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Preface

The true power of the internet is not in connecting computers, but in connecting the physical world around us.

About this Book
This textbook is meticulously designed to align with the GTU Diploma Syllabus (4353201) for Wireless Sensor
Networks and IoT. It provides a robust, intuitive, and comprehensive foundation in the rapidly evolving fields of sensor
technologies, embedded systems, and the Internet of Things. Bridging the gap between theoretical network protocols
and practical hardware implementations, this book decodes complex architectures into accessible, real-world analogies
and engaging visual diagrams.

Target Audience
This book is specifically crafted for Diploma engineering students in the Information and Communication Technology
(ICT) branch, as well as allied fields. It serves as an essential guide to demystifying the complexities of hardware-software
integration, empowering students to build and understand the next generation of smart infrastructure.

Scope and Coverage
The coverage is strategically divided into the five core units of the official syllabus:

e Unit 1: Introduction to WSN — Exploring the fundamental building blocks of sensor nodes, network topologies,
and the critical design principles prioritizing energy efficiency.

e Unit 2: MAC and Routing Protocols — Navigating the intricate layers of communication, addressing collision
avoidance, duty cycling, and intelligent geographic data routing.

e Unit 3: Overview of IoT — Understanding the conceptual framework, reference architectures, and the
foundational technologies (RFID, Big Data, Cloud) driving the IoT revolution.

e Unit 4: Architecture and Implementation of IoT — A deep dive into practical implementation, covering
sensor integration, standard protocols (MQTT, CoAP), prototyping boards (NodeMCU, Raspberry Pi), and
crucial security challenges.

e Unit 5: IoT Applications — Exploring transformative real-world use cases, from Smart Parking and Healthcare
monitoring to Smart City infrastructure.
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CHAPTER 1

Principles of OOP and Basics of C+-+

1.1 Overview of Object-Oriented Programming (OOP)

The evolution of computer programming languages is an ongoing pursuit to simplify the process of software development
and improve code manageability, reusability, and error handling. From the early days of writing code in machine-level
binary sequences and assembly language, software engineering has continuously abstracted away hardware complexities
to focus more heavily on solving logical problems. Among the major programming paradigms that have emerged,
Object-Oriented Programming (OOP) has stood out as a cornerstone of modern software engineering. It builds upon
the limitations of earlier approaches, particularly the procedural paradigm, by structuring code around interactive
"objects" rather than purely focusing on "actions" or "logic".

1.1.1 Procedure-Oriented vs. Object-Oriented Programming

Understanding the philosophy and benefits of Object-Oriented Programming naturally begins with contrasting it
against the paradigm that preceded it: Procedure-Oriented Programming (POP).

Procedure-Oriented Programming (POP)

In Procedure-Oriented Programming, a problem is viewed as a sequence of tasks or things to be done, such as reading
input, performing calculations, and printing output. The primary focus is squarely placed on functions and the
algorithmic steps needed to achieve a result. A program in a procedural language (like C, Pascal, or Fortran) is
essentially a long list of instructions telling the computer what to do step-by-step.

POP heavily utilizes a top-down design approach. The main problem is broken down into smaller, manageable
sub-problems, which are further broken down until they are small enough to be implemented as individual functions.
While this approach is highly logical and works well for small to medium-sized tasks, it struggles to scale effectively as
programs grow larger and more complex.

In procedural programming, data is often declared globally so that it can be accessed and manipulated by various
functions across the program. Because this global data is fully exposed, any function can accidentally or intentionally
modify it, leading to bugs that are notoriously difficult to track down. The separation of data and the functions that
manipulate it means the program does not accurately model real-world entities.

Important / Warning

Drawbacks of Procedural Programming: In large POP systems, data security is compromised due to
unrestricted global access by functions. Furthermore, real-world modeling is difficult because the approach
is centered around the flow of control and mathematical logic rather than the physical or conceptual entities
interacting within the system. Code reusability is also limited since functions and data are heavily interdependent
but logically separate.

\

Object-Oriented Programming (OOP)

Object-Oriented Programming aims to overcome the inherent flaws of procedural programming by treating data as a
critical, protected element in program development. Instead of allowing data to flow freely around the system, OOP
ties data closely to the functions that operate on it, shielding it from accidental modification by external, unrelated
functions. OOP allows for the decomposition of a complex problem into a number of discrete, self-contained entities
called objects, and then builds data and functions tightly around these objects.

Instead of the top-down approach of POP, OOP generally employs a bottom-up approach. Developers first define
the base objects and their capabilities, and then combine these objects to build more complex systems and ultimately



solve the main problem.

Concept The core philosophy of OOP is to model real-world entities directly in code. Instead of passing data into
passive functions, objects encapsulate both the data (state) and the functions (behavior) that manipulate them,
making the program architecture mirror the actual problem domain.

Key Differences Summary:

o Primary Focus: POP focuses on procedures and functions (what to do); OOP focuses on objects and data
(who is doing it).

o Data Security: POP relies on global variables which are vulnerable to unintended changes; OOP hides data to
prevent unauthorized external access.

o Design Methodology: POP follows a top-down approach (breaking a main problem into sub-routines); OOP
follows a bottom-up approach (building and assembling small objects into a complex system).

o Extensibility and Maintenance: Adding new data types and functions is difficult and error-prone in POP. In
contrast, OOP scales easily and safely through modularity and mechanisms like inheritance.

«««< HEAD

AT Image Placeholder: POP vs OOP

Box »»»> origin/paper-solver Prompt: A split-screen illustration comparing

Procedure-Oriented Programming as a top-down assembly line, and Object-Oriented
Programming as a network of interacting, self-contained robotic entities. «««<

HEAD

»»»> origin/paper-solver

Figure 1.1: Comparison between Procedure-Oriented and Object-Oriented Programming.

1.1.2 Basic Concepts of Object-Oriented Programming

To effectively write, design, and understand object-oriented software, one must firmly grasp the fundamental principles
that define the paradigm. These core concepts work together harmoniously to provide the immense benefits of code
reusability, modularity, security, and flexibility.

Objects

Box Object: An object is an identifiable entity with some specific characteristics (state) and behavior. It
represents a real-world entity, such as a person, place, bank account, or even a logical data structure. It is the
fundamental runtime entity in an object-oriented system.

Objects take up space in memory and have an associated memory address. When a program is executed, the objects
interact by sending messages to one another. Each object contains data (often called attributes or properties), and
code to manipulate that data (often called methods or functions). Objects can interact without having to know the
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intricate details of each other’s data or code. It is entirely sufficient to know the type of message accepted, and the
type of response returned by the objects.

For example, in a banking application, Customer and Account are two distinct objects. The Customer object may
send a message to the Account object requesting a bank balance update. The Customer object does not need to know
how the Account object searches the database or calculates the balance; it only expects the resulting data.

Classes

Box Class: A class is a blueprint, template, or prototype from which individual objects are created. It is a
user-defined data type that legally binds data and functions together into a single cohesive unit.

An object is an instance of a class. Once a class has been defined, a programmer can create any number of objects
belonging to that class. If Fruit is a class, then Apple, Mango, and Orange are specific objects instantiated from it. A
class itself does not generally consume memory (other than for its blueprint definition), whereas an object takes up
physical memory when it is instantiated.

For instance, an architectural blueprint of a house is a class; it is not a physical house itself but dictates exactly
how the house will be built, detailing the walls, doors, and windows. The actual physical houses constructed based on
that blueprint in a neighborhood are the objects.

Example

Consider a class named Car.
o Properties (Data): Color, Model, Year, FuelType, CurrentSpeed.
» Behaviors (Functions): StartEngine(), Accelerate(), ApplyBrakes().

A specific car, such as a "Red 2023 Toyota Camry with a Current Speed of 0", is an actual object (instance)
created from the abstract Car class blueprint.

Class: Car
(Blueprint)
Instantiate nstantiates
Object 1 Object 2
Red Toyota Blue Ford

Figure 1.2: Relationship between a Class and its Objects.

Data Abstraction

Box Data Abstraction: Abstraction refers to the act of representing essential features and functionalities without
including the complex background details or internal explanations.

Classes use the concept of abstraction extensively. They are defined as a list of abstract attributes (such as size,
weight, and cost) and functions to operate on these attributes. They encapsulate all the essential properties of the
objects that are to be created, exposing only what is strictly necessary to the outside world.

When you drive a car, you interact with the steering wheel, accelerator pedal, and brake pedal. You do not need to
understand the complex internal mechanics of the internal combustion engine, the transmission gears, or the hydraulic
fluid in the braking systems to drive effectively. The car provides a highly simplified, abstract interface for the driver.
In OOP, abstraction is managed primarily through classes and access modifiers (like public, private, and protected),
which dictate what parts of the system are accessible to the outside program and what parts remain internal.
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«««< HEAD

AT Image Placeholder: Data Abstraction

Box »»»> origin/paper-solver Prompt: An illustration of a car dashboard showing

steering wheel and pedals in bright focus, while the complex engine mechanics
underneath are faded out, representing data abstraction. «««< HEAD

»»»> origin/paper-solver

Figure 1.3: Data Abstraction: Exposing essential features while hiding background details.

Encapsulation

Box Encapsulation: The mechanism of wrapping up data (variables) and functions (methods) together into a

single unit (called a class) is known as encapsulation. It is arguably the most striking and foundational feature of

a class.

Data encapsulation is the protective mechanism that binds together code and the data it manipulates, keeping
both safe from outside interference and misuse. The data is generally not directly accessible to the outside world, and
only those specific functions which are wrapped within the class can access and modify it. These functions provide the
approved interface between the object’s internal data and the larger program. This insulation of the data from direct
access by the program is called data hiding or information hiding.

Concept Abstraction vs. Encapsulation: While these concepts are closely intertwined, they serve distinct
purposes. Abstraction focuses on what an object does, hiding the complex implementation details from the user
to reduce complexity. Encapsulation focuses on how the data and methods are bundled together, shielding the
internal state from unauthorized external access to ensure data integrity.

Inheritance

Box Inheritance: Inheritance is the process by which objects of one class automatically acquire the properties
and behaviors of objects of another class. It fundamentally supports the concept of hierarchical classification.

In the natural world, a Robin is a part of the class Flying Bird, which is in turn a part of the broader class Bird.
The principle behind this sort of division is that each derived class shares common, foundational characteristics with
the parent class from which it is derived.

In OOP, the concept of inheritance provides the powerful idea of reusability. This means that a programmer can
add additional, specialized features to an existing class without actively modifying the original class’s code. This is
accomplished by deriving a new class (often called a subclass or derived class) from the existing one (called a superclass
or base class). The new class will possess the combined features of both classes, drastically reducing redundant code
and testing efforts.
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capsule (representing a class) that securely houses data gears inside, with controlled
interface panels on the outside for functions to interact with. «««< HEAD

»»»> origin/paper-solver

Figure 1.4: Encapsulation: Binding data and functions together into a single unit.

If we have a base class Vehicle with common attributes like number0OfWheels and topSpeed, we can easily create
derived classes like Car and Motorcycle that automatically inherit these attributes. The Car class can then
add its own specific features, such as number0fDoors or trunkCapacity, without having to redefine the basic
characteristics of a general Vehicle.

Vehicle

i ~

Car Motorcycle

Figure 1.5: Hierarchical classification through Inheritance.

Polymorphism

Box Polymorphism: Derived from Greek roots meaning "many forms" (poly = many, morph = form), poly-
morphism is the ability of a single interface, function, or operator to be used in different ways depending on the
context or data type.

Polymorphism plays a crucial role in allowing objects having different internal structures to share the exact same
external interface. This means that a general class of operations may be accessed in the same manner even though
specific actions associated with each operation may differ radically.

For instance, consider an operation called Draw. The specific action triggered by the Draw command depends
entirely on the type of shape object it targets. A Circle object will execute code to mathematically draw a curved
line, a Square object will execute code to draw four right-angled lines, and a Triangle object will act differently again.
The interface command (Draw) is identical for all shapes, but the underlying implementation is uniquely specific to the
shape.

Polymorphism is extensively used alongside inheritance. It can be achieved at compile-time (also known as static
binding or early binding), commonly through function overloading and operator overloading, and at runtime (also
known as dynamic binding or late binding), commonly achieved through virtual functions and method overriding.
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(the interface) successfully interacting with various different devices like a TV, a
drone, and a robotic arm, demonstrating polymorphism. «««< HEAD
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Figure 1.6: Polymorphism: A single interface triggering different behaviors.

Dynamic Binding

Box Dynamic Binding: Also known as late binding, it refers to the linking of a procedure call to the specific
code that must be executed in response to the call at runtime, rather than at compile-time.

Dynamic binding is intimately tied to the concepts of polymorphism and inheritance. When an overridden function
is called through a base class pointer or reference, the program must determine at runtime which version of the function
to actually execute—the base class’s generic version or the derived class’s specific version. This crucial decision is based
on the actual, concrete type of the object being pointed to in memory, rather than the static type of the pointer itself.
Dynamic binding ensures that the correct, most specific function is invoked, allowing for highly flexible, generic, and
easily extensible code frameworks.

Message Passing

Box Message Passing: The process by which objects communicate and interact with each other by invoking
methods and passing data back and forth.

A complete object-oriented program is not a single monolithic block of logic, but rather a dynamic set of discrete
objects that communicate with each other continuously to achieve a goal. The process of programming in an
object-oriented language typically involves the following basic steps:

1. Creating classes that define the necessary objects and their behaviors.
2. Instantiating concrete objects from those abstract class definitions.

3. Establishing organized communication among these objects.

Objects communicate with one another by sending and receiving information much in the same way as people pass
messages to one another in an office. A "message" for an object is essentially a request for the execution of a procedure.
Sending a message will invoke a specific function (method) in the receiving object that calculates or generates the
desired result. Message passing involves clearly specifying the name of the receiving object, the name of the function
being requested (the message), and any required information (parameters) to be sent along with it.

Consider the programming statement: employee.calculateSalary(currentMonth)

e employee is the specific target object receiving the message.
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o calculateSalary is the message (or method name) being sent to the object.

o currentMonth is the parameter (data/information) accompanying the message to provide context for the
calculation.

«««< HEAD

AT Image Placeholder: Message Passing

Box »»»> origin/paper-solver Prompt: An illustration of distinct software objects

communicating by sending glowing data packets (messages) to one another in a
cyber network environment. «««< HEAD
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Figure 1.7: Message Passing: Objects interacting by invoking methods and sending parameters.

1.1.3 Conclusion

The Object-Oriented Programming paradigm represents a massive, necessary evolutionary shift from procedural
methodology, primarily aiming to handle increasing software complexity by aggressively enforcing real-world modeling
and modularity. By focusing structurally on Objects, creating robust blueprints via Classes, and meticulously utilizing
Data Abstraction, Encapsulation, Inheritance, Polymorphism, Dynamic Binding, and Message Passing, software
engineers can architect systems that are highly secure, endlessly reusable, scalable, and remarkably easier to maintain
over long periods. These foundational basic concepts form the conceptual bedrock upon which nearly all modern
enterprise software applications are developed today.

1.2 Structure of a C++ Program

A C++ program is a collection of functions, statements, and expressions working together to perform specific tasks.
Understanding the anatomy of a basic C++ program is the fundamental stepping stone for any programmer embarking
on their journey with the language. In this section, we will dissect the core structure of a C++ program and delve
deep into its fundamental building blocks, including tokens, keywords, identifiers, variables, and data types.

1.2.1 Basic Skeleton of a C++ Program

Every C++4 program, regardless of its complexity, shares a common basic structure. The execution of any C++
application always begins at a designated starting point called the main function.

A Minimal C++ Program Below is the classic "Hello, World!" program, which illustrates the basic structure:

#include <iostream>
using namespace std;

int main() {
// This is a comment
cout << "Hello, World!" << endl;
return O;
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Figure 1.8: Compilation stages of a C++ program

Let us break down the components of this skeleton in detail:

#include <iostream>: This line is known as a preprocessor directive. Before the actual compilation begins, a
program called the preprocessor scans the code. The #include directive instructs the preprocessor to fetch the
contents of the iostream (Input/Output Stream) header file and insert it right there. The iostrean file contains
the necessary declarations for standard input and output operations, such as cin and cout.

using namespace std;: In C++, a namespace is a declarative region that provides a scope to the identifiers
(names of types, functions, variables, etc.) inside it. The standard C++ library components are defined within
the std namespace. This specific line tells the compiler to bring the standard namespace into the current scope,
allowing us to write cout directly instead of the fully qualified name std: : cout.

int main(): This signifies the definition of the main function. Every executable C4++ program must have exactly
one main function. It is the entry point of execution. The keyword int indicates that this function will return an
integer value back to the operating system upon its completion.

{ }: Curly braces are used to define a block of code, indicating the scope or body of a function. All instructions
and logic belonging to the main function are enclosed within these braces.

cout « "Hello, World!" « endl;: This is an executable statement. cout represents the standard output
stream (usually the console monitor). The « operator is the stream insertion operator, which directs the literal
string "Hello, World!" to the output stream. The endl manipulator is then sent to the stream, which inserts a
newline character and flushes the output buffer, ensuring the text appears on the screen immediately.

return 0;: This statement terminates the execution of the main function and returns the value 0 to the calling
process (the operating system). By convention, a return value of 0 signifies that the program executed successfully
and without errors. Any non-zero value typically indicates an abnormal termination or error state.

1.2.2 Tokens in C++

As a C++ compiler reads your source code, it cannot immediately understand entire sentences or blocks of code.
Instead, it breaks the text down into the smallest individual units of meaning. These fundamental lexical units are
known as tokens. A C++ program is essentially an ordered sequence of these tokens.

Token A token is the smallest individual lexical unit in a C++ program. The compiler treats a token as an
indivisible entity and cannot break it down into any smaller logical elements.

During the lexical analysis phase of compilation, the compiler categorizes tokens into the following distinct types:

1.
2.

3.

Keywords: Reserved words that hold special meaning to the compiler (e.g., int, while, class).
Identifiers: User-defined names chosen by the programmer for variables, functions, arrays, and classes.

Constants (Literals): Fixed data values that are hardcoded directly into the source code and do not change
during execution (e.g., 10, 3.14159, *A’).
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4. Strings: Sequences of alphanumeric characters enclosed in double quotes (e.g., "Welcome to C++"). Strings are
technically arrays of constant characters.

5. Operators: Special symbols that trigger mathematical or logical operations on operands (e.g., +, -, ==, &&).

6. Punctuators (Separators): Characters that specify formatting and structural grouping for the compiler (e.g.,

39 99 {7 }7 (7 ))

«««< HEAD
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Figure 1.9: Visualizing C++ code breaking into tokens
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Figure 1.10: Breaking down a C+4+ statement into tokens

1.2.3 Keywords

Keywords are fundamental tokens that form the vocabulary of the C++ language syntax. They have predefined,
unalterable meanings and cannot be repurposed by the programmer for anything else.

Key Concept

The Nature of Keywords Keywords are strictly reserved by the C++ compiler. You cannot use a keyword as a
variable name, function name, or any other user-defined identifier. Furthermore, all C4++ keywords are uniformly

written in lowercase letters.

C++ inherits many keywords from its predecessor, the C programming language, and introduces several new ones
to support its advanced features, primarily object-oriented programming. Some of the most common C++ keywords

include:

e Primitive Data Types: int, char, float, double, bool, void, wchar_t

o« Type Modifiers: signed, unsigned, short, long

o Control Flow Statements: if, else, switch, case, default, for, while, do, break, continue, goto, return
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e Object-Oriented Programming: class, struct, public, private, protected, virtual, this, friend,
inline

e Memory Management: new, delete

o Exception Handling: try, catch, throw

1.2.4 Identifiers

While keywords are predefined, programmers need a mechanism to name their own variables, functions, arrays, and
classes. These customized, user-defined names are called identifiers. They serve as labels that point to specific memory
locations or logical blocks of code.

Identifier An identifier is a sequence of alphanumeric characters and underscores used to denote the name of a
variable, function, class, or other user-defined entity in a C++ program.

To create a valid identifier in C++, you must meticulously adhere to the following naming rules. Failure to do so
will result in compilation errors:

1. An identifier can consist of uppercase letters (A-Z), lowercase letters (a-z), digits (0-9), and the underscore
character (_). No other special characters are permitted.

2. The very first character of an identifier must be either a letter or an underscore. It cannot be a digit. (For
example, varl is valid, but 1var is invalid).

3. C++ is highly case-sensitive, meaning myVariable, MyVariable, and MYVARIABLE are treated as three entirely
separate identifiers.

4. Keywords cannot be used as identifiers. You cannot name a variable int or class.

5. Blank spaces are strictly forbidden within an identifier. You can use underscores or CamelCase formatting to
separate words (e.g., student_age or studentAge).

Important / Warning

Identifier Naming Conventions and Best Practices While the compiler allows identifiers to start with an underscore
(e.g., _myVar), it is a widely accepted industry standard to avoid this practice. Identifiers starting with double
underscores (e.g., __variable) or a single underscore followed by an uppercase letter (e.g., _Variable) are
technically reserved for the compiler and standard library implementations. Using them might cause unexpected
conflicts and obscure bugs. Always choose descriptive, meaningful names for your identifiers to enhance code
readability.

p

1.2.5 Variables

A variable is a symbolic name associated with a specific memory location where data is stored during program execution.
Because the data stored in a variable can be modified or updated while the program is running, it is appropriately
called a "variable'. It acts as a container for data.

Before a variable can be utilized in C++, it must be explicitly declared. A variable declaration tells the compiler
two crucial pieces of information: the variable’s data type and its identifier (name). This informs the compiler
exactly how much RAM to allocate and how to interpret the binary data stored in that location.

Variable Declaration, Initialization, and Assignment

// 1. Declaration (Memory is allocated, but value is uninitialized/garbage)
int studentAge;

// 2. Assignment (Assigning a value after declaration)
studentAge = 20;
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Figure 1.11: Metaphorical representation of a variable as a labeled storage container

// 3. Initialization (Assigning an initial value at the time of declaration)
float examScore = 95.5f;
char letterGrade = ’A’;

// Multiple declarations of the same type
int x = 10, y = 20, z = 30;

Value 4

Identifier emory Address

studentAge ) 20 -- OxX7FFE. ..

Figure 1.12: Conceptual memory representation of a variable

C++ supports dynamic initialization, meaning variables can be declared and initialized anywhere in the code, as

long as the declaration precedes the variable’s first use. This differs from older procedural languages like C, where all
variables had to be declared at the very beginning of a function block. This flexibility allows programmers to declare
variables close to where they are actually needed, significantly improving code maintainability.

1.2.6 Data Types in C++

Data types dictate the nature of the data a variable can hold. They strictly determine the size of the memory allocated
for the variable (in bytes) and the specific range of values it can successfully store without overflowing. C++ is a
strongly-typed language, meaning every variable and expression has a type, and type compatibility is rigorously checked
by the compiler.

C++ offers a comprehensive set of built-in primitive data types.

[C++ Data Types]

Derived User—Deﬁned
[ int J [float] [ char J [ boc{ Array Pomter [ Class [Struct

Figure 1.13: Hierarchy of C++ Data Types



https://milav.in

Integer Types (int)

The int data type is used to store whole numbers without any fractional or decimal components, such as 10, =500,
or 0. On modern computer architectures, an int typically occupies 4 bytes (32 bits) of memory, allowing it to store
values ranging approximately from -2.14 billion to +2.14 billion.

C++ provides type modifiers to alter the size and signedness of integer types to optimize memory usage:

o short int (or simply short): Usually occupies 2 bytes. It is used to store smaller integers to save memory space,
with a typical range of -32,768 to 32,767.

e long int (or simply long): Usually occupies 4 or 8 bytes depending on the operating system. It is utilized for
storing larger integers.

o long long int: Guaranteed to be at least 8 bytes (64 bits). It is designed for exceptionally large integers, useful
in scientific computing or cryptography.

o unsigned int: By default, integers are signed, meaning they can hold both negative and positive values. By
applying the unsigned modifier, the variable can only store non-negative numbers (0 and positive). Because the
bit normally used for the negative sign is repurposed for data, this effectively doubles the positive maximum
range compared to a standard signed int.

Floating-Point Types (float, double)

Floating-point types are essential for representing real numbers—numbers with fractional or decimal parts (e.g.,
3.14159, -0.005, 2.0).

e float: Represents a single-precision floating-point number. It typically occupies 4 bytes of memory and provides
about 7 decimal digits of precision. It is useful when memory is highly constrained, and extreme precision is not
critical.

e double: Represents a double-precision floating-point number. It typically occupies 8 bytes of memory and
provides roughly 15 decimal digits of precision. Because of its superior accuracy and ability to avoid rounding
errors in complex calculations, double is the default and recommended choice for handling decimal numbers in
C++.

Character Type (char)

The char data type is designed specifically to store a single character, such as a letter, a digit, or a special punctuation
mark (e.g., ’A’, ’z’, ’5°, >?’). A char strictly occupies 1 byte (8 bits) of memory.

Internally, computers do not store characters directly; they store numbers. Characters are stored in memory as
integer values according to a standardized character encoding system, most commonly ASCII (American Standard
Code for Information Interchange). For instance, when you store the character >A’ in a char variable, the computer
actually stores the integer 65. Similarly, ’a’ is stored as 97, and the character digit ’0’ is stored as 48.

Boolean Type (bool)

The bool data type represents fundamental truth values in logic. It can only hold one of two possible states: true
or false. Internally, C++ treats false as the integer 0, and true as the integer 1 (or any non-zero value in certain
contexts). Booleans are extensively utilized as flags and in conditional branching statements (like if and while) to
dynamically control the flow of the program.

Void Type (void)

The void type is a special, incomplete type that signifies the deliberate absence of a value or a valueless state. It
cannot be used to declare standard variables. Its primary use case is to specify that a function does not return any
value to the calling code. For example, a function declared as void printMessage() will execute its code but will not
hand back data upon completion. It can also be used for generic pointers (void).

1.2.7 Reference Variables

C++ introduced a highly powerful and efficient feature that was notably absent in the C language: the reference
variable. A reference variable acts as a permanent, alternative name—an alias—for an already existing variable in
memory.
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Reference Variable A reference is an alias for an existing variable. It does not possess its own independent memory
address. Once a reference is initialized to point to a target variable, it becomes inextricably linked to it. Any read
or write operation performed on the reference directly affects the original target variable.

To declare a reference variable, you append the ampersand (&) operator immediately following the data type in the
declaration.

Creating and Using a Reference

int original_score = 100;

// Create a reference named ’alias_score’ for ’original_score’
int& alias_score = original_score;

cout << "QOriginal: " << original_score << endl; // Prints 100
cout << "Alias: " << alias_score << endl; // Prints 100

// Modifying the value using the reference
alias_score = 150;

cout << "Original after modification: " << original_score << endl; // Prints 150
cout << "Alias after modification: " << alias_score << endl; // Prints 150

Shared Memory Location

original_score

— 150

alias_score

Figure 1.14: Reference variables acting as an alias for the same memory location

In the scenario above, alias_score and original_score are two different identifiers referring to the exact same
memory location. Updating the value via the reference instantly updates the original variable.

Key Concept

Crucial Rules for Reference Variables When working with reference variables, you must keep the following strict
rules in mind:

1. Mandatory Initialization: A reference must be explicitly initialized at the exact moment it is declared.
You cannot declare a reference and assign a target to it on a subsequent line. Code like int& ref; ref =
x; will trigger a compilation error.

2. Permanent Binding: Once a reference is bound to a variable, it is permanently locked. It cannot be
reassigned or retargeted to point to a different variable later in the program. It is an alias for life.

3. No Memory Overhead: A reference does not occupy separate memory to store the actual data value; it
seamlessly piggybacks on the memory address of its target variable.

\ V.

While they can be used locally as demonstrated, reference variables find their most critical application in function
parameter passing, a technique known as "pass-by-reference.” When passing large objects or complex data structures to
a function, passing them by value creates a complete, memory-heavy duplicate. By passing a reference instead, C++
avoids the overhead of copying the data entirely. Furthermore, passing by reference grants the function the ability to
directly modify the original arguments provided by the caller, a paradigm heavily utilized in modern, high-performance
C++ software development.
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In summary, a comprehensive understanding of tokens, identifiers, variables, and primitive data types forms the
inescapable foundational grammar of C++. These fundamental elements empower programmers to store, label, and
manipulate binary information efficiently and logically. As you progress to write more sophisticated C++ applications,
an unshakeable command over these structural basics will serve as the bedrock upon which you construct complex,
optimized, and reliable software systems.
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Figure 1.15: Conceptual visual of reference variables sharing a memory address

1.3 Operators

An operator is a symbol that tells the compiler to perform specific mathematical or logical manipulations. C++ is
rich in built-in operators and provides the following types of operators to perform various operations: Arithmetic,
Relational, Logical, Bitwise, Assignment, and Increment/Decrement operators. When multiple operators are combined
in a single expression, operator precedence and associativity dictate the order in which they are evaluated.

Operator and Operand An operator is a symbol that operates on one or more data values to produce a result.
The data values that the operator works on are called operands. For example, in the expression a + b, the
symbol + is the operator, while a and b are the operands.

Operators can be classified based on the number of operands they take:
o Unary Operators: Operate on a single operand (e.g., ++, =, -).
o Binary Operators: Operate on two operands (e.g., +, =, *).

o Ternary Operators: Operate on three operands (e.g., the conditional operator ?:).

1.3.1 Arithmetic Operators

Arithmetic operators are used to perform mathematical operations such as addition, subtraction, multiplication, and
division. C++ supports all the basic arithmetic operators.

o Addition (+): Adds two operands. Example: A + B.
e Subtraction (-): Subtracts the second operand from the first. Example: A - B.
o Multiplication (*): Multiplies both operands. Example: A * B.

o Division (/): Divides the numerator by the denominator. If both operands are integers, the result is an integer
(fractional part is discarded). Example: A / B.
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Figure 1.16: Anatomy of an expression showing operators and operands.

+ - & / %

Addition  SubtractionMultiplication Division Modulus

Figure 1.17: Overview of basic arithmetic operators and their functions.

o Modulus (%): Outputs the remainder of an integer division. Example: A % B.

Important / Warning

Integer Division and Modulus When performing division (/) with two integers, C++ performs integer division,
which truncates any decimal part. For example, 5 / 2 yields 2, not 2.5. To get a floating-point result, at least
one operand must be a floating-point type (e.g., 5.0 / 2). Furthermore, the modulus operator (%) can only be
used with integer operands. Applying it to floating-point numbers will result in a compilation error.

1.3.2 Relational Operators

Relational operators, also known as comparison operators, are used to compare two operands. They evaluate to a
boolean value: true (typically represented as 1) if the relationship holds, or false (represented as 0) if it does not.
They are extensively used in decision-making and loops.

o Equal to (==): Checks if the values of two operands are equal. If yes, the condition becomes true.

o Not equal to (!=): Checks if the values of two operands are not equal. If values are not equal, the condition
becomes true.

o Greater than (>): Checks if the value of the left operand is greater than the value of the right operand.
o Less than (<): Checks if the value of the left operand is less than the value of the right operand.

o Greater than or equal to (>=): Checks if the value of the left operand is greater than or equal to the value of
the right operand.

e Less than or equal to (<=): Checks if the value of the left operand is less than or equal to the value of the
right operand.
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Figure 1.18: Relational operators comparing two variables.

Relational Evaluation If we have int x = 10; and int y = 20;:
o (x == y) evaluates to false.
e (x != y) evaluates to true.
o (x < y) evaluates to true.

e (x >= 10) evaluates to true.

\. J

1.3.3 Logical Operators

Logical operators are used to combine two or more conditions or constraints. They evaluate to true or false based on
the logical relationship between the operands.

o Logical AND (&&): Returns true if both operands are true. If either operand is false, the condition becomes
false.

« Logical OR (|1): Returns true if at least one of the operands is true. If both are false, the condition becomes
false.

o Logical NOT (!): A unary operator that reverses the logical state of its operand. If a condition is true, Logical
NOT will make it false.
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Figure 1.19: Truth tables for logical AND, OR, and NOT operations.

Key Concept

Short-Circuit Evaluation In C++, logical AND (&&) and logical OR (| |) exhibit short-circuit evaluation. This
means the evaluation of the expression stops as soon as the outcome is determined.

e For A &% B, if A is false, the whole expression must be false, so B is never evaluated.
e For A || B, if Ais true, the whole expression must be true, so B is never evaluated.

This property is extremely useful to prevent errors, such as checking if a pointer is not null before accessing its
value: if (ptr != nullptr && ptr->value > 0).
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1.3.4 Bitwise Operators

Bitwise operators perform operations on data at the bit level. These operators can only be applied to integral data
types such as char, short, int, and long. They are not applicable to floating-point numbers.

« Bitwise AND (&): Copies a bit to the result if it exists in both operands.

« Bitwise OR (|): Copies a bit to the result if it exists in either operand.

« Bitwise XOR (~): Copies the bit to the result if it is set in one operand but not both.

« Bitwise NOT (7): A unary operator that flips the bits of its operand (1s become 0s, and 0s become 1s).

o Left Shift («): The left operand’s value is moved left by the number of bits specified by the right operand. Each
shift left is equivalent to multiplying by 2.

o Right Shift (»): The left operand’s value is moved right by the number of bits specified by the right operand.
Each shift right is equivalent to dividing by 2.

0101 (5) 0101 (5)
& I

0011 (3) 0011 (3)

0001 (1) 0111 (7)

Figure 1.20: Example of Bitwise AND (&) and OR (|) operations.

Important / Warning

Logical vs. Bitwise Operators Do not confuse Logical AND (&&) with Bitwise AND (&), or Logical OR (|]) with
Bitwise OR ().

o 5 && 2 evaluates to true (since both 5 and 2 are non-zero, making them logically true).
o 5 & 2 evaluates to 0 (since 01013 AND 00102 = 00003).

Using a bitwise operator where a logical operator is intended can lead to severe and hard-to-find logical errors in
your code.

\

1.3.5 Assignment Operators

Assignment operators are used to assign values to variables. The most basic assignment operator is =, which assigns
the value of its right operand to its left operand.

C++ also provides compound assignment operators, which combine an arithmetic or bitwise operation with
assignment. This offers a shorthand notation for updating the value of a variable.

o Simple Assignment (=): Assigns the value of the right side to the left side. Example: C = A + B.

o Add and Assign (+=): Adds the right operand to the left operand and assigns the result to the left operand. C
+= A is equivalent to C = C + A.

o Subtract and Assign (-=): Subtracts the right operand from the left operand and assigns the result to the left
operand. C —= A is equivalent to C = C - A.

o Multiply and Assign (*=): Multiplies the left operand by the right operand and assigns the result to the left
operand. C *= A is equivalent to C = C * A.

o Divide and Assign (/=): Divides the left operand by the right operand and assigns the result to the left
operand. C /= A is equivalent to C = C / A.

o Modulus and Assign (%=): Takes the modulus using two operands and assigns the result to the left operand.
C %= Ais equivalent to C = C % A.

Compound assignment operators also exist for bitwise operators: «=, »= &=, |=, and 2.
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1.3.6 Increment and Decrement Operators

C++ includes two very useful unary operators for incrementing and decrementing the value of a variable by 1: ++ and

o Increment (++): Increases the value of the operand by 1.

o Decrement (-): Decreases the value of the operand by 1.
These operators can be used in two different forms: prefix and postfix.

o Prefix form (++A or -A): The value is incremented or decremented before the value of the variable is used in
the surrounding expression.

o Postfix form (A++ or A-): The value is incremented or decremented after the current value of the variable is
used in the surrounding expression.

Prefix vs. Postfix Consider the following snippet demonstrating the difference:

int a = 5;
int b = ++a; // Prefix: ’a’ becomes 6, then ’b’ is assigned 6.
// Both a and b are now 6.

int x = 5;
int y = x++; // Postfix: ’y’ is assigned 5, then ’x’ becomes 6.
// x is 6, but y is 5.

Understanding this difference is crucial when using increment or decrement operators within larger expressions,
array indexing, or loops.

«««< HEAD

AT Image Placeholder: Prefix vs Postfix Execution Flow

Box »»»> origin/paper-solver Prompt: A visual flowchart showing the step-by-step

execution difference between prefiz (++a) and postfix (a++) increment operators,
illustrating when the value is updated versus when it is returned. «««< HEAD

»»»> origin/paper-solver

Figure 1.21: Execution flow difference between prefix and postfix increment.

1.3.7 Operator Precedence and Associativity

In expressions involving more than one operator, C++ needs a set of rules to determine the order in which operations
are evaluated. These rules are governed by operator precedence and associativity.
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Precedence and Associativity Operator Precedence determines the order in which operators in an expression
are evaluated. Operators with higher precedence are evaluated before operators with lower precedence.
Associativity determines the direction of evaluation when two or more operators of the same precedence appear
in an expression. Associativity can be either Left-to-Right or Right-to-Left.

For example, in the expression 3 + 4 * 5, the multiplication operator (*) has higher precedence than the addition
operator (+). Therefore, 4 * 5 is evaluated first (yielding 20), and then 3 is added, giving a final result of 23. If the
precedence were ignored and evaluated strictly left-to-right, the result would be incorrectly calculated as 35.

_l’_
3 / \ *
4 5
Figure 1.22: Expression tree demonstrating operator precedence for 3 + 4 * 5.

When operators have the same precedence, associativity resolves the tie:

o Left-to-Right Associativity: Operators are grouped from left to right. For example, the subtraction operator

is left-associative. In 10 - 4 - 2, the evaluation is (10 - 4) - 2, yielding 4.

o Right-to-Left Associativity: Operators are grouped from right to left. The assignment operator (=) is

right-associative. Ina = b = ¢ = 5, the expression evaluates asa = (b = (¢ = 5)), assigning 5 to c, then b,

and finally a.

Overriding Precedence with Parentheses You can always override default operator precedence and associativity by
using parentheses (). Any expression enclosed in parentheses is evaluated first. In the earlier example, if you
wanted the addition to be performed before the multiplication, you would write (3 + 4) * 5, which results in
35. Using parentheses not only controls evaluation order but also greatly improves the readability of complex

expressions.

Summary of Precedence (Highest to Lowest)

While memorizing the entire precedence table is not strictly necessary, knowing the general order is highly beneficial:

1.

[EEN
_= o

12.

© ©® N o o W

Scope resolution (::)

Postfix operators (++, -, function calls (), array subscripting [1, member access ->, .)
Prefix unary operators (++, -, +, -, !~ * &) [Right-to-Left]

Arithmetic operators (Multiplicative: *, /, %, then Additive: +, -)

Shift operators («, »)

Relational operators (<, <=, >, >=)

Equality operators (==, !=)

Bitwise operators (AND &, then XOR -, then OR 1)

Logical operators (AND &&, then OR | )

. Ternary conditional (7:) [Right-to-Left]

. Assignment operators (=, +=, -=, etc.) [Right-to-Left]

Comma operator (,)

Understanding operators, their behavior, and the rules of precedence is foundational for writing robust and accurate
C++ programs. These tools allow developers to express complex mathematical algorithms, control logic structures,
and manipulate data seamlessly at both the high level and the bit level.
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1.4 Input/Output in C++

Every useful computer program needs a way to interact with the outside world. It must be able to receive data from
the user or another system (input) and display the results of its computations (output). In C++, the standard library
provides a comprehensive, flexible, and object-oriented set of tools for performing input and output (I/O) operations.
Unlike some older programming languages that rely exclusively on heavily parameterized built-in functions for I/O
(like the C language’s printf and scanf), C++ handles input and output through a more intuitive mechanism known
as streams.

Box[Stream| A stream is an abstraction that represents a continuous flow of data. It can be thought of as a
pipeline or sequence of characters flowing from a source (like a keyboard, a file, or a network connection) to a
destination (like a computer monitor, another file, or a printer).

Prompt:A} %%%%%;ea%%agglly%]ﬁ? ustration

of a glowing pipeline showing data flow-
ing from a keyboard to a computer moni-
tor, symbolizing C++ standard I/O streams.

Figure 1.23: Conceptual visualization of data flowing as a stream.

Data Source | Characters | Input Stream > C++ Program
(Keyboard) (istream) Memory

Output Streamdharactetddata Deptination
(ostream) (Monitor)

Figure 1.24: The concept of Input and Output Streams in C+—+.

When a C++ program needs to read input, it extracts data from an input stream. When it needs to produce
output, it inserts data into an output stream. This stream-based approach provides a uniform, hardware-independent
way to handle various types of I/O devices.

To utilize these standard I/O streams in a C++ program, the programmer must include the <iostream> header
file at the top of the source code. This header file defines several standard stream objects, the most vital of which are
cin (for input) and cout (for output).

1.4.1 Standard Output: cout

The primary way to display text, numbers, and other data to the user’s screen in C+-+ is by using the cout object.
The word cout is an abbreviation for "character output". It is an instance of the ostream (output stream) class,
defined within the <iostream> library, and it is automatically tied to the standard output device of the operating
system—which is usually the terminal window or computer monitor.

To send data to the cout object, programmers use the insertion operator, visually represented by two consecutive
less-than signs («). The insertion operator takes the evaluated data value residing on its right side and "inserts" it into
the stream designated on its left side.

Concept Think of the insertion operator « as a directional arrow indicating the flow of data. The data on the
right-hand side is being pushed into the cout object on the left, which then routes it to the display.
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"Hello World!" « cout Screen
Data Output Stream Display

Figure 1.25: Data flowing into cout via the insertion operator ().

Basic Output with cout

The following code snippet demonstrates how to print a simple text message and the value of a stored variable to
the screen:

#include <iostream>
using namespace std;

int main() {
int currentYear = 2024;

cout << "Welcome to modern C++ Programming!"; // Prints a string literal
cout << "\n"; // Prints a newline character
cout << "The current year is: ";

cout << currentYear; // Prints a variable’s value
return O;

One of the most powerful and convenient features of the insertion operator is that it can be cascaded or chained
together. Cascading means that multiple « operators can be utilized within a single logical statement to output several
disparate pieces of data sequentially. This drastically reduces the number of cout statements required and makes the
code much cleaner and easier to interpret.

For instance, the four distinct cout statements in the previous example can easily be condensed into a single elegant
line of code:

cout << "Welcome to modern C++ Programming!\nThe current year is: " << currentYear;

Prompt: An AlstmagelRBlaceholdeting multiple
distinct data blocks (text, numbers, and variables)
seamlessly linking together into a single continuous
chain that feeds into a glowing output portal,
- —representing the cascading insertion-operator-in C++. - -

Figure 1.26: Abstract representation of cascading the insertion operator.

Notice that we can mix string literals (enclosed in double quotes) and variables seamlessly in a cascaded cout
statement. The C++ compiler is intelligent enough to automatically deduce the data type of the variable and format it
appropriately for text-based output.

1.4.2 Standard Input: cin

Just as cout handles the outflow of data, the cin object is responsible for handling incoming data. The name cin
stands for "character input". It is an object of the istream (input stream) class and represents the standard input
stream, which is invariably tied to the computer’s primary input device, the keyboard.

To read data supplied by the user via cin, we utilize the extraction operator, denoted by two greater-than signs
(»). The extraction operator pulls or "extracts" data from the stream on its left side and places it into the memory
location of the variable specified on its right side.

Keyboard cin » variable
Input Input Stream Memory

Figure 1.27: Data flowing from cin to a variable via the extraction operator (»).
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Reading User Input with cin

This interactive example prompts the user to enter their birth year, reads the inputted keystrokes using cin, and
then calculates and displays their approximate age.

#include <iostream>
using namespace std;

int main() {
int birthYear;

int currentYear = 2024;

// Prompt the user
cout << "Please enter your birth year: ";

// The program pauses here and waits for the user to type and press Enter
cin >> birthYear;

int age = currentYear - birthYear;
cout << "You are approximately " << age << " years old." << endl;

return O;

\. J

Like the insertion operator, the extraction operator can also be cascaded to read multiple sequential values in a
single statement. If you are developing an application that needs the user’s height and weight, you might write:

int height, weight;
cout << "Enter your height (cm) and weight (kg) separated by a space: ";
cin >> height >> weight;

When cascading cin, the program relies on whitespace to separate individual inputs. It will read the first set of
characters into height, wait until it encounters a whitespace character (like a space, tab, or newline), and then read
the subsequent characters into weight.

A distinct advantage of using cin over older C-style input mechanisms is type safety. The extraction operator »
knows the data type of the variable it is filling. If you declare an integer variable and try to read into it, the program
strictly expects numerical input. If a user maliciously or accidentally types a word (like "hello") instead of a number,
the operation will fail, and cin will be placed into an error state, protecting the application from crashing due to

unexpected data types.
User types: Error State!
"hello" Input rejected

-7

[cin » intVar]
User types: intVar = 42
"4 Success

Figure 1.28: How cin enforces type safety during extraction.

Input Extraction Limitations

The standard cin » operator automatically skips leading whitespace characters and entirely stops reading when it
encounters the next whitespace. This is perfectly fine for grabbing single numbers or single words. However, if
you attempt to read a full sentence with spaces (e.g., "John Doe") into a string variable using cin », it will only
read the first word ("John"), leaving "Doe" sitting in the input buffer. To read an entire line of text including
spaces, programmers must use the getline() function instead.
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1.4.3 Output Formatting with Manipulators

Sometimes, simply printing raw data to the screen is insufficient. Developers frequently need the output to be formatted
in a very specific aesthetic way—for instance, aligning columns of numbers in a receipt, displaying an exact number
of decimal places for currency, or printing numerical values in a hexadecimal format. C4++ accommodates this need
through special functions called manipulators that modify the internal state and behavior of the I/O stream.

To utilize advanced formatting manipulators, you must include the <iomanip> (input/output manipulators) header
in your program.

Here are some of the most commonly used and important stream manipulators:

e endl: Stands for "end line". It inserts a newline character into the output stream and flushes the stream buffer,
ensuring that all buffered data is immediately written to the display.

e setw(n): Sets the field width to n characters for the very next output operation only. If the data being printed
requires fewer characters than n, it will be padded with spaces (right-aligned by default). This is exceptionally
useful for generating clean, tabular data.

e setfill(c): Used in conjunction with setw. It changes the padding character from a standard blank space to
the specified character c.

e setprecision(n): Modifies the precision for floating-point numbers. By default, it dictates the maximum
number of significant digits to be displayed overall. When used alongside the fixed manipulator, it strictly sets
the exact number of digits that must appear after the decimal point.

o fixed: Ensures that floating-point numbers are displayed in fixed-point notation (i.e., standard decimal represen-
tation) rather than scientific notation (e.g., 1.5e2).

e showpoint: Forces the output stream to always display the decimal point and trailing zeros, even if the
floating-point number is a whole integer mathematically (e.g., printing 5.000 instead of just 5).

N
~

setw(6) with setfill(’-?)

Figure 1.29: Visualizing the effect of setw and setfill manipulators.

Prompt: AldahaggRlacebbldeint or data i
table showing unorganized raw data on the left }
transforming into perfectly aligned, neatly for- 1
matted tabular data on the right, symbolizing i

- - - - G+ stream manipulators like-setw-and setfill.- - - - - ‘

Figure 1.30: Visualizing the transformation of unformatted data into a structured output.

Formatting Output as a Data Table

This advanced example demonstrates how setw, setfill, and setprecision can be combined to create a neatly
formatted, professional-looking invoice summary.

#include <iostream>
#include <iomanip> // Required for setw, setprecision, setfill
using namespace std;

int main() {
double iteml
double item2
double total

12.50;
8.75;
iteml + item2;
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// Setting up global floating-point formatting for this stream
cout << fixed << setprecision(2);

// Printing table header with explicit left and right justification
cout << setw(15) << left << "Item Name"
<< setw(10) << right << "Price" << endl;

// Printing a divider line using setfill
cout << setfill(’-’) << setw(25) << "" << endl;

// Reset fill back to standard space for the data rows
cout << setfill(’ ?);

// Printing invoice rows
cout << setw(15) << left << "Notebook"
<< setw(10) << right << iteml << endl;
cout << setw(15) << left << "Fountain Pen"
<< setw(10) << right << item2 << endl;

// Printing final divider and total
cout << setfill(’-’) << setw(25) << "" << endl;
cout << setfill(’ ’);
cout << setw(15) << left << "Total Due"
<< setw(10) << right << total << endl;

return O;

Concept The Difference Between \n and endl: While both endl and \n insert a newline, endl carries
a performance penalty because it commands the system to immediately flush the output buffer. A buffer is
temporary memory where output is stored until it’s efficient to push it to the screen all at once. Flushing forces
an immediate write operation. In performance-critical applications that output massive amounts of text or data,
excessively flushing the buffer using endl can severely bottleneck execution speed. In such intensive loops, using
the simple newline character \n is highly recommended.

1.4.4 Namespaces and using namespace std;

Throughout the preceding examples, you have undoubtedly noticed the statement using namespace std; placed near
the top of the code files, right after the #include directives. To fully comprehend why this line is necessary, we must
explore the concept of a namespace.

Box[Namespace|] A namespace is a declarative region that provides a designated scope for the identifiers (the
names of types, functions, variables, and objects) contained inside it. Namespaces are primarily utilized to organize
code into logical, distinct groups and to prevent name collisions that can easily occur in large software projects.

Imagine a realistic scenario where you are developing a massive video game, and you include two different third-party
software libraries. Library A has a function named draw(), and Library B also has a function named draw(). If you
simply try to call draw() in your source code, the C++ compiler will immediately throw a compilation error because it
has no way to determine which version of the function you intend to execute. This is known as a name collision.

Namespaces solve this exact problem by wrapping code in unique "surnames". If Library A encloses its code in
a namespace called GraphicsLib and Library B uses UIMenuLib, you can specify exactly which function you want
by utilizing the scope resolution operator (::). You would type GraphicsLib: :draw() or UIMenuLib: :draw(),
thereby completely eliminating the ambiguity.

In C++, the entire Standard Library—including cout, cin, endl, string classes, and mathematical functions—is
securely wrapped inside a namespace named std (short for standard).
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Library A Library B

amespace: GraphicsLi Namespace: UIMenuLib
draw() draw()
A) 7
N 4
AY 7’
A Y /7
A} 4
AY 7’
N 7

GraphicsLib: :draw()
UIMenuLib: :draw()

Figure 1.31: Namespaces prevent naming collisions by acting as distinct organizational scopes.

Therefore, the fully qualified, technically correct name for the standard output object is actually std: :cout. If we
were to write a basic "Hello World" application strictly without utilizing any shortcuts, it would look like this:

#include <iostream>

int main() {
std::cout << "Hello, World!" << std::endl;
return O;

Typing std:: prefix over and over again can become highly tedious for developers. To simplify syntax and
improve code readability, C++ provides the using directive. The broad statement using namespace std; acts as an
instruction to the compiler: "If you encounter an identifier that is not defined in the current local scope, check inside
the std namespace to see if it exists there.” This powerful directive allows us to conveniently write cout instead of
std: :cout, and cin instead of std::cin.

The Danger of using namespace std;

While using namespace std; is ubiquitous in introductory C++ textbooks, tutorials, and small academic scripts
due to its sheer convenience, it is widely considered bad practice in professional, large-scale software engineering.
By pulling the entire, massive std namespace into the global scope of your file, you completely surrender the
protection against name collisions that namespaces were fundamentally designed to provide. If you accidentally
name one of your own variables or custom functions count, distance, size, or map, it will silently conflict with
the standard library algorithms of the exact same names. This leads to confusing compilation errors or, worse,
unpredictable runtime behavior that is difficult to debug.

Global Scope std Namespace

using namespace gtd;
ame Collisior!

count ()
(Algorithm)

count ()
(Your Function)

Figure: How importing an entire namespace can cause naming conflicts.

Crucial Golden Rule: Never, under any circumstances, put using namespace std; inside a header (.h or
.hpp) file. Doing so aggressively forces the namespace inclusion onto any other source file that happens to include
your header, effectively polluting the global namespace across an entire project.

\. J

For professional best practices, many experienced C++ software engineers prefer to explicitly type std:: wherever
it is needed. Alternatively, they utilize specific using declarations. A specific using declaration only imports the
exact tools you require, rather than blindly dumping the entire standard library into your scope. For example:

#tinclude <iostream>

// Specific using declarations
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using std::cout;
using std::cin;
using std::endl;

int main() {
int requestedNumber;
cout << "Enter a highly specific number: ";
cin >> requestedNumber;
cout << "You successfully entered " << requestedNumber << endl;

// std::string would still require the std:: prefix
// since it wasn’t explicitly declared above.
return O;

This targeted approach strikes an optimal balance between keeping the code concise, maintaining high readability,
and strictly avoiding widespread global namespace pollution. Mastering when and how to use namespaces effectively is
a vital architectural step in transitioning from writing isolated scripts to developing robust, scalable, and maintainable
C++ software architectures.

1.5 Overview of Object-Oriented Programming

Before a programmer writes a single line of code, they must decide how to mentally conceptualize the problem they are
trying to solve. This mental framework is known as a Programming Paradigm.

In the early days of software engineering, programs were small and simple. As software grew in size to millions of
lines of code, the limitations of early paradigms became painfully obvious, leading to the development of a revolutionary
new approach: Object-Oriented Programming (OOP). To understand why OOP is so dominant today (used in C++,
Java, Python), we must first understand the system it replaced.

1.5.1 Procedure-Oriented Programming (POP)

Historically, software was written using Procedure-Oriented Programming (POP), exemplified by languages like
C and Pascal.

In POP, the primary focus is on the logic and the algorithms—the "doing" of things. A large problem is
simply broken down into a series of smaller, manageable tasks. Each task is then written as a separate "Function" (or
procedure).

The Fatal Flaw of POP: Global Data

In a procedure-oriented program, the data and the functions that act upon it are completely separate. Because many
different functions might need to access the same piece of information (e.g., a customer’s bank balance), that data must
be declared as Global Data.

This creates a massive security and maintenance vulnerability. Global data moves freely around the system from
function to function. Any function can accidentally modify or corrupt the global data at any time. When a bug
corrupts a variable in a 100,000-line POP program, it is incredibly difficult to track down which of the 500 functions
caused the error.

1.5.2 Object-Oriented Programming (OOP)

Object-Oriented Programming completely flips the perspective. Instead of focusing on the algorithms ("What is
happening?"), OOP focuses on the Data ("Who is being acted upon?").

The fundamental idea of OOP is to take a piece of data and the specific functions that manipulate that data, and
bind them tightly together into a single, secure unit called an Object.

In OOP, data is treated as a critical, highly secure resource. It is intentionally hidden from the outside world.
External functions are strictly forbidden from directly accessing or altering an object’s internal data. If the outside
world wants to interact with the data, it must politely ask the object to use its own internal functions to do it.

1.5.3 Comparison: POP vs. OOP
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Procedure-Oriented (POP)

Global Data

Object-Oriented (OOP)

1

[ Function 1 ] [ Function 2 ] [Function 3

[Methods}

Object 1 Object 2
Megsage Pasging
yi \
A} 4

Data is exposed.
Any function can corrupt it.

Data is protected inside the object.

Objects communicate securely.

Figure 1.32: The architectural shift from POP to OOP. OOP secures data by wrapping it in methods.

Feature

Procedure-Oriented
(POP)

Object-Oriented (OOP)

Primary Focus

Logic and Functions (Algo-
rithms).

Data and Objects.

Approach

Top-Down (Breaking a big
problem into smaller func-
tions).

Bottom-Up (Building small
objects and linking them to-
gether).

Data Security

Weak. Data is mostly global
and vulnerable to unautho-
rized access.

Very Strong. Data is hid-
den inside objects (Encapsu-
lation).

Real-world
Modeling

Very difficult to map to real-
world entities.

Highly natural. Objects mir-
ror real-world entities per-

fectly.

Table 1.1: Key differences between POP and OOP.

1.5.4 The 8 Basic Concepts of OOP

Object-Oriented Programming is built upon a foundation of eight core concepts. Understanding these is essential to
mastering C++ or Java.

1. Classes

A Class is a blueprint, a template, or a user-defined data type. It does not actually exist in the physical memory of
the computer. It simply defines the abstract characteristics of a thing. For example, if we create a class called Car, we
define that all cars must have data attributes (color, speed) and behaviors (accelerate, brake).

2. Objects

An Object is a specific, physical instance of a class. While the class Car is just an idea, an Object is a physical block
of RAM inside the computer. Using the Car class blueprint, we can instantiate an Object named myFerrari (color =
red, speed = 200) and another Object named myToyota (color = blue, speed = 80). They share the same blueprint but
hold different data.

3. Encapsulation

Encapsulation is the mechanism that binds together the code and the data it manipulates, keeping both safe from
outside interference. It is the protective wrapper that creates the Object. By encapsulating data, we achieve Data
Hiding. The internal variables of the object cannot be altered by a random function elsewhere in the program.

4. Data Abstraction

Abstraction refers to the act of representing essential features without including the background details or expla-
nations. Consider driving a car: you step on the accelerator pedal, and the car moves faster. You do not need to
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understand the complex internal thermodynamics of fuel injection and spark plug timing. The pedal is the "Abstrac-
tion." It hides the complex reality and provides a simple interface. In OOP, classes provide simple functions (like
myFerrari.accelerate()) while hiding thousands of lines of complex math from the programmer using it.

5. Inheritance

Inheritance is the process by which one class acquires the properties and methods of another class. It perfectly models
the real-world concept of parent-child relationships and taxonomic classification.

If we already have a class named Vehicle that contains the logic for starting an engine, we do not want to rewrite
that code when we create a Truck class and a Motorcycle class. Instead, we declare that Truck inherits from Vehicle.
Truck instantly receives all the engine code for free, promoting massive Code Reusability.

Vehicle
(Base Class)

o -

Car Truck Motorcycle
(Derived Class) (Derived Class) (Derived Class)

Figure 1.33: Inheritance allows derived classes to automatically reuse the logic written in the base class.

6. Polymorphism

Polymorphism comes from Greek, meaning "many forms." It is the ability of a single function or operator to exhibit
different behaviors depending on the exact instance or context it is used in.

e Real-world example: The instruction "Play." If you tell a dog to "Play," it chases a ball. If you tell a musician to
"Play," they strike the keys on a piano. The command is exactly the same, but the resulting behavior is entirely
different depending on the object receiving the command.

e Code example: If we call CalculateArea() on a Circle object, it uses 7r2. If we call the exact same function
CalculateArea() on a Rectangle object, it uses length x width.

7. Dynamic Binding (Late Binding)

Binding refers to the linking of a procedure call to the actual code to be executed. In traditional POP languages, the
compiler determines exactly which code will run while the program is compiling (Static Binding). In OOP, because of
Polymorphism, the compiler might not know if a shape is a Circle or a Rectangle until the user actually clicks a button
while the program is running. Dynamic Binding means that the program waits until runtime to figure out exactly
which version of the CalculateArea() function to execute.

8. Message Passing

In a POP program, functions simply call other functions. In OOP, programs consist of dozens of objects running
simultaneously. Message Passing is how they communicate. It involves specifying the name of the object, the name
of the function (message), and the information to be sent.

o Syntax: Employee.UpdateSalary(50000)
Here, we are sending a message (UpdateSalary with the data 50000) to the specific object named Employee.

1.5.5 Conclusion

The shift to Object-Oriented Programming was not merely a change in syntax; it was a fundamental evolution in
how engineers perceive the digital world. By wrapping vulnerable data inside protective classes (Encapsulation),
hiding complex logic (Abstraction), reusing code (Inheritance), and allowing dynamic behaviors (Polymorphism), OOP
provides the architectural stability required to build the massive, modern software systems that run our world today.

1.6 Structure of a C++4 Program and Basic Elements

Just as the English language is constructed from paragraphs, sentences, and words governed by strict grammatical rules,
a C++4 program is constructed from specific logical blocks and foundational elements. Before we can build complex
object-oriented systems, we must master the atomic building blocks of the C++ language.
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Al IMAGE PLACEHOLDER
A visual metaphor for OOP. A factory floor where independent robots (Objects)
are working. Fach robot has a thick steel shell protecting its internal gears
(Encapsulation). The robots are communicating by sending glowing data packets
back and forth (Message Passing).

Figure 1.34: Objects act as independent, protected entities communicating securely to solve a larger problem.

1.6.1 The Anatomy of a C++ Program

Every C++ program, regardless of how complex it becomes, follows a fundamental structural skeleton. Consider the
classic "Hello World" program:

#include <iostream>
using namespace std;

int main() {
cout << "Hello World!";
return O;

e #include <iostream>: This is a Preprocessor Directive. Before the compiler even looks at the code, it reads
this line and physically inserts the contents of the iostream library into the file. This library contains the code
necessary for input and output operations (like cout).

e using namespace std;: C++ organizes libraries into "namespaces" to prevent naming conflicts. This line tells
the compiler to use the standard (std) namespace, saving us from typing std: :cout every time.

e int main() { ... }: This is the absolute heart of the program. Every C++ program must have exactly
one main() function. When you execute the program, the operating system looks for this specific function and
begins executing the code inside the curly braces {}.

e return 0;: This terminates the main() function. Returning 0 is a universal signal to the operating system that
the program executed successfully without crashing.

#include <iostream> p Preprocessor Directive
using namespace std; (Includes external libraries)

int main() {
The Main Function

int x = 5; € (Execution starts here)
cout « x;
return O; PR Return Statement

} (Signals success to OS)

Figure 1.35: The standard skeleton of a C++ program.

1.6.2 Tokens in C++

When the C++ compiler reads your source code, it does not read it line-by-line; it breaks the text down into the
smallest individual, meaningful units. These smallest units are called Tokens.
There are five primary types of tokens in C+—+:

1. Keywords
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2. Identifiers
3. Constants (e.g., 42, 3.14)
4. Strings (e.g., "Hello")

5. Operators (e.g., +, -, =)

1. Keywords

Keywords are reserved words that have a special, predefined meaning to the C++ compiler. They are the core
vocabulary of the language. Because the compiler uses them to understand the structure of the program, you cannot
use keywords as variable names.

e FEzamples: int, float, if, else, while, class, public, return.

o All keywords in C++ must be written entirely in lowercase letters.

2. Identifiers

While keywords are defined by the creators of C++-, Identifiers are the names defined by you, the programmer. You
use identifiers to name your variables, functions, arrays, and classes.
To prevent confusing the compiler, you must follow strict rules when naming an identifier:

1. It must start with a letter (A-Z, a-z) or an underscore (_). It cannot start with a number.

2. Tt can only contain letters, numbers, and underscores. No spaces or special characters (like @, #, %) are allowed.
3. C++ is case-sensitive. The identifier salary is completely different from Salary or SALARY.

4. It cannot be a reserved Keyword.

Valid: employee_age, _taxRate, count2
Invalid: 2nd_count (starts with a number), total sum (contains a space), int (is a keyword).

1.6.3 Variables and Data Types

Variables

A computer’s Random Access Memory (RAM) consists of billions of microscopic electronic switches. When a program
needs to remember a piece of information (like a user’s age), it stores it in RAM. A Variable is simply a human-readable
name given to a specific memory location in RAM. Instead of forcing the programmer to remember that the age is
stored at hexadecimal memory address 0x7FFE004, we name the variable age.

Rule: In C++4, every variable must be declared before it can be used. The compiler needs to know exactly how
much physical memory to reserve for it.

Data Types

To tell the compiler how much memory to reserve, we use Data Types. The data type dictates both the size of the
memory block and the type of values that can be stored inside it.

C++ provides several fundamental (built-in) data types:

Type Modifiers: C++ allows you to modify the int and char types using modifiers like short, long, and
unsigned. For example, a standard int uses 4 bytes and can store negative numbers. An unsigned int also uses 4
bytes, but it sacrifices the ability to hold negative numbers in order to hold positive numbers twice as large. A short
int uses only 2 bytes, conserving memory when you know the number will never exceed 32,767.

1.6.4 Reference Variables

One of the most powerful features introduced in C++ (which does not exist in the older C language) is the Reference
Variable.
A reference variable provides an alias—an alternative name—for an already existing variable.
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Data Type | Description Typical Size | Example
(Bytes)

int Used to store whole numbers (inte- | 4 bytes int age = 21;
gers) without decimals. Can be pos-
itive or negative.

float Used to store single-precision frac- | 4 bytes float pi =
tional numbers (decimals). 3.14f;

double Used to store double-precision frac- | 8 bytes double mass =
tional numbers. More accurate than 5.97e24;
a float, but uses twice the RAM.

char Used to store a single character | 1 byte char grade =
(letter, number, or symbol). Sur- A’
rounded by single quotes.

bool Boolean type. Can only hold one of | 1 byte bool isPassed
two logical values: true (1) or false = true;
(0).

void Represents a valueless entity. Used | 0 bytes void
primarily for functions that do not printName() ;
return any data.

Table 1.2: The fundamental data types in C++ and their typical memory footprints.

How References Work

When you create a normal variable, the computer allocates a new block of RAM. When you create a reference variable,
the computer does not allocate new memory. Instead, it simply attaches a second name to the original block of RAM.

int total = 100; // Normal variable created
int &sum = total; // ’sum’ is now a reference to ’total’

In the code above, the ampersand (&) tells the compiler that sum is a reference.
Because total and sum point to the exact same physical transistors in RAM, any change made to one instantly
affects the other.

o If we execute sum = 50;, and then print total, it will print 50.

o If we execute total = 99;, and then print sum, it will print 99.

Variable: total Reference: sum

Value: 100
(Memory Addr: 0x7FFA)

Figure 1.36: A reference variable does not create new memory; it creates a second label for an existing memory location.

Why use Reference Variables?

References are primarily used when passing large objects (like a massive 50-megabyte Image object) into a function. If
you pass the object normally (Pass-by-Value), C++ will waste CPU time and RAM creating a complete 50-megabyte
copy of the object inside the function. By passing a reference (Pass-by-Reference), C++ passes zero data; it simply
tells the function the alternative name of the data that already exists, resulting in massive performance improvements.

1.6.5 Conclusion

Understanding the granular structure of a C+4 program is the prerequisite for all advanced programming. The
compiler is an unforgiving machine; it expects perfectly named identifiers, correctly sized data types, and properly
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utilized keywords. By mastering these tokens and utilizing advanced features like reference variables, a programmer
ensures their code is not only syntactically correct but optimized for memory and speed.

1.7 Operators in C+-+

Variables allow a program to store data, but data sitting dormant in RAM is useless. To build an application, that
data must be transformed, compared, and manipulated.

In C++, Operators are special symbols that instruct the compiler to perform specific mathematical or logical
manipulations on variables or values (known as operands). An expression like 5 + 4 consists of two operands (5 and
4) and one operator (+).

C++ is a highly mathematical language and provides a rich set of built-in operators, divided into several distinct
categories.

1.7.1 1. Arithmetic Operators
Arithmetic operators are used to perform standard mathematical operations.
o Addition (+), Subtraction (-), Multiplication (*)

o Division (/): Warning: In C++, if you divide two integers, the result is always an integer. The compiler simply
chops off the decimal (truncation). For example, 5 / 2 evaluates to 2, not 2.5. To get a decimal result, at least
one operand must be a float (6.0 / 2 evaluates to 2.5).

o Modulo (%): This is one of the most useful operators in programming. It returns the remainder of an integer
division. For example, 5 % 2 evaluates to 1 (because 5 divided by 2 is 2 with a remainder of 1). It is frequently
used to determine if a number is even or odd (e.g., x % 2 == 0 means x is even).

1.7.2 2. Relational Operators

Relational operators compare two operands. The result of a relational operation is always a Boolean value: true (1) or
false (0). They are the foundation of decision-making (if statements).

o Equal to (==): Checks if two values are identical. A massive source of bugs for beginners is confusing the equality
operator (==) with the assignment operator (=).

e Not Equal to (!=): Returns true if the values are different.
o Greater than (>), Less than (<)

o Greater than or equal to (>=), Less than or equal to (<=)

1.7.3 3. Logical Operators

Logical operators are used to combine multiple relational expressions together to form complex conditions.
o Logical AND (&&): Returns true only if both operands are true. (e.g., age > 18 && hasLicense == true).
o Logical OR (I|1): Returns true if at least one operand is true.

o Logical NOT (!): Reverses the logical state of its operand. If a condition is true, ! makes it false.

Short-Circuit Evaluation: C++ optimizes logical operations. In an && operation, if the first operand evaluates
to false, the compiler instantly stops and doesn’t even look at the second operand (because the entire statement is
guaranteed to be false).

1.7.4 4. Bitwise Operators

While arithmetic operators deal with high-level numbers, Bitwise Operators manipulate data at the lowest possible
level: the individual 1s and Os inside the RAM. These are rarely used in standard web apps but are absolutely critical
in embedded systems and hardware programming.

» Bitwise AND (&): Compares each bit; returns 1 if both bits are 1.

o Bitwise OR (|): Returns 1 if at least one bit is 1.
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» Bitwise XOR (°): Returns 1 if the bits are different (one is 1, the other is 0).

o Left Shift («): Shifts all bits to the left by a specified number of positions, padding with zeros on the right.
This effectively multiplies the number by 2 for every shift.

o Right Shift (»): Shifts bits to the right, effectively dividing by 2.

A&B=3S8 ojo0jo0o|jo0o|1|0|O0]O

Only this column
has two 1s

Figure 1.37: Visualizing the Bitwise AND (&) operation on 8-bit integers.

1.7.5 5. Assignment and Compound Assignment

The basic assignment operator (=) assigns the value on the right side to the variable on the left side.
C++ also provides Compound Assignment operators, which combine an arithmetic operation with assignment
to write shorter code.

e x += 5 is exactly the same as x = x + b.

e y *= 2is exactly the sameasy =y * 2.

1.7.6 6. Increment and Decrement Operators

Because adding 1 or subtracting 1 from a variable is so common in loop structures, C++ provides specialized operators:
Increment (++) and Decrement (-).
These operators can be used in two distinct ways, which causes confusion for beginners:

o Prefix (++x): The value of z is increased by 1 before the expression is evaluated.

o Postfix (x++): The current value of z is used to evaluate the expression, and afterward, x is increased by 1.

int a = 5;
int b ++a; // Prefix: ’a’ becomes 6 first, then ’b’ becomes 6.
// Result: a =6, b =6

int x = 5;
int y = x++; // Postfix: ’y’ becomes 5 first, then ’x’ becomes 6.
// Result: x =6, y =5

1.7.7 Operator Precedence and Associativity

When a single expression contains multiple operators, the compiler must decide which operation to perform first.
Consider the expression: int ans = 5 + 2 * 3;

Does ans equal 21 (doing 5 + 2 first) or 11 (doing 2 x 3 first)?

Operator Precedence dictates the mathematical hierarchy. Just like in standard algebra (BODMAS), multiplica-
tion has a higher precedence than addition. Therefore, the compiler will always evaluate 2 x 3 first. The correct answer
is 11.

Associativity

What happens if two operators have the exact same precedence? Consider: int ans = 100 / 10 / 2;
Associativity dictates the direction of execution when precedence is tied. Most operators (like multiplication and
division) have Left-to-Right associativity.

o The compiler evaluates 100 / 10 first (resulting in 10).
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o Then it evaluates 10 / 2 (resulting in 5).

However, the Assignment operator (=) has Right-to-Left associativity. If we write: a = b = ¢ = 5;, the compiler
starts on the right, assigns 5 to c, then assigns the value of ¢ to b, and finally assigns the value of b to a.

Priority | Operator Type | Operators Associativity
Highest (1) Postfix O [0 x++ x- Left to Right
2 Prefix / Unary | ++x -x ! ~ Right to Left
Multiplicative x /% Left to Right

4 Additive + - Left to Right

5 Relational < <= > >= Left to Right

6 Equality == I= Left to Right

7 Logical AND && Left to Right

8 Logical OR |l Left to Right
Lowest (9) Assignment = += -= *= /= | Right to Left

Table 1.3: A simplified Operator Precedence table for C++.

Al IMAGE PLACEHOLDER
A visual flow diagram showing the step-by-step resolution of a complex
mathematical equation according to C++ operator precedence rules. The diagram
highlights the multiplication taking place before the addition, and parentheses
overriding all other rules.

Figure 1.38: Parentheses () possess the highest precedence and should always be used to explicitly define order,
bypassing the default rules to prevent logical errors.

1.7.8 Conclusion

Operators are the verbs of the C++ language. They instruct the processor to act upon the nouns (the variables).
Understanding the subtle differences between logical and bitwise operations, mastering the distinction between prefix
and postfix incrementing, and strictly adhering to the mathematical laws of operator precedence are critical skills.
Without them, a programmer’s code may compile perfectly but yield catastrophically incorrect results at runtime.

1.8 Input and Output in C4++

A computer program that simply performs calculations silently in the background and then terminates is generally
useless to a human being. Software is inherently interactive. It must request data from the outside world (Input),
process that data, and present the results back to the user (Output).

In C++, these operations are handled by a powerful and flexible mechanism known as I/O Streams.

1.8.1 The Concept of Streams

In the C++ language, input and output are not handled by directly manipulating hardware like the keyboard or the
monitor. Instead, C+-+ abstracts these physical devices into Streams.
A stream is simply a sequence of bytes flowing in or out of the program.



https://milav.in

o Input Stream: If the flow of bytes is from a device (like a keyboard, mouse, or network connection) into the
main memory (RAM) of the program, it is an input stream.

o Output Stream: If the flow of bytes is from the main memory out to a device (like a monitor screen or a
printer), it is an output stream.

To utilize these streams, every C++ program that requires I/O must include the standard Input/Output Stream
library by placing #include <iostream> at the very top of the file.

Keyboard . ; C++ Oput Strdam Monitor
(Standard . Program f---- (Standard
Input Device) cout < Output Device)

Figure 1.39: The logical flow of stream data in a C++ application.

1.8.2 Standard Output (cout)

To send data to the computer screen, C++ uses the cout object (pronounced "C-out," standing for Character Output).
The cout object is used in conjunction with the Insertion Operator («). The syntax is highly intuitive: the
operator arrows visually point towards the output destination.

int age = 21;

cout << "Welcome to the system."; // Outputs a string
cout << age; // Outputs the value of a variable
cout << 5 + 10; // Evaluates math, then outputs 15

Cascading the Insertion Operator

Instead of writing three separate cout statements, C++ allows you to chain or "cascade" multiple insertion operators
together in a single line. This allows you to mix text strings and variables seamlessly:

int age = 21;
// Cascading output:
cout << "The user is " << age << " years old.";

1.8.3 Standard Input (cin)

To receive data typed by the user on the keyboard, C++ uses the cin object (pronounced "C-in," standing for Character
Input).

The cin object is used with the Extraction Operator (»). Again, the arrows are visually intuitive: they point
away from the keyboard and into the variable holding the data.

int userAge;
cout << "Please enter your age: "; // Prompt the user
cin >> userAge; // Program pauses and waits

When the execution reaches cin, the program completely freezes. It waits for the user to type a value and press
the Enter key. Once Enter is pressed, the data is extracted from the input stream and permanently stored inside the
variable userAge.

Like cout, the cin object can also be cascaded to read multiple variables separated by spaces:

int length, width;
cin >> length >> width; // User types "10 20" and hits Enter
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1.8.4 1I/0 Manipulators

Often, simply dumping data to the screen is not enough. If you are printing a financial report, you need the numbers
to line up perfectly in columns, and you need exact decimal precision for currency.

To format the output stream, C++ provides special functions called Manipulators. To use advanced manipulators,
you must include the <iomanip> header file.

o endl (End Line): The most common manipulator. It inserts a newline character (moving the cursor to the next
line) and physically flushes the output buffer to the screen.

cout << "Line 1" << endl << "Line 2";

o setw(n) (Set Width): Sets the field width to exactly n characters. If the data is shorter than n, it is padded
with blank spaces, aligning the text to the right. This is vital for printing clean tables.

cout << setw(10) << "Name" << setw(10) << "Price" << endl;
cout << setw(10) << "Apple" << setw(10) << "1.50" << endl;

e setfill(char): Used immediately after setw. Instead of padding empty space with blank spaces, it pads it with
a specific character (like a dash or an asterisk).

e setprecision(n): Sets the total number of significant digits to display for floating-point numbers. When
combined with fixed, it sets the exact number of digits after the decimal point (crucial for printing money).

float cash = 12.3456;
cout << fixed << setprecision(2) << cash; // Outputs 12.35

Al IMAGE PLACEHOLDER
A visual representation of a terminal window. The top half shows raw, unformatted
text misaligned on the screen. The bottom half shows the exact same data
beautifully formatted into an accounting table using setw and setprecision, with
perfect decimal alignment.

Figure 1.40: I/O Manipulators are essential for creating human-readable reports and interfaces.

1.8.5 Namespaces (using namespace std;)

If you examine early C++ code, you will notice a strange syntax: every output statement looks like std: : cout and
every input statement looks like std: :cin. Why do modern programmers write using namespace std; at the top of
their files to avoid this?

The Naming Collision Problem

As software projects grow to millions of lines of code, engineers use dozens of external libraries written by different
companies.

Imagine you include a networking library from Cisco and a graphics library from Adobe. Both libraries, completely
by coincidence, contain a function named print (). If you write print () in your main() function, the compiler panics.
It has no idea if you want to use the Cisco print or the Adobe print. This is a catastrophic Naming Collision.
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The Namespace Solution

To solve this, C++ introduced Namespaces. A namespace is a declarative region that provides a scope for the
identifiers inside it. Cisco would wrap all their code inside namespace cisco { }, and Adobe would wrap theirs in
namespace adobe { }.

Now, if you want to print to the network, you explicitly write cisco: :print(). The :: is the Scope Resolution
Operator.

The std Namespace

The creators of C++ placed all the standard library features—including cout, cin, endl, and string—inside a specific
namespace called std (Standard).
Therefore, the technically correct way to print text is:

std::cout << "Hello World" << std::endl;

Because typing std:: dozens of times per file is tedious, programmers use the using namespace std; directive.
This tells the compiler: "If you see a command you don’t recognize, assume it belongs to the ’std’ namespace.” This
allows us to write the much cleaner cout « "Hello World";.

Best Practice Warning: While using namespace std; is standard in textbooks and small academic projects,
professional software engineers avoid it in massive corporate codebases. Bringing the entire std dictionary into the
global scope defeats the purpose of namespaces and invites naming collisions in large projects.

1.8.6 Conclusion

The stream architecture of C++ is a masterpiece of abstraction. By treating keyboards, monitors, and even network
sockets as generic streams of bytes, C++ allows programmers to write universal I/O code. Mastering cin, cout, the
formatting manipulators, and the organizational power of namespaces is the first major step toward writing interactive,
professional-grade software applications.



https://milav.in

CHAPTER 2

Classes and Objects

2.1 Specifying a Class

Object-Oriented Programming (OOP) in C++ revolves entirely around the concept of "classes" and "objects". To
appreciate the necessity of classes, one must understand the limitations of procedural programming languages like C.
In procedural programming, data and the functions that manipulate that data are treated as separate entities. Global
data can be accessed and modified by any function, leading to a high vulnerability where data can be inadvertently
altered, causing bugs that are exceedingly difficult to trace.

C++ addresses this vulnerability by introducing the concept of a class. A class acts as a template or a blueprint
that binds data and the functions that operate on that data into a single cohesive unit. This binding process is known
as encapsulation.

Class A class in C++ is a user-defined data type that serves as a blueprint for creating objects. It encapsulates

data members (variables) and member functions (methods) that manipulate that data together into a single
cohesive unit. By grouping them, a class defines the properties and behaviors of the objects instantiated from it.

Class
Blueprint

[ Object 1 I Object 2 I Object 3 ]

Instance Instance Instance

Figure 2.1: A class as a blueprint for multiple objects.

When we specify a class, we are fundamentally defining a new data type. It is important to note that specifying a
class does not allocate any memory for the data members. Memory is allocated only when an instance of the class—an
object—is created.

The syntax to specify a class begins with the keyword class followed by the class name. The body of the class is
enclosed within curly braces {} and must be terminated by a semicolon ;.

Basic Class Specification

class BankAccount {
// Data members (State)
int accountNumber;
double balance;

// Member functions (Behavior)
void deposit(double amount);
void withdraw(double amount);
void displayBalance();




In this snippet, BankAccount is a user-defined class. It encapsulates the state of the account (accountNumber,
balance) and the behaviors associated with an account (deposit, withdraw, displayBalance).

«««< HEAD

AT Image Placeholder 1: Bank Account Object

Box »»»> origin/paper-solver Prompt: An illustration of a Bank Account object

showing its internal state (account number, balance) protected by an outer shell of
behaviors (deposit, withdraw, displayBalance). «««< HEAD

»»»> origin/paper-solver

Figure 2.2: Visualizing the BankAccount class encapsulation.

2.1.1 Access Specifiers: Private, Public, Protected Members

One of the foundational pillars of object-oriented programming is data hiding. Data hiding is the mechanism that
restricts direct access to the internal state of an object from outside the class. This ensures data integrity by preventing
external code from accidentally or maliciously modifying the object’s internal state in invalid ways. In C++, data
hiding and encapsulation are enforced through the use of access specifiers.

Access specifiers determine the scope and visibility of the class members (both data and functions). C++ provides
three fundamental access specifiers: private, public, and protected.

Key Concept

Access Specifiers Access specifiers are keywords used within a class definition to set the access rights for the
members that follow them. They dictate which parts of a program are permitted to read or modify specific data
members or invoke specific member functions.

Public
Accessible from anywhere

Protected
Akcessible in class and subclasses

Increasing Restriction

Private
Accessible only in the class

~Nr

Figure 2.3: Levels of visibility provided by C++ access specifiers.

Private Members

The private access specifier is the strictest level of access control. Members declared as private can only be accessed
by the member functions of the very same class or by functions explicitly declared as "friends" of the class. They are
completely hidden from any object or function outside the class boundaries.
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By default, if no access specifier is provided at the beginning of a class definition, C++ treats all subsequent
members as private. This default behavior heavily encourages data hiding. The standard practice in C++ is to keep all
data members private and provide controlled access to them via public member functions.

Public Members

Members declared under the public access specifier are accessible from anywhere in the program where the object of
the class is visible. Public members constitute the interface of the class. They are the functions and occasionally data
that the outside world is explicitly permitted to use to interact with the object.

For instance, if a class represents a Television, its internal circuitry (data) would be private, while the buttons on
the remote control (functions like powerOn(), changeChannel()) would be public.

User

uses

blic Interface
Access 10d
QRem te Control Buttons

: controls

Private Data
Internal Circuitry

Figure 2.4: Television analogy for public interface and private data.

Protected Members

The protected access specifier introduces a level of access that lies midway between private and public. It plays a
critical role in inheritance, which is another core concept of OOP.

Protected members are similar to private members in that they cannot be directly accessed by code outside the
class. However, the crucial difference is that protected members can be accessed by child classes (also known as derived
classes) that inherit from the base class. This allows a derived class to utilize the internal state of its parent class
without exposing that state to the general public.

Demonstrating Access Specifiers

class Employee {

private:

int employeeId; // Highly sensitive, hidden from outside

float salary; // Hidden, modified only via controlled methods
protected:

int departmentCode; // Hidden from outside, but visible to Sub-classes

public:
// Public interface for the outside world
void setSalary(float s) {
if (s > 0) { // Controlled modification
salary =

X
float getSalary() {
return salary;

}
};
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«««< HEAD

AT Image Placeholder 2: Protected Inheritance

Box »»»> origin/paper-solver Prompt: A conceptual diagram showing a base

Employee class passing down a ’departmentCode’ key (protected member) to a
derived Sub-class Employee, while hiding the ‘employeeld’ and ’salary’ behind a
locked door (private members). «««< HEAD

»»»> origin/paper-solver

Figure 2.5: Inheritance and access rights for protected members.

Important / Warning

Default Access Specifier Distinction A common pitfall for beginners is forgetting the default access specifier. In a
C++ class, all members are private by default. However, C++ also supports the struct keyword for backward
compatibility with C. In a C++ struct, all members are public by default. This is the primary functional
distinction between classes and structs in the C++ language.

2.1.2 Defining Member Functions

Member functions (often referred to as methods) define the behavior of a class. They contain the logic that manipulates
the data members and performs the operations associated with the object.

When specifying a class, we must declare all member functions within the class body. However, when it comes to
actually defining the implementation (the body) of these functions, C++ provides two distinct approaches: 1. Defining
the member function inside the class definition. 2. Defining the member function outside the class definition.

Figure 2.6: Conceptual diagram showing member functions defined inside versus outside the class definition.
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Defining Inside the Class (Inline Member Functions)

The simplest way to define a member function is to write its entire body directly inside the class specification. When a
member function is defined within the class body, the C++ compiler implicitly treats it as an inline function.

Key Concept

Inline Functions An inline function is a request to the compiler to substitute the function call with the actual code
of the function itself. Instead of executing a traditional function call (which involves pushing parameters onto the
stack, jumping to a different memory address, executing the function, and returning), the compiler expands the
function body directly at the call site. This eliminates function call overhead, leading to faster execution times.

—
——

neCompiler substitutes

. 3 T
Function Call Site H function body directly

Figure 2.7: Mechanism of an inline function substituting its body at the call site.

Defining functions inside the class is highly convenient and readable for short, simple functions. Getter and setter
functions, which typically consist of a single return or assignment statement, are ideal candidates for inside-class
definition.

Inside Class Definition

class Rectangle {
private:
int length;
int width;

public:
// Defined inside the class: Implicitly inline
void setDimensions(int 1, int w) {
length = 1;
width = w;

// Defined inside the class: Implicitly inline
int calculateArea() {
return length * width;

};

While inline functions offer significant performance benefits by eliminating function call overhead, they come with a
trade-off. If a large, complex function is defined inline, the compiler will duplicate its code at every location where the
function is called. This can lead to a significant increase in the size of the compiled executable file, a phenomenon
known as "code bloat". Therefore, compilers may ignore the implicit inline request if the function body is too complex
(e.g., contains loops, switch statements, or recursive calls).

Defining Outside the Class

To maintain a clean separation between the class’s interface and its implementation, and to avoid potential code bloat,
it is standard professional practice to define larger member functions outside the class definition.

In this approach, only the function declaration (its prototype) is placed inside the class body. The actual definition
is written outside, typically in a separate implementation file.

When defining a member function outside the class, the compiler needs a way to know which class the function
belongs to. This is achieved using the Scope Resolution Operator (::). The scope resolution operator explicitly
binds the function definition to the class.

The general syntax for defining a member function outside the class is:

return_type ClassName::FunctionName(parameter_list) {
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«««< HEAD

AT Image Placeholder 3: Code Bloat

Box »»»> origin/paper-solver Prompt: A metaphorical illustration of a very

swollen, large executable file (code bloat) caused by too many large inline function
expansions, depicted as overflowing puzzle pieces. «««< HEAD

»»»> origin/paper-solver

Figure 2.8: Visualizing the consequence of excessive inline function usage.

// Function body

return_type ClassName::FunctionName(parameters)

\

Scope Resolution Operator

Figure 2.9: Syntax for defining a member function outside the class using the scope resolution operator.

Outside Class Definition

class Circle {
private:
double radius;

public:
// Function declarations (prototypes) inside the class
void setRadius(double r);
double computeArea();
void displayCharacteristics();

};

// Function definitions outside the class using scope resolution operator
void Circle::setRadius(double r) {

if (r > 0) {
radius = r;
} else {
radius = 0;
}

double Circle::computeArea() {
return 3.14159 * radius * radius;

3
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void Circle::displayCharacteristics() {
// Nested member function call implicitly operates on the current object
double area = computeArea();
// Assuming standard library is included for output
// cout << "Radius: " << radius << ", Area: " << area << endl;

\ J

This separation makes the class definition (usually placed in header files .h) much easier to read, as it acts purely
as an interface description, while the complex logic is hidden away in the implementation files (.cpp).

Important / Warning

Explicit Inline Outside the Class If you choose to define a short member function outside the class for the sake of
interface clarity, but you still want it to benefit from inline expansion, you must explicitly use the inline keyword
before the return type in the function definition: inline double Circle::computeArea() { ... 3.

2.1.3 Nesting of Member Functions

In the context of C++, member functions possess a special privilege: they can directly call other member functions
belonging to the same class without needing an object instance or the dot operator. This mechanism is known as the
nesting of member functions.

When a member function invokes another member function of the same class, the nested function implicitly operates
on the exact same object that invoked the original outer function. This elegant behavior is facilitated behind the scenes
by the C++ compiler using a hidden pointer known as the this pointer. The this pointer constantly points to the
memory address of the object that is currently driving the member function’s execution.

Implicit Invocation During the nesting of member functions, the compiler implicitly passes the this pointer of
the calling object to the nested function. Consequently, any data members modified or accessed by the nested
function are strictly those belonging to the invoking object.

Nesting is an incredibly powerful technique for building complex logic while maintaining clean code. It is heavily
utilized to break down large, complicated public functions into smaller, manageable, and often private, helper functions.
These helper functions do not need to be exposed as part of the public interface, yet they are crucial for the internal
machinery of the class.

Figure 2.10: Nesting of member functions: A public member function delegating internal validation to a private helper
function.
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Complex Nesting Example: Data Validation Consider a class designed to process student grades. It requires an
internal mechanism to validate inputs before processing them.

class StudentRecord {
private:
int marks;

// A private helper function for internal validation
bool isValidMark(int m) {
if (m >= 0 && m <= 100) {
return true;

}

return false;

public:
// Public function handling assignment
void setMarks(int m) {
// Nesting: Calling the private helper function
if (isValidMark(m)) {
marks = m;
} else {
marks = 0; // Default or error state

};

\. J

In this StudentRecord example, the setMarks () function acts as the public gatekeeper. Before assigning a value
to the sensitive marks data member, it must ensure the value is logically valid. Instead of writing the validation logic
directly inside setMarks(), it delegates the task by calling isValidMark().

This is a classic demonstration of nesting. The isValidMark() function is private because the outside world only
needs to know how to set marks, not the internal rules of how the system validates them.

Architectural Benefits of Nesting

Employing the nesting of member functions yields several architectural advantages in software design:

o Code Reusability within the Class: If multiple public functions require the same internal logic (e.g., logging
an action, recalculating an internal cache, or validating a specific state), that common logic can be abstracted
into a single private nested function and called from anywhere within the class.

e Enhanced Readability: By delegating complex sub-tasks to descriptively named helper functions, the primary
public functions become much shorter and read like high-level algorithms, improving overall code comprehension.

e Strict Encapsulation: Helper functions handle the "dirty work" internally. By keeping them private, we ensure
that external developers using our class interact only with the clean, high-level public interface, reducing the
likelihood of misuse.

By thoroughly understanding how to specify classes, strategically apply access specifiers to enforce data hiding,
and master the techniques of defining and nesting member functions, a C++ developer lays the robust groundwork
necessary for building sophisticated, modular, and reliable object-oriented systems.

2.2 Arrays within a Class and Advanced Object Concepts

In Object-Oriented Programming (OOP) using C++, classes function as blueprints for organizing and managing
complex, real-world data structures. While basic primitive data types like integers, floating-point numbers, and
characters are routinely employed as data members within a class, C4++ allows for much richer and more intricate data
modeling capabilities. This section explores several advanced data management techniques within the context of OOP.
Specifically, we will delve into utilizing arrays as internal class members, defining static members that create a shared
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state across all instances, managing entire collections of objects through arrays of objects, and the methodologies
for passing objects as arguments to functions. Mastery of these concepts is indispensable for engineering robust,
memory-efficient, and easily scalable C++4 applications.

2.2.1 Arrays within a Class

An array is fundamentally a collection of contiguous memory locations holding elements of the same data type. In
C++, you possess the flexibility to declare an array as a data member directly inside a class definition, treating
it identically to any other primitive variable. This approach becomes remarkably useful when a real-world entity
naturally encompasses a homogeneous collection of items. For instance, a Student object might require an array to
store academic grades across multiple semesters, a SensorNode object might maintain an array of recent temperature
readings, or a ShoppingCart object could house an array of item prices.

Box[Arrays as Data Members] An array declared within a class definition is formally referred to as an array
within a class. It functions identically to a standard array, but its scope and lifetime are strictly tethered to the
lifecycle of the object it belongs to. By declaring the array in the private section of a class, it can be manipulated
exclusively by the member functions of that class, thereby strictly enforcing data encapsulation and thwarting
unauthorized external modifications.

Key Concept

Concept When an array acts as a class member, the compiler allocates memory for the entire array for every single
object of the class instantiated. The aggregate memory footprint of the object will inherently include the total
byte size required for all elements residing within the internal array. This necessitates careful sizing to prevent
memory bloat in applications with massive numbers of objects.

Student Object

int rollNo

[O] | (1] | [2] | (3] | [4]

- J

Figure 2.11: Conceptual memory layout of an array embedded within a class instance.

Consider a class explicitly designed to represent a student’s academic transcript. We can seamlessly encapsulate an
array to hold the scores obtained in various subjects and provide public member functions to populate the data and
compute the aggregated totals.

Example: Array of Marks inside a Student Class

#include <iostream>
using namespace std;

const int MAX_SUBJECTS = 5;

class Student {
private:
int rollNo;
int marks [MAX_SUBJECTS]; // Array nested within the class

public:
void getMarks (int r) {
rollNo = r;
cout << "Enter marks for " << MAX_SUBJECTS << " subjects for Roll No " <<
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rollNo << ":\n";
for (int i = 0; i < MAX_SUBJECTS; i++) {
cin >> marks[il;
}
}

void displayTotal() const {
int total = O0;
for (int i = 0; i < MAX_SUBJECTS; i++) {
total += marks[i];
}

cout << "Total Marks for Roll No " << rollNo << " = " << total << endl;
g

int main() {
Student si;
sl.getMarks (101) ;
sl.displayTotal ();
return O0;

\. J

In the illustrated example, the marks array is heavily concealed from the outside program environment. It can
solely be populated via the getMarks interface and processed using displayTotal. This perfectly exemplifies the
foundational OOP principle of data hiding.

2.2.2 Static Data Members and Member Functions

Under standard circumstances, whenever an object of a class is instantiated, it receives its own entirely separate,
isolated copy of all data members. Modifying a data member in one object has zero impact on the corresponding data
member in another object. However, software architectures frequently encounter scenarios where a specific piece of
data needs to be globally shared across all objects of a particular class. To facilitate this shared state, C4++ introduces
the static keyword.

Static Data Members

A static data member acts as a universal variable that is shared by all extant objects of the class. Instead of dynamically
creating a distinct copy for every newly spawned object, the C++ compiler strategically allocates memory for a static
member strictly once. All instances then point to and share this singular memory location.

Box[Static Data Member| A static data member is a distinct class-level variable that is initialized precisely
once and subsequently shared amongst all objects instantiated from that class. Crucially, a static data member
exists in memory even if zero objects of the class have been created.

Static Member: activeConnections

\ 1

k- A E,
1
\ I i

1

ServerConnecti| ServerConnecti|{ ServerConnection c3

Figure 2.12: Visualization of multiple objects sharing a single static data member.
Essential Characteristics of Static Data Members:

e Default Initialization: Unlike standard variables which may contain garbage values, static data members
are automatically initialized to zero (or null for pointers) when the first object is formed, assuming no explicit
initialization is provided.



https://milav.in

e Memory Allocation Strategy: Memory is carved out only once during the entire program execution lifecycle.
It resides in the static storage area (data segment) rather than dynamically on the stack or heap for each object.

o Scope versus Lifetime: The variable’s visibility (scope) is strictly confined within the class boundaries, but its
existence (lifetime) spans from program startup to program termination.

o External Definition Requirement: It unequivocally must be defined outside the primary class definition
block using the scope resolution operator (::) to instruct the compiler to actually allocate the memory space.

The Initialization Rule

You are strictly prohibited from initializing a non-const static data member directly inside the class definition

block. Doing so will trigger a compilation error. It must be defined and initialized in the global scope outside the
class to guarantee that memory is unambiguously allocated exactly once without risking multiple redefinitions
across different translation units.

Static Member Functions

Just as data members can be elevated to static status, member functions can correspondingly be declared static. A
static member function is intrinsically tethered to the class blueprint itself, rather than being linked to any distinct
object instance.

Governing Rules for Static Member Functions:

1. A static member function possesses access rights only to static data members and sibling static member functions
residing within the same class. It cannot interact with non-static (instance-specific) members because it doesn’t
know which object’s data to access.

2. Consequent to the first rule, a static member function does not possess a hidden this pointer. The this pointer
inherently points to the invoking object, and since static functions aren’t invoked on objects, the pointer is absent.

3. While it can be called using an object (obj.staticFunc()), the standard and preferred convention is to invoke it
using the class name alongside the scope resolution operator (ClassName: :staticFunc()), visibly reinforcing its
class-level nature.

Example: Tracking Instantiation Count using Static Members

#include <iostream>
using namespace std;

class ServerConnection {
private:
int connectionId;
static int activeConnections; // Static data member declaration

public:
ServerConnection () {
connectionId = ++activeConnections; // Increment shared tracker
}

~ServerConnection () {
activeConnections--; // Decrement when object goes out of scope

}

void showId() comnst {
cout << "Connection ID: " << connectionId << endl;

3

static void showActiveCount () { // Static member function
// cout << connectionId; // ERROR: Invalid access to non-static member
cout << "Total Active Connections: " << activeConnections << endl;

};

// Definition and memory allocation for the static data member outside the class
int ServerConnection::activeConnections = O0;
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int main() A
// Calling static function without ANY objects existing
ServerConnection::showActiveCount () ;

{

ServerConnection cl, c2, c3;
cl.showId();

ServerConnection::showActiveCount (); // Output: 3
} // cl, c2, c3 are destroyed here, destructors are called

ServerConnection::showActiveCount (); // Output: O
return O;

In the ServerConnection class, activeConnections operates as a highly controlled global counter strictly restrained
to the class’s namespace. The showActiveCount function seamlessly retrieves this shared statistical data without
mandating an active instance of ServerConnection.

2.2.3 Arrays of Objects

Mirroring the way developers create arrays of primitive data types to manage lists of numbers, C++ logically permits
the construction of arrays where every individual element is a complete object of a specified class. This architectural
construct is known as an array of objects.

Box[Array of Objects] An array of objects is a sequential, contiguous block in memory storing multiple distinct
instances of the exact same class. It represents an incredibly potent paradigm for managing extensive databases
or datasets where every individual entity encapsulates a complex array of attributes and custom behavioral logic.

«««< HEAD

Memory Representation of Object Arrays

Box »»»> origin/paper-solver Prompt: A detailed 3D memory map showing an

array named "corporateTeam" holding 500 contiguous Employee object blocks, each
containing "name" and "salary” fields. «««< HEAD

»»»> origin/paper-solver

Figure 2.13: Contiguous memory allocation for an array of objects.

Imagine tasked with managing a corporate database of 500 employees. Instead of tediously declaring 500 individual
disconnected variables (Employee el, e2, e3, ..., e500;), an engineer can succinctly instantiate a singular array
of Employee objects:

Employee corporateTeam [500];

Memory Layout and Initialization: When an array of objects is declared, the memory allocated is essentially
the size of a single object multiplied by the array dimension. Critically, the default (no-argument) constructor of
the class is automatically and sequentially invoked for every single object housed within the array at the moment of
declaration. If the class lacks a default constructor and only possesses parameterized constructors, declaring an array
of objects directly will trigger a compilation failure unless initialized explicitly.
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Once created, you can access and mutate individual objects leveraging standard array index notation combined
with the dot (.) member access operator.

Example: Array of Employee Objects

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

class Employee {
private:
string name;
double salary;

public:
// Default constructor is necessary for arrays
Employee () : name ("Unknown"), salary(0.0) {}

void setDetails(string n, double s) {
name = n;
salary = s;

}

void displayDetails () const {
cout << "Name: " << name << "\t| Salary: $" << salary << endl;
}
+;

int main() {
const int TEAM_SIZE = 3;
Employee team[TEAM_SIZE]; // Default constructor called 3 times

// Populating the objects

team [0] . setDetails ("Alice", 85000) ;

team[1] . setDetails ("Bob", 92000) ;

team [2] . setDetails ("Charlie", 78000) ;

cout << "--- Corporate Team Roster ---" << endl;

for (int i = 0; i < TEAM_SIZE; i++) {
team[i].displayDetails () ;

}

return O;

Arrays of objects effectively synthesize the raw iteration and sequential storage prowess of arrays with the
sophisticated encapsulation and abstraction capabilities native to Object-Oriented Programming.

2.2.4 Objects as Function Arguments

Conforming to the behavior of standard variables, an object can be transmitted as an argument directly into a function.
This capability permits standalone functions or member functions of other classes to intercept, process, and interact
with the data encapsulated deeply within objects. C++ facilitates three primary modalities for passing objects into
functions:

1. Pass by Value
2. Pass by Reference
3. Pass by Address (Pointers)

1. Pass by Value

When an object is passed by value, the compiler commands the execution of the class’s copy constructor to fabricate
an exact, bit-by-bit replica of the original object. This duplicate is then handed to the function. Consequently, any
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Original Object Copied Object
(Deep Copy)

Original Object

(No Copy)

_______

Points to

Figure 2.14: Comparison of Pass by Value vs Pass by Reference memory overhead.

modifications executed upon the object inside the function’s body operate exclusively on the clone; the original object
in the calling environment remains completely pristine and untouched. While this guarantees absolute safety against
unintended side effects, it can be catastrophically inefficient concerning CPU cycles and memory usage when handling
heavily bloated objects (e.g., objects containing huge internal arrays or deep hierarchical data).

2. Pass by Reference

In stark contrast, when an object is passed by reference, an alias (a disguised pointer) pointing to the authentic original
object is dispatched. The function operates completely directly upon the original object residing in the caller’s memory
space, entirely bypassing the severe memory and performance penalties associated with copying. If the architectural
intent is merely to read the object’s data without altering it, passing by reference can be perilous as the function has
modification rights. To rectify this, developers append the const qualifier.

Key Concept

Concept Passing objects by const reference (const ClassName& obj) is overwhelmingly considered an industry-
standard best practice in C+—+. It yields the blazing performance benefits inherent to pass-by-reference while
simultaneously guaranteeing the immutable safety profile of pass-by-value, ensuring the compiler rigidly blocks
any attempts to modify the original object.

3. Pass by Address

Passing by address entails physically transmitting the memory address of the object utilizing a pointer variable. The
receiving function accepts a pointer to the object and is subsequently forced to employ the arrow operator (->) instead
of the dot operator to dereference and access its internal members. Identical to pass by reference, it facilitates direct
mutation of the original object.

Example: Passing Objects by Value vs. Reference

#include <iostream>
using namespace std;

class Vector2D {
private:
float x;
float y;

public:
Vector2D(float x_val = 0, float y_val = 0) : x(x_val), y(y_val) {}

void display () const {
COut << II(II << X << n n << y << ll)ll << endl;

>

}

// Pass by Value: Returns a freshly constructed object
Vector2D addByValue (Vector2D v2) {

Vector2D result;

result.x = this->x + v2.x;

result.y = this->y + v2.y;
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return result; // Returning the object by value

}

// Pass by Reference (using const for safety)

void addByReference(const Vector2D &vl, const Vector2D &v2) A
this->x = vl.x + v2.x;
this->y = vl.y + v2.y;

};

int main() {
Vector2D vecA(5.0, 3.5);
Vector2D vecB(2.0, 1.5);
Vector2D vecC, vecD;

// Execution via Pass by Value

vecC = vecA.addByValue (vecB);

cout << "Addition (Pass by Value): ";
vecC.display () ;

// Execution via Pass by Reference
vecD.addByReference (vecA, vecB);

cout << "Addition (Pass by Reference): ";
vecD.display () ;

return O;

\. /

In the sophisticated example above, addByValue ingests a Vector2D object directly by value, silently commanding
the compiler to clone vecB during the function invocation. Conversely, addByReference accepts memory-efficient
references to both vecA and vecB, entirely circumventing the cloning overhead, thereby rendering the operation
substantially more performant, especially in high-frequency mathematical loops.

Returning Objects from Functions

Functions possess the reciprocal ability not only to absorb objects as arguments but to physically return objects as
outputs. When returning an object by value, a temporary, ephemeral copy of the object is synthesized and shuttled
back to the caller. Modern C++ compilers aggressively optimize this specific operation via an algorithm known as
Return Value Optimization (RVO), which practically eliminates redundant copy operations under the hood. Returning
objects is a foundational technique that enables intuitive syntactic operations, such as seamless operator overloading
and elegant cascading function architectures.

«««< HEAD

Return Value Optimization (RVO)

Box »»»> origin/paper-solver Prompt: An architectural diagram showing a

function returning a complex object, highlighting how RVO elides the copy and
constructs the object directly in the caller’s stack frame. «««< HEAD

»»»> origin/paper-solver

Figure 2.15: Ilustration of returning an object from a function.
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2.2.5 Summary

In this comprehensive section, we systematically explored critical enhancements to object behavior within the C++
programming paradigm. We investigated how embedding arrays directly within classes heavily assists in modeling
multi-faceted, complex entities without breaking encapsulation boundaries. The static keyword emerged as an
indispensable instrument for fabricating class-wide shared states and utility functions devoid of instance reliance.
Furthermore, we demonstrated the syntax and memory mechanics for orchestrating bulk data via arrays of objects.
Finally, we rigidly evaluated the profound performance and safety implications when feeding objects into functions
by value versus by reference. Internalizing these advanced tools fundamentally empowers developers to architect
remarkably robust, highly optimized, and structurally sound Object-Oriented systems.

2.3 Constructors

In object-oriented programming, creating an object from a class is akin to constructing a building from a blueprint.
Just as a building requires a foundation and initial setup before it is functional, an object requires initialization of its
internal state before it can be effectively utilized. This critical initialization process is handled by a special member
function known as a constructor.

Constructor A constructor is a special member function of a class that is automatically invoked when an object

of that class is created. Its primary purpose is to initialize the data members of the object to valid default or
user-specified values, allocating required resources (like dynamic memory), and ensuring the object starts its
lifecycle in a coherent state.

Constructors distinguish themselves from regular member functions through a set of unique characteristics and
rules:

e Name Identity: A constructor’s name is always identical to the name of its class.

e No Return Type: Constructors do not have a return type, not even void. They are intrinsically designed to
instantiate an object, not to return a value to the caller.

o Automatic Invocation: They cannot be called explicitly as a regular function via an object (e.g.,
obj.Constructor()); they are executed automatically by the compiler at the point of object creation.

e Access Specifiers: While constructors are generally placed in the public section to allow object creation from
outside the class, they can be private or protected to enforce specific design patterns (such as the Singleton
pattern).

The Initialization Imperative In C++, uninitialized variables often contain "garbage values"—residual data left in
memory from previous operations. Accessing such variables can lead to unpredictable behavior and subtle bugs.
Constructors eliminate this risk by guaranteeing that an object is meaningfully initialized before it is ever used.

Constructors come in several variations to handle different initialization scenarios. The primary types of constructors
are Default Constructors, Parameterized Constructors, and Copy Constructors. We will explore each of these in detail,
along with the concept of providing multiple constructors within a single class.

2.3.1 Default Constructor

A default constructor is the most fundamental type of constructor. It is a constructor that either takes no arguments
or has default values for all its arguments. If a class designer does not provide any constructor, the C++ compiler
automatically synthesizes an implicit default constructor.

Default Constructor A default constructor is a constructor that can be called with no arguments. It initializes an
object with predefined standard values.
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«««< HEAD

Box »»»> origin/paper-solver Prompt: A metaphorical illustration of object

construction in programming. Show a blueprint turning into a solid, tangible object
(like a glowing sensor or building) with initial properties being set, in a high-tech,
digital style. «««< HEAD

»»»> origin/paper-solver

Figure 2.16: Conceptual view of object construction and initialization.

When the compiler generates an implicit default constructor, it merely allocates memory for the object; it does not
necessarily initialize built-in data types (like int, float, pointers), which will still hold garbage values. Therefore, it is
highly recommended to explicitly define a default constructor to set safe initial states.

Defining a Default Constructor Consider a class representing a generic Sensor. When a sensor is created without
any specific parameters, it should default to an offline state with an ID of 0.

class Sensor {
private:
int sensorlD;
bool isOnline;

public:
// Explicit Default Constructor
Sensor() {
sensorID = 0;
isOnline = false;
// The object is now guaranteed to have a predictable state.
b
};

int main() {
Sensor tempSensor; // Invokes the default constructor
return O;

\. J

In this example, the instantiation Sensor tempSensor; triggers the execution of Sensor::Sensor(). The default
constructor plays a vital role in creating arrays of objects, as the compiler needs to initialize each element in the array
without explicit parameters.

Important / Warning

The Disappearing Default Constructor If you define any constructor (e.g., a parameterized constructor) in your
class, the compiler will not automatically generate an implicit default constructor. If you still need to create
objects without arguments, you must explicitly define your own default constructor.
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Figure 2.17: Default initialization of Sensor objects.

2.3.2 Parameterized Constructor

While default constructors are useful for standard initializations, real-world objects often require customized setups
based on initial conditions. This is where parameterized constructors come into play.

Parameterized Constructor A parameterized constructor is a constructor that accepts one or more arguments. It
allows the creator of the object to pass initial values at the exact moment of instantiation, ensuring the object is
configured with specific data immediately.

Parameterized constructors enhance flexibility and enforce invariants. By demanding arguments upon creation, a
class can guarantee that an object cannot exist in an invalid or partially formed state.

Example

Using a Parameterized Constructor Let us expand our Sensor class to allow initializing the sensor with a specific
ID and status right away.

class Sensor {
private:
int sensorlID;
bool isOnline;

public:
// Parameterized Constructor
Sensor (int id, bool status) {
sensorID = id;
isOnline = status;

s
int main() {
// Creating an object and passing arguments

Sensor tempSensor(101, true);

// Alternative syntax (Explicit call)
Sensor pressureSensor = Sensor (102, false);

return O;

Sensor (101, true) sensorlD: 101

Parameterized Constructor isOnline: true )
%c

Figure 2.18: Parameterized constructor setting specific initial values.
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Initialization Lists

In modern C++, parameterized constructors often utilize an initializer list. An initializer list directly initializes the
member variables before the constructor’s body executes, which is more efficient than assigning values inside the body
and is mandatory for initializing constant (const) members and reference members.

class Sensor {

private:
const int sensorID; // Constant member
bool isOnline;

public:
// Parameterized Constructor using Initializer List
Sensor(int id, bool status) : sensorID(id), isOnline(status) {
// Constructor body can be empty or contain other logic

}
};

The colon (:) introduces the initializer list. Here, sensorID is initialized with id, and isOnline is initialized
with status. Because sensorID is const, it must be initialized this way; assignment inside the braces would cause a
compilation error.

2.3.3 Copy Constructors

In programming, we frequently need to create a new object as an exact replica of an existing object. C++ facilitates
this through a specialized constructor called the copy constructor.

Copy Constructor A copy constructor is a member function that initializes an object using another object of the

same class. It is invoked when an object is passed by value to a function, returned by value from a function, or
explicitly copied during instantiation.

The signature of a copy constructor mandates that it takes a reference to an object of the same class, typically as a
const reference to prevent modification of the original object during the copy process.

Syntax of a Copy Constructor

class DataPacket {
private:
int packetlID;
int dataSize;

public:
// Parameterized constructor
DataPacket(int id, int size) : packetID(id), dataSize(size) {}

// Copy Constructor

DataPacket (const DataPacket &source) {
packetID = source.packetID;
dataSize = source.dataSize;

};

int main() {
DataPacket original(1l, 1024);

// Copy initialization
DataPacket replical(original);
DataPacket replica2 = original; // Also invokes copy constructor
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return O;

Shallow Copy vs. Deep Copy

By default, if a programmer does not define a copy constructor, the C++ compiler provides a default copy constructor
that performs a member-wise copy, known as a shallow copy. For simple classes containing only basic data types (like
int, float), the compiler-provided shallow copy is perfectly adequate.

However, a shallow copy becomes disastrous when an object manages dynamically allocated memory (using new or
pointers). In a shallow copy, both the original object and the newly created object will hold pointers pointing to the
exact same memory location.

Important / Warning

The Danger of Shallow Copies If two objects point to the same dynamically allocated memory, modifying the data
through one object affects the other. Furthermore, when the objects are destroyed, their destructors will both
attempt to free the same memory block, leading to a "double-free" error and an immediate program crash.

Shallow Copy Deep Copy

Object 1 Object 2 Object 1 Object 2

Dynamically Allocated Memory Memory A Memory B

Figure 2.19: Visualizing the difference between Shallow Copy and Deep Copy in memory.

To solve this, developers must implement a deep copy via a custom copy constructor. A deep copy not only copies
the pointer values but also allocates new memory for the copy and duplicates the underlying data.

class NetworkBuffer {
private:
int*x bufferData;
int capacity;

public:
// Parameterized constructor allocates memory
NetworkBuffer(int cap) : capacity(cap) {
bufferData = new int[capacity];

3

// Custom Copy Constructor (Deep Copy)
NetworkBuffer(const NetworkBuffer &source) {
capacity = source.capacity;
// Allocate NEW memory block
bufferData = new int[capacity];
// Copy the actual data
for(int i = 0; i < capacity; i++) {
bufferDatal[i] = source.bufferDatali]l;

}

~NetworkBuffer() { delete[] bufferData; }
};
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2.3.4 Multiple Constructors in a Class (Constructor Overloading)

Just as regular functions can be overloaded in C++4, constructors can also be overloaded. A class can possess multiple
constructors, provided they differ in their parameter lists (number of arguments, types of arguments, or order of
arguments).

Constructor Overloading Constructor overloading is the practice of defining more than one constructor in a single

class. This allows objects to be instantiated in various ways, depending on the data available at the time of
creation.

When an object is instantiated, the C++ compiler inspects the arguments provided in the object declaration and
matches them against the available constructors. It invokes the constructor whose parameter list is the exact or closest
match.

Constructor Overloading in Practice Consider a Rectangle class that can be initialized differently depending
on whether it is a square (one side provided) or a generic rectangle (two sides provided), or defaulting to a unit
square.

class Rectangle {
private:
double length;
double width;

public:
// Constructor 1: Default Constructor
Rectangle() {
length = 1.0;
width = 1.0;

// Constructor 2: Parameterized (Square)
Rectangle(double side) {

length = side;

width = side;

// Constructor 3: Parameterized (Rectangle)
Rectangle(double 1, double w) {

length = 1;

width = w;

// Constructor 4: Copy Constructor
Rectangle(const Rectangle &rect) {
length = rect.length;
width = rect.width;

}

};

int main() {
Rectangle r1; // Calls Constructor 1
Rectangle r2(5.0); // Calls Constructor 2
Rectangle r3(4.0, 6.0);// Calls Constructor 3
Rectangle r4(r3); // Calls Constructor 4

return O;
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Constructor overloading vastly improves the usability and flexibility of a class. It gives library designers the ability
to offer users a "menu" of initialization options, ensuring that objects can be seamlessly integrated into different parts
of an application regardless of the initial data format available.

Feemnlol) | | Constructor 1:
Default

[Rectangle(S.O)} ————————————— { Sl 2 ]

Parameterized (1 arg)

[Rectangle (4.0, 6. O)} ————————————— >[ Constructor 3: ]

Parameterized (2 args)

Figure 2.20: Constructor overloading: Matching arguments to the correct constructor.

Delegating Constructors Introduced in C++11, a constructor can call another constructor from the same class
within its initializer list. This is known as constructor delegation and helps eliminate redundant code when
multiple constructors share common initialization logic.

Example: Rectangle() : Rectangle(1.0, 1.0) { } delegates the default initialization to the parameterized
constructor.

2.3.5 Summary

Constructors are the gatekeepers of object initialization in C++.
¢ Default constructors ensure a safe baseline state when no initial data is provided.

o Parameterized constructors allow immediate customization, preventing invalid states and reducing boilerplate
setup code.

« Copy constructors manage the delicate process of object replication, with deep copies being absolutely essential
for classes managing dynamic memory.

e Constructor overloading ties these concepts together, providing a robust and flexible interface for object
creation.

Understanding how and when to deploy these various constructor forms is an indispensable skill for any C++
developer aiming to write secure, memory-safe, and expressive object-oriented code.

[ Concept 13a ]

relates to

[ Concept 13b ]

Figure 2.21: Relevant TikZ diagram 13 for OOP concepts.
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Box »»»> origin/paper-solver Prompt: A conceptual illustration of OOP concept

18, emphasizing clarity and educational value. «««< HEAD

»»»> origin/paper-solver

Figure 2.22: Al Generated Image Placeholder 13

[ Concept 14a ]

relates to

[ Concept 14b ]

Figure 2.23: Relevant TikZ diagram 14 for OOP concepts.

«««< HEAD

Box »»»> origin/paper-solver Prompt: A conceptual illustration of OOP concept

14, emphasizing clarity and educational value. «««< HEAD

»»»> origin/paper-solver

Figure 2.24: Al Generated Image Placeholder 14

2.4 Destructors

In the paradigm of Object-Oriented Programming (OOP), managing the lifecycle of an object is just as critical as its
initial creation and state manipulation. While constructors are responsible for bringing an object into existence and
initializing its state, destructors serve the opposite, yet equally vital, purpose. They ensure that an object gracefully
exits the program, cleaning up any resources it may have acquired during its lifetime.
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2.4.1 Definition of a Destructor

. onstructpr, . [Destructdr .
Creation Active Lifetime Destruction

Figure 2.25: Lifecycle of a C++4 Object

A destructor is a special member function of a class that is executed automatically whenever an object of that
class is destroyed. An object is considered destroyed when it goes out of scope, or when it is explicitly deleted if it was
allocated dynamically using the new operator.

Box Destructor: A destructor is a specialized class member function that is automatically invoked just before
an object’s memory is deallocated. It is primarily used to perform clean-up tasks, such as releasing dynamically
allocated memory, closing file handles, or terminating network connections, ensuring that no system resources are
leaked.

In C+4+, destructors have several distinct characteristics that differentiate them from regular member functions and
even from constructors:

o Naming Convention: A destructor must have the exact same name as the class it belongs to, preceded by a tilde
symbol (7). For instance, if a class is named StringManager, its destructor will be named ~StringManager ().

e No Return Type: Like constructors, destructors do not return a value. You cannot specify a return type, not
even void.

e« No Parameters: Destructors cannot accept any arguments. Because they take no parameters, they cannot be
overloaded. Consequently, a class can have at most one destructor.

e Automatic Invocation: Destructors are called implicitly by the compiler. While it is technically possible to
call a destructor explicitly (e.g., obj. ClassName()), it is extremely rare and generally restricted to specialized
scenarios like working with placement new.

Key Concept

Concept Deterministic Destruction

Unlike languages such as Java or C#, which rely on asynchronous Garbage Collection to reclaim unused memory,
C++ employs deterministic destruction. This means the exact moment an object’s destructor is called is predictable
and strictly governed by the object’s scope and the program’s execution flow. This predictability is a cornerstone
of performance-critical C++ applications.

A

2.4.2 Syntax and Lifecycle Order

Defining a destructor is straightforward. It can be defined inside the class declaration (inline) or outside it using the
scope resolution operator (::).
Let us examine the basic syntax and observe the order in which constructors and destructors are invoked.

Example: Basic Constructor and Destructor Invocation

#include <iostream>
using namespace std;

class Tracker {
private:
int id;
public:
// Comnstructor
Tracker(int identifier) {
id = identifier;
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«««< HEAD

Box »»»> origin/paper-solver Prompt: An educational diagram showing a stack

data structure representing local scope, where objects are pushed upon creation and
popped (destroyed) in Last-In-First-Out (LIFO) order. «««< HEAD

»»»> origin/paper-solver

Figure 2.26: LIFO order of Object Destruction in Nested Scopes

cout << "Object " << id << " created." << endl;

// Destructor
~Tracker() {
cout << "Object " << id << " destroyed." << endl;

X
T3
int main() {
cout << "Entering main block..." << endl;
Tracker t1(1); // tl created
{

Tracker t2(2); // t2 created within a nested scope
cout << "Inside nested scope." << endl;
} // t2 goes out of scope here and is destroyed

cout << "Exiting main block..." << endl;
return O;
} // t1 goes out of scope here and is destroyed

Output:

Entering main block...
Object 1 created.
Object 2 created.
Inside nested scope.
Object 2 destroyed.
Exiting main block...
Object 1 destroyed.

In the example above, the lifecycle of local objects strictly follows their lexical scope. Furthermore, if multiple
objects are created in the same scope, they are destroyed in the exact reverse order of their creation—a Last-In,
First-Out (LIFO) approach. This reverse-order destruction ensures that if object B depends on object A during its
lifetime, object B is safely dismantled before object A ceases to exist.
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2.4.3 Destruction Order for Global and Static Objects

While local objects are destroyed at the end of their defining block, the lifecycle of global and static objects is tied to
the lifecycle of the program itself.

e Global Objects: Objects declared outside of any function have global scope. Their constructors are called
before the main() function begins execution, and their destructors are called after main() terminates. If there
are multiple global objects across different translation units (source files), the order of their initialization—and
consequently, their destruction—is not strictly defined by the C+-+ standard. This is known as the "Static
Initialization Order Fiasco."

o Static Local Objects: When an object is declared with the static keyword inside a function, it is initialized
the first time the function is called. However, it is not destroyed when the function exits. Instead, its destructor
is invoked when the program terminates, alongside global objects.

2.4.4 Use of Destructors: Resource Management

The most critical use of destructors lies in resource management. When an object is created, it might acquire various
system resources. If these resources are not explicitly released when the object is no longer needed, the system suffers
from resource leaks. Over time, these leaks can exhaust the system’s memory or file limits, causing the program (or the
entire system) to crash.

Dynamic Memory and Memory Leaks

Points to
Pointer Heap Memory

~
~
~
~
<
~
~

~

Memory Leak if not freed!

Figure 2.27: Tllustration of a Memory Leak Scenario

Consider a class that uses dynamic memory allocation to store an array of integers. In its constructor, the class
allocates memory using new. When the object’s lifetime ends, the pointer variable itself is destroyed, but the dynamically
allocated memory on the heap is not automatically freed.

Important / Warning

Memory Leaks: A memory leak occurs when a program allocates memory dynamically but loses all pointers
to that memory before deallocating it. Without a destructor to call delete or delete[], the memory remains
occupied until the program terminates, degrading performance and potentially leading to a program crash due to
memory exhaustion.

To prevent this, the destructor must explicitly free the allocated heap memory.

Example: Managing Dynamic Memory with a Destructor

#include <iostream>
using namespace std;

class DynamicArray {

private:
int* arr;
int size;
public:

// Constructor allocates dynamic memory
DynamicArray(int s) {
size = s;
arr = new int[sizel;
cout << "Allocated memory for " << size << " integers." << endl;
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// Destructor frees the dynamic memory
~DynamicArray () {
delete[] arr;
cout << "Freed memory for " << size << " integers." << endl;

};

int main() {
DynamicArray* myArray = new DynamicArray(100);

// Perform operations...
// Explicitly delete the object to invoke the destructor

delete myArray;
return O;

In this snippet, when delete myArray is executed, the C++ runtime first calls the “DynamicArray () destructor,
which safely executes delete[] arr;. Only after the destructor finishes is the memory for the myArray object itself
deallocated.

The RAII Idiom

This pattern of resource management is so ubiquitous and powerful in C++ that it has a formal name: Resource
Acquisition Is Initialization (RAII). RAII dictates that a resource (memory, thread, file, network socket) should
be acquired in a constructor and released in a destructor.

By tying the lifecycle of a resource to the lifecycle of a local object, RAII leverages the predictable, deterministic
destruction of C4++ to guarantee that resources are always released, even in the event of an early return or a thrown
exception.

2.4.5 Destructors and Inheritance: Virtual Destructors

«««< HEAD

Box »»»> origin/paper-solver Prompt: A sequence diagram illustrating the

destructor invocation order for a polymorphic object: calling the Derived class
destructor first, followed by the Base class destructor. «««< HEAD

»»»> origin/paper-solver

Figure 2.28: Destructor Invocation Order with Virtual Destructors

A common and dangerous pitfall in object-oriented C++ occurs when destructors interact with inheritance and
polymorphism. When you dynamically allocate a derived class object but store it in a base class pointer, deleting that
base class pointer will only call the base class’s destructor unless the base class destructor is marked as virtual.

If the base destructor is not virtual, the destruction process is incomplete; the derived class’s destructor is never
invoked, leading to resource leaks if the derived class allocated its own resources.
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Key Concept

Concept The Rule of Virtual Destructors
If a class is designed to be inherited from (i.e., it acts as a base class) and it is manipulated polymorphically via
base class pointers, its destructor must be declared as virtual.

Consider the following illustration:

Example: The Necessity of Virtual Destructors

#include <iostream>
using namespace std;

class Base {

public:
Base() { cout << "Base Constructor" << endl; }
// Declaring the destructor as virtual is crucial here!
virtual ~Base() { cout << "Base Destructor" << endl; }

};

class Derived : public Base {
private:
int* data;
public:
Derived() {
data = new int[50];
cout << "Derived Constructor" << endl;
}
~Derived() {
delete[] data;
cout << "Derived Destructor" << endl;

};

int main() {
Base* polyPtr = new Derived();
delete polyPtr; // Correctly calls Derived destructor, then Base destructor
return O;

\. J/

Because "Base () is virtual, the compiler looks at the actual object type at runtime (which is Derived) and calls
“Derived() first. The derived destructor cleans up data, and then automatically calls the base destructor, ensuring a
complete and safe teardown of the object hierarchy.

2.4.6 Explicit Destructor Calls and Placement New

As previously mentioned, destructors are designed to be called implicitly. Calling a destructor explicitly (e.g.,
obj. ClassName()) while the local object is still in scope is highly dangerous. The compiler will still invoke the
destructor automatically when the object goes out of scope, leading to a "double free" or double-destruction scenario,
which results in undefined behavior.

However, there is one advanced scenario where explicit destructor invocation is required: Placement new.
Placement new is a C++ feature that allows you to construct an object at a pre-allocated memory address, rather than
having the heap manager find free space. Because the memory was not allocated by the standard new operator, you
cannot use the delete keyword to destroy the object. Instead, you must explicitly call the destructor to clean up the
object’s internal resources, and then manually handle the raw memory.
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Example: Placement New and Explicit Destructor Call

#include <iostream>
#include <new> // Required for placement new
using namespace std;

class Sensor {

public:
Sensor() { cout << "Sensor initialized." << endl; }
~Sensor() { cout << "Sensor shut down." << endl; }

};
int main() {
// 1. Allocate raw memory

char* buffer = new char[sizeof (Sensor)];

// 2. Construct object in the pre-allocated buffer (Placement new)
Sensor* s = new (buffer) Sensor();

// 3. Explicitly call the destructor!
s—>~Sensor();

// 4. Free the raw memory
delete[] buffer;

return O;

2.4.7 Pure Virtual Destructors

In some architectural designs, you may want to create an abstract base class (an interface) but you do not have any
other methods that make sense to be declared as pure virtual functions. In C++, you can make the class abstract by
declaring a pure virtual destructor.

Syntax: virtual “Base() = 0;

However, unlike other pure virtual functions, you must provide a function body (implementation) for a pure virtual
destructor. This is because the C++ destruction process requires that derived class destructors always call their base
class destructors. If the base class destructor has no implementation, the linker will throw an error.

Key Concept

Concept Abstract Interfaces and Destructors

A pure virtual destructor forces the class to be abstract, preventing direct instantiation, while still providing a
well-defined cleanup path for derived classes. Remember to always provide an implementation, even if it is just an
empty body: Base:: Base() { }.

2.4.8 The Rule of Three (and Five)

The Rule of Three

Destruc mpy CODS‘“FW Assignment

Figure 2.29: The Rule of Three Components

When discussing destructors, it is imperative to mention the "Rule of Three." In C++, if your class requires a
user-defined destructor to manage resources (like freeing memory or closing a file), it almost certainly requires two
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other custom member functions:

1. A Copy Constructor: To define how the object should be copied (usually requiring a deep copy of the dynamic
resource).

2. A Copy Assignment Operator (operator=): To define how the object should be assigned to an already
existing object.

If you provide a custom destructor but rely on the compiler’s default copy constructor, copying the object will result in
a "shallow copy." Both the original and the copied object will point to the same memory address. When both objects
are eventually destroyed, their destructors will try to free the same memory twice—a fatal error known as a "double
free," which typically crashes the application.

With the advent of C+-+11 and move semantics, this evolved into the Rule of Five, which adds the Move
Constructor and Move Assignment Operator to the list, allowing for efficient transfer of resources instead of expensive

copying.

2.4.9 Summary

Destructors are a fundamental mechanism in C++ for safe and predictable resource management. By automatically
invoking cleanup code when an object’s lifetime ends, destructors prevent memory leaks, ensure files are closed,
and allow the RAII idiom to provide exception-safe code. Understanding the rules governing their invocation, their
interaction with inheritance (via virtual destructors), and their role within the Rule of Three is essential for writing
robust, professional C++ software.

2.5 Specifying a Class

In the transition from Procedure-Oriented Programming (POP) to Object-Oriented Programming (OOP), the Class
emerges as the absolute foundational building block.

A class is a user-defined blueprint or template. It does not exist in physical memory when you write it; it simply
establishes the strict architectural rules for how a specific entity should behave. Specifying a class involves bundling two
things together into a single logical unit: Data Members (the variables that hold the state) and Member Functions
(the algorithms that manipulate that state).

However, bundling them together is not enough. To achieve true OOP security (Encapsulation), the class must
rigorously dictate who is allowed to interact with its internal components.

2.5.1 Access Specifiers: Private, Public, Protected

In C++, access specifiers are the security guards of the class. They define the visibility and accessibility of the data
members and member functions. There are three levels of security:

1. Private Members (private)

By default, if you do not explicitly state an access specifier, C++ automatically makes everything inside a class private.
Private members are the most highly guarded secrets of the class. They can only be accessed or modified by the
member functions belonging to that exact same class. If the main() function, or any other external function, attempts
to read or change a private variable, the compiler will instantly throw a fatal error. This is the mechanism that achieves
Data Hiding.

Best Practice: Almost all data variables (e.g., bankBalance, password) should be declared as private to prevent
accidental corruption by outside code.

2. Public Members (public)

Public members are completely exposed to the outside world. Any external function, including main(), can freely
access, execute, or modify a public member using the "dot" operator (e.g., myObject.doSomething()).

Best Practice: While data is kept private, the member functions that act as the interface to the object are usually
declared as public. The outside world calls the public function, and the public function safely interacts with the private
data.
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3. Protected Members (protected)

The protected specifier is a hybrid designed specifically for Inheritance (which will be covered deeply in Unit 3). To
the general outside world (like the main() function), a protected member acts exactly like a private member—it is
completely inaccessible. However, if we create a "Child" class that inherits from this "Parent" class, the Child class is
granted special VIP access to read and modify the protected members of the Parent.

( N\

Class Boundary

DENIED
IEEREE === Private Data
' Child

main()
Function

| Class
’ Protected Data ‘ |

—)’ Public Functions K—

|\

J

Figure 2.30: Visualizing the strict security borders enforced by C++ Access Specifiers.

2.5.2 Defining Member Functions

Once the blueprint of the class is established, the actual logic for the member functions must be written. C4++ provides
two distinct ways to define member functions: inside the class or outside the class.

1. Defining Inside the Class (Inline Functions)

If the logic of a function is extremely short (e.g., just returning a value or doing a simple addition), the function can be
defined entirely inside the class declaration block.

class Rectangle {
private:
int length;
int width;
public:
// Defined INSIDE the class
int calculateArea() {
return length * width;

};

The Inline Advantage: When a function is defined inside the class, the C+4 compiler automatically treats it as
an inline function. Normally, calling a function requires CPU overhead (jumping to a different memory address,
pushing variables to the stack). For an inline function, the compiler completely removes the function call and pastes the
actual raw code directly into the main() function where it was called. This significantly increases execution speed, but
it should only be used for very short functions; otherwise, the final compiled program will become massively bloated in
size.

2. Defining Outside the Class (Scope Resolution)

If a function contains 50 lines of complex logic, placing it inside the class declaration creates a messy, unreadable
blueprint. Good engineering practice dictates that the class declaration should only act as a summary (a table of
contents). The actual heavy logic should be defined outside the class.

To do this, we merely declare the function prototype inside the class. Then, outside the class, we define the logic
using the Scope Resolution Operator (::). This operator tells the compiler, "The function I am about to write
belongs specifically to this class."

class Rectangle {
private:
int length;
int width;
public:
// 0Only Declared inside
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void setDimensions(int 1, int w);

};

// Defined OUTSIDE using Scope Resolution (::)
void Rectangle::setDimensions(int 1, int w) {
length = 1;
width = w;

Notice the syntax: ReturnType ClassName::FunctionName(parameters). This keeps the class blueprint clean
and readable while allowing infinite complexity in the external implementation.

Al IMAGE PLACEHOLDER
A visual metaphor showing a clean, single-page 'Blueprint’ document (the Class
declaration). A dotted line connects a function name on the blueprint to a massive,
complex engine block sitting on a workbench (the outside function definition using

D).

Figure 2.31: Defining functions outside the class keeps the architectural blueprint clean while allowing for massive
logical complexity.

2.5.3 Nesting of Member Functions

In standard POP programming, one function frequently calls another function to complete a task. The same concept
exists in OOP, but with specific rules.

When the main() function wants to call a public method of an object, it must explicitly use the object’s name and
the dot operator: myRect.calculateArea() ;.

However, what happens if a member function inside the class needs to call another member function inside the
exact same class? This is known as Nesting of Member Functions.

Because both functions belong to the same object, they do not need to use the object’s name or the dot operator.
They can simply call each other directly by their function name.

class Calculator {
private:
int findMax(int a, int b) { // Private helper function
if (a > b) return a;
else return b;
}
public:
void printLargest(int x, int y) {
// NESTING: Calling another member function directly
int largest = findMax(x, y);
cout << "The largest is: " << largest;

};

The Power of Private Helper Functions

Nesting is frequently used in conjunction with private access specifiers to create "Helper Functions." In the example
above, findMax () is private. The user in main() cannot call it. However, the public function printLargest () can call
it internally. This allows the programmer to break complex public algorithms into dozens of smaller, highly cohesive,
hidden private functions, perfectly illustrating the power of OOP Encapsulation.
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2.5.4 Conclusion

Specifying a class is the art of architectural boundary drawing. By mastering the strict security of Private, Public,
and Protected access specifiers, and understanding when to aggressively hide logic outside the class using the Scope
Resolution Operator, an engineer ensures that their objects are secure, performant, and impenetrable to malicious or
accidental external code corruption.

2.6 Advanced Class Implementations

Once the fundamental structure of a class is understood, we must expand its capabilities to handle real-world complexities.
Real-world systems rarely deal with a single variable; they deal with lists, shared communal data, and the interaction
of hundreds of identical entities simultaneously. C++ provides several advanced mechanisms to handle these scenarios
elegantly within the Object-Oriented paradigm.

2.6.1 Arrays Within a Class

The data members of a class are not restricted to simple, single-value variables like int or float. A class can perfectly
contain an entire array as a private data member.

Consider a class designed to represent a University Student. A student does not have just one grade; they have a
grade for every subject they take. Instead of creating five separate variables (gradel, grade2, etc.), the class should
encapsulate an array.

class Student {
private:

int rollNumber;

int grades[5]; // An array entirely contained within the object
public:

void setGrades() {

for(int i=0; i<5; i++) {
cin >> grades[i];

}
};

When you instantiate a Student object, the computer automatically allocates enough contiguous RAM to hold the
rollNumber and all 5 integer slots for the grades array securely inside the object’s encapsulation boundary.

2.6.2 Static Data Members and Member Functions

In standard OOP, every time you create a new object from a class, the compiler creates a brand-new, isolated copy of
all the data members for that specific object. If you create 10 Car objects, there are 10 separate speed variables in
RAM. Object A cannot see Object B’s speed.

However, sometimes you need a variable that is shared equally among all objects of that class. This is
achieved using the static keyword.

1. Static Data Members

When a data variable is declared as static inside a class, the compiler creates exactly one single copy of that variable
in RAM, regardless of how many objects are instantiated.

Every object of that class points to this exact same memory location. If Object A changes the static variable,
Object B instantly sees the change. This is heavily used to maintain global state, such as a counter tracking exactly
how many objects currently exist in the system.

o Declaration: Inside the class (e.g., static int objectCount;).

e Definition: Because it is shared across the whole program, memory for a static variable must be explicitly
allocated outside the class using the scope resolution operator: int ClassName::objectCount = 0;
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Figure 2.32: While normal variables are isolated inside the object, a static variable is shared by all instances of the
class.

2. Static Member Functions

Just as we have static data, we can also declare member functions as static. However, a static function operates
under a very strict rule: A static function can ONLY access static data members. It is completely forbidden
from interacting with normal, non-static variables.

Because static functions belong to the entire class (not a specific object), you do not need to create an object to run
them. You can call them directly using the class name:

ClassName: :staticFunctionName() ;

2.6.3 Arrays of Objects

If a software application needs to process data for 500 employees, the programmer does not write Employee empl,
emp2, emp3... 500 times. Just as you can create an array of integers (int numbers[500]), C++ allows you to create
an Array of Objects.

class Employee {
// class definition here

};

int main() {
// Instantiates 100 Employee objects in a row in RAM
Employee companyStaff[100];

// Accessing a specific object in the array
companyStaff [0] .setSalary(50000) ;
companyStaff [42] .setSalary(75000) ;

When an array of objects is declared, the default constructor (which we will study in Unit 3) is automatically called
for every single object in the array to initialize them. This allows massive databases of objects to be created and
managed using simple for loops.

2.6.4 Objects as Function Arguments

In complex systems, objects frequently need to interact with one another. To facilitate this, C4+-+ allows an entire
Object to be passed into a function as an argument, just like passing a simple integer.

There are two primary ways to pass an object into a function, and the choice dictates the performance and security
of the application.

1. Pass-by-Value (The Copy Method)

In Pass-by-Value, when the function is called, the C++4 compiler creates a completely new, exact copy of the original
object and hands the copy to the function.
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Al IMAGE PLACEHOLDER
A visual representation of an Array of Objects. A long, contiguous block of RAM
divided into 5 segments. Inside each segment is a fully formed miniature ’Object’
containing its own private variables and public functions, labeled Index 0 through
Index 4.

Figure 2.33: An Array of Objects guarantees that massive amounts of highly complex data entities are stored contiguously
in memory for fast, indexed access.

// Function definition

void calculateBonus(Employee tempEmp) {
tempEmp . addBonus (500) ;

}

Implications:

e Security: High. Any modifications made to tempEmp inside the function are completely destroyed when the
function ends. The original object in main() is untouched.

e Performance: Terrible. If the Employee object contains large arrays or high-resolution images, copying all that
data into a new object wastes massive amounts of RAM and CPU cycles.

2. Pass-by-Reference (The Alias Method)

In Pass-by-Reference, the compiler does not make a copy. Instead, it uses the ampersand (&) operator to simply pass
the physical memory address of the original object into the function.

// Function definition using Reference (&)

void calculateBonus(Employee &realEmp) {
realEmp.addBonus (500) ;

}

Implications:
e Performance: Excellent. Zero data is copied. The function operates instantly regardless of the object’s size.

e Security Warning: Because the function has a direct link to the original object, any modification made inside
the function permanently alters the original object in main().

Advanced Tip: Professional C4++ programmers almost always pass objects by reference to save memory, but they
add the const keyword (const Employee &realEmp) to guarantee that the function is mathematically forbidden from
altering the original data.

2.6.5 Conclusion

The ability to embed arrays within classes, create arrays of massive objects, and safely pass those objects through
memory via references forms the bedrock of modern data structure implementation. Furthermore, the strategic use
of static members allows the programmer to break the strict isolation of OOP when necessary, enabling objects to
communicate globally without violating the foundational rules of encapsulation.

2.7 Constructors in C+-+

In standard procedural programming, when you declare an integer variable (int x;), the computer allocates a block of
RAM. However, it does not clean that block. If another program previously left data in that exact RAM location, your
new variable x will contain random, unpredictable "garbage" values.
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When creating complex objects, this garbage data is a fatal threat. If a BankAccount object is created and its
balance variable inherits a garbage value of -94832, the entire financial system will crash.

To prevent this, objects must be mathematically sanitized and initialized the exact millisecond they are created. In
C++, this is achieved using a special, highly privileged member function known as a Constructor.

2.7.1 Characteristics of a Constructor

A constructor is distinct from every other function in the C4++ language because it obeys a strict set of architectural
rules:

1. Naming Rule: The name of the constructor must be exactly the same as the name of the class.

2. No Return Type: A constructor does not return a value. It does not even have a void return type. Its only
job is initialization.

3. Automatic Execution: You never manually "call" a constructor using the dot operator (e.g., you cannot
write myObj.Constructor()). The compiler executes it automatically, invisibly, the exact moment the object is
instantiated in memory.

4. Public Access: Constructors should almost always be declared in the public section. If the constructor is
private, the main() function will be forbidden from creating the object.

2.7.2 Types of Constructors

Depending on how the programmer wishes to initialize the object, C+-+ provides three primary types of constructors.

1. The Default Constructor

A Default Constructor is a constructor that accepts absolutely no parameters (arguments). Its purpose is to set the
object’s internal variables to safe, baseline zero-states.

class BankAccount {
private:
int balance;
public:
// Default Constructor (No arguments)
BankAccount () {
balance = 0; // Safely initialize to zero
cout << "Account created safely.";

};

int main() {
BankAccount accountl; // The Default Constructor is automatically triggered here

The Hidden Constructor: If a programmer writes a class but forgets to write any constructor, the C4++ compiler
will silently generate a hidden Default Constructor behind the scenes. However, this hidden constructor does nothing;
it simply allocates memory but leaves the garbage values intact.

2. The Parameterized Constructor

While a Default Constructor is safe, it is often inefficient. If you create a Student object using a default constructor,
the student’s name is blank, and their ID is zero. You must then write three more lines of code calling setName () and
setID() to make the object useful.

A Parameterized Constructor solves this by accepting arguments, allowing the programmer to inject the exact
required data at the exact moment of creation.

class Student {
private:
int id;
float gpa;
public:
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// Parameterized Constructor (Accepts 2 arguments)
Student (int i, float g) {

id = i;

gpra = g;

};

int main() {
// Creating the object and passing data simultaneously
Student student1(101, 3.8);

+

This condenses initialization into a single, elegant, highly efficient line of code.

3. The Copy Constructor

There are frequent scenarios in complex software where you need an exact clone of an existing object. For example,
before running a dangerous calculation on an object, you might want to create a backup copy in case the math fails.

A Copy Constructor is a specialized constructor designed to initialize a brand-new object using the data from an
already existing object of the same class.

The Syntax Rule: The parameter passed into a Copy Constructor must be passed by reference (using the &
symbol). If you pass it by value, the compiler will attempt to make a copy of the object to pass to the copy constructor,
which requires calling the copy constructor, which requires making a copy, resulting in an infinite loop that crashes the
compiler.

class Car {

private:
int speed;

public:
// Parameterized Constructor
Car(int s) { speed = s; }

// COPY CONSTRUCTOR (Pass by const reference)
Car(const Car &oldCar) {
speed = oldCar.speed; // Clone the data

};

int main() {
Car originalCar(120);
Car clonedCar(originalCar); // The Copy Constructor is triggered here

Original Objgct; |
speed = 120
color = Red

Y opy Construd@stantia
Car(const Car &)

Figure 2.34: The Copy Constructor mechanically extracts the data from an existing object to forge a perfect clone in
new memory space.

2.7.3 Multiple Constructors in a Class (Constructor Overloading)

A single C++ class is not restricted to having only one constructor. A class can possess a Default Constructor, three
different Parameterized Constructors, and a Copy Constructor, all simultaneously.

This is a direct implementation of the OOP concept of Polymorphism (specifically, function overloading). Because
all constructors must have the exact same name (the class name), the compiler must figure out which one the programmer
intends to execute.

The compiler uses the Constructor Signature—the number and data types of the arguments passed—to perfectly
route the execution to the correct block of code.



https://milav.in

class Server {
private:
int port;
int maxConnections;
public:
// Constructor 1: Default
Server() {
port = 80; maxConnections = 100;

// Constructor 2: Parameterized (One argument)
Server (int p) {
port = p; maxConnections = 100;

3

// Constructor 3: Parameterized (Two arguments)
Server(int p, int m) {
port = p; maxConnections = m;

}

I

int main() {
Server si; // Triggers Constructor 1
Server s2(443); // Triggers Constructor 2

Server s3(8080, 50);// Triggers Constructor 3

Al IMAGE PLACEHOLDER
A diagram showing a flowchart. At the top, ’Object Creation’. Below it, a
Diamond ’Compiler Checks Arguments’. Three arrows branch out from the
diamond: ’Zero Args’ points to 'Default Constructor Box’, 'One Int Arg’ points to
"Parameterized Constructor 1 Box’, and "Two Int Args’ points to ’Parameterized
Constructor 2 Box’.

Figure 2.35: Constructor Overloading allows the compiler to dynamically route object creation based on the exact
arguments provided by the programmer.

2.7.4 Conclusion

Constructors are the gatekeepers of Object-Oriented memory safety. By guaranteeing that an object is instantly and
automatically initialized with valid data the moment it is brought into existence, constructors eliminate entire categories
of critical software crashes. Furthermore, through the use of constructor overloading, an engineer can provide highly
flexible, polymorphic ways to initialize objects, adapting the software to any given scenario instantly.

2.8 Destructors in C++4

In Object-Oriented Programming, every entity follows a strict lifecycle of birth, existence, and death. We have already
established that the Constructor is responsible for the "birth" of an object—allocating memory and mathematically
sanitizing the variables before the object is used.
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However, an equally critical phase occurs at the "death" of an object. When a program finishes executing a function,
the objects created inside that function are no longer needed. If the resources tied to those objects are not properly
released back to the operating system, the computer will eventually run out of memory and crash.

The mechanism responsible for this final cleanup phase is the Destructor.

2.8.1 Definition and Architectural Rules

A Destructor is a highly specialized member function whose sole purpose is to destroy the object and free up any
resources the object was holding before it is wiped from RAM.
Just like constructors, destructors must obey a very strict set of architectural rules enforced by the C++ compiler:

1. Naming Rule: The name of the destructor must be ezxactly the same as the class name, but it must be
preceded by a tilde (7).

2. No Return Type: A destructor does not return a value. Not even void.
3. No Arguments: A destructor cannot accept any arguments or parameters.

4. No Overloading: Because it cannot accept arguments, a class can have only one destructor. You cannot
overload destructors.

5. Automatic Execution: The programmer never explicitly calls the destructor. The C++ compiler executes it
automatically, invisibly, the exact millisecond the object goes out of scope or is deleted.

class NetworkConnection {
public:
// Constructor
NetworkConnection() {
cout << "Connecting to database..." << endl;

// DESTRUCTOR
~NetworkConnection() {
cout << "Disconnecting from database. Cleaning up." << endl;

};

2.8.2 Why Do We Need Destructors? (The Use Case)

If an object only contains standard built-in variables (like a few ints and a float), the C++ compiler is actually
smart enough to destroy them automatically. If you don’t write a destructor, the compiler silently creates a hidden,
empty Default Destructor to handle basic cleanup.

So, why do professional programmers write explicit destructors?

The answer lies in External Resources and Dynamic Memory Allocation. The compiler can automatically
destroy an integer, but it is not smart enough to automatically close a network socket, close a file on the hard drive, or
free up RAM that the programmer manually reserved using pointers.

Preventing Memory Leaks

Consider a scenario where an object uses the new keyword to manually allocate 10 Megabytes of RAM to store a
high-resolution image array. When the object dies, the object itself is removed from memory, but the 10 Megabytes of
array data is left behind, permanently orphaned. The operating system thinks that memory is still in use, so it cannot
be assigned to other programs. This is called a Memory Leak. If the program runs for a week, it will leak Gigabytes
of RAM until the entire computer freezes.

The Destructor is the absolute last line of defense. The programmer must write the delete command inside the
destructor to guarantee the memory is freed.

class ImageProcessor {
private:

int* pixelArray; // A pointer to dynamically allocated memory
public:

// Constructor manually reserves 10MB of RAM
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ImageProcessor() {
pixelArray = new int[2500000];
}

// Destructor explicitly frees the 10MB of RAM
~ImageProcessor() {
delete[] pixelArray;
}
I

1. Object Alive

ImageProc Points to 10 MB
Object [~~~ TTTTTT M Dynamically
Allocated RAM

2. Object Dies (No Destructor)

(Object Connection Lost ) OR;OHX[EED
Destroyed) (Memory Leak)

Figure 2.36: Without a proper destructor, dynamically allocated memory becomes permanently orphaned, creating a
catastrophic memory leak.

2.8.3 Scope and Execution Order (LIFO)

Understanding when a destructor is called is vital. In C++, local objects are created when the program execution
enters the block { } where they are declared. They "die" when the program execution hits the closing brace } . This is
known as Scope.

When multiple objects are created in the same scope, C++ destroys them in the exact reverse order of their creation.
This is known as Last-In, First-Out (LIFO).

int main() {
Car objl; // Born First
Car obj2; // Born Second

return O;
} // Scope ends here.
// obj2’s destructor is called first.
// objl’s destructor is called second.

Why LIFO?

This reverse-destruction order is not arbitrary; it is a critical safety mechanism. Imagine obj2 was mathematically
dependent on data inside obj1. If the compiler destroyed obj1 first, obj2 would suddenly be pointing to corrupted,
deleted data, causing a crash. By destroying the newest objects first, C++ ensures that foundational objects remain
alive until everything that depends on them has been safely dismantled.

2.8.4 Conclusion

Novice programmers obsess over creating objects, but professional engineers obsess over destroying them. In enterprise
environments where server applications run continuously for years without rebooting, a single missing destructor
can cause a microscopic memory leak that slowly accumulates until it takes down the entire system. The destructor
(ClassName) is the final, non-negotiable step in the object lifecycle, ensuring that the software leaves the operating
system’s memory exactly as pristine as it found it.
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Al IMAGE PLACEHOLDER
A visual diagram showing a stack of boxes. ’Object 1’ is at the bottom, ’Object 2’
is in the middle, and 'Object 3’ is placed on top. A red arrow representing the
Destructor points to the top box (Object 3), illustrating the 'Last-In, First-Out’
(LIFO) dismantling process where the top box must be removed before the bottom
boxes can be touched.

Figure 2.37: The strict LIFO execution order of destructors prevents dependency crashes during the cleanup phase.
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CHAPTER 3

Inheritance and Polymorphism

3.1 Defining Derived Classes

One of the most powerful paradigms introduced by Object-Oriented Programming (OOP) is the concept of inheritance.
Inheritance provides a formal mechanism for code reuse and logical hierarchy establishment by allowing a new class to
inherit properties and behaviors (data members and member functions) from an existing class. In this framework, the
existing class is traditionally known as the Base Class (or superclass/parent class), and the new class is known as the
Derived Class (or subclass/child class).

The primary advantage of defining derived classes is that it adheres to the "Don’t Repeat Yourself' (DRY) principle.
Instead of rewriting identical logic for similar entities, software engineers can extract the common logic into a generalized
base class and only implement the specific, differentiating features in the derived classes. This modular approach
significantly reduces memory overhead during compilation and enhances code maintainability over a project’s lifecycle.

Base Class
(Parent/Superclass)

Inherits from

Derived Class
(Child/Subclass)

Figure 3.1: Base and Derived Classes Overview

Syntax of a Derived Class In C++, a derived class is defined by appending a colon, a visibility mode, and the
name of the base class to the derived class declaration:

class DerivedClassName : visibility_mode BaseClassName {
// Body of the derived class
// Additional data members and member functions definition

};

. J

The visibility_mode determines the access control rules for the inherited members inside the derived class. If
no visibility mode is explicitly provided, C++ implicitly defaults to private inheritance for class types and public
inheritance for struct types.

3.1.1 Visibility Modes in Inheritance

When a class inherits from another class, the access specifiers of the base class members (public, protected, and
private) interact directly with the visibility mode specified in the inheritance declaration. The visibility mode
essentially dictates the maximum accessibility level that the inherited members will possess within the derived class
environment.

It is a cardinal rule of C++ inheritance to understand that private members of a base class are never directly
accessible from the derived class, regardless of the visibility mode used during inheritance. They remain completely
hidden within the memory layout of the base class and can only be accessed or modified indirectly through public or
protected member functions inherited from the base class.



There are three primary visibility modes: Public, Protected, and Private.

«««< HEAD

Box »»»> origin/paper-solver Prompt: A detailed, educational table or visual

diagram illustrating how public, protected, and private access specifiers in a base
class map to visibility in a derived class under different inheritance modes (public,
protected, private). «««< HEAD

»»»> origin/paper-solver

Figure 3.2: Access Control in Inheritance

Public Inheritance

Public inheritance is the most ubiquitous form of inheritance and strictly models an "is-a" relationship (e.g., a Car is-a
Vehicle). When a derived class inherits publicly from a base class, the structural integrity of the base class’s interface is
preserved.

Public Visibility Rules
« Base Public Members — Become Public Members in the Derived Class.
o Base Protected Members — Become Protected Members in the Derived Class.

« Base Private Members — Inaccessible directly in the Derived Class.

V.

-

Under public inheritance, an object of the derived class can seamlessly be treated as an object of the base class.
External functions and classes can interact with the inherited public members through an instance of the derived class
exactly as they would through an instance of the base class.

Protected Inheritance

Protected inheritance is a specialized tool used when developers want to inherit the features of a base class for internal
operational use by the derived class and any of its subsequent subclasses, but strictly restrict these features from being
exposed to the outside global scope.

Protected Visibility Rules
« Base Public Members — Become Protected Members in the Derived Class.
« Base Protected Members — Become Protected Members in the Derived Class.

o Base Private Members — Inaccessible directly in the Derived Class.

V.

p

When inheriting protectedly, the public interface of the base class is intentionally obscured from the external users
of the derived class. An object of the derived class cannot be used to invoke the originally public methods of the base
class from outside the class scope (such as inside the main() function). However, any classes derived further down
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the hierarchical tree will still maintain access to these members since they retain a protected status rather than a
private one.

Private Inheritance

Private inheritance is frequently utilized to model an "implemented-in-terms-of" relationship rather than a biological
"is-a" relationship. It is an alternative implementation to object composition. When a derived class is created using
private inheritance, the inherited base class is treated as an internal implementation detail.

Key Concept

Private Visibility Rules
e« Base Public Members — Become Private Members in the Derived Class.
e Base Protected Members — Become Private Members in the Derived Class.

« Base Private Members — Inaccessible directly in the Derived Class.

V.

-

Because all inherited members are forcefully converted into private members, they can only be used by the member
functions of the immediate derived class. Any subsequent classes derived from this newly formed child class will
encounter a strict access barrier; they will have absolutely no capability to access the original base class members.

Important / Warning

Default Visibility Mode Precaution A common pitfall for programming novices is forgetting to explicitly declare
the visibility mode:

class Car : Vehicle { /* class definition */ };

Because the default inheritance mode for classes is private, all previously public features of Vehicle will silently
become strictly private within Car. This often triggers confusing compilation errors when attempting to call
base class methods on a derived class object. Always explicitly declare public, protected, or private to ensure
architectural intent is clear and maintainable.

r
\

3.1.2 Forms of Inheritance

The architectural design of an application heavily dictates how classes relate to one another. Object-oriented languages
structurally support multiple forms of inheritance to accommodate different topological relationships between base and
derived classes. Depending on how data flows and how concepts are categorized, these structural configurations are
broadly divided into five forms: Single, Multiple, Multilevel, Hierarchical, and Hybrid inheritance.

Single Inheritance

Single inheritance is the most elementary and straightforward form of inheritance. In this linear architecture, a single
derived class inherits from exactly one base class. The inheritance hierarchy forms a simple 1-to-1 vertical chain with a
depth of one.

Single Inheritance Implementation Consider a base class Animal and a derived class Dog. The Dog class inherits
exclusively from Animal. It gains generic attributes, while simultaneously introducing its own specific behaviors
such as bark().

class Animal {

public:

int age;

void eat() { cout << "Eating..."; }
I

class Dog : public Animal {
public:
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void bark() { cout << "Barking..."; }
s

Here, a Dog object can effortlessly call both eat() and bark().

Animal

Dog

Figure 3.3: Single Inheritance Conceptual Diagram

Multiple Inheritance

Multiple inheritance occurs when a single derived class simultaneously inherits from two or more independent base
classes. This allows the derived class to amalgamate the properties and behaviors of multiple distinct foundational
entities into a single composite entity.

Multiple Inheritance Syntax The base classes are separated by commas within the inheritance declaration list,
each equipped with its own specific visibility mode:

class Derived : public Basel, private Base2 {
// Fuses features of both Basel and Base?2
};

While exceptionally powerful for modeling complex, multi-faceted objects (e.g., a SmartPhone class inheriting from
both a Camera class and a Phone class), multiple inheritance introduces structural complexity. This is particularly
prevalent in the form of naming collisions. If Basel and Base2 both contain a member function identically named
display (), calling display() on an object of the derived class creates a fatal ambiguity. The compiler possesses no
criteria to determine which base class’s version to prioritize and invoke. This ambiguity must be explicitly resolved by
the programmer using the scope resolution operator (::), such as invoking object.Basel::display().

Camera Phone

NS

SmartPhone

Figure 3.4: Multiple Inheritance Conceptual Diagram

Multilevel Inheritance

In multilevel inheritance, the derivation process is mathematically chained. A derived class acts as the foundational
base class for another, completely new class. This transitive relationship builds a deeper vertical lineage spanning
multiple generations.

For example, a class Vehicle could serve as the base class for Car, and Car could in turn operate as the base class
for SportsCar.

Multilevel Inheritance Structure

class Vehicle { ... };
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class Car : public Vehicle { ... };
class SportsCar : public Car { ... };

Key Concept

Transitive Property of Inheritance In a multilevel hierarchy (A — B — C), class C automatically inherits the
accessible members of B, which implicitly includes the accessible members that B originally inherited from A. The
visibility rules are applied cumulatively at each individual derivation step downward through the hierarchy.

Hierarchical Inheritance

Hierarchical inheritance flips the single inheritance model. Instead of one derived class mapping to one base class, a
single base class serves as the parent for multiple, independent derived classes. This structure perfectly resembles an
inverted tree topology branching outwards from a common root node.

This form is extensively leveraged when modeling a broad domain where multiple specialized entities share a massive
subset of core traits.

Hierarchical Mapping A base class Shape is hierarchically inherited by Circle, Rectangle, and Triangle.

class Shape { protected: float width, height; };

class Circle : public Shape { /* area = pi * r * r */ };
class Rectangle : public Shape { /* area = width * height */ };
class Triangle : public Shape { /* area = 0.5 * width * height */ };

Each derived class inherits the dimensional properties of Shape but implements its own mathematically distinct
formula for calculating internal area.

Shape

PN

Circle Rectangle Triangle

Figure 3.5: Hierarchical Inheritance Flow

Hybrid Inheritance

Hybrid inheritance is not a distinct fundamental mechanism but rather a complex, systemic combination of two or
more of the previously mentioned forms—most commonly a structural mix of multiple and multilevel (or hierarchical)
inheritance.

For example, a class hierarchy might feature a hierarchical split from a base class into two intermediary subclasses,
which are then fused back together via multiple inheritance into a single bottom-level class. This specific diamond-shaped
configuration leads to a notorious architectural complication globally recognized in computer science.

Important / Warning

The Diamond Problem and Virtual Inheritance In a hybrid diamond configuration, if classes B and C both inherit
from class A, and class D multiply inherits from both B and C, class D will mistakenly end up allocating two
duplicate sub-objects of the core class A in its memory layout. Any attempt to access a member of A through an
object of D will be fundamentally ambiguous, as the compiler cannot determine which evolutionary path (through
B or through C) should be traversed to fetch the variable.

To permanently resolve this "Diamond Problem", C++ utilizes Virtual Base Classes:

class A { public: int data; };
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class B : virtual public A { ... };
class C : virtual public A { ... };
class D : public B, public C { ... };

By injecting the virtual keyword during the intermediate inheritance phases, the compiler is instructed to ensure
that only a single, globally shared instance of the common base class A is passed down and instantiated within D,
completely resolving memory duplication and logical ambiguity.

3.1.3 Functions in Derived Classes

When working with inheritance in object-oriented programming, a derived class not only inherits the data members of
its base class but also its member functions. Inheritance establishes an "is-a" relationship, meaning a derived class
object is fundamentally a specialized version of the base class. However, the derived class often needs to modify, replace,
or extend the behavior of these inherited functions to suit its specific, specialized needs. If an inherited function does
exactly what the derived class requires, no further action is necessary. But when the behavior must change, the derived
class must intervene.

This necessity brings us to several crucial concepts regarding how functions behave in derived classes. Specifically,
we must explore function overriding, the mechanics and applications of virtual functions, and the structural enforcement
provided by abstract classes and pure virtual functions. Understanding these mechanisms is not just academic; it
is fundamental to mastering run-time polymorphism, dynamic binding, and the creation of flexible, robust software
architectures in C++.

Base Class

+ function()
A

Overrides

Derived Class
+ function()

Figure 3.6: Visualizing the relationship between Base and Derived class functions in overriding.
Overriding Base Class Functions

In C++, when a derived class defines a member function with the exact same name, return type, and parameter list as
a member function present in its base class, the derived class’s function is said to override the base class’s function.

Function Overriding Function overriding occurs when a derived class provides a specific, specialized implementation

for a member function that is already defined in its base class. The signature of the overridden function in the
derived class must match the signature in the base class perfectly.

When an object of the derived class invokes this overridden function, the compiler naturally executes the version
defined in the derived class, effectively hiding the base class version from plain view. This is a form of compile-time
polymorphism (or early binding) when accessed through objects directly. The compiler knows at compile-time which
function to call based on the object’s declared type.
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locking perfectly, representing compile-time polymorphism or early binding, where
the exact function to call is determined statically. «««< HEAD

»»»> origin/paper-solver

Figure 3.7: Conceptual metaphor for Early Binding.

Basic Function Overriding Consider a base class Employee and a derived class Manager:

#include <iostream>
using namespace std;

class Employee {

public:
void showRole () {
cout << "I am a standard employee." << endl;
}
};

class Manager : public Employee {
public:
// QOverriding the showRole function
void showRole () {
cout << "I am a manager. I lead a team." << endl;
}
};

int main() {
Employee emp;
Manager mgr;

emp . showRole () ; // Calls Base class version
mgr .showRole(); // Calls Derived class version

return O0;

+
Output:

I am a standard employee.
I am a manager. I lead a team.

In the example above, mgr.showRole () calls the Manager class’s implementation. The original behavior defined
in Employee is masked. If a situation arises where the derived class object still needs to access the overridden base
class function, it must explicitly qualify the function call using the scope resolution operator (::). For instance, calling
mgr .Employee: : showRole () would bypass the overridden version and execute the base class version directly.
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Important / Warning

Overriding vs. Overloading vs. Hiding Do not confuse function overriding with function overloading or function
hiding.

¢ Overloading: Occurs when multiple functions in the same scope have the same name but different parameter
lists.

o Overriding: Occurs when functions in different scopes (base and derived) have the same name and the
exact same parameter list.

e Hiding: If a derived class function has the same name as a base class function but a different parameter
list, it does not override the base function; instead, it hides all base class functions with that name.

Same Scope

,,,,,,,,,,,,,,,

i Overloading | | Overriding Hiding

3 print(int) | Base: show() Base: func(int)
} 1 ) )

3 print(double) | Derived: show() Derived: func()

Figure 3.8: Function Overriding vs. Function Overloading vs. Function Hiding conceptually illustrated.

Virtual Functions

While standard function overriding works predictably when we use objects directly, a profound complication arises
when we utilize pointers or references. A core principle of object-oriented programming is that a pointer to a base class
can legitimately point to an object of any derived class. This is logical because a derived class object "is an" instance of
the base class.

However, by default, C++ employs early binding (or static binding). This means the compiler determines which
function to call based solely on the type of the pointer, rather than the type of the object the pointer is actively pointing
to in memory. If a base class pointer points to a derived class object and an overridden function is invoked, the base
class version of the function is invariably executed. This rigidly defeats the purpose of polymorphic design.

To resolve this limitation and achieve true run-time polymorphism, C++ introduces the concept of virtual
functions.

Virtual Function A virtual function is a member function declared in a base class using the virtual keyword and

is meant to be redefined (overridden) by a derived class. It instructs the compiler to perform late binding (or
dynamic binding) for this specific function.
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railway switch, where the path (function implementation) is chosen dynamically at
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Figure 3.9: Conceptual metaphor for Late Binding / Run-time Polymorphism.

When a function is explicitly declared as virtual, the compiler suspends the decision of which function to call
until the program is actually running. At runtime, the system inspects the actual underlying type of the object being

pointed to (or referenced) and dynamically dispatches the call to the appropriate overridden function in the derived
class hierarchy.

Key Concept

The Mechanics of Late Binding: vtable and vptr Behind the scenes, the C++ compiler achieves late binding using
a Virtual Table (vtable) and a Virtual Pointer (vptr). When a class contains at least one virtual function,
the compiler creates a static array of function pointers called the vtable for that class. Every object of this class
contains a hidden pointer, the vptr, which points to the vtable for that class. When a virtual function is called
through a base pointer, the compiler uses the object’s vptr to look up the correct function address in the vtable at
runtime, guaranteeing the correct derived class function is executed.

,
\

Object vtable
vptr > &Derived::funcl()
data members &Base:func2()

Figure 3.10: A conceptual representation of the Virtual Table (vtable) and Virtual Pointer (vptr) mechanism.

Implementing Virtual Functions Let’s modify the previous example to use pointers and the virtual keyword:

#include <iostream>
using namespace std;

class Employee {
public:
// Declared as virtual to enable late binding
virtual void showRole () {
cout << "I am a standard employee." << endl;

}
};

class Manager : public Employee {
public:
// The ’override’ keyword is optional but highly recommended
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void showRole() override {

cout << "I am a manager. I lead a team." << endl;
}
};
class Intern : public Employee {
public:
void showRole () override {
cout << "I am an intern. I am learning." << endl;
}
+

int main() {
Employee* ptr; // Base class pointer
Manager mgr;
Intern intern;

ptr = &mgr;
ptr->showRole(); // Late binding: accurately calls Manager’s showRole

ptr = &intern;
ptr->showRole(); // Late binding: accurately calls Intern’s showRole

return O;

}
Output:

I am a manager. I lead a team.
I am an intern. I am learning.

In this code, even though ptr is steadfastly a pointer of type Employee*, invoking ptr->showRole() correctly
delegates to the Manager version when pointing to mgr, and the Intern version when pointing to intern. This seamless
delegation is the essence of run-time polymorphism.

The override keyword used in the derived classes is a modern C++ addition (C++11). While technically optional,
it is considered a strict best practice. It explicitly broadcasts your intent to override a virtual function. If you
accidentally introduce a typo in the function signature, the compiler will catch it and generate an error, preventing
subtle runtime bugs where a function silently hides instead of overrides.

Rules and Guidelines for Virtual Functions:
e Virtual functions must be non-static members of a class.
e They are primarily accessed by using object pointers or references to achieve run-time polymorphism.

o The prototype (signature) of the virtual function must remain absolutely identical throughout the base and
derived classes.

e A base class pointer can point to a derived class object, but a derived class pointer cannot point to a base class
object.

e Virtual Destructors: If a class has any virtual functions, it should almost always have a virtual destructor.
Deleting a derived object through a base pointer with a non-virtual destructor results in undefined behavior
(usually, only the base class destructor is called, causing memory leaks for derived class resources).

Abstract Classes and Pure Virtual Functions

In many architectural designs, a base class is conceptually too abstract or generic to be instantiated into a concrete
object on its own. Its primary purpose is to establish a rigorous structural blueprint, serving merely as an interface for
its derived classes. In such scenarios, the virtual functions within this base class might logically lack any meaningful
default implementation.

For example, a Shape class is too vague; what does the draw() function of a generic "Shape" look like? C++
resolves this conceptual dilemma by allowing us to define such functions as pure virtual functions.
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Pure Virtual Function A pure virtual function is a virtual function declared in a base class that explicitly has no

definition relative to that base class. It is declared by assigning the value 0 (or NULL) directly to the function
declaration.

The formal syntax for declaring a pure virtual function is straightforward:

virtual return_type function_name(parameters) = 0;

Abstract Class
(Cannot be instantiated)

virtual void draw() = 0;
(Pure Virtual Function)

Figure 3.11: Structure of an Abstract Class with a Pure Virtual Function.

The moment a class contains at least one pure virtual function, its entire nature changes: it immediately becomes
an abstract class.

«««< HEAD

Box »»»> origin/paper-solver Prompt: A technical architectural blueprint of a

house with missing specific details (like door color or window style), symbolizing an
abstract class acting as a foundational contract without full implementation. «««<

HEAD

»»»> origin/paper-solver

Figure 3.12: Blueprint metaphor illustrating an Abstract Class.

Abstract Class An abstract class is a class that cannot be instantiated to create standalone objects. It acts purely

as an interface or a foundational contract for other classes. Any class that inherits from an abstract class must
provide concrete implementations for all of its inherited pure virtual functions. If it fails to do so, the derived
class itself remains an abstract class.

Abstract classes are profoundly powerful tools in large-scale software engineering. They allow architects to define
a strict, uncompromising interface that all derived classes are forced to follow. This guarantees that certain critical
functionalities will be predictably present across an entire family of related objects, enabling systems to interact with
disparate objects through a unified, predictable interface.

Abstract Classes in Practice Consider an application processing various types of multimedia files. A generic
MediaFile cannot be played directly, making it a perfect candidate for an abstract class.
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#include <iostream>
using namespace std;

// Abstract Base Class acting as an Interface
class MediaFile {
public:
// Pure virtual function acting as a contract
virtual void play() = 0;

// Virtual destructor ensuring safe polymorphic cleanup
virtual ~MediaFile() { cout << "MediaFile destroyed." << endl; }
+;

// Concrete Derived Class 1
class AudioFile : public MediaFile {
public:
// Fulfilling the contract
void play() override {
cout << "Playing audio track. Equalizer engaged." << endl;
}
~AudioFile() { cout << "AudioFile resources freed." << endl; }

};

// Concrete Derived Class 2
class VideoFile : public MediaFile {
public:
// Fulfilling the contract
void play() override {
cout << "Rendering video frames. Decoding stream." << endl;
}
~VideoFile () { cout << "VideoFile resources freed." << endl; }

};

int main() {
// MediaFile generic_file; // ERROR: Cannot instantiate an abstract class

// Array of abstract base class pointers pointing to derived objects
MediaFile* playlist [2];

playlist [0] = new AudioFile();

playlist [1] = new VideoFile();

// Polymorphic iteration
for(int i = 0; i < 2; i++) {

playlist[il->play(); // Late binding in action
}

// Polymorphic cleanup, calls derived destructors first
for(int i = 0; i < 2; i++) {
delete playlist[i];

}

return O;
+
Output:

Playing audio track. Equalizer engaged.
Rendering video frames. Decoding stream.
AudioFile resources freed.

MediaFile destroyed.

VideoFile resources freed.

MediaFile destroyed.
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Important / Warning

Instantiating Abstract Classes The C++ compiler strictly forbids the creation of objects from an abstract class.
Attempting to write code like MediaFile myFile; will result in an immediate compilation failure. However,
creating pointers and references to an abstract class type is perfectly legal and is the very mechanism used to
achieve run-time polymorphism.

Interfaces in C++: Unlike languages such as Java or C#, C4++ does not possess a dedicated interface keyword.
Instead, C++ utilizes abstract classes to simulate interfaces. A true interface in C++ is simply an abstract class where
every single member function is a pure virtual function and there are no member variables. This creates a pure contract
without any implementation details or state, representing the highest level of abstraction in object-oriented design.

«Interface»n
MediaFile
~ v
implements . * * implements
AudioFile VideoFile

Figure 3.13: Simulating interfaces in C++ using abstract classes with pure virtual functions.

In conclusion, understanding the intricate ways functions operate within derived classes is an absolute necessity
for effective, modern C++ programming. Function overriding provides the foundational ability for derived classes
to customize inherited behaviors. Virtual functions elevate this concept by enabling late binding, which forms
the cornerstone of run-time polymorphism. This allows our code to interact dynamically with abstract, generic
representations rather than being rigidly tied to concrete implementations. Finally, pure virtual functions and abstract
classes introduce a mechanism to enforce strict structural contracts, ensuring consistency, reliability, and extensibility
across complex inheritance hierarchies. Together, these interrelated features form the indispensable backbone of
sophisticated, maintainable object-oriented software architectures.

3.2 Polymorphism

3.2.1 Introduction to Polymorphism

Polymorphism is one of the most vital and foundational pillars of Object-Oriented Programming (OOP), standing
alongside encapsulation and inheritance. The word ‘polymorphism" is derived from two ancient Greek words:
poly," meaning many, and ‘morphs,” meaning forms. Therefore, polymorphism refers to the ability of a single
interface, function, or entity to take on multiple forms depending on the context in which it is utilized.

In the realm of C++ and general programming, polymorphism allows functions, operators, and objects to behave
differently depending on the types of data they are interacting with. This characteristic leads to code that is substantially
more flexible, maintainable, and reusable. Rather than creating countless uniquely named functions to handle minor
variations in data types, a programmer can use a single, intuitive interface.

Polymorphism Polymorphism in object-oriented programming is the ability of different objects to respond in their

own unique way to the same method call or operator. It allows a single name or interface to represent different
underlying forms (types or classes), enabling developers to write more generic and abstract code.

There are fundamentally two categories of polymorphism in C++:
o Compile-time Polymorphism (Static Binding or Early Binding)

o Run-time Polymorphism (Dynamic Binding or Late Binding)

[ Polymorphism ]

Figure 3.14: Taxonomy of Polymorphism in C++.
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Types of Binding Static Binding (Early Binding): The compiler determines which function to invoke during
compile time based strictly on the function signature and the static type of the object or pointer.

Dynamic Binding (Late Binding): The specific function call is resolved during runtime based on the actual
type of the object pointed to or referenced, regardless of the pointer’s static type.

Figure 3.15: Conceptual overview of Polymorphism.

3.2.2 Compile-time Polymorphism

Compile-time polymorphism is achieved when the C++ compiler maps a function call to the corresponding function
definition at compile time. This mechanism is exceptionally fast because the resolution happens entirely before the
program executes, leaving no overhead for the runtime environment. The two most prominent ways to implement
compile-time polymorphism in C++ are function overloading and operator overloading.

Function Overloading

Function overloading is a powerful feature that allows two or more functions to share the exact same name, provided
they have different parameter lists. The parameter lists can differ in the number of parameters, the types of parameters,
or the sequence of those types. The compiler differentiates between these functions based on their unique signatures
and links the correct function at compile time.

Function Overloading Example Consider a straightforward utility function named calculateArea. We can
overload this function to calculate the area of different geometric shapes based on the arguments passed:

#include <iostream>
using namespace std;

class AreaCalculator {
public:
// Overloaded function for the area of a circle
double calculateArea(double radius) {
return 3.14159 *x radius * radius;

// Overloaded function for the area of a rectangle
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double calculateArea(double length, double width) {
return length * width;
}

// Overloaded function for the area of a triangle
double calculateArea(double base, double height, bool isTriangle) {
return 0.5 * base * height;
}
s

int main() {
AreaCalculator calc;

cout << "Area of Circle: " << calc.calculateArea(5.0) << endl;
cout << "Area of Rectangle: " << calc.calculateArea(4.0, 5.0) << endl;
return O;

}

In the example above, the compiler determines which calculateArea function to call based on the number and
type of the arguments provided at the call site.

\. J

When overloading functions, it is crucial to remember that the return type alone cannot be used to differentiate
them. The compiler relies strictly on the parameter list to perform the binding.

Important / Warning

Return Type in Function Overloading You cannot overload a function strictly based on its return type. If two
functions have the same name and parameter list but different return types, the C++ compiler will generate
a syntax error. The compiler cannot resolve which function to call solely based on what the function might
eventually return.

«««< HEAD

Box »»»> origin/paper-solver Prompt: An illustration of a confused traffic cop

(representing the compiler) holding up a red stop sign because two identical cars
(functions with same parameters) arrived, but they have different license plates
(return types). Emphasize ambiguity and compilation error. «««< HEAD

»»»> origin/paper-solver
Figure 3.16: Visualizing why return type alone is insufficient for overloading.

Function overloading enhances code readability significantly. Instead of inventing multiple disjointed names like
calculateCircleArea or calculateRectangleArea, you can use a unified, logical name that seamlessly adapts to
the provided inputs.
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[calculateArea(S.O)J

S~

Matches “~~<__ Does not match
1 arg "2 arguments
K BV
[calculateArea(double)] [calculateArea(double, double)]

Figure 3.17: Compile-time resolution of overloaded functions.

Operator Overloading (Basics)

C++ allows programmers to redefine the way standard mathematical and logical operators (like +, -, *, «) work with
user-defined data types, such as classes and structs. This feature is known as operator overloading. It enables objects
to interact intuitively using conventional operators, making the code much closer to mathematical notation.

For instance, if you have a Complex class representing complex numbers, you can overload the + operator so that
adding two Complex objects looks like c1 + c¢2 instead of calling a clunky method like c1.add(c2).

Example

Operator Overloading Example Here is a basic example illustrating how to overload the + operator for a Complex
number class:

#include <iostream>
using namespace std;

class Complex {
private:
double real;
double imag;

public:
Complex(double r = 0, double i = 0) : real(r), imag(i) {}

// Overloading the ’+’ operator

Complex operator+(const Complex& obj) {
Complex result;
result.real = this->real + obj.real;
result.imag = this->imag + obj.imag;
return result;

void display() const {
cout << real << " + " << imag << "i" << endl;
b
s

int main() {
Complex c1(3.5, 2.5);
Complex c2(1.5, 4.5);

// The overloaded ’+’ operator is called here
Complex c3 = cl + c2;

cout << "Result: ";
c3.display(;
return O;

}

The statement c1 + c2 internally translates to the function call cl.operator+(c2). The + operator acts
polymorphically; its behavior completely changes depending on whether it operates on built-in scalar types or
user-defined types.
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[cl . operator+(c2)]

Figure 3.18: Internal translation of overloaded operators.

Operator overloading provides immense syntactical elegance. However, it must be used judiciously so that the
redefined operators do not violate logical expectations (e.g., overloading + to perform subtraction would create confusing
and unmaintainable code).

Important / Warning

Operator Overloading Limitations Not all operators can be overloaded in C++4. Operators such as the scope
resolution operator (::), the member access operator (.), the pointer-to-member operator (.*), and the ternary
conditional operator (?:) cannot be overloaded under any circumstances. Furthermore, you cannot change the
fundamental precedence, associativity, or arity (number of operands) of an operator.

Figure 3.19: Operator overloading allows custom objects to use standard operators intuitively.

3.2.3 Run-time Polymorphism

Run-time polymorphism, inherently known as dynamic or late binding, occurs when the function call is resolved during
the actual execution of the program. This type of polymorphism is intrinsically tied to the concepts of inheritance and
pointers (or references).

In object-oriented programming, a pointer of a base class type can legitimately point to an object of a derived class.
Run-time polymorphism leverages this architectural feature. When a virtual function is called through a base class
pointer or reference, the program determines at runtime which specific implementation of the function to invoke based
on the actual object type being pointed to, rather than the static type of the pointer itself.

Virtual Functions

A virtual function is a member function defined within a base class that you expect to redefine (override) in derived
classes. To declare a function as virtual, you simply prepend the virtual keyword in the base class declaration.
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Virtual Function A virtual function is a function declared in a base class using the virtual keyword and redefined

(overridden) by a derived class. It instructs the compiler to perform late binding (dynamic dispatch) for that
function, ensuring the most derived version of the function is executed.

When you refer to a derived class object using a pointer or a reference to the base class, you can call a virtual
function for that object and seamlessly execute the derived class’s specialized version of the function.

Run-time Polymorphism with Virtual Functions Consider a base class Animal and derived classes Dog and Cat.

#include <iostream>
using namespace std;

class Animal {
public:
// Virtual function
virtual void speak() comnst {
cout << "Animal makes a generic sound." << endl;

}

// Virtual destructor (vital for proper cleanup)
virtual ~Animal() {}
s

class Dog : public Animal {
public:
// Overriding the base class virtual function
void speak() const override {
cout << "Dog barks: Woof! Woof!" << endl;
b
s

class Cat : public Animal {
public:
// Overriding the base class virtual function
void speak() const override {
cout << "Cat meows: Meow!" << endl;
}
s

int main() {
// Base class pointers pointing to derived objects
Animal* animall = new Dog();
Animal* animal2 = new Cat();
Animal* animal3 = new Animal();

// The correct derived class function is called at runtime
animall->speak(); // Outputs: Dog barks: Woof! Woof!
animal2->speak(); // Outputs: Cat meows: Meow!
animal3->speak(); // Outputs: Animal makes a generic sound.

// Cleanup dynamically allocated memory
delete animall;
delete animal2;
delete animal3;

return O;
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3

In the code above, the pointers animall and animal2 are of type Animal*. During compilation, the compiler only
knows they are Animal pointers. However, during runtime, the program inspects the actual object type instantiated
in memory (Dog and Cat respectively) and dynamically binds the speak() function call to the appropriate derived
class implementation.

\. J/

Key Concept

The override Keyword Introduced in C++11, the override specifier is appended when overriding a virtual
function in a derived class. While not strictly required for overriding to occur, it explicitly communicates to the
compiler that the function is intended to override a base class virtual function. If the base class function signature
changes or does not match perfectly, the compiler will instantly throw an error, preventing subtle, hard-to-find
runtime bugs.

’ N
v N

Points to ,* . Or points to

’ N
’ \

Dog Object Cat Object

Figure 3.20: Dynamic binding in Run-time Polymorphism.

Abstract Classes and Pure Virtual Functions

Sometimes, a base class is simply too generic to have a meaningful implementation for a virtual function. Its primary
structural purpose is merely to establish a common, uniform interface for its derived classes. In such cases, you can
declare a “pure virtual function”.

A pure virtual function is declared by assigning = 0 to its declaration. A class containing at least one pure virtual
function is fundamentally classified as an abstract class.

Abstract Class An abstract class is a generic class that cannot be instantiated directly and serves entirely as a
blueprint for derived classes. It contains at least one pure virtual function, enforcing a strict contract that all
concrete (instantiable) derived classes must provide a specific implementation for that pure virtual function.

Pure Virtual Function Example

#include <iostream>
using namespace std;

// Abstract Base Class

class Shape {

public:
// Pure virtual function
virtual void draw() const = 0;

// Virtual destructor
virtual ~Shape() {}
};

class Circle : public Shape {
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«««< HEAD

Box »»»> origin/paper-solver Prompt: A highly detailed architectural blueprint of a

generic "Shape" with an empty space labeled "draw() = 0", pointing to completed,
colored blueprints of specific shapes like a Circle and a Square. Emphasizes that
abstract classes are incomplete without derived implementations. «««< HEAD

»»»> origin/paper-solver

Figure 3.21: Conceptual metaphor for Abstract Classes as unfinished blueprints.

public:
void draw() const override {
cout << "Drawing a Circle." << endl;

s
class Square : public Shape {
public:

void draw() const override {
cout << "Drawing a Square." << endl;

};

int main() {
// Shape s; // Error: Cannot instantiate an abstract class

Shape* shapel = new Circle();
Shape* shape2 = new Square();

shapel->draw(); // Outputs: Drawing a Circle.
shape2->draw(); // Outputs: Drawing a Square.

delete shapel;
delete shapeZ2;
return O;

}

Here, Shape is an abstract class dictating that any geometric shape must inherently be able to be drawn. However,
the Shape class itself does not inherently know how to draw a generic, undefined shape, so draw() is purposely
made pure virtual.

The V-Table (Virtual Table) Mechanism

Under the hood, C+-+ implements run-time polymorphism using a fascinating mechanism known as the virtual table
(V-Table) and the virtual pointer (vptr).

When a class defines a virtual function, the compiler automatically creates a static array of function pointers called
the V-Table for that specific class. This table holds the precise memory addresses of the virtual functions that are
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Figure 3.22: The V-Table mechanism mapping an object’s vptr to the corresponding virtual table.

accessible to the class. Simultaneously, the compiler silently adds a hidden pointer, commonly called vptr, to each
instantiated object of the class. This pointer strictly points to the V-Table of that specific class.

When a virtual function is called through a base class pointer, the runtime system follows the object’s hidden
vptr to the appropriate V-Table and dynamically executes the correct overridden function. While this mechanism is
extremely powerful and forms the backbone of OOP flexibility, it incurs a slight performance overhead. This is due to
the extra pointer dereferences required to dynamically resolve the function call at runtime compared to a direct jump
in compile-time binding.

Important / Warning

Crucial Importance of Virtual Destructors When dealing with run-time polymorphism and dynamically allocated
derived objects managed via base class pointers, it is absolutely critical to declare the base class destructor as
virtual. If the base class destructor is non-virtual, calling delete on a derived object through a base class
pointer results in undefined behavior. Typically, only the base class portion is destroyed, while the derived class’s
resources are bypassed, inevitably leading to severe memory leaks.

[delete ptr; (Non—virtual)] [delete ptr; (Virtual)]
Base Part (Deleted) Derived Part (Deleted)
Derived Part (Leaked!) Base Part (Deleted)

Figure 3.23: Visualizing the consequence of omitting a virtual destructor.

3.2.4 Summary of Polymorphism

Polymorphism fundamentally empowers developers to construct generic, robust, and highly extensible software systems.
Compile-time polymorphism, achieved via function and operator overloading, offers maximum execution efficiency by
resolving function calls before the program even runs, ensuring high-performance execution of overloaded entities.
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Conversely, run-time polymorphism, orchestrated through virtual functions, provides the essential flexibility required
in large-scale OOP architectures. It allows software to easily adapt to new object types and behaviors dynamically
without mandating the modification of existing generalized code structures. Understanding both paradigms deeply is
absolutely crucial for mastering C++ and applying solid, resilient software engineering principles.

[ Concept 21a ]

relates to

[ Concept 21b ]

Figure 3.24: Relevant TikZ diagram 21 for OOP concepts.

«««< HEAD

Box »»»> origin/paper-solver Prompt: A conceptual illustration of OOP concept

21, emphasizing clarity and educational value. «««< HEAD

»»»> origin/paper-solver

Figure 3.25: Al Generated Image Placeholder 21

[ Concept 22a ]

relates to

[ Concept 22b ]

Figure 3.26: Relevant TikZ diagram 22 for OOP concepts.
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22, emphasizing clarity and educational value. «««< HEAD

»»»> origin/paper-solver

Figure 3.27: Al Generated Image Placeholder 22

3.3 Constructors and Destructors in Derived Classes

In object-oriented programming, inheritance allows a derived class to inherit properties and behaviors from a base
class. When an object of a derived class is instantiated, it is conceptually composed of multiple parts: the base class
subobject and the specialized derived class members. Because the derived class relies on the foundation provided by
the base class, the initialization and cleanup of such an object require a carefully orchestrated sequence involving both
the base class and the derived class. Understanding how constructors and destructors are invoked within an inheritance
hierarchy is crucial for managing system resources, preventing memory leaks, and ensuring that objects are consistently
and safely initialized throughout their lifecycle.

Concept Constructors and destructors are never inherited by the derived class. A derived class cannot use its
base class’s constructor to initialize its own specific members. However, the derived class constructor is absolutely
responsible for ensuring that the base class part of the object is properly initialized before the derived class’s own
initialization logic proceeds. Conversely, the derived class destructor must clean up its own specifically allocated
resources before the base class destructor automatically cleans up the base class portion.

3.3.1 The Order of Invocation

The most fundamental rule regarding constructors and destructors in an inheritance hierarchy is their strict order of
execution. To understand this, consider the analogy of constructing a building. You cannot build the roof (the derived
features) before the foundation and walls (the base features) are in place. When the building is demolished, you remove
the roof first before tearing down the foundation.

Order of Construction and Destruction Constructors: Executed in the order of inheritance, starting from the

"most base" class and proceeding downwards to the "most derived" class (Top-Down execution).
Destructors: Executed in the exact reverse order of construction, starting from the "most derived" class and
proceeding upwards to the "most base" class (Bottom-Up execution).
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Figure 3.28: Top-Down Construction and Bottom-Up Destruction

[ Base Class ]

Construction Destruction

~-

[ Derived Class ]

Figure 3.29: Flow of Constructors and Destructors: Top-Down vs Bottom-Up

When a derived class object goes out of scope, or is explicitly deallocated using the delete operator, the destruction
process reverses the construction steps. The derived class’s destructor executes first to release any resources (like
dynamic memory, file handles, or network sockets) specifically acquired by the derived class. Once the derived class
destructor completes its block of code, the compiler automatically and implicitly inserts a call to the base class
destructor.

Basic Order of Execution in Single Inheritance Consider a base class Vehicle representing generic transport, and
a derived class Car representing a specific type of vehicle.

#include <iostream>
using namespace std;

class Vehicle {

public:
Vehicle() { cout << "1. Vehicle Constructor: Foundation built." << endl; }
~Vehicle() { cout << "4. Vehicle Destructor: Foundation removed." << endl; }

};

class Car : public Vehicle {

public:
Car() { cout << "2. Car Constructor: Specific features added." << endl; }
~Car() { cout << "3. Car Destructor: Specific features removed." << endl; }

};

int main() {
cout << "--- Creating Car Object ---" << endl;
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Car myCar;

cout << "--- Car Object goes out of scope ---" << endl;
return O;

X

Output:

—--- Creating Car Object --—-

1. Vehicle Constructor: Foundation built.

2. Car Constructor: Specific features added.
—--- Car Object goes out of scope ---

3. Car Destructor: Specific features removed.
4. Vehicle Destructor: Foundation removed.

This output explicitly demonstrates the top-down construction and bottom-up destruction process.

3.3.2 Passing Arguments to Base Class Constructors

If a base class possesses a default constructor (a constructor that takes no arguments), the C4++ compiler automatically
and implicitly calls it when a derived class object is instantiated. However, in many robust software designs, base classes
require specific data to initialize their state and therefore only provide parameterized constructors. In such scenarios,
the derived class constructor must explicitly pass arguments up to the base class constructor. This is achieved using
the constructor initialization list.

The initialization list is appended to the derived class constructor’s signature using a colon (:). It allows the
programmer to specify exactly which base class constructor should be invoked and what arguments should be forwarded
to it.

Definition

Constructor Initialization List Syntax

DerivedClassName (parameters) : BaseClassName(arguments_to_base), memberl(vall) {
// Derived class constructor body executes AFTER
// the base class and member initialization.

Figure 3.30: Forwarding arguments from Derived to Base class constructor
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Base Constructor
Employee(string n, int id)

Initialization List : Employee(n, id)

AN
1
1
1
1
1
1
1
1
1

Derived Constructor
Manager (string n, int id, string dept)

Figure 3.31: Constructor Data Forwarding via Initialization List

The initialization list is executed before the body of the derived class constructor. It is the only standard and
efficient way to pass arguments to a base class constructor.

Parameterized Constructors and Data Forwarding

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

class Employee {
protected:
string name;
int employeelD;
public:
// Base class requires a name and ID
Employee(string n, int id) : name(n), employeeID(id) {
cout << "Employee base initialized." << endl;

b
¥
class Manager : public Employee {
private:
string department;
public:

// Manager receives all data but forwards name and ID to Employee
Manager (string n, int id, string dept) : Employee(n, id), department(dept) {
cout << "Manager derived initialized for " << department << " dept." << endl;
b
};

int main() {
Manager mgr("Alice Smith", 1042, "Engineering");
return O;

3

In this example, the Manager constructor acts as an intermediary, collecting all necessary parameters but delegating
the initialization of name and employeeID to the Employee base constructor via the initialization list.

\.

Important / Warning

If a base class only declares parameterized constructors (meaning the compiler does not auto-generate a default
constructor), the derived class must explicitly call one of those base class parameterized constructors in its
initialization list. If omitted, the compiler will attempt to implicitly call a non-existent default constructor for the
base class, resulting in a fatal compilation error.
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3.3.3 Constructors in Multiple Inheritance

In multiple inheritance, a single derived class inherits directly from more than one base class. This introduces a slight
complexity: in what order are the multiple base classes initialized? The C++ standard dictates that the order of base
class constructor invocation is strictly determined by the order in which the base classes are declared in the derived
class’s inheritance list, not by the order they are listed in the initialization list.

Key Concept

Concept Given the declaration class Derived : public BaseA, protected BaseB, the constructor for BaseA
is guaranteed to execute first, followed by the constructor for BaseB, regardless of how they are arranged in the
derived class constructor’s initialization list. As always, destructors will execute in the exact reverse order (BaseB
then BaseAl).

Figure 3.32: Initialization order in multiple inheritance

1. First Constructed 2. Second Constructed

[ DisplayScreen ] [Networklnterface]

[ Smartphone ]

3. Third Constructed

Figure 3.33: Construction Order in Multiple Inheritance Example

Multiple Inheritance Instantiation Order

class NetworkInterface {

public:
NetworkInterface() { cout << "Network hardware initialized." << endl; }
~NetworkInterface() { cout << "Network hardware shut down." << endl; }

};

class DisplayScreen {

public:
DisplayScreen() { cout << "Display screen powered on." << endl; }
~DisplayScreen() { cout << "Display screen powered off." << endl; }
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};

// DisplayScreen is listed first, then NetworkInterface
class Smartphone : public DisplayScreen, public NetworkInterface {

public:
Smartphone() { cout << "Smartphone 0S booted." << endl; }

~Smartphone() { cout << "Smartphone 0S halted." << endl; }
I
Instantiating a Smartphone object will explicitly initialize the DisplayScreen before the NetworkInterface,
simply because of the left-to-right reading of the class derivation list.

3.3.4 Constructors in Multilevel Inheritance

In multilevel inheritance, a class is derived from another class, which is itself derived from a higher-level base class (e.g.,
class C inherits from class B, which inherits from class A). The constructor invocation cascades seamlessly down this
inheritance chain.

When an object of the lowermost derived class (class C) is created, the system triggers the constructor of its
immediate base class (class B). However, class B must first initialize its own base class (class A). Thus, the constructor
of the topmost base class (class A) executes first, followed by the intermediate class (class B), and finally the lowermost

derived class (class C). The destructors cascade upwards: C, then B, then A.

Figure 3.34: Cascading constructor calls in multilevel inheritance

{ Class A (Topmost) }\

h

Destructor Execution i [Class B (Intermediate)] l: Constructor Execution

\{ Class C (Lowermost) }&’

Figure 3.35: Multilevel Inheritance Execution Flow Details
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3.3.5 Virtual Base Classes and Constructor Precedence

A highly specialized set of rules applies when dealing with virtual base classes. Virtual inheritance is a mechanism
used to resolve the "diamond problem" in multiple inheritance, ensuring that only a single, shared instance of a common
base class is inherited by the most derived class, even if multiple intermediate classes inherit from it.

Because there is only one shared instance of the virtual base class, the responsibility for initializing it shifts. 1. The
constructor of a virtual base class is always called before the constructors of any non-virtual base classes, regardless of
their position in the inheritance tree or derivation list. 2. It is the sole responsibility of the most derived class (the
class actually being instantiated) to initialize the virtual base class via its initialization list. 3. If the most derived class
does not explicitly call the virtual base class constructor, the virtual base class’s default constructor is invoked. 4. Any
explicit calls to the virtual base class constructor made by intermediate derived classes are entirely ignored by the
compiler to prevent double-initialization.

3.3.6 Virtual Destructors: Preventing Polymorphic Memory Leaks

One of the most dangerous, insidious bugs in C++ architecture occurs when a derived class object is dynamically
allocated and then subsequently deleted through a pointer to its base class. If the base class destructor is not declared
with the virtual keyword, the compiler uses static binding. This means it only looks at the type of the pointer (which
is the base class) and executes only the base class destructor. The derived class destructor is entirely bypassed.

This bypass leads to massive resource leaks if the derived class allocated dynamic memory, opened database
connections, or locked semaphores that now remain unreleased.

Important / Warning

The Golden Rule of Virtual Destructors: If a class is intended to be used as a base class and manipulated
polymorphically (i.e., it has at least one virtual function), it must have a virtual destructor. Even if the base
class destructor is empty, making it virtual is critical for system stability.

Figure 3.36: VTable resolution for Virtual Destructors vs Non-Virtual Destructors
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delete ptr;

VAN

Non-Virtual Destructor Virtual Destructor
Static Binding Dynamic Binding (VTable)
Base* resolves to ~Base () Base* resolves to ~Derived()
(Derived leaks memory) (Memory properly freed)

Figure 3.37: Effect of Virtual vs Non-Virtual Destructors on delete operation

By declaring the base class destructor as virtual, you enforce dynamic binding via the Virtual Method Table
(VTable). When delete is called on the base pointer, the program queries the VTable at runtime to determine the
actual object type. It correctly dynamically dispatches the call to the derived class destructor first. After the derived
destructor finishes executing, it implicitly calls the base class destructor, ensuring a complete and clean teardown.

The Crucial Role of Virtual Destructors

#include <iostream>
using namespace std;

class Base {

public:
Base() { cout << "Base Constructor" << endl; 1}
// The ’virtual’ keyword ensures the correct derived destructor is called
virtual ~Base() { cout << "Base Destructor" << endl; }

s
class Derived : public Base {
private:
int* largeBuffer;
public:

Derived() {
largeBuffer = new int[10000]; // Significant memory allocation
cout << "Derived Constructor" << endl;
}
~Derived() {
delete[] largeBuffer; // Cleanup
cout << "Derived Destructor: Memory freed." << endl;

};

int main() {
// Polymorphic allocation: Base pointer to Derived object
Base* ptr = new Derived();

// Deletion via Base pointer
delete ptr;
return O;

¥

Because ~Base () is virtual, the program correctly calls ~Derived () first, freeing the 10,000 integers. If virtual
was omitted, ~Derived() would never execute, silently leaking megabytes of memory over the application’s
runtime.

\

3.3.7 Exceptions in Constructors and Destructors

A final, advanced consideration involves exception handling during the creation and destruction phases of an inheritance
hierarchy. If an exception is thrown inside a derived class constructor, the destructors for any fully constructed base
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classes and member objects are automatically invoked during stack unwinding. This guarantees that partial object
construction does not leak base class resources.

Conversely, destructors should never throw exceptions. If a base or derived destructor throws an exception while
the program is already processing another exception (during stack unwinding), the C++ runtime will immediately
terminate the program by calling std: :terminate (). All cleanup operations inside destructors must catch and handle
their own exceptions internally.

3.3.8 Summary of Constructor and Destructor Behavior in Inheritance

To master the management of objects in complex C++ applications, a firm grasp of how constructors and destructors
interact across class hierarchies is non-negotiable.

 Constructors are called top-down (Base first, then Derived).
o Destructors are called bottom-up (Derived first, then Base).

o Derived classes must initialize base class members via the constructor initialization list if the base class lacks a
default constructor.

e In multiple inheritance, base classes are constructed sequentially based on their declaration order in the class
definition.

e Virtual base classes are always constructed before non-virtual base classes and must be initialized by the most
derived class.

e Always declare a virtual destructor in any base class designed for polymorphic use to prevent catastrophic
memory and resource leaks.

o Exceptions thrown during construction safely destroy fully initialized base parts, but destructors themselves must
be completely exception-safe.

By strictly adhering to these principles, developers ensure proper resource management, predictable object lifecycles,
and avoid the subtle memory leakage pitfalls inherent in object-oriented C++ programming.

[ Concept 23a ]

relates to

[ Concept 23b ]

Figure 3.38: Relevant TikZ diagram 23 for OOP concepts.

«««< HEAD

Box »»»> origin/paper-solver Prompt: A conceptual illustration of OOP concept

23, emphasizing clarity and educational value. «««< HEAD

»»»> origin/paper-solver

Figure 3.39: Al Generated Image Placeholder 23
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[ Concept 24a ]

relates to

[ Concept 24b ]

Figure 3.40: Relevant TikZ diagram 24 for OOP concepts.

«««< HEAD

Box »»»> origin/paper-solver Prompt: A conceptual illustration of OOP concept

24, emphasizing clarity and educational value. «««< HEAD

»»»> origin/paper-solver

Figure 3.41: Al Generated Image Placeholder 24

3.4 Inheritance and Derived Classes

One of the driving philosophies behind the invention of Object-Oriented Programming is the prevention of "reinventing
the wheel." In large-scale software engineering, writing the same code twice is considered a massive failure in design.

If a company already possesses a fully tested, mathematically perfect Vehicle class containing 10,000 lines of engine
physics logic, and the company suddenly needs to create a Truck software simulation, they should not copy-paste the
10,000 lines of code. They should use Inheritance.

Inheritance is the mechanism by which one class (the Derived Class or Child) acquires the properties and member
functions of another existing class (the Base Class or Parent). This promotes massive code reusability, hierarchical
organization, and establishes a natural "IS-A" relationship (e.g., a Truck IS-A Vehicle).

3.4.1 Defining a Derived Class and Visibility Modes

To create a derived class in C++, we use a colon (:) followed by a Visibility Mode and the name of the Base class
we wish to inherit from.

class BaseClass {
// Parent code
}s

// Defining the Derived Class
class DerivedClass : public BaseClass {
// Child code (Plus everything it inherited)

s
Visibility Modes (Inheritance Access Specifiers)

When the child class inherits the parent’s properties, it must declare a Visibility Mode (public, private, or protected).
This mode acts as a strict filter, dictating how the parent’s members are mathematically treated inside the child class.
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Before understanding the modes, there is one absolute, unbreakable law in C++: The Private members of a
Base class are NEVER inherited. They remain locked inside the parent forever. The child can only inherit public
and protected members.

1. public Derivation: The most common form. It maintains the original security levels.

o The parent’s public members remain public in the child.

o The parent’s protected members remain protected in the child.
2. private Derivation: The child aggressively "hides" its inheritance from the outside world.

e The parent’s public and protected members both become private inside the child. This means the child
can use the parent’s tools internally, but the main() function cannot see them.

3. protected Derivation:

e The parent’s public and protected members both become protected inside the child. They are hidden
from the outside world, but are still available to be passed down to future "grandchildren" classes.

Base Class | Derived via public | Derived via | Derived via
Member Status protected private

Private Not Inherited Not Inherited Not Inherited
Protected Protected in Child | Protected in Child | Private in Child
Public Public in Child Protected in Child | Private in Child

Table 3.1: The Inheritance Visibility Matrix. This table perfectly dictates the access level of inherited members within
the derived class.

3.4.2 Forms of Inheritance

C++ is highly flexible and allows engineers to structure their class hierarchies in five distinct architectural forms,
depending on the complexity of the software being modeled.

1. Single Inheritance

The simplest and most common form. A single derived class inherits from exactly one base class. Ezample: A Manager
class inheriting directly from a generic Employee base class.

2. Multiple Inheritance

A single derived class inherits from two or more distinct base classes simultaneously. It absorbs the properties of both
parents. Example: A SmartPhone class might inherit from both a Computer class and a Camera class. Note: Multiple
inheritance can cause severe logical ambiguities (e.g., if both parents have a function named power0On() ), which is why
languages like Java completely banned it. C++ allows it but requires careful engineering.

3. Multilevel Inheritance

A derived class is created from a base class, and then that derived class acts as a base class for another new class. It
creates a continuous chain of ancestry (Parent — Child — Grandchild). Example: Vehicle (Base) — Car (Derived) —
SportsCar (Grandchild). The SportsCar inherits properties from both Car and Vehicle.

4. Hierarchical Inheritance

The exact inverse of multiple inheritance. One single base class serves as the parent for multiple independent derived
classes. Erxample: A Shape base class serves as the parent for the Circle, Rectangle, and Triangle classes.
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Figure 3.42: The Five Structural Forms of C++ Inheritance. Arrows point from the Parent (Base) to the Child
(Derived).

5. Hybrid Inheritance

Hybrid inheritance is simply the architectural combination of two or more of the above forms into a massive, complex
network. For example, combining Hierarchical and Multiple inheritance can result in a diamond-shaped architecture
(Base A gives birth to B and C. Then D inherits from both B and C). This leads to the infamous "Diamond Problem'
in C++, requiring advanced techniques like Virtual Base Classes to solve.

3.4.3 Conclusion

Inheritance is the structural backbone of Object-Oriented design. By properly choosing between Single, Multiple, or
Multilevel inheritance structures, engineers can accurately model the complex relationships of the real world. However,
this power must be wielded carefully. If an engineer applies the wrong Visibility Mode during derivation, they will
either accidentally expose highly sensitive data to the global system, or accidentally lock down functions that future
developers desperately need, breaking the entire software architecture.

3.5 Functions in Derived Classes and Polymorphism

Inheritance allows a Derived Class to perfectly absorb the member functions of its Base Class. However, if inheritance
merely copied functions, it would be highly limited.

Consider a Bird base class with a move () function that outputs "Flying." If we create a Penguin class that inherits
from Bird, it will also inherit the move () function. But penguins do not fly; they swim. We need a mechanism for the
Penguin class to reject its parent’s behavior and define its own.

This introduces the concept of Function Overriding and the advanced, dynamic mechanics of Virtual Functions.

3.5.1 Overriding Base Class Functions

Function Overriding occurs when a Derived Class provides a specific, brand-new implementation for a member function
that is already provided by its Base Class.

To successfully override a function, the function in the derived class must have the exact same signature—the
exact same name, return type, and parameters—as the function in the base class.

class Base {
public:
void show() {
cout << "Displaying Base Class Data";
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};

class Derived : public Base {
public:
// This perfectly overrides the Base class function
void show() {
cout << "Displaying Derived Class Data!";

};

int main() {
Derived childObj;
childObj.show(); // Outputs: "Displaying Derived Class Data!"

When child0bj.show() is executed, the C++ compiler sees two show() functions available (one inside the child,
one inherited from the parent). The compiler will always prioritize the child’s version, effectively "shadowing" or
overriding the parent’s code.

Note: If the child class still desperately needs to use the parent’s logic, it can bypass the override by explicitly
using the scope resolution operator: childObj.Base: :show() ;.

3.5.2 The Pointer Problem and Virtual Functions

Function overriding works perfectly when dealing directly with objects. However, in advanced C++ systems, program-
mers rarely deal with objects directly; they deal with Pointers.
C++ allows a Base Class pointer to mathematically point to a Derived Class object.

Base* ptr = new Derived();

This is incredibly useful because it allows a programmer to create a single array of Base* pointers that can hold
hundreds of different Derived objects. However, it creates a massive logical flaw known as the Static Binding
Problem.

Static Binding (Early Binding)

If you execute ptr->show() ;, which function will run? The Base version or the Derived version? Because C++ is
compiled for maximum speed, it uses Static Binding by default. During compilation, the compiler looks purely at
the type of the pointer (which is Basex*). It ignores what the pointer is actually pointing to in RAM. Therefore, it
mathematically locks the execution to the Base::show() function. The child’s overridden function is completely
ignored.

Dynamic Binding (Late Binding) using virtual

To fix this catastrophic flaw, C++ introduced the virtual keyword.

By placing the word virtual in front of the base class function declaration, you command the compiler to abandon
Static Binding. You force the program to wait until the exact millisecond the code is executed (Runtime) to look at
the physical RAM, determine exactly what type of object the pointer is pointing to, and execute the correct overridden
function. This is known as Dynamic Polymorphism.

class Base {
public:
// The ’virtual’ keyword forces Dynamic Binding
virtual void show() {
cout << "Base Version";

};

class Derived : public Base {
public:
void show() {
cout << "Derived Version";
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};
int main() {

Basex ptr = new Derived();
ptr->show(); // Because of ’virtual’, this correctly outputs "Derived Version"

Static Binding (No Virtual) Dynamic Binding (Virtual)

Compiler Idoks at_ pd
Basex ptr |[---) BiEcikes Base* ptr
Base: :show()

Compiler looks at a Budd
Derived Object Derived Object |« - -y Lretdtés
Derived: :show()

Figure 3.43: The virtual keyword forces the compiler to ignore the pointer’s data type and inspect the actual object
in memory before executing a function.

3.5.3 Abstract Classes and Pure Virtual Functions

Sometimes, a Base class is so highly generalized that it is mathematically impossible to write a default implementation
for its functions.
Consider a Shape base class with a calculateArea() function. What is the mathematical formula for the area of a
generic "shape'? It does not exist. Only specific derived classes like Circle (772) or Rectangle (I x w) have formulas.
In this scenario, the Base class function must be declared as a Pure Virtual Function. A pure virtual function is
a function declared with the virtual keyword and explicitly assigned the value of = 0. It has absolutely no body or
logic.

class Shape {
public:
// Pure Virtual Function
virtual void calculateArea() = 0;

};

The Rules of Abstract Classes

The moment a class contains even one pure virtual function, the C++ compiler officially designates the entire class as
an Abstract Class. Abstract classes are subjected to brutal, unbreakable rules:

1. Cannot be Instantiated: You are mathematically forbidden from creating an object of an Abstract Class.
Writing Shape s; will cause a fatal compiler error. The class exists purely to serve as a structural blueprint for
future derived classes.

2. Strict Enforcement: Any child class that inherits from an Abstract Class must override and provide logic
for every single pure virtual function. If the Circle class forgets to write the calculateArea() function, the
compiler will instantly mark the Circle class as abstract and refuse to compile it.

3.5.4 Conclusion

Inheritance provides the structural hierarchy, but Virtual Functions provide the dynamic intelligence. By mastering
function overriding, late binding via the virtual keyword, and the strict architectural enforcement of Abstract Classes,
an engineer achieves true OOP Polymorphism. This allows a software system to seamlessly process hundreds of vastly
different objects through a single, elegant array of base pointers, relying on the runtime compiler to dynamically trigger
the exact correct mathematical behavior for each specific entity.
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Al IMAGE PLACEHOLDER
An architectural diagram. A translucent, ghostly "Shape’ box hovers at the top
representing an Abstract Class, unable to materialize into physical reality. Solid
arrows point down to concrete, physical objects below it (’Circle’ and 'Rectangle’),
which are forced to materialize the *Area’ logic.

Figure 3.44: Abstract classes act as strict contractual templates. They force all derived classes to implement specific
behaviors while remaining completely uninstantiable themselves.

3.6 Polymorphism in C++

The word Polymorphism originates from the Greek language: poly meaning "many," and morphs meaning "forms." It
is one of the four foundational pillars of Object-Oriented Programming (alongside Abstraction, Encapsulation, and
Inheritance).

In the context of C++ software engineering, polymorphism refers to the ability of a single function, message, or
operator to exhibit vastly different behaviors depending on the exact context or the specific object it is acting upon.
Consider the command "Play." If you give the command "Play" to a dog, it will chase a tennis ball. If you give the
exact same command to a DVD player, it will display a movie. The message is identical, but the behavior—the
"form"—changes drastically based on the receiver.

C++ categorizes polymorphism into two strict temporal domains: Compile-Time and Run-Time.

[Polymorphism]
Compile-Time Run-Time
(Early Binding) (Late Blndlng)

Function Operator
Overloading Overloading

Figure 3.45: The hierarchical classification of Polymorphism in C++.

3.6.1 Compile-Time Polymorphism (Static Binding)

Compile-time polymorphism is resolved entirely by the C++ compiler before the program is ever executed. As the
compiler reads the raw source code, it mathematically determines exactly which block of code needs to be triggered.
Because all decisions are made in advance, compile-time polymorphism (also known as Static Binding or Early Binding)
results in incredibly fast software execution.

It is implemented through two distinct mechanisms: Function Overloading and Operator Overloading.

1. Function Overloading

In traditional procedural languages like C, every function must have a unique name. If you write a function to
calculate the area of a circle, you must name it calcAreaCircle(). If you write one for a rectangle, you must name it
calcAreaRect ().

C++ completely eliminates this naming nightmare through Function Overloading. You can define dozens of
functions that share the ezact same name inside the same scope, provided that their parameters (arguments) are
different.
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class MathOperations {
public:
// Function 1: Two integers
int add(int a, int b) { return a + b; }

// Function 2: Three integers
int add(int a, int b, int ¢) { return a + b + ¢; }

// Function 3: Two floating-point decimals
float add(float a, float b) { return a + b; }

int main() {
MathOperations math;
math.add(5, 10); // Compiler routes to Function 1
math.add(5, 10, 15); // Compiler routes to Function 2
math.add(2.5f, 3.5f); // Compiler routes to Function 3

The compiler resolves the overload by looking at the Function Signature (the number, type, and sequence of
arguments). When it sees math.add(5, 10, 15), it scans the class, finds the specific add() function that accepts
exactly three integers, and wires the execution directly to that block.

2. Operator Overloading

The built-in arithmetic operators in C++ (+, -, *, ==) only know how to operate on basic built-in data types like int
and float.

If you create a complex custom class, such as a String class or a Matrix3D class, the C++ compiler has absolutely
no idea how to add them together. If you type matrixC = matrixA + matrixB;, the compiler will crash.

Operator Overloading is a massive superpower in C++ that allows the programmer to redefine the mathematical
behavior of built-in operators so they can act directly upon complex, user-defined objects. It allows objects to behave
elegantly, exactly like native data types.

The syntax utilizes the special operator keyword:

class Vector2D {
public:
int x, y;

// Overloading the ’+’ operator
Vector2D operator+(const Vector2D& other) {
Vector2D result;
result.x this->x + other.x;
result.y = this->y + other.y;
return result;

};

int main() {
Vector2D v1(5, 10);
Vector2D v2(2, 3);

// The ’+’ symbol now triggers the custom function above!
Vector2D v3 = vl + v2;

3.6.2 Run-Time Polymorphism (Dynamic Binding)

While Compile-Time polymorphism is fast, it is incredibly rigid. The compiler must know exactly what object it is
dealing with in advance.
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Al IMAGE PLACEHOLDER
A visual comparison showing the '+’ symbol. On the left, it acts as a simple
arithmetic operator adding two standard integer blocks (5 + 5 = 10). On the right,
it acts as a highly complex overloaded operator, taking two massive 3D Vector
matrices and perfectly combining their internal dimensions into a new matrix.

Figure 3.46: Operator Overloading expands the capability of simple mathematical symbols to manipulate massively
complex objects.

However, in advanced, highly dynamic software architectures (like video games or graphical operating systems), the
program often uses a single array of Base Class pointers to manage hundreds of vastly different Derived Class
objects. Because the pointer type is generic, the compiler cannot possibly know which specific object it is pointing to
until the program is physically running and the user clicks a button.

This requires Run-Time Polymorphism (Late Binding or Dynamic Binding). The decision of which function to
execute is delayed until the exact millisecond of execution.

The Mechanism: Virtual Functions

As explored in the previous section, Run-Time Polymorphism is achieved exclusively through the use of virtual
functions.

When a Base Class declares a function as virtual, it warns the compiler: "Do not use early binding here. Wait. At
runtime, inspect the actual physical object this pointer is aiming at, and execute that object’s specific overridden version
of the function."

Consider a Shape base class pointer array:

Shape* shapes[3];

shapes[0] = new Circle();
shapes[1] = new Rectangle();
shapes[2] = new Triangle();

// Using a loop to calculate areas
for(int i = 0; i < 3; i++) {
// RUN-TIME POLYMORPHISM IN ACTION:
shapes[i]->calculateArea();

Because calculateArea() is a virtual function, the exact same line of code (shapes[i]->calculateArea();)
produces three drastically different behaviors.

« On loop 0, it behaves like a Circle and executes 7r2.

e On loop 1, the identical code magically morphs to behave like a Rectangle and executes length x width.

3.6.3 Conclusion

Polymorphism is the ultimate expression of code flexibility in C++. By utilizing Compile-Time polymorphism (Function
and Operator Overloading), programmers can create highly intuitive, readable interfaces where identical names and
operators adapt to different data types. By mastering Run-Time polymorphism (Virtual Functions), engineers can
build massively scalable, modular systems where new, radically different objects can be added to the software years
later without ever having to rewrite the core execution loops.
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3.7 Constructors and Destructors in Derived Classes

When a programmer instantiates an object from a simple, standalone class, the lifecycle is straightforward: the
constructor runs, the object exists, and the destructor runs.

However, Inheritance fundamentally alters this lifecycle. When an object of a Derived Class is instantiated, it
physically contains both its own specific data members and the data members inherited from its Base Class. Therefore,
initialization and cleanup are no longer single events; they become a highly orchestrated, multi-step chain reaction.
Understanding the exact sequence of this chain reaction is critical to preventing catastrophic initialization errors and
memory leaks.

3.7.1 Execution Order of Constructors

When a Derived Class object is born, the C++ compiler must decide what to build first: the parent’s half of the object,
or the child’s half.

The rule is absolute: Base Class constructors are executed FIRST, followed by Derived Class construc-
tors.

The Architectural Logic

Why does C++ force this order? Consider building a house. You cannot build the roof (the Derived features) before
you pour the foundation (the Base features). The Derived class often relies heavily on the variables inherited from
the Base class. If the Derived constructor ran first, it might attempt to use inherited variables that contain raw,
uninitialized garbage data, instantly crashing the program. By guaranteeing that the Base constructor runs first, the
foundation is completely secure before the child begins its setup.

Order in Complex Inheritance Forms

o Multilevel Inheritance (A — B — C): The execution is strictly top-down. The oldest ancestor runs first.
(Constructor A, then Constructor B, then Constructor C).

o Multiple Inheritance (class C : public A, public B): The constructors execute in the exact left-to-right
order they are written in the class declaration line. (Constructor A runs, then Constructor B, then Constructor

Q).

3.7.2 Execution Order of Destructors

When the Derived Class object goes out of scope and dies, the cleanup process begins.
The rule for destructors is the exact inverse: Derived Class destructors are executed FIRST, followed by
Base Class destructors.

The Architectural Logic

This reverse (Bottom-Up) order is a vital safety mechanism. During the cleanup process, the Derived class destructor
might need to execute complex logic that relies on the parent’s variables still being intact. (You must safely dismantle
the roof before you demolish the foundation). If the Base destructor ran first, the foundation would be deleted, leaving
the child destructor operating on corrupted memory.

( )
Base Class A
(. J L}
1
1
Constructor q Y 1+ Destructor
Execution Order Derived Level 1 1 Execution Order
(Top-Down) L ) 1 (Bottom-Up)
'
s N :
A Derived Level 2 !
|\ J

Figure 3.47: The strict, inversely mirrored execution flow of Constructors and Destructors in an inheritance hierarchy.
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3.7.3 Passing Parameters to Base Class Constructors

If the Base Class only has a Default Constructor (no arguments), the compiler handles the entire top-down constructor
chain automatically.

However, a major architectural challenge arises if the Base Class only possesses a Parameterized Constructor.
Because the Base class requires arguments to be initialized, the compiler cannot automatically launch it. The Derived
Class is legally obligated to gather those arguments from the main() function and manually pass them wup the chain to
the Base Class.

This is accomplished using a specific C++ syntax known as the Constructor Initialization List.

class Employee {
protected:
int id;
public:
// Base Parameterized Constructor
Employee(int i) {
id = i;
cout << "Employee Base Created.\n";

};

class Manager : public Employee {
private:
int teamSize;
public:
// Derived Constructor receives BOTH arguments
// It passes ’i’ UP to the Employee constructor via the colon (:)
Manager (int i, int ts) : Employee(i) {
teamSize = ts;
cout << "Manager Derived Created.\n";

};

int main() {
// We pass both the ID (101) and Team Size (5) to the child
Manager m1(101, 5);

Notice the syntax: Derived(...) : Base(...). This initialization list guarantees that the Base constructor
receives its required data and executes properly before the execution enters the { } body of the Derived constructor.

Al IMAGE PLACEHOLDER
A diagram showing the flow of data arguments. The 'Main Function’ passes two
arguments [A, B] into the ’Child Constructor’ The 'Child Constructor’ catches
them, keeps argument [B] for itself, and physically throws argument [A] upwards
into the 'Parent Constructor’ using the Initialization List.

Figure 3.48: The Derived Class acts as a middleman, receiving all initialization data from main() and routing the
necessary pieces upward to satisfy the Base Class requirements.
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3.7.4 Virtual Destructors (Preventing Catastrophic Memory Leaks)

In Section 3.2, we learned that professional software systems frequently use Base Class pointers to manage Derived
Class objects (Base* ptr = new Derived();), and we used the virtual keyword to solve the Static Binding problem
for normal functions.

This exact same Static Binding problem applies to Destructors, and it is far more dangerous.

Consider what happens when the program ends and the programmer writes delete ptr;. Because the pointer
type is Base*, the compiler uses Static Binding. It blindly executes the Base class destructor and completely ignores
the Derived class destructor.

If the Derived class had dynamically allocated 50 Megabytes of RAM using new, that memory is now permanently
orphaned, creating a catastrophic memory leak.

The Golden Rule of OOP Destructors

To solve this, there is an absolute, non-negotiable rule in C++ engineering: If a class is designed to be inherited
from, its destructor MUST be declared as virtual.

class Base {
public:
// VIRTUAL DESTRUCTOR
virtual ~Base() { cout << "Base Destroyed"; }

};

class Derived : public Base {
public:
~Derived() { cout << "Derived Destroyed"; }

};

int main() {
Base* ptr = new Derived();
delete ptr; // Safely triggers Derived, then Base.

By adding the virtual keyword to the Base destructor (virtual Base()), we force the compiler to use Late
Binding. When delete ptr; is called, the compiler looks at the actual object in RAM, correctly begins the destruction
sequence at the Derived destructor, and gracefully cascades upward to the Base destructor, ensuring a perfectly clean
memory wipe.

3.7.5 Conclusion

The relationship between base and derived classes is highly symbiotic, and this is most evident during the lifecycle phases
of initialization and destruction. By deeply understanding the Top-Down execution of constructors, the Bottom-Up
execution of destructors, the syntax of initialization lists, and the absolute necessity of Virtual Destructors, a software
engineer can safely architect massive, multi-tiered inheritance networks without fear of initialization crashes or memory
corruption.
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CHAPTER 4

Advanced Class Features

4.0.1 Introduction to Operator Overloading

Operator overloading is one of the most powerful features of C++4, enabling developers to provide special meanings
to existing C++ operators when they are applied to user-defined data types (such as classes and structures). By
overloading operators, we can make our custom types behave similarly to built-in data types, making the code more
intuitive and easier to read.

Box[Operator Overloading] Operator overloading allows standard C++ operators (like +, -, ++, ==) to be redefined
so that they can operate on user-defined data types. It provides a way to define custom behaviors for operators
while maintaining their natural syntax.

r
\

Key Concept

Concept Operator overloading does not create new operators; it only extends the functionality of existing ones.
The semantics (like precedence, associativity, and the number of operands) of the overloaded operators remain
exactly the same as they are for built-in types.

,
.

Real-World Analogy: The + Operator

Imagine the + operator as a generic "combine" tool. When applied to integers (5 + 3), it performs mathematical
addition. When applied to strings ("Hello" + "World"), it performs concatenation. Operator overloading allows
us to teach the + operator how to "combine" completely new concepts, such as two ComplexNumber objects or two
Matrix objects, adapting seamlessly to the context in which it is used.

+ Operator -
Mathematical

(Integer ST
+ Integer) ition
+ Operator -

(String ¢ String . ]
" i) oncatenation
+ Operator v

(Matrix a_t'tlx ]
+ Matrix) Addition

Figure 4.1: Adaptation of the + operator depending on operand types.

To overload an operator, we use a special function called an operator function. The syntax for an operator
function is:

return_type operator op (argument_list);



Figure 4.2: Conceptual view of operator behavior adaptation based on operands

Here, return_type is the type of value returned by the operation, operator is a keyword, op is the operator being
overloaded, and argument_list contains the parameters passed to the operator. Operator functions can be implemented
either as member functions of a class or as friend functions.

4.0.2 Overloading Unary Operators

Unary operators operate on a single operand. Common examples include the unary minus (-), logical not (!), increment
(++), and decrement (=) operators. Since unary operators require only one operand, an operator function implemented
as a member function takes no arguments (the operand is passed implicitly via the this pointer), whereas an operator
function implemented as a friend function takes exactly one argument (the operand itself).

Overloading Unary Operators using Member Functions

When a unary operator is overloaded as a member function, the object that invokes the operator function becomes the
operand.

Let us consider a class Distance that holds feet and inches, and we want to overload the unary minus (-) operator
to negate the distance.

#include <iostream>
using namespace std;

class Distance {
private:
int feet;
int inches;

public:
// Constructor
Distance(int f = 0, int i = 0) : feet(f), inches(i) {}

// Overloading unary minus as a member function
Distance operator-() {
return Distance(-feet, -inches);

}

void display() const {
cout << feet << " feet " << inches << " inches" << endl;
}
};

int main() {
Distance di(5, 9);
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Distance d2 = -d1; // Invokes dl.operator-()

cout << "QOriginal Distance: "; dl.display(Q);
cout << "Negated Distance: "; d2.display();
return O;

In this example, the expression -d1 is translated by the compiler into the function call d1.operator-(). Since it is
a member function, it accesses the data members of d1 directly, negates them, and returns a new Distance object.

Compiler
-d1 d1.operator-()
ranslates t
Y

_____________________

. Implicit this pointer
: points to d1

Figure 4.3: Translation mechanism of unary operator overloading via member function.

Figure 4.4: Translating unary minus expression into member function call.

Overloading Unary Operators using Friend Functions

A friend function is not a member of the class, meaning it does not have an implicit this pointer. Therefore, to
overload a unary operator using a friend function, we must explicitly pass the object as an argument. Friend functions
are typically useful when we want to allow non-member functions to access the private data of a class.

Here is how the unary minus operator can be overloaded using a friend function:

#include <iostream>
using namespace std;

class Distance {
private:
int feet;
int inches;

public:
Distance(int f = 0, int i = 0) : feet(f), inches(i) {}

// Declaration of friend function
friend Distance operator-(const Distance& d);

void display() const {
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cout << feet << " feet " << inches << " inches" << endl;
}s

// Definition of overloaded unary operator as friend function
Distance operator-(const Distance& d) {
return Distance(-d.feet, -d.inches);

}

int main() {
Distance d1(8, 4);
Distance d2 = -d1; // Invokes operator-(dil)

d2.display(Q);
return O;

Here, -d1 is translated to operator-(d1). The friend function accesses the private members feet and inches
through the explicitly passed object d.

Compiler
-d1 operator-(dil)
ranslates t

__________ Yo __.
i Explicit argument
: passed: di

Figure 4.5: Translation mechanism of unary operator overloading via friend function.

Figure 4.6: Translating unary minus expression into friend function call.

4.0.3 Overloading Binary Operators

Binary operators operate on two operands. Examples include arithmetic operators (+, -, *, /), relational operators (==,
>, <), and bitwise operators (&, |). When overloading a binary operator using a member function, it takes one explicit
argument. When using a friend function, it takes two explicit arguments.

Overloading Binary Operators using Member Functions

When a binary operator is overloaded as a member function, the left-hand operand invokes the operator function, and
the right-hand operand is passed as an explicit argument.
Let us explore overloading the addition (+) operator for a Complex number class.



https://milav.in

#include <iostream>
using namespace std;

class Complex {
private:
float real;
float imag;

public:
Complex(float r = 0, float i = 0) : real(r), imag(i) {2}

// Overloading binary ’+’ as a member function
Complex operator+(const Complex& obj) {
Complex temp;
temp.real = real + obj.real; // ’real’ is left operand, ’obj.real’ is right
temp.imag = imag + obj.imag;
return temp;

void display() const {
cout << real << " + " << imag << "i" << endl;
}
s

int main() {
Complex c1(3.5, 2.5);
Complex c2(1.5, 4.5);
Complex c¢3 = c1 + c2; // Translated to cl.operator+(c2)

c3.display(); // Output: 5 + 7i

return O;

In the statement c3 = c1 + c¢2;, the compiler maps the expression to c1.operator+(c2). The object c1 calls the
function, so its members (real and imag) are accessed directly, while c2 is passed as obj.

Figure 4.7: Mapping of binary operator to member function invocation.

Overloading Binary Operators using Friend Functions

While member functions are generally preferred for operator overloading, friend functions become necessary in specific
scenarios. For instance, if you want to perform an operation where the left operand is a built-in type (e.g., int or
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float) and the right operand is a user-defined object, a member function cannot be used. This is because built-in
types cannot invoke member functions.
Consider an operation where we want to add an integer to a Complex number.

#include <iostream>
using namespace std;

class Complex {
private:
float real;
float imag;

public:
Complex(float r = 0, float i = 0) : real(r), imag(i) {3}

// Overloading binary ’+’ using a friend function
friend Complex operator+(float scalar, const Complex& c);
friend Complex operator+(const Complex& c, float scalar);

void display() const {
cout << real << " + " << imag << "i" << endl;
}
s

// Friend function implementations
Complex operator+(float scalar, const Complex& c) {
return Complex(scalar + c.real, c.imag);

}

Complex operator+(const Complex& c, float scalar) {
return Complex(c.real + scalar, c.imag);

}

int main() {
Complex c1(2.0, 3.0);
Complex c2 = 5.0 + c1; // Translated to operator+(5.0, cl)
Complex c¢3 = cl + 10.0; // Translated to operator+(cl, 10.0)

c2.display(); // Output: 7 + 3i
c3.display(); // Output: 12 + 3i
return O;

In 5.0 + c1, the compiler looks for a non-member function operator+(float, const Complex&), which we have
defined as a friend. This symmetry and flexibility are primary reasons why binary operators are frequently overloaded
using friend functions.

4.0.4 Rules and Limitations of Operator Overloading

While operator overloading is flexible, C++ imposes certain strict rules and limitations to preserve the logic and
consistency of the language.

Preserve Operator Intent

Although C++ allows you to overload operators to perform arbitrary tasks (e.g., using + to perform subtraction),
doing so leads to confusing, unmaintainable code. Always adhere to the conventional meaning of the operator. If
overloading +, it should logically represent addition or concatenation.

Here are the fundamental rules and limitations associated with operator overloading:
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«««< HEAD
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Figure 4.8: Al Generated Image Placeholder: Friend Function for Mixed Operands

Cannot create new operators: You can only overload existing C++ operators. You cannot invent custom
operators like *x* or <>.

Precedence and Associativity cannot be changed: Overloaded operators retain their original precedence
and associativity. For instance, multiplication (*) will always be evaluated before addition (+), even when
overloaded for custom types.

Arity must be maintained: You cannot change the number of operands an operator takes. Unary operators
must remain unary, and binary operators must remain binary. For example, you cannot overload ! to take two
operands.

At least one user-defined operand: You cannot overload an operator if all its operands are of standard built-in
types (e.g., you cannot redefine how two int values are added). At least one operand must be a user-defined type.

Overloaded operators cannot have default arguments: Unlike regular functions, operator functions cannot
take default arguments (with the exception of the function call operator ()).

Concept There are a few operators in C+-+ that cannot be overloaded under any circumstances. These are
restricted because altering their behavior would fundamentally break the language semantics.

The non-overloadable operators include:

1.

2.

d.
6.

Scope resolution operator (::): Resolves namespaces and class scope.
Member access operator (.): Accesses members of an object directly.

Member pointer access operator (.*): Accesses a member using a pointer-to-member.

. Ternary conditional operator (?:): Modifying its lazy-evaluation semantics is unsafe.

sizeof operator: Required by the compiler to determine object size at compile-time.

typeid operator: Necessary for Runtime Type Information (RTTI).

Furthermore, certain operators can only be overloaded as member functions, not as friend functions. These include
the assignment operator (=), function call operator (()), subscript operator ([1), and member access arrow (->). This
restriction exists to ensure that the left-hand operand is always a valid object of the class modifying its state.
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Can be Overloaded
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r Overloadable Operators .+ (Scope Resolution)
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w —>*x, =>, (), [1, new, delete ) -
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Figure 4.9: Classification of C++ operators based on their overloadability.

Figure 4.10: Summary of overloadable and non-overloadable operators in C++.

4.0.5 Summary of Member vs. Friend Functions for Overloading

Choosing whether to use a member or friend function depends heavily on the specific operator and the desired usage

context.

e Member Functions: Implicitly pass the current object as the left operand. They are required for operators
that mutate the state of the left operand or depend heavily on class scope (like =, [1, ()).

e Friend Functions: Explicitly take all operands as arguments. They are essential when the left operand is a
built-in type or an object of a different class. They also promote commutative operations (e.g., allowing both obj

+ 5and 5 + obj).

Operator overloading, when used judiciously, significantly enhances the expressiveness of user-defined types,
embedding them seamlessly into the native syntax of C++. Understanding its rules and the nuances of member versus
friend functions is crucial for robust object-oriented programming in C++.

[ Concept 25a ]

relates to

[ Concept 25b ]

Figure 4.11: Relevant TikZ diagram 25 for OOP concepts.



https://milav.in

«««< HEAD

Box »»»> origin/paper-solver Prompt: A conceptual illustration of OOP concept

25, emphasizing clarity and educational value. «««< HEAD

»»»> origin/paper-solver

Figure 4.12: Al Generated Image Placeholder 25

[ Concept 26a ]

relates to

[ Concept 26b ]

Figure 4.13: Relevant TikZ diagram 26 for OOP concepts.
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Figure 4.14: AT Generated Image Placeholder 26

4.1 Friend Functions and Classes

In the paradigm of Object-Oriented Programming (OOP) in C++, encapsulation and data hiding are fundamental
principles. Typically, a class hides its internal data by making its attributes private or protected, ensuring that
only member functions of that class can access or modify them. This mechanism protects the integrity of the data
and prevents unauthorized access from outside the class. However, there are scenarios where enforcing this strict
encapsulation becomes a hurdle. For instance, you might need a function to operate on the private data of two different
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classes simultaneously, or you might want to allow a tightly coupled class to access the private members of another
class without exposing those members to the rest of the program.

To handle such specialized scenarios without completely breaking the encapsulation model, C++ introduces the
concept of friend functions and friend classes. The friend keyword allows a class to explicitly grant access to its
private and protected members to an outside function or an entire outside class.

Key Concept

Concept A friend in C++ is a function or a class that is explicitly granted access to the private and protected
members of another class. Friendship is granted by the class whose members are to be accessed, ensuring that
encapsulation is bypassed only in a controlled and intentional manner.

Class Data (Hidden% <C—e—sie]§§riend Function

Figure 4.15: Friend Function accessing hidden data of a Class

4.1.1 Friend Functions: Declaration and Use

A friend function is an ordinary non-member function that has been granted special access privileges by a class.
Although it is not a member of the class, it can access all private, protected, and public members of the class that has
declared it as a friend.

Box Friend Function: A non-member function that is given the authority to access the private and protected
members of a class. It is declared inside the class using the friend keyword, but it is defined outside the class
without the scope resolution operator (::).

Declaration of a Friend Function

To declare a friend function, you place its prototype inside the class definition, preceded by the keyword friend. It
does not matter whether you declare the friend function in the private, protected, or public section of the class;
the access privileges granted to the friend function remain exactly the same.

Syntax:

class ClassName {
// ... private or protected members ...

// Declaration of the friend function
friend return_type function_name(arguments) ;

};

Use of a Friend Function

Friend functions are particularly useful when you need a function to access the private data of more than one class.
A classic example is a function that calculates the distance between two points, where each point is an object of a
different class, or a function that compares the internal state of objects from two distinct classes.

Let us look at an example where a friend function acts as a bridge between two independent classes.

Example: Bridging Two Classes with a Friend Function

Consider two classes, Manager and Employee. We want to write a function compareSalary that takes an object
of each class and determines who earns more. Since salary is a private attribute in both classes, an ordinary
non-member function cannot access it. By making compareSalary a friend of both classes, we can solve this
problem.
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Figure 4.16: A visual representation of bridging two classes using a friend function

#include <iostream>
using namespace std;

// Forward declaration of class Employee is necessary
// because it is referenced in the manager class’s friend declaration.
class Employee;

class Manager {
private:
double salary;
public:
Manager (double s) : salary(s) {}

// Declaring the non-member function as a friend
friend void compareSalary(const Manager& m, const Employee& e);

};

class Employee {
private:
double salary;
public:
Employee(double s) : salary(s) {}

// Declaring the same non-member function as a friend
friend void compareSalary(const Manager& m, const Employee& e);

};

// Definition of the friend function
// Note: The ’friend’ keyword is not used here,
// and there is no scope resolution operator.
void compareSalary(const Manager& m, const Employee& e) {
if (m.salary > e.salary) {
cout << "Manager earns more." << endl;
} else if (m.salary < e.salary) {
cout << "Employee earns more." << endl;
} else {
cout << "Both earn the same." << endl;

int main() {
Manager m(85000) ;
Employee e(60000) ;

// The friend function is called like a normal function
compareSalary(m, e);
return O;
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Characteristics of Friend Functions
When working with friend functions, there are several important rules and characteristics to keep in mind:

1. Not a Member: A friend function is not in the scope of the class to which it has been declared as a friend.
Therefore, it cannot be called using the object of that class (e.g., obj.friendFunction() is invalid).

2. Normal Invocation: It is invoked like a normal C++ function without the help of any object.

3. Explicit Object Passing: Unlike member functions, a friend function does not have a this pointer. Therefore,
it cannot access the member variables directly by their names. It must access them through an object of the
class, typically passed as an argument (e.g., obj.member_name).

4. Access Specifier Agnostic: It can be declared in the public, private, or protected section of the class without
changing its meaning or access rights.

5. Common Uses: Friend functions are widely used in operator overloading (like « and ») where the left-hand
operand is not an object of the class.

No this pointer ‘ ‘ Needs explicit object

Figure 4.17: Characteristics of a Friend Function

Important / Warning

Overuse of Friends: While friend functions provide a convenient way to bypass encapsulation, overusing them
can lead to a breakdown of the object-oriented paradigm. If too many functions are declared as friends, it becomes
difficult to track which parts of the program are modifying the internal state of an object, leading to code that is
hard to maintain and debug. Use them sparingly and only when absolutely necessary.

4.1.2 Friend Classes: Declaration and Use

Just as a class can grant access to a specific non-member function, it can also grant access to all the member functions
of another entire class. When Class A declares Class B as its friend, all member functions of Class B become friend
functions of Class A. This means that any method in Class B can access the private and protected members of Class A.

Box Friend Class: A class that has been explicitly granted access to the private and protected members of
another class. If Class B is a friend of Class A, Class B can access all private and protected data of Class A.

Declaration of a Friend Class

To declare a friend class, you use the friend keyword followed by the class keyword and the name of the class you
wish to make a friend. This declaration is placed inside the class that is granting the access.
Syntax:

class ClassA {
// ... private and protected members of ClassA ...

// Declaring ClassB as a friend class
friend class ClassB;

};

class ClassB {
// All member functions of ClassB can access private members of ClassA

};
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Use of a Friend Class

Friend classes are extremely useful when two or more classes are tightly coupled and need to work together closely. For
instance, in a data structure like a Linked List, the LinkedList class might need direct access to the private members
(like data and next) of the Node class. Making LinkedList a friend of Node is an elegant and efficient solution.

BankAccount |Full Access| BankAuditor

private: balance friend class

Figure 4.18: Friend Class conceptually bypassing encapsulation

Example: Tightly Coupled Classes using a Friend Class

Let’s illustrate this with a BankAccount class and a BankAuditor class. The BankAccount class holds sensitive
information like the account balance, which must be private. However, the BankAuditor class needs to inspect
this balance to perform an audit.

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

class BankAccount {
private:
string accountHolder;
double balance;

public:
BankAccount (string name, double initial_balance)
: accountHolder (name), balance(initial_balance) {}

// Granting friend status to BankAuditor
friend class BankAuditor;

};

class BankAuditor {
public:
// Member function of BankAuditor accessing
// private data of BankAccount
void performAudit(const BankAccount& account) {
cout << "--- Audit Report ---" << endl;
cout << "Account Holder: " << account.accountHolder << endl;
cout << "Current Balance: $" << account.balance << endl;

if (account.balance < 0) {

cout << "Status: Overdrawn. Immediate action required." << endl;
} else {

cout << "Status: Account is in good standing." << endl;

};
int main() {
BankAccount acc("Alice Smith", 5000.00);

BankAuditor auditor;

auditor.performAudit(acc);
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return O;

In this example, because BankAuditor is declared as a friend inside BankAccount, the performAudit method can
seamlessly read account.accountHolder and account.balance, even though they are strictly private within the
BankAccount class.

Important Properties of Friendship in Classes

When designing systems with friend classes, it is critical to understand the boundaries of this relationship. Friendship
in C++ is strict and comes with specific rules:

o Friendship is Not Mutual (Not Commutative): If Class A declares Class B as a friend, Class B can access
the private members of Class A. However, this does not mean Class A can access the private members of Class B.
For mutual friendship, both classes must explicitly declare the other as a friend.

o Friendship is Not Transitive: If Class A is a friend of Class B, and Class B is a friend of Class C, it does not
imply that Class A is implicitly a friend of Class C. Friendship must be explicitly granted at every level.

o Friendship is Not Inherited: The friend status of a base class is not inherited by its derived classes. If Class
A is a friend of Class B, a subclass derived from Class A does not automatically become a friend of Class B.
Similarly, Class A does not automatically become a friend of classes derived from Class B.

Friend of Friend of

-

Not transitive

Figure 4.19: Properties of Friendship: Not mutual, not transitive

4.1.3 Making a Specific Member Function a Friend

Sometimes, declaring an entire class as a friend grants more access than necessary. If only a single member function of
Class B needs access to the private members of Class A, you can declare only that specific function as a friend, rather
than the whole class. This adheres more strictly to the principle of least privilege.

To do this, you must carefully manage the order of class definitions because Class A needs to know the exact
signature of the member function from Class B.

Example Snippet:

class ClassA; // Forward declaration

class ClassB {
public:
void specificFunction(ClassA& obj); // Declaration only

};

class ClassA {
private:
int hiddenData;

// Declaring only a specific member function of ClassB as a friend
friend void ClassB::specificFunction(ClassA& obj);

};

// Definition of the member function after both classes are fully defined
void ClassB::specificFunction(ClassA& obj) {
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// Can access private data
obj.hiddenData = 42;

This approach minimizes the exposure of Class A’s internal implementation details. By selectively granting access
only to the functions that absolutely require it, you maintain a tighter, more secure encapsulation boundary.

4.1.4 Summary of Friend Concepts

Friend functions and classes act as controlled loopholes in the C++ encapsulation mechanism. They are powerful tools
that, when used judiciously, solve complex architectural problems, such as operator overloading and managing tightly
interrelated classes. The key takeaway is that friendship must be given by the class being accessed, not taken by the
class or function requesting access. Always prioritize standard encapsulation methods (like public getter and setter
methods) and reserve the friend keyword for situations where those methods would lead to unnecessarily convoluted
code or an unnatural exposure of internal states to the general public.

[ Concept 27a ]

relates to

[ Concept 27b ]

Figure 4.20: Relevant TikZ diagram 27 for OOP concepts.
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Figure 4.21: Al Generated Image Placeholder 27
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relates to
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Figure 4.22: Relevant TikZ diagram 28 for OOP concepts.
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4.2 Pointers to Objects

In C++, an object is a distinct entity that occupies a specific region in memory once it has been instantiated from a
class. Since every object resides at a specific memory location, it is possible to obtain the memory address of an object
and manipulate it using pointers. A pointer that stores the memory address of an object is referred to as a pointer to
an object. Pointers to objects function very similarly to pointers to standard data types such as int or float, but
they provide the mechanism to dynamically allocate objects, implement data structures like linked lists, and, crucially,
achieve runtime polymorphism.

Pointer to an Object A pointer to an object is a variable that stores the memory address of an instance of a class.

Once a pointer is pointing to an object, you can access the object’s public members (both data and functions)
through the pointer using the arrow operator (->).

To declare a pointer to an object, you write the class name followed by an asterisk (*) and the pointer’s name. For
instance, if we have a class named Rectangle, a pointer to a Rectangle object is declared as:

Rectangle *rectPtr;

Rectangle Object
rectPtr Points to @ 0x8000
(0x8000) length = 10
width = 5

Pointer variable

Object in memory
Figure 4.24: Pointer variable pointing to a Rectangle object in memory.

Here, rectPtr is a pointer capable of holding the address of any object of type Rectangle. We can initialize it to
point to an existing object using the address-of operator (&):

Rectangle rect;
Rectangle *rectPtr = &rect;

Alternatively, pointers to objects are frequently used with dynamically allocated objects using the new operator:
Rectangle *dynamicRect = new Rectangle();

When accessing the members of an object through a pointer, the dot operator (.) cannot be used directly on the
pointer. Instead, you must dereference the pointer first, like (*rectPtr) .display(), or use the more idiomatic arrow
operator (->), such as rectPtr->display().
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Accessing Members via Pointers Consider a simple Student class. The following code demonstrates how to create
a pointer to a Student object and access its members.

#include <iostream>
using namespace std;

class Student {

private:
int rollNumber;

public:
Student(int r) { rollNumber = r; }
void display() {

cout << "Roll Number: " << rollNumber << endl;
}
s
int main() {
Student s1(101); // Normal object creation
Student *ptr = &si; // Pointer to the object

// Accessing member function using the arrow operator
ptr->display(Q);

// Dynamically creating an object and pointing to it
Student *ptr2 = new Student(102);
ptr2->displayQ;

delete ptr2; // Freeing dynamically allocated memory
return O;

Figure 4.25: Memory representation of an object and its pointer, including dynamically allocated instances.

Pointers to objects become incredibly powerful when we delve into complex class designs, particularly when a
class’s member functions need to reference the object upon which they are operating, or when dealing with inheritance
hierarchies.
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4.2.1 The this Pointer

When you call a non-static member function for an object, how does the compiler know which object’s data members
the function should access? If multiple objects of a class exist, they all share the same member function code in memory.
To ensure that the member function operates on the correct object’s data, C++ implicitly passes a hidden pointer to
the member function. This hidden pointer is called the this pointer.

Key Concept

The this Pointer The this pointer is a constant pointer that holds the memory address of the current object—the
object that invoked the member function. It is passed as an implicit argument to all non-static member functions
of a class.

Inside a member function, this can be used to refer to the invoking object. While the compiler automatically adds
this-> to member variables implicitly, programmers can use it explicitly. The this pointer is of type ClassName*
const, meaning it always points to the same object and its address cannot be modified within the function.

There are three primary scenarios where the explicit use of the this pointer becomes either necessary or highly
beneficial:

1. Resolving Naming Conflicts

A very common use case for the this pointer is when a class’s member variables and a member function’s local
variables (or parameters) share the same name. By default, the local variable shadows the class member variable. To
unambiguously refer to the class member variable, the this pointer is used.

Resolving Shadowing with this

class Point {
private:
int x, y;
public:
// Parameters have the same names as member variables
Point(int x, int y) {
this->x = x; // this->x is the member, x is the parameter
this->y = y;

void display() {
cout << "(" << x <K< ", " K<y << ")" << endl;
}
};

In this example, without this->, the statement x = x would simply assign the parameter to itself, leaving the
member variable uninitialized.

2. Returning a Reference to the Current Object

Another significant application of the this pointer is to return a reference to the invoking object. By returning *this
(dereferencing the pointer to get the actual object), you can chain multiple member function calls in a single statement.
This technique is often called "method chaining" or "cascading."

Cascading Function Calls

class Counter {
private:
int count;
public:
Counter() : count(0) {}
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// Return a reference to the current object
Counter& increment() {

count++;

return *this;

void display() const {
cout << "Count: " << count << endl;
}
I

int main() {
Counter c;
// Cascaded calls made possible by returning *this
c.increment () .increment () .increment () ;
c.display(); // Output: Count: 3
return O;

Figure 4.26: Illustration of method chaining by returning the this pointer.

3. Passing the Current Object to Other Functions

Sometimes, an object needs to pass itself as an argument to a function defined outside the class or to a member function
of another class. The this pointer can be passed to achieve this interaction.

Important / Warning

Static Member Functions It is important to remember that static member functions do not have a this pointer.
Because static functions belong to the class itself rather than to any specific object instance, they cannot access
non-static member variables or functions directly. Consequently, they are never passed an implicit this pointer.

4.2.2 Pointers to Derived Classes

In Object-Oriented Programming, inheritance establishes an "is-a" relationship between a base class and a derived class.
For example, if a Car class inherits from a Vehicle class, a Car is a Vehicle. Because of this relationship, C++ allows
a pointer of a base class type to point to an object of its derived class type. This forms the foundation for runtime
polymorphism in C++.
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Key Concept

Base Pointer to Derived Object A pointer of a base class type can hold the address of an object of any class

derived from that base class. This process is commonly known as upcasting. However, a derived class pointer
cannot point to a base class object without an explicit type cast.

Consider a class hierarchy where Shape is the base class and Circle is the derived class:

class Shape {
public:
void display() {
cout << "Displaying Shape" << endl;
}
};

class Circle : public Shape {
public:
void display() {
cout << "Displaying Circle" << endl;
X
void calculateArea() {
cout << "Calculating Area" << endl;

};
We can create a pointer to a Shape and assign it the address of a Circle object:

Circle myCircle;
Shape *shapePtr = &myCircle; // Valid: Base pointer pointing to Derived object

While this is perfectly valid, there is a strict rule regarding how this base pointer can be used. When a base pointer
points to a derived object, the C++ compiler performs type-checking based on the type of the pointer, not the type
of the object it is pointing to.

Consequently, the shapePtr can only be used to access the members that are defined in the Shape base class. If we
attempt to access a member specific to the Circle class using the base pointer, the compiler will throw an error.

shapePtr->display(); // Valid. Calls Shape’s display() because shapePtr is of type Shapex*
// shapePtr->calculateArea(); // Error! calculateArea() is not a member of Shape

Figure 4.27: Base class pointer pointing to a derived class object.
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Important / Warning

Pointer Type Determines Accessibility Even if a base class pointer contains the address of a derived class object,
you can only invoke methods that exist in the base class. The static type of the pointer dictates which methods
are accessible at compile time.

But wait! In the previous example, calling shapePtr->display() invoked Shape: :display(), even though the
object is actually a Circle. The compiler resolves the function call at compile-time (early binding or static binding)
based on the pointer’s declaration type (Shape*). This behavior defeats the purpose of pointing to different derived
objects if we always end up executing the base class’s version of the function.

To execute the derived class’s version of the function when using a base class pointer, the base class function must
be declared as virtual.

Virtual Functions and Base Pointers By making a function virtual in the base class, we tell the compiler to defer
the function resolution until runtime (late binding or dynamic binding). The compiler will look at the actual
object type the pointer is currently addressing.

class Base {
public:
virtual void show() { cout << "Base show()" << endl; }

};

class Derived : public Base {
public:
void show() override { cout << "Derived show()" << endl; }

};

int main() {
Base *bptr;
Derived d;

bptr = &d; // Base pointer to derived object

// Because show() is virtual, the Derived version is called
bptr->show(); // Output: Derived show()

return O;

The combination of pointers to base classes and virtual functions is arguably the most powerful feature in C++. It
allows you to write generic code that can operate on an array or a collection of base class pointers. Each pointer in the
collection might point to a different derived class object. When a virtual function is invoked through these pointers,
the correct derived class implementation executes seamlessly.

If you ever find yourself needing to access derived-class-specific methods (like calculateArea()) through a base
class pointer, you must safely cast the pointer back to a derived class pointer. This is called downcasting, and in
modern C++, it is safely performed using dynamic_cast, which ensures at runtime that the cast is valid:

Circle *circlePtr = dynamic_cast<Circle*>(shapePtr);
if (circlePtr != nullptr) {
circlePtr->calculateArea(); // Safe to call now

b

In summary, pointers to objects provide the flexibility required for dynamic memory allocation and complex object
structures. The this pointer provides essential internal tracking of an object’s identity during member function
execution. Meanwhile, pointers to derived classes, combined with virtual functions, form the cornerstone of runtime
polymorphism, empowering developers to create extensible and robust object-oriented systems.
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Figure 4.28: Late binding mechanism: virtual table (vtable) resolution using base class pointer.
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Figure 4.29: Relevant TikZ diagram 29 for OOP concepts.
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Figure 4.31: Relevant TikZ diagram 30 for OOP concepts.
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4.3 Function Templates and Class Templates

In the world of software development, writing flexible, reusable, and maintainable code is a primary goal. C++
provides a highly powerful mechanism to achieve this through Templates. Templates form the foundation of generic
programming in C++, allowing developers to write code that works seamlessly with any data type without sacrificing
type safety or execution performance. By leveraging templates, we can create functions and classes that are defined
once but can be used with integers, floating-point numbers, user-defined objects, and more. The Standard Template
Library (STL) in C++ is heavily built upon these concepts.

Box|[Templates] In C++, a template is a blueprint or formula for creating generic classes or functions. It allows

you to write a single code segment that can operate on different data types. The compiler uses the template to
generate specific versions of the function or class based on the type arguments provided during instantiation.

Concept Templates promote the DRY (Don’t Repeat Yourself) principle. Instead of manually writing
overloaded functions or duplicate classes for every possible data type, you define the logic once. The compiler
takes over the repetitive work, automatically generating the necessary type-specific code behind the scenes. This
approach is called Generic Programming.

4.3.1 Basics of Templates

Before templates were introduced, if a programmer wanted a function to find the maximum of two numbers for both
integers and floating-point values, they would have to write multiple overloaded functions. This resulted in redundant
code that was difficult to maintain. If a bug was found in the logic, it had to be fixed in every overloaded version,
significantly increasing the probability of errors.
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Templates solve this dilemma by using placeholder types (often called template parameters or type parameters).
When the code is compiled, the compiler substitutes these placeholders with actual data types. This translation process

is known as template instantiation. Since this process happens purely during compilation, templates introduce zero
runtime overhead.

Figure 4.33: Template generation process: A single template blueprint creates multiple type-specific functions during
compilation.

Template
Blueprint
template<class
>

Generated Generated Generated
T = int T = double T = char

Figure 4.34: Visualizing the template instantiation process where one blueprint yields multiple concrete implementations.

There are two primary kinds of templates in C++:
e Function Templates: Used for defining generic functions that can operate on various data types.

o Class Templates: Used for defining generic classes, such as data structures that can store arbitrary data types.

4.3.2 Function Templates

A function template defines a family of functions. It allows a single function implementation to handle parameters of
various types, preventing the need to write identical logic multiple times.

Syntax of Function Templates

The syntax for creating a function template starts with the keyword template, followed by template parameters
enclosed in angle brackets (< >).

template <typename T>

return_type function_name (parameters) {
// Function body

by
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Alternatively, the keyword class can be used instead of typename:

template <class T>

return_type function_name (parameters) {
// Function body

}

There is no functional difference between typename and class in this specific context; both declare a type parameter.
However, modern C++ conventions prefer typename as it clearly indicates that T can be any type, including fundamental
types like int or double, not just a class type.

How Function Templates Work

When you call a function template, the compiler examines the arguments you pass to the function and automatically
deduces the type T. Then, it generates a specific, executable version of the function for that deduced type.

Figure 4.35: Template instantiation: The compiler deduces types from the function arguments.

findMax (10, 20) Compiler Deduces T=int —| int findMax(int, int)

Figure 4.36: Compiler’s type deduction pipeline for a function template call.

Function Template for Finding the Maximum

Let us consider a function template that returns the maximum of two values.

#include <iostream>
using namespace std;

// Defining a function template
template <typename T>
T findMax(T a, T b) {

return (a > b) ? a : b;

3

int main() {

int intl = 10, int2 = 20;
double d1 = 5.5, d2 = 3.14;
char cl1 = ’A’, c2 = ’7Z’;

// The compiler deduces T as int
cout << "Max of integers: " << findMax(intl, int2) << endl;
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// The compiler deduces T as double
cout << "Max of doubles: " << findMax(dl, d2) << endl;

// The compiler deduces T as char
cout << "Max of characters: " << findMax(cl, c2) << endl;

return O;

}

In this example, calling findMax (10, 20) causes the compiler to silently generate a version of findMax where T
is replaced by int. Similarly, it generates tailored versions for double and char as required by the function calls.

\

Type Deduction Failures

Template parameter deduction only works if the compiler can unambiguously determine the exact type. If
you pass arguments of different types to a template expecting identical types (e.g., findMax(10, 5.5)), the
compiler will generate an error because it cannot decide whether T should be int or double. In such cases,
implicit type conversion is bypassed, and you must either cast the arguments or explicitly specify the type:
findMax<double>(10, 5.5).

Templates with Multiple Parameters

Function templates are not restricted to a single type parameter. You can define multiple generic types by separating
them with commas inside the angle brackets.

template <typename T1l, typename T2>

void display(T1 a, T2 b) {
cout << "First Argument: " << a << endl;
cout << "Second Argument: " << b << endl;

This allows the function to seamlessly handle arguments of entirely different types simultaneously without type
coercion issues, offering immense flexibility.

Overloading Function Templates

Just like standard functions, function templates can be overloaded. You can overload a template with another template
or with a non-template function. When overloaded, the compiler follows a specific resolution order:

1. It looks for an exact match among non-template (standard) functions.
2. If no standard function matches, it looks for an exact match among function templates and instantiates it.

3. If neither is found, it attempts standard implicit type conversions on non-template functions.

4.3.3 Class Templates

While function templates generalize the operations performed on data, Class Templates generalize the structural
definition of data types themselves. Class templates are particularly useful when building complex data structures like
stacks, queues, linked lists, vectors, or trees. In these structures, the underlying manipulation logic (e.g., push, pop,
insert, delete) remains completely identical regardless of whether the structure holds integers, floating-point numbers,
or custom student objects.

Basics of Class Templates

A class template provides a broad specification for generating actual classes based on parameters. When you instantiate
a class template, you must specify the precise type to be used. Prior to C++17, the compiler could not implicitly
deduce the template arguments for class templates; they had to be explicitly provided in angle brackets during object
creation.
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Figure 4.38: Class templates acting as blueprints for generic data structures.
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Figure 4.39: Instantiation of a generic class template into specific data structures based on type parameters.
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Box[Class Template Instantiation] The process of creating a specific, concrete class from a class template by

providing actual data types for the template parameters is called instantiation. The newly resulting class generated
by the compiler is formally termed a template class.

Syntax of Class Templates

Defining a class template involves prefixing the standard class declaration with the template keyword and the required
type parameters.

template <typename T>

class ClassName {
// Data members of generic type T
T variable;

public:
// Member functions interacting with type T
ClassName (T arg) : variable(arg) {}
T getVariable() { return variable; }

s

To create an object of this template class, you must provide the type argument explicitly:

ClassName<int> myIntObj (10);
ClassName <double> myDoubleObj (5.5);

Defining Member Functions Outside the Class

In complex classes, it is common practice to declare member functions inside the class body and define them externally.
When defining the member functions of a class template outside the class scope, you must meticulously include the
template prefix before each function definition, and you must use the template arguments with the class name resolution
operator (::).

template <typename T>
class Box {
private:
T value;
public:
void setValue (T val);
T getValue();
+s

// External definition of setValue

template <typename T>

void Box<T>::setValue(T val) {
value = val;

}

// External definition of getValue
template <typename T>
T Box<T>::getValue() {

return value;

}

Class Template for a Generic Pair

A classic and widely used application of a class template is a Pair class that bundles two heterogeneous values
together.

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

// Class template with two type parameters
template <typename T1l, typename T2>
class Pair {
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private:
T1 first;
T2 second;

public:
// Constructor
Pair(T1 a, T2 b) : first(a), second(b) {}

// Member functions
void display () {
cout << "Pair: {" << first << ", " << second << "}" << endl;

}

Tl getFirst() { return first; }
T2 getSecond() { return second; 1}

int main() {
// Instantiating with int and double
Pair<int, double> pl1(10, 20.5);
pl.display () ;

// Instantiating with string and int
Pair<string, int> p2("StudentAge", 21);
p2.display () ;

return O0;

}

Here, the generic Pair serves as a blueprint. The compiler generates two entirely separate concrete classes from
this single blueprint: one strictly for <int, double> and another completely isolated class for <string, int>.

Figure 4.40: Overview of a generic Pair class template.

4.3.4 Default Template Parameters

C++ permits you to provide default types for template parameters, similar to default arguments in standard functions.
If a developer omits the type argument during instantiation, the compiler falls back on the default type provided in the
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template definition.

template <typename T = int>
class Container {
private:
T data;
public:
Container (T arg) : data(arg) {}
void show() { cout << data << endl; 7}
3

int main() {
Container <double> c1(3.14); // T is explicitly double
Container<> c2(100) ; // T defaults to int
return O;

}

Notice that the angle brackets <> are still required when instantiating the object c2, even if the default parameter is
being utilized.

4.3.5 Non-Type Template Parameters

In addition to standard type parameters (like typename T), templates can also accept non-type parameters. These
are ordinary values (such as integers, enumerations, or pointers) that are passed directly to the template at compile
time rather than substituting a data type.

Non-type parameters are frequently deployed to define the maximum size of static arrays embedded inside a class
template.

template <typename T, int size>
class Array {
private:
T arr[size]; // ’size’ is a constant expression evaluated at compile time
public:
int getSize() { return size; }
// Other array manipulation operations...
s
int main() {
// Creates an array capable of holding 10 integers

Array<int, 10> myIntArray;

// Creates an array capable of holding 5 doubles
Array<double, 5> myDoubleArray;

return O0;

Key Concept

Concept Non-type template parameters must strictly be constant expressions. The values must be explicitly known
at compile time because the compiler utilizes them to compute and generate the specific memory layout of the
class. You absolutely cannot pass a dynamically calculated runtime variable as a non-type template parameter.

4.3.6 Advantages and Limitations of Templates

Templates offer monumental advantages in software architecture but also come with notable technical trade-offs.
Advantages:

o High Code Reusability: A single, well-written template can seamlessly replace dozens of repetitively overloaded
functions or classes, shrinking the codebase.

o Strict Type Safety: Unlike C-style macros (which are simple text substitutions) or dangerous void* pointers,
templates are rigorously type-checked by the compiler.
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Figure 4.41: Non-type template parameters evaluated at compile time to create static arrays.
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e Uncompromised Performance: Templates do not incur any runtime performance penalty. The compiler
generates highly optimized, exact inline code for each unique type used, meaning template functions perform
identically to manually crafted overloaded functions.

Limitations:

e Code Bloat: Since the compiler spawns a brand-new copy of the template code for every distinct type combination
encountered, extensive instantiation of templates can inflate the size of the final compiled executable file.

o Cryptic Error Messages: When template instantiation derails (e.g., attempting to pass an object type that
doesn’t support an overloaded + operator into a mathematical template), modern compilers can output notoriously
long, complex, and convoluted error messages that are intimidating to decode.

e Extended Compilation Time: Because all the intricate template expansion, deduction, and instantiation
mechanics occur strictly at compile time, heavy dependence on templates across massive codebases can visibly
slow down build speeds.

4.3.7 Summary

Templates form the definitive backbone of generic programming in C++, acting as the architectural bedrock for
expansive libraries like the Standard Template Library (STL). By mastering function templates, developers can
architect algorithmic logic that intuitively processes any compatible data type. Class templates further expand this
level of abstraction to encompass entire, complex data structures, facilitating the creation of robust, endlessly reusable
components like vectors, linked lists, and associative maps. Comprehending the mechanics, syntax, and implications of
templates is unconditionally essential for writing modern, high-performance, and scalable C++ applications.

[ Concept 31a ]

relates to

[ Concept 31b ]

Figure 4.43: Relevant TikZ diagram 31 for OOP concepts.
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4.4 Operator Overloading

C++ provides a rich set of built-in operators (+, -, =, ==) that are designed to mathematically and logically manipulate
standard primitive data types like integers and floats. However, C++ is an Object-Oriented language designed to
create massive, complex, user-defined data types (Classes).
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If a programmer creates a custom ComplexNumber class (containing real and imaginary parts), or a Matrix class,
they will naturally want to add two matrices together using the simple + symbol. By default, the compiler has absolutely
no idea how to apply a + symbol to a user-defined Matrix object; it will instantly crash.

To solve this, C++ allows programmers to redefine the behavior of standard operators so they can act upon custom
classes. This is known as Operator Overloading, a form of compile-time polymorphism. It allows objects to interact
elegantly, making the code readable and mathematically intuitive.

4.4.1 Syntax of Operator Overloading

To overload an operator, we write a special member function using the operator keyword, followed immediately by the
specific symbol we want to overload.
The general syntax is:

ReturnType operator op(ArgumentList) {
// Custom mathematical logic

}

For example, to overload the plus sign, the function name is literally operator+.

Operators can be overloaded using two different methods: as a standard Member Function inside the class, or as
a Friend Function declared outside the class. The choice between the two changes how arguments are passed to the
function.

4.4.2 Overloading Unary Operators

Unary operators operate on a single operand. Common examples include the unary minus (-x) which negates a value,
or the increment operator (++x).

Using a Member Function

When a unary operator is overloaded using a member function, it takes zero arguments. This confuses many beginners.
Why does it take no arguments if it needs to modify an object? The answer is the hidden this pointer. When you
write —obj1, the compiler translates it to obj1.operator-(). The object itself is invoking the function, so its data is
already available inside the function.

class Distance {
private:
int meters;
public:
Distance(int m) { meters = m; }

// Unary Operator Overload (-)
// Takes ZERO arguments
void operator-() {
meters = -meters; // Negates the internal variable

}
};

int main() {
Distance d1(50);
-d1; // Triggers the overloaded operator. Meters becomes -50.

Using a Friend Function

A friend function is not a member of the class. Because it does not belong to the object, it does not possess a hidden
this pointer. Therefore, when overloading a unary operator with a friend function, you must explicitly pass one
argument (the object to be modified).

class Distance {
private:

int meters;
public:
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// Friend declaration (Takes ONE argument)
friend void operator-(Distance &d);

};

// Friend definition outside class
void operator-(Distance &d) {
d.meters = —-d.meters;

}

4.4.3 Overloading Binary Operators

Binary operators operate on two operands. The most common are addition (+), subtraction (=), and equality (==).

Using a Member Function

When a binary operator is overloaded using a member function, it takes exactly one argument. Consider the
expression objl + obj2. The compiler translates this to: objl.operator+(obj2)

The left operand (obj1) implicitly calls the function. The right operand (obj2) is explicitly passed into the function
as the single argument.

class Complex {
public:
int real, imag;
Complex(int r=0, int i=0) : real(r), imag(i) {%

// Overloading ’+’ using a Member Function
// Takes ONE argument (the object on the right side of the ’+’)
Complex operator+(const Complex &other) {

Complex result;

result.real = this->real + other.real;

result.imag = this->imag + other.imag;

return result;

int main() {
Complex c1(5, 2);
Complex c2(3, 4);
Complex c3 = cl1 + c2; // Triggers operator+

Obj1 + 0bj2

Compiler Translation |

Obj1 Obj2
(Invokes the .operator+( (Passed as )

function) Argument)

Figure 4.45: The internal compiler mapping of a binary operator when overloaded via a Member Function.

Using a Friend Function (Solving the Left-Operand Problem)

When overloading a binary operator via a friend function, it requires two arguments because neither operand is
implicitly invoking the function. The compiler translates obj1 + obj2 into operator+(objl, obj2)

Why is this necessary? Consider a scenario where you want to add an integer to an object: obj + 5. A member
function can easily handle this (obj.operator+(5)). However, what if the programmer writes 5 + obj? Because 5 is
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on the left, it is the invoking operand. But 5 is a primitive integer; it does not have member functions! The compiler
cannot write 5.operator+(obj). The code will crash.

To solve this, we must use a Friend Function. A friend function does not care who is on the left or the right. We
simply define friend Complex operator+(int a, Complex b).

4.4.4 Rules and Limitations of Operator Overloading

Operator overloading is incredibly powerful, but to prevent programmers from completely breaking the logic of the
C++ language, the compiler enforces a strict set of rules and limitations:

1. No New Operators: You cannot invent entirely new symbols. You cannot create a ** operator for exponentiation,
or a $ operator. You can only overload existing C+-+ symbols.

2. No Changing Arity: The "arity" of an operator is the number of operands it accepts. A unary operator (like
++) must remain unary. A binary operator (like +) must remain binary. You cannot overload + to accept three
operands.

3. No Changing Precedence: You cannot change the mathematical order of operations. The multiplication
operator (*) will always execute before the addition operator (+), regardless of how you overload them.

4. At Least One User-Defined Operand: An overloaded operator must have at least one operand that is a
user-defined class. You cannot overload the + operator to change how two primitive int variables are added
together. (C++ will not let you redefine 2 + 2 = 5).

Operators That Cannot Be Overloaded

For deep architectural and security reasons, C++ strictly forbids the overloading of the following specific operators:

Symbol Operator Name Reason it Cannot be Overloaded

Dot Operator Used to access members of an object. Changing
this would destroy object interaction logic.

Scope Resolution Operates on classes (namespaces), not objects.
It resolves names at compile-time.

?: Ternary Operator Heavily relies on short-circuit evaluation logic
which cannot be safely replicated in a custom
function.

sizeof Sizeof Operator This is evaluated by the compiler to determine
exact memory footprint, not by the runtime sys-
tem.

Lk Pointer-to-Member Essential for internal memory routing; altering
it would break memory safety.

Table 4.1: The forbidden operators. C++ locks these symbols down to ensure fundamental language stability.

4.4.5 Conclusion

Operator Overloading bridges the gap between primitive data types and highly complex, custom-engineered Objects.
By strategically using member functions and friend functions, an engineer can allow custom matrices, complex math
vectors, or massive string arrays to be manipulated using the exact same intuitive + and - symbols taught in grade
school algebra. However, this power must be wielded responsibly, adhering strictly to the compiler’s laws of precedence,
arity, and the forbidden operators.

4.5 Friend Functions and Classes

The golden rule of Object-Oriented Programming is Encapsulation (Data Hiding). Private data is placed inside
an impenetrable vault. The only entities allowed to unlock the vault and view the data are the member functions
that mathematically belong to that specific class. Any external function attempting to touch private data will be
aggressively blocked by the compiler.
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alter a metal vault door labeled ’sizeof” and ’::. A robotic security guard labeled
"C++ Compiler’ is holding up a red STOP sign.

Figure 4.46: Certain operators are mathematically locked by the compiler to prevent catastrophic architectural collapse.

However, in complex software architectures, this strict isolation occasionally creates massive logical roadblocks.
What happens when two entirely different classes need to securely compare their private data simultaneously?
To solve this, C++ introduced a controlled loophole to encapsulation known as Friendship.

4.5.1 What is a Friend Function?

A Friend Function is an external, non-member function that is granted special, VIP access to read and modify the
private and protected data members of a class.

Crucially, the external function cannot simply "declare itself' a friend. The class itself must explicitly grant friendship
from the inside.

Characteristics of a Friend Function

Because a friend function violates the normal rules of OOP, it has very specific characteristics:
1. Not a Member: It is not a member function of the class. It does not belong to the object.

2. No Scope Resolution: Because it is not a member, it is defined outside the class without using the scope
resolution operator (ClassName: :).

3. No Dot Operator: Because it does not belong to the object, it cannot be called using the object name and dot
operator (e.g., myObj.calculate() is illegal). It is called like a normal, standalone C function.

4. Requires Object Arguments: Because it is not a member, it does not possess a hidden this pointer. Therefore,
if the friend function wants to access a private variable, the object must be explicitly passed into the function as
an argument.

4.5.2 Declaration and Use Case: Bridging Two Classes

The most powerful use case for a friend function (aside from operator overloading) is acting as a "bridge" between two
completely unrelated classes.

Imagine a software system with two distinct classes: Rectangle and Triangle. We need to write a function that
compares the private area of both objects to see which is larger. If we write the function inside Rectangle, it cannot
access the private data of Triangle. If we write it inside Triangle, it cannot access the private data of Rectangle.

The solution is to write an independent, external function and declare it as a friend inside both classes simultane-
ously.

// Forward declaration required because Triangle is used before it is fully defined
class Triangle;

class Rectangle {
private:
int area;
public:
Rectangle(int a) { area = a; }
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// Explicitly granting friendship
friend void compareArea(Rectangle r, Triangle t);

};

class Triangle {
private:
int area;
public:
Triangle(int a) { area = a; }

// Explicitly granting friendship
friend void compareArea(Rectangle r, Triangle t);

};

// The external Friend Function definition
// Notice: NO scope resolution operator (::)
void compareArea(Rectangle r, Triangle t) {
// Accessing private data of TWO different classes simultaneously!
if (r.area > t.area)
cout << "Rectangle is larger.";
else
cout << "Triangle is larger.";

int main() {
Rectangle myRect(50);
Triangle myTri(20);

// Called like a normal function, passing both objects
compareArea(myRect, myTri);

Friend Function:
compareArea()

VIP Access
Granteg

VIP Access

Class Rectangle Class Triangle
private: area private: area
(Locked Vault) (Locked Vault)

Figure 4.47: A Friend Function acts as an authorized bridge, legally bypassing the encapsulation vaults of multiple
classes simultaneously.

4.5.3 Friend Classes

Sometimes, bridging a single function is not enough. If you are building a highly complex financial system, you might
have a BankAccount class (which holds highly secure, private financial data) and an Auditor class.

The Auditor class might contain 20 different member functions (checkTaxes(), verifyDeposits(),
calculateInterest()), all of which desperately need to read the private data inside BankAccount.

Instead of typing friend void... 20 times to grant friendship to each individual function, you can declare the
entire Auditor class as a friend.

class BankAccount {
private:
int balance;
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int transactionHistory[100];

public:
// Grants VIP access to EVERY function inside Auditor
friend class Auditor;

};

Now, every single member function inside the Auditor class is legally permitted to access the private and protected
members of the BankAccount class.

4.5.4 The Strict Laws of Friendship

Friendship in C++ is a powerful tool, but it directly undermines Encapsulation. If abused, it can turn secure Object-
Oriented code back into vulnerable, chaotic Procedure-Oriented code. To limit this danger, C++ enforces three strict
sociological laws regarding friendship:

1. Friendship is NOT Mutual (Symmetric): If Class A declares Class B as a friend, B can see A’s private data.
However, A cannot see B’s private data unless B explicitly declares A as a friend. (Just because I trust you with
my secrets does not mean you trust me with yours).

2. Friendship is NOT Transitive: If Class A is a friend of Class B, and Class B is a friend of Class C, Class A is
not automatically a friend of Class C. (The friend of my friend is not my friend).

3. Friendship is NOT Inherited: If a Base Class has a friend, and a Child Class inherits from the Base, the
Child does not inherit the friend. The friend cannot access the Child’s private data. (My father’s friend is not
automatically allowed into my private house).

Al IMAGE PLACEHOLDER
A diagram showing three castles representing classes. Castle A has an arrow
pointing to Castle B labeled "Trusts (Friend)’. A knight from Castle B is walking
freely into Castle A. However, there is a giant red X’ on an arrow trying to go
from Castle A back to Castle B, visually demonstrating that friendship is strictly a
one-way street.

Figure 4.48: The one-way nature of C++ Friendship prevents accidental security breaches across the software
architecture.

4.5.5 Conclusion

Friend functions and Friend classes are the "escape hatches" of Object-Oriented Programming. They allow the
programmer to intentionally puncture the strict encapsulation of a class to perform complex, multi-class mathematical
comparisons or complex operator overloading. However, they must be used sparingly. Every time a friend is declared,
the security of the class is slightly compromised. A class with too many friends is simply a poorly designed class that
has failed to encapsulate its logic correctly.

4.6 Pointers to Objects

In C++, a pointer is a variable that stores the physical hexadecimal memory address of another variable. While
beginner programmers learn to use pointers to point to simple integers (int*), professional C++ software relies heavily
on pointers aiming at massive, complex, user-defined Objects.

Understanding how pointers interact with objects, how objects recognize themselves in memory, and the strict rules
governing pointers in inheritance hierarchies is the final hurdle to mastering C++ memory management.
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4.6.1 Basic Pointers to Objects

Just as you can declare a pointer to an integer, you can declare a pointer to an object of a class.

class Car {
public:

int speed;

void showSpeed() { cout << speed; }
s

int main() {
Car myCar; // Normal object instantiation
Car *ptr = &myCar; // Pointer storing the address of myCar

The Arrow Operator (->)

When dealing directly with an object, we use the "Dot" operator to access its members (e.g., myCar.speed = 100;).

However, when dealing with a pointer to an object, the dot operator is mathematically incorrect because a pointer
is just an address, not the object itself. To access the object’s members through the pointer, we must use the Arrow
Operator (->).

ptr->speed = 100; // Correct. (Dereferences ptr and accesses speed)
ptr->showSpeed(); // Correct.

4.6.2 The this Pointer

Every time you instantiate an object, the compiler creates a fresh copy of all the data variables for that object. However,
to save memory, the compiler does not create a copy of the member functions. There is only one block of code for the
member functions, shared by every object of that class.

This creates a massive logical paradox: If Object A and Object B both call the exact same calculateArea()
function in memory, how does the function know whether to use Object A’s data or Object B’s data?

The answer is the this pointer.

The Hidden Argument

Every time an object calls a member function, the C++ compiler quietly and invisibly passes a hidden argument to the
function: a pointer containing the exact memory address of the object that made the call. Inside the function, this
pointer is universally named this

// What you write:
myCar . showSpeed () ;

// What the C++ Compiler actually executes:
Car: :showSpeed(&myCar); // Passes the address of myCar as ’this’

Practical Uses of the this Pointer

While the compiler uses this invisibly, the programmer can explicitly use it in their code to solve specific problems.
1. Resolving Shadowing Conflicts: If a function parameter has the exact same name as a class data member,
the compiler gets confused. The this pointer explicitly clarifies which variable belongs to the object

class Employee {
private:
int id; // Class data member
public:
// The parameter is also named ’id’ (Shadowing)
void setID(int id) {
// id = id; // WRONG. Compiler assigns the parameter to itself.
this->id = id; // CORRECT. "The object’s id = the parameter id".
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2. Returning the Object (Method Chaining): Sometimes a function needs to return the entire object that
called it. By returning *this (dereferencing the this pointer), the function outputs the physical object. This allows
for elegant "Method Chaining."

// If the function returns ’*this’, we can chain calls:
myCar.setSpeed(100) .setColor ("Red") .startEngine();

Calls Function

Object 1

(RAM Addr: 0x2A) Shared Member Function

3

Hidden this pointer
points back to 0x2A

Figure 4.49: The this pointer acts as a tether, ensuring that the shared member function always knows exactly which
object’s data to manipulate.

4.6.3 Pointers to Derived Classes

When working with Inheritance, pointer logic becomes highly strict. The laws governing how Base Class pointers
interact with Derived Class objects are the foundation of Run-Time Polymorphism.

The Golden Rule of Inheritance Pointers
« LEGAL: A Base Class pointer CAN point to a Derived Class object.

e ILLEGAL: A Derived Class pointer CANNOT point to a Base Class object.

class Base { ... };
class Derived : public Base { ... };

int main() {
Base *bptr = new Derived(); // Perfectly Legal.
Derived *dptr = new Base(); // FATAL COMPILER ERROR.

The Mathematical Logic Behind the Rule

Why is this rule so strict? It boils down to memory allocation and the "IS-A" relationship.

A Derived object IS A Base object. It contains 100% of the Base class’s data members, plus its own extra features.
Therefore, if a Base* pointer aims at a Derived object, it is perfectly safe. The pointer expects to find Base variables in
memory, and the Derived object absolutely has them.

However, a Base object is NOT a Derived object. It lacks the special extra features of the child. Imagine a Vehicle
Base class and a Car Derived class (which adds a radioVolume variable). If a Car* pointer was allowed to point at a
generic Vehicle object, the programmer might type carPtr->radioVolume = 10;. The pointer would reach into the
Vehicle memory looking for the radioVolume variable, but it does not exist. The pointer would overwrite random,
unrelated RAM, causing a catastrophic system crash. To prevent this, the compiler outright bans Derived pointers
from aiming at Base objects.

The Static Binding Limitation

While it is legal for a Base* pointer to aim at a Derived object, there is a catch. Without the virtual keyword, the
compiler uses Static Binding (as discussed in Section 3.2).

Even though the Basex* pointer is aiming at a massive Derived object, the pointer can only "see" the Base
features. If the programmer attempts to call a function specific to the Derived class using that pointer, the compiler
will throw an error, because the Base* pointer is mathematically blind to anything outside its own Base blueprint.
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Al IMAGE PLACEHOLDER
Two diagrams side-by-side. On the left, a small 'Base Pointer’ aims safely at the
Base-section of a massive 'Derived Object’. On the right, a massive 'Derived
Pointer’ attempts to aim at a tiny 'Base Object’, but its 'radioVolume’ laser beam
completely misses the object and strikes empty, hazardous memory space.

Figure 4.50: A Base pointer aiming at a Derived object is mathematically safe. The reverse guarantees memory
corruption.

This limitation is precisely why Virtual Functions are required. By declaring Base functions as virtual, we
temporarily grant the Base* pointer the "vision" to see the Derived object’s overridden functions at runtime, unlocking
the true power of Polymorphism.

4.6.4 Conclusion

Pointers in C++ are not merely tools for memory address manipulation; they are the architectural threads that bind
Object-Oriented systems together. The this pointer provides the self-awareness required for objects to share logic
without sharing state. Furthermore, the strict directional laws governing Base and Derived pointers guarantee that
massively complex polymorphic arrays can be processed safely, ensuring that software can mathematically bend without
breaking.

4.7 Generic Programming: Function and Class Templates

Throughout this textbook, a recurring theme of software engineering has been the absolute necessity of Code Reusability.
We explored Function Overloading, which allows a programmer to use the same function name (add()) for different
data types.

However, function overloading has a critical flaw. If we want an add () function for int, float, double, and long,
we physically have to type out the mathematical logic four separate times. If a bug is found in the logic, the programmer
must remember to fix it in four different places. This violates the sacred engineering principle of DRY (Don’t Repeat
Yourself).

What if we could write the mathematical logic exactly once, and somehow instruct the compiler to magically adapt
that logic to any data type on the fly? In C++4, this is achieved through Generic Programming using Templates.

4.7.1 What is a Template?

A Template is a blueprint or formula for creating a generic function or a generic class. In normal programming, we
pass values as parameters (e.g., passing 5 to an int x). In generic programming, we pass the data type itself as a
parameter.

We use a placeholder—usually the capital letter T (for Type)—instead of a concrete data type like int or float.
The C++ compiler will automatically replace T with the correct data type at runtime based on how the function or
class is used.

4.7.2 Function Templates
A Function Template defines a family of functions. The syntax requires the template keyword, followed by angle
brackets containing the placeholder declaration.

Syntax and Basics

// Declaring a template with placeholder ’T’
template <typename T>
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T findMax(T a, T b) {
if (a > b)
return a;
else
return b;

In the code above, T acts as a highly flexible substitute. Notice that the return type is T, and both arguments are
of type T.

How the Compiler Handles It (Instantiation)

When you write a template, no memory is allocated. The template is purely a concept. The magic happens during
compilation, specifically during a process called Template Instantiation.
When you call the function in your main() program:

int main() {
cout << findMax(10, 5); // The compiler sees integers
cout << findMax(3.14, 9.81); // The compiler sees doubles

When the compiler sees findMax (10, 5), it instantly realizes that T must be an int. Behind the scenes, it silently
writes a brand-new function where every T is replaced by int. When it sees findMax(3.14, 9.81), it silently writes a
second function where every T is replaced by double.

The programmer wrote the logic once; the compiler did the repetitive physical labor.

Master Template
T findMax(T a, T b)

-~
.’ ~

]
* 1 “~
1

’ -~
4 -~
Called with 5, 10, + “Called with 1.1, 2.2 , *« Called with 'A’, °Z’
" ! ~§
L4 ] ~
)\ b A
int findMax(int, int) float findMax(float, float)| char findMax(char, char)
(Generated internally) (Generated internally) (Generated internally)

Figure 4.51: Template Instantiation. The compiler reads the single Master Template and mathematically generates
exact, type-specific clones based on how the function is called.

Multiple Generic Types

A function is not restricted to a single placeholder. If a function needs to handle two entirely different unknown data
types simultaneously, you simply declare multiple placeholders.

template <class T1, class T2>
void displayData(T1l a, T2 b) {
cout << "Data 1: " << a << " | Data 2: " << b;

}
// Can be called as: displayData(100, "Dollars");

Note: The keywords typename and class are completely interchangeable when declaring template placeholders.

4.7.3 Class Templates

While Function Templates generalize a single algorithm, Class Templates generalize an entire architectural blueprint.

Consider designing a Stack data structure (a Last-In, First-Out memory list). The logic for pushing and popping
data off a stack is exactly the same whether you are storing integers, strings, or complex Employee objects. It is absurd
to write an IntStack class, a StringStack class, and an EmployeeStack class. Instead, we write one generic Stack<T>
template.
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Syntax of Class Templates

To create a class template, the template declaration is placed immediately above the class keyword. The placeholder
T can then be used anywhere inside the class as if it were a normal data type.

template <class T>
class DataBox {
private:
T hiddenData; // The data type is unknown right now!
public:
DataBox (T initData) {
hiddenData = initData;

T getData() {
return hiddenData;
}
};

Instantiating a Class Template

Unlike Function Templates, where the compiler can usually guess the data type by looking at the arguments (e.g.,
guessing int from the number 5), the compiler cannot guess the data type for a Class.

When you instantiate an object from a Class Template, you must explicitly declare the data type inside angle
brackets <>.

int main() {
// We explicitly tell the compiler: "For this object, T
DataBox<int> myIntBox(500);

int"
// We explicitly tell the compiler: "For this object, T = double"
DataBox<double> myDoubleBox(3.14159) ;

// We can even pass custom objects!
DataBox<Employee> myEmpBox (empObj) ;

Al IMAGE PLACEHOLDER
An industrial metaphor. A massive factory machine labeled ’Class Template <T>".
On the side is a dial. When the operator turns the dial to 'INT’, the machine
stamps out metal boxes designed for integers. When the dial is turned to
'STRING’, the exact same machine stamps out identical boxes customized for text
strings.

Figure 4.52: Class Templates act as universal factories, capable of producing specialized objects dynamically based on
the explicit parameter passed in the angle brackets <T>.

4.7.4 Conclusion

Templates are the pinnacle of code reusability in C++. By shifting the burden of writing repetitive, type-specific code
from the human programmer to the compiler, templates drastically reduce the size of source files and virtually eliminate
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copy-paste logic errors. The concept of Generic Programming is so powerful that it forms the absolute foundation of
the C++ Standard Template Library (STL)—a massive library of pre-written, highly optimized data structures (like
Vectors, Lists, and Maps) that modern engineers rely on daily.
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CHAPTER 5

File Handling and Exception Handling

5.1 File Streams

In modern software applications, data persistence is a critical requirement. Programs often need to read data from
external sources or save their output for future use. In C++4, file handling is accomplished through the use of file
streams, which provide a seamless interface for performing input and output (I/O) operations on files. The C++
Standard Library offers a robust set of stream classes that abstract the complexities of file I/O operations, making it
similar to standard console I/O using cin and cout.

Key Concept

Concept A stream is an abstraction that represents a flow of data. A file stream specifically refers to a sequence
of bytes traveling between a program and a file stored on secondary storage (like a hard drive). By utilizing file
streams, developers can read from and write to files using intuitive operators and functions.

5.1.1 File Stream Classes (ifstream, ofstream, fstream)

ios
/ \
istream ostream
AN /
ifstream ofstream
fstream

Figure 5.1: C4++ Stream Class Hierarchy

To work with files in C+4, we must include the <fstream> header file, which defines the standard classes for file
handling. These classes belong to the std namespace and are derived from the foundational iostream classes.
There are three primary classes used for file operations:

1. ifstream (Input File Stream): Used exclusively for reading data from a file. It inherits from istream and
provides functions to extract data from a file.

2. ofstream (Output File Stream): Used exclusively for writing data to a file. It inherits from ostream and
provides functions to insert data into a file.

3. fstream (File Stream): Used for both reading and writing operations. It inherits from iostream and combines
the capabilities of both ifstream and ofstream.

File Stream Classes The ifstream, of stream, and fstream classes are the core components of C++ file handling,
enabling data extraction (reading), data insertion (writing), and bidirectional I/O respectively.




To utilize these classes, you must instantiate objects of these types and associate them with physical files on your
system.
5.1.2 Opening a File

Before performing any operations on a file, it must first be opened. Opening a file establishes a connection between the
program and the file on the storage device. This process involves creating a stream object and linking it to the target
file.

There are two primary ways to open a file in C++:
1. Using the constructor of the stream class.

2. Using the open() member function of the stream object.

Opening a File Using Constructors

When a stream object is declared, you can pass the file name directly to the constructor to open the file immediately.

Opening a File via Constructor

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

int main() {
// Opening a file for writing

ofstream outFile("data.txt");

// Opening a file for reading
ifstream inFile("input.txt");

return O;

Opening a File Using the open() Function

Alternatively, you can declare an empty stream object and open the file later using the open() method. This approach
is particularly useful when the file name is not known at the time of object creation or when the same stream object is
reused for multiple files.

Opening a File via open()

ofstream outFile;
// Some other operatioms...
outFile.open("data.txt");

File Modes

When a file is opened, you can specify a file opening mode to define how the file should be treated. The mode is
an optional second argument to the constructor or the open() function. If not specified, default modes are applied
depending on the stream class:

o ifstream defaults to ios::in (read).
o ofstream defaults to ios: :out (write).
o fstream defaults to ios::in | ios::out (read and write).

Here are the commonly used file modes, which are defined in the ios class:
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Figure 5.2: Visualization of different file modes and their effects on file operations

e ios::in: Opens the file for reading.

e ios::out: Opens the file for writing. If the file exists, its contents are overwritten. If it does not exist, a new file
is created.

e ios::app: Opens the file in append mode. All output operations occur at the end of the file, preserving existing
content.

o ios::ate: Opens the file and moves the read/write control to the end of the file immediately.
o ios::trunc: If the file exists, its contents are truncated (deleted) before opening.
e ios::binary: Opens the file in binary mode rather than the default text mode.

Multiple modes can be combined using the bitwise OR operator ().

Using File Modes

// Open file for appending and reading
fstream file;
file.open("log.txt", ios::out | ios::app);

Important / Warning

Always verify that a file has successfully opened before attempting any read or write operations. Attempting to
operate on a closed or non-existent stream can lead to undefined behavior or program crashes. Use the is_open()
method or check the stream object directly (e.g., if (file)) to confirm success.

5.1.3 Closing a File

. close() I/0
Disk Storagf‘ SRR Stream Buffer ¥
lushes Dajta

b

C++ Program

Figure 5.3: Role of Buffer during close() Operation



https://milav.in

Once all necessary operations on a file are complete, it is crucial to close the file. Closing a file flushes the output
buffer (ensuring all pending data is written to the disk) and releases the system resources associated with the stream
connection.

While C++ stream destructors automatically close the file when the stream object goes out of scope, explicitly
closing the file using the close () member function is a standard best practice. It ensures resources are freed promptly
and prevents data loss.

close() Function The close() member function breaks the connection between the stream object and the
physical file, freeing operating system resources and flushing any unwritten buffered data to the disk.

J

Closing a File

ofstream outFile("data.txt");
// Write operatiomns...
outFile.close(); // Explicitly close the file

5.1.4 Writing to Files

Figure 5.4: Illustration of Writing Data to a File Stream

Writing data to a file in C++ is highly similar to printing output to the console. Instead of using cout, you use an
ofstream or fstream object along with the stream insertion operator («).

You can write strings, characters, numbers, and variables to a file seamlessly. The stream insertion operator handles
the underlying conversions to text format.

Writing Text to a File

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

int main() {
ofstream outFile("output.txt");

if (outFile.is_open()) {
outFile << "Welcome to C++ File Handling.\n";
outFile << "Writing a number: " << 42 << endl;
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cout << "Data successfully written to file." << endl;
outFile.close();

} else {
cout << "Error: Unable to open file for writing." << endl;

return O;

In the above example, if output.txt does not exist, it will be created. If it already exists, its previous contents
will be erased unless the ios: :app mode is explicitly specified during opening.

5.1.5 Reading from Files

Reading data from a file is analogous to taking input from the user via the keyboard. Instead of using cin, you use an
ifstream or fstream object along with the stream extraction operator (») or functions like getline().

Reading Word by Word

The stream extraction operator (») reads data word by word. It automatically skips leading whitespace (spaces, tabs,
newlines) and stops reading when it encounters the next whitespace character.

Reading Word by Word

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

int main() {
ifstream inFile("output.txt");
string word;

if (inFile.is_open()) {
while (inFile >> word) {

cout << "Read word: " << word << endl;
}
inFile.close();
} else {
cout << "Error: Unable to open file for reading." << endl;
}
return O;

\

Reading Line by Line

Often, you need to process text files line by line rather than word by word. The getline() function is ideal for this
purpose. It reads characters from the file stream until it encounters a newline character (\n) or the end of the file.

Reading Line by Line

#include <iostream>
#include <fstream>
#include <string>
using namespace std;
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int main() {
ifstream inFile("output.txt");
string line;

if (inFile.is_open()) {
while (getline(inFile, line)) {
cout << line << endl;

b

inFile.close();
} else {

cout << "Error: Unable to open file for reading." << endl;
b
return O;

Reading Character by Character

For low-level parsing or when dealing with character data specifically, you might need to read a file one character at a
time. The get () member function of the stream class reads a single character, including whitespace.

Reading Character by Character

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

int main() {
ifstream inFile("output.txt");
char ch;

if (inFile.is_open()) {
while (inFile.get(ch)) {
cout << ch;

}

inFile.close();
} else {

cout << "Error: Unable to open file for reading." << endl;
3
return O;

\. J/

5.1.6 End of File (EOF) Detection

When reading from a file sequentially, it is essential to know when the end of the file has been reached to prevent
infinite loops or undefined behavior. The standard approach is to use the stream object itself in a boolean context, as
demonstrated in the previous examples (while (getline(...)) or while (inFile » word)).

Additionally, the stream class provides the eof () member function, which returns true if the end-of-file flag has
been set. However, relying solely on eof () as a loop condition (e.g., while (!inFile.eof())) can sometimes lead to
reading the last line or word twice due to how stream state flags are evaluated. It is generally safer to evaluate the
success of the read operation directly.
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Key Concept

Concept The most robust way to iterate through a file is to evaluate the read operation as the loop condition. For
instance, while (getline(file, str)) ensures that the loop executes only if the read was successful and data
was actually extracted.

5.1.7 Summary of File Stream Operations

(1. IncludeHQ. Create Stream D—)[ 3. Open File

6. Close File k— 5. Perform I/OJ({AL. Check is_open())

Figure 5.5: Standard Sequence of File Stream Operations

Working with file streams in C++ involves a predictable sequence of steps:

1.

2.

6.

Include Header: Ensure <fstream> is included in the program.

Instantiate Stream Object: Create an object of ifstream, ofstream, or fstream based on the required
operation.

. Open File: Connect the stream object to a physical file using a constructor or the open() method, specifying

the appropriate modes if necessary.

. Verify Connection: Check if the file was successfully opened using is_open().

. Perform I/O: Use standard insertion (), extraction (»), or built-in functions (getline()) to read from or

write to the file.

Close File: Terminate the connection and free resources using close().

Understanding file streams equips developers with the capability to handle persistent data, build logging mechanisms,
and process large datasets effectively within C4++ applications.

[ Concept la J

relates to

[ Concept 1b ]

Figure 5.6: Relevant TikZ diagram 1 for File Streams concepts.
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«««< HEAD

Box »»»> origin/paper-solver Prompt: A conceptual illustration of File Streams

concept 2, emphasizing clarity and educational value. «««< HEAD

»»»> origin/paper-solver

Figure 5.7: Al Generated Image Placeholder 2

[ Concept 3a ]

relates to

[ Concept 3b ]

Figure 5.8: Relevant TikZ diagram 3 for File Streams concepts.
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Figure 5.9: Al Generated Image Placeholder 4
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Figure 5.10: Relevant TikZ diagram 5 for File Streams concepts.

5.2 Binary File Operations

While text files store data as human-readable characters, binary files store data in the exact same format it is held
in the system’s memory. This means integers, floating-point numbers, and complex objects are written directly as a
sequence of bytes. Binary file operations are essential when dealing with large volumes of numerical data, structures, or
objects where formatting and parsing overhead would be computationally expensive and inefficient.

Concept In C++, a binary file is opened by specifying the std::ios::binary flag in the open mode of a file
stream object. When a file is opened in binary mode, no character translation (such as newline conversion) takes
place. The raw bytes are transferred between memory and the file exactly as they are.

Figure 5.11: Comparison of Text vs. Binary File Formats

5.2.1 Basic Binary File I/O: read() and write()

The fundamental stream methods used for binary file I/O are read() and write(). Unlike the stream insertion («)
and extraction (») operators which format data into text, these methods handle raw, unformatted byte blocks.

Definition

Box[The read() and write() Methods| The write() function is a member of ostream (and ofstream), and it

outputs raw binary data to a file.
ostream& write(const char* s, streamsize n);

The read() function is a member of istream (and ifstream), and it inputs raw binary data from a file into
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memory.
istream& read(char* s, streamsize n);

Here, s is a pointer to an array of characters (or a memory block cast to char*), and n is the number of bytes to
transfer.

write() .
Memory / Variables |, Binary File
read()

Figure 5.12: Basic Binary File I/O operations using read() and write()

To read or write variables or objects of types other than char*, it is necessary to typecast the memory address of
the variable to a char* or const char* pointer. The reinterpret_cast operator is generally used in modern C++
to perform this cast, while the sizeof () operator determines the exact number of bytes (n) that need to be read or
written.

Writing and Reading an Object

Consider a basic structure representing a student. The following code demonstrates how to write a Student object
to a binary file and read it back.

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

struct Student {
int roll_no;
char name[50];
float marks;

int main() {
Student s1 = {101, "Alice", 89.5};

// Writing to a binary file

ofstream outFile("students.dat", ios::binary);

if (outFile) {
outFile.write(reinterpret_cast<char*>(&sl1l), sizeof(sl));
outFile.close();

// Reading from the binary file
Student s2;
ifstream inFile("students.dat", ios::binary);
if (inFile) {
inFile.read(reinterpret_cast<char*>(&s2), sizeof(s2));

cout << "Roll No: " << s2.roll_no << "\n";
cout << "Name: " << s2.name << "\n";
cout << "Marks: " << s2.marks << "\n";
inFile.close();

}

return O;
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Object Serialization Limitations

When using read () and write () directly on objects, avoid using classes that contain pointers (such as std: : string
or dynamically allocated arrays). The file will only store the memory address (the pointer itself), not the actual
data it points to. When reading this back later, the pointer will likely point to an invalid memory location,
resulting in undefined behavior or a crash. Use statically sized character arrays (e.g., char name[50]) for simple
binary serialization.

Figure 5.13: Object Serialization: Deep Copy vs Shallow Copy with Pointers

5.2.2 Updating Records in Binary Files

One of the significant advantages of binary files is the ability to easily perform random access. Because records (like
the Student structure) generally have a fixed size in bytes, it is possible to calculate the exact file offset of any record
and jump directly to it. This allows for reading, modifying, and rewriting a specific record without needing to process
the entire file sequentially.

To update a record, you must be able to navigate within the file. C++ provides file pointers (or position indicators)
and methods to query and change their positions.

File Position Indicators

C++ stream objects maintain internal position indicators that determine where the next read or write operation will
take place:

o get pointer: Associated with input streams (istream, ifstream). It points to the next character to be read.

o put pointer: Associated with output streams (ostream, ofstream). It points to the location where the next
character will be written.

For streams that support both input and output (fstream), both pointers exist.

Box[File Navigation Functions]
e tellg(): Returns the current position of the get pointer.
e tellp(): Returns the current position of the put pointer.

o seekg(offset, direction): Moves the get pointer.

o seekp(offset, direction): Moves the put pointer.
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Figure 5.14: File Position Indicators within a Binary Stream

The offset is an integer value indicating the number of bytes to move the pointer. The direction (seek direction)
is specified using one of the following ios_base: :seekdir constants:

e ios::beg: Offset measured from the beginning of the file.
e ios::cur: Offset measured from the current pointer position.

e ios::end: Offset measured from the end of the file.

The Update Process
Updating a record typically involves these logical steps:
1. Open the file in both input and output binary modes (ios::in | ios::out | ios::binary).
2. Calculate the offset of the desired record. For instance, the N-th record is at offset (N — 1) X sizeof(Record).
Move the file pointer to this offset using seekg() or seekp().
Read the existing record into memory.
Modify the record in memory.

Move the put pointer back to the original offset (because the reading process advanced the pointer).

Noe o e

Write the modified record back to the file using write ().

Updating a Specific Record

Suppose we have a binary file inventory.dat containing records of type Product. We want to update the price
of the 3rd product.

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

struct Product {
int id;
char name[30];
float price;

};

int main() {
// Open for both reading and writing in binary mode
fstream file("inventory.dat", ios::in | ios::out | ios::binary);

if(!file) {

cerr << "Error opening file!" << endl;
return 1;

int recordNumber = 3; // The record we want to update
long offset = (recordNumber - 1) * sizeof (Product);

// Step 1: Move get pointer to the record’s location
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file.seekg(offset, ios::beg);
// Step 2: Read the record
Product p;

file.read(reinterpret_cast<char*>(&p), sizeof (Product));

// Step 3: Modify the data

cout << "Current Price of " << p.name << ": " << p.price << endl;
p.price = p.price * 1.10; // Increase price by 10%
cout << "New Price: " << p.price << endl;

// Step 4: Move put pointer back to the record’s original location
file.seekp(offset, ios::beg);

// Step 5: Write the modified record back
file.write(reinterpret_cast<char*>(&p), sizeof (Product));

file.close();
cout << "Record updated successfully." << endl;

return O;

\. J

When opening an fstream with both ios::in and ios::out, the file must already exist. If it does not exist, the
stream will fail to open unless ios: :trunc or ios: :app is additionally specified (though trunc would destroy existing
data, and app forces all writes to the end).

5.2.3 Error Handling in Files

When performing file I/O operations, particularly with binary files and raw byte manipulation, it is highly likely that
errors will occur. The file may not exist, the program might lack adequate permissions, the disk could be full, or a read
operation might encounter the end of the file unexpectedly. Robust C++ programs must anticipate and handle these
I/0O errors gracefully.

In C++4, stream objects maintain a set of internal state flags that indicate the overall health and status of the
stream. These flags can be queried to detect if an operation was successful or if an error state was triggered.

Box[File Stream State Flags| The ios_base class defines several state flags:
e ios::goodbit: Everything is fine; no errors have occurred. (Value is 0)
o ios::eofbit: The end-of-file (EOF) has been reached during an input operation.

o ios::failbit: A logical error has occurred. The last input/output operation failed, but the stream is still
intact and can be used again if the error is cleared. Examples include trying to open a non-existent file for
reading.

e ios::badbit: A severe or fatal error has occurred. The stream may be corrupted, or the underlying file
system encountered a hardware-level failure. Data loss is likely.

To make working with these flags easier, stream objects provide corresponding member functions that return
boolean values based on the active flags.

o good(): Returns true if goodbit is set (i.e., no other bits are set).
e eof (): Returns true if eofbit is set.
e fail(): Returns true if either failbit or badbit is set.

e bad(): Returns true if badbit is set.
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Figure 5.15: Stream State Flags and Error Conditions

Key Concept

Concept Whenever an error bit (eofbit, failbit, or badbit) is set, the stream goes into an error state. In this
state, any further read or write operations on that stream will be entirely ignored until the error state is explicitly
cleared using the clear () method.

Handling Read Errors and EOF

A very common pattern in binary file reading is looping through the file until the end is reached. The read () function
will set the eofbit (and subsequently the failbit) if it tries to read beyond the end of the file.

Safe File Reading Loop

Instead of checking eof () directly as a loop condition (which can lead to reading the last record twice if not
handled carefully), it is safer to check the stream state immediately after a read attempt.

ifstream file("data.bin", ios::binary);

if (!file.is_open()) {
cerr << "Failed to open file!" << endl;
// Handle error...

DataRecord record;

// file.read() evaluates to false if failbit or badbit is set

while (file.read(reinterpret_cast<char*>(&record), sizeof (DataRecord))) {
// Process the record...
cout << record.id << " processed." << endl;

if (file.eof()) {
cout << "End of file reached normally." << endl;
} else if (file.fail()) {
cerr << "An I/0 error occurred during reading." << endl;

file.close();

Clearing Error States

If a stream encounters an error but you intend to continue using it (for instance, reading to the end of file, then clearing
the EOF flag to seekg() back to the beginning), you must use the clear() function.
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file.clear(); // Clears all error flags, restoring goodbit
file.seekg(0, ios::beg); // Now seeking will work

Using Exceptions for File Errors

By default, C++ streams do not throw exceptions when an error occurs; they simply set their internal state flags. The
programmer is expected to manually check the state using fail() or is_open().

However, C++4 streams can be configured to throw a std::ios_base::failure exception when a specific state
flag is set. This is done using the exceptions() member function.

Enabling Stream Exceptions

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

int main() {
ifstream file;
// Tell the stream to throw an exception if failbit or badbit is set
file.exceptions(ifstream::failbit | ifstream::badbit) ;

try {
// This will throw an exception if "missing.dat" does not exist
file.open("missing.dat", ios::binary);

// Operations...

file.close();

}

catch (const ios_base::failure& e) {
cerr << "Exception caught: File I/0 Error." << endl;
cerr << "Details: " << e.what() << endl;

return O;

J/

Using exceptions for file handling can produce cleaner code by separating the core logic from the error handling
routines. However, setting the eofbit to throw an exception is generally discouraged, as reaching the end of a file is
typically a normal condition rather than an exceptional error.

In summary, robust binary file management in C++ requires a careful combination of exact byte-level navigation,
appropriate typecasting, and meticulous observation of stream state flags to guarantee data integrity and program
stability.

[ Text Data } Translation { Binary Data J

Figure 5.16: TikZ diagram representing Text vs Binary data mapping.
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Figure 5.18: TikZ diagram illustrating the read and write stream counterparts.

«««< HEAD
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pointers seeking random locations in a series of data records. «««< HEAD
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Figure 5.19: AI Generated Image Placeholder: File navigation and Random Access

Stream Error (failbit) Restore state clear()

Figure 5.20: TikZ diagram representing error state recovery in file streams.

5.3 Exception Handling

Exception handling is a powerful and essential mechanism in modern C++ programming designed to handle runtime
errors and anomalous situations that disrupt the normal flow of a program. Unlike traditional error-handling techniques
that rely on returning error codes and manually checking them at every step, exception handling provides a clean,
structured, and type-safe way to separate error-detecting code from error-handling code.
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Exception An exception is an object or a signal that is generated (or "thrown") during the execution of a program
to indicate that a specific, usually unexpected, error condition has occurred. It transfers the execution control
from the point where the error occurred to a designated error-handling block known as the "catch" block.

Key Concept

Concept The core philosophy behind C++ exception handling is to allow a function that discovers a problem it
cannot resolve internally to throw an exception. This passes the responsibility of handling the error to its caller or
further up the call stack. This mechanism ensures that errors cannot be silently ignored and makes the main
program logic significantly cleaner and easier to read.

The C++ exception handling model is built upon three fundamental keywords: try, throw, and catch. Together,
they form a robust framework for managing unexpected runtime events such as division by zero, memory exhaustion,
out-of-bounds array access, or file processing failures.

t
try Block s EI{: Trow Exception]

transfers control

Figure 5.21: Control flow of exception handling in C4++ showing try, throw, and catch blocks.

5.3.1 The throw Statement

The throw statement is used to signal that an exceptional condition has occurred. When a program encounters an
error it cannot handle internally, it creates an exception object and "throws" it using the throw keyword. Once an
exception is thrown, the execution of the current function is immediately halted, and the C++ runtime system begins
a process called "stack unwinding" to find a suitable handler for the exception.

The syntax for throwing an exception is straightforward:

throw exception_value;

The exception_value can be of any data type: a primitive data type like an int or a double, a string, or a custom
class object. In modern C++ development, it is highly recommended to throw objects of classes derived from the
standard exception class (std::exception), as this allows for more structured, hierarchical, and informative error
reporting.

Throwing an Exception Consider a mathematical function designed to divide two numbers. If the denominator is
zero, the division operation is mathematically undefined and will lead to a system crash if executed. We can use
the throw statement to signal this critical error proactively:

double divide(double numerator, double denominator) {
if (denominator == 0.0) {
throw "Division by zero condition encountered!";
}
return numerator / denominator;

3

In this simple example, a literal C-style string is thrown. However, throwing properly constructed exception
objects is generally preferred in production-grade software.

\_ /

When an exception is thrown, the program flow immediately exits the current scope. Any local objects created
within that scope are destroyed automatically in the reverse order of their creation. This automatic cleanup, intimately
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tied to the stack unwinding process, ensures that memory and other system resources are not leaked when an abrupt
exit occurs due to an exception.

Local variables
Y destroyed

) S
! unwinding

Function C (throws)

T

Function B K

) -
' unwinding

Function A (try/catch) ¢

main()

Figure 5.22: Illustration of the stack unwinding process upon encountering a throw statement.

5.3.2 The try Block

The try block is used to enclose a section of code that might potentially generate (throw) an exception. By placing
code inside a try block, you instruct the program to continuously monitor that specific block for any exceptions that
might be propagated from within it, or from any auxiliary functions called from within its boundaries.

The general syntax for a try block is as follows:

try {
// Code that might throw an exception
// This includes function calls, heavy computations,
// resource allocations, array manipulations, etc.

If an exception occurs at any point within the try block, the normal sequential execution is abruptly interrupted.
The remaining unexecuted code within the try block is entirely skipped, and program control is immediately transferred
to the corresponding catch block(s) that directly follow the try block.

If no exception occurs within the try block, the program simply skips the subsequent catch blocks entirely and
continues its normal execution with the code following them.

Important / Warning

Scope of try Blocks Variables declared inside a try block are strictly local to that block. They cannot be accessed
within the corresponding catch block or anywhere outside the try block. If you need to access a specific variable
in both the try block (to modify it) and the catch block (to evaluate its final state), you must declare it prior to
the try block.

Outer Scope

( )\ ( N\
try block catch block
- Na accedsr—
int local_try; |<— ————— —>| int local_catch;
- J . J

int outer_var;

(. J

Figure 5.23: Visual representation of variable scope within and outside of try-catch blocks.
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5.3.3 The catch Block

The catch block, frequently referred to as the exception handler, is responsible for catching and processing the exception
thrown by the preceding try block. It must immediately follow the try block. A single try block must be paired with
at least one catch block to be syntactically valid.

The syntax for a catch block resembles a standard function definition:

catch (ExceptionType parameterName) {
// Code to handle the exception gracefully
// This may involve logging the error, cleaning up resources,
// notifying the user, or attempting to recover from the failure

The ExceptionType formally specifies the exact type of exception that this particular catch block is authorized to
handle. The parameterName is an optional identifier that allows the programmer to access the specific value or object
that was thrown. If the logic only depends on the type of the exception and does not require inspecting its specific
value, the parameter name can be safely omitted.

Basic try-catch Implementation Here is a complete, standalone example demonstrating the dynamic interplay
between try, throw, and catch:

#include <iostream>

int main() {

int a = 10;
int b = 0;
try {

if (b == 0) {
throw "Error: Division by zero!";

}

int result = a / b;

std::cout << "Result: " << result << std::endl;
b
catch (const char* errorMessage) {

std::cerr << "Exception caught: " << errorMessage << std::endl;
3

std::cout << "Program execution continues gracefully after the catch block." << std::endl;
return O;

3

In this snippet, when the variable b evaluates to zero, the string literal is actively thrown. The execution of the try
block is aborted immediately, and the catch block expecting a const char* parameter successfully intercepts the
exception, prints the diagnostic error message, and allows the program to continue running without a catastrophic
crash.

\.

Key Concept

Concept It is universally considered a best practice in C++ to catch exceptions by reference, especially when
dealing with class objects (e.g., catch (const std::exception& e)). Catching by reference completely avoids
the performance overhead of copying the exception object. More importantly, it prevents a phenomenon known as
"object slicing," which occurs if a derived class exception object is caught by a base class handler by value, losing
all its specialized derived-class attributes.

5.3.4 Multiple Throws and Catches

In complex real-world applications, a single block of code might fail in several different, distinct ways, requiring entirely
different handling and recovery strategies for each type of failure. C++ rigorously supports this necessity by allowing a
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Figure 5.24: Decision diagram for an exception occurring inside a try block.

single try block to be followed by multiple catch blocks, each meticulously tailored to catch a different data type or
class of exception.

When an exception is actively thrown, the C+4 runtime sequentially evaluates the attached catch blocks in the
exact order they appear in the source code. It compares the type of the thrown exception with the parameter type
specified in each consecutive catch block. The very first catch block whose type is compatible with the exception
(either an exact match or a base class of the exception) is executed. All subsequent catch blocks are definitively
ignored.

Handling Multiple Exceptions Consider a practical scenario where a data processing function manipulates an array
and performs conversions. It could realistically throw an integer to indicate an out-of-bounds index error, or a
string to indicate invalid semantic data formatting.

#include <iostream>
#include <string>

void processData(int index, int value) {
if (index < O || index >= 100) {
throw index; // Throwing an integer for out-of-bounds
X
if (value < 0) {
// Throwing a string for negative values
throw std::string("Negative values are not permitted in this context.");

3

std::cout << "Data processed successfully." << std::endl;

int main() {
try {
processData(150, 10); // This invocation will throw an integer
// processData(50, -5); // If uncommented, this invocation would throw a string

+
catch (int e) {
std::cerr << "Index out of bounds error. Invalid index provided: " << e << std::endl;
b
catch (const std::string& e) {
std::cerr << "Data validation error: " << e << std::endl;
3
return O;

}

Because the catch blocks are systematically evaluated top-to-bottom, the correct specialized handler is seamlessly
selected based on the specific type of data that was thrown by the processData function.
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Important / Warning

Order of Multiple catch Blocks When designing code to handle multiple exceptions, particularly those involving
intricate class inheritance hierarchies, the sequential order of catch blocks is strictly critical. If you have a base
class exception and a derived class exception, you must emphatically catch the derived class exception before the
base class exception. If the more general base class catch block appears first, it will indiscriminately intercept
all derived class exceptions, rendering the specialized derived class handlers permanently unreachable. Modern
compilers will often aggressively flag this structural flaw as a warning.

[Thrown: out_of_range]

No match

| catch(int e) |

Match found!

catch(out_of_range&)

» Skipped
v

catch(exception&)

Figure 5.25: Sequential evaluation of multiple catch blocks checking for type compatibility.

The Catch-All Handler (...)

Sometimes, despite careful design, it is practically impossible to anticipate every single type of exception that might be
thrown from an extraordinarily complex block of code, or deeply nested third-party library calls over which you have
no structural control. To ensure that an application does not crash abruptly and inexplicably due to an unhandled
exception, C++ provides a universally accepting "catch-all" handler.

The catch-all handler is syntactically represented by an ellipsis (...) within the catch statement:

catch (...) {
// Code to handle absolutely any exception of any conceivable type

The catch-all block acts as an ultimate safety net and will intercept any exception that has not been successfully
caught by a preceding, more specific catch block. Because of this sweeping, unconditional behavior, it must always
be placed as the absolute final catch block in a sequential sequence. If placed earlier, it will trivially intercept all
exceptions prematurely, preventing any subsequent handlers from ever executing.

Using the Catch-All Handler

try {
// Code that interacts with a black-box system
// and might throw various undocumented exceptions
performComplexOperation() ;
b
catch (const std::bad _allock e) {
std::cerr << "Critical Error: Memory allocation failed." << std::endl;

b
catch (const std::exception& e) {

std::cerr << "Standard runtime exception encountered: " << e.what() << std::endl;
X

catch (...) {
std::cerr << "An entirely unknown and unexpected exception occurred!" << std::endl;
// Perform vital emergency cleanup, save state if possible, and terminate gracefully
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While the catch-all handler is incredibly useful as a fail-safe mechanism, it inherently possesses a significant
limitation: it does not provide any diagnostic information about the exception that was actually thrown. You do
not have access to an exception object, its internal value, or its descriptive type. Therefore, its primary and most
appropriate use is for executing generic system cleanup, logging a fatal, unrecoverable error, or potentially re-throwing
the exception to a much higher-level, global error handler.

5.3.5 Summary of Best Practices in Exception Handling

Effective and robust exception handling involves considerably more than merely knowing the syntax; it requires
thoughtful architectural design and adherence to established conventions to ensure systemic robustness and long-term
maintainability.

e Throw by Value, Catch by Reference: This is a cardinal rule. Always throw exception objects by value, but
universally catch them by constant reference (const &). This simple habit prevents unnecessary memory copying
overhead and crucially avoids the "object slicing" problem where a derived exception class loses its specialized
data when caught by a base class handler.

e Leverage Standard Exceptions: Whenever practically possible, utilize or inherit from the compre-
hensive standard exception classes defined within the <stdexcept> header (such as std::runtime_error,
std::invalid_argument, or std::out_of_range). Avoid throwing primitive data types like raw ints or const
charx* strings, as they carry virtually no semantic context about the nature of the error.

o Resource Acquisition Is Initialization (RAII): Exception handling in C++ is intrinsically linked to the
RAII design pattern. Ensure that all dynamically allocated memory, open file handles, database connections, and
network sockets are meticulously managed by smart pointers or dedicated wrapper classes whose destructors
automatically release these resources. When stack unwinding inevitably occurs during an exception throw, these
deterministic destructors will run unconditionally, guaranteeing a perfectly leak-free program execution.

o Keep try Blocks Highly Focused: Strategically enclose only the specific, vulnerable lines of code that might
actually throw an exception within the try block. Wrapping an entire, massive function blindly in a single,
monolithic try block makes it incredibly difficult to pinpoint the exact logical source of an error and severely
complicates any attempt at meaningful recovery logic.

e Do Not Use Exceptions for Regular Control Flow: Exceptions are computationally expensive and heavily
disrupt the predictive execution pipeline of the CPU. They should be strictly reserved for genuinely "exceptional
and unexpected error conditions, not for standard conditional logic like breaking out of a simple loop or returning
a predictable "not found" status from a generic search function.

By deeply mastering the mechanics of try, throw, catch, and understanding the subtle nuances of managing
multiple handlers effectively, developers can confidently construct modern C++ applications that remain incredibly
resilient against unpredictable runtime errors, are substantially easier to debug, and are far safer to operate in
uncontrolled environments.

5.4 Standard Template Library (STL) Basics

The C++ programming language provides a powerful and comprehensive library known as the Standard Template
Library (STL). The STL represents a paradigm shift in how developers write C++ code, moving away from manually
managing complex data structures and reinventing fundamental algorithms, towards utilizing highly optimized, generic,
and reusable components. In this section, we will explore the core philosophy behind the STL and focus extensively on
one of its most widely used containers—the Vector—along with fundamental algorithms like sorting and searching.

Standard Template Library (STL) The Standard Template Library (STL) is a software library for the C++
programming language that provides a collection of generic classes and functions. It supplies four main components:
containers (data structures like vectors, lists, and maps), algorithms (procedures like sort, search, and copy),
iterators (objects that allow traversing these containers securely), and functors (objects that act like functions).
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a massive safety net catching all sorts of falling, mismatched objects, representing
the catch-all handler catch (...) in C++ capturing any unexpected exceptions.
«««< HEAD

»»»> origin/paper-solver

Figure 5.26: Conceptual illustration of a catch-all exception handler.

5.4.1 The Philosophy and Components of the STL

Before diving into specific elements like vectors, it is essential to understand the architectural design of the STL. The
STL is heavily based on the concept of generic programming. Generic programming aims to develop algorithms and
data structures that can operate on various data types without needing to be rewritten for each specific type. This is
achieved in C++ through the extensive use of templates.

«««< HEAD

AT Image Placeholder: Generic Programming

Box »»»> origin/paper-solver Prompt: A conceptual illustration of generic

programming in C++, showing a single blueprint (template) being used to create
multiple different data types (like integers, strings, and custom objects) seamlessly.
The visual should convey reusability and efficiency. «««< HEAD

»»»> origin/paper-solver

Figure 5.27: Conceptual visualization of Generic Programming using C++ Templates.

The STL is built upon three primary pillars that interact seamlessly:

1. Containers: These are generic class templates used to store collections of data. They manage the storage space
that is allocated for their elements and provide member functions to access them, either directly or through
iterators. Examples include sequence containers like std: :vector and std::1list, and associative containers
like std::set and std: :map.

2. Algorithms: These are generic function templates that perform operations on containers. Instead of being tied
to a specific container type, algorithms are designed to operate on sequences of elements defined by iterators.

3. Iterators: These act as a bridge between containers and algorithms. Iterators are objects that point to elements
within a container, functioning much like pointers in traditional C or C++. They provide a uniform interface for
traversing data structures independently of their underlying implementation.
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Algorithms
(std::sort, std::find)
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Figure 5.28: The relationship between STL Algorithms, Iterators, and Containers.

Key Concept

Decoupling of Algorithms and Containers One of the most powerful design choices in the STL is the complete
decoupling of algorithms from containers. Instead of writing a sorting algorithm inside the vector class and
another completely separate one inside the deque class, the STL provides a single, unified std: :sort algorithm.
This single algorithm can sort a vector, a basic array, or a deque by utilizing iterators to access the underlying
data. This orthogonal design drastically reduces code duplication and improves code maintainability.

L

5.4.2 Vectors: Dynamic Arrays in C++

In standard C++, a traditional array has a fixed size determined at the time of compilation. Once declared, an array
cannot grow or shrink. This limitation often forces developers to allocate more memory than necessary to accommodate
potential growth or implement complex dynamic memory management logic using new and delete.

The std: :vector solves this problem. It is a sequence container that encapsulates dynamic size arrays. Just like
arrays, vectors use contiguous storage locations for their elements, which means that their elements can also be accessed
efficiently using offsets on regular pointers to its elements. However, unlike arrays, their size can change dynamically,
with their storage being handled automatically by the container.

Vector (std::vector) A std::vector is a dynamic array available in the C++ Standard Template Library. It
manages a dynamically allocated contiguous block of memory to store elements of a single type. When the vector
runs out of allocated space during insertion, it automatically allocates a larger block of memory, copies the existing
elements to the new block, and destroys the old block.

Capacit] 10 | 20 | 30

lpush_back (40)

i
Capacit] 10 | 20 | 30 | 40 5 !
I |

Figure 5.29: Visualization of dynamic memory reallocation in a std: :vector.

Creating and Initializing Vectors

To use a vector, you must include the <vector> header file. Vectors are defined within the std namespace. The syntax
for declaring a vector is straightforward. The type of elements the vector will hold is specified inside angle brackets <>.

Vector Declaration and Initialization

#include <iostream>
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#include <vector>
int main() {
// 1. Declare an empty vector of integers

std: :vector<int> numbers;

// 2. Declare a vector with a specific initial size (5 elements, initialized to 0)
std::vector<int> counts(5);

// 3. Declare a vector with a specific size and a default value (5 elements, all 10)
std: :vector<int> scores(5, 10);

// 4. Initialize a vector using an initializer list (C++11 onwards)
std::vector<int> primes = {2, 3, 5, 7, 11};

return O;

Basic Vector Operations

The std: :vector class provides an extensive set of member functions to manage its elements efficiently. Some of the
most frequently used functions include:

e push_back(value): Adds a new element to the end of the vector. If the vector’s underlying capacity is exhausted,
it automatically reallocates more memory.

e pop_back(): Removes the last element in the vector, effectively reducing the container size by one.
e size(): Returns the number of elements currently stored in the vector.

e capacity(): Returns the size of the storage space currently allocated for the vector, expressed in terms of
elements. This is always greater than or equal to the size.

o empty(): Returns a boolean value indicating whether the vector is empty (i.e., whether its size is 0).

e clear(): Removes all elements from the vector, leaving it with a size of 0.

| Added
push_back 1 2 5 Size: 3
pop_back( 1 2 1 5 i Size: 2
| Removed

Figure 5.30: Visual representation of common vector operations such as push_back and pop_back.

Accessing Elements

Elements in a vector can be accessed just like regular arrays using the subscript operator []1. However, the STL also
provides the at () member function, which adds an essential layer of safety.

Important / Warning

Subscript Operator vs. at () Method When you access an element using the subscript operator myVector [index],
the C4++ compiler performs no bounds checking. If the index is out of range, the program will exhibit undefined
behavior, often leading to a segmentation fault or silent memory corruption.
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Conversely, the myVector.at (index) method strictly performs bounds checking. If the index is out of bounds,
it throws a std::out_of_range exception. For robust and safe code, prefer using at() unless performance
constraints strictly dictate otherwise.

myVector [3] — Undefined Behavior!
A B C

Index (Index lIndexd@dex 3 (Out of bounds)
myVector.at(3) — Throws Exception!

Figure 5.31: Comparison of out-of-bounds access using [] vs .at().

Using push_back and Accessing Elements

#include <iostream>
#include <vector>
#include <string>

int main() {
std::vector<std::string> fruits;

// Adding elements

fruits.push_back("Apple");
fruits.push_back("Banana") ;
fruits.push_back("Cherry");

// Accessing elements

std::cout << "First fruit: " << fruits[0] << std::endl;
std::cout << "Second fruit: " << fruits.at(l) << std::endl;
std::cout << "Total fruits: " << fruits.size() << std::endl;
return O;

5.4.3 Basic STL Algorithms: Sorting and Searching

The <algorithm> header provides a vast array of functions designed to be used on ranges of elements. A range
is typically defined by a pair of iterators pointing to the beginning and the end of the sequence. Two of the most
fundamental and widely used algorithms are std: :sort and std::find.

The std: :sort Algorithm

Sorting data is one of the most common operations in computer science. Implementing efficient sorting algorithms
from scratch (like QuickSort or MergeSort) is error-prone and time-consuming. The STL provides std: :sort, a highly
optimized generic sorting algorithm. Typically, std: :sort uses a hybrid sorting algorithm called Introsort, which
begins with QuickSort and switches to HeapSort when the recursion depth becomes too large, ensuring an O(N log V)
worst-case time complexity.

By default, std: : sort arranges elements in ascending order using the less-than operator (<) defined for the element’s
type.
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end ()
begip() l

Unsorted:| 42 15 8 99 23

lstd: :sort

Sorted: 8 15 23 42 99

Figure 5.32: The std: :sort algorithm operates from begin() up to, but not including, end ().

Sorting a Vector of Integers

#include <iostream>
#include <vector>
#include <algorithm>

int main() {
std::vector<int> data = {42, 15, 8, 99, 23};

// Sort the vector in ascending order

// data.begin() returns an iterator to the first element

// data.end() returns an iterator to the theoretical element AFTER the last element
std: :sort(data.begin(), data.end());

std::cout << "Sorted data: ";
for (int num : data) {

std::cout << num << " "; // Output: 8 15 23 42 99
}

std::cout << std::endl;

return O;

\_ /

We can also customize the sorting order by providing a custom comparator function or a lambda expression as a
third argument to std: :sort. For example, to sort in descending order, we can pass std: :greater<int>() from the
<functional> header, or use a custom comparator.

Sorting with a Custom Comparator

#include <iostream>
#include <vector>
#include <algorithm>

// Custom comparator for descending order
bool compareDescending(int a, int b) {
return a > b;

3

int main() {
std::vector<int> data = {42, 15, 8, 99, 23};

// Sort using the custom comparator function



https://milav.in

std::sort(data.begin(), data.end(), compareDescending);

// Alternatively, using a lambda expression (C++11)
// std::sort(data.begin(), data.end(), []J(int a, int b){ return a > b; });

return O;

The std::find Algorithm

Searching for a specific element within a collection is another extremely common task. The std::find algorithm
provides a generic way to perform a linear search over a given range. Due to its linear nature, the worst-case time
complexity is O(NV).

The algorithm takes three parameters: an iterator marking the beginning of the range, an iterator marking the
end of the range, and the value to search for. It returns an iterator pointing to the first element in the range that
compares equal to the target value. If no such element is found, it returns the end iterator (the one passed as the
second argument).

Key Concept

The Concept of the "End" Iterator In the STL, a range is expressed as [first, last), meaning it includes first
but excludes last. The end() iterator of a container does not point to the last element; instead, it points to the
hypothetical position just past the last element. This half-open range convention simplifies empty range handling
and makes loop termination conditions straightforward (e.g., while (it != container.end())).

«««< HEAD

AT Image Placeholder: Linear Search

Box »»»> origin/paper-solver Prompt: An illustration of a linear search algorithm

in action. A robotic arm or a magnifying glass systematically checking a row of
identical bozes one by one from left to right until the target item is found. «««<

HEAD

»»»> origin/paper-solver

Figure 5.33: Illustration of the linear search performed by std::find returning an iterator to the found element or
end () if not found.

Searching with std: :find

#include <iostream>
#include <vector>
#include <algorithm>

int main() {
std: :vector<int> inventory = {101, 204, 305, 408, 509};
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int targetId = 305;

// Perform the search
auto it = std::find(inventory.begin(), inventory.end(), targetId);

// Check if the element was found
if (it != inventory.end()) {
std::cout << "Item found!" << std::endl;

// We can calculate the index by subtracting iterators
int index = std::distance(inventory.begin(), it);

std::cout << "Index: " << index << std::endl;
} else {

std::cout << "Item not found in inventory." << std::endl;
b
return O;

5.4.4 Summary of Best Practices

When utilizing vectors and algorithms from the STL, keep the following best practices in mind to maximize performance
and maintain code safety:

e Reserve capacity when known: If you know approximately how many elements you will be adding to a
vector, use the reserve () method beforehand. This prevents multiple costly memory reallocations as the vector
dynamically grows.

e Prefer iterators and range-based for loops: When iterating over a container, using iterators or C++11
range-based for loops (e.g., for (const auto& elem : myVector)) is generally safer and cleaner than manual
index manipulation.

e Use standard algorithms: Avoid writing custom sorting or searching loops if a standard algorithm like
std: :sort or std::find exists. Standard algorithms are thoroughly tested and highly optimized.

» Beware of iterator invalidation: Certain operations on a vector, such as push_back() (when it causes memory
reallocation) or erase(), can invalidate existing iterators pointing to elements within the vector. Always be
cautious when storing iterators across operations that modify the container’s structural layout.

By mastering vectors and foundational algorithms like std: :sort and std::find, programmers can write concise,
performant, and reliable C++ code, leveraging the full power of the Standard Template Library.
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«««< HEAD

AT Image Placeholder: STL Best Practices

Box »»»> origin/paper-solver Prompt: A stylized, modern illustration of a

programmer holding a shield labeled "Best Practices" while working with glowing
data structures. The shield deflects bugs and memory leaks, symbolizing safe and
efficient C++ code. «««< HEAD

»»»> origin/paper-solver

Figure 5.34: Adhering to STL best practices ensures performance and safety.

5.5 Data Persistence and File Streams

Every variable, object, and array we have created in the previous units existed exclusively in the computer’s Random
Access Memory (RAM). RAM is volatile. The exact millisecond the C++ program terminates, or if the computer loses
power, the operating system wipes the RAM completely clean. All data is instantly and permanently destroyed.

If a bank’s software system stored customer balances only in RAM, every time the server rebooted, all customers
would lose their money.

To achieve Data Persistence—the ability for data to survive after a program closes—the software must physically
write the data to secondary storage, such as a Hard Disk Drive (HDD) or Solid State Drive (SSD). In C++, this
permanent storage is handled by File Streams.

5.5.1 The File Stream Classes (fstream)

C++ handles files using the exact same elegant "Stream" abstraction it uses for the keyboard and monitor. Instead of
routing a stream of bytes to the screen (cout), you simply route the stream of bytes to a file on the hard drive.

To perform any file operations, the program must include the standard file stream library at the top of the file:
#include <fstream>.

This library provides three specific classes to handle file I/O:

1. ofstream (Output File Stream): Used ezclusively for writing data out of the program’s RAM and into a file
on the hard drive. It acts exactly like cout. If the file does not exist, of stream will create it. If the file already
exists, it will overwrite it by default.

2. ifstream (Input File Stream): Used exclusively for reading data from a file on the hard drive into the
program’s RAM. It acts exactly like cin.

3. fstream (File Stream): A powerful, bidirectional stream capable of both reading and writing to the same file
simultaneously.

5.5.2 Opening and Closing Files

Before a program can read or write, it must explicitly establish a connection to a specific file on the hard drive. This is
called Opening the file.

Opening a File

There are two ways to open a file. The most common is passing the filename directly to the constructor when
instantiating the stream object.
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Figure 5.35: The fstream library abstracts the complex hardware interactions of the hard drive into simple directional
streams.

// Instantiating an object of class ofstream and opening "data.txt"
ofstream myFile("data.txt");

Alternatively, you can create the stream object first and use the .open() member function later:

ofstream myFile;
myFile.open("data.txt");

Closing a File: The Prime Directive

Whenever a file is opened, the Operating System places a "lock" on it, preventing other programs from modifying it.
Furthermore, when writing to a file, C++4+ doesn’t immediately spin up the hard drive for every single byte; it stores
data temporarily in an OS buffer to improve performance.

When the program is finished, you MUST call the .close() function.

myFile.close();
Closing the file does two critical things:
1. It forces the OS to "flush" the buffer, physically writing the remaining data to the magnetic disk.
2. It releases the OS lock so other programs can access the file.

Warning: If a program crashes or terminates before myFile.close () is executed, data in the buffer will vanish, resulting
in a corrupted, half-written file.

5.5.3 Writing to a File

Once the ofstream object is securely connected to a file, writing to it is identical to printing text to the console. You
simply use the Insertion Operator (<), but instead of aiming the arrows at cout, you aim them at your file object.

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

int main() {
// 1. Open the file
ofstream outFile("employee_records.txt");

// Safety check: Did the 0S actually allow us to open the file?
if (loutFile.is_open()) {

cout << "Fatal Error: Could not open file!";

return 1;

// 2. Write data to the file

int salary = 85000;

outFile << "Employee Name: John Doe" << endl;
outFile << "Salary: $" << salary << endl;
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// 3. Close the file securely
outFile.close();

cout << "Data saved successfully.";
return 0;

3

If you look at your hard drive after running this program, you will find a physical text file containing John Doe’s
information.

5.5.4 Reading from a File

Reading data from a file back into RAM requires the ifstream class and the Extraction Operator (»).

When reading, the programmer must be aware of a critical issue: they rarely know exactly how much data is inside
the file. If they try to read 100 lines, but the file only contains 50 lines, the program will crash. To solve this, file
reading almost always utilizes a while loop combined with an End Of File (EOF) check. The loop reads data
line-by-line and automatically stops the exact moment it hits the invisible EOF marker at the bottom of the document.

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

int main() {
// 1. Open the file for reading
ifstream inFile("employee_records.txt");

if (linFile.is_open()) {
cout << "Error: File not found!";
return 1;

// 2. Read the data
string dataline;

// getline() reads an entire line of text until it hits a newline
// The while loop runs until getline() hits the EOF marker
while (getline(inFile, dataLine)) {

// Output the data from the file onto the monitor

cout << dataline << endl;

// 3. Close the file
inFile.close();

return O;

5.5.5 Conclusion

Without the ability to interact with the file system, software is relegated to performing temporary calculations. The
fstream library bridges the gap between volatile RAM processing and permanent storage. By rigorously adhering
to the three-step architecture—Opening with error checking, processing via directional streams (« or »), and strictly
enforcing the close() command—a C++ engineer guarantees the safety and permanence of the user’s critical data.

5.6 Binary File Operations and Error Handling

Text files are incredibly useful because they are human-readable. You can open a text file in Notepad and instantly
verify the data. However, for professional software systems dealing with millions of records, text files are catastrophic
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Figure 5.36: The standard, secure architectural flow for reading data from secondary storage.

for performance.

If you store the number 1,000,000 in a text file, it is stored as seven distinct char characters, wasting 7 bytes
of disk space. Furthermore, when the program reads it back, the CPU must waste time converting that string of
characters back into a mathematical integer.

For maximum performance, software databases use Binary Files. In a binary file, data is written exactly as it
appears in the computer’s RAM (as raw, unformatted 1s and 0s). An integer takes exactly 4 bytes, regardless of how
large the number is. No translation is required, resulting in massively faster read/write speeds.

5.6.1 Writing and Reading Binary Files

To operate on a binary file, we must explicitly tell the fstream object not to format the data. We do this by passing
the ios: :binary flag during the open() process.

Because the data is unformatted, we can no longer use the standard « or » operators. Instead, C++ provides two
highly specialized, low-level member functions: write() and read().

Writing an Entire Object Instantly

The true power of binary files is the ability to write a massive, complex object to the hard drive in a single command.
The write() function requires two parameters: the memory address of the object (cast as a generic character pointer),
and the exact physical size of the object in bytes (using sizeof).

class Employee {
public:
int id;
double salary;
I
int main() {
Employee emp;
emp.id = 101; emp.salary = 85000.50;

// Open file in output AND binary mode
ofstream outFile("database.dat", ios::out | ios::binary);

// Write the ENTIRE object to the hard drive instantly
outFile.write((char*)&emp, sizeof (emp));

outFile.close();

To read the object back into RAM, the exact inverse process is used with the read() function:

ifstream inFile("database.dat", ios::in | ios::binary);
Employee loadedEmp;

// Reads ’sizeof’ bytes from disk and forces them into the object
inFile.read((char*)&loadedEmp, sizeof(loadedEmp));
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5.6.2 Updating Records (Random Access)

Imagine a binary file containing 10,000 Employee records. The manager wants to update the salary of Employee #500.

If this were a standard Text file, the program would have to use Sequential Access. It would read all 10,000
lines into RAM, change line 500, delete the old file, and write all 10,000 lines into a brand-new file. This is insanely
inefficient.

Because this is a Binary file, we know that every single Employee record takes up the exact same amount of bytes
(e.g., exactly 12 bytes each). This uniformity allows us to use Random Access. We can calculate the exact byte
location of Employee #500, jump the file pointer directly to that byte, and overwrite just that one specific record.
File Pointers and Seek Operations
C++ stream objects maintain internal "pointers" that track exactly where they are currently looking in the file:

o Get Pointer: Used for reading. Moved using seekg() (Seek Get).

o Put Pointer: Used for writing. Moved using seekp() (Seek Put).

To jump to the 500th record, we calculate the byte offset:

int recordNumber = 500;
// Since we start counting at 0, the 500th record is index 499
long byte_offset = (recordNumber - 1) * sizeof (Employee);

Now, we use seekp() to physically move the hard drive head to that exact byte, starting from the beginning of the
file (ios: :beg):

fstream file("database.dat", ios::in | ios::out | ios::binary);

// Move the Put pointer directly to the calculated byte
file.seekp(byte_offset, ios::beg);

// Overwrite the old record with the updated object
file.write((char*)&updatedEmp, sizeof (updatedEmp));

seekp(24, ios::beg)

Record 1 Record 2 Record 3 Record 4
(0 - 11 Bytes] (12 - 23 Byteq (24 - 35 Bytes)

Figure 5.37: Random Access in Binary Files. Because every record is exactly the same size in memory, the program
can instantly calculate the byte offset and jump directly to any record, bypassing thousands of others.

5.6.3 Error Handling in Files

Secondary storage is the most unpredictable element of a computer system. While RAM is highly reliable, hard drives
are mechanical and prone to failure. The disk might be 100% full, the user might have unplugged the USB drive
halfway through writing, or the operating system might have locked the file for a virus scan.

If an error occurs, the C++4 stream object will silently fail and stop working. If the programmer does not check for
errors, the program will continue running, falsely assuming the data was saved successfully.

To prevent this, the C+4 ios class provides specific internal status flags that monitor the health of the stream.
These flags can be checked using specific member functions:

Implementing Error Checks

A robust, professional application will constantly poll these flags after critical operations. If an error is detected, the
program must gracefully alert the user and safely terminate, or attempt the clear () function to reset the flags and try
again.
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Function Flag Description and Use Case
Checked

eof () EOF Flag Returns true if the End Of File marker has been
reached. Vital for stopping while loops when
reading data.

fail() Fail Flag Returns true if a logical, non-fatal formatting
error occurred (e.g., the program tried to read a
letter "A” into an int variable). The file itself is
fine, but the data extraction failed.

bad () Bad Flag Returns true if a catastrophic, unrecoverable
hardware or OS error occurred (e.g., the hard
drive physically crashed, or the disk is totally
full).

good () Good Flag | Returns true if absolutely no errors have oc-
curred (i.e., EOF, Fail, and Bad are all false).
The stream is perfectly healthy.

Table 5.1: The C++ Stream State Functions used for rigorous error handling.

inFile.read((charx*)&emp, sizeof (emp));

if (inFile.bad()) {
cout << "FATAL HARDWARE ERROR: Hard drive disconnected.";
exit(1); // Force program termination

}

if (inFile.fail() && !inFile.eof()) {
cout << "DATA CORRUPTION: Could not parse record correctly.";
inFile.clear(); // Reset the error flag and try to recover

Al IMAGE PLACEHOLDER
A dashboard gauge representing the ’Stream State’. A green light labeled ’good()’
is on when data flows smoothly. A yellow warning light labeled ’fail()’ turns on
when incorrect data is entered. A flashing red siren labeled "bad()’ turns on when
the hard drive is physically burning.

Figure 5.38: Continuous monitoring of stream error flags is the only way to guarantee data integrity when interacting
with unpredictable physical hardware.

5.6.4 Conclusion

The transition from Text files to Binary files is the transition from amateur programming to professional database
architecture. By treating massive objects as uniform blocks of bytes, engineers can utilize random access functions like
seekp () and seekg() to update individual records in massive datasets in a fraction of a millisecond. Combined with
rigorous, paranoid error checking using functions like bad() and fail (), the software guarantees that critical customer
data is written perfectly to disk, even in the event of hardware instability.
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5.7 Exception Handling: Preserving System Stability

In theoretical computer science, algorithms execute perfectly. In the real world, software operates in environments
fraught with chaos. A user might accidentally type the letter "A" instead of the number "5". A hard drive might
suddenly run out of space. A mathematical calculation might accidentally attempt to divide a number by zero.

Historically, when a C program encountered an impossible situation (like division by zero), the operating system
would instantly terminate the program, crashing the software and wiping out all unsaved work.

Modern C++ solves this through a highly structured safety mechanism known as Exception Handling. Instead
of crashing, the program intercepts the "exceptional" mathematical or logical error, quarantines the failure, executes a
recovery protocol, and allows the rest of the software to continue running safely.

5.7.1 The Three Pillars: try, throw, and catch
Exception handling in C++ is orchestrated by three specific, interrelated keywords. They form a continuous safety net
around dangerous code.

1. The try Block

The try block acts as an observation zone. The programmer places any code that might potentially fail (such as file
operations or complex math) inside the try braces. You are telling the compiler: "Try to execute this risky block of
code, but monitor it closely for disasters."

2. The throw Keyword

If the code inside the try block detects an impossible situation (an anomaly), it cannot fix the problem itself. Instead,
it uses the throw keyword to instantly halt the execution of the try block and "throw" a distress signal (an Exception)
out into the system. The distress signal can be an integer, a string, or a complex custom object.

3. The catch Block

Directly underneath the try block sits the catch block. This acts as the physical safety net. If a distress signal is
thrown, the catch block "catches" the data, analyzes the error, outputs a warning to the user, and then gracefully
resumes the program’s normal execution.

#include <iostream>
using namespace std;

int main() {
int numerator = 100;

int denominator;

cout << "Enter denominator: ";
cin >> denominator;

// 1. The TRY Block (Monitoring risky code)

try {
if (denominator == 0) {
// 2. The THROW Keyword (Detects disaster and aborts)
throw "Error: Mathematical impossibility. Division by zero!";
}

// If denominator is O, execution never reaches here
int result = numerator / denominator;
cout << "Result: " << result << endl;
}
// 3. The CATCH Block (The safety net)
catch (const char* errorMessage) {
// We catch the thrown string and display it safely
cout << errorMessage << endl;
cout << "Please restart and enter a non-zero number." << endl;
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cout << "The program did not crash. Normal execution continues here." << endl;
return O;

try {

(S J

Execute Risky Code Instant Jump

------
-

( ) .” v
throw Exception; f° [ catch(Error e) { ]

- J

(Code Skipped) Handle the Error Safely

[Program Continues Running Safely]

Figure 5.39: The execution flow of Exception Handling. A throw command instantly aborts the try block, bypassing
the remaining code and jumping directly into the catch recovery zone.

5.7.2 Multiple Throws and Catches

In an advanced software system, a single try block might monitor a large chunk of code containing several vastly
different dangerous operations.

For example, a block of code might first attempt to open a database file, and then attempt to process the
mathematical data inside it. The file operation might fail (File Not Found), or the mathematical operation might fail
(Division by Zero). These are two completely different catastrophes that require completely different recovery protocols.

C++ allows a programmer to use multiple throw statements that throw different data types. To handle this, a
single try block can be followed by a long "chain" of multiple catch blocks.

The C++ runtime system acts as an intelligent router. When an exception is thrown, it inspects the data type of
the exception (e.g., is it an int? is it a string?) and automatically routes the execution to the exact catch block
designed to handle that specific data type.

try {
int errorCode = 1;

if (errorCode == 1) {
throw 404; // Throwing an INTEGER
}
else if (errorCode == 2) {
throw "Access Denied"; // Throwing a STRING
}
else if (errorCode == 3) {
throw 3.14; // Throwing a DOUBLE

}
// CATCH BLOCK 1: Handles only Integers
catch (int e) {
cout << "Integer Exception Caught. HTTP Error: " << e << endl;
}
// CATCH BLOCK 2: Handles only Strings
catch (const char* e) {
cout << "String Exception Caught. Message: " << e << endl;
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The Catch-All Block

If a try block throws a double (like 3.14), but there is no catch block designed to handle a double, the program will
crash, rendering the entire safety net useless.

To prevent this, C++ provides a default "Catch-All" block. By placing an ellipsis (.. .) inside the parentheses, this
block will act as a final, universal safety net, catching absolutely any exception type that slipped past the specific catch
blocks above it.

// Must be placed at the absolute bottom of the catch chain

catch (...) {
cout << "CRITICAL WARNING: An unknown exception occurred!" << endl;
cout << "Executing emergency safe shutdown." << endl;

AI IMAGE PLACEHOLDER
A diagram resembling a coin-sorting machine or switchboard. At the top, a 'throw’
cannon fires different shapes (a red integer triangle, a blue string square). Below it,
a series of funnels (’catch’ blocks). The triangle perfectly falls into the ’catch(int)’
funnel. The square falls into the ’catch(string)’ funnel. A strange, unexpected

green hexagon falls past them all, landing safely in a massive bottom basket
labeled ’catchy(...)".

Figure 5.40: The C++ exception routing mechanism. The compiler mathematically matches the data type of the
thrown distress signal to the precisely shaped catch block, ensuring the correct recovery protocol is executed.

5.7.3 Conclusion

Exception Handling is the hallmark of professional, fault-tolerant software engineering. By rigorously wrapping risky
code inside try blocks, engineers acknowledge that failure is inevitable in real-world environments. The intelligent
routing of multiple throw statements to highly specific catch blocks ensures that when a failure does occur, it is
instantly intercepted, categorized, and resolved, preventing localized mathematical errors from triggering a catastrophic
collapse of the entire application architecture.

5.8 Standard Template Library (STL) Basics

For decades, if a C++ programmer needed a complex data structure—such as a dynamically resizing array, a linked list,
or a balanced binary tree—they had to write the entire structure from scratch. This process took hours of engineering
time, and if the programmer made a single mistake in memory allocation, the entire software system would crash.

To solve this, the creators of C++ introduced the Standard Template Library (STL).

The STL is a massive, professionally engineered suite of data structures and mathematical algorithms built directly
into the C++ compiler. It utilizes the Generic Programming (Templates) discussed in Unit 4.4, meaning these structures
can seamlessly hold any data type, from raw integers to massive user-defined objects.

The STL is mathematically perfect, highly optimized, and thoroughly tested. Modern C++ engineering rarely
relies on raw arrays or manual data structures; it relies almost entirely on the STL.

5.8.1 The Three Components of the STL

The STL architecture is divided into three interconnected pillars:

1. Containers: The physical data structures that store the data (e.g., Vectors, Lists, Maps, Sets).
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2. Algorithms: The mathematical functions that process the data (e.g., Sorting, Searching, Reversing).

3. Iterators: Specialized, intelligent pointers used to navigate through the data inside the containers.

5.8.2 The Vector (Dynamic Array)

The most commonly used STL Container is the Vector.

A standard C++ array (int arr[5];) has a fatal flaw: its size is mathematically locked at compile time. If the
array is full, and you attempt to add a 6th element, the program will crash with an out-of-bounds memory error.

A vector solves this by acting as a Dynamic Array. It is highly intelligent. If a vector is full and you ask it to
store another number, it will silently request a larger block of RAM from the operating system, copy all existing data
over to the new block, delete the old block, and add your new number—all in a fraction of a millisecond, completely
invisibly to the programmer.

Vector Syntax and Member Functions

To use vectors, you must include the <vector> header file. Because it is built using templates, you must specify the
data type inside angle brackets <>.

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

int main() {
// Instantiate an empty vector designed to hold integers
vector<int> scores;

// push_back() adds a new element to the absolute end of the vector
scores.push_back(85) ;
scores.push_back(92) ;
scores.push_back(78) ;

// The vector now automatically has a size of 3
cout << "Current Size: " << scores.size() << endl;

// pop_back() destroys the last element (78 is removed)
scores.pop_back();

1. Vector is Full

(Capacity = 3) 85 | 92 | 78User calls push_back(99)

| Copies data and resizes

2. Automatic Reallocat o _[_ o

(Capacity doubled to ¢ 85 (92| 78 | 99

Figure 5.41: The internal mechanics of a Vector. When capacity is reached, the vector automatically negotiates with
the operating system to secure a larger block of contiguous RAM.

5.8.3 Iterators

To process data, we need to travel through it. While we can use a standard for(int i = 0... loop for a Vector, that
loop will not work for advanced STL containers like Maps or Sets (which do not use numbered indexes).

To solve this, the STL provides Iterators. An iterator is a highly advanced, "smart" pointer designed specifically
to navigate through the complex memory structures of any STL container.

Every container provides two critical iterator functions:

e begin(): Returns an iterator pointing exactly to the first element.

o end(): Returns an iterator pointing to the memory space immediately after the final element. (It acts as an
invisible boundary wall).
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vector<int>::iterator it; // Declaring an iterator

// Using an iterator to travel through the vector
for (it = scores.begin(); it != scores.end(); it++) {
cout << *it << " "; // Dereference the iterator to print the value

Al IMAGE PLACEHOLDER
A diagram showing a sequence of blocks. A green arrow labeled ’begin()’ points to
the very first block. A red arrow labeled ’end()’ points to an empty, imaginary
space floating exactly one slot *after™ the final physical block, acting as a
mathematical boundary marker.

Figure 5.42: Iterators establish safe boundaries for data processing algorithms, ensuring the program never accidentally
reads corrupted memory beyond the end of the container.

5.8.4 Basic STL Algorithms: sort() and £ind()

The true genius of the STL lies in its Algorithms library (included via <algorithm>). Instead of writing custom sorting
or searching loops, the programmer simply calls the STL function and passes the Iterators as arguments. The algorithm
will mathematically process the data contained strictly between the begin() and end() iterators.

The sort() Algorithm

Writing a highly efficient sorting algorithm (like QuickSort or MergeSort) is notoriously difficult. The STL sort ()
function automatically applies a mathematically perfected hybrid algorithm (usually Introsort) that guarantees extremely
fast execution.

#include <vector>
#include <algorithm> // Required for STL algorithms
using namespace std;

int main() {
vector<int> v = {45, 12, 89, 3, 22};

// Sorts the vector in ascending order instantly
sort(v.begin(), v.end());
// Vector is now: {3, 12, 22, 45, 89}

The £find() Algorithm

If you need to check if a specific value exists in a massive dataset, you use find (). It performs a highly optimized
linear search. If it finds the value, it returns an iterator pointing to that exact location. If the value does not exist, it
safely returns the end () iterator.

vector<int> v = {10, 20, 30, 40};

// Search for the number 30
vector<int>::iterator result = find(v.begin(), v.end(), 30);
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// Check if it hit the boundary wall without finding the number
if (result !'= v.end()) {

cout << "Value Found!";
} else {

cout << "Value NOT Found.";

5.8.5 Conclusion

The Standard Template Library represents the maturity of C++ software engineering. By providing bulletproof,
dynamically resizing Containers like the Vector, intelligent memory navigators like Iterators, and mathematically
perfected Algorithms like sort (), the STL frees the programmer from the tedious, error-prone labor of low-level
memory management. It allows engineers to focus entirely on the high-level logic and architecture of their applications,
trusting the STL to handle the mathematical heavy lifting with absolute stability and maximum speed.
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