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Introduction to Data
Structures and Algorithms

Overview

In this chapter, we explore the fundamentals of Data Structures and
Algorithms (DSA), covering their definitions, importance, real-world
applications, and essential tools for practice. Prepare yourself for a
comprehensive journey that will empower you to build problem-solving
skills, write efficient code, and understand how DSA powers
technologies we use every day.
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Introduction

Data Structures and Algorithms (DSA) form the backbone of computer science and software
development. Every program we write, from a simple calculator app to advanced technologies
like artificial intelligence, involves the storage and manipulation of data. Learning DSA equips
students with the tools and methods to organize, process, and solve problems efficiently. This
chapter introduces the fundamental concepts of DSA, explains their importance, highlights real-
world applications, and guides you through the tools you need to start practicing.

What are Data Structures and Algorithms?

Data Structures

A data structure is a way of organizing and storing data in a computer so it can be used
effectively. Think of it as a container that holds data in a specific arrangement to make it easier
to access and manipulate.

Examples:

Arrays: Store items in a sequence.

Linked Lists: Connect data elements using pointers.

Stacks and Queues: Manage data in "last in, first out" or "first in, first out" orders.
Trees and Graphs: Organize data hierarchically or as a network.

Algorithms

An algorithm is a step-by-step procedure or set of rules for solving a specific problem. It’s like a
recipe that tells you how to get from the input (raw data) to the output (desired result).

Examples:

e Searching algorithms (like Binary Search).
e Sorting algorithms (like QuickSort and MergeSort).
e Graph algorithms (like Dijkstra’s shortest path).

Together, data structures are about how we store data, and algorithms are about how we
process it.

Why DSA is Important for Students

Strong Problem-Solving Skills

Learning DSA sharpens logical thinking and problem-solving ability. Students learn to break
complex problems into smaller, manageable parts.

Foundation of Computer Science

Almost every advanced topic, such as databases, operating systems, or machine learning, relies
on a solid understanding of DSA.

https://www.c-sharpcorner.com/ebooks/ 5
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Efficient Programming

Writing code without DSA may work for small inputs, but will fail or become very slow for larger
inputs. DSA ensures programs run efficiently in terms of time and memory.

Crucial for Job Interviews

Most software engineering and IT interviews (e.g., Google, Amazon, Microsoft, Infosys, TCS)
include DSA problems. Recruiters test candidates’ understanding of algorithms and data
structures to evaluate their problem-solving ability.

Applicable Beyond Coding

DSA concepts enhance analytical thinking, which aids in research, mathematics, and everyday
logical decision-making.

Real-Life Applications for DSA

Google Maps

o Uses Graph Data Structures to represent roads, intersections, and routes.
o Algorithms like Dijkstra’s shortest path or A (A-star)* are used to find the quickest route
between two places.

Banking Systems

o Hash tables are used for quick account lookups.
e Trees and graphs ensure secure and structured transaction management.
e Fraud detection uses advanced algorithms for pattern recognition.

Gaming

¢ Arrays and matrices manage game boards (like in Chess or Sudoku).
¢ Pathfinding algorithms (like BFS and DFS) are used for Al characters to find their way.
e Graphs represent virtual worlds and networks of levels.

Social Media

e Graph structures represent users and connections (friends/followers).
o Recommendation systems use algorithms to suggest content or people.

Search Engines (like Google)

o Use trees, graphs, and hashing to store and quickly retrieve billions of web pages.
e Algorithms like PageRank decide which results appear first.

Tools & Setup for Practicing DSA

To get started with DSA, students need the right tools. Fortunately, many are free and easy to
set up:

https://www.c-sharpcorner.com/ebooks/ 6
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Programming Languages

o C++: Popular for competitive programming because of STL (Standard Template Library).
o Java: Strong in object-oriented features with built-in data structure libraries.
o Python: Beginner-friendly and widely used for learning DSA due to its simple syntax.

Code Editors / IDEs

¢ Visual Studio Code (VS Code): Lightweight, supports multiple languages.
¢ IntelliJ IDEA: Great for Java developers.
e PyCharm: Good for Python learners.

Online Platforms for Practice

o LeetCode, HackerRank, GeeksforGeeks, Codeforces, CodeChef — provide problem sets,
tutorials, and contests to practice DSA.
o GeeksforGeeks IDE and Replit — run code online without setup.

Setup Instructions

Install the chosen programming language (e.g., Python from python.org).
Install a code editor like VS Code.

Create your first project folder and write a simple "Hello World" program.
Practice basic input/output before moving to data structures.

Example: Shortest Path using BFS

Here’s a simplified example to demonstrate how an algorithm (Breadth-First Search) can find
the shortest path in an unweighted graph, like Google Maps finding routes.

from collections import deque

# Graph represented as adjacency list

graph = {
'A': ['B', 'C'],
'B': ['A', 'D', 'E'],
‘e ['A', '"F'],
'D': ['B'],
'E': ['B', 'F'],
'E ['C', 'E']

def bfs shortest path(start, goal):
# Queue to store paths

queue = deque ([ [start]])

# Set to keep track of visited nodes
visited = set ()

while queue:
# Get the first path from the queue

https://www.c-sharpcorner.com/ebooks/ 7
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path = gqueue.popleft ()
node = path[-1]

# If node is the goal, return the path
if node == goal:
return path

# If node not visited, explore its neighbors
if node not in visited:
for neighbor in graph[node]:
new path = list (path) # copy current path
new path.append (neighbor)
queue.append (new path)
visited.add (node)

return None

# Example usage

print ("Shortest path from A to F:", bfs shortest path('A', 'F'))
Output:

Shortest path from A to F: ['A', 'C', 'F']

Summary

We introduced the fundamentals of Data Structures and Algorithms. Data structures help us
organize data, while algorithms provide methods to process it. Together, they are the key to
writing efficient programs and solving complex problems. We discussed their importance for
students, explored real-life applications such as Google Maps and banking, and outlined tools
for practicing DSA. Finally, we saw a practical example of BFS to demonstrate how these
concepts come to life.

Understanding DSA is not just about coding, it's about learning how to think logically, solve
problems efficiently, and apply these skills to real-world scenarios. With this foundation, you are
now ready to embark on your journey into the exciting world of DSA.

https://www.c-sharpcorner.com/ebooks/ 8
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Mathematical and
Programming Foundations

Overview

In this chapter, we explore the mathematical and programming
basics essential for understanding Data Structures and Algorithms.
We cover number systems, logarithms, and growth rates to build a
foundation for algorithm analysis, revisit control structures that shape
program logic, and learn how to design solutions using pseudocode
and flowcharts. We also examine debugging and tracing techniques
to identify and fix errors effectively. Prepare yourself for a solid
journey into the fundamentals that will strengthen your problem-
solving and coding skills.
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Introduction

Before diving deep into Data Structures and Algorithms (DSA), it is essential to review the
mathematical and programming foundations that support them. Concepts like number systems,
logarithms, and growth rates help us analyze how efficient an algorithm is. Similarly,
understanding programming control structures, pseudocode, flowcharts, and debugging equips
us with the tools to design, trace, and refine solutions effectively. This chapter bridges the gap
between mathematics and programming, giving you the skills to think logically and write efficient
code.

Number Systems, Logarithms, and Growth Rates

Number Systems

Computers use different ways to represent numbers, known as number systems. The most
common ones are:

o Decimal (Base 10): Uses digits 0-9 (what humans typically use). Example: 245.

¢ Binary (Base 2): Uses digits 0 and 1. Example: 1011 in binary equals 11 in decimal.

o Octal (Base 8): Uses digits 0—7. Example: 17 in octal equals 15 in decimal.

¢ Hexadecimal (Base 16): Uses digits 0—9 and letters A—F. Example: 1A in hex equals 26
in decimal.

These systems are important in programming because data in computers is stored in binary.

Logarithms
A logarithm answers the question: To what power must we raise a base to get a given number?

o Example: log,(8) = 3, because 2% = 8.

e Logarithms are widely used in algorithm analysis. For instance, Binary Search has a time
complexity of O(log n), which means the number of steps grows logarithmically as the
input size increases.

Growth Rates

Growth rates describe how the time or space required by an algorithm increases with input size.

Constant (O(1)): Time is fixed (e.g., accessing an array element).
Linear (O(n)): Time grows in direct proportion to input size.
Logarithmic (O(log n)): Time grows slowly as input size increases.
Quadratic (O(n?)): Time grows quickly, usually with nested loops.

Understanding growth rates helps in comparing algorithms and choosing the most efficient one.
Example: Binary Search (O(log n))

# Binary Search in Python

def binary search(arr, target):

left, right = 0, len(arr) - 1

while left <= right:
mid = (left + right) // 2 # Find the middle index
if arr[mid] == target:
return mid # Found the target

elif arr[mid] < target:

https://www.c-sharpcorner.com/ebooks/ 10
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left = mid + 1 # Search in the right half
else:
right = mid - 1 # Search in the left half
return -1 # Not found

# Example usage

numbers = [1, 3, 5, 7, 9, 11]
print ("Index of 7:", binary search (numbers, 7))
Output:

Index of 7: 3
This shows how logarithms and growth rates are applied in real-life

programming.

Control Structures Recap

Control structures define the flow of execution in a program. The three main types are:

o Sequential Execution: Instructions run one after another.
o Selection (Decision Making): Uses conditions (if, if-else) to make choices.
¢ lteration (Loops): Repeats a block of code multiple times (for, while).
These are fundamental because every algorithm relies on a combination of these structures.

Example: Using Control Structures

# Control Structures Example: Simple Grade Checker
score = 82

# Selection
if score >= 90:

grade = "A"
elif score >= 75:

grade = "B"
else:

grade = "C"

# Iteration
for i in range (1, 4):
print (f"Attempt {i}: Your grade is {grade}")

Output:

Attempt 1: Your grade is B
Attempt 2: Your grade is B
Attempt 3: Your grade is B

This example shows sequential execution, decision-making, and looping together.

https://www.c-sharpcorner.com/ebooks/ 11
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Pseudocode and Flowcharts

Pseudocode

Pseudocode is a high-level description of an algorithm using plain language mixed with
programming-like constructs. It is not actual code, but it helps in planning.

Example pseudocode for finding the maximum in a list:

SET max = first element of the list
FOR each element in the list
IF element > max THEN
max = element
END FOR
PRINT max

Flowcharts
A flowchart is a diagram that visually represents the steps of an algorithm using symbols:

e Oval: Start/End

¢ Rectangle: Process (calculation, assignment)
o Diamond: Decision (if/else)

o Arrow: Flow direction

Flowcharts help in quickly understanding how an algorithm works.
Example: Maximum Number Finder

# Finding the maximum number in a list
def find max (numbers) :
max num = numbers[0]
for num in numbers:
if num > max num:
max num = num

return max num

# Example usage

values = [10, 45, 23, 78, 56]
print ("Maximum number is:", find max(values))
Output:

Maximum number is: 78
This Python example corresponds directly to the pseudocode and
flowchart idea.

Debugging and Tracing
Debugging

Debugging is the process of finding and fixing errors (bugs) in code. Common techniques
include:

e Using print statements to check variable values.
e Using a debugger tool in an IDE to run code step by step.

https://www.c-sharpcorner.com/ebooks/ 12



https://www.c-sharpcorner.com/ebooks/
https://www.c-sharpcorner.com/

Q. C# Corner

o Checking for syntax, logical, and runtime errors.

Tracing

Tracing means manually following the flow of execution in code to see how variables change
and ensure correctness. This helps students understand the program logic in depth.

Example: Debugging with Print Statements

# Example with a bug: Incorrect average calculation
def calculate average (numbers) :

total = 0

for num in numbers:

total += num

# Bug: dividing by wrong number (len(numbers) - 1 instead of
len (numbers) )

average = total / (len(numbers) - 1)

return average

# Debugging using print tracing

nums = [10, 20, 30, 40]

print ("Numbers:", nums)

print ("Expected average = 25")

print ("Calculated average (with bug) :", calculate average (nums))
Output:

Numbers: [10, 20, 30, 40]

Expected average = 25

Calculated average (with bug): 33.333333333333336

By tracing the logic, we identify that the denominator should be
len (numbers) instead of len(numbers) - 1. Fixing the bug gives the
correct average.

Summary

We explored the mathematical and programming foundations needed for DSA. We started with
number systems, logarithms, and growth rates, which help analyze algorithm efficiency. Then
we reviewed control structures that form the basis of all programming logic. We learned about
pseudocode and flowcharts as tools for designing algorithms and concluded with debugging and
tracing to ensure code correctness.

By mastering these basics, students gain the confidence and skills required to approach more
advanced topics in Data Structures and Algorithms. These foundations are not just academic—
they are practical tools used daily by programmers and software engineers worldwide.

https://www.c-sharpcorner.com/ebooks/ 13
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Understanding Time and
Space Complexity

Overview

In this chapter, we explore time and space complexity, covering their
definitions, significance, and role in analyzing algorithms. We dive into
Big-O, Big-Q, and Big-® notations to understand worst, best, and
average cases, and examine amortized analysis through examples like
dynamic array resizing and hash table operations. With real-life
parallels such as Google search efficiency and sorting in e-commerce,
we connect theory to practice. Prepare yourself for a comprehensive
journey that will empower you to evaluate, compare, and select
algorithms based on performance and resource usage.
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Introduction

When we write a program, it’s not enough that it just works. A good program must also be
efficient. Imagine two friends racing to solve the same puzzle: one solves it in a few minutes
while the other takes hours. Both finish, but clearly one is faster and wiser in approach.
Similarly, in programming, efficiency is measured by how quickly an algorithm runs (time
complexity) and how much memory it consumes (space complexity).

This chapter introduces these key concepts and explains how to measure and compare
algorithms using asymptotic notations (Big-O, Big-Q, Big-0O). We will also explore amortized
analysis to understand average performance in certain cases. Finally, we’'ll examine real-life
examples, such as Google search and sorting algorithms, to see how these concepts are
applied in practice.

Time and Space Complexity

Time Complexity

Time complexity is the measure of how the execution time of an algorithm increases with the
size of the input.

o Example: Searching for a name in a phone book. If you check one name at a time, it will
take longer as the book grows.

o Why it matters: Faster algorithms save time and computing power, especially with large
data.

Space Complexity

Space complexity refers to the amount of memory (RAM) an algorithm needs to run, depending
on input size.

o Example: Writing down steps while solving a math problem, if you need a lot of paper,
that’s high space complexity.

o Why it matters: Memory is limited. An algorithm that uses too much space may crash or
slow down.

Key Insight: Sometimes, programmers face a trade-off, saving time may require more memory,
and saving memory may take more time.

Big-0, Big-Q), and Big-© Notations

Big-O Notation (O)

o Represents the worst-case time complexity of an algorithm.
¢ Example: Linear Search in a list of size n takes at most O(n) time.

Think of it like: How bad can it get?

Big-Q Notation (Q)

¢ Represents the best-case time complexity of an algorithm.
o Example: Linear Search may find the item on the first try, giving Q(1) performance.

Think of it like: What's the best | can hope for?

https://www.c-sharpcorner.com/ebooks/ 15
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Big-© Notation (O)

o Represents the average-case time complexity, when performance is somewhere
between best and worst cases.
o Example: On average, Linear Search takes ©(n/2) steps.

Think of it like: What usually happens?

Example Comparison: Sorting
e Bubble Sort: Worst case — O(n?), Best case — Q(n), Average — O(n?).
e Merge Sort: Worst case — O(n log n), Best case — Q(n log n), Average — O(n log n).

Clearly, Merge Sort is far more efficient than Bubble Sort for large datasets.

Amortized Analysis

Sometimes, individual operations may be costly, but when averaged over many operations, the
cost becomes small. This is called amortized analysis.

Example 1: Dynamic Array Resizing

In Python, lists grow dynamically.

When a list runs out of space, it doubles its size.

Copying elements to a new array is costly (O(n)), but this happens rarely.
On average, insertions still take O(1) time.

Example 2: Hash Tables

e Hash tables give O(1) average time for insert/search.
e Occasionally, resizing (rehashing) takes longer, but across many operations, the
average remains efficient.

Analogy: Imagine a bus that normally carries passengers instantly. Sometimes, it stops for
refueling (takes extra time), but since this doesn’t happen often, the average travel time is still
very fast.

Real-Life Applications

Google Search

¢ Billions of web pages exist. Checking each one line by line (O(n)) would be impossible.
¢ Instead, Google uses optimized algorithms with O(log n) or even better, ensuring results
appear in milliseconds.

Sorting in E-commerce

o Websites like Amazon or Flipkart sort thousands of products.
e Using Bubble Sort would freeze the site. Instead, algorithms like QuickSort (O(n log n))
or Merge Sort are used.

Banking Systems

o Efficient hashing ensures fast lookups of account details.
e Amortized analysis guarantees smooth performance even when databases grow.

https://www.c-sharpcorner.com/ebooks/ 16
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Example: Comparing Algorithm Efficiency
Let’s see how two different algorithms perform: Linear Search (O(n)) vs. Binary Search (O(log

nj).
# Linear Search - O(n)
def linear search(arr, target):
for i in range (len (arr)) :
if arr[i] == target:
return i

return -1

# Binary Search - O(log n) (requires sorted list)
def binary search(arr, target):
left, right = 0, len(arr) - 1
while left <= right:
mid = (left + right) // 2
if arr[mid] == target:
return mid
elif arr[mid] < target:
left = mid + 1
elisier:
right = mid - 1

return -1

# Example usage
data = list(range(l, 1000001)) # 1 million elements
target = 999999

# Linear Search Test
print ("Linear Search Result:", linear search(data, target))

# Binary Search Test
print ("Binary Search Result:", binary search(data, target))

Expected Output (Index of target):
Linear Search Result: 999998
Binary Search Result: 999998
Observation:

e Linear Search may take nearly a million steps in the worst case.
e Binary Search finds the number in about 20 steps (since log,(1,000,000) = 20).
This demonstrates the massive impact of choosing the correct algorithm.

Summary

We explored the importance of analyzing algorithms in terms of time and space complexity. We
studied asymptotic notations Big-O (worst case), Big-Q (best case), and Big-O (average case) to
describe algorithm performance. We also learned about amortized analysis, which provides
realistic insights into operations like dynamic array resizing and hash table lookups.
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Through real-life examples like Google search and sorting in e-commerce, we saw how these
concepts drive efficiently in modern systems. Finally, we compared Linear and Binary Search
with Python code to observe how complexity directly affects performance.

Understanding complexity is not just about mathematics, it's about writing more innovative,
faster, and more reliable programs. With this knowledge, you are now equipped to evaluate and
select algorithms for real-world applications critically.
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Arrays and Their
Applications

Overview

In this chapter, we explore arrays, covering their fundamentals,
structures, and operations. You will learn how to create, access, and
modify arrays, understand the difference between one-dimensional
and multi-dimensional arrays, and see their practical applications in
real-world scenarios such as images and game boards. Prepare
yourself for a comprehensive journey that will strengthen your ability
to organize and manipulate data efficiently using arrays.

https://www.c-sharpcorner.com/ebooks/ 19



https://www.c-sharpcorner.com/ebooks/
https://www.c-sharpcorner.com/

Q. C# Corner

Introduction

Arrays are one of the most fundamental data structures in programming. They allow you to store
multiple values under a single variable name and access them efficiently. In this chapter, we will
explore arrays, their operations, multi-dimensional arrays, real-life applications, and provide
practice problems to solidify your understanding. Examples will be provided in Python, but the
concepts are applicable to most programming languages.

Basics & Operations

What is an Array?

An array is a collection of elements, all of the same type, stored in contiguous memory locations.
Each element in the array can be accessed using an index, which usually starts at 0 in most
programming languages.

Why arrays are important:

o Store multiple values in a single variable.
o Easy and fast access to elements using indices.
o Efficient for performing repetitive operations on a group of items.

Basic Operations on Arrays

a) Creating an Array

In Python, arrays can be represented using lists:

# Creating a n array (list) of integers
numbers = [10, 20, 30, 40, 50]
print (numbers)

b) Accessing Elements

Each element can be accessed using its index:

# Access the first element
print (numbers[0]) # Output: 10

# Access the last element

# [

print (numbers[-1]) # Output: 50

c) Modifying Elements

You can update an element by assigning a new value to a specific index:

# Change the second element
numbers[1l] = 25
print (numbers) # Output: [10, 25, 30, 40, 50]

https://www.c-sharpcorner.com/ebooks/ 20



https://www.c-sharpcorner.com/ebooks/
https://www.c-sharpcorner.com/

d) Array Operations

Some common operations include:
¢ Length of array: len(numbers)
e Adding elements: numbers.append(60)

 Removing elements: numbers.pop(2) (removes element at index 2)

Multi-Dimensional Arrays

What are Multi-Dimensional Arrays?

Q. C# Corner

A multi-dimensional array is an array that contains arrays as its elements. The most common

type is the two-dimensional array, often visualized as a table or matrix.

Structure:

e One-dimensional array: [10, 20, 30]

« Two-dimensional array: [[1, 2, 3], [4, 5, 6], [7, 8, 9]]

Differences from One-Dimensional Arrays

e One-dimensional arrays store elements in a single line.

e Multi-dimensional arrays store elements in rows and columns (like a table).

Example:

# Two-dimensional array (3x3 matrix)

matrix = |

# Access element in 2nd row, 3rd column
print (matrix[1][2]) # Output: 6

# Modify element in 1st row, 1lst column
matrix[0] [0] = 10

print (matrix)

Output:

Real-Life Examples

Arrays are not just programming concepts; they appear in many real-life scenarios:

e Game Boards: A chessboard can be represented as a 2D array with 8 rows and 8

columns.

https://www.c-sharpcorner.com/ebooks/
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o Images: Digital images are made of pixels, which can be stored in 2D arrays (rows x
columns).

e Student Grades: Storing marks of students in multiple subjects can be managed using
arrays.

By thinking of arrays as lists or tables of items, it becomes easier to relate programming
concepts to everyday situations.

Practice Problems

Problem 1: Sum of Array Elements

Task: Write a program to calculate the sum of all elements in a given array.

Example Input: [1, 2, 3, 4, 5]
Expected Output: 15

numbers = [1, 2, 3, 4, 5]
total = sum(numbers)
print ("Sum:", total)

Problem 2: Find the Maximum Element

Task: Find the largest number in an array.

Example Input: [12, 45, 7, 23, 89]
Expected Output: 89

numbers = [12, 45, 7, 23, 89]
max value = max (numbers)
print ("Maximum:", max value)

Problem 3: Transpose of a 2D Array

Task: Write a program to find the transpose of a 2D matrix.
Example Input:
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# Using zip to transpose

transpose = [list(row) for row in zip(*matrix) ]

print (transpose)

Problem 4: Reverse an Array

Task: Reverse the elements of an array without using built-in functions.

Example Input: [1, 2, 3, 4, 5]
Expected Output: [5, 4, 3, 2, 1]

numbers = [1, 2, 3, 4, 5]

reversed array = numbers[::-1]
print ("Reversed:", reversed array)
Summary

Q. C# Corner

Arrays are a fundamental way to store multiple values under a single variable. One-dimensional
arrays are simple lists, while multidimensional arrays, such as matrices, organize data in rows
and columns. Arrays are widely used in real-life applications, such as games, image processing,
and data storage. By practicing basic operations and solving related problems, students can

build a strong foundation in handling arrays efficiently.
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Strings and Pattern
Problems

Overview

In this chapter, we explore strings, examining their properties,
common operations, and role in programming. You will gain insights
into manipulating text through concatenation, slicing, searching, and
replacing, as well as learn about powerful pattern matching algorithms
such as Naive, KMP, and Rabin-Karp. Prepare yourself for an in-
depth journey that will equip you with the skills to handle text
processing and searching tasks effectively in real-world applications.
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Strings are one of the most fundamental data types in programming. They allow programmers to
work with textual data, which is essential in applications ranging from simple user input to
complex natural language processing. Understanding strings and their manipulation is critical for
efficient programming, data processing, and software development.

Introduction

A string is a sequence of characters enclosed within quotes. Strings are ubiquitous in
programming because they represent words, sentences, user input, file content, or even entire
documents. Whether it's processing text in a messaging app, searching for keywords in a
document, or implementing spell checkers, strings are at the core of many programming tasks.

Some key applications of strings include:

e Processing user input in software applications.
Searching and editing text in documents.
Implementing text-based games or chatbots.
Performing natural language processing (NLP) tasks.

We will explore the basics of strings, their operations, pattern matching techniques, real-life
applications, and practice problems to strengthen your understanding.

Basics & Operations

What are Strings?

A string is a data type used to store a sequence of characters, such as letters, numbers, and
symbols. Strings in most programming languages are immutable, meaning that once created,
their content cannot be changed directly. Instead, operations on strings produce new strings.

Characteristics of Strings:

e Ordered: Characters have a specific position (index).

¢ Indexed: The first character is at index O.

e Iterable: You can traverse characters one by one.

 Immutable (in Python and Java): Modifications create new strings rather than changing
the original.

Common Operations on Strings

1. Concatenation

Combine two or more strings into one.

# Concatenation example

strl = "Hello"
str2 = "World"
result = strl + " " + str2 # Adding a space in between

print (result) # Output: Hello World

2. Slicing

Extracting a portion of a string.

text = "Programming"
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# Extract characters from index 0 to 6 (not including 6)
slice text = text[0:6]
print (slice text) # Output: Progra

# Extract last three characters
print (text[-3:]) # Output: ing

3. Searching

Finding a substring or character in a string.

sentence = "Python is fun"
# Find the index of "fun"
index = sentence.find("fun")
print (index) # Output: 10

# Check if substring exists

print ("Python" in sentence) # Output: True
4. Replacing

Changing specific parts of a string.

text = "I love Java"

new text = text.replace("Java", "Python")

print (new text) # Output: I love Python

5. Splitting and Joining

Breaking a string into a list or joining a list into a string.

sentence = "Data Science 1s amazing"

words = sentence.split() # Split by spaces

print (words) # Output: ['Data', 'Science', 'is', 'amazing']
joined = "-".join (words)

print (joined) # Output: Data-Science-is-amazing

6. Other Useful Operations

text = "hello world"

print (text.upper()) # Output: HELLO WORLD
text.lower ()) # Output: hello world
print (text.capitalize()) # Output: Hello world
print (len (text)) # Output: 11

(
print (
(
(
Pattern Matching

Pattern matching involves finding a sequence of characters (pattern) within a larger text. It is
essential in tasks like search engines, spell checking, and DNA sequence analysis. We will
discuss three popular algorithms:
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Naive Pattern Matching Algorithm

Concept:

The naive approach checks for the pattern at every position in the text. It is simple but inefficient
for long texts.

How it Works:

1. Slide the pattern one character at a time over the text.
2. Compare the pattern with the substring of text of the same length.
3. If all characters match, report the index; otherwise, continue.

Real-Life Application:

Useful in small text searches or when patterns are very short.

Python Example:

def naive search (text, pattern):

n = len(text)

m = len(pattern)

for 1 in range(n - m + 1):
match = True

for j in range (m) :

if text[i + j] != pattern[j]:
match = False
break

if match:
print ("Pattern found at index", 1)

# Example usage
naive search("hello world", "world")

Knuth-Morris-Pratt (KMP) Algorithm

Concept:
KMP improves efficiency by avoiding redundant comparisons using a prefix table (Ips array).
How it Works:

1. Preprocess the pattern to create a longest prefix-suffix (Ips) array.
2. Slide the pattern across the text.
3. If a mismatch occurs, use the Ips array to skip unnecessary comparisons.

Real-Life Application:

Used in text editors, search engines, and DNA sequence alignment.
Python Example:
def compute lps (pattern):

lps = [0] * len(pattern)

length = 0

i =1

while i < len(pattern) :
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if pattern[i] == pattern[length]:
length += 1
lps[i] = length
i4+=1
else:
if length != 0:
length = lps[length - 1]
else:
lps[i] = 0
i4+=1

return lps

def kmp search (text, pattern):

n = len(text)
m = len(pattern)
lps = compute lps (pattern)
i=3 =20
while 1 < n:
if text[i] == pattern[]]:
i 4+=1
J += 1
if jJ == m:
print ("Pattern found at index", 1 - 7J)
j = lps[j - 1]
elif 1 < n and text[i] != pattern[j]:
if j !'= O:
j = lps[j - 1]
else:
i += 1

# Example usage
kmp search ("ABABDABACDABABCABAB", "ABABCABAB")

Rabin-Karp Algorithm

Concept:

Rabin-Karp uses hashing to find patterns efficiently. It computes a hash for the pattern and
compares it with hash values of text substrings.

How it Works:

1. Compute the hash of the pattern and initial text window.
2. Slide the window across the text, updating the hash.
3. Compare hashes; if they match, verify characters one by one.

Real-Life Application:

Used in plagiarism detection, searching for multiple patterns in large texts.

Python Example:
def rabin karp (text, pattern, g=101):
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= 256
= len (text)

len (pattern)

o)

pow(d, m-1) % g

T o 3 B8 Q
Il

(
(
(
0 # Hash for pattern
#

0 Hash for text window

# Initial hash values
for i in range (m) :

p = (d * p + ord(pattern[i])) % g
t = (d * t + ord(text[i])) % g
for i in range(n - m + 1):
if p ==
if text[i:i+m] == pattern:
print ("Pattern found at index", 1)
if i < n - m:
t = (d * (t - ord(text[i]) * h) + ord(text[i+m])) % g
if £t < 0:
t += g

# Example usage
rabin karp("hello world", "world")

Real-Life Examples

Spell Checking

Spell checkers use string comparison and pattern matching to suggest corrections for
misspelled words.

# Simple example using Levenshtein distance (edit distance)
def levenshtein(a, b):
m, n = len(a), len(b)
dp = [[0]*(n+l) for  in range (m+1) ]
for 1 in range (m+1) :
for j in range (n+l) :

if 1 ==
dpl[1][J] = 3
elif j == 0
dp[i1][3j] = 1
elif a[i-1] == b[j-1]:
dp[i] [J] = dp[i-1][J-1]
else:
dp[i][J] = 1 + min(dp[i-1](J], dp[i]l[J-1], dp[i-1][]-

11)

return dp[m] [n]

print ("Edit distance:", levenshtein("hello", "helo"))
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Searching in Documents

Efficient text search in documents relies on pattern-matching algorithms to locate keywords.
document = "Python programming is fun"

keyword = "programming"
if keyword in document:
print ("Keyword found at index", document.find(keyword))

These examples highlight how strings are crucial in everyday applications like word processors,
search engines, and text-based applications.

Practice Problems

Problem 1: Reverse a String

Task: Reverse a given string without using built-in reverse functions.

Hint: Use slicing.

Problem 2: Count Vowels

Task: Write a program to count vowels in a string.
Example: Input: "hello world" — Output: 3

Problem 3: Palindrome Check

Task: Check if a string reads the same forward and backward.

Hint: Compare the string with its reverse.

Problem 4: Naive Pattern Matching

Task: Implement the naive algorithm to find all occurrences of a substring.
Example: Text: "ABABAB", Pattern: "AB" — Output: Indices 0, 2, 4

Problem 5: KMP Algorithm

Task: Implement KMP to search for a substring in a given text.

Hint: Use the prefix table for optimization.

Problem 6: Rabin-Karp Hash Search

Task: Use the Rabin-Karp algorithm to detect a pattern in a document.
Hint: Pay attention to updating the hash as you slide the window.

Problem 7: Word Frequency Count

Task: Count the frequency of each word in a string.

Hint: Split the string into words and use a dictionary.
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Summary

Strings are a powerful data type that allows programmers to handle textual data efficiently.
Mastering string operations, such as concatenation, slicing, searching, and replacing, forms the
foundation for more advanced tasks like pattern matching. Algorithms like Naive, KMP, and
Rabin-Karp provide efficient methods for searching patterns in text, which is crucial in
applications like search engines, spell checkers, and document processing. By practicing string
operations and pattern matching, students can build essential programming skills that are widely
applicable in real-world software development.
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Recursion and Backtracking
Techniques

Overview

In this chapter, we explore recursion and backtracking, covering
their core concepts, visualization, and significance in problem-
solving. You will learn how recursion simplifies complex problems
like factorial, Fibonacci, and Towers of Hanoi, and how backtracking
provides solutions to constraint-based challenges such as N-
Queens, Sudoku, and maze navigation. Prepare yourself for a
comprehensive journey that will enhance your ability to break down
problems systematically and apply powerful techniques used in both
academic and real-world applications, including GPS pathfinding.
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Concept & Visualization

What is Recursion?

Recursion is a programming technique in which a function calls itself directly or indirectly to
solve a problem. Each recursive call works on a smaller instance of the problem until it reaches
a base case, which is a condition where the function stops calling itself.

Key parts of recursion:

o Base case: The stopping condition (prevents infinite recursion).

o Recursive case: The part where the function calls itself with a smaller input.
Visualization (mental model):

Imagine a set of mirrors facing each other. When you look into them, you see repeated
reflections going further and further. Recursion works in a similar way: a function keeps
“reflecting” itself until it hits the end condition (the base case).

A diagram here would show:

e Function call stack (each recursive call adds a new frame).
e Arrows showing function calls going “deeper” and then unwinding when the base case is
reached.

What is Backtracking?

Backtracking is a problem-solving technique that incrementally builds candidates to a solution
and abandons (or backtracks) when it determines that the candidate cannot lead to a valid
solution.

It is often described as a depth-first search in a solution space.
Visualization (mental model):
Imagine exploring a maze:

e At each junction, you choose a path.
e If the path leads to a dead end, you go back (backtrack) and try another path.
¢ Continue until you either find the exit or explore all possible paths.

This trial-and-error combined with systematic exploration is the essence of backtracking.

Significance of Recursion and Backtracking

¢ Simplifies solutions for problems with repetitive substructures (e.g., factorial, Fibonacci).

e Useful in solving divide-and-conquer problems (like merge sort, quicksort).

e Backtracking helps solve problems with constraints (like N-Queens, Sudoku).

o Widely used in real-world systems, such as GPS navigation, Al search, and puzzle-
solving algorithms.
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Classic Problems

a) Factorial

Factorial of a number n, denoted as n!, is the product of all positive integers less than or equal to
n.

n! = n x (n-1) x (n-2) x ... x 1

Recursive Formulation:

n! = n x (n-1)! (for n > 1)
o! =1 (base case)

Python Example:

def factorial (n) :
# Base case
if n == 0 or n ==
return 1

# Recursive case

return n * factorial(n - 1)
# Example
print (factorial (5)) # Output: 120

b) Fibonacci Sequence

The Fibonacci sequence is a series of numbers where each number is the sum of the two
preceding ones:

o, 1, 1, 2, 3, 5, &, 13,

Recursive Formula:

F(n) = F(n-1) + F(n-2)
Base cases: F(0) = 0, F(1) =1

Recursive Solution:

def fibonacci recursive (n) :
i1fE B <= ¢
return n

return fibonacci recursive (n-1) + fibonacci recursive (n-2)

print (fibonacci recursive (6)) # Output: 8
Iterative Solution (more efficient):
def fibonacci iterative (n):
a, b =0, 1
for in range(n):
a, b =Db, a+b
return a

print (fibonacci iterative(6)) # Output: 8
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c) Towers of Hanoi

Problem Statement:

You have three rods and n disks of different sizes stacked on each rod in decreasing order (from
most significant to least significant at the bottom). The task is to move all disks to another rod,
following the rules:

1. Only one disk can be moved at a time.
2. Alarger disk cannot be placed on a smaller disk.
3. Only the top disk of a rod can be moved.

Recursive Approach:

e Move n-1 disks from source to auxiliary.
e Move the nth disk from source to destination.
e Move n-1 disks from auxiliary to destination.

Python Code:

def hanoi (n, source, target, auxiliary) :

if n == 1:
print (f"Move disk 1 from {source} to {target}")
return

# Move n-1 disks from source to auxiliary

hanoi (n-1, source, auxiliary, target)

print (f"Move disk {n} from {source} to {target}")

# Move n-1 disks from auxiliary to target

hanoi (n-1, auxiliary, target, source)

# Example

hanoi (3, 'A', 'C', 'B')
Output:

Move disk 1 from A to C
Move disk 2 from A to B
Move disk 1 from C to B
Move disk 3 from A to C
Move disk 1 from B to A
Move disk 2 from B to C
Move disk 1 from A to C

Backtracking Problems

a) N-Queens Problem

Problem Statement:

Place N queens on an NxN chessboard so that no two queens attack each other (no same row,
column, or diagonal).

Backtracking Approach:

e Place queens’ row by row.
e If a position is safe, place a queen and move to the next row.
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o If no position works, backtrack.

Python Code:

def is safe(board, row, col, n):
# Check column
for i in range (row) :
if board[i][col] == 1:
return False
# Check diagonal (upper-left)
for i, 7 in zip(range(row-1, -1, -1), range(col-1, -1, -1)):
if board[i] [j] ==
return False
# Check diagonal (upper-right)
for i, 7 in zip(range(row-1, -1, -1), range(col+l, n)):
if board[i] [j] ==
return False
return True

def solve nqueens (board, row, n):
if row == n:
for r in board:
print (r)
print ()
return True
res = False
for col in range(n):
if is safe(board, row, col, n):

board[row] [col] = 1
res = solve nqueens (board, row+l, n) or res
board[row] [col] = 0 # Backtrack

return res

n =14
board = [[0]*n for _ in range (n) ]
solve nqueens (board, 0, n)

b) Sudoku Solver

Problem Statement:

Fill a 9x9 Sudoku grid so that each row, column, and 3x3 sub-grid contains digits 1-9 exactly
once.

Backtracking Approach:

e Find an empty cell.

e Try placing numbers 1-9.

e If placement is valid, recurse for the next cell.
¢ If no number fits, backtrack.
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Python Code:
def is valid(board, row, col, num):
# Check row
if num in board[row] :
return False
# Check column
if num in [board[i] [col] for i in range(9)]:
return False
# Check 3x3 subgrid
start row, start col = 3*(row//3), 3*(col//3)
for 1 in range(start row, start row+3):
for j in range(start col, start col+3):
if board[i] [j] == num:
return False
return True

def solve sudoku (board) :
for i in range (9) :
for 3 in range(9):
if board[i][Jj] == 0: # Empty cell
for num in range (1, 10):
if is valid(board, i, j, num):
board[i] [J] = num
if solve sudoku (board) :
return True
board[i] [J] = 0 # Backtrack
return False
return True

c) Maze Solver

Problem Statement:

Given a maze represented as a grid of Os (blocked) and 1s (open), find a path from the start to
the exit using backtracking.

Python Code:

def is safe(maze, x, y, n):
return 0 <= x < n and 0 <= y < n and maze[x][y] == 1

def solve maze util (maze, x, y, sol, n):

if x == n-1 and y == n-1 and maze[x][y] == 1:
sol[x][y] = 1
return True

if is safe(maze, x, y, n):
sollx][y] =1
# Move right
if solve maze util (maze, x, y+1l, sol, n):

return True

# Move down
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maze

solv

if solve maze util (maze, x+1,

return True
sol[x][y] = 0 # Backtrack
return False

return False

solve maze (maze) :
n = len(maze)
sol = [[0]*n for 1in range(n)]
1f not solve maze util (maze, O,
print ("No solution")
return
for row in sol:
print (row)

ample

= [, 0, 0, @,
([, 1, 0, 17,
[0, 1, 0, O,
(1, 1, 1, 11]

e maze (maze)

Example: Pathfinding in GPS

GPS navigation systems use algorithms similar to recursion and backtracking to find optimal
routes:

y, sol,

Q. C# Corner

Recursion: Breaks down the pathfinding problem into smaller subproblems (e.g., finding

a route from one city to the next).

Backtracking: If a chosen path leads to heavy traffic or road closure, the algorithm
backtracks and explores alternative paths.

Think of Google Maps:

When you request a route, it recursively explores possible roads. If one is invalid, it backtracks
and tries another until the best route is found. This is essentially backtracking applied at scale,
often combined with heuristics like A* or Dijkstra’s algorithm.

Summary

Recursion simplifies problems by breaking them into smaller subproblems.
Backtracking explores possible solutions and backtracks when constraints are violated.
Classic recursion problems include factorial, Fibonacci, and Towers of Hanoi.
Backtracking solves complex constraint problems like N-Queens, Sudoku, and maze

navigation.

Real-life applications (like GPS) rely on these techniques for efficient problem-solving.
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Linked Lists: Concepts and
Variations

Overview

In this chapter, we explore linked lists, covering their types,
operations, and practical uses. You will learn the differences
between linked lists and arrays, implement singly, doubly, and
circular linked lists in Python, and see real-life applications such as
music playlists and browser history. Prepare yourself for a focused
journey that will build your ability to organize and manipulate
dynamic collections of data.
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What is a linked list?

A linked list is a linear data structure where each element (node) contains data and a reference
(pointer) to the next node. Nodes are typically allocated on the heap and connected via pointers
rather than stored contiguously.

Significance:

e Dynamic size (grow/shrink at runtime).
o Efficient insertions/deletions at known positions (often O(1)).
e Useful when the amount of data is unknown or memory must be managed flexibly.

Linked lists vs. Arrays:

e Memory layout: Arrays use contiguous memory; linked lists use scattered nodes
connected by pointers.

o Access: Arrays provide O(1) random access (arr[i]); linked lists have O(n) access by
index.

o Insert/Delete: Arrays may need O(n) shifting; linked lists can insert/delete in O(1) (with
pointer to position).

e Use cases: Use arrays for fast indexed access and linked lists for frequent
insertions/deletions and unpredictable sizes.

Singly Linked Lists
Structure

A singly linked list node typically contains:

o data — the value stored.
¢ next — pointer/reference to the next node (or None).

Diagram (conceptual):
[data | next] -> [data | next] -> [data | None]

Python Implementation

# Node class for singly linked list
class Node:
def 1nit (self, data):
self.data = data
self.next = None

# Singly linked list with common operations
class SinglyLinkedList:
def 1init (self):
self.head = None

def traverse(self) :
"""pPrint all nodes from head to end.”"""
cur = self.head
while cur:
print (cur.data, end=' -> ')
cCur = cur.next
print ('None')
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def insert at head(self, data):
"""Insert new node at the beginning (O(1l))."""
new node = Node (data)
new node.next = self.head
self.head = new node

def insert at tail (self, data):
"""Tnsert new node at the end (0O(n) unless tail pointer
kept) ."""
new node = Node (data)
if not self.head:
self.head = new node
return
last = self.head
while last.next:
last = last.next
last.next = new node

def insert at position(self, pos, data):
"""Insert at index pos (O-based)."""
if pos ==
self.insert at head(data)
return
new node = Node (data)
cur = self.head
idx = 0
while cur and idx < pos - 1:
cur = cur.next
idx += 1
if not cur:
raise IndexError ("Position out of bounds")
new node.next = cur.next
cur.next = new node

def delete by value(self, key):
"""Delete first node with value == key."""

cur = self.head

prev = None

while cur and cur.data != key:
prev = cur
cur = cur.next

if not cur: # not found
return False

if not prev: # deleting head
self.head = cur.next

elses

prev.next cur.next
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return True

def search(self, key):
"""Return index of key or -1 if not found."""
cur = self.head
idx = 0
while cur:
if cur.data == key:
return idx
cur = cur.next
idx += 1

return -1

Complexities (Singly List):

Access by index: O(n)

Insert at head: O(1)

Insert at tail: O(n) (O(1) if tail pointer maintained)
Delete given pointer: O(1); delete by value: O(n)

Doubly Linked Lists

What & Why
A doubly linked list node has prev and next pointers, enabling traversal in both directions.

Advantages:

o Easier deletion (no need to know previous node when you have the current node).
o Bidirectional traversal for back/forward operations.

Diagram:
None <- [prev | data | next] <-> [prev | data | next] -> None
Python Implementation

class DNode:
def 1init (self, data):
self.data = data
self.prev = None
self.next = None

class DoublyLinkedList:
def init (self):
self.head = None

def traverse forward (self) :
cur = self.head
while cur:
print (cur.data, end=' <-> ")
cur = cur.next
print ('None')
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def traverse backward(self) :
# go to tail first
cur = self.head
if not cur:
print ('None')
return
while cur.next:
cur = cur.next
# traverse backward
while cur:
print (cur.data, end=' <-> ")
cur = cur.prev
print ('None')

def insert at head(self, data):
new node = DNode (data)
new node.next = self.head
if self.head:
self.head.prev = new node
self.head = new node

def insert at tail (self, data):
new node = DNode (data)
if not self.head:
self.head = new node
return
tail = self.head
while tail.next:

tail = tail.next
tail.next = new node
new node.prev = tail

def delete node(self, node):
"""Delete a given node (O(1))."""
if not node:
return
if node.prev:
node.prev.next = node.next
else:
self.head = node.next # node was head
if node.next:
node.next.prev = node.prev

Complexities (Doubly List):

e Traversal O(n), insert/delete at known node O(1), insert at tail O(n) (unless tail
maintained).
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Circular Linked Lists

In a circular linked list, the last node points back to the head. This can be a singly or doubly
circular list. Useful for round-robin scheduling, playlists, etc.

Characteristic: No None at the end; traversal must stop when we return to start.
Python Example (circular singly list operations)

class CNode:
def init (self, data):
self.data = data
self.next = None

class CircularSinglyLinkedList:
def  init (self):
self.head = None

def traverse(self) :
if not self.head:
print ('Empty"')
return
cur = self.head
while True:

print (cur.data, end=' -> ')
cur = cur.next
if cur == self.head:

break

print (' (back to head)')

def insert at end(self, data):

new node = CNode (data)

if not self.head:
self.head = new node
new node.next = new node # points to itself
return

cur = self.head

while cur.next != self.head:
cur = cur.next

cur.next = new node

new node.next = self.head

def delete by value(self, key):
if not self.head:

return False

cur = self.head
prev = None
while True:
if cur.data == key:
if prev:
prev.next = cur.next
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else:
# deleting head: find last to update its next
last = self.head

while last.next != self.head:
last = last.next
if last == self.head: # only one node

self.head = None

return True

last.next = cur.next
self.head = cur.next
return True
prev = cur
cur = cur.next
if cur == self.head:
break
return False

Use cases: round-robin schedulers, continuous playlists.

Skip List (Intro only)

o What: A probabilistic data structure that augments a sorted linked list with multiple
“express lanes” (levels) to speed up search and insertion.

¢ Idea: Each element appears in a tower of nodes; higher levels skip more nodes. Search
begins at the top level and drops down as needed.

o Advantages: Expected O(log n) search, insert, delete; simpler to implement than
balanced trees.

¢ When to choose: Good when you want balanced performance but prefer simpler
implementation and probabilistic guarantees.

Real-Life Examples

Music Playlist

o Representation: A playlist can be a circular doubly linked list so you can move to the next
or previous song, repeat the list, or remove/add songs dynamically.

o Why linked list: Efficient insert/delete while maintaining order; circular structure supports
looping.

# Simplified conceptual node for playlist
class SongNode:
def init (self, title):
self.title = title

self.prev = None
self.next = None
Operations: next song(), prev song(), remove current(),

insert after (current, song).

Browser History

o Representation: Doubly linked list where each visit creates a node and current pointer
moves forward/back. Back and forward navigation are O(1).
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o Behavior: When you navigate to a new page after going back, forward-history nodes are
typically discarded — easy to implement by truncating the next pointer.

# Sketch of browser history usage
class BrowserHistory:
def init (self, homepage) :
self.current = DNode (homepage)

def visit(self, url):
node = DNode (url)
# drop forward history
self.current.next = node
node.prev = self.current
self.current = node

def back(self, steps):
while steps > 0 and self.current.prev:
self.current = self.current.prev
steps -= 1
return self.current.data

Practice Problems
Reverse a Singly Linked List — Easy / Medium

o Task: Reverse a linked list in-place (iterative and recursive).
o Hint: Iterative: use three pointers prev, cur, next_node. Recursive: reverse rest and
attach head.

Detect Cycle in a Linked List — Medium

o Task: Return True if a list has a cycle.
¢ Hint: Use Floyd’s Tortoise and Hare (slow/fast pointers).

Merge Two Sorted Linked Lists — Easy / Medium

o Task: Merge two sorted singly linked lists into one sorted list.
¢ Hint: Use a dummy head and maintain tail pointer to build result.

Remove N-th Node from End — Medium

¢ Task: Remove the n-th node from the end in one pass.
e Hint: Two pointers separated by n nodes; advance both until end.

Split Circular Playlist — Challenging

e Task: Given a circular singly linked list and a position k, split it into two circular lists at k.
¢ Hint: Locate k-th node and adjust pointers carefully; beware single-node edge case.
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Quick Complexity Summary

Operation Singly Doubly Circular

Insert at head o(1) o(1) o(1)

Insert at tail O(n) (O(1) with tail) O(n) (O(1) with O(n) (or O(1) with

tail) tail)
Delete (given node) O(1) if prev known else o(1) O(n)
O(n)
Search / Access by O(n) O(n) O(n)

index
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Stacks: Implementation and
Use Cases

Overview

In this chapter, we explore stacks, covering their LIFO principle,
implementation methods, and practical applications. Prepare
yourself for a comprehensive journey that will empower you to
understand how stacks are used in expression evaluation,
undo/redo functionality, and function calls, while also connecting
theory to real-life examples such as text editors and recursion.
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Introduction

In computer science, a stack is a fundamental data structure that follows the principle of Last In,
First Out (LIFO). Imagine a stack of plates in a cafeteria: the last plate placed on top is the first
one removed when needed. This simple yet powerful principle allows stacks to be applied in a
wide variety of programming problems, from evaluating mathematical expressions to managing
undo/redo operations in applications.

Stacks are widely used in both system-level programming (such as memory management for
function calls) and application-level programming (like maintaining history in text editors or
browsers). In this chapter, we will study the LIFO concept, its implementation, and common use
cases, and conclude with practical exercises.

LIFO Concept & Implementation
LIFO Principle

The Last In, First Out (LIFO) principle means that the most recently added element is the first
one to be removed:

o Push: Add an element onto the stack.
o Pop: Remove the top element from the stack.
o Peek/Top: View the top element without removing it.

For example:

e Push 10 — Stack: [10]
e Push 20 — Stack: [10, 20]
e Pop — Returns 20, Stack: [10]

Implementation of Stacks

Stacks can be implemented using:

e Arrays/Lists: Simple to implement but has fixed size unless dynamic resizing is allowed.
o Linked Lists: Flexible size, efficient memory usage.

Key Operations

o Push(element): Add element to top.

o Pop(): Remove and return top element.

o Peek(): Return top element without removal.

o isEmpty(): Check if stack is empty.

e isFull(): (for array-based) Check if stack is full.

Python Implementation Example
# Stack implementation using Python list
class Stack:
def init (self):
Initialize empty stack
elf.items = []

wn ==

def is empty(self) :
eturns True if stack ha no elements

# R 1S
return len(self.items) == 0
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def push(self, item):
# Add element to top of stack
self.items.append (item)

def pop(self):
# Remove and return top element
if self.is empty() :
raise IndexError ("Pop from empty stack")
return self.items.pop ()

def peek(self):
# Return top element without removing it
if self.is empty() :
raise IndexError ("Peek from empty stack")
return self.items[-1]

def size(self):
# Return number of elements in stack
return len(self.items)

# Example usage
stack = Stack()
stack.push (5)
stack.push (10)
stack.push (15)

print ("Top element:", stack.peek()) # Output: 15
print ("Removed element:", stack.pop()) # Output: 15
print ("Stack size:", stack.size()) # Output: 2

Applications of Stacks

Expression Evaluation

Stacks are often used in evaluating and converting arithmetic expressions, especially when
handling parentheses and operator precedence.

¢ Infix expressions (e.g., 3 + (2 * 5)) can be converted into postfix expressions (Reverse
Polish Notation) using stacks.
e Stacks help track operators and operands to ensure correct evaluation order.

Undo/Redo Functionality

In text editors, stacks maintain a history of user actions:

¢ Undo: Pops the latest action from the undo stack.
* Redo: Pushes that action onto the redo stack, allowing users to reapply it.
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Function Calls and Recursion

When a program calls a function, details such as variables, return addresses, and execution
state are stored in a function call stack.

e Each function call pushes a new frame onto the stack.
e Returning from a function pops that frame.
e Recursion (functions calling themselves) heavily relies on this mechanism.

Real-Life Example: Text Editors & Recursion

Text Editors: Undo/Redo
When typing in a text editor:

e Each change is stored on the undo stack.
e Pressing Undo pops the last change and applies it in reverse.
e That change is then pushed onto a redo stack, enabling redoing if desired.

Recursion Stack

Consider a recursive function like computing factorial:

def factorial (n) :
if n == 0 or n ==
return 1

return n * factorial (n-1)
print (factorial (5)) # Output: 120
Each call to factorial is pushed onto the system call stack. When the base case is reached

(factorial(1)), the stack starts popping, returning results back up the chain.

Practice Problems

Problem 1: Reverse a String Using a Stack

Task: Write a program that reverses a string using stack operations.
Solution (Python):
def reverse string(s):
stack = []
for char in s:
stack.append (char)
reversed s = ""
while stack:
reversed s += stack.pop ()

return reversed s
print (reverse string("hello")) # Output: "olleh"

Problem 2: Balanced Parentheses Checker

Task: Given an expression containing parentheses (), {}, [I, check if it is balanced.
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Solution (Python):

def is balanced(expr) :
stack = []
pairs = {')': "(', "}': "{', "'"1': '['}
for char in expr:
if char in pairs.values():
stack.append (char)
elif char in pairs:
if not stack or stack.pop() != pairs|[char]:
return False
return len (stack) ==

print (is balanced("{[()1}")) # Output: True
print (is balanced ("{[(])1}")) # Output: False

Problem 3: Evaluate Postfix Expression

Task: Evaluate a postfix expression (e.g., 23*54*+9- — 17).
Solution (Python):

def evaluate postfix(expression) :
stack = []
for char in expression:
if char.isdigit():
stack.append (int (char))
else:
b = stack.pop ()
a = stack.pop ()
if char == "+':
stack.append (a + b)
elif char == '-':
stack.append(a - b)
elif char == '"*':
stack.append(a * b)
elif char == "'/':
stack.append(a // Db) # Integer division
return stack[0]

print (evaluate postfix ("23*54*+9-")) # Output: 17

Summary

Stacks, though simple in design, are powerful tools in computer science. Their LIFO principle
makes them suitable for handling a wide range of tasks, from expression evaluation to

managing undo/redo operations and function calls. By mastering stacks, students gain insight
into both low-level system mechanisms (like recursion and memory management) and high-level
application features (such as text editing).

The practice problems provided help reinforce the concepts of stack operations, balancing
parentheses, and expression evaluation, skills that are essential in building a strong foundation
in computer science.
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Queues and Their Variants

Overview

In this chapter, we explore queues, covering their FIFO principle,
different variants such as circular queues, deques, and priority
queues, along with their practical applications. Prepare yourself for a
comprehensive journey that will empower you to understand how
queues are used in ticket booking systems and CPU scheduling,
while also connecting theory to real-life scenarios that highlight their
importance in ensuring fairness and efficiency.
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Introduction

In computer science, a queue is a fundamental data structure that follows the principle of First
In, First Out (FIFO). This means that the element added first is the one removed first, much like
a line of people waiting for service. The person who joins the line first will be served first, while
newcomers must wait their turn.

Queues are essential in situations where order matters, such as managing requests to a printer,
handling tasks in an operating system, or processing tickets in customer service. They provide a
structured way to ensure fairness and efficiency in managing tasks.

In this chapter, we will explore the FIFO concept, understand the different variants of queues—
including circular queues, double-ended queues (deques), and priority queues—and see how
these structures are applied in real-world scenarios such as ticket booking systems and CPU
scheduling. We will also practice with problems designed to deepen understanding.

FIFO Concept

The principle

The First In, First Out (FIFO) principle ensures that elements are processed in the order they
arrive.

o Enqueue: The operation of inserting an element at the rear (end) of the queue.
e Dequeue: The operation of removing an element from the front (beginning) of the queue.

For example:

e Enqueue 10 — Queue: [10]

e Enqueue 20 — Queue: [10, 20]
Enqueue 30 — Queue: [10, 20, 30]
Dequeue — Returns 10, Queue: [20, 30]

Significance
The FIFO system is crucial in situations where fairness and order must be preserved:

o Task Scheduling: Ensures processes are executed in the order they arrive.
e Customer Service: First customer in line is served first.
¢ Data Streaming: Packets are handled sequentially to maintain order.

Example: Basic Queue Implementation
# Queue implementation using Python list
class Queue:

def 1init (self):

self.items = []

)
self.items) == 0

def enqueue (self, item):
# Add item at the end of the queue
self.items.append (item)

def dequeue (self) :

)
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# Remove item from the front of the queue
if self.is empty():

raise IndexError ("Dequeue from empty queue'")
return self.items.pop (0)

def peek(self) :
# View the front item without removing it
1f self.is empty () :
raise IndexError ("Peek from empty queue")
return self.items[O0]

def size(self):
return len (self.items)

Example usage
)
"Alice")
"Bob")
"Charlie")

= Queue
.enqueue
.enqueue

(
(
(
(

Q Q Q Q

.enqueue

print ("Front element:", g.peek()) # Output: Alice
print ("Removed:", g.dequeue()) # Output: Alice
print ("Queue size:", g.size()) # Output: 2

Variants of Queues

While the basic queue works well in many scenarios, there are variations designed to handle
specific needs more efficiently. Let us examine three major variants: Circular Queue, Deque,
and Priority Queue.

Circular Queue

A circular queue is a special type of queue in which the last position connects back to the first,
forming a circle. This allows efficient use of memory, especially when the queue has a fixed
size. Unlike a simple linear queue, which may leave unused space after several enqueue and
dequeue operations, the circular queue reuses that space.

For example, if a queue has size 5 and has filled and emptied elements multiple times, a linear
gueue might leave empty slots unused. A circular queue ensures those slots are reused.

Key Characteristics

o Rear moves circularly to the beginning when it reaches the end.
¢ Prevents wastage of memory.
e Commonly used in buffer management (e.g., circular buffers in operating systems).

Example: Circular Queue

class CircularQueue:
def init (self, capacity):
self.capacity = capacity

self.queue [None] * capacity
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self.front = self.rear = -1

def is full (self):
return (self.rear + 1) % self.capacity == self.front

def is empty(self) :
return self.front == -1

def enqueue(self, item):
if self.is full():
raise OverflowError ("Queue is full")

if self.front == -1:

self.front = 0
self.rear = (self.rear + 1) % self.capacity
self.queue[self.rear] = item

def dequeue (self) :
if self.is empty() :
raise IndexError ("Queue is empty")
item = self.queue[self.front]

if self.front == self.rear:
self.front = self.rear = -1
else:
self.front = (self.front + 1) % self.capacity

return item

def display(self):
if self.is empty():

return []
result = []
i = self.front

while True:
result.append(self.queue[i])
if i == self.rear:
break
i = (i + 1) % self.capacity
return result

# Example usage

cqg = CircularQueue (5)

cg.enqueue (10)

cg.enqueue (20)

cg.enqueue (30)

print ("Circular Queue:", cqg.display()) # Output: [10, 20, 30]
cqg.dequeue ()

print ("After Dequeue:", cqg.display()) # Output: [20, 30]
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Deque (Double-Ended Queue)

A deque (double-ended queue) is a queue where insertion and deletion can occur at both ends,
front and rear. This gives greater flexibility compared to a standard queue.

Use Cases

o Palindrome checking: Since elements can be compared from both ends.

¢ Sliding window problems: Used in algorithms where efficient access to both ends is
required.

o Implementing other structures: Stacks and queues can both be implemented using
deques.

Example: Deque

from collections import deque

# Initialize a deque
dg = deque ()

# Insert elements at rear
dg.append (10)
dg.append (20)

# Insert elements at front
dg.appendleft (5)

print ("Deque after insertions:", dqg) # Output: deque ([5, 10, 201])

# Remove from both ends

dg.pop () # Removes 20
dg.popleft () # Removes 5
print ("Deque after deletions:", dq) # Output: deque ([10])

Priority Queue

A priority queue is a type of queue where each element is assigned a priority. The element with
the highest priority is dequeued first, regardless of its order of arrival.

For example:

¢ In a hospital emergency room, patients with critical conditions are treated first.
¢ In operating systems, higher-priority processes are executed before lower-priority ones.

Example: Priority Queue

import heapqg

class PriorityQueue:
def init (self):

self.queue = []

def enqueue (self, priority, item):
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# Python's heapq creates a min-heap, so lower values mean
higher priority
heapqg.heappush (self.queue, (priority, item))

def dequeue (self) :
if not self.queue:
raise IndexError ("Dequeue from empty priority queue")

return heapg.heappop (self.queue) [1]
def i1s empty (self) :

return len(self.queue) == 0

# Example usage
pg = PriorityQueue ()

pg.enqueue (2, "Normal Task")

pg.enqueue (1, "Urgent Task")

pg.enqueue (3, "Low Priority Task")

print ("Dequeued:", pg.dequeue()) # Output: Urgent Task (priority 1)

Real-Life Examples

Ticket Booking Systems

In ticket booking (airlines, concerts, train reservations), customers are served in the order they
request tickets. The system places each request into a queue.

o Enqueue: Each new booking request is placed at the end.
o Dequeue: The system processes the earliest request first.

If a priority queue is used (for example, VIP customers or emergency bookings), higher-priority
requests are processed before regular ones.

CPU Scheduling

In operating systems, the CPU uses queues to manage multiple processes.

¢ Ready Queue: Processes waiting for CPU time are placed here in arrival order.
¢ Job Queue: All processes in the system are managed in this queue.

Schedulers use variations like priority queues to decide which process to execute next. For
example:

e First Come, First Served (FCFS): Standard FIFO queue.
¢ Round Robin Scheduling: Implemented with a circular queue, ensuring each process
gets CPU time in turns.

This ensures efficient multitasking and fair allocation of resources.
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Practice Problems

Problem 1 (Beginner): Implement a Queue Using Two Stacks

Task: Use two stacks to implement a queue with enqueue and dequeue operations.

Hint: Use one stack for incoming elements and the other for outgoing elements.

Problem 2 (Intermediate): Circular Queue Simulation

Task: Simulate a circular queue of size 5. Perform enqueue and dequeue operations and
display the queue state after each operation.

Problem 3 (Advanced): CPU Scheduling Simulation

Task: Simulate CPU scheduling using a priority queue where each process has a priority. Show
the order of execution.

Problem 4 (Challenge): Palindrome Checker with Deque

Task: Use a deque to check if a given string is a palindrome.

Hint: Compare characters from the front and rear of the deque.

Summary

Queues, like stacks, are essential for structuring data in computer science. Their FIFO principle
provides fairness and order, ensuring that elements are processed in the sequence they arrive.
Variants such as circular queues, deques, and priority queues expand the utility of queues,
making them suitable for specialized tasks.

From ticket booking systems that manage customer requests to CPU scheduling that ensures
efficient process execution, queues are everywhere in computing. By practicing problems and
exploring these variants, students will gain the knowledge needed to apply queues in both
theoretical and practical scenarios.
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10

Hashing: Concepts and
Applications

Overview

In this chapter, we explore hashing, covering the role of hash
functions, how collisions occur, and common strategies for handling
them. Prepare yourself for a comprehensive journey that will
empower you to understand how hashing enables efficient data
access and storage, while also examining its practical applications in
caching, dictionaries, and username validation.
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Introduction

In computer science, hashing is a technique used to map data of arbitrary size into fixed-size
values using a mathematical function known as a hash function. The result of applying this
function is called a hash value or hash code.

Hashing is fundamental because it allows for fast data access. Instead of searching through a
list element by element, hashing enables direct access to data in constant time (O(1) on
average). This makes hashing essential for implementing data structures such as hash tables,
which are used in dictionaries, caches, databases, and many other applications.

Hash Functions & Collisions

Hash Functions

A hash function is an algorithm that converts input data (called the key) into a numerical value,
which is then mapped to an index in a hash table.

For example:

e Input (key): "Alice"
e Hash function: Sum of ASCII values of characters modulo 10
e Hash value: (65 + 108 + 105 +99 + 101) % 10 =478 % 10 =8

Thus, "Alice" maps to index 8 in the hash table.

Purpose of Hash Functions

e To distribute keys uniformly across available slots.
e To minimize collisions.
e To enable fast lookups, insertions, and deletions.

Collisions

A collision occurs when two different keys produce the same hash value.
Example:

e "Tom" — Hash =3
e "Eva"— Hash=3
Both keys map to the same index in the table.

Handling Collisions

1. Chaining: Store multiple values in a linked list at the same index.
2. Open Addressing: Find another free slot using techniques like linear probing or quadratic
probing.

Common Hash Functions

1. Division Method: h(k) = k mod m, where m is the table size.

2. Multiplication Method: h(k) = floor(m * (k * A mod 1)), where 0 <A < 1.

3. Cryptographic Hash Functions (like SHA-256, MD5): Secure, widely used for passwords
and digital signatures.
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Applications

Caching

Caching stores frequently accessed data for quick retrieval. Hashing helps by mapping keys
(like URLs or file names) to cached values.
« Why important? Without hashing, cache lookups would require linear search, which is
slow.
« With hashing: Data can be retrieved in constant time, greatly speeding up applications
like web browsers or databases.

Example: Simple Cache with Hashing
class SimpleCache:
def  init (self):
self.cache = {}

def get(self, key):
# Return cached value if available
return self.cache.get (key, None)

def put(self, key, wvalue):
# Store value in cache
self.cachelkey] = value

# Example usage
cache = SimpleCache ()

# Add to cache
cache.put ("google.com", "Homepage Data")

cache.put ("youtube.com", "Video Feed")

# Retrieve from cache

print (cache.get ("google.com")) # Output: Homepage Data
print (cache.get ("facebook.com")) # Output: None (not cached)
Dictionaries

A dictionary (or map) is a collection of key-value pairs. Python’s built-in dictionary uses a hash
table internally. Hashing ensures average-case O(1) lookup time.

Example: Dictionary with Hashing

# Python dictionary uses hashing under the hood
student grades = {}

# Insert key-value pairs

student grades["Alice"] = 85
student grades["Bob"] = 90
student grades["Charlie"] = 78
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# Lookup

print ("Alice's grade:", student grades["Alice"]) # Output: 85
# Update

student grades["Alice"] = 95

print ("Updated grade for Alice:", student grades["Alice"])

# Output: 95

Here, the student’s name is the key, and the grade is the value. Hashing allows us to directly
access values by key.

Username Check

In systems with many users, checking if a username already exists must be efficient. Instead of
scanning a list of usernames linearly, hashing allows instant checks.

Example: Username Validation with Hashing
class UsernameRegistry:

def init (self):
self.usernames = set () # Set uses hashing internally

def add user (self, username) :
if username in self.usernames:
print ("Username already taken!")
else:
self.usernames.add (username)
print ("Username registered successfully.")

def check user (self, username) :

return username in self.usernames

# Example usage

registry = UsernameRegistry ()
registry.add user("alice")
registry.add user ("bob")

registry.add user("alice") # Duplicate

print ("Is 'charlie' registered?", registry.check user ("charlie"))

This ensures O(1) average-time checks for username availability.

Practice Problems

Problem 1: Basic Hash Function

Task: Write a hash function that maps strings to numbers by summing the ASCII values of their
characters, modulo 10. Test it on three names.

Hint: Use Python’s ord() to get ASCII values.
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Problem 2: Collision Handling with Chaining

Task: Implement a simple hash table using lists, where collisions are handled with chaining.
Insert multiple keys that cause collisions and print the table.

Hint: Use a list of lists, where each index stores multiple values.

Problem 3: Caching Simulation

Task: Implement a cache using a dictionary. Add five items, then check whether a new key
exists in the cache. If not, insert it.

Hint: Use dict.get(key, default) for fast lookups.

Problem 4: Username Registry (Advanced)

Task: Extend the username check program to allow removing users. Ensure that checks remain
efficient.

Hint: Use Python’s set.remove() for deletions.

Problem 5: Hash Function Analysis

Task: Given the hash function h(k) = k mod 5, insert the keys [12, 7, 25, 30] into a table of size
5. Show where collisions occur and explain how chaining would resolve them.

Summary

Hashing is a cornerstone of computer science, enabling efficient storage, retrieval, and
validation of data. By mapping keys to values using hash functions, we achieve fast average-
case performance for tasks that would otherwise require slow linear searches.

We explored how hash functions work, why collisions occur, and how they are handled. We then
examined practical applications of hashing in caching, dictionaries, and username checks, each
illustrated with Python examples.

By practicing problems and exploring applications, students will gain both a theoretical
understanding and practical skills, preparing them to apply hashing effectively in programming
and system design.
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11

Trees: Traversals, Binary
Trees, and Beyond

Overview

In this chapter, we explore trees, covering their structure, key
properties, and different types such as binary trees, binary search
trees, balanced trees, and heaps. Prepare yourself for a
comprehensive journey that will empower you to understand how
trees enable efficient data organization, searching, and sorting,
while also connecting theory to real-life applications such as file
systems and search suggestions.
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Introduction

A tree is a non-linear data structure in computer science that represents data in a hierarchical
form. Unlike arrays or linked lists (which are linear), trees allow branching paths, making them
ideal for representing hierarchical data such as organizational charts, file systems, or decision
processes.

Structure

A tree consists of nodes connected by edges.

The root is the topmost node (the entry point of the tree).
Each node may have children (nodes connected below it).
Nodes without children are called leaves.

Importance

e Trees allow fast searching, sorting, and hierarchical representation.
e They serve as the foundation for many algorithms and data structures like binary search
trees, heaps, and balanced trees.

Trees are essential for organizing and managing data efficiently in hierarchical forms.

Binary Trees & Traversals

A binary tree is a tree in which each node has at most two children: a left child and a right child.
Key Concepts

¢ Root: The top node.
o Left Subtree & Right Subtree: The two possible child branches.
e Leaf Node: A node with no children.

Traversal Methods
Traversal means visiting all nodes of a tree systematically.
In-Order Traversal (Left — Root — Right)

o ltis useful for retrieving data in sorted order from a binary search tree.
Pre-Order Traversal (Root — Left — Right)

o Useful for creating a copy of the tree or representing it as an expression.
Post-Order Traversal (Left — Right — Root)

o Useful for deleting the tree or evaluating expressions.

Example: Binary Tree Traversals

class Node:
def init (self, key):
self.key = key
self.left = None
self.right = None

# In-order traversal

def inorder (root) :
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if root:
inorder (root.left)
print (root.key, end=" ")
inorder (root.right)

# Pre-order traversal
def preorder (root) :
if root:
print (root.key, end=" ")
preorder (root.left)
preorder (root.right)

# Post-order traversal
def postorder (root) :
if root:
postorder (root.left)
postorder (root.right)
print (root.key, end=" ")

# Example tree

root = Node (1)

root.left = Node (2)
root.right = Node (3)
root.left.left = Node(4)
root.left.right = Node (5)

print ("In-order: ", end="")

inorder (root) # Output: 4 2 5 1 3
print ("\nPre-order: ", end="")
preorder (root) # Output: 1 2 4 5 3

print ("\nPost-order: ", end="")
postorder (root) # Output: 4 5 2 3 1

Binary trees provide a simple but powerful way to organize hierarchical data. Traversals define
different orders to access all nodes, each useful in different applications.

Binary Search Trees (BST)

A Binary Search Tree (BST) is a binary tree with a special property:

e For any node, all nodes in the left subtree have smaller values, and all nodes in the right
subtree have larger values.

Key Concepts

e Provides efficient searching, insertion, and deletion operations.
e Average time complexity: O(log n) for search, insert, and delete.
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Operations

1. Search

Look for a key by comparing it with the root, moving left if smaller or right if larger.

2. Insertion

Insert a new node by following BST rules.

3. Deletion

Three cases:

1. Node is a leaf — remove it directly.
2. Node has one child — replace node with its child.
3. Node has two children — replace with in-order successor (smallest in right subtree).

Example: BST Operations

class BSTNode:
def init (self, key):
self.key = key
self.left = None
self.right = None

# Insert into BST
def insert (root, key):
if root is None:
return BSTNode (key)
if key < root.key:
root.left = insert (root.left, key)
else:
root.right = insert (root.right, key)

return root

# Search in BST
def search (root, key):
if root is None or root.key == key:
return root
if key < root.key:
return search (root.left, key)
return search(root.right, key)

# Find minimum value node
def min value node (node) :
current = node
while current.left:
current = current.left

return current

# Delete a node
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def delete (root, key):
if root is None:
return root
if key < root.key:
root.left = delete(root.left, key)
elif key > root.key:
root.right = delete(root.right, key)
else:
# Node with one or no child
if root.left is None:
return root.right
elif root.right is None:
return root.left
# Node with two children
temp = min value node (root.right)
root.key = temp.key
root.right = delete(root.right, temp.key)

return root

# Example usage

root = None
for val in [50, 30, 70, 20, 40, 60, 807]:
root = insert (root, wval)
print ("Search 40:", search (root, 40) is not None) # True

root = delete(root, 20) # Delete a leaf
root = delete(root, 30) # Delete a node with one child

BSTs efficiently manage ordered data, supporting quick search, insertion, and deletion.

Balanced Trees

A balanced tree maintains its height close to the minimum possible, ensuring operations remain
efficient.

Types

AVL Tree

o Self-balancing BST.
e Maintains balance factor (difference in height of left and right subtrees).
o Automatically performs rotations to keep balance.

Red-Black Tree

e Another self-balancing BST.

e Each node is colored red or black, with rules that prevent the tree from becoming
unbalanced.

e Widely used in libraries like C++ STL map/set and Java TreeMap.

Simplified Concept for Students
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Balanced trees prevent worst-case scenarios (like a skewed BST behaving like a linked list).
They keep operations efficient by ensuring tree height stays logarithmic.

Heaps

A heap is a special tree-based structure that satisfies the heap property:

e Max-Heap: Parent node is always greater than or equal to its children.
e Min-Heap: Parent node is always smaller than or equal to its children.

Use Cases

e Implementing priority queues.
e Sorting (Heap Sort).

Heap Sort Algorithm

1. Build a max-heap from the array.
2. Repeatedly extract the maximum element and rebuild the heap.

Example: Heap Sort

def heapify(arr, n, 1):
largest = 1
left = 2 * 1 + 1
right = 2 * 1 + 2

if left < n and arr[left] > arr[largest]:
largest = left

if right < n and arr[right] > arr[largest]:
largest = right

if largest != 1i:
arr[i], arr([largest] = arr[largest], arr[i]

heapify(arr, n, largest)

def heap sort (arr):
n = len(arr)
# Build max-heap
for i in range(n // 2 - 1, -1, -1):
heapify(arr, n, 1)

# Extract elements one by one

for i in range(n - 1, 0, -1):
arr[0], arr[i] = arr[i], arr[0] # Swap
heapify(arr, i, 0)

# Example usage

arr = [12, 11, 13, 5, 6, 7]
heap sort (arr)
print ("Sorted array:", arr) # Output: [5, 6, 7, 11, 12, 13]

Heaps enforce parent-child relationships for efficient priority management and are the backbone
of heap sort.
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Real-Life Examples

File Systems

File systems are structured like trees:

¢ Root directory — subdirectories — files.
o Efficient for organizing and retrieving files.

Search Suggestions (Autocomplete)
e Prefix trees (tries) store words so suggestions can be retrieved quickly.

e Example: Typing “ca” suggests “cat”, “car”, “castle”.

Trees are not just theoretically, they optimize real-world systems we use daily, from operating
systems to search engines.

Summary

We explored trees, starting from the basics of their structure to advanced forms like balanced
trees and heaps. We learned how binary trees are traversed, how BSTs manage ordered data,
and how AVL and Red-Black trees ensure efficiency through balance. We also studied heaps for
priority management and sorting. Finally, we connected theory to practice by looking at
applications in file systems and search suggestions.

Trees are versatile and powerful data structures that form the backbone of many computer
science applications, making them essential for any aspiring programmer to master.
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12

Graphs: Representation,
Traversals, and Algorithms

Overview

In this chapter, we explore graphs, covering their representations
through adjacency matrices and adjacency lists, as well as traversal
techniques like Depth-First Search (DFS) and Breadth-First Search
(BFS). Prepare yourself for a comprehensive journey that will
empower you to understand essential algorithms such as Dijkstra’s
and Floyd-Warshall for shortest paths, Prim’s and Kruskal’s for
spanning trees, and topological sorting for ordering tasks in directed
acyclic graphs. Along the way, we connect theory to practice with
real-life examples, including how graphs model social networks and
power navigation systems in maps.
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Representation of Graphs

A graph is a data structure consisting of vertices (nodes) and edges (connections). Graphs can
be directed or undirected, and edges can be weighted (with costs) or unweighted.
Two common ways to represent graphs are:

e Adjacency Matrix: A 2D array where matrix[i][j] = 1 (or weight) if there is an edge
between vertex i and j.

o Adjacency List: A list of lists (or dictionary in Python) where each vertex stores its
neighboring vertices.

Applications

e Social networks (representing friendships, followers).

e Road maps (cities as nodes, roads as edges).

o Computer networks (routers and connections).
Example: Graph Representation in Python

# Adjacency Matrix representation

V = 4
adj matrix = [[0]*V for  1in range (V)]
adj matrix[0][1] =1
adj matrix[1][2] =1
print ("Adjacency Matrix:", adj matrix)

# Adjacency List representation
adj list = {0: [1], 1: [2], 2: [3], 3: []}
print ("Adjacency List:", adj list)

e Matrix — Simple but uses more memory.
o List — Efficient for sparse graphs.

Graph Traversals (DFS, BFS)

Graph traversal is the process of visiting all vertices in a graph systematically.
o Breadth-First Search (BFS): Explores neighbors’ level by level using a queue.
o Depth-First Search (DFS): Explores as deep as possible along one path before
backtracking, typically using recursion or a stack.
Applications
e BFS — Shortest path in unweighted graphs (e.g., friend suggestions).

e DFS — Cycle detection, pathfinding, solving puzzles like mazes.

Algorithms
BFS Steps

1. Start at a source node.
2. Visit all its neighbors.
3. Move to the next level.
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DFS Steps

1. Start at a source node.
2. Recursively explore unvisited neighbors.

Example

from collections import deque

# BEFS
def bfs(graph, start):
visited = set ()
queue = deque ([start])
while queue:
node = queue.popleft ()
if node not in visited:
print (node, end=" ")
visited.add (node)
queue.extend (graph [node])

# DF'S
def dfs(graph, start, visited=set()):
if start not in visited:
print (start, end=" ")
visited.add (start)
for neighbor in graph[start]:
dfs (graph, neighbor, visited)

graph = {0: [1, 2], 1: [2], 2: [O, 31, 3: []}
print ("BFS from 0:")

bfs (graph, 0)

print ("\nDFS from 0:")

dfs (graph, 0)

Shortest Path Algorithms
Dijkstra’s Algorithm

o Definition: Finds the shortest path from a source to all other vertices in a weighted graph
(non-negative edges).
e Applications: GPS navigation, network routing.

Steps:

1. Start with source node, set distance = 0.

2. Update distances to neighbors.

3. Pick next unvisited node with smallest distance.
4. Repeat until all nodes processed.
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Example:
import heapg

def dijkstra (graph, start):

distances = {v: float("inf") for v in graph}
distances[start] = 0

pa = [(0, start)]

while pqg:

dist, node = heapqg.heappop (pqg)
if dist > distances[node]:
continue
for neighbor, weight in graph[node] :
new dist = dist + weight
if new dist < distances[neighbor]:
distances[neighbor] = new dist
heapqg.heappush (pg, (new dist, neighbor))
return distances

graph = {
'A': [('B', 1), ('C', 4)],
'B': [('C', 2), ('D', 6)]1,
'c': [('D', 3)1,
'D': []
}
print ("Shortest distances:", dijkstra(graph, 'A'))

Floyd-Warshall Algorithm

o Definition: Computes shortest paths between all pairs of vertices.
o Applications: Airline route planning, traffic analysis.

Steps:

1. Start with adjacency matrix.
2. lteratively update distances using intermediate nodes.

Example:

def floyd warshall (graph) :
n = len(graph)
dist = [[graph[i][]j] for j in range(n)] for i in range(n) ]
for k in range (n) :
for 1 in range (n) :
for j in range (n) :

dist[1i][]J] = min(dist[i][3j], dist[i][k] + dist[k][J])

return dist

INF = float("inf")
graph = [
[0, 5, INF, 10],
[INF, O, 3, INF],

https://www.c-sharpcorner.com/ebooks/

75


https://www.c-sharpcorner.com/ebooks/
https://www.c-sharpcorner.com/

@, C# Corner

[INF, INF, 0, 1],
[INF, INF, INF, O]
]
print ("All-pairs shortest paths:")

print (floyd warshall (graph))

Spanning Trees

A spanning tree of a graph is a subset of edges that connects all vertices without cycles, with
minimum possible edges (V-1 edges).

Applications

 Network design (laying cables, roads).
e Clustering in machine learning.

Prim’s Algorithm

e Start from a node, add the smallest edge connecting to an unvisited node.
e Repeat until all nodes are included.

Kruskal’s Algorithm

e Sort edges by weight.
e Add edges one by one if they don’t form a cycle (using union-find).

Example (Kruskal’s):

def find(parent, 1i):
if parent[i] != 1i:
parent[i] = find(parent, parent[i])

return parent[i]

def union (parent, rank, x, y):
xroot, yroot = find(parent, x), find(parent, vy)
if rank[xroot] < rank[yroot]:

parent [xroot] = yroot

elif rank[xroot] > rank[yroot]:
parent [yroot] = xroot

else:
parent [yroot] = xroot

rank [xroot] += 1

def kruskal (V, edges):

parent = [1 for 1 in range (V) ]
rank = [0] * V
result = []

edges.sort (key=lambda x: x[2])

for u, v, w in edges:
x, y = find(parent, u), find(parent, v)
if x !'= y:
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result.append((u, v, w))
union (parent, rank, x, V)
return result

edges = [(0,1,10), (0,2,6), (0,3,5), (1,3,15)
print ("MST using Kruskal:", kruskal (4, edges)

Topological Sorting
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A topological sort orders the vertices of a directed acyclic graph (DAG) so that for every edge u

— V, U comes before v.

Applications

e Task scheduling (prerequisite tasks).
e Dependency resolution (e.g., software builds).

Algorithm (DFS-based)

1. Perform DFS.
2. Push nodes to stack after visiting neighbors.
3. Reverse stack for ordering.

Example

def topological sort (graph) :
visited = set()
stack = []

def dfs (node) :
if node not in visited:
visited.add (node)
for neighbor in graph[node] :
dfs (neighbor)
stack.append (node)

for node in graph:
dfs (node)

return stack[::-1]

graph = {5:[2,0], 4:[0,11, 2:[3], 3:[1],

print ("Topological Order:", topological sort (graph))

Real-Life Examples

Social Networks

e Users = nodes, friendships/follows = edges.
e BFS — Friend suggestions.
e Community detection using graph clustering.
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Maps and Navigation

e Cities = nodes, roads = edges.
e Dijkstra’s algorithm — Shortest driving path.
e Floyd-Warshall — Precomputing all-pairs distances for fast queries.

Visual Aid Suggestion: A sample road map graph showing shortest paths between cities.

Summary

We learned that graphs are powerful structures used to model real-world relationships. We
explored:

e Representation (matrix vs. list).

o Traversals (DFS and BFS).

o Shortest path algorithms (Dijkstra, Floyd-Warshall).
e Spanning trees (Prim’s and Kruskal’s).

e Topological sorting (ordering tasks).

o Real-life applications in social networks and maps.

Graphs form the backbone of many modern applications, from routing algorithms in Google
Maps to friend suggestions on social media. Mastering them equips students with tools to solve
complex, real-world problems.
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Tries & Advanced String
Structures

Overview

In this chapter, we explore tries (prefix trees), covering their
structure, functionality, and applications. Prepare yourself for a
comprehensive journey that will empower you to understand how
tries are used in autocomplete systems, spell checkers, and DNA
sequencing, while also connecting theory to real-life examples such
as Google Search Autocomplete.
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Introduction

In computer science, strings are one of the most frequently used data types, especially when
dealing with text-based applications. To handle string-related tasks efficiently, specialized data
structures are needed. One of the most powerful and widely used string structures is the Trie
(pronounced try), also known as a prefix tree.

Tries provide efficient ways to store, search, and retrieve strings, making them invaluable for
applications such as search engines, spell checkers, and bioinformatics. In this chapter, we will
explore what tries are, how they function, their real-world applications, and implement them with
examples.

Explanation of Tries (Prefix Trees)

A trie is a tree-like data structure used to store a dynamic set of strings. It organizes strings
based on their prefixes, which makes searching for words or word patterns very efficient.

Key Concepts

¢ Each node in a trie represents a character.

e The root node represents an empty string.

e Each path from the root to a leaf (or marked node) represents a complete word.

e Unlike binary trees, a trie’s branching depends on the number of possible characters
(e.g., 26 in the English alphabet).

For example, if we store the words "cat", "car", and "dog" in a trie:

¢ "c"and "a" nodes are shared by "cat" and "car".
e "dog" starts from a different branch.

This sharing of common prefixes makes tries space-efficient and useful for prefix-based
searches.

Applications of Tries

Autocomplete

Tries are used in search engines and text editors to provide autocomplete suggestions. By
storing a dictionary of words in a trie, the system can quickly find all possible words that begin
with a given prefix.

Spell Check

Tries help in detecting whether a word exists in a dictionary. When a user types a misspelled
word, the system can use the trie to suggest corrections or highlight invalid words.

DNA Sequencing

In bioinformatics, DNA sequences are strings composed of characters (A, C, G, T). Storing
these sequences in a trie enables fast pattern matching and detection of repeated
subsequences, which is crucial for genomic analysis.

Real-Life Example: Google Search Autocomplete

When you type a few letters into Google’s search bar, it immediately suggests possible queries.
This feature is powered by a trie-like structure.
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e Each character you type corresponds to moving deeper into the trie.
e Once a prefix matches stored queries, Google retrieves all valid continuations.

e Forinstance, typing "ca" may lead to suggestions like "cat", "car", "castle".

This system makes searching faster and enhances user experience.

Example: Implementing a Trie

Below is a simple implementation of a trie in Python with insertion and search functionality.

# Trie Node Class
class TrieNode:
def  init (self):
self.children = {} # Dictionary to store child nodes
self.is end of word = False # Flag to mark the end of a word

# Trie Class
class Trie:
def init (self):
self.root = TrieNode ()

# Insert a word into the trie
def insert (self, word):
node = self.root
for char in word:
# If character not present, add a new node
if char not in node.children:
node.children[char] = TrieNode ()
node = node.children[char]
# Mark the last node as end of a word
node.is end of word = True

# Search for a word in the trie
def search(self, word):
node = self.root
for char in word:
if char not in node.children:
return False
node = node.children[char]
return node.is end of word

# Check if there exists any word with the given prefix
def starts with(self, prefix):
node = self.root
for char in prefix:
if char not in node.children:
return False
node = node.children[char]
return True
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# Example usage
trie = Trie ()
trie.insert ("car")

(
trie.insert ("cat")
(

trie.insert ("dog")

print (trie.search("car")) # True

print (trie.search ("cap")) # False

print (trie.starts with("ca")) # True (matches "car" and "cat")

Explanation of the Code

o insert(word): Adds a word character by character.
e search(word): Checks if a complete word exists in the trie.
o starts_with(prefix): Checks if any word in the trie starts with the given prefix.

Summary

We introduced tries, a powerful data structure designed for efficient string storage and retrieval.
We explored their structure, functionality, and practical applications in areas like autocomplete,
spell checking, and DNA sequencing. We also connected theory to a real-world example—
Google Search Autocomplete, which relies on trie-like systems for fast query suggestions.

Tries are especially useful whenever prefixes or string-based lookups are required. By
understanding and implementing tries, students gain valuable tools for solving problems in both
theoretical computer science and practical applications.
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14

Searching Algorithms:
Techniques and
Applications

Overview

In this chapter, we explore searching algorithms, covering linear
search, binary search, and ternary search. Prepare yourself for a
comprehensive journey that will empower you to understand how
these algorithms locate elements within datasets, step through their
working processes with clear code examples, and recognize where
each method is most applicable in real-world scenarios.
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Introduction

Searching is one of the most fundamental operations in computer science. Whether we are
looking for a word in a dictionary, a file on a computer, or a product in an online store, we are
essentially performing a search. In programming, searching algorithms are used to find the
position of a particular element (called the target) within a collection of data.

Efficient searching is critical because it directly affects the performance of applications. For
small datasets, a simple search may be sufficient, but for large datasets, optimized algorithms
are necessary. In this chapter, we will explore three important searching techniques: Linear
Search, Binary Search, and Ternary Search. Each algorithm has its own advantages, limitations,
and use cases.

Linear Search

Linear search is the simplest searching technique. It checks each element in the list one by one
until it finds the target element or reaches the end of the list.

Step-by-Step Process

1. Start at the first element of the list.

Compare the current element with the target.
If they match, return the position.

If not, move to the next element.

Repeat until the target is found or the list ends.

ok owbd

Example (Python)

# Linear Search Implementation in Python

def linear search(arr, target):
# Loop through each element in the array
for index in range(len (arr)) :
if arr[index] == target: # Compare element with target
return index # Return the index if found

return -1 # Return -1 if not found

# Example usage

numbers = [10, 23, 45, 70, 11, 15]
target = 70

result = linear search (numbers, target)
if result != -1:

print (f"Element found at index {result}")
else:
print ("Element not found")

Use Cases

o Small datasets where efficiency is not a concern.
¢ When the list is unsorted.
e Useful in simple applications like checking for a name in a guest list.
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Binary Search

Binary search is a much faster searching algorithm compared to linear search, but it works only
on sorted data. Instead of checking each element, it repeatedly divides the search space in half
until the target is found.

Pre-requisites

e The list must be sorted.
¢ Random access to elements is required (arrays, not linked lists).

Step-by-Step Process

1. Start with the entire sorted list.

Find the middle element.

If the middle element matches the target, return the index.

If the target is smaller, search in the left half.

If the target is larger, search in the right half.

Repeat until the target is found or the search space is empty.

2

Example (Python)

# Binary Search Implementation in Python

def binary search(arr, target):
left, right = 0, len(arr) - 1

while left <= right:
mid = (left + right) // 2 # Find the middle index

if arr[mid] == target: # Target found
return mid

elif arr[mid] < target: # Search right half
left = mid + 1

else: # Search left half
right = mid - 1

return -1 # Target not found

# Example usage
numbers = [11, 15, 23, 45, 70]
target = 45

result = binary search (numbers, target)

if result != -1:

print (f"Element found at index {result}")
else:

print ("Element not found")

Use Cases

e Large, sorted datasets.
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e Searching in databases, dictionaries, or sorted arrays.
e Ideal for situations where performance is critical.

Ternary Search

Ternary search is similar to binary search but instead of dividing the array into two parts, it
divides it into three parts. It compares the target with two midpoints, reducing the search space
more gradually than binary search.

Although ternary search may seem faster, in practice it performs similarly to binary search, and
binary search is often preferred due to simpler implementation and lower constant factors.

Comparison

e Linear Search: Checks all elements (slowest).
e Binary Search: Divides search space into two (fast).
e Ternary Search: Divides search space into three (similar to binary in performance).

Step-by-Step Process

1. Start with the entire sorted list.

Find two midpoints: mid1 and mid2.

If target equals arr[mid1] or arr[mid2], return the index.
If target is smaller than arr[mid1], search the left third.

If target is larger than arr[mid2], search the right third.

Otherwise, search the middle third.

Repeat until the target is found or the space is empty.

NOoOORLODN

Example (Python)

# Ternary Search Implementation in Python

def ternary search(arr, target, left, right):
if right >= left:
# Find the two midpoints
midl = left + (right - left) // 3
mid2 = right - (right - left) // 3

# Check the midpoints

if arr[midl] == target:
return midl

if arr[mid2] == target:

return mid?2

# Target lies in left third
if target < arr[midl]:

return ternary search(arr, target, left, midl - 1)
# Target lies in right third
elif target > arr[mid2]:

return ternary search(arr, target, mid2 + 1, right)
# Target lies in middle third
else:

return ternary search(arr, target, midl + 1, mid2 - 1)
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return -1 # Target not found

# Example usage
numbers = [11, 15, 23, 45, 70, 85, 90]
target = 70

result = ternary search(numbers, target, 0, len (numbers) - 1)

if result != -1:

print (f"Element found at index {result}")
elzes

print ("Element not found")

Use Cases

e Sorted datasets where recursive search is acceptable.
e Competitive programming (sometimes used as an alternative to binary search).
e Searching unimodal functions (functions that increase then decrease).

Summary
We explored three fundamental searching algorithms:

e Linear Search: Simple but inefficient for large datasets.
e Binary Search: Efficient but requires sorted data.
e Ternary Search: A variation of binary search, dividing data into three parts.

Understanding these algorithms is essential because they provide the foundation for more
advanced searching and optimization techniques in computer science. By practicing their
implementation and recognizing their use cases, students can develop the skills to choose the
right search algorithm depending on the problem.

Key Takeaway: There is no single “best” search algorithm; the choice depends on the size,
structure, and requirements of the dataset.
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15

Sorting Algorithms: From
Basics to Advanced
Methods

Overview

In this chapter, we explore sorting algorithms, beginning with basic
methods such as bubble sort, selection sort, and insertion sort,
before moving into advanced techniques like merge sort, quick sort,
and heap sort. We also examine non-comparison-based
approaches, including counting sort, radix sort, and bucket sort.
Prepare yourself for a comprehensive journey that will empower you
to understand how different sorting methods work, where they are
most effective, and how they are applied in real-life scenarios such
as sorting products in e-commerce platforms by price, rating, or
popularity.
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Introduction

Sorting is one of the most important operations in computer science. It involves arranging data
in a particular order—such as ascending or descending. Think of sorting like arranging books on
a shelf: you can place them by title, author, or year. In computer science, sorting makes it easier
and faster to search, organize, and analyze data.

Sorting algorithms are the methods we use to reorder data. Some are simple and easy to
implement, while others are designed for speed and efficiency when handling large datasets. In
this chapter, we will explore both basic and advanced sorting algorithms, as well as specialized
non-comparison-based methods. We will also see how sorting is applied in the real world, such
as in e-commerce product listings.

Basic Sorting Methods

Bubble Sort

Bubble sort repeatedly compares pairs of adjacent elements and swaps them if they are in the
wrong order. It continues until no more swaps are needed.

Advantages:

e Very simple to understand.
e Good for learning basic sorting concepts.

Disadvantages:
o Inefficient for large datasets (time complexity O(n?)).
Example (Python):

def bubble sort (arr):
n = len(arr)
for 1 in range(n) :
# Last 1 elements are already in place
for j in range (0, n-1i-1):
if arr[j] > arr[j+1]: # Swap if out of order
arr[j]l, arr([j+1l] = arr[j+1l], arr([]]

return arr

# Example usage
numbers = [64, 34, 25, 12, 22, 11, 90]
print ("Bubble Sort:", bubble sort (numbers))

Selection Sort

Selection sort finds the smallest element in the list and places it at the beginning. It repeats this
for each position in the list.

Advantages:

e Easyto understand.
o Works well on small datasets.
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Disadvantages:
+ Inefficient for large datasets (O(n?)).
Example (Python):

def selection sort (arr):
n = len(arr)
for i in range(n):
min index = i
for j in range(i+l, n):
if arr[j] < arr[min index]:

min index = j
arr([i], arr[min index] = arr[min index], arr[i]
return arr
# Example usage
numbers = [64, 25, 12, 22, 11]
print ("Selection Sort:", selection sort (numbers) )

Insertion Sort

Insertion sort builds the sorted list one element at a time by inserting each new element into its
correct position. It is similar to how people often sort playing cards in their hands.

Advantages:

o Efficient for small or nearly sorted datasets.
e Simple to implement.

Disadvantages:
e Poor performance for large unsorted datasets (O(n?)).
Example (Python):

def insertion sort (arr) :
for 1 in range(l, len(arr)):
key = arr[i]
3 =1i-1
# Move elements greater than key to one position ahead
while 7 >= 0 and key < arr[j]:

arr[j + 1] = arr[j]
J =1
arr[j + 1] = key
return arr
# Example usage
numbers = [12, 11, 13, 5, 6]
print ("Insertion Sort:", insertion sort (numbers))
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Advanced Sorting Techniques

Merge Sort

Merge sort divides the list into halves, sorts each half, and then merges them back together in
sorted order.

Advantages:

o Very efficient (O(n log n)).
e Works well with large datasets.

Disadvantages:
e Requires extra memory for merging.
Example (Python):

def merge sort (arr) :
if len(arr) > 1:

mid = len(arr)//2
left = arr[:mid]
right = arr[mid:]

merge sort (left)
merge sort (right)

i=9=%k=0
# Merge the sorted halves
while 1 < len(left) and j < len(right):

if left[i] < right[j]:
arr[k] = left[i]
i+=1

else:
arr[k] = right[]]
J +=1

k += 1

while 1 < len(left):
arr[k] = left[i]
i+=1
k += 1

while j < len(right):

arr[k] = right[j]
J +=1
k += 1
return arr
# Example usage
numbers = [38, 27, 43, 3, 9, 82, 10]
print ("Merge Sort:", merge sort (numbers))
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Quick Sort

Quick sort selects a "pivot" element, partitions the list into elements smaller and larger than the
pivot, and then recursively sorts the sublists.

Advantages:

o Very efficient in practice (average O(n log n)).
o Often faster than merge sort.

Disadvantages:
e Worst-case performance is O(n?) (though rare with good pivot choice).
Example (Python):

def quick sort (arr):
if len(arr) <= 1:
return arr

else:
pivot = arr[0]
less = [x for x in arr[l:] if x <= pivot]
greater = [x for x in arr[l:] if x > pivot]

return quick sort(less) + [pivot] + quick sort(greater)

# Example usage

numbers = [10, 7, 8, 9, 1, 5]
print ("Quick Sort:", quick sort (numbers))
Heap Sort

Heap sort uses a binary heap (special tree structure) to repeatedly extract the maximum (or
minimum) element and build the sorted array.

Advantages:

o Good time complexity (O(n log n)).
e Does not require extra memory.

Disadvantages:
e Slower in practice compared to merge or quick sort for many cases.
Example (Python):

def heapify(arr, n, 1i):
largest = 1
left = 2*1 + 1
right = 2*i + 2
if left < n and arr[left] > arr[largest]:
largest = left
if right < n and arr[right] > arr[largest]:

largest = right

if largest != 1i:
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arr[i], arr[largest] = arr[largest],
heapify(arr, n, largest)

def heap sort (arr):

n = len(arr)

# Build max-heap

for i in range(n//2 - 1, -1, -1):
heapify(arr, n, i)

# Extract elements one by one

for i in range(n-1, 0, -1):
arr([i], arr([0] = arr[0], arr[i]
heapify(arr, i, 0)

return arr
# Example usage

numbers = [12, 11, 13, 5, 6, 7]
print ("Heap Sort:", heap sort (numbers) )

Non-Comparison Based Sorting

Counting Sort

arr[i]

@, C# Corner

Counting sort counts the number of occurrences of each unique element and uses this

information to place them in sorted order.

Advantages:

o Very efficient for small ranges of integers (O(n + k), where k is range).

Disadvantages:
¢ Not suitable for large ranges or non-integer data.
Example (Python):

def counting sort (arr) :

max val = max(arr)
count = [0] * (max val + 1)
output = [0] * len(arr)

for num in arr:

count [num] += 1

for 1 in range(l, len(count)):

count[i] += count[i - 1]
for num in reversed(arr) :
output [count [num] - 1] = num

count [num] -= 1

return output
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# Example usage

numbers = [4, 2, 2, 8, 3, 3, 1]
print ("Counting Sort:", counting sort (numbers))
Radix Sort

Radix sort sorts numbers digit by digit, starting from the least significant digit to the most
significant digit. It often uses counting sort as a subroutine.

Advantages:
o Very efficient for sorting integers or strings with fixed length.
Disadvantages:

e Requires additional space.
¢ Not suitable for all data types.

Example (Python):

def counting sort exp(arr, exp):

n = len(arr)
output = [0] * n
count = [0] * 10

for num in arr:
index = num // exp
count[index % 10] += 1

for 1 in range (1, 10):
count[i] += count[i - 1]

for num in reversed(arr) :

index = num // exp
output [count [index % 10] - 1] = num
count[index % 10] -= 1

for 1 in range (n) :
arr[i] = output[i]

def radix sort (arr) :
max val = max(arr)
exp = 1
while max val // exp > 0:
counting sort exp(arr, exp)
exp *= 10

return arr
# Example usage

numbers = [170, 45, 75, 90, 802, 24, 2, 660]
print ("Radix Sort:", radix sort (numbers))
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Bucket Sort

Bucket sort divides the elements into several "buckets," sorts each bucket individually (often
using another sorting algorithm), and then combines the results.

Advantages:

e Works well for uniformly distributed data.
Disadvantages:

e Performance depends heavily on distribution of input.
Example (Python):

def bucket sort (arr) :
buckets = [[] for  1n range(len(arr))]

for num in arr:
index = int(num * len(arr))

buckets[index] .append (num)

for bucket in buckets:
bucket.sort ()

result = []
for bucket in buckets:
result.extend (bucket)

return result

# Example usage (numbers between 0 and 1)
numbers = [0.42, 0.32, 0.23, 0.52, 0.25, 0.47, 0.51]
print ("Bucket Sort:", bucket sort (numbers))

Real-Life Example: Sorting in E-Commerce

Sorting is widely used in e-commerce platforms like Amazon or Flipkart. When customers
browse products, they often want to:

e Sort by price (low to high or high to low).
e Sort by rating.
e Sort by newest arrivals.

Behind the scenes, sorting algorithms arrange the data quickly so that users see products in the
order they choose. For example:

e Quick sort or merge sort may be used for large product catalogs.
e Counting or radix sort could be used when sorting numeric fields like prices within certain
ranges.

Efficient sorting directly improves user experience by making product discovery faster.
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Summary

We explored various sorting algorithms, from basic methods like bubble, selection, and insertion
sort, to advanced techniques like merge sort, quick sort, and heap sort. We also discussed non-
comparison-based algorithms such as counting sort, radix sort, and bucket sort. Each algorithm
has its strengths and weaknesses, making it suitable for different situations.

Sorting is a cornerstone of computer science. Whether organizing small datasets or handling
millions of e-commerce products, the right sorting algorithm ensures efficiency and enhances
performance.
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16

Greedy Algorithms and
Their Problem-Solving
Approach

Overview

In this chapter, we explore greedy algorithms, covering their strategy
of making locally optimal choices to solve optimization problems
efficiently. Prepare yourself for a comprehensive journey that will
empower you to understand classic greedy approaches such as
activity selection for scheduling, Huffman coding for data
compression, and the fractional knapsack problem for maximizing
profit, while also connecting theory to real-life applications like job
scheduling and resource allocation.
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Introduction

A greedy algorithm is a problem-solving method that builds a solution step by step, always
choosing the option that looks best at the moment (the "locally optimal” choice). While this
approach doesn’t always guarantee the best solution for every problem, for many optimization
problems it produces the correct or near-optimal result efficiently.

Greedy algorithms are widely used in computer science because they are simple, fast, and
effective in scenarios where making the best local choice leads to the best global outcome.
Examples include scheduling, data compression, and optimization problems like knapsack
packing.

Activity Selection

The Activity Selection Problem involves choosing the maximum number of activities that don’t
overlap, given their start and end times. It is significant because it models real-world scheduling
and resource allocation problems.

Greedy Approach

e Sort all activities by their finishing times.
o Select the first activity (with the earliest finish).

e For each remaining activity, select it if its start time is greater than or equal to the finish
time of the last chosen activity.

Real-Life Scenario

Imagine a conference hall being used for multiple events. To maximize the number of events
held, we need to choose the maximum number of non-overlapping sessions.

Huffman Coding

Huffman Coding is a greedy algorithm used for lossless data compression. It assigns variable-
length codes to characters, with shorter codes for more frequent characters.

Algorithm

¢ Count the frequency of each character.

e Build a priority queue (min-heap) where each character is a node, weighted by
frequency.

o Repeatedly extract two nodes with the lowest frequencies, combine them into a new
node, and insert back into the queue.

e Continue until only one node remains—the root of the Huffman Tree.

e Assign binary codes: left edge = 0, right edge = 1.

Real-Life Example

Huffman Coding is used in file compression formats like ZIP and multimedia formats such as
JPEG and MP3, where reducing file size without losing data is essential.
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Fractional Knapsack

The Fractional Knapsack Problem is a variant of the classical knapsack problem. Given a set of
items, each with a weight and value, the goal is to maximize the total value in a knapsack of
limited capacity.

o In 0/1 Knapsack, items must be fully taken or left.
¢ In Fractional Knapsack, items can be broken into fractions, allowing us to take partial
amounts.

Greedy Strategy

Compute the value-to-weight ratio for each item.

Sort items by this ratio in descending order.

Add items to the knapsack in order of highest ratio until it is full.
If the knapsack cannot fit a full item, take the fraction that fits.

Practical Example

Suppose you're loading a bag with limited capacity with gold, silver, and copper. By considering
value-to-weight ratios, you maximize profit by prioritizing high-value items or fractions of them.

Example Real-Life: Job Scheduling

Job Scheduling is another practical application of greedy algorithms. Imagine a set of jobs, each
with a deadline and profit. The goal is to maximize total profit by completing jobs within their
deadlines.

Greedy Approach

e Sort jobs by profit in descending order.
e Assign each job to the latest available time slot before its deadline.
e Continue until all jobs are scheduled or no more slots are available.

This approach ensures high-profit jobs are prioritized, making it widely useful in manufacturing,
cloud computing, and task allocation.

Example: Fractional Knapsack (Python)

# Fractional Knapsack Problem using Greedy Algorithm

def fractional knapsack(weights, values, capacity):

# Calculate value-to-weight ratio for each item

ratio = [(values[i1] / weights[i], weights[i], values[i]) for 1 in
range (len (values)) ]

# Sort items by ratio in descending order
ratio.sort (reverse=True)

total value = 0 # Maximum value we can carry
for r, w, v in ratio:
if capacity >= w:
# Take the full item
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capacity -= w
total value += v

else:
# Take fraction of the item
total value += r * capacity
break # Knapsack is full

return total value

# Example usage

weights = [10, 40, 20, 30]
values = [60, 40, 100, 120]
capacity = 50

max profit = fractional knapsack (weights, values, capacity)
print ("Maximum value in Knapsack =", max profit)

Explanation of Code:

o Each item’s value-to-weight ratio is computed.
e lItems are sorted by this ratio.
e The knapsack is filled with items (or fractions) until full.

Summary

We explored the concept of Greedy Algorithms, a problem-solving technique that makes
decisions step by step by choosing the locally optimal solution. We studied:

o Activity Selection, useful for scheduling.

¢ Huffman Coding, a key algorithm for data compression.

¢ Fractional Knapsack, for maximizing value in limited capacity.
e Job Scheduling, an everyday application in task optimization.

Greedy algorithms are not always guaranteed to provide the global optimum, but in many classic
problems, they produce efficient and correct solutions. Their simplicity and speed make them
indispensable in both theory and practice.
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17

Dynamic Programming
(DP): Concepts and Classic
Problems

Overview

In this chapter, we explore dynamic programming, covering its core
principles of solving problems by breaking them into overlapping
subproblems and building optimal solutions from smaller results.
Prepare yourself for a comprehensive journey that will empower you
to understand memoization and tabulation techniques, solve classic
problems such as the knapsack problem, longest common
subsequence, and matrix chain multiplication, and connect theory to
real-world applications like resource allocation.
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Introduction to Dynamic Programming

Dynamic Programming (DP) is an algorithmic technique used to solve complex problems by
breaking them down into simpler subproblems. It stores the results of already solved
subproblems and reuses them when needed, avoiding repeated calculations. This makes DP
extremely powerful for optimization problems where brute-force solutions would be too slow.

Importance in Algorithm Design

o Reduces time complexity by avoiding redundant computations.

e Provides solutions to problems that would otherwise require exponential time.

o Widely used in areas such as bioinformatics, finance, operations research, and artificial
intelligence.

When to Use DP

A problem can often be solved using DP if it has these two properties:

e Overlapping Subproblems: The problem can be divided into smaller problems that are
solved multiple times.

o Optimal Substructure: The global solution can be built from the optimal solutions of its
subproblems.

Memoization vs Tabulation

Dynamic programming can be implemented in two main ways: memoization (top-down) and
tabulation (bottom-up).

Memoization (Top-Down)

e Solve the problem recursively.
e Stores results of subproblems in a cache (dictionary or array).
e Reuses have achieved results when the same subproblem occurs again.

Example (Fibonacci numbers using memoization):

def fib memo (n, memo={}) :
if n in memo:

return memo [n]

if n <= 1:
return n
memo [n] = fib memo (n-1, memo) + fib memo (n-2, memo)
return memo [n]
print (fib memo (10)) # Output: 55

Tabulation (Bottom-Up)

e Builds the solution iteratively.
e Uses atable (array) to store intermediate results.
e Starts from the base cases and moves upward.
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Example (Fibonacci numbers using tabulation):

def fib tab(n) :

dp = [0] * (n+1)
dpl[l] = 1
for i in range (2, n+l) :
dpl[i] = dp[i-1] + dp[i-2]

return dp[n]

print (fib tab(10)) # Output: 55
Comparison

o Memoization: Easier to implement for recursive problems, but may use more stack
space.
e Tabulation: More space-efficient, avoids recursion overhead, often faster in practice.

Classic Problems
Knapsack Problem

Problem Statement:

Given n items, each with a weight and a value, and a knapsack with a weight capacity W,
determine the maximum value achievable without exceeding the capacity.

Applications:

e Budget allocation.
e Cargo loading.
¢ Investment portfolio selection.

DP Solution (0/1 Knapsack):

o Define dpli][w] as the maximum value using the first i items with capacity w.
e Recurrence:

o Ifitemiis not taken: dpl[i][w] = dp[i-1][w]
o Ifitemiis taken: dp[i][w] = value][i] + dp[i-1][w - weight[i]]
e Final answer: dp[n][W]

Pseudocode:

for 1 in range(l, n+1):
for w in range (1, W+1) :
if weight[i] <= w:
dpl[i] [w] = max(dp[i-1][w], valuel[i] + dp[i-1][w -
weight [1]])
else:
dp[i] [w] = dp[i-1] [w]
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lllustrative Example:

e ltems: values = [60, 100, 120], weights =[10, 20, 30]
e Capacity =50
e Optimal value = 220 (items with weight 20 and 30).

Longest Common Subsequence (LCS)

Problem Statement:
Given two sequences, find the length of the longest subsequence present in both sequences.
Applications:

o DNA sequence analysis.
o File comparison tools (diff).
o Plagiarism detection.

DP Solution:

o Define dp]i][j] as the length of the LCS of the first i characters of string A and the first
characters of string B.
e Recurrence:

o If Ali-1] == B[j-11: dplil[j] = 1 + dp[i-1][-1]
o Else: dpli][j] = max(dp[i-1][j], dplil[j-1])
lllustrative Example:

e A="ABCBDAB"
e B="BDCAB"
e LCS ="BCAB" (length = 4).

Matrix Chain Multiplication

Problem Statement:

Given a sequence of matrices, determine the most efficient way to multiply them by fully
parenthesizing the product to minimize scalar multiplications.

Applications:

e Compilers (query optimization).
e Graphics and scientific computing.

DP Solution:

o Define dpli][j] as the minimum cost to multiply matrices from index i to j.
e Recurrence:

o dplil[j] = min(dp[i][k] + dp[k+1][j] + cost of multiplying) for all i <k <.
lllustrative Example:
e Matrices A1(10x30), A2(30x5), A3(5x60)
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e Two possible parenthesizations:

o (A1A2)A3 — cost = (10305) + (10560) = 1500 + 3000 = 4500
o A1*(A2A3) — cost = (30560) + (1030*60) = 9000 + 18000 = 27000
e Optimal cost = 4500.

Real-Life Example: Resource Allocation

Scenario:

A company has a fixed budget and multiple projects to fund. Each project requires a certain cost
and provides an expected profit. The goal is to maximize total profit without exceeding the
budget.

This is similar to the Knapsack Problem and can be solved using DP.

Python Example:

def maximize profit (costs, profits, budget):
n = len(costs)
dp = [[0] * (budget + 1) for 1in range(n + 1)]

for 1 in range(l, ntl):
for b in range(l, budget+l):
if costs[i-1] <= b:
dpl[i] [b] = max(dp[i-1][b], profits[i-1] + dpl[i-1][b -
costs[i-1]1)
else:
dp[i] [b]

dp[i-1] [b]
return dp[n] [budget]

# Example usage

costs = [10, 20, 30]
profits = [60, 100, 120]
budget = 50

print ("Maximum Profit:", maximize profit(costs, profits, budget)) #
Output: 220

Explanation:

e Each project is treated as an item with a cost (weight) and profit (value).
o The DP table stores the maximum profit for different budget levels.
e The solution ensures the company makes the most profitable allocation.

Summary

Dynamic Programming is a cornerstone of algorithm design, offering a systematic approach to
solving optimization problems efficiently. In this chapter, we explored:

e The principles of memoization and tabulation.
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o Classic problems like the Knapsack Problem, Longest Common Subsequence, and
Matrix Chain Multiplication.
o Areal-world application in resource allocation.

DP is about solving problems by combining solutions to subproblems, storing results, and
reusing them. Mastery of DP empowers students to tackle complex computational challenges in
both theoretical and practical contexts.
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18

Bitwise Algorithms: Tricks
and Optimization
Techniques

Overview

In this chapter, we explore bitwise algorithms, covering fundamental
operations, clever tricks, and subset generation techniques that
leverage binary representations. Prepare yourself for a
comprehensive journey that will empower you to see how bit-level
manipulations optimize computation, while also examining practical
applications such as image compression and security systems, and
reinforcing learning with real-life examples.
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Introduction

Bitwise algorithms operate directly on the binary representation of integers. By manipulating
individual bits with operators such as AND (&), OR (|), XOR (*), NOT (~), left shift (<<) and right
shift (>>), we can write solutions that are fast, memory-efficient, and often simpler than their
arithmetic counterparts. This chapter introduces fundamental bitwise concepts, common bitwise
tricks, and subset-generation techniques that leverage bitmasks. We then explore practical
applications, particularly in image compression and security systems—and conclude with a
clear, real-life example.

Bitwise techniques are useful for low-level programming, performance-critical code, competitive
programming, and problems where compact state representation matters (for example, using a
single integer to represent multiple boolean flags).

Understanding Bitwise Algorithms

A bitwise algorithm performs operations directly on individual bits. Modern processors are
optimized for bitwise operations, which are typically executed in a single CPU cycle. Because
bits are the base units of data, manipulating them allows compact storage and fast computation.

Key bitwise operators:

e & (AND): selects bits that are 1 in both operands.

¢ | (OR): sets bits that are 1 in at least one operand.

e 2 (XOR): sets bits that differ between operands.

e ~(NOT): flips every bit.

o << (left shift): shifts bits left, inserting zeros on the right.

o >> (right shift): shifts bits right, copying sign bit in arithmetic shift or inserting zeros in
logical shift.

Why use bitwise algorithms?

o Performance: Bit operations are very fast.

o Memory efficiency: Packs multiple boolean flags into a single integer.

o Elegance: Certain problems become clearer when expressed in terms of bits (e.g.,
subset enumeration).

Bitwise Tricks

This section describes practical bitwise patterns that frequently appear in algorithm design. Each
trick includes a short explanation and a use-case.

1. Check odd/even

e Trick: x & 1 returns 1 if x is odd, O if even.
¢ Use: Fast parity checks.

2. Turn a bit on (set)

e Trick: x | (1 << k) sets the k-th bit of x (0-indexed).
e Use: Marking flags.
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3. Turn a bit off (clear)
e Trick: x & ~(1 << k) clears the k-th bit.
e Use: Resetting flags.
4. Toggle a bit
e Trick: x * (1 << k) flips the k-th bit.
e Use: Switching states.
5. Test a bit
e Trick: (x >> k) & 1 or x & (1 << k) checks whether k-th bit is set.
¢ Use: Reading boolean flags stored in bits.
6. Clear lowest set bit
o Trick: x & (x - 1) clears the least significant 1 bit.
e Use: Iterating over subsets or counting set bits.
7. Isolate lowest set bit
o Trick: x & -x yields the lowest set bit as a power-of-two.
e Use: Extracting rightmost 1 for bit iteration.
8. Count set bits (Brian Kernighan's algorithm)
e Trick: Repeatedly apply x &= (x - 1) and count iterations.
e Use: Fast population count, useful in combinatorics and bitmask DP.
9. Check power of two
e Trick:x>0and (x& (x-1))==0.

¢ Use: Memory alignment, algorithm optimizations.

10. Swap two integers without temporary (XOR swap)

e Trick:
a *"=b
b "= a
a "=Db

¢ Use: lllustrative; in practice, modern compilers optimize normal swaps better.

Subset Generation

Generating all subsets of a set is a common task in combinatorics and algorithmic problems.
Using bitmasks provides an elegant and efficient method.
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Concept

For a set of n elements, each subset corresponds to an n-bit number where the i-th bit indicates
whether the i-th element is included. Thus, all subsets are represented by integers from 0 to 2*n
-1.

Technique: Iterate all subsets

for mask in range (0, 1 << n):

subset = [elements[i] for i in range(n) if (mask >> i) & 1]

SIS

process subset
Complexity: O(n * 2*n) to enumerate all subsets.

Technique: Iterate submasks of a mask

When dynamic programming or constraint checking over subsets is needed, iterating only
submasks of a given mask is useful:

sub = mask

while sub:

process sub

ORETS

ub = (sub - 1) & mask

# don't forget to process the empty submask if needed
This iterates all 2k submasks of a k-bit mask.
Applications

o Bitmask DP: Solving traveling salesman variants and other state-space searches where
each bit tracks visited cities.

o Combinatorial enumeration: Counting subsets with properties (e.g., sum constraints).

o Feature flags: Enumerate configurations in testing.

Real-Life Example: Image Compression

Bitwise operations are at the heart of many image-processing and compression techniques. Two
common uses are bitplane slicing and packing/unpacking pixel channels.

Bitplane slicing

An 8-bit grayscale image stores pixel values in bytes (0-255). Each pixel can be decomposed
into eight bitplanes corresponding to bit positions 0..7. Often, higher bitplanes (most significant
bits) contain the most perceptual information; lower bitplanes may be noisier.

o Compression idea: Keep the high bitplanes and compress or discard some low
bitplanes.

o Technique: Extract bitplane k for every pixel using (pixel >> k) & 1 and then compress
the resulting binary image (e.g., run-length encoding).

Channel packing (RGB)

RGB images store three channels (red, green, blue) of 8 bits each. Packing these channels into
a single 32-bit integer per pixel and using bitwise masks allows fast operations such as
swapping channels, applying filters, or storing compact formats.

e Pack: packed = (r<<16)|(g<<8)|b
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e Unpack: r = (packed >> 16) & OxFF, etc.

These bitwise operations are used extensively in codecs and graphics libraries to manipulate
pixel data quickly.

Real-Life Example: Security Systems

Bitwise algorithms appear in multiple security-related domains.

1. Cryptography primitives
e XOR is a core operation in many stream ciphers and one-time-pad: cipher = plaintext #
keystream; decryption is cipher * keystream.
o Bit rotations (ROL, ROR) and shifts are common in block ciphers and hash functions.
2. Access control and permissions
e File or resource permissions are often stored as bitmasks (e.g., read/write/execute).
Quick checks use mask & READ_FLAG.
3. Bloom filters

e A Bloom filter uses multiple hash functions to set bits in a bit array. Checking
membership requires testing bits via bitwise AND operations—an extremely space-
efficient probabilistic structure.

4. Error detection
e Parity checks and cyclic redundancy checks (CRC) rely on bitwise polynomial arithmetic
to detect transmission errors.

Example: Bitwise Operations & Subset Generation (Python)

Below is a practical Python example that demonstrates key bitwise operations, how to generate
subsets with bitmasks, and a simple bitplane extraction for a grayscale image represented as a
2D list. This example is kept simple for clarity and educational value.

# Bitwise helper functions and subset generation

def is odd(x):

return (x & 1) == 1

def set bit(x, k):

return x | (1 << k)

def clear bit(x, k):

return x & ~ (1 << k)

def toggle bit(x, k):

return x ©~ (1 << k)

def test bit (x, k):
return (x >> k) & 1
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def count set bits(x):
# Brian Kernighan's algorithm
count = 0
while x:
X &= x - 1
count += 1
return count

# Generate all subsets of a list using bitmask
def subsets(lst) :
n = len(lst)
result = []
for mask in range(l << n):
cur = [lst[i] for i1 in range(n) if (mask >> i) & 1]
result.append(cur)
return result

# Extract bitplanes from a small grayscale image (2D list)
# Each pixel is 0..255. We'll produce bitplanes as 2D lists of 0/1.

def bitplanes (image, bits=8) :

h = len (image)
w = len(image[0]) if h else 0
planes = [[[0]*w for 1in range(h)] for in range(bits)]

for i in range (h) :
for j in range (w) :

pixel = image[i] [J]
for b in range (bits) :
planes[b][i][J] = (pixel >> b) & 1

return planes

# Simple demonstration

if name == " main
print ("Bitwise helpers:")
x =29 # binary 11101

print ("x:", x)

print ("is odd(x):", 1s_ odd(x))

print ("set bit(x,1):", set bit(x,1))

print ("clear bit(x,3):", clear bit(x,3))

print ("toggle bit(x,0):", toggle bit(x,0))
print ("test bit(x,2):", test bit(x,2))

print ("count set bits(x):", count set bits(x))
items = ['a','b','c']

print ("\nAll subsets of", items, ":")
for s in subsets (items) :
print (s)
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# Small 3x3 grayscale image

img = [
[34, 120, 255],
[0, 64, 128],
[200, 15, 90]
]
planes = bitplanes (img, bits=8)

print ("\nMost significant bitplane (bit 7):")
for row in planes([7]:

print (row)
Notes:

e This example is intentionally small and clear; real image processing uses optimized
libraries (e.g., Pillow, NumPy) and vectorized operations for speed.

e The bitplanes function helps visualize how significant bits contribute to image
appearance; low bitplanes often contain fine-grain detail or noise.

Summary

Bitwise algorithms are powerful tools that let us work directly with the binary representation of
data. They yield compact, fast solutions for many problems, especially where boolean flags,
compact state representation, or per-bit manipulations are relevant. Key takeaways from this
chapter:

e Learn and memorize core bitwise tricks: testing, setting, clearing, toggling, isolating and
clearing lowest set bits.

e Use bitmasks to represent multiple boolean flags in a single integer, making state
enumeration and DP efficient.

e Subset generation via bitmasks is a clean, standard technique in combinatorics and
competitive programming.

o Real-world applications include image compression (bitplane slicing, channel packing)
and security systems (XOR in ciphers, Bloom filters, permission masks).

Practice these techniques with small coding exercises, manipulating pixels, enumerating
subsets, and implementing bitwise counters, to build intuition. Once comfortable, these
operations will become a quick and reliable tool in your algorithmic toolbox.
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19

Segment Tree: Range
Queries and Updates

Overview

In this chapter, we explore segment trees, covering their role in
handling range queries efficiently and the optimization technique of
lazy propagation for fast range updates. Prepare yourself for a
comprehensive journey that will empower you to understand how
segment trees reduce query and update times to logarithmic
complexity, while also connecting theory to practice through a real-
life example that demonstrates both querying and updating over
ranges.
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Introduction

In computer science, a segment tree is a powerful data structure used to perform efficient
queries and updates on ranges of an array. While arrays and prefix sums can handle simple
operations like sum or minimum efficiently, they often fall short when both queries and updates
need to be fast. Segment trees solve this problem by dividing the array into segments (intervals)
and storing information about these segments in a tree-like structure.

Segment trees are particularly useful when:

e The dataset is large.

e Multiple queries and updates need to be performed.

o Each query involves an interval or range (e.g., sum of elements from index 2 to 7, or
minimum value between index 4 and 10).

In this chapter, we will discuss how segment trees handle range queries efficiently and how lazy
propagation further optimizes updates, especially when they affect large ranges.

Range Queries

A range query asks for information (such as sum, minimum, or maximum) about a continuous
subset of an array. For example:

e Find the sum of elements from index2to 5in[1, 3,5, 7, 9, 11].
¢ Find the minimum element between index 1 and 4.

Problem with Naive Approaches

e lterating over the range each time takes O(n) time per query.
o Prefix sums improve queries to O(1) but make updates slow (O(n) per update).

How Segment Trees Solve This

e Segment trees divide the array into segments and store aggregated information (like
sum or min) for each segment.

o Each node of the tree represents a segment of the array.

e The root covers the entire array; children split the range into halves recursively.

Time Complexity:
e Query: O(log n)
e Update: O(log n)

This is much faster than naive O(n) approaches, especially when dealing with thousands of
queries and updates.

Example:
Forarray[1, 3,5, 7, 9, 11], a segment tree for range sums stores:

e Root: sum of all elements (36).

e Left child: sum of first half (1+3+5 = 9).

¢ Right child: sum of second half (7+9+11 = 27).

e Further children split ranges until each leaf represents one element.
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Lazy Propagation

Lazy propagation is a technique used in segment trees to speed up range updates. Instead of
updating every affected element immediately, we delay (or mark) updates and apply them only
when necessary.

Why Use Lazy Propagation?
Consider updating all elements in range [2, 5] by adding 10.

« Without lazy propagation: we update every affected node individually, which takes O(n)
in the worst case.

o With lazy propagation: we mark the segment with a "lazy value" and push updates to
children only when needed, reducing update time to O(log n).

How It Works

1. If the current segment fully overlaps with the update range, store the update in a lazy
array instead of applying it immediately.

2. When querying or further updating, propagate (push down) the pending update to child
nodes.

3. This ensures both updates and queries remain O(log n).

When to Use Lazy Propagation

¢ When both range queries and range updates are required.
e Example: updating salaries of employees in a range of IDs, then querying totals or
averages.

Real-life Example (Python)

The following Python program demonstrates a segment tree that supports:

¢ Range sum queries.
¢ Range updates with lazy propagation.

# Segment Tree with Lazy Propagation in Python

class SegmentTree:

def 1init (self, arr):
self.n = len(arr)
self.tree = [0] * (4 * self.n) # Segment tree array
self.lazy = [0] * (4 * self.n) # Lazy array for delayed
updates

self. build(arr, 0, 0, self.n - 1)

def build(self, arr, node, start, end):

"""Build the segment tree recursively."""

if start == end:

self.tree[node] = arr[start]
else:

mid = (start + end) // 2
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self. build(arr, 2*node+l, start, mid)
self. build(arr, 2*node+2, mid+l, end)
self.tree[node] = self.tree[2*node+l] + self.tree[2*node+2]

def propagate(self, node, start, end):
"""Propagate lazy updates to children when needed.”""
if self.lazy[node] != 0:
# Apply the pending update to this node
self.tree[node] += (end - start + 1) * self.lazyl[node]

# If not a leaf, mark children for lazy updates
if start != end:
self.lazy[2*node+l] += self.lazy[node]
self.lazy[2*node+2] += self.lazy[node]

# Clear lazy value for current node
self.lazy[node] = 0

def update range(self, 1, r, val, node=0, start=0, end=None) :
"""Update values in the range [1, r] by adding 'val'."""
if end is None:
end = self.n - 1

# Ensure pending updates are applied
self. propagate(node, start, end)

# No overlap
if start > r or end < 1:
return

# Total overlap

if 1 <= start and end <= r:
self.lazy[node] += wval
self. propagate(node, start, end)
return

# Partial overlap

mid = (start + end) // 2

self.update range(l, r, val, 2*node+l, start, mid)
self.update range(l, r, val, 2*node+2, mid+l, end)
self.tree[node] = self.tree[2*node+l] + self.tree[2*node+2]

def query range(self, 1, r, node=0, start=0, end=None):
"""Query the sum in the range [1, r]."""
if end is None:
end = self.n - 1

# Ensure pending updates are applied
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self. propagate (node, start, end)

# No overlap
if start > r or end < 1:

return O

# Total overlap
if 1 <= start and end <= r:
return self.tree[node]

# Partial overlap

mid = (start + end) // 2

left sum = self.query range(l, r, 2*node+l, start, mid)
right sum = self.query range(l, r, 2*node+2, mid+l, end)
return left sum + right sum

# Example usage:

arr = [1, 3, 5, 7, 9, 11]

seg tree = SegmentTree (arr)

print ("Initial sum of [1, 3]:", seg tree.query range(l, 3)) # Output:
15

seg tree.update range(l, 5, 10) # Add 10 to range [1, 5]

print ("Sum of [1, 3] after update:", seg tree.query range(l, 3)) #
Output: 45

print ("Sum of [0, 5]:", seg tree.query range (0, 5)) # Output: 96

Explanation of Code

tree: Stores sums for segments.

lazy: Stores pending updates to avoid unnecessary traversals.

update_range(l, r, val): Adds val to all elements in range [l, r].

query_range(l, r): Returns the sum of elements in range [l, r].

_propagate: Ensures pending updates are applied before queries or further updates.

A

Summary

Segment trees are highly efficient data structures for problems involving range queries and
updates.

e They reduce query and update operations to O(log n) time.

o With lazy propagation, they handle large range of updates efficiently without traversing
every element.

e They are widely used in scenarios like interval queries, competitive programming, and
database indexing.

Mastering segment trees equips students with a powerful tool for solving advanced algorithmic
problems where both speed and efficiency are critical.
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20

Fenwick Tree (Binary
Indexed Tree): Simplifying
Range Queries

Overview

In this chapter, we explore Fenwick Trees, also known as Binary
Indexed Trees, covering their structure, purpose, and how they
enable efficient prefix queries and updates. Prepare yourself for a
comprehensive journey that will empower you to understand how
Fenwick Trees compute prefix sums in logarithmic time, support
point updates efficiently, and apply these concepts to solve range
query problems in real-world scenarios such as cumulative statistics
and frequency analysis..
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Introduction

A Fenwick Tree, also known as a Binary Indexed Tree (BIT), is a compact data structure that
supports efficient computation of prefix sums and point updates on an array of numbers. It is
widely used when you need repeated queries of the form “sum of the first k elements” together
with updates that change single elements.

Fenwick Trees are valued for their simplicity and speed: both queries and updates run in O(log
n) time (where n is the number of elements). They require only O(n) memory and are often
easier to implement than a segment tree while providing similar performance for many common
problems.

What is a Fenwick Tree and how it works

e A Fenwick Tree stores partial sums in an auxiliary array so that prefix sums and single-
element updates can be computed quickly.

e ltis particularly useful in scenarios such as cumulative statistics (running totals),
frequency counting, online queries, and many competitive programming tasks.

Structure and intuition

e Internally the Fenwick Tree uses a 1-indexed array bit[] where each position stores the
sum of a range of original array elements.
e The ranges that each bit[i] covers are determined by the lowest set bit (also called lowbit)
of the index:
o lowbit(i) = i & (-i) gives the size of the block that bit[i] covers.
o For example, bit[6] (6 in binary 110) covers 2 elements (lowbit(6)=2), i.e.,
positions 5..6 in the original array when using standard construction.
e This layout allows prefix sums to be computed by jumping downwards using lowbit and
updates by jumping upwards using lowbit.

How it differs from other structures

e Compared to a plain array: Fenwick Tree is much faster for repeated prefix queries
after updates.

e Compared to a segment tree: Fenwick Tree is simpler and uses less memory.
Segment trees are more flexible (e.g., arbitrary range updates/queries, custom functions)
but more complex to implement.

Efficient prefix queries

Prefix sum calculation

e To compute sum(1..idx) (the sum of first idx elements), start at idx and repeatedly add
bit[idx] then move to idx - lowbit(idx) until idx becomes 0.
e This process visits at most O(log n) positions because each step clears the lowest set
bit.
Example: total sales in a month

Imagine you store daily sales for a month (sales[1..30]). A Fenwick Tree lets you quickly:
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« find total sales up to day 20 (prefix(20)), and
e update the sale of day 7 if an entry was corrected.

A real-life scenario: an online store wants to answer “What are the total sales in the first k
days?” on demand while corrections or returns can change individual day values.

Time complexity

o Prefix query: O(log n)
e Point update: O(log n)
e Memory: O(n)

Update and query operations

Basic operations

o update(idx, delta): add delta to element at position idx. After the update, many bit[]
entries need to be adjusted (those that cover idx).
e query(idx): return prefix sum sum(1..idx).

Below is a clear Python implementation (1-indexed):

class FenwickTree:
def init (self, n):
# n: number of elements (l-indexed usage)
self.n = n
self.bit = [0] * (n + 1) # bit[0] unused

def lowbit(self, Xx):
return x & —-X

def update(self, idx, delta) :
""'"Add delta to element at index idx (l-indexed) ."""
while idx <= self.n:
self.bit[idx] += delta

idx += self. lowbit (idx) # move to next responsible node

def query(self, idx):
"""Return prefix sum from 1 to idx (l-indexed)."™"
result = 0
while idx > O0:
result += self.bit[idx]
idx -= self. lowbit (idx) # move to parent segment
return result

def range sum(self, left, right):
"""Return sum on interval [left, right] (l-indexed)."""
return self.query(right) - self.query(left - 1)
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Example usage (daily sales):

# Example: daily sales for 5 days

sales = [0, 100, 150, 200, 120, 180] # l-indexed array (sales[O0]
unused)

ft = FenwickTree (5)

# Build the tree by point updates (O(n log n))
for 1 in range(l, 6):

ft.update (i, sales[i])

# Total sales in first 3 days
print (ft.query (3)) # Output: 100 + 150 + 200 = 450

# Update day 2: a correction +20
ft.update (2, 20)
print (ft.range sum(l, 3)) # Now: 100 + 170 + 200 = 470

Notes

e You can build a Fenwick Tree in O(n) with a special initialization, but the simple
approach above (n updates) is usually adequate and clear.

e The implementation shown uses 1-based indexing; adapt carefully if you prefer 0-based
arrays.

Advanced: Applications in range queries

Fenwick Trees are versatile and support several patterns of range queries with small
modifications:

Range sum queries (standard)

e To get sumon [l, r]: compute query(r) - query(l - 1).

Range update and point query

o If you need to add val to every element in [l, r] and then query the value at a single
index, you can use a single Fenwick Tree on a difference array:
o Maintain difff] such that arr[i] = diff[1] + ... + diff[i].
o To add valon [l, r], do diff.update(l, val) and diff.update(r+1, -val).
o To get arr[idx] query diff.query(idx).

Range update and range sum query (two Fenwick Trees)

e To support both range add and range sum queries, use two BITs (B1 and B2) and the
formula:
o prefix_sum(idx) = B1.query(idx) * idx - B2.query(idx)
o See code below for the operations.

class RangeFenwick:
def init (self, n):
self.n = n
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self.Bl = FenwickTree (n)
self.B2 = FenwickTree (n)

def range add(self, 1, r, Xx):
# Add x to all elements in [1, r]
self.Bl.update (1, x)

(
self.Bl.update(r + 1, -x)
self.B2.update(l, x * (1 - 1))
self.B2.update(r + 1, -x * r)

def prefix(self, 1dx):
# Helper to get prefix sum using two BITs
return self.Bl.query(idx) * i1dx - self.B2.query (1dx)

def range sum(self, 1, r):
return self. prefix(r) - self. prefix(l - 1)

When Fenwick Trees are especially useful

e Frequency arrays (e.g., counting occurrences and asking how many < x).

o Situations where many prefix queries and point updates occur online.

e Problems with moderate dynamic range-update needs where Fenwick is simpler than
segment tree.

Summary

Fenwick Trees provide a compact, efficient way to support prefix sums and point updates with
O(log n) time complexity. They are easy to implement and require low memory. With small
extensions (difference arrays or two BITs), they can handle a wide range of range-update and
range-query problems.

Key points to remember:

e Use lowbit(x) = x & -x to navigate the tree.

e Standard operations: update (point change) and query (prefix sum).

e Forrange operations, combine prefix queries or employ two BITs for range updates +
range sums.

Fenwick Trees are a fundamental tool in the algorithmist’s toolbox, simple to code and extremely
practical for many real-world and competitive programming problems. Practice by implementing
the basic BIT and then extend it to the range-update / range-query patterns to build intuition.
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21

Binary Lifting & Lowest
Common Ancestor (LCA)

Overview

In this chapter, we explore Binary Lifting, a powerful technique for
ancestor queries in trees, and its application in solving the Lowest
Common Ancestor (LCA) problem. Prepare yourself for a
comprehensive journey that will empower you to understand how
binary lifting enables k-step jumps in trees, how it reduces LCA
queries to logarithmic time, and how these concepts are applied in
practice across domains like networking, file systems, and
genealogy analysis.
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Introduction to Binary Lifting

Binary Lifting is an advanced algorithmic technique used in tree data structures to answer
ancestor-related queries efficiently. It precomputes information about each node’s ancestors at
exponentially increasing distances (1, 2, 4, 8, ... steps away). With this precomputation, we can
quickly “jump” up the tree in logarithmic time.

This method is especially powerful for solving the Lowest Common Ancestor (LCA) problem, a
classic challenge in tree algorithms where we need to determine the deepest shared ancestor of
two given nodes. Binary Lifting is valued for its efficiency and versatility, commonly applied in
competitive programming, networking, and computational biology.

Basic Principles

e Precompute ancestors for each node at powers of two (270, 2”1, 22, ...).

e Store this information in a table often called up[node][j], where j represents the 2%j-th
ancestor of the node.

e Answer queries by decomposing a jump into powers of two.

This approach reduces queries from O(n) (naive climbing) to O(log n) per query, after an O(n log
n) preprocessing step.

Jump k-steps in Trees

Suppose we need to find the k-th ancestor of a node:

1. Express k in binary.
2. For each set bit in k, jump upwards by the corresponding power of two using the up
table.

Example:
If k = 13, its binary form is 1101. This means:

e Jump 270 =1 step.
e Jump 272 =4 steps.
e Jump 273 = 8 steps.

Together, this completes a 13-step jump.

Complexity Analysis
e Preprocessing: O(n log n) (building the ancestor table).
e Query (jump k steps): O(log k).
e Space complexity: O(n log n).

Lowest Common Ancestor (LCA) Problem

The Lowest Common Ancestor of two nodes u and v in a tree is the deepest node that is an
ancestor of both u and v. LCA queries are fundamental in problems involving hierarchical
relationships.

Algorithmic Approaches

1. Naive Approach: Traverse from both nodes upward until a common ancestor is found
(O(n) per query).
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2. Binary Lifting Approach: Precompute the ancestor table, then lift both nodes up to the
same depth and adjust step-by-step to find their LCA (O(log n) per query).

Binary Lifting LCA Algorithm

1. Equalize depths: Lift the deeper node upwards until both nodes are at the same depth.

2. Lift together: Starting from the largest jump size downwards, check if up[u][j] '= up[VvI[j].
If they differ, lift both nodes.

3. Find parent: After lifting, both nodes will have the same parent, which is the LCA.

Complexity

e Preprocessing: O(n log n).
e [Each LCA query: O(log n).

Applications in Tree Algorithms

Binary Lifting and LCA are widely used in practical problems:

¢ Network routing: Finding common routers in communication paths.

o File systems: Determining shared parent directories.

o Genealogy analysis: Identifying common ancestors in family trees or evolutionary trees.

o Competitive programming: Many problems require quick ancestor or distance queries
in trees.

Example: Binary Lifting for LCA (Python)

# Binary Lifting implementation for Lowest Common Ancestor (LCA)
import math

class LCA:
def 1init (self, n, edges, root=0):

self.n = n

self.LOG = math.ceil (math.log2 (n))

self.up = [[-1] * (self.LOG + 1) for  1in range (n) ] #
up[node] [J] = 2%j-th ancestor

self.depth = [0] * n

self.graph = [[] for  1in range (n)]

# Build adjacency list

for u, v in edges:
self.graph[u].append (v)
self.graph[v].append (u)

# Preprocess ancestors
self. dfs(root, -1)

def dfs(self, node, parent):

# Initialize immediate ancestor

self.up[node] [0] = parent
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# Precompute ancestors at powers of two
for j in range(l, self.LOG + 1):
if self.up[node] [j-1] != -1:
self.upl[node] [jJ] = self.uplself.uplnode] [j-11]1[j-1]

# DFS traversal
for child in self.graph[node]:
if child !'= parent:
self.depth[child] = self.depth[node] + 1
self. dfs(child, node)

def l1lift(self, node, k):
# Jump k steps upwards
for j in range(self.LOG, -1, -1):
if k & (1 << J):
node = self.up[node] [7]
if node == -1:
break
return node

def lca(self, u, v):
# Equalize depth
if self.depth[u] < self.depth[v]:
u, v = v, u
u = self.lift(u, self.depth[u] - self.depth[v])

if u == wv:
return u

# Lift together until just before LCA
for j in range(self.LOG, -1, -1):
if self.uplu][j] != self.uplv]I[j]:
u = self.uplul] [J]
v = self.uplv][]]

# Parent of u (or v) is the LCA
return self.uplu] [0]

# Example usage

if name == " main ":

# Example tree: edges (undirected)

edges = [(0,1), (0,2), (1,3), (1,4), (2,5, (2,6)]

lca solver = LCA(7, edges)

print ("LCA of 3 and 4:", lca solver.lca(3,4)) # Output: 1
print ("LCA of 3 and 6:", lca solver.lca(3,6)) # Output: O
print ("LCA of 5 and 6:", lca solver.lca(5,6)) # Output: 2
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Explanation

e up[node][j] stores the 24j-th ancestor of node.
e lift(node, k) moves a node k steps upward using binary decomposition.
e Ica(u, v) finds the lowest common ancestor in logarithmic time.

Summary

Binary Lifting is a powerful technique for efficiently answering ancestor-related queries in trees.
By precomputing ancestors at powers of two, we can jump k-steps in logarithmic time and solve
the LCA problem effectively. This approach is highly relevant in networking, genealogy, file
systems, and competitive programming.

Mastering Binary Lifting and LCA not only improves problem-solving efficiency but also deepens
understanding of how tree algorithms work at scale.
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22

Geometry Algorithms:
Computational and
Problem-Solving
Approaches

Overview

In this chapter, we explore geometry algorithms, focusing on the
Convex Hull and Line Sweep techniques. Prepare yourself for a
comprehensive journey that will empower you to understand how
the convex hull constructs the smallest enclosing polygon around a
set of points and how line sweep efficiently processes geometric
problems like closest pairs and intersections. Along the way, we
connect theory to practice with real-world applications in graphics,
robotics, GIS, and event scheduling, supported by clear
explanations and Python code examples.
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Introduction

Geometry algorithms are essential in computer science and computational geometry, providing
methods to solve problems involving shapes, points, and spatial relationships. Two of the most
important algorithms in this field are the Convex Hull and the Line Sweep algorithm. Both have
wide applications in graphics, robotics, GIS (Geographic Information Systems), and optimization
problems. This chapter introduces these algorithms, explains their principles, demonstrates their
implementation, and discusses real-world applications.

Convex Hull

The convex hull of a set of points is the smallest convex polygon that contains all the points in
the set. Intuitively, imagine stretching a rubber band around the outside points; when released,
the band encloses the convex hull.

Importance and Applications

The convex hull is a fundamental problem in computational geometry because many other
problems are built upon it. Key applications include:

e Computer graphics: Shape analysis, collision detection.

e Geographical mapping: Finding the boundary around a set of geographical data points.
¢ Robotics: Path planning and obstacle avoidance.

e Machine learning: Used in clustering and outlier detection.

Algorithm Steps (Graham’s Scan)

One of the common methods to compute the convex hull is Graham’s Scan:

1. Find the pivot point: Choose the point with the lowest y-coordinate (and leftmost in
case of ties).
2. Sort points by polar angle: Sort all other points with respect to the pivot point’s polar
angle.
3. Traverse sorted points: Use a stack to maintain hull vertices. For each point:
o Check the turn direction formed with the last two points in the stack.
o If it makes a right turn, pop the last point.
o Ifit makes a left turn, push the new point.
4. Complete the hull: Continue until all points are processed.

Complexity: O(n log n), due to sorting.

Example: Convex Hull (Python)

# Convex Hull using Graham's Scan

def orientation(p, g, r):

# Returns orientation of triplet (p, g, 1)
# 0 -> colinear, 1 -> clockwise, 2 -> counterclockwise
val = (qll] - pll]) * (z[0] - q[O0]) = (qlO0] - p[0]) * (r[1l] - all])

if val == 0:
return O
return 1 if val > 0 e

()
—
U
()
N
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def convex hull (points) :

n = len(points)
if n < 3:
return []

# Find the bottom-most point
pivot = min(points, key=lambda p: (p[l], p[0]))

points.remove (pivot)

# Sort points based on polar angle with pivot
points.sort (key=lambda p: (math.atan2(p[l]-pivot[l], p[0]-
pivot[0]), pl[0], pI[1]))

# Initialize hull
hull = [pivot, points[0], points[1l]]

for p in points[2:]:
while len(hull) > 1 and orientation(hull[-2], hull[-1], p) !=

hull.pop ()
hull.append (p)

return hull

# Example usage
import math

points = [(0,0), (1,1), (2,2), (2,0), (2,4), (3,3), (0,3)]
hull = convex hull (points)

print ("Convex Hull:", hull)

Line Sweep

The Line Sweep algorithm (also called the sweep line algorithm) is a geometric algorithmic
technique that involves imagining a line sweeping across the plane and processing events as
the line encounters them. It is often used to solve intersection, union, and closest-pair problems
efficiently.

Importance and Applications

o Detecting intersections: Identifying intersecting line segments.

o Computational geometry: Used in algorithms for Voronoi diagrams and Delaunay
triangulations.

e Geographical Information Systems: Efficiently processing spatial queries.

e Event scheduling: Detecting overlaps in time intervals.

Algorithm Steps (Closest Pair of Points with Line Sweep)

1. Sort points by x-coordinate.
2. Sweep from left to right.
3. Maintain active set of points near the sweep line sorted by y-coordinate.
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4. Check neighboring points in the active set to find the minimum distance.
5. Update as the line moves.

Complexity: O(n log n).

Example: Closest Pair (Line Sweep in Python)

import math

def dist (pl, p2):
return math.dist (pl, p2)

def closest pair (points) :
points.sort (key=lambda p: p[0]) # Sort by x-coordinate

def closest pair(px, py):
if len (px) <= 3:
return min ((dist(px[i], px[]]), (px[i], pxI[J]))
for i in range(len (px)) for J in range (i+1,
len(px)))

mid = len(px) // 2

0x, Rx = px[:mid], px[mid:]

midpoint = px[mid] [0]

Qv = [p for p in py if p[0] <= midpoint]

Ry = [p for p in py if p[0] > midpoint]
(dl, pairl) = closest pair(0x, Qy)
(d2, pair2) = closest pair(Rx, Ry)

d, min pair = (dl, pairl) if dl < d2 else (d2, pair2)

# Build strip
strip = [p for p in py if abs(p[0] - midpoint) < d]

# Check strip for closer pairs
for 1 in range (len(strip)) :
for j in range(i+l, min(i+7, len(strip))) :
if dist(strip[i], stripl[j]) < d:
d = dist(strip[i], stripl(j])
min pair = (strip[i], strip[]J])
return d, min pair

return closest pair (points, sorted(points, key=lambda p: p[1l]))

# Example usage

points = [(0,0), (3,4), (1,1), (4,4), (7,7), (2,2)]
d, pair = closest pair (points)

print ("Closest Pair:", pair, "with distance", d)
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Summary

We explored two cornerstone geometry algorithms:

o Convex Hull: Finds the smallest convex polygon enclosing a set of points. It is essential
in fields like graphics, robotics, and GIS.

e Line Sweep: A versatile algorithmic technique used for detecting intersections, solving
the closest-pair problem, and processing spatial queries efficiently.

Both algorithms demonstrate how geometric problems can be solved with efficient techniques
that reduce computational complexity. Mastering these algorithms equips students with tools

widely applicable in theory and practice, bridging computer science with real-world geometric
and spatial challenges.
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