3);  

  g.addEdge(3, 3); 

std::cout << "Following is the Depth First 
Traversal (starting from vertex 2) \n"; 
g.DFS(2); 

return 0; } 

 
This example defines a `Graph` class that represents a directed 
graph using an adjacency list. The class has a constructor that 
initializes the number of vertices and creates an adjacency list, and 
a function `addEdge` that adds an edge to the graph. The class also 



has a function `DFS` that performs a depth-first search on the 
graph starting from a given vertex. 
 
The `DFS` function works by first marking all the vertices as not 
visited, then creating a stack and pushing the starting vertex onto 
the stack. Then it enters a loop that repeats until the stack is 
empty. In each iteration, the function pops the top vertex from the 
stack and prints it, then marks it as visited. It then gets all the 
adjacent vertices of the current vertex and pushes them onto the 
stack. This process is repeated until all the vertices have been 
visited. 
 
I hope this helps. Let me know if you have any questions or if you 
want to see more examples of graphs. 

 

I see, tell me some more typical use cases for graphs. 

 
There are many different use cases for graphs, some examples 
include: 

​​ Network topology: Graphs can be used to represent the 
topology of a network, with vertices representing devices 
such as routers, switches, and servers, and edges representing 
the connections between them. 

​​ Social networks: Graphs can be used to represent social 
networks, with vertices representing people and edges 
representing relationships such as friendship or 
follower-followee. 

​​ Web pages: Graphs can be used to represent the structure of a 
website, with vertices representing web pages and edges 
representing links between them. 

​​ Maps: Graphs can be used to represent maps, with vertices 



representing locations and edges representing roads or other 
paths between them. 

​​ Biology: Graphs can be used to represent the relationships 
between different organisms in an ecosystem, with vertices 
representing organisms and edges representing relationships 
such as predator-prey or symbiotic relationships. 

​​ Transportation systems: Graphs can be used to represent 
transportation systems, with vertices representing places, 
such as bus stops or train stations, and edges representing 
routes or connections between them. 

​​ Computer science: Graphs can be used to model many types 
of problems in computer science, such as parsing and code 
analysis, graph algorithms such as Shortest path, Maximum 
flow, Strongly Connected Components, Topological sorting 
and others. 

These are just a few examples, but graphs can be used in many 
other fields and contexts as well to model any type of data where 
entities have relationships among them. 
 
Now let's see the adjacency matrix. 
 
Sure, here's an example of how to implement a graph using an 
adjacency matrix in C++: 
#include <iostream> 

 
// Graph class represents an undirected 
graph 

// using adjacency matrix representation 

class Graph { 

  int V; // Number of vertices 

  int** adj; // Pointer to an array 
containing adjacency matrix 



 
public: 

  Graph(int V); // Constructor 

  void addEdge(int v, int w); // Function to 
add an edge to the graph 

  void DFS(int v); // Depth First Search 

}; 

 
Graph::Graph(int V) { 

  this->V = V; 

  adj = new int*[V]; 

  for (int i = 0; i < V; i++) { 

    adj[i] = new int[V]; 

    for (int j = 0; j < V; j++) { 

      adj[i][j] = 0; 

    } 

  } 

} 

 
void Graph::addEdge(int v, int w) { 

  adj[v][w] = 1; 

  adj[w][v] = 1; 

} 

 
void Graph::DFS(int v) { 

  // Mark all the vertices as not visited 

  bool* visited = new bool[V]; 

  for (int i = 0; i < V; i++) { 

    visited[i] = false; 

  } 

 
  // Create a stack for DFS 

  std::vector<int> stack; 

 
  // Push the current source node 



  stack.push_back(v); 

 
  while (!stack.empty()) { 

    // Pop a vertex from the stack and print 
it 

    v = stack.back(); 

    stack.pop_back(); 

 
    // Check if the vertex was visited 
before 

    if (!visited[v]) { 

      std::cout << v << " "; 

      visited[v] = true; 

    } 

 
    // Get all the vertices adjacent to the 
current vertex 

    // and push them onto the stack 

    for (int i = 0; i < V; i++)  

​ { if (adj[v][i] && !visited[i])  

{ stack.push_back(i);  

​ ​ ​ }  

​ ​ }  

​ }  

} 

int main() { Graph g(4); g.addEdge(0, 1);  

g.addEdge(0, 2);  

g.addEdge(1, 2);  

g.addEdge(2, 0);  



g.addEdge(2, 3);  

g.addEdge(3, 3); 

std::cout << "Following is the Depth First 
Traversal (starting from vertex 2) \n";  

g.DFS(2); 

return 0; } 

This example is similar to the previous one but it uses an 
adjacency matrix to represent the graph. It's a bit different because 
it uses a 2D array to store the edges between the vertices and when 
adding an edge, it adds an entry to the matrix at (v, w) and (w, v) 
with a value of 1, representing that there is an edge between vertex 
v and vertex w, and it performs a depth first search in a similar 
way as the last example. 
 
Adjacency matrix takes O(V^2) space, but it allows O(1) time 
complexity to add, remove or check if there's an edge between 2 
vertices. On the other hand, it may not be a good choice if the 
number of edges is much less than the possible number of edges, 
since a lot of space will be wasted. 
 
I hope this helps. Let me know if you have any questions or if you 
want to see more examples of graphs using adjacency matrices. 

 

Write a briefer on how the graph is made with the code, 
what the various parts are. 
 
Sure, let me explain the code in more detail: 

​​ The Graph class is defined, with the following properties: 

​​ V: a private integer variable representing the number of 
vertices in the graph. 

​​ adj: a private double pointer to an array of integers, 



representing the adjacency matrix of the graph. 
​​ The class has the following member functions: 

​​ Graph(int V): constructor function that initializes 
the number of vertices and creates the adjacency matrix 
by allocating memory for the 2D array and initializing 
all the elements to 0. 

​​ addEdge(int v, int w): function to add an edge 
between two vertices v and w, this is achieved by adding 
1 to the (v, w) and (w, v) element of the adjacency 
matrix, this assumes that it's an undirected graph. 

​​ DFS(int v): function that performs a depth-first 
search starting from vertex v. It first marks all the 
vertices as not visited, creates a stack, pushes the starting 
vertex onto the stack, then enters a loop that repeats until 
the stack is empty. In each iteration, the function pops 
the top vertex from the stack, marks it as visited, then 
gets all the vertices adjacent to the current vertex and 
pushes them onto the stack. 

​​ In the main() function, the graph is created with 4 vertices, 
then edges are added between them with g.addEdge(0, 
1), g.addEdge(0, 2), g.addEdge(1, 2), etc. 

​​ The function DFS is called and passed a vertex number, in 
this case 2. 

​​ The DFS then prints out each vertex as it is visited 
Adjacency matrix representation is useful when the graph is dense 
and the number of edges is close to the maximum possible number 
of edges. It allows for constant-time lookups to check whether two 
vertices are connected by an edge. However, it has the downside 
of taking up a lot of memory when the graph is sparse, that is, 
when it has a low number of edges compared to the maximum 
possible number of edges. 
Let me know if you have any further questions or need anything 
else. 



 
This seems like a good time to start looking at the Stack. 
Write an introduction. 
 
A stack is a data structure that stores a collection of elements, and 
follows the Last In, First Out (LIFO) principle. This means that 
the last element added to the stack is the first one to be removed. 
The basic operations that are typically implemented in a stack 
include push, pop, and peek. 

●​Push: adds an element to the top of the stack. 
●​Pop: removes and returns the element from the top of the 

stack. 
●​Peek: returns the element from the top of the stack without 

removing it. 
In addition to these basic operations, some other useful operations 
that can be implemented in a stack include: 

●​Empty: returns whether the stack is empty or not. 
●​Size: returns the number of elements in the stack. 
●​Clear: removes all the elements from the stack. 

Stacks can be implemented using an array or a linked list. In C++ 
the stack class is available in the STL library, which is a template 
class that can store any data type. This makes it quite flexible and 
easy to use. 
The main advantage of using a stack data structure is that the time 
complexity of the basic stack operations is O(1). This makes it 
efficient for small to medium size of data. Also, it's used as a 
fundamental structure in many algorithms and can be used to solve 
problems such as parsing, backtracking, and expression 
evaluation. 
 
 



You were saying there's also the related Queues. 
 
Yes, that's correct. A queue is a data structure that stores a 
collection of elements, and follows the First In, First Out (FIFO) 
principle. This means that the first element added to the queue is 
the first one to be removed. The basic operations that are typically 
implemented in a queue include enqueue, dequeue, and peek. 

​​ Enqueue: adds an element to the rear/back of the queue. 
​​ Dequeue: removes and returns the element from the front of 

the queue. 
​​ Peek: returns the element from the front of the queue without 

removing it. 
Similar to the Stack, Queue also has some other useful operations 
that can be implemented: 

​​ Empty: returns whether the queue is empty or not. 
​​ Size: returns the number of elements in the queue. 
​​ Clear: removes all the elements from the queue. 

Queues can be implemented using an array or a linked list, or a 
circular array. In C++, the queue class is also available in the STL 
library. The main advantage of using a queue data structure is that 
it allows for efficient addition of elements at the rear/back of the 
queue and removal of elements from the front of the queue with 
O(1) time complexity. This makes it particularly useful for 
problems where elements need to be added and removed in a 
specific order. 
It's used in many algorithms and can be used to solve problems 
such as breadth-first search, simulation and scheduling. Let me 
know if you want to know more about this topic. 
 
Write a briefer on how code is handled for these two 
structures. 
 



In C++, the stack and queue classes are available in the STL 
(Standard Template Library), which makes it very easy to use. 
Both classes are template classes, which means that they can store 
any data type. 
Here's an example of how to use a stack class in C++: 

#include <stack> 

#include <iostream> 

 
int main() { 

    std::stack<int> s; 

 
    // push elements onto the stack 

    s.push(1); 

    s.push(2); 

    s.push(3); 

 
    // print the elements on the stack 

    while (!s.empty()) { 

        std::cout << s.top() << " "; 

        s.pop(); 

    } 

    return 0; 

} 

In this example, we first include the stack header from the STL 
library. Then we create an object of the stack class, and store it 
in the variable s. Next, we use the push function to add elements 
to the stack, the element will be added to the top of the stack. The 
top function is used to access the top element of the stack, and 
the pop function is used to remove the top element. The 
empty() function is used to check if the stack is empty or not, it 
returns true if the stack is empty, otherwise, it returns false. 
Here's an example of how to use a queue class in C++: 



#include <queue> 

#include <iostream> 

 
int main() { 

    std::queue<int> q; 

 
    // push elements onto the queue 

    q.push(1); 

    q.push(2); 

    q.push(3); 

 
    // print the elements in the queue 

    while (!q.empty()) { 

        std::cout << q.front() << " "; 

        q.pop(); 

    } 

    return 0; 

} 

In this example, we first include the queue header from the STL 
library. Then we create an object of the queue class, and store it 
in the variable `q`. Next, we use the push function 
to add elements to the queue. The front 
function is used to access the first element 
of the queue, and the pop function is used to 
remove the first element. The empty()` function is 
used to check if the queue is empty or not, it returns true if the 
queue is empty, otherwise, it returns false. 
One key difference between a stack and a queue is that a stack 
follows the Last In, First Out (LIFO) principle, meaning the last 
element added to the stack is the first one to be removed, whereas 
a queue follows the First In, First Out (FIFO) principle, meaning 
the first element added to the queue is the first one to be removed. 
You can also use stack and queue with your own defined class or 



struct, the idea is that you need to overload the operator < or > to 
compare the elements of your class. 
Please let me know if you have further questions or if you need 
more examples. 
 
Now let's talk about some common types of graph 
algorithms. 
 
There are many different types of graph algorithms, each with its 
own specific use cases and applications. Some common types of 
graph algorithms include: 

​​ Searching algorithms: These algorithms are used to traverse a 
graph and find a specific vertex or group of vertices that meet 
certain criteria. Examples of searching algorithms include 
depth-first search (DFS) and breadth-first search (BFS). 

​​ Shortest path algorithms: These algorithms are used to find 
the shortest path between two vertices in a graph. Examples 
of shortest path algorithms include Dijkstra's algorithm and 
Bellman-Ford algorithm. 

​​ Minimum spanning tree algorithms: These algorithms are 
used to find the minimum spanning tree in a graph, which is a 
tree that connects all the vertices in the graph with the 
minimum total weight. Examples of minimum spanning tree 
algorithms include Kruskal's algorithm and Prim's algorithm. 

​​ Network flow algorithms: These algorithms are used to 
model and solve problems related to the flow of resources or 
information through a network. Examples of network flow 
algorithms include the Ford-Fulkerson algorithm and the 
Edmonds-Karp algorithm. 

​​ Topological sorting: A linear ordering of vertices of a graph 
is called a topological ordering if for every directed edge uv, 
from vertex u to vertex v, u comes before v in the ordering. 



Topological Sorting is mainly used for scheduling jobs from 
the given dependencies among jobs. 

These are just a few examples of the many types of graph 
algorithms that exist. Each algorithm has its own advantages and 
disadvantages, and choosing the right algorithm for a specific 
problem will depend on the properties of the graph and the 
requirements of the problem. 
Let me know if you have any specific algorithm that you want to 
know more about or if you have any questions on this topic. 
 
Ah yes, the shortest path algorithms, we're supposed to look 
at those, it's on my list. Expand on the subject first. 
 
Sure! In graph theory, the shortest path problem is the problem of 
finding a path between two vertices (or nodes) in a graph such that 
the sum of the weights of its edges is minimized. The problem can 
be defined for both weighted and unweighted graphs. 
The shortest path problem can be divided into two categories: 

1.​Single-source shortest path: This problem consists of finding 
the shortest path from a given source vertex to every other 
vertex in the graph. 

2.​Single-destination shortest path: This problem consists of 
finding the shortest path from every vertex in the graph to a 
given destination vertex. 

3.​Single-pair shortest path: This problem consists of finding the 
shortest path from a given source vertex to a given 
destination vertex in the graph. 

A common example of the shortest path problem is finding the 
shortest path between two points on a map, such as a city map. 
The graph can be represented by roads, and the edges can have 
weights representing the distance between the two points 
connected by the edge. 



Two of the most well-known algorithms for solving the shortest 
path problem are Dijkstra's algorithm and Bellman-Ford 
algorithm. Dijkstra's algorithm is commonly used for solving the 
single-source shortest path problem on a graph with non-negative 
edge weights, while the Bellman-Ford algorithm can handle 
graphs with negative edge weights, but it can also be used to solve 
the single-source problem. 
There are other algorithms that can solve the shortest path problem 
and they can be divided into 2 categories, one that is based on 
greedy and another that is based on dynamic programming. 
Let me know if you want to learn more about any of the 
algorithms in particular, or if you want to see examples of 
implementation in code. 
 
Let's see an example of the single-source. 
 
Sure! Here's an example of Dijkstra's algorithm being used to 
solve the single-source shortest path problem in C++: 
#include <iostream> 

#include <vector> 

#include <queue> 

 
const int INF = 1e9; // represents the 
"infinity" distance 

const int N = 100;  // maximum number of 
vertices 

 
// representation of a weighted edge (u, v, 
w) 

struct Edge { 

    int u, v, w; 

    Edge(int _u, int _v, int _w) : u(_u), 
v(_v), w(_w) {} 



}; 

 
// representation of a graph using adjacency 
list 

std::vector<Edge> edges; 

std::vector<int> adj[N]; 

 
void addEdge(int u, int v, int w) { 

    edges.push_back(Edge(u, v, w)); 

    int m = edges.size(); 

    adj[u].push_back(m - 1); // add the edge 
to the adjacency list 

} 

 
void Dijkstra(int s, int n) { 

    std::vector<int> dist(n, INF); // 
initialize distance to "infinity" 

    dist[s] = 0;  // distance to source is 
zero 

 
    std::priority_queue<std::pair<int, int>> 
q; // priority queue 

    q.push({0, s}); // push the source into 
the queue 

 
    while (!q.empty()) { 

        int u = q.top().second; 

        q.pop(); 

 
        for (int i = 0; i < adj[u].size(); 
i++) { 

            Edge &e = edges[adj[u][i]]; 

            int v = e.v; 

            int w = e.w; 

            if (dist[v] > dist[u] + w) { // 



relax the edge 

                dist[v] = dist[u] + w; 

                q.push({-dist[v], v}); // 
push the neighbor into the queue 

            } 

        } 

    } 

 
    // print the shortest distance from the 
source to every other vertex 

    for (int i = 0; i < n; i++) { 

        std::cout << "Shortest distance from 
" << s << " to " << i << " is " << dist[i] 
<< std::endl; 

    } 

} 

 
int main() { 

    int n = 4;  // number of vertices 

    int m = 5;  // number of edges 

 
    addEdge(0, 1, 10); 

    addEdge(0, 3, 30); 

    addEdge(0, 2, 100); 

    addEdge(1, 2, 10); 

    addEdge(2, 3, 10); 

 
    int s = 0;  // source vertex 

 
    Dijkstra(s, n); 

 
    return 0; 

} 

In this example, we first define a few constants and structures to 
represent the graph and its edges. We use an adjacency list to 



represent the graph. We use the addEdge function to add edges 
to the graph, and it adds the edge to the adjacency list as well. The 
Dijkstra function takes the source vertex (s) and the number of 
vertices (n) as input. 
The Dijkstra function initializes the distance from the source 
vertex to every other vertex as "infinity" and sets the distance 
from the source vertex to itself as 0. Then, it creates a priority 
queue and pushes the source vertex into the queue. 
The algorithm then enters a loop that repeats until the priority 
queue is empty. In each iteration, it takes the vertex with the 
smallest distance from the priority queue, and for each of its 
neighboring vertices, it relaxes the edge if the distance to the 
neighbor can be improved by going through the current vertex. 
This means that if the distance to the neighbor is greater than the 
distance to the current vertex plus the weight of the edge between 
them, then we update the distance to the neighbor and push it into 
the priority queue. 
After the loop, the function prints the shortest distance from the 
source vertex to every other vertex in the graph. In this example, 
the output will be: 
Shortest distance from 0 to 0 is 0 

Shortest distance from 0 to 1 is 10 

Shortest distance from 0 to 2 is 20 

Shortest distance from 0 to 3 is 30 

Keep in mind that Dijkstra's algorithm is only used for graphs 
where all the edges have non-negative weights and it has a time 
complexity of O(E log V) 
Let me know if you have any questions about the code or if you 
want to see how it works for the other kind of shortest path 
problem. 
 
Let's see the Bellman-Ford with a Single-destination in the 



next example. 
 
Sure! Here's an example of Bellman-Ford algorithm being used to 
solve the single-destination shortest path problem in C++: 
#include <iostream> 

#include <vector> 

 
const int INF = 1e9; // represents the 
"infinity" distance 

const int N = 100;  // maximum number of 
vertices 

 
// representation of a weighted edge (u, v, 
w) 

struct Edge { 

    int u, v, w; 

    Edge(int _u, int _v, int _w) : u(_u), 
v(_v), w(_w) {} 

}; 

 
std::vector<Edge> edges; 

 
void addEdge(int u, int v, int w) { 

    edges.push_back(Edge(u, v, w)); 

} 

 
bool BellmanFord(int n, int m, int t) { 

    std::vector<int> dist(n, INF); // 
initialize distance to "infinity" 

    dist[t] = 0; // the distance to the 
destination is zero 

    for (int i = 0; i < n - 1; i++) { 

        for (int j = 0; j < m; j++) { 

            int u = edges[j].u; 



            int v = edges[j].v; 

            int w = edges[j].w; 

            if (dist[u] != INF && dist[v] > 
dist[u] + w) { 

                dist[v] = dist[u] + w; 

            } 

        } 

    } 

 
    for (int j = 0; j < m; j++) { 

        int u = edges[j].u; 

        int v = edges[j].v; 

        int w = edges[j].w; 

        if (dist[u] != INF && dist[v] > 
dist[u] + w) { 

            return false; // negative cycle 
detected 

        } 

    } 

    for (int i = 0; i < n; i++) { 

        std::cout << "Shortest distance from 
" << i << " to " << t << " is " << dist[i] 
<< std::endl; 

    } 

    return true; 

} 

 
int main() { 

    int n = 4;  // number of vertices 

    int m = 5;  // number of edges 

 
    addEdge(0, 1, -1); 

    addEdge(0, 3, 4); 

    addEdge(1, 2, 3); 

    addEdge(2, 3, 2); 



    addEdge(3, 1, 5); 

 
    int t = 3;  // destination vertex 

    if(!BellmanFord(n, m, t)) 

        std::cout<<"Negative Cycle 
detected"<<std::endl; 

    return 0; 

} 

This example is very similar to the previous one but instead of 
Dijkstra's algorithm, Bellman-Ford algorithm is used. 
Bellman-Ford can handle graphs with negative edge weights and 
also can be used to solve the single-destination problem. The main 
difference with Dijkstra is that Bellman-Ford uses a nested loop to 
relax the edges, where it goes through each vertex and each edge, 
relaxing the edges that go out of the current vertex. If a distance to 
a vertex can be improved, it updates the distance and continues 
relaxing the edges in the next iteration. 
 
Expand on the differences between both of these algorithms, and 
also in terms of performance. 
Dijkstra's algorithm and Bellman-Ford algorithm are both used to 
solve the shortest path problem in graphs, but they have some key 
differences in terms of their implementation, performance, and the 
types of graphs they can be used on. 

●​Dijkstra's algorithm is based on the idea of relaxation, where 
it starts from the source vertex, relaxes the edges, and 
gradually explores the graph, updating the distances to each 
vertex along the way. It uses a priority queue to select the 
vertex with the smallest distance at each step, and it stops 
once all the vertices have been visited or the destination 
vertex has been found. Dijkstra's algorithm can only be used 
for graphs with non-negative edge weights. 

●​Bellman-Ford algorithm, like Dijkstra is also based on 
relaxation and it also starts from the source or destination 



vertex but it uses a nested loop that goes through each vertex 
and each edge, relaxing the edges that go out of the current 
vertex. Bellman-Ford can handle graphs with negative edge 
weights and can be used to solve the single-source and 
single-destination problem. 

In terms of performance, Dijkstra's algorithm has a time 
complexity of O(E log V) because it uses a priority queue, which 
takes O(log V) time to extract the minimum element, making it 
more efficient than Bellman-Ford algorithm when the graph is 
dense and all the edges have non-negative weights. However, 
Bellman-Ford has a time complexity of O(VE) which is less 
efficient than Dijkstra's algorithm on dense graph, but it handles 
graphs with negative edge weights and can detect negative cycles 
(a cycle whose edges sum to a negative value) 
In summary, Dijkstra's algorithm is more efficient than 
Bellman-Ford algorithm for graphs with non-negative edge 
weights and dense graphs, while Bellman-Ford can handle graphs 
with negative edge weights and it is able to detect negative cycles. 
 
What is Shor's algorithm? 
 

Shor's algorithm is a quantum algorithm that was discovered by 
the mathematician Peter Shor in 1994. It is a quantum algorithm 
for integer factorization that can find the prime factors of a 
composite integer much more efficiently than the best known 
classical algorithm, the general number field sieve. Shor's 
algorithm is a key breakthrough in the field of quantum computing 
and is often cited as one of the most important algorithms 
discovered to date. 

The significance of Shor's algorithm is that it provides a way to 
efficiently factor large numbers, which is a problem of great 
practical importance in fields such as cryptography. The security 



of many widely used cryptographic systems, such as RSA, relies 
on the difficulty of factoring large numbers. Shor's algorithm has 
the potential to break these systems and render them insecure, 
which is one reason why it is so significant. 

Shor's algorithm works by exploiting the ability of a quantum 
computer to perform certain operations, such as the quantum 
Fourier transform, much more efficiently than classical computers 
can. The algorithm involves a series of quantum and classical 
operations that ultimately allow the prime factors of a composite 
integer to be efficiently calculated. While Shor's algorithm is a 
powerful tool, it is important to note that it is not practical to run 
on current quantum computers, which are still in the very early 
stages of development. 

 

Oh, that's above my paygrade then, isn't it? 

 

Shor's algorithm is a very advanced topic in quantum computing, 
so it can be quite difficult to understand without a background in 
advanced mathematics and physics. However, there are many 
resources available that can help break down the concepts and 
make them more accessible, even for those without a strong 
technical background. So, while it may be challenging, it's 
certainly not impossible to learn about Shor's algorithm if you're 
interested! 

 
 
Time for a new subject, which is Trees. Write an introduction 
for that. 
 
Trees are a fundamental data structure in computer science, and 
they are widely used in many different areas of computer science, 



such as algorithms, artificial intelligence, databases, and more. 
A tree is a type of graph, but with some specific properties. A tree 
is an undirected graph that is connected and has no cycles. In a 
tree, there is one special vertex called the root, and the other 
vertices are called the nodes. Every node in a tree has one parent 
and zero or more children. A node with no children is called a 
leaf, and a node with children is called an internal node. Each path 
from the root to a leaf represents a unique sequence of nodes in 
the tree. 
There are many different types of trees, such as binary trees, 
B-trees, AVL trees, and more. Each of these types of trees has its 
own unique properties and uses. 
One of the most common types of trees is the binary tree, where 
each node has at most two children. This type of tree is used in 
many different algorithms and data structures, such as searching 
and sorting algorithms. Another common type is the B-tree, which 
is used in database systems and file systems to optimize searching, 
inserting, and deleting operations. 
Each type of tree offers a different trade-off regarding space and 
time complexity. Learning trees is important because they can help 
to solve a wide range of problems, such as searching, sorting, and 
more. 
 
Write a briefer on the use of code when it comes to trees. 
 
Trees are often represented in code using classes or structs that 
define the properties and behaviors of each node in the tree. In 
C++, a typical tree node class would look like this: 
class TreeNode { 

    public: 

    int val; 

    TreeNode *left, *right; // pointers to 
the left and right children 



    TreeNode(int v) : val(v), left(NULL), 
right(NULL) {} 

}; 

This is a simple representation of a TreeNode class, where each 
node has an integer value and two pointers to its left and right 
children. With this definition of a TreeNode class, it's easy to 
create a new node and link it to other nodes to form a tree. 
To create a tree, we first need to create a root node, and then we 
can add other nodes to it using the left and right pointers. For 
example, the following code creates a binary tree with a root node 
that has a value of 1, and two child nodes with values 2 and 3: 
TreeNode *root = new TreeNode(1); 

root->left = new TreeNode(2); 

root->right = new TreeNode(3); 

Once the tree is constructed, there are a variety of algorithms and 
traversal techniques that can be performed on the tree such as 
in-order, pre-order and post-order traversals, depth-first and 
breadth-first traversals, searching for a specific value, and more. 
Many of these algorithms can be implemented recursively or 
iteratively, and the decision of which approach to use will depend 
on the problem and the desired trade-off between performance and 
readability. 
It's also important to notice that there are some tree-based data 
structures like binary search tree, AVL tree and B-tree which have 
different characteristics and use cases, learning those will allow 
you to choose the right one based on the problem you're trying to 
solve. 
I hope this helps you get a better understanding of how trees are 
represented in code and the different types of operations that can 
be performed on them. Let me know if you have any more 
questions! 
 



What else? 
 
When it comes to coding trees, there are a few different things to 
consider, such as how to represent the tree, how to traverse the 
tree, and how to perform operations on the tree. 
The most common way to represent a tree in code is through a 
node-based data structure, where each node represents a vertex in 
the tree. Each node typically contains a value, a pointer to its 
parent (if it's not the root), and pointers to its children. 
Here's an example of a basic tree node class in C++: 
class TreeNode { 

public: 

    int val; 

    TreeNode* left; 

    TreeNode* right; 

    TreeNode(int x) : val(x), left(nullptr), 
right(nullptr) {} 

}; 

This class represents a node in a binary tree, it contains a value 
(val) and two pointers (left, right) to its children. 
There are different ways to traverse a tree in code, such as 
in-order, pre-order, and post-order. Each one of these traversal 
methods visits the nodes of the tree in different order, some of 
them can be used for different problems and use cases. 
 
Let's expand on performing operations on a tree class. 
 
There are many different operations that can be performed on a 
tree data structure, here are some of the most common ones: 

1.​ Insertion: Inserting a new node into a tree can be done by 
creating a new node and linking it to an existing node using 
the left or right pointers. For example, to insert a new node 



with value 4 as the left child of the root node in the tree we 
created earlier: 

root->left->left = new TreeNode(4); 

2.​ Searching: Searching for a specific value in a tree can be 
done using a depth-first search (DFS) or a breadth-first search 
(BFS) algorithm. DFS involves visiting a node, recursively 
visiting its children, and then backtracking to the next sibling. 
BFS involves visiting a node and its immediate children 
before moving on to the next level of the tree. Here is an 
example of a DFS function in C++ that searches for a specific 
value in a tree: 

bool search(TreeNode *root, int val) { 

    if (!root) return false; 

    if (root->val == val) return true; 

    return search(root->left, val) || 
search(root->right, val); 

} 

3.​ Deletion: Deleting a node from a tree can be a bit more 
complex than insertion because the tree's structure may have 
to be modified to maintain its properties. In a binary search 
tree, for example, deleting a node may require reordering the 
tree to keep it balanced. 

4.​ Traversals: Traversing a tree involves visiting each node in a 
specific order. There are several types of traversals that can 
be performed on a tree, each with its own specific use case. 
The most common traversals are: 

​​ In-order traversal: This traversal visits the left subtree, 
then the current node, and finally the right subtree. It is 
commonly used for binary search trees. 

​​ Pre-order traversal: This traversal visits the current node, 
then the left subtree, and finally the right subtree. It is 
commonly used for representing a tree as a list. 



​​ Post-order traversal: This traversal visits the left subtree, 
the right subtree, and then the current node. It is 
commonly used for deleting a tree. 

5.​ Balancing : As you add or delete nodes in the tree, it can 
become unbalanced. Balancing a tree means to ensure that 
the height of the left and right subtrees differ by no more than 
one. There are several tree balancing algorithms, such as 
AVL trees and Red-Black trees. 

 
 
Let's see an example with a simple program. 
 
Sure! Here's an example of a simple C++ program that creates a 
binary tree, performs an in-order traversal, and then searches for a 
specific value in the tree. 
#include <iostream> 

 
class TreeNode { 

public: 

    int val; 

    TreeNode *left, *right; 

    TreeNode(int v) : val(v), left(NULL), 
right(NULL) {} 

}; 

 
void inOrderTraversal(TreeNode *root) { 

    if (!root) return; 

    inOrderTraversal(root->left); 

    std::cout << root->val << " "; 

    inOrderTraversal(root->right); 

} 

 
bool search(TreeNode *root, int val) { 

    if (!root) return false; 



    if (root->val == val) return true; 

    return search(root->left, val) || 
search(root->right, val); 

} 

 
int main() { 

    TreeNode *root = new TreeNode(1); 

    root->left = new TreeNode(2); 

    root->right = new TreeNode(3); 

    root->left->left = new TreeNode(4); 

    root->left->right = new TreeNode(5); 

 
    std::cout << "In-order traversal: "; 

    inOrderTraversal(root); 

    std::cout << std::endl; 

 
    int val = 4; 

    std::cout << "Searching for value " << 
val << ": "; 

    if (search(root, val)) { 

        std::cout << "Found!" << std::endl; 

    } else { 

        std::cout << "Not found." << 
std::endl; 

    } 

    return 0; 

} 

The main function of the program creates a binary tree and 
constructs it by creating new TreeNode objects and linking them 
together using the left and right pointers. Then the program 
performs an in-order traversal of the tree by calling the 
inOrderTraversal function, which recursively visits the left 
subtree, the current node, and the right subtree. Then it searches 
for a specific value in the tree using the search function. 



This is a simple example but it should give you a sense of how a 
tree is represented in code and how various operations can be 
performed on it. You can add or modify the code as you need 
based on your problem. 
 
 
Very nice, let's see another type of example, with a different 
kind of tree.  
 
Sure! Here's an example of a program that demonstrates how to 
use a B-tree, which is a type of tree that is often used in databases 
and file systems to optimize searching, inserting, and deleting 
operations. A B-tree is a type of balanced tree where each node 
can have a large number of children (i.e. the maximum number of 
children is greater than 2, but the number of children is fixed for a 
given node, usually, it is called the order of the tree). 
Here's an example of a simple B-Tree class in C++ : 
#include <iostream> 

#include <vector> 

 
class BTreeNode { 

    public: 

    std::vector<int> keys; 

    std::vector<BTreeNode*> children; 

    bool leaf; 

    int t; 

 
    BTreeNode(int _t, bool _leaf); 

 
    void traverse(); 

    BTreeNode* search(int k); 

    void insertNonFull(int k); 

    void splitChild(int i, BTreeNode* y); 

}; 



 
class BTree { 

    public: 

    BTreeNode* root; 

    int t; 

 
    BTree(int _t) : root(NULL), t(_t) {} 

 
    void traverse() { 

        if (root != NULL) root->traverse(); 

    } 

 
    BTreeNode* search(int k) { 

        return (root == NULL) ? NULL : 
root->search(k); 

    } 

 
    void insert(int k); 

}; 

 
void BTree::insert(int k) { 

    if (root == NULL) { 

        root = new BTreeNode(t, true); 

        root->keys.push_back(k); 

    } else { 

        if (root->keys.size() == 2*t-1) { 

            BTreeNode* s = new BTreeNode(t, 
false); 

            s->children.push_back(root); 

            s->splitChild(0, root); 

​ ​ int i = 0; 

            if (s->keys[0] < k) 

                i++; 

            



s->children[i]->insertNonFull(k); 

 
            root = s; 

        } else { 

            root->insertNonFull(k); 

        } 

    } 

} 

This is a simple implementation of a B-tree class in C++, which 
can be used to store and search large amounts of data in a 
balanced way. The code defines a BTreeNode class that contains 
an array of keys, an array of child pointers, and a flag indicating 
whether the node is a leaf node. It also includes a BTree class 
which contains a pointer to the root of the B-tree. 
The insert method of the BTree class is used to insert a new 
key into the B-tree. It first checks if the root is NULL, in which 
case it creates a new leaf node and inserts the key. If the root node 
is not NULL, it checks if the root is full. If it's full, the method 
creates a new node and splits the root node into two new nodes, 
making the new node the root of the tree. Then it recursively 
inserts the key in the appropriate subtree. 
This is just a simple example of how a B-tree could be 
implemented in C++, but it should give you an idea of how a 
B-tree works and how it can be used to store and search large 
amounts of data. In practice, a more robust and feature-rich 
implementation of a B-tree would be required, but this should 
provide you a good starting point to get an idea of its inner 
workings. 
 
Write a briefer on recursion. 
 
Recursion is a programming technique where a function calls 



itself in order to solve a problem. It is a powerful tool that can be 
used to simplify complex problems and make the code more 
readable and maintainable. 
The key idea behind recursion is to break a problem down into 
smaller, similar subproblems. The function then calls itself to 
solve each subproblem, and the solutions to the subproblems are 
combined to give the solution to the original problem. 
A recursive function has two main parts: the base case and the 
recursive case. The base case is the point at which the recursion 
stops, it is the simplest possible case of the problem, and it usually 
returns a value. The recursive case is the part of the function that 
calls itself to solve the subproblem. 
A key point to remember when working with recursion is that the 
function must make progress towards the base case with each 
recursive call. This is called the "progress property" of recursion 
and is what ensures that the recursion will eventually terminate 
and not run indefinitely. 
Here's a simple example of a recursive function that calculates the 
factorial of a number: 
int factorial(int n) { 

    if (n == 0) { 

        return 1; //base case 

    } 

    return n * factorial(n - 1); //recursive 
case 

} 

When the function is called with an argument of 5, for example, it 
will return 5* factorial(4), then 4* factorial(3), then 3* factorial(2) 
and so on until it reaches the base case where it returns 1. Thus the 
function will return 5 * 4 * 3 * 2 * 1 = 120, which is the factorial 
of 5. 
Recursion can be a tricky concept to grasp, but it can be a 



powerful tool for solving complex problems. It's important to 
understand the base case and the recursive case and make sure that 
the function makes progress towards the base case with each 
recursive call, so the recursion will eventually terminate. 
 
Tell me of a few more common ways that it can be used. 
 
Recursion can be used to solve many types of problems, some of 
the most common include: 

​​ Tree traversals: Recursion can be used to traverse the nodes 
of a tree in a specific order, such as in-order, pre-order, or 
post-order. This is because the structure of a tree lends itself 
naturally to recursion, with each node having child nodes that 
can be processed recursively. 

​​ Divide-and-conquer algorithms: Many algorithms use the 
divide-and-conquer technique of breaking a problem down 
into smaller, similar subproblems, solving them recursively, 
and then combining the solutions to the subproblems to solve 
the original problem. Examples include merge sort, quick 
sort, and the Fibonacci sequence calculation. 

​​ Backtracking: Backtracking is a technique for exploring all 
possible solutions to a problem, by incrementally building a 
solution and then undoing (or "backtracking" on) part of it 
when a dead-end is encountered. Recursion is often used to 
implement backtracking, as it allows the function to undo the 
current state and try a different path. This technique is used to 
find solutions to problems such as the 8 queens problem, 
Sudoku solvers, and mazes. 

​​ Graph traversals: Graph traversals, such as Depth-first 
Search and Breadth-first Search, can be easily implemented 
using recursion. The recursion makes it easier to explore the 
children of a vertex and keep track of the visited vertices. 



​​ Towers of Hanoi: The Towers of Hanoi is a classic problem 
often used to illustrate the power of recursion. It consists of a 
base case and recursive case, where the recursive case is used 
to solve the problem for n-1 discs and the base case is to 
solve the problem for one disc. 

​​ Permutations and Combinations: Many problems, 
especially in combinatorics, can be solved using recursion. 
For example, the problem of generating all permutations or 
combinations of a set of items can be efficiently solved using 
recursion. 

These are just a few examples of the many ways in which 
recursion can be used to solve problems. Recursion can be a very 
powerful tool but it is important to use it judiciously, and make 
sure that the function always makes progress towards the base 
case, to ensure that it terminates. 
 
Let's start exploring the subject of Heaps. 
 
Heaps are a type of data structure that is used to implement 
priority queues. A priority queue is a queue that holds elements, 
and each element has a priority value associated with it, with 
higher priority elements being served before lower priority 
elements. Heaps are a useful data structure because they allow for 
efficient insertion and removal of elements, while maintaining the 
priority order of the elements. 
Heaps come in two main types: min-heaps and max-heaps. In a 
min-heap, the element with the lowest value has the highest 
priority, whereas in a max-heap, the element with the highest 
value has the highest priority. 
A binary heap is a heap data structure in which each parent node 
has at most two children. A common implementation of a binary 
heap is an array, with the elements of the heap stored in the array, 



and the parent-child relationships defined by the indices of the 
elements in the array. 
A binary heap is said to follow the heap property if for every node 
i other than the root, the value of node i is greater or equal than (in 
case of min-heap) or less than or equal to (in case of max-heap) 
the value of its parent. 
The two main operations that are commonly used with heaps are: 

●​push or insert: this operation is used to insert a new 
element into the heap. It starts by adding the new element to 
the bottom of the heap and then "bubbles" it up to the correct 
position in the heap based on its priority. 

●​pop or delete: this operation is used to remove the 
highest-priority (or lowest-priority, depending on the type of 
heap) element from the heap. It starts by removing the 
element at the top of the heap and then "sinks" the last 
element in the heap to the correct position based on its 
priority. 

Here's an example of a simple min-heap class in C++: 
class MinHeap { 

    public: 

    vector<int> data; 

 
    // utility function to get the index of 
the parent node 

    int parent(int i) { return (i - 1) / 2; 
} 

 
    // utility function to get the index of 
the left child node 

    int left(int i) { return (2 * i + 1); } 

 
    // utility function to get the index of 
the right child node 



    int right(int i) { return (2 * i + 2); } 

 
    void push(int value); 

    void pop(); 

    int top(); 

    bool empty(); 

    void heapify(int i); 

}; 

This is a simple example of a min heap implemented as a class in 
C++, the class uses the vector container to store the heap, it also 
has some utility functions to interact with the heap such as push 
and pop, top, check if empty and heapify that allows to keep the 
heap property after an insertion or deletion. There are many other 
types of heaps and variations of this one, as well as different ways 
to implement it. 
 
 
Now let's see a max-heap class. 
 
Sure, here's an example of a simple max-heap class in C++: 
class MaxHeap { 

    public: 

    vector<int> data; 

 
    // utility function to get the index of 
the parent node 

    int parent(int i) { return (i - 1) / 2; 
} 

 
    // utility function to get the index of 
the left child node 

    int left(int i) { return (2 * i + 1); } 

 
    // utility function to get the index of 



the right child node 

    int right(int i) { return (2 * i + 2); } 

 
    void push(int value); 

    void pop(); 

    int top(); 

    bool empty(); 

    void heapify(int i); 

}; 

This is very similar to the min-heap class, the main difference is 
that the max-heap class stores the elements in such a way that the 
element with the highest value has the highest priority and will be 
the first to be extracted. As a result, the operations on this heap 
such as push, pop, and heapify need to take in consideration the 
correct order of the elements and the max-heap property to be 
maintained. The implementation of the push, pop, top, and heapify 
methods will differ from the min-heap version since we need to 
take into account that the heap should store the element with the 
highest value at the root and the elements with lower values 
should be pushed to the leaf. 
 
Expand on how Heaps relate to other data structures. 
 
Heaps are related to several other data structures in different ways, 
some of the most common include: 

●​Arrays and Vectors: As I've shown before, a common way 
to implement a heap is as an array or vector, where the 
elements of the heap are stored in the array, and the 
parent-child relationships are defined by the indices of the 
elements in the array. This is the case of the examples I've 
shown you before. 

●​Binary Search Trees (BST): A heap can be thought of as a 
special case of a binary search tree, where the ordering 



property of the tree is determined by the priority value of the 
elements rather than their actual values. The main difference 
between a heap and a BST is that a heap must maintain the 
heap property, whereas a BST must maintain the ordering 
property. 

●​Priority Queues: A heap can be used to implement a priority 
queue, which is a queue that holds elements, and each 
element has a priority value associated with it, with higher 
priority elements being served before lower priority elements. 

●​Sorting Algorithms: Heapsort is a comparison-based sorting 
algorithm that uses a heap data structure to sort an array. 
Heapsort can be thought of as an improved selection sort: 
like that algorithm, it divides its input into a sorted and an 
unsorted region, and it iteratively shrinks the unsorted region 
by extracting the largest element from it and inserting it into 
the sorted region. The improvement consists of the use of a 
heap data structure rather than a linear-time search to find the 
maximum. 

●​Graph Algorithms: Dijkstra's shortest path algorithm and 
Prim's minimum spanning tree algorithm use the concept of 
priority queue which can be implemented using heap. 

Heaps are related to other data structures in different ways and 
sometimes it may be preferable to use one data structure over 
another depending on the requirements of the problem. For 
example, when the priority queue operation is a bottleneck in your 
algorithm, heap is a good option since it's an efficient way of 
implementing the priority queue, in other cases when sorting is 
important, HeapSort may be a better option. It's important to 
understand the trade-offs and use the appropriate data structure for 
the problem at hand. 
 
Now let's see a typical use case for a heap in a code 
example. 
 



Sure, one common use case for a heap is when you need to 
maintain a list of elements that are being generated or added to 
over time, but you only need to access the highest-priority or 
lowest-priority element at any given time. For example, let's say 
you have a program that receives a stream of numbers and you 
want to keep track of the largest k numbers that have been 
received so far. You can use a max-heap to efficiently store the k 
largest numbers, because it allows you to quickly find the largest 
number, and also quickly add new numbers to the heap while 
maintaining the property that the k largest numbers are always at 
the top of the heap. 
Here's an example of a program that keeps track of the k largest 
numbers in a stream of numbers using a max-heap: 
#include <iostream> 

#include <vector> 

using namespace std; 

 
class MaxHeap { 

    public: 

    vector<int> data; 

 
    int parent(int i) { return (i - 1) / 2; 
} 

    int left(int i) { return (2 * i + 1); } 

    int right(int i) { return (2 * i + 2); } 

 
    void push(int value) { 

        data.push_back(value); 

        int index = data.size() - 1; 

 
        while (index > 0 && 
data[parent(index)] < data[index]) { 

            swap(data[index], 
data[parent(index)]); 



            index = parent(index); 

        } 

    } 

 
    int pop() { 

        int result = data[0]; 

        data[0] = data.back(); 

        data.pop_back(); 

        heapify(0); 

        return result; 

    } 

 
    void heapify(int i) { 

        int largest = i; 

        int left_child = left(i); 

        int right_child = right(i); 

 
        if (left_child < data.size() && 
data[left_child] > data[largest]) 

            largest = left_child; 

 
        if (right_child < data.size() && 
data[right_child] > data[largest]) 

            largest = right_child; 

 
        if (largest != i) { 

            swap(data[i], data[largest]); 

            heapify(largest); 

        } 

    } 

}; 

 
int main() { 

    int n, k; 

    cin >> n >> k; 



    MaxHeap heap; 

    for (int i = 0; i < n; i++) { 

        int x; 

        cin >> x; 

        if (heap.data.size() < k) { 

            heap.push(x); 

        } else if (x > heap.data[0]) { 

            heap.pop(); 

            heap.push(x);} 

        } 

    } 

    // Print the k largest numbers 

    for (int i = 0; i < k; i++) { 

        cout << heap.pop() << " "; 

    } 

    return 0; 

} 

The code above reads in a stream of n numbers and keeps track of 
the k largest numbers using a max-heap. It starts by creating an 
empty max-heap, and for each number x in the stream, it checks if 
the heap has less than k elements. If so, it pushes the number onto 
the heap. If the heap already has k elements and the current 
number is larger than the smallest element of the heap, it pops the 
smallest element and pushes the current number onto the heap. 
Once all the numbers have been processed, the program prints the 
k largest numbers by popping them off the heap. Since a max-heap 
stores the largest element at the top, popping elements will return 
the elements in descending order. 
It is a basic example but it should give you an idea of how a heap 
can be used to efficiently keep track of the highest-priority 
elements in a stream of data. 
 



Expand on the Heapify function. 
 
The heapify function is an important function in the heap data 
structure. It is used to maintain the heap property, which is that the 
key of a parent node must be greater than or equal to (for a max 
heap) or less than or equal to (for a min heap) the keys of its 
children. 
The heapify function is typically used in three situations: 

●​When the heap is first being built, the heapify function is 
used to convert an unsorted array of elements into a heap. 

●​After an element is added to or removed from the heap, the 
heapify function is used to restore the heap property. 

●​The heapsort algorithm uses heapify to move the largest 
element to the root so that it can be extracted. 

The implementation of the heapify function depends on the type of 
heap (min or max) and the data structure being used to implement 
the heap (such as array or vector), the basic idea behind this 
function is the same for both types of heap. The function takes an 
index as a parameter, which is usually the index of the root of the 
subtree that needs to be heapified. The function compares the 
value of the element at the given index with the values of its 
children, if the heap property is violated, the function swaps the 
element with the largest (or smallest for min-heap) child and then 
recursively calls the heapify function on the index of the swapped 
element to make sure the heap property is restored all the way 
down the subtree. 
In the example code I provided earlier, the heapify function is 
implemented using recursion. The heapify function first checks if 
there are any children to the current node (left(i) and right(i) are 
the indices of the left and right children). If there are no children, 
the current node is a leaf node and therefore it already satisfies the 
heap property. If there is at least one child, the function compares 
the values at the current node, left and right children and saves the 



index of the largest (or smallest for min-heap) in the variable 
largest, after that if the largest is not the current node, the function 
swaps current node with the largest (or smallest for min-heap) and 
recursively calls heapify on the largest (or smallest for min-heap) 
node. 
It's important to keep in mind that the running time of the heapify 
function depends on the height of the subtree, and it is typically 
O(log n) because it is limited to traversing the height of the tree. 
 
Now explain how the pop function works. 
 
The pop function is used to remove and return the top element of a 
heap, also known as the root or the maximum (or minimum for 
min-heap) element. This operation is also commonly referred to as 
"extracting the maximum (or minimum) element". 
The basic idea behind the pop function is to remove the root 
element, which is the maximum (or minimum for min-heap) 
element in the heap, and then adjust the remaining elements to 
maintain the heap property. 
The pop function typically follows these steps: 

1.​Save the value of the root element in a variable, this is the 
element we want to return. 

2.​Replace the root element with the last element in the heap, 
this step is done to maintain the heap property. The last 
element is moved to the root to make sure that the heap 
property is restored. 

3.​Call the heapify function on the new root element, this step is 
to make sure that the heap property is restored in the entire 
heap, since the last element can be smaller (or larger for 
min-heap) than its children. 

4.​Return the saved value of the root element, which is the 
element that was extracted. 



In the example code I provided earlier, the pop function performs 
these steps: 

1.​It saves the value of the root element in the result variable. 
2.​Replaces the root element with the last element in the heap, 

by assigning data[0] to data.back() and then pops the last 
element from the heap. 

3.​Call the heapify function on the new root element, to 
maintain the heap property. 

4.​Return the saved value of the root element. 
It's important to keep in mind that the running time of the pop 
function is O(log n) because it involves calling the heapify 
function which is O(log n) as well. 
In summary, the pop function is an efficient way of removing and 
returning the maximum (or minimum for min-heap) element from 
a heap, and it is also used to maintain the heap property. 
 
Let's see another example, with a heap used in some other 
way. 
 
Sure, one common use case for heaps is when you need to 
efficiently implement a priority queue. A priority queue is an 
abstract data type that is similar to a queue or a stack, but where 
each element has an associated priority. Elements with higher 
priorities are dequeued before elements with lower priorities. 
Heaps are an efficient data structure to implement a priority queue 
because they provide a way to quickly find the highest-priority 
element and also support efficient insertion and deletion of 
elements. 
Here's an example of a program that uses a min-heap to implement 
a priority queue: 
#include <iostream> 

#include <vector> 



using namespace std; 

 
class MinHeap { 

    public: 

    vector<pair<int, int>> data; 

 
    int parent(int i) { return (i - 1) / 2; 
} 

    int left(int i) { return (2 * i + 1); } 

    int right(int i) { return (2 * i + 2); } 

 
    void push(int value, int priority) { 

        data.push_back({value, priority}); 

        int index = data.size() - 1; 

 
        while (index > 0 && 
data[parent(index)].second > 
data[index].second) { 

            swap(data[index], 
data[parent(index)]); 

            index = parent(index); 

        } 

    } 

 
    pair<int, int> pop() { 

        pair<int, int> result = data[0]; 

        data[0] = data.back(); 

        data.pop_back(); 

        heapify(0); 

        return result; 

    } 

 
    void heapify(int i) { 

        int smallest = i; 

        int left_child = left(i); 



        int right_child = right(i); 

 
        if (left_child < data.size() && 
data[left_child].second < 
data[smallest].second) 

            smallest = left_child; 

 
        if (right_child < data.size() && 
data[right_child].second < 
data[smallest].second) 

            smallest = right_child; 

 
        if (smallest != i) { 

            swap(data[i], data[smallest]); 

            heapify(smallest); 

        } 

    } 

}; 

 
int main() { 

    MinHeap pq; 

 
    pq.push(1, 3); 

    pq.push(2, 2); 

    pq.push(3, 1); 

 
    while (!pq.data.empty()) { 

        pair<int, int> x = pq.pop(); 

        cout << x.first << " " << x.second 
<< endl; 

    } 

 
    return 0; 

} 

This program defines a MinHeap class that stores pairs of values 



and priorities. The push function is used to add new elements to 
the heap, and takes two arguments: the value and the priority of 
the element. The pop function is used to remove and return the 
element with the smallest priority from the heap. 
The push function starts by adding the new element to the end of 
the heap and then uses a loop to make sure that the element 
bubbles up to the correct position in the heap by repeatedly 
swapping it with its parent if it has a smaller priority. 
The pop function first saves the value of the root element (which 
is the element with the smallest priority), then replaces the root 
element with the last element in the heap, and finally calls the 
heapify function to make sure that the heap property is restored. 
Finally, in the main function, the program uses the MinHeap class 
to create a priority queue and adds a few elements to it, with 
values of 1, 2, and 3, and priorities of 3, 2, and 1 respectively. The 
while loop pops and prints the elements in order of priority. 
This example should give you an idea of how you can use a 
min-heap to implement a priority queue. You could also 
implement a max-heap by simply doing the opposite comparison 
in the push and pop functions instead of comparing for < in this 
case, you should compare for >.  
 
Tell me some other guidelines and recommendations about 
heaps. 
 
Here are a few guidelines and recommendations when working 
with heaps: 

●​Heaps are useful when you need to efficiently access the 
maximum (or minimum) element of a collection. For 
example, they are often used to implement priority queues 
and sorting algorithms. 

●​The time complexity of basic operations like push, pop, and 



peek (accessing the top element) is O(log n) on average. This 
is because these operations involve adjusting the elements in 
the heap, which can only affect a logarithmic number of 
elements. 

●​The space complexity of a heap is O(n) since it needs to store 
all the elements in the heap. 

●​Make sure you understand the difference between a 
max-heap and a min-heap. In a max-heap, the parent nodes 
must have a greater value than their children, while in a 
min-heap the parent nodes must have a smaller value than 
their children. 

●​The insertion operation in the heap is only logarithmic in the 
height of the tree but it may not be a constant time as the 
memory allocation in the push operation could be costly in 
terms of time. 

●​Try to use a dynamic array (such as vector in C++) to 
implement the heap instead of using a static array, since a 
dynamic array can grow and shrink automatically which 
makes the push operation simpler and more efficient. 

●​Be careful when implementing the heapify function, Make 
sure you understand the different cases when it is called. A 
mistake in the implementation could make the push operation 
linear in worst case. 

●​When using a heap for sorting the time complexity of sorting 
n elements is O(n log n). this is better than bubble sort and 
insertion sort but not as good as quicksort and merge sort. 

●​Heap operations are not stable, this means that if two 
elements have the same key and one was inserted before the 
other the insertion order may not be preserved. 

Overall, heaps are a powerful data structure that can be used to 
efficiently implement a variety of algorithms, like sorting and 
priority queue. Understanding how they work and how to 
implement them correctly can greatly improve the performance of 
your code. 



 
Let's see one more, different type of algorithm implemented 
with a heap. 
 
Sure, one common use of heaps is in Dijkstra's shortest path 
algorithm for finding the shortest path between two vertices in a 
weighted graph. The algorithm is similar to the Bellman-Ford 
algorithm, but it is optimized for the case where all edge weights 
are non-negative. 
Dijkstra's algorithm starts with a single source vertex, and 
repeatedly selects the vertex with the smallest distance from the 
source, and updates the distances of its neighboring vertices. A 
min-heap is used to efficiently select the vertex with the smallest 
distance from the source. 
Here's an example of Dijkstra's shortest path algorithm 
implemented with a min-heap in C++: 
#include <iostream> 

#include <vector> 

#include <queue> 

#include <functional> 

 
using namespace std; 

 
// Number of vertices 

const int V = 9; 

 
// Function to find the shortest path 
between 

// the given source vertex and all other 
vertices 

void dijkstra(int src, vector<vector<int>> 
&graph, vector<int> &dist) { 

    // Create a priority queue to store 



vertices that 

    // are being preprocessed. This is weird 
syntax in C++. 

    // Refer below link for details of this 
syntax 

    // 
https://www.geeksforgeeks.org/implement-min-
heap-using-stl/ 

    priority_queue<int, vector<int>, 
greater<int>> pq; 

 
    // Create a boolean array that tells 
whether a vertex 

    // is in the queue or not 

    vector<bool> in_queue(V, false); 

 
    // Insert the source vertex into the 
queue 

    pq.push(src); 

    dist[src] = 0; 

    in_queue[src] = true; 

 
    // Loop until the queue is empty 

    while (!pq.empty()) { 

        // Get the vertex with the smallest 
distance 

        int u = pq.top(); 

        pq.pop(); 

 
        // Mark the vertex as processed 

        in_queue[u] = false; 

 
        // Update the distance of all 
adjacent vertices 

        for (int v = 0; v < V; v++) { 



            // Check if there is an edge 
from vertex u to v 

            if (graph[u][v] != 0) { 

                // Check if the distance to 
v can be relaxed 

                if (dist[v] > dist[u] + 
graph[u][v]) { 

                    dist[v] = dist[u] + 
graph[u][v]; 

                    // If v is not in the 
queue, add it 

                    if (!in_queue[v]) { 

                        pq.push(v); 

                        in_queue[v] = true; 

                    } 

                } 

            } 

        } 

    } 

} 

 
int main() { 

    // Adjacency matrix representing the 
graph 

 
vector<vector<int>> graph = {{0, 4, 0, 0, 0, 
0, 0, 8, 0},  

{4, 0, 8, 0, 0, 0, 0, 11, 0},  

{0, 8, 0, 7, 0, 4, 0, 0, 2},  

{0, 0, 7, 0, 9, 14, 0, 0, 0},  

{0, 0, 0, 9, 0, 10, 0, 0, 0},  

{0, 0, 4, 14, 10, 0, 2, 0, 0},  

{0, 0, 0, 0, 0, 2, 0, 1, 6},  



{8, 11, 0, 0, 0, 0, 1, 0, 7},  

{0, 0, 2, 0, 0, 0, 6, 7, 0}}; 

// Vector to store the shortest distance 
from the source vertex 

vector<int> dist(V, INT_MAX); 

 
// Find the shortest path from vertex 0 to 
all other vertices 

dijkstra(0, graph, dist); 

 
// Print the shortest distance from the 
source vertex 

for (int i = 0; i < V; i++) { 

    cout << "Vertex " << i << ": " << 
dist[i] << endl; 

} 

return 0; 

} 
In this example, the program uses a min-heap to implement 
Dijkstra's shortest path algorithm to find the shortest path from 
vertex 0 to all other vertices in the graph represented by the 
adjacency matrix 'graph'. The program stores the distances in a 
vector 'dist' and prints the result. 
The key idea in Dijkstra's algorithm is to use a priority queue 
(implemented as a min heap) to keep track of the vertices that are 
currently being processed, and to repeatedly select the vertex with 
the smallest distance from the source, and update the distances of 
its neighboring vertices. 
The time complexity of this algorithm is O(E log V) where E is 
the number of edges and V is the number of vertices in the graph. 
It is faster than the Bellman-Ford algorithm if the edge weights are 
non-negative. 
You can see how the heap is used to select the vertex with the 



smallest distance from the source every time, this makes this 
algorithm very efficient. 
 
Let's implement another algorithm using a max-heap. 
 
Sure, one example of an algorithm that can be implemented using 
a max-heap is the Huffman coding algorithm for data 
compression. Huffman coding is a lossless data compression 
algorithm that assigns variable-length code to characters in a text 
file, such that more frequently occurring characters are assigned 
shorter codes, and less frequently occurring characters are 
assigned longer codes. 
The algorithm starts by building a frequency table for the 
characters in the text file, and then constructs a binary tree with 
the characters as leaves and the internal nodes representing 
combined frequencies of the characters below them. The tree is 
constructed by repeatedly merging the two trees with the smallest 
frequencies until there is only one tree left. The resulting tree can 
then be used to generate the variable-length codes for the 
characters. 
Here's an example of the Huffman coding algorithm implemented 
with a max-heap in C++: 
#include <iostream> 

#include <vector> 

#include <queue> 

#include <unordered_map> 

 
using namespace std; 

 
struct Node { 

    char ch; 

    int freq; 

    Node *left, *right; 



 
    Node(char ch, int freq) : ch(ch), 
freq(freq), left(nullptr), right(nullptr) {} 

 
    ~Node() { 

        delete left; 

        delete right; 

    } 

}; 

 
struct Compare { 

    bool operator()(Node *l, Node *r) { 

        return l->freq > r->freq; 

    } 

}; 

 
void printCode(Node *root, string str, 
unordered_map<char, string> &huffmanCode) { 

    if (!root) { 

        return; 

    } 

 
    if (root->ch != '$') { 

        huffmanCode[root->ch] = str; 

    } 

 
    printCode(root->left, str + "0", 
huffmanCode); 

    printCode(root->right, str + "1", 
huffmanCode); 

} 

 
void huffmanCoding(string text) { 

    unordered_map<char, int> freq; 

    for (char ch : text) { 



        freq[ch]++; 

    } 

 
    priority_queue<Node*, vector<Node*>, 
Compare> maxHeap; 

 
    for (auto [ch, f] : freq) { 

        maxHeap.push(new Node(ch, f)); 

    } 

 
    while (maxHeap.size() != 1) { 

        Node *left = maxHeap.top(); 

        maxHeap.pop(); 

 
        Node *right = maxHeap.top(); 

        maxHeap.pop(); 

 
        Node *top = new Node('$', left->freq 
+ right->freq); 

        top->left = left; 

        top->right = right; 

 
        maxHeap.push(top); 

    } 

 
    Node *root = maxHeap.top(); 

 
    unordered_map<char, string> huffmanCode; 

    printCode(root, "", huffmanCode); 

 
    cout << "Huffman Codes are :\n" << '\n'; 

    for (auto [ch, code] : huffmanCode) { 

        cout << ch << " " << code << '\n'; 

    } 

} 



 
int main() { 

    string text = "aaaabcc"; 

 
    huffmanCoding(text); 

return 0; 

} 

In this example, the program first creates a frequency table for the 
characters in the input text "aaaabcc" and then uses a 
priority_queue (implemented as a max-heap) to construct the 
Huffman tree. The priority queue is used to efficiently extract the 
two trees with the smallest frequencies, which are then merged to 
form a new tree. 
The resulting tree can then be used to generate the variable-length 
codes for the characters. In this case, the character 'a' which occurs 
more frequently is assigned a shorter code of "0", and the 
character 'c' which occurs less frequently is assigned a longer code 
of "11". 
The time complexity of this algorithm is O(n log n) where n is the 
number of characters in the text. 
As you can see, the max heap is used to sort the frequency of each 
character in descending order and then it's merging the two nodes 
with the lowest frequency until there's a single node left which is 
the huffman tree. 
 
I'm starting to get a feel for it. Anything else important I 
should know about heaps? 
 
There are a few additional things you should be aware of when 
working with heaps: 

●​Heaps are typically implemented as arrays, where the 



children of the element at index i are at indexes 2i + 1 and 2i 
+ 2 (for 0-based indexing). The parent of an element at index 
i is at index (i - 1) / 2. 

●​The time complexity for insertion and deletion of elements 
from a heap is O(log n), where n is the number of elements in 
the heap. 

●​Heaps are useful in many different algorithms, like sorting, 
graph algorithms (Dijkstra's, Prim's), and also in many other 
data structures, like priority queue, and various algorithms 
like Huffman coding, k-way merge, and so on. 

●​Another property to keep in mind is that the leaves are 
always in the bottom-most layer and they are the leaves, 
which means they don't have any children. 

●​The heap property is that, all the child nodes in a heap should 
be smaller than their parent node in the case of Min Heap, 
and larger than parent in the case of Max Heap, making the 
highest/lowest element at the top. 

●​Be aware of the different types of heap implementation like 
Min heap, Max heap and also of different types of heap like 
binary heap, fibonacci heap, Leftist heap, Skew heap. 

●​ In addition, it's important to be aware of the space complexity 
of the data structures that you are using, as well as 
considering the best trade-offs for each situation. Heaps have 
a space complexity of O(n) for storing n items. 

I hope this helps you understand heaps better! Let me know if you 
have any other questions. 
 
Expand on the subject of the stack and the heap of the 
operating system. 
 
In computer science, the stack and the heap are two different 
regions of memory used for storing data in a program. 
The stack is a region of memory that is used to store data that has 
a short lifetime, such as function call frames and local variables. 



The stack is organized in a Last-In, First-Out (LIFO) fashion, 
which means that the last element pushed onto the stack will be 
the first one to be popped off. The stack is generally managed by 
the CPU and is very fast, as it supports only a small set of 
operations (e.g., push and pop). 
The heap, on the other hand, is a region of memory that is used to 
store data that has a longer lifetime, such as dynamically allocated 
memory. The heap is usually managed by the operating system, 
and it's slower than the stack. It's much more flexible than the 
stack, as it supports a wide range of operations like allocating or 
releasing memory, but it may suffer in terms of performance and 
fragmentation. 
When a program is executed, the stack is automatically set up by 
the operating system, with a pre-allocated size. When a function is 
called, the operating system reserves a block of memory on the 
stack for that function's local variables and parameters. When the 
function returns, the block of memory is automatically released. 
The allocation and deallocation of memory on the stack is done in 
constant time and you don't have to worry about freeing up 
memory. 
The heap is also set up by the operating system, but the size is not 
pre-allocated and it's much larger than the stack. The heap is used 
to store dynamically allocated memory and it's managed by the 
programmer. The programmer can use different functions to 
allocate memory on the heap like new and malloc() and then 
the programmer has to deallocate the memory when it's not 
needed anymore. 
It's important to be aware of stack and heap usage, as stack 
overflow errors occur when a function recurs too deeply, or when 
a program uses too much memory on the stack and heap allocation 
errors occur when the program runs out of heap memory. 
In C++, the stack is used to store automatic variables that are 
declared inside a function and local variables of functions and 



methods while the heap is used to store dynamic variables created 
with new and malloc() functions. 
 
We'll talk more about that later in the courses on advanced 
data structures and algorithms. For now we've been through 
quite a lesson, I'll have to re-read it. Well done teacher, you 
can write a closing statement. 
 
I'm glad that you found the lesson informative and helpful. Data 
structures and algorithms are fundamental concepts in computer 
science, and they can help you write more efficient and effective 
code. As you've seen, there are many different data structures to 
choose from, each with its own strengths and weaknesses, so it's 
important to understand when to use each one. Also, as you've 
seen there are different algorithms that can be applied to solve 
various problems, and it's important to understand the time and 
space complexity of each algorithm to make good choices about 
which one to use for a particular task. 
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