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Introduction

The programming languages C and C++ form the foundation of many modern software applications,
operating systems, and embedded systems. While often referred to together, they are distinct languages
with their own strengths and areas of application. This guide serves as a comprehensive introduction
to both worlds - beginning with the fundamentals of C and progressively building upon them to explore
the object-oriented concepts of C++.

Mastering these languages opens up a wide range of career opportunities, particularly in fields such as
system programming, game development, high-performance computing, and the creation of resource-
critical applications. C provides direct control over hardware, making it ideal for understanding how
computers function at a low level. C++ extends these capabilities through object-oriented programming,
which simplifies the development of complex software projects and promotes code reusability.

This guide adopts a clear pedagogical approach: we begin with the fundamental concepts of the
C language to ensure a solid base understanding. Subsequently, we will gradually introduce the
extensions and new paradigms of C++, consistently highlighting the similarities and differences between
the two languages. The focus is on developing a deep understanding of principles, rather than just
syntax.

Throughout this course, you will learn how to structure, compile, and debug programs; effectively utilize
data types; employ control structures to manage program flow; define and use functions; work with
pointers and manage memory. Part Il will then delve into classes, objects, inheritance, polymorphism,
and templates - key concepts of object-oriented programming in C++.

To ensure a successful learning journey, we emphasize precise explanations, detailed examples, and the
identification of common pitfalls. We will introduce compilers, tools, and development environments
to assist you in realizing your ideas. This guide is designed for use both in lectures and for self-study,
aiming to empower you to develop your own C and C++ programs and successfully implement complex
software projects.# Part |: The C Programming Language

Chapter 1: Getting Started with C
1.1 Hello World!

Welcome to your first journey into the fascinating world of programming with C! This chapter forms
the foundation for all further explorations and will teach you the basic concepts you need to write your
own programs. We’ll begin with a classic example: the “Hello World!” program.

#include <stdio.h>

int main() {




printf("Hello World!\n");
return 0;

}

This program is incredibly simple, but it contains all the essential elements of a C program. Let’s

examine each line in detail:

« #include <stdio.h>:Thislineincludesthestandard Input/Outputlibrary (stdio.h). This
library provides functions for outputting data to the screen (like printf) and receiving input
from the user. You can think of it as a toolbox providing pre-built functions.

« int main(): Thisis the main function of your program. Every C program requires a main
function, as this is the starting point for execution. The keyword int indicates that this function
returns an integer value.

o printf("Hello World!\n") ;: This line uses the printf function from the stdio.h
library to output the text “Hello World!” to the screen. The character \ n represents a newline, so
the cursor jumps to the next line after the output.

« return 0;:Thisline endsthe execution of the ma-in function and returns the value 0. Typically,
a return value of 0 indicates that the program executed successfully.

1.2 The Structure of a C Program

A typical C program consists of the following elements:

+ Preprocessor Directives: Lines that begin with # (like #include). These instructions are
executed by the preprocessor before actual compilation and serve to include header files or
define macros.

+ Header Files: Files containing declarations of functions, variables, and data types. They allow
you to reuse pre-built functionalities.

+ Global Variables: Variables declared outside all functions, making them visible throughout the
entire program. However, their use should be limited as they can lead to unexpected side effects.

« Functions: Blocks of code that perform a specific task. Each function has a name, parameters
(input values), and a return value.

+ Local Variables: Variables declared within a function and visible only in that function.

« Statements: Individual commands executed by the computer.

1.3 Compilation, Linking, and Execution

Before you can execute a C program, it must be translated into machine code that the computer
understands. This process consists of three steps:




1. Compilation: The compiler translates your source code (the . c file) into object code (. o file).
Object code contains the machine-readable instructions for each function but is not yet fully
executable because it may contain references to functions defined in other files.

2. Linking: The linker combines the object code of your program with the object code from libraries
and other required modules into an executable file (. exe under Windows or without a file
extension under Linux/macOS).

3. Execution: You start the executable file to run your program.

The exact commands for compiling and linking depend on your compiler and operating system. Under
Linux/macOS, you typically use the gcc compiler:

gcc mein_programm.c -0 mein_programm
./mein_programm

The first command compiles the file mein_programm.c and creates an executable file named
mein_programm. The second command executes this file. Under Windows, you typically use an inte-
grated development environment (IDE) like Visual Studio, which automatically handles the compilation
and linking process for you.

1.4 Understanding Your First Error Messages

Errors can occur when compiling or executing your program. It’s important to understand these error
messages in order to troubleshoot problems. Compiler error messages usually provide the line number
and a description of the error.

Example:

#include <stdio.h>

int main() {
prinft("Hello World!\n"); // Typo in function name
return 0;

}

In this case, the compiler would output an error message similar to the following:

main_programm.c:5:9: error: 1implicit declaration of function 'prinft';
did you mean 'printf'?
prinft("Hello World!\n");

This message indicates that the function prinft is not defined and likely contains a typo. In this case,
you accidentally wrote prinftinstead of printf. Pay careful attention to spelling and capitalization,
as Cis very sensitive to it.




Quick Tip:

+ Cis case-sensitive!

« Compiler error messages are your friends - read them carefully.

« Pay close attention to typos in function names and variable names.

+ Don’t forget to include header files when using functions from libraries.

This chapter has given you a first glimpse into the world of programming with C. In the next chapter,
we will delve into the fundamentals of the language: data types and variables.




Chapter 2: Language Fundamentals

This chapter forms the foundation for understanding C, and in many aspects, also C++. Although C++
offers numerous additional features, it is based on the fundamental principles of C. Mastering these
basics is essential to effectively utilize more complex concepts such as object-oriented programming
or the use of the Standard Template Library (STL). We will focus here on the elementary building blocks
of every C application: data types, variables, operators, and the basic input and output functions.
Understanding these concepts is not only important for writing code but also for debugging and
optimizing programs. Throughout this chapter, we will gradually work through these topics, starting
with the definition of key terms and ending with practical examples designed to help you internalize
the concepts. The skills learned here are relevant not only for programming in C but also form a solid
basis for later transitioning to C++.

2.1 Statements, Variables, Data Types, and Operators

Before we begin writing code, it is important to define some fundamental terms. A program is essen-
tially a sequence of instructions that the computer should execute to perform a specific task. These
instructions must be written in a language that the computer understands - and this is where C and
C++ comeinto play.

A data type specifies the kind of data a program can process. Think of data types as drawers in which
different kinds of information can be stored. Some common data types are:

+ Integer (int): Whole numbers (e.g., -5, 0, 10).

+ Floating-Point (float, double): Decimal numbers (e.g., 3.14, -2.718). The difference between
float and doub'le lies in the precision; double stores numbers with higher accuracy.

« Character (char): Single characters (e.g., ‘A, ‘X, ‘$’).

« Boolean (bool): Boolean values, either true or false.

Avariable is a named storage location in the computer that can store a value of a specific data type.
Think of a variable as a labeled box where you can place information. Before you can use a variable,
you must declare it, i.e., inform the compiler about the data type the variable will have and its name.

An operator is a symbol that applies a specific operation to one or more operands. Operators allow us
to perform calculations, compare values, or manipulate data in other ways. Examples of operators
are:

« Arithmetic Operators: + (addition), — (subtraction), * (multiplication), / (division), % (modulo -
remainder of division).

« Comparison Operators: == (equality), ! = (inequality), > (greater than), < (less than), >= (greater
or equal to), <= (less or equal to).




« Assignment Operator: = (assigns a value to a variable).

An expression is a combination of variables, constants, and operators that evaluates to a value. For

example, x + 5isan expression that increases the value of x by 5.

2.2 Data Types and Variable Declaration

Choosing the correct data type is crucial for your program’s efficiency and correctness. If you want

to use a variable to store the number of students in a class, an int data type would be appropriate.

However, if you need to store the height of a student, a float or double data type would be better

suited, as heights can contain decimal places.
To declare a variable, use the following syntax:

Data Type Variable Name;

Examples:
int age; // Declares a variable named 'age' of type Integer
float price; // Declares a variable named 'price' of type Float
char initial; // Declares a variable named 'initial' of type
Character
bool 1is_active; // Declares a variable named 'is_active' of type
Boolean
You can also directly assign a value to a variable when you declare it:
int count = 10; // Declares and initializes the variable 'count'
with the value 10
float pi = 3.14159; // Declares and initializes the variable 'pi' with

the value 3.14159

2.3 Operators and Expressions

Operators allow us to perform calculations and manipulate values. Here’s an example:
#include <stdio.h> // Required for printf

int main() {
int a = 10;
int b = 5;

int sum = a + b; // Addition of 'a' and 'b', result is stored in '

sum'

float quotient = (float)a / b; // Division of 'a' by 'b'. The type

casting is important!
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printf("The sum of %d and %d is: %d\n", a, b, sum);
printf("The quotient of %d and %d is: %.2f\n", a, b, quotient); //
%.2f formats the output to two decimal places

return 0;

}

In this example, we have used various operators. Note the type casting (float) a before division. Since
both a and b are integers, a simple division without type casting would result in integer division (i.e.,
the fractional part is truncated). By converting a to a float, we force floating-point division, which
preserves the correct result.

2.4 Input and Output with printf and scanf

To interact with the user, you need functions for reading input and displaying output. In C, the functions
printf (for output) and scanf (for input) are primarily used for this purpose.

« printf: Displays formatted data to the console. The general syntax is:
printf("Format String", Variablel, Variable2, ...);

The format string contains placeholders for the variables that should be displayed. Some com-
mon placeholders are:

- %d: Integer

- %f: Float or Double
- %c: Character

- %s: String

- %b: Boolean

« scanf: Reads formatted data from the console. The general syntax is:

scanf("Format String", &Variablel, &Variable2, ...);

The format string specifies what kind of data is expected. Note the &-sign before the variable
names. This sign indicates the address of the variable where the read value should be stored.

Example:

#include <stdio.h>

int main() {
int number;
float decimalNumber;
char character;

n



printf("Please enter a whole number: ");
scanf ("%d", &number); // Reads an integer from the console and stores
it in "number'

printf("Please enter a decimal number: ");
scanf ("%f", &decimalNumber); // Reads a float from the console and
stores it in 'decimalNumber'

printf("Please enter a character: ");

scanf (" %c", &character); // Reads a character from the console and
stores it in 'character'. The space before %c 1is important to
ignore whitespace.

printf("You entered the following values:\n");
printf("Number: %d\n", number);

printf("Decimal Number: %.2f\n", decimalNumber) ;
printf("Character: %c\n", character);

return 0O;

Sidebar:

+ Always pay attention to the correct data type when declaring variables. Using the wrong data
type can lead to unexpected results or errors.

+ Use the &-sign before variable namesin scanf to indicate the address of the variable where the
value should be stored.

+ The format stringsin printf and scanf must match the data types of the variables.

+ Be mindful of type casting when performing operations with different data types.

2.5 Common Errors and Pitfalls

A common error is using the wrong format string in printf or scanf. For example, displaying an
integer value with %f can lead to unexpected results. Also, be sure not to forget the &-sign before
variable namesin scanf.

Another common error is using variables without initialization. If a variable is declared but not initial-
ized, it contains an undefined value. This can lead to unexpected results. Always initialize variables
before you use them.

Finally, be careful with type casting. Incorrect type casting can result in data loss or rounding errors.
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2.6 Summary

In this chapter, we have learned the fundamentals of the C language. We have covered data types and
variables, operators and expressions, as well as input and output with printf and scanf. We have
also discussed some common errors and pitfalls that can occur when working with these concepts.

Understanding these basics is crucial for the further course. In the next chapters, we will deal with
control structures, functions, arrays, and pointers. These concepts build on the fundamentals we
learned in this chapter.
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Chapter 3: Control Structures

The ability to control program flow is a fundamental component of every programming language.
So far, we have written programs that execute a linear sequence of instructions. However, in the
real world, simple, straightforward processes are rarely required. Instead, we need mechanisms to
make decisions, repeatedly perform actions based on conditions, and flexibly adapt the program flow.
Control structures enable precisely this.

This chapter is dedicated to examining conditional statements (i f, else) and loops (wh1ile, for,
do-wh1ile), as well as the switch statement. We will learn how these structures can be used to
integrate complex logic into our programs. Furthermore, we’ll consider the importance of scopes and
block structures for clear and error-free programming. Understanding these concepts is essential to
move beyond simple “Hello World!” programs and develop useful applications. Control structures
form the foundation for virtually every type of software and are therefore an indispensable part of your
programming education.

3.1 Fundamentals of Control Structures

Control structures determine the order in which instructions within a program are executed. Without
control structures, a program would simply process each line of code sequentially, without considering
conditions or repetitions.

There are three main types of control structures:

« Sequential Execution: This is the standard order in which instructions are executed - from top
to bottom.

+ Selective Execution (Conditional Statements): Allows the program to execute different blocks
of code based on a condition. The most well-known examples are 1 f and else.

« Iterative Execution (Loops): Enables repeated execution of a block of code as long as a specific
condition is met. The most common loop structures are wh1ile, for, and do-while.

A condition is an expression that can be either true (true) or false (false). Examples of conditions
include comparisons (e.g., x > 0), logical operations (e.g., 2 && b), and checking the value of a
variable (e.g., variable != 0).

A code block is a group of instructions that are treated as a unit. In C, code blocks are delimited by
curly braces {}. The use of code blocks is crucial for structuring and improving the readability of
programs.

14



3.2 Conditional Statements (i f, else)

The 1 f statement allows you to execute a specific block of code only if a certain condition is true. The
general syntax is:

if (condition) {
// Code block that will be executed if the condition is true
}

If the cond tion evaluates to true, the code block within the curly braces is executed. Otherwise,
this block is skipped and the program continues execution with the next instruction.

The else statement provides a way to execute an alternative block of code if the condition in the i f
statement is false:

if (condition) {

// Code block that will be executed if the condition is true
} else {

// Code block that will be executed if the condition is false

}

If the condition evaluates to false, the code block within the else block is executed.
It’s also possible to chain multiple conditions using else 1 f statements:

if (conditionl) {
// Code block that will be executed if conditionl 1is true
} else 1if (condition2) {
// Code block that will be executed if conditionl is false and
condition2 s true
} else {
// Code block that will be executed if all previous conditions are
false

}

Example:
#include <stdio.h>

int main() {
int number;

printf("Please enter a number: ");
scanf ("%d", &number);

if (number > 0) { // Condition: Is the number greater than 07?
printf("The number 1is positive.\n"); // Code block executed if
number > 0
} else if (number < 0) { // Condition: Is the number less than 0?

15



printf("The number is negative.\n"); // Code block executed if
number < 0
} else { // If none of the previous conditions are met...
printf("The number 1is zero.\n"); // Code block executed if number
== 0
}

return 0;

}

In this example, the program asks the user for a number and then outputs whether the number is
positive, negative, or zero. The 1 f statement first checks if the number is greater than 0. If so, the
corresponding message is output. Otherwise, it checks if the number is less than 0. If not, the number
must be zero, and the corresponding message is output.

3.3 Loops: while, for,do-while

Loops enable you to execute a block of code repeatedly as long as a specific condition is met. C provides
three types of loops: wh1ile, for,and do-wh1ile.

« while loop: The whiile loop executes a block of code as long as the specified condition is true.
The condition is checked before each execution of the code block.
while (condition) {

// Code block that will be executed as long as the condition is
true

}

+ for loop: The for loop is particularly well-suited for repeatedly executing a block of code a
specific number of times. It consists of three parts: initialization, condition, and increment/decre-
ment.

for (dinitialization; condition; increment/decrement) {

// Code block that will be executed as long as the condition is
true

}

« do-while loop: The do-wh1ile loop resembles the wh1ile loop, but it executes the code
block at least once before checking the condition.
do {

// Code block that will be executed at least once
} while (condition);

Example (while loop):

16



#include <stdio.h>

int main() {
int i = 0;

while (i < 5) { // Condition: Is i less than 5?
printf("Value of i: %d\n", i); // Code block executed as long as i
<5
i++; // Increment i by 1

}

return O;

}

In this example, the while loop counts from 0 to 4 and prints the current value of i. The loop is
executed as long as 1 is less than 5. After each execution of the code block, 1 isincremented by 1.

Example (for loop):

#include <stdio.h>

int main() {
for (int i = 0; i < 5; i++) { // Initialization: int i = 0; Condition
i < 5; Increment: 1i++
printf("Value of i: %d\n", i); // Code block executed as long as i
<5
}

return 0;

}

This example does exactly the same thing as the previous example with the wh1i le loop. However, the
initialization, condition, and increment are combined into a single line.

3.4 switch Statements

The sw1itch statement provides an alternative way to selectively execute blocks of code based on
the value of a variable. It is particularly useful when there are many different cases to consider. The
general syntax is:

switch (variable) {
case valuel:

// Code block that will be executed if variable == valuel
break;

case value2:
// Code block that will be executed +if variable == value2
break;
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default:
// Code block that will be executed 1if variable does not have any
of the previous values

}

The sw1i tch statement compares the value of the specified variable with the various case values. If a
matching case is found, the corresponding code block is executed. The keyword break terminates
the execution of the switch statement. The defau'lt case is optional and is executed if none of the
previous cases match.

Example:

#include <stdio.h>

int main() {
int day;

printf("Please enter a day (1-7): ");
scanf ("%d", &day);

switch (day) { // Compare the value of day with the different cases

case 1:
printf("Monday\n"); // Code block executed if day == 1
break;

case 2:
printf("Tuesday\n"); // Code block executed if day ==
break;

case 3:
printf("Wednesday\n"); // Code block executed if day == 3
break;

case 4:
printf("Thursday\n"); // Code block executed if day == 4
break;

case 5:
printf("Friday\n"); // Code block executed if day == 5
break;

case 6:
printf("Saturday\n"); // Code block executed if day == 6
break;

case 7:
printf("Sunday\n"); // Code block executed if day == 7
break;

default:
printf("Invalid day.\n"); // Code block executed if day does not

have any of the previous values

}

return 0O;

}
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In this example, the program asks the user for a day (1-7) and then outputs the corresponding week-
day. The sw1itch statement compares the value of day with the different cases and executes the
corresponding code block.

Quick Tip:

+ Don’t forget to use the keyword break at the end of each case statement to terminate the exe-
cution of the sw1i tch statement. Otherwise, the next case will also be executed (Fall-Through).

« The defaullt caseis optional, but it’'s recommended to use it to handle unexpected input and
output an error message.

3.5 Scopes and Block Structure

In C, variables have a specific scope, meaning they are only visible and accessible in a certain part of
the program. Variables declared within a block (e.g., within an 1 f statement or a loop) are only valid
within that block. This is known as local scope. Variables declared outside of blocks have a global scope
and are visible throughout the entire program.

Example:

#include <stdio.h>
int globalVariable = 10; // Global variable

int main() {
int localVariable = 5; // Local variable within main()

if (localvVariable > 0) {

int anotherlLocalVariable = 2; // Local variable within the +if-block

printf("Value of globalVariable: %d\n", globalVariable); // Access
to global variable possible

printf("Value of localVariable: %d\n", localVariable); // Access to
local variable possible

printf("Value of anotherLocalVariable: %d\n", anotherLocalVariable)
5 // Access to local variable possible

}

// printf("Value of anotherLocalVariable: %d\n", anotherLocalVariable
); // Error! anotherlLocalVariable 1is not visible outside the if-
block

return 0O;

}

Inthisexample, there’sa globalvariable globalVariableandtwo localvariables localVariable
and anotherlLocalVariable. The global variable is visible throughout the program,
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while the local variables are only visible within their respective blocks. Attempting to access
anotherLocalVariable outside of the i f block results in an error.

Block structure helps to make code clearer and more maintainable because it restricts the visibility of
variables and thus reduces the risk of name conflicts.

3.6 Common Errors and Pitfalls

Various errors can occur when working with control structures. Some common errors include:

« Infinite Loops: If the condition of a while or do-wh1ile loop is always true, the loop will
execute endlessly. Ensure that the condition eventually becomes false so that the loop can be
terminated.

+ Incorrect Initialization: If a variable isn’t initialized correctly before being used in a loop or an
1f statement, this can lead to unexpected results.

« Missing break in switch Statements: If the keyword break is missing at the end of a case
statement, the next case will also be executed (Fall-Through). This can lead to unwanted behavior.

« Logical Errors in Conditions: If the condition of an 1 f or loop statement is formulated incor-
rectly, this can cause the code not to function as expected. Carefully check your conditions and
use parentheses to clarify the order of operations.

+ Scope Errors: Attempting to access variables outside their scope results in an error. Make sure
that variables are only used within the block where they were declared.

Debugging techniques such as using printf statements to output variable values or using a debugger
can help find and fix these errors.

3.7 Summary

In this chapter, we have learned the basic control structures in C: conditional statements (1 f, else),
loops (while, for,do-wh1ile), and the switch statement. We’ve also discussed the importance
of scopes and block structure.

These control structures allow you to control program flow and break down complex tasks into smaller,
manageable steps. Understanding these concepts is essential for writing effective and reliable C
programs.

In the next chapter, we will explore functions, which play an important role in modularizing and reusing
code. ## Chapter 4: Functions

In the previous chapters, we’ve learned the fundamental building blocks of C programming: data types,
variables, operators, and control structures. These elements allow us to write simple programs that
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execute sequential tasks or make decisions. However, to solve more complex problems and create
reusable code, we need a powerful tool: functions.

Functions are named blocks of code that perform a specific task. They enable us to break down
programs into smaller, more manageable units, significantly improving the readability, maintainability,
and reusability of the code. Imagine building a house: instead of constructing each individual element
from scratch (walls, roof, windows), you use prefabricated modules or components. Functions are
comparable to these modules in programming.

In this chapter, we will learn the fundamentals of functions in C, including their declaration, definition,
parameter passing, and return values. We will also explore the concept of recursion and become
familiar with different storage classes that can influence function behavior. Understanding functions is
essential for developing efficient and structured C programs and forms the foundation for advanced
concepts such as modularization and library development.

4.1 Fundamentals: Functions and Function Calls

A function is an independent block of code that performs a specific task. It optionally accepts param-
eters as input, processes them, and optionally returns a return value. Functions are fundamental to
structuring programs and promote code reusability.

The basic elements of a function are:

+ Function Declaration: Specifies the name of the function, the type of the return value, and the
number and types of parameters. The declaration informs the compiler about the existence of
the function and its interface.

+ Function Definition: Contains the actual block of code that is executed when the function is
called. The definition implements the behavior of the function.

+ Function Call: Executes the function. This involves passing the parameters (if any) and receiving
the return value (if any).

Consider an analogy: imagine a coffee machine. The declaration would be the instruction manual,
describing which buttons there are (parameters) and what they do (return value - a cup of coffee). The
definition is the internal mechanism of the machine that brews the coffee. The call is pressing the
button to start the machine.

4.2 Declaration and Definition of a Function

Before a function can be used, it must either be declared or defined. The declaration tells the compiler
that a function exists without providing the actual code. The definition, on the other hand, contains
the complete code of the function.
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// Function declaration (prototype)
int addiere(int a, int b);

// Main function (program starting point)

int main() {
int summe = addiere(5, 3); // Call of the function addiere
printf("The sum is: %d\n", summe);
return 0O;

}

// Function definition
int addiere(int a, int b) {
// Local variable to store the result
int ergebnis = a + b;
// Return of the result
return ergebnis;

In this example, we first declare the function addiere, which accepts two integer parameters (a and
b) and returns an integer return value. Then, we define the function by specifying the block of code
that calculates the sum of a and b and returns the result.

It is important to note that the order of declaration and definition does not have to be fixed. The
declaration can come before or after the definition, as long as it precedes the call to the function.
However, it is common practice to place declarations at the beginning of a file to improve readability.

4.3 Parameter Passing and Return Values

Functions can accept parameters to process data from other parts of the program. The parameters
must be specified in the function declaration and definition, including their data type and name.

The return value of a function is the result of its execution. It is returned using the return statement.
The data type of the return value must match in the function declaration and definition. If a function
does not need to return a value, we use the data type void.

// Function to calculate the maximum of two numbers
float maximum(float x, float y) {
if (x > y) {
return x; // Return x 1if it is greater than y
} else {
return y; // Return y if it is greater or equal to x
}
}

int main() {
float zahll = 10.5;
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float zahl2 = 7.8;

float maxWert = maximum(zahll, zahl2); // Call of the function
maximum

printf("The maximum is: %f\n", maxWert);

return 0;

}

In this example, the function maximum accepts two float parameters and returns the larger value. The
return value is stored in the variable maxWert and printed to the console.

4.4 Recursion

Recursion is a technique where a function calls itself to solve a problem. This can be particularly useful
when the problem can be broken down into smaller, similar subproblems. Each recursive function
requires a base case, which determines when the recursion ends; otherwise, it leads to an infinite call
stack and a Stack Overflow.

// Function to calculate the factorial of a number (recursively)
int fakultaet(int n) {

if (n == 0) { // Base case: Factorial of 0 is 1
return 1;
} else {
return n x fakultaet(n - 1); // Recursive call
}
}

int main() {
int zahl = 5;
int ergebnis = fakultaet(zahl); // Call of the function fakultaet
printf("The factorial of %d is: %d\n", zahl, ergebnis);
return 0O;

}

In this example, the function fakultaet calculates the factorial of a number recursively. The base
caseisn == 0,where the function returns 1. Otherwise, it calls itself with the argument n - 1 until
the base case is reached.

4.5 Storage Classes (auto, static, extern)

The storage class of a variable determines its lifecycle and visibility within the program. There are also
storage classes for functions that can influence their behavior.

+ auto: (Default) Local variables are automatically created when the function is called and de-
stroyed when the function ends.
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« static: Static local variables retain their value between function calls. They are initialized only
once, when the function is first called.
« extern: Allows access to a variable that is defined in another file.

int counter() {
static int count = 0;
count++;
return count;

}

int main() {
printf("Counter: %d\n", counter());
printf("Counter: %d\n", counter());
printf("Counter: %d\n", counter());
return 0;

}

In this example, the static local variable count retains its value between function calls, so the counter

isincremented each time.

Key Takeaway:

«+ Functions are essential for structuring and reusability of code.

« Pay attention to the correct declaration and definition of functions.

+ Use meaningful parameter names and return values to improve readability.
+ Recursion can be elegant, but requires a base case to avoid infinite loops.

Storage classes influence the lifecycle and visibility of variables within the program.

4.6 Common Errors and Pitfalls

« Missing Declaration: If you call a function before it has been declared, the compiler may report
an error or unexpected behavior may occur.

+ Incorrect Parameter Passing: Ensure that the number and types of parameters passed match
the function declaration.

+ Missing Return Value: If a function is supposed to return a value, do not forget the return
statement.

« Infinite Recursion: If the base case in a recursive function is never reached, this leads to a Stack
Overflow.

« Confusion of Declaration and Definition: Understand the difference between declaration and
definition and ensure that both are correctly implemented.
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4.7 Summary

In this chapter, we have learned the fundamentals of functions in C. We have seen how to declare and
define functions, pass parameters, and use return values. Furthermore, we have explored the concept
of recursion and the importance of storage classes for functions. Understanding functions is crucial
for developing complex programs in C, as it enables modularization and code reusability. In the next
chapter, we will deal with arrays and strings, which are often used in conjunction with functions.
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Chapter 5: Arrays and Strings

In the previous chapters, we learned about the basic data types in C, such as integers, floating-point
numbers, and characters. These types allow us to store and manipulate individual values. However,
many real-world applications are more complex and require storing and processing collections of data.
This is where arrays and strings come into play.

Arrays enable us to group multiple variables of the same data type under a single name. This is
particularly useful when we want to store, for example, a list of temperatures or the coordinates of a
point. Strings are special arrays of characters used to represent and process text.

This chapter will introduce you to the fundamentals of arrays and strings in C. We will explore how to
declare them, initialize them, access and manipulate elements, and work with the standard library
string.h, which provides a range of useful functions for working with strings. Understanding arrays
and strings is essential for writing efficient and flexible C programs and forms the foundation for more
complex data structures such as lists, tables, and trees. The concepts we cover here are also relevant
to C++, although C++ offers additional capabilities for working with arrays and strings (which we will
address later in the course).

5.1 Fundamentals: Arrays and Strings

An array is a collection of elements of the same data type that are stored contiguously in memory. You
can think of an array as a row of drawers, where each drawer holds a value of the same type. Each
drawer has a unique number, called the index, which is used to access the element at that position.

The index of an array typically starts at 0 (zero). This means that the first element in the array has index
0, the second element has index 1, and so on. The number of elements in an array is referred to as its
size.

A string is a sequence of characters terminated by a null character (\ @). In C, strings are implemented
as arrays of char data types. The null character serves to mark the end of the string because C does
not store explicit length information for strings.

Thestandard library string. h provides a range of functions for manipulating strings, such as copying,
comparing, searching, and modifying strings. These functions are very useful because they prevent us
from having to write code manually to handle strings while also ensuring efficiency.

5.2 One-Dimensional Arrays

To declare a one-dimensional array, specify the data type of the elements, the name of the array, and
the size of the array in square brackets. For example:
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#include <stdio.h>
int main() {
// Declares an array named 'numbers' with 5 integer elements.

int numbers[5];

// Initializes the array with values.

numbers[0] = 10;
numbers[1l] = 20;
numbers[2] = 30;
numbers[3] = 40;
numbers[4] = 50;

// Prints the values of the array.

printf("The first element: %d\n", numbers[0]); // Output: The first
element: 10

printf("The third element: %d\n", numbers[2]); // Output: The third
element: 30

return 0;

In this example, we declared an array named number s that can store 5 integer elements. We then
initialized the individual elements of the array with values and subsequently printed some of these
values. Note that the index starts at 0.

Itis also possible to initialize an array directly during declaration:

#include <stdio.h>

int main() {
// Declares and 1initializes the array 'numbers' with values.
int numbers[5] = {10, 20, 30, 40, 50};

// Prints the values of the array.

printf("The first element: %d\n", numbers[0]); // Output: The first
element: 10

printf("The third element: %d\n", numbers[2]); // Output: The third
element: 30

return 0;

When youinitialize an array during declaration, you don’t necessarily have to specify the size of the array.
The compiler can automatically determine the size based on the number of initialization values:

#include <stdio.h>

int main() {
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// Declares and 1initializes the array 'numbers' with values. The
size is determined automatically.
int numbers[] = {10, 20, 30, 40, 50};

// Prints the values of the array.

printf("The first element: %d\n", numbers[0]); // Output: The first
element: 10

printf("The third element: %d\n", numbers[2]); // Output: The third
element: 30

return 0;

5.3 Multi-Dimensional Arrays

Multi-dimensional arrays are arrays of arrays. They are used to store data in a tabular form. To declare
a two-dimensional array, specify the data type of the elements, the name of the array, and the size of
each dimension in square brackets. For example:

#include <stdio.h>

int main() {
// Declares a 2D array named 'matrix' with 3 rows and 4 columns.
int matrix[3][4];

// Initializes the array with values.
matrix[0][0] = 1
matrix[0][1] 2
matrix[0][2] = 3
matrix[0][3] = 4
matrix[1][0] = 5
6
7
8

matrix[1][1] =
matrix[1][2] =
matrix[1][3] =
matrix[2][0] = 9;
matrix[2][1] = 10;
matrix[2][2] = 11;
matrix[2][3] = 12;
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-

// Prints the values of the array.

printf("The element in row 0, column 0: %d\n", matrix[0][0]); //
Output: The element in row 0, column 0: 1

printf("The element in row 1, column 2: %d\n", matrix[1][2]); //
Output: The element in row 1, column 2: 7

return 0;
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In this example, we declared a two-dimensional array named matrx that can store 3 rows and 4
columns. We then initialized the individual elements of the array with values and subsequently printed
some of these values. Note that the first index indicates the row and the second index indicates the
column.

5.4 Strings and string.h

As mentioned earlier, strings in C are implemented as arrays of char data types. The null character
(\@) marks the end of the string. To declare a string, specify the data type char and the name of the
array:

#include <stdio.h>
#include <string.h> // Required for string.h functions

int main() {
// Declares a string named 'name' with a maximum length of 20
characters.
char name[20];

// Copies the string "John Doe" into the array 'name'.
strcpy(name, "John Doe");

// Prints the string.
printf("The name is: %s\n", name); // Output: The name 1is: John Doe

// Calculates the length of the string.

int length = strlen(name);

printf("The length of the name is: %d\n", length); // Output: The
length of the name 1is: 8

return 0O;

}

In this example, we declared a string named name that can store a maximum of 20 characters. We
then used the function strcpy () from the library string. h to copy the string “John Doe” into the
array. The function printf () printsthe string using the format specifier %s. The function strlen()
calculates the length of the string (excluding the null character).

Important Functions from string.h:

« strcpy(dest, src):Copiesthestring srcinto the string dest.

« strcat(dest, src):Appendsthestring srctothestringdest.

« strilen(str): Returnsthe length of the string str (excluding the null character).

« stremp(strl, str2):Comparesthe strings strland str2. Returns 0 if the strings are
equal, a negative value if str1is lexicographically less than str2, and a positive value if strl
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is lexicographically greater than str2.

« strstr(haystack, needle): Searches for the first occurrence of the string needle in
the string haystack.

Key Points:

« Arrays have a fixed size that is determined at declaration. It’s important to ensure that the array
is large enough to store all necessary data.

« Strings are terminated with the null character (\0). This is crucial for many functions from
string.h.

+ Be cautious when using functions like strcpy () and strcat(), as they can cause buffer
overflows if the destination string is not sufficiently large.

5.6 Handling Buffers and Overflows

Abuffer overflow occurs when a program attempts to write more data into a buffer than it can hold. This
can lead to unpredictable behavior, crashes, or even security vulnerabilities. In C, it’s the programmer’s
responsibility to ensure that no buffer overflows occur.

#include <stdio.h>
#include <string.h>

int main() {
char buffer[10]; // A buffer with a size of 10 characters (
including null terminator)
char input[] = "This 1is a very long string";

// Unsafe: strcpy copies the entire 'dinput' into 'buffer',
resulting in a buffer overflow.
//strcpy(buffer, input);

// Safer: strncpy copies at most 9 characters from 'input' into '
buffer'.

strncpy(buffer, input, sizeof(buffer) - 1); // Important: Leave
space for the null terminator!

buffer[sizeof(buffer) - 1] = '\0'; // Ensure that the buffer 1s
null-terminated.

printf("The buffer contains: %s\n", buffer);

return 0;

}

In this example, we declared a buffer named bu f fer with a size of 10 characters. The string input,
however, is longer than 10 characters. If we use the function strcpy () to copy inputinto buffer,
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a buffer overflow will occur. To avoid this, we can use the function strncpy (), which copies at most
a specified number of characters. It’s important to ensure that the destination buffer is large enough
and that it is null-terminated at the end.

5.7 Common Errors and Pitfalls

+ IndexOutOfBoundsException (with arrays): Do not attempt to access elements outside the
valid index range of an array. This leads to unpredictable behavior or a program crash.

« Buffer Overflows (with strings): Use functionslike strcpy () and strcat () with caution, as
they can cause buffer overflows. Instead, use safer alternatives like strncpy () and strncat
0.

+ Missing Null Termination (with strings): Ensure that all strings are terminated with the null
character (\ 0).

+ Incorrect Dimensions (with multi-dimensional arrays): Make sure to specify the correct di-
mensions when declaring multi-dimensional arrays.

5.8 Summary

In this chapter, we have explored arrays and strings in C. We learned how to declare and initialize
one-dimensional and multi-dimensional arrays, how to implement strings as arrays of char data
types, and how to use the functions from the library string. h. We also addressed the topic of buffer
overflows and learned how to avoid them. Arrays and strings are fundamental data structures in C
and are frequently used in a wide variety of applications. In the next chapter, we will explore pointers,
which provide a powerful way to access arrays and manage memory efficiently.
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Chapter 6: Pointers

Pointers are a powerful but also complex conceptin Cand C++. They represent afundamental departure
from the direct manipulation of variable values that many other programming languages use. Instead
of working directly with the value of a variable, pointers allow you to work with the address in memory
where that value is stored. This opens up possibilities for efficient memory management, dynamic
data structures, and flexible interaction between functions.

In this chapter, we will learn the basics of pointers, explore their relationship to arrays, delve into
pointers to functions, and finally consider pointer arithmetic - an area that can be both powerful
and error-prone. Understanding pointers is crucial for writing efficient C programs and forms the
foundation for many advanced concepts in C++ such as dynamic memory management and object-
oriented programming. Without a solid understanding of pointers, it will be difficult to fully exploit the
power of these languages.

6.1 Pointer Basics

A pointer is a variable that stores the memory address of another variable. Imagine memory as a long
series of numbered cells. Each cell can store a specific value. A normal variable directly stores a value
in one of these cells. A pointer, on the other hand, stores the number of the cell where a particular
value is stored.

To illustrate this: When we declare avariable int x = 103, aregion of memory is reserved to store
the integer value 10. This region has an address, for example, 0x7ffe4b2a3c80 (the actual address varies
depending on the system and execution). A pointer to x would store this address 0x7ffe4b2a3c80.

Declaring a Pointer:
To declare a pointer, we use an asterisk (*) before the variable name:

int *ptr;

The data type preceding the asterisk (in this case int) indicates what type of data the pointer can
point to. An int-pointer can only store the address of an integer variable. A float-pointer can only
store the address of a float variable, and so on.

The Address Operator (&):
To obtain the address of a variable, we use the address operator (&).

int x = 10;
int *ptr = &x;
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In this example, ptr stores the memory address of x.
The Dereference Operator (*):

To access the value stored at the address contained by a pointer, we use the dereference operator
(%).

int x = 10;

int *ptr = &x;

printf("%d\n", *ptr); // Outputs '10'. '*ptr' accesses the value stored
at the address contained 1in 'ptr'.

In this case, *ptr outputs the value of x (which is 10), since ptr stores the address of x.

6.2 Pointers and Arrays

Arrays and pointers are closely related in C. The name of an array is actually a constant pointer to the
first element of the array. This means that we can directly address array elements using pointers.

#include <stdio.h>

int main() {
int arr[] = {10, 20, 30, 40, 50};
int xptr = arr; // 'ptr' points to the first element of 'arr'.

printf("Value of the first element: %d\n", *ptr); // Outputs
'10'.

printf("Address of the first element: %p\n", ptr); // Outputs the
address of the first element.

// Accessing other elements using pointer arithmetic (explained
later).
printf("Value of the second element: %d\n", x(ptr + 1)); // Outputs
'20'.
printf("Address of the second element: %p\n", ptr + 1); // Outputs
the address of the second element.

return 0O;

In this example, ptr points to the first element of arr. We can navigate through other elements by
using pointer arithmetic (which will be explained later) by incrementing (or decrementing) the pointer.
Note that the output of the addresses may vary depending on the system.
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6.4 Pointers to Functions

Similar to variables, functions also have an address in memory. A pointer to a function stores the

address of a function. This allows us to pass functions as parameters to other functions or dynamically

select and call functions.

#include <stdio.h>

int
}
int
}

int

add(int a, 1int b) {
return a + b;

subtract(int a, int b) {
return a - b;

main() {
int (*func_ptr) (int, int); // Declares a pointer to a function that
accepts two integer parameters and returns an integer.

func_ptr = add; // 'func_ptr' now points to the function 'add'.
printf("Result of add(5, 3): %d\n", func_ptr(5, 3)); // Outputs
'8'.

func_ptr = subtract; // 'func_ptr' now points to the function '
subtract'.

printf("Result of subtract(5, 3): %d\n", func_ptr(5, 3)); //
Outputs '2"'.

return 0;

In this example, we declare a pointer func_ptr that can point to a function accepting two integer

parameters and returning an integer. We then assign the address of add and subtractto func_ptr

and call the functions using the pointer.

6.5 Pointer Arithmetic

Pointer arithmetic allows us to increment or decrement pointers in order to navigate through memory.

Incrementing a pointer increases its address by the size of the data type it points to.

#include <stdio.h>

int

main() {
int arr[] = {10, 20, 30, 40, 50};
int xptr = arr;
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printf("Value of the first element: %d\n", *ptr); // Outputs '10'.

ptr++; // Increments the pointer by the size of an integer (
typically 4 bytes).
printf("Value of the second element: %d\n'", *ptr); // Outputs '20'.

ptr += 25 // Increments the pointer by two integer sizes.
printf("Value of the fourth element: %d\n'", *ptr); // Outputs '40'.

return 0;

}

In this example, we increment ptr multiple times to navigate through the elements of arr. Itis
important to note that pointer arithmetic should be performed cautiously to avoid memory errors.

Sidebar:

+ Pointers store addresses in memory, not the values themselves.
« The &-operator returns the address of a variable.
+ The *-operator dereferences a pointer and accesses the value stored at the address it contains.

Arrays and pointers are closely related; the array name is a constant pointer to the first element
of the array.

Pointer arithmetic must be used carefully to avoid memory errors.

6.6 Common Errors and Pitfalls

+ Dereferencing an Invalid Pointer: The most common error is attempting to dereference a
pointer that has not been initialized or points to an invalid address (e.g., freed memory). This
usually results in a program crash or undefined behavior. Solution: Always initialize pointers
with a valid address before dereferencing them.

« Memory Leaks: When you dynamically allocate memory (with malloc, calloc), you must
also free that memory (free). Otherwise, a memory leak occurs, where the memory is no longer
available and the program consumes more and more resources. Solution: Always use free for
every memory area allocated withmallocorcalloc.

+ Array Bounds Violations: Pointer arithmetic can easily lead to exceeding the bounds of an array
and accessing invalid memory. Solution: Be careful when using pointer arithmetic and ensure
you stay within the array boundaries.

« Incorrect Data Type: A pointer must point to the correct data type. Attempting to use an int-
pointer to access a float value results in undefined behavior. Solution: Always declare pointers
with the correct data type.
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+ Forgetting Initialization: Uninitialized pointers contain random values and can lead to unpre-
dictable results. Solution: Always initialize pointers before using them. For example: int *ptr
= NULL;orint *ptr = &variable;.

6.7 Summary

In this chapter, we have learned the basics of pointers in C and C++. We have defined what pointers
are, how to declare, initialize, and dereference them. We have also seen how pointers interact with
arrays and how to use pointers to functions. Furthermore, we have discussed the principles of pointer
arithmetic and identified some common errors and pitfalls.

Understanding pointers is crucial for programming in C and C++, as they allow us to work efficiently
with memory, create complex data structures, and pass functions as parameters to other functions. In
the next chapter, we will explore memory management and learn how to dynamically allocate and free
memory. ## Chapter 7: Memory Management

Efficient memory management is a fundamental aspect of programming in C and C++. Unlike many
modern languages that offer automatic memory management (e.g., Garbage Collection), C and C++ give
the programmer direct control over memory. While this control provides flexibility and optimization
opportunities, it also carries risks such as memory leaks, dangling pointers, and program crashes.
Understanding memory management is therefore essential for writing robust, reliable, and performant
applications.

In this chapter, we will explore the fundamentals of dynamic memory allocation in C and C++. We’'ll
learn how to request and release memory at runtime, what potential problems can arise, and how to
avoid them. This knowledge isn’t just important for understanding complex data structures; it’s also
crucial for optimizing memory usage and preventing security vulnerabilities. The concepts we cover
here form the basis for more advanced topics like object-oriented programming in C++ and developing
large software projects.

7.1 Fundamentals of Memory Management

Before delving into the specific functions for memory management, it's important to define some basic
terms:

+ Stack: The stack isa memory area automatically managed by the compiler and operating system.
Variables declared within a function are typically stored on the stack. The stack grows and shrinks
automatically with function calls and returns. The lifetime of variables on the stack is bound to
the scope of the function.
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« Heap: The heap (also known as dynamic memory) is a memory area explicitly managed by the
programmer. Here, you can request and release memory at runtime, regardless of function calls
or returns. The lifetime of variables on the heap is controlled by the programmer.

« Pointer: A pointer is a variable that holds the address of another memory location. Pointers are
essential for working with dynamically allocated memory because they’re used to access it.

« Dynamic Memory Allocation: The process of requesting memory at runtime from the heap. In
C and C++, this typically occurs through functions like malloc, calloc, and new.

+ Memory Deallocation (Freeing): The process of returning dynamically allocated memory to
the operating system so it can be reused for other purposes. In C, this is done via the function
free;in C++, using the delete operator.

« Memory Leak: A state where dynamically allocated memory isn’t released and is therefore lost.
This leads to a steadily increasing memory consumption and can ultimately cause the program
to crash.

« Dangling Pointer: A pointer that points to a memory location that has already been freed or is
uninitialized. Accessing a dangling pointer results in undefined behavior and can lead to program
crashes or security vulnerabilities.

Imagine the stack like a pile of plates: when you add a new plate (declare a variable), you place it on
top. When you remove a plate (exit a function), you take the topmost plate away. The heap, on the
other hand, is like a large warehouse where you can request and place as many boxes (memory blocks)
as you need. However, you must ensure that you put the boxes away again when you no longer need
them.

7.2 Reserving and Releasing Memory

Dynamic memory allocation allows us to request memory at runtime, which is particularly useful when
the amount of memory needed isn’t known until during program execution. In C, we use the functions
malloc,calloc,and free.In C++, the operators new and delete are also used.

7.2.1malloc() - Requesting Memory The function malloc () (memory allocation) reserves a
memory block of the specified size on the heap and returns a pointer to the beginning of that block.
The allocated memory is uninitialized, meaning it contains arbitrary values.

#include <stdio.h>
#include <stdlib.h>

int main() {
int *ptr;
int n = 5;
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// Allocate memory for 5 integer values
ptr = (intx)malloc(n * sizeof(int));

if (ptr == NULL) {
printf("Memory allocation failed!\n");
return 1; // Return an error code

}

// Use the allocated memory

for (int i = 0; i < n; i++) {
ptr[i] = 1 * 23

}

// Free the memory when it's no longer needed
free(ptr);
ptr = NULL; // Set the pointer to NULL to avoid Dangling Pointers

return 0O;

« #include <stdlib.h>:Thislineincludesthe standard library, which contains the functions
malloc(),calloc(),and free().

« int *ptr;: Declares a pointer to an integer value. This pointer will later be used to access the
allocated memory.

« ptr = (intx)malloc(n * sizeof(int));: Allocates memory for n integer values.
sizeof (int) returns the size of an integer value in bytes. The type cast (intx*) is necessary
because malloc () returns a pointer of type voidx, which must be converted to a specific
pointer type.

« if (ptr == NULL): Checks whether the memory allocation was successful. Ifmalloc ()
cannot find enough memory, it returns NULL. It’s important to handle this error case to prevent
program crashes.

« free(ptr) ;: Releases the allocated memory. This is essential to prevent memory leaks.

« ptr = NULLj: Sets the pointer to NULL after the memory has been freed. This prevents
accidental access to invalid memory (Dangling Pointer).

7.2.2 calloc() - Requesting and Initializing Memory The function calloc () (contiguous allo-
cation) reserves a memory block of the specified size on the heap and initializes all bytes of the block
to zero. It takes two arguments: the number of elements and the size of each element.

#include <stdio.h>
#include <stdlib.h>

int main() {
int *ptr;
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}

int n = 5;

// Allocate memory for 5 integer values and initialize it to zero
ptr = (intx)calloc(n, sizeof(int));

if (ptr == NULL) {
printf("Memory allocation failed!\n");
return 1; // Return an error code

}

// Use the allocated memory
for (int i = 0; i < n; i++) {
printf("%d ", ptr[i]); // Prints all values as 0, since they
were initialized.

}
printf("\n");

// Free the memory when it's no longer needed
free(ptr);
ptr = NULL; // Set the pointer to NULL to avoid Dangling Pointers

return 0;

The main difference between malloc () and calloc() isthat calloc () initializes the allocated

memory. This can be useful in some cases, but it also incurs a certain performance overhead.

7.2.3 free () -ReleasingMemory Thefunction free () returnsa previously dynamically allocated

memory block to the operating system so it can be reused for other purposes. It’simportant to free the

memory only once and not use it again after it has been freed.

#include <stdio.h>
#include <stdlib.h>

int main() {

int *ptr;
int n = 5;

// Allocate memory for 5 integer values
ptr = (intx)malloc(n * sizeof(int));

if (ptr == NULL) {
printf("Memory allocation failed!\n");
return 1; // Return an error code

}

// Use the allocated memory
for (int i = 0; i < n; i++) {
ptr[i]l = 1 *x 2;
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free(ptr);
ptr = NULL;

return 0O;

Key Points:

+ Always call free(): Every memory allocated with malloc (), calloc(), or new must be
freed with free () or delete to prevent memory leaks.

+ Set pointer to NULL after free(): Set pointers that point to freed memory to NULL to avoid
dangling pointers and undefined behavior.

« Don’tcall free() twice: Never attempt to free the same memory block more than once with
free (). This will lead to a program crash or other unpredictable problems.

7.3 Common Errors and Pitfalls

+ Memory Leaks: Forgetting to free allocated memory with free () leads to memory leaks. Over
time, this can cause the program to consume increasingly more memory until it eventually
crashes or slows down the system. Tools like Valgrind (under Linux) can help identify memory
leaks.

+ Dangling Pointers: Using a pointer that points to a memory location that has already been freed
results in a dangling pointer. This can lead to undefined behavior and program crashes. Always
set pointers to NULL after freeing the memory they point to.

+ Double Freeing: Freeing the same memory block multiple times leads to a program crash or
other unpredictable problems.

+ Buffer Overflows: Writing beyond the boundaries of an allocated memory buffer (buffer over-
flow) can lead to undefined behavior and security vulnerabilities. Make sure your programs don’t
write more data into a buffer than it can hold.

7.4 Summary

In this chapter, we have explored the fundamentals of memory managementin C. We learned how to
dynamically allocate memory withmalloc () and calloc (), how to free the memory with free (),
and what common errors and pitfalls can occur when working with dynamic memory. Understanding
these concepts is essential for developing robust and efficient C programs.
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In the next chapter, we will explore structures, unions, and enums, which allow us to create and manage
more complex data structures. These structures can also be dynamically allocated to implement more
flexible data storage solutions. Okay, here’s the English translation of the German script, aiming for
accuracy and clarity:

Chapter 8: Structures, Unions, and Enums

In the previous chapters, we learned about the basic data types of C integers, floating-point numbers,
characters. However, these are often insufficient to represent complex data. Imagine you want to store
information about a student: name, registration number (student ID), grades in various subjects. This
is where structures come into play.

Structures allow us to combine different variables of varying types into a single unit. This significantly
simplifies the organization and management of data. Unions provide a way to use memory more
efficiently by storing multiple variables within the same memory space (at the cost of not being able
to have all variables available simultaneously). Enums (enumerations) allow us to define symbolic
names for numerical constants, which improves code readability and maintainability.

This chapteris animportant step towards more complex data structures and algorithms. Understanding
structures, unions, and enums is essential for writing efficient and well-structured C programs. They
form the foundation for many advanced concepts such as linked lists, trees, and other complex data
types that will be covered in later chapters. Furthermore, they are a crucial component of interacting
with external data sources and file formats.

8.1 Fundamentals: Structures, Unions, and Enums

Before we delve into each concept individually, let’s define the key terms:

+ Structure (Structure): A structure is a user-defined data type consisting of a collection of vari-
ables of different types. Each variable within a structure is referred to as a member. Structures
allow us to group logically related data and manage it under a single name. You can think of a
structure as a container holding various data elements.

« Union (Union): A union is similar to a structure, but all its members share the same memory
space. This means that only one member of a union can have a value at any given time. Unions
are used to save memory when you know that not all members will be needed simultaneously.

« Enum (Enumeration): An enumeration is a user-defined data type that defines a set of named
integer constants. Enums improve code readability by using symbolic names instead of “magic
numbers.”
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8.2 Structures and Their Usage

Structures are defined with the keyword struct. The general syntax is:

struct StructureName {
DataType Memberl;
DataType Member2;
// ... more members

15

Let’s consider an example to illustrate the use of structures:

#include <stdio.h>
#include <string.h> // For string operations like strcpy

struct Student {
char name[50]; // Students name (string)
int registrationNumber; // Student's registration number (integer)
float averageGrade; // Students grade point average (floating-point
number)

+s

int main() {
struct Student studentl; // Declare a variable of type struct Student

// Assign values to the members

strcpy(studentl.name, "Max Mustermann"); // Copy the name into the '
name' field

studentl.registrationNumber = 1234567;

studentl.averageGrade = 1.8;

// Print out the values

printf("Name: %s\n", studentl.name);

printf("Registration Number: %d\n", studentl.registrationNumber);
printf("Average Grade: %.2f\n", studentl.averageGrade);

return 0;

}

Inthisexample, we define a structure named Student with three members: name, registrationNumber
,and averageGrade. In the main function, we declare a variable studentl of type struct
Student. To access individual members, we use the dot operator (.). Note the use of strcpy to

copy the string into the name field. Direct assignments of strings are not allowed in C because ‘name
is an array and not a variable.

8.3 Pointers to Structures As with other data types, pointers can point to structures. This allows us
to manage structures dynamically in memory and work with them more efficiently.
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#include <stdio.h>
#include <string.h>

struct Student {
char name[50];
int registrationNumber;
float averageGrade;

}s

int main() {
struct Student studentil;
struct Student xstudentPtr = &studentl; // Declare a pointer to a
struct Student and initialize it with the address of studentl

// Assign values via the pointer
strcpy(studentPtr->name, "Erika Musterfrau");
studentPtr->registrationNumber = 7654321;
studentPtr->averageGrade = 1.5;

// Print out the values via the pointer

printf("Name: %s\n", studentPtr->name);

printf("Registration Number: %d\n", studentPtr->registrationNumber);
printf("Average Grade: %.2f\n", studentPtr->averageGrade);

return 0;

Here, we declare a pointer studentPtr of type struct Student *. We initialize it with the
address of studentl (&studentl). To access members of a structure through a pointer, we use the
arrow operator (-=>). The arrow operator dereferences the pointer and then accesses the corresponding
member.

8.4 Unions Unions share the same memory space for all their members. This means that only one
member of a union can have a value at any given time.

#include <stdio.h>

union Data {
int 1;
float f;
char str[20];

15

int main() {
union Data data;

data.i = 10;
printf("data.i : %d\n", data.i);
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data.f = 220.5;
printf("data.f : %f\n", data.f);

strcpy(data.str, "C Programming");
printf("data.str : %s\n", data.str);

// Note: The value of data.i and data.f 1is invalid after the
assignment to data.str!

printf("data.i : %d\n", data.i); // Will likely output garbage

printf("data.f : %f\n", data.f); // Will likely output garbage

return 0;

}

In this example, we define a union named Data with three members: 1, f, and str. Note that all
members share the same memory space. When we assign a value to one member, the values of all
other members are overwritten. Therefore, it is important to use only the required member of a union
at any given time.

8.5 Enums and Symbolic Constants Enums allow us to define symbolic names for numerical con-
stants. This improves code readability and facilitates maintenance.

#include <stdio.h>

enum Color {
RED,
GREEN,
BLUE

}s

int main() {
enum Color myColor = GREEN;

if (myColor == RED) {
printf("The color is Red.\n");
} else if (myColor == GREEN) {
printf("The color is Green.\n");
} else {
printf("The color is Blue.\n");
}

// Enums are represented internally as integers.
printf("RED: %d\n", RED); // Outputs ©
printf("GREEN: %d\n", GREEN); // Outputs 1
printf("BLUE: %d\n", BLUE); // Outputs 2

return 0;
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}

Inthisexample, we define an enumeration named Co lor with three constants: RED, GREEN,and BLUE
. The compiler automatically assigns the values 0, 1, and 2 to these constants. We can use these symbolic
names instead of magic numbers, which makes the code more readable and understandable.

Key Takeaway Box:

« Structures group logically related data of different types together.

« Unions share the same memory space for all members only one member can have a value at a
time.

« Enums define symbolic names for numerical constants, which improves code readability and
maintainability.

« Use strcpy to copy strings into structure members because direct assignments are not allowed.

« The dot operator (.) is used to access members of a structure.

+ The arrow operator (->) is used to access members of a structure through a pointer.

8.6 Common Errors and Pitfalls

+ Forgetting to initialize structures: If you don’t explicitly initialize a structure, the members will
contain undefined values.

+ Direct assignment of strings into structures: Use strcpy or strncpy to safely copy strings
into structure members and avoid buffer overflows.

+ Incorrect use of unions: Ensure that you only use the required member of a union at any given
time, as assigning a value to one member overwrites all other values.

+ Confusing pointers and structures: Make sure whether you are accessing a structure itself or a
pointer to a structure. Use the dot operator (.) for structures and the arrow operator (->) for
pointers.

+ Incorrect types in unions: Ensure that the data types of the members of a union are compatible
to avoid unexpected results.

8.7 Summary

In this chapter, we have explored structures, unions, and enums. We learned how to use these constructs
to efficiently organize data and make code more readable and maintainable. Structures allow us to
group related data together, while unions can save memory by allowing multiple members to share the
same memory space. Enums help us define symbolic names for numerical constants, which improves
code readability.
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Knowledge of these concepts is crucial for understanding more complex data structures and algorithms.
In the next chapter, we will work with files and learn how to read and write data from and to files. ##
Chapter 9: Working with Files

The ability to persistently store and retrieve data is a fundamental component of virtually every software
application. Programs rarely interact in isolation; they often need the capability to read information
from external sources or write results to external storage. This is achieved through file access. In this
chapter, we will explore the basics of working with files in C and C++. We’ll learn how to open files, read
and write data, and how to handle errors that may occur during these operations.

Understanding file access isn’t just essential for creating complex applications; it’s also an important
step towards deepening your understanding of memory management and the interaction between a
program and the operating system. The concepts we cover here form the foundation for more advanced
topics such as databases, configuration files, and logging. This chapter builds directly upon knowledge
of pointers and dynamic memory allocation, as file access often involves manipulating data in buffer
structures.

9.1 File Command Basics

Before diving into specific functions, it’s important to understand the fundamental concepts of file
access. A file can be considered an ordered sequence of bytes stored on a storage medium (e.g., hard
drive, SSD). The operating system manages files and provides programs with interfaces to access
them.

In C, we use a file pointer (English: file pointer) to identify an open file. A file pointer is a variable of type
FILEx*,which internally contains information about the file, such as its location in the filesystem and
the current read position within the file.

There are different types of files:

« Text files: Contain only printable characters (ASCIl or UTF-8). Line endings are often treated
specially (e.g., by \ n).

+ Binary files: Contain arbitrary byte sequences without special formatting. They are more effi-
cient for storing large amounts of data but less readable to humans.

File access typically occurs through three basic operations:

1. Open: Establishes a connection between the program and the file. A file pointer is returned,
which is used for subsequent operations.

2. Read/Write: Transfers data between the program and the file.

3. Close: Terminates the connection to the file and releases associated resources.
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9.2 Important Principles

The C standard library provides a number of functions for file access, defined in the header file stdio
. h. The most important of these are:

fopen(): Opens afile.

fread(): Reads data from a file.
fwrite(): Writes data to afile.
fclose(): Closes afile.

9.2.1 fopen() - Opening aFile The function fopen () opens a file and returns a file pointer that
is used for subsequent operations. The syntax is as follows:

FILE *fopen(const char xfilename, const char *mode);

+ filename: The name of the file to be opened (as a string).
« mode: A string indicating the access mode. Commonly used modes are:

- "r'": Read (file must exist).

- "w': Write (file is created or overwritten).
- "a': Append (file is created or extended).
- "rb'":Read in binary mode.

- "wb'": Write in binary mode.

- "ab'": Appendin binary mode.

If fopen () is successful, it returns a valid file pointer. Otherwise, it returns NULL, indicating an error
(e.g., file not found or no permission).

Example:

#include <stdio.h>

int main() {
FILE *xfp; // Declare a file pointer

// Attempt to open the file "meine_datei.txt" for writing
fp = fopen("meine_datei.txt", "w");

if (fp == NULL) {
perror ("Error opening file!"); // Output an error message
return 1; // Exit the program with an error code

}

printf("File opened successfully!\n");
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// Here, we could write data to the file (see below)

fclose(fp); // Close the file
printf("File closed.\n");

return 0;

}

In this example, we attempt to open a file named “meine_datei.txt” in write mode. The function
perror () outputs a system-dependent error message if fopen () fails. It is always important to
check the return value of fopen () and handle errors accordingly.

9.2.2 fread () and furite () - Reading and WritingData Thefunctions fread () and fwrite
() are used to read data from a file or write data to a file, respectively. The syntax is as follows:
size_t fread(void xptr, size_t size, size_t count, FILE *stream);

size_t fwrite(const void *ptr, size_t size, size_t count, FILE *stream)

)

« ptr:Apointer to the memory area where the data is to be read or from which it is to be written.
« size: The size of each element (in bytes).

« count: The number of elements to be read or written.

« stream: Thefile pointer returned by fopen ().

fread () reads count elements of size size from the file and stores them in the memory area
pointed to by ptr. The function returns the number of items actually read (which may be less than
count if the end-of-file is reached).

fwrite () writes count elements of size size from the memory area pointed to by ptr into the
file. The function returns the number of items actually written (which may be less than count if an

error occurs).
Example:

#include <stdio.h>
#include <stdlib.h> // For malloc and free

int main() {
FILE *fp;
int xbuffer;
size_t num_elements = 10;

// Open the file for writing in binary mode
fp = fopen("zahlen.bin", "wb");
if (fp == NULL) {

perror ("Error opening file!");
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return 1;

}

// Allocate memory for the buffer
buffer = (int *)malloc(num_elements * sizeof(int));
if (buffer == NULL) {

perror ("Error allocating memory!");

fclose(fp);

return 1;

}

// Initialize the buffer with values

for (size_t i = 0; i < num_elements; ++i) {
buffer[i] = i * 2;

}

// Write data to the file
size_t written = fwrite(buffer, sizeof(int), num_elements, fp);
if (written != num_elements) {
perror ("Error writing to file!");
} else {
printf("%zu elements successfully written.\n", written);

}

fclose(fp); // Close the file
free(buffer); // Free the memory

// Open the file for reading in binary mode
fp = fopen("zahlen.bin", "rb");
if (fp == NULL) {

perror ("Error opening file!");

return 1;

}

// Allocate memory again for the buffer
buffer = (int *)malloc(num_elements * sizeof(int));
if (buffer == NULL) {

perror ("Error allocating memory!");

fclose(fp);

return 1;

}

// Read data from the file
size_t read = fread(buffer, sizeof(int), num_elements, fp);
if (read != num_elements) {
perror ("Error reading from file!");
} else {
printf("%zu elements successfully read.\n", read);

// Print the read data
for (size_t i = 0; i < read; ++i) {
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printf("%d ", buffer[i]);
}
printf("\n");
}

fclose(fp);
free(buffer);

return 0O;

}

In this example, we first write ten integer values to a binary file named “zahlen.bin” and then read
them back again. Note that we use malloc () to allocate memory for the buffer before writing or
reading data. It is important to free this memory with free () after the operation is complete to avoid
memory leaks.

9.2.3 fclose() - Closing a File The function fclose() closes an open file and releases the
resources associated with it. The syntax is as follows:

int fclose(FILE *stream);

« stream: The file pointer returned by fopen ().

fclose () returns 0 if the file was closed successfully, otherwise an error code (e.g., EOF). It’s impor-
tant to always close a file after you’re finished using it to avoid data loss or corruption.

Key Takeaway:

« Always check the return value of fopen(), fread() and fwrite() to detect errors and
handle them appropriately.

+ Don’t forget to close files with fclose () after use.

« If you are using dynamic memory (e.g., with malloc ()), make sure to free it with free () to
avoid memory leaks.

9.3 Common Errors and Pitfalls

A common error is forgetting to close a file after use. This can lead to data not being written to disk
or other programs having no access to the file. Another frequent error is writing into a buffer that’s
too small to accommodate all the data (buffer overflow). This can result in unexpected behavior and
security vulnerabilities. Also, be sure to select the correct mode when opening a file (e.g., “r” for
reading, “w” for writing, “a” for appending).
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Another pitfall is incorrect handling of end-of-file markers. fread () may return fewer elements than
requested if the end-of-file is reached. Make sure your code accounts for this and doesn’t attempt to
access invalid memory.

9.4 Summary

In this chapter, we have learned the basics of file access in C. We have become familiar with the functions
fopen(), fread(), fwrite() and fclose () and seen how they can be used to read data from
files and write data to files. We have also discussed important concepts such as error handling and
memory management.

The ability to work with files is essential for many applications, e.g., for storing configuration data,
reading input data or writing output data. In the next chapter, we will deal with modularization and
larger projects. There, we will learn how to divide programs into smaller, more manageable units and
how to use header files to reuse code.
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Chapter 10: Modularization and Larger Projects

In the previous chapters, we have learned the fundamentals of C programming, from data types and
control structures to pointers and file processing. We were able to write simple programs that solve
specific tasks. However, real-world applications are typically much more complex than these examples.
They often consist of thousands or even millions of lines of code written by multiple developers.
Managing such a large codebase without structure and organization would be impossible. This is where
modularization comes into play.

Modularization is a fundamental principle of software development that aims to break down complex
problems into smaller, manageable subproblems. Each subproblem is then implemented in a separate
module, significantly improving the maintainability, reusability, and testability of the code. In this
chapter, we will explore how to modularize C programs by using header files, creating Makefiles, and
incorporating libraries. We will also get a brief introduction to debugging tools that can assist us in
troubleshooting larger projects. Mastering these techniques is essential for any aspiring C programmer
who wants to work on real-world software projects and forms an important bridge to understanding
C++ concepts such as namespaces and packages.

10.1 Fundamentals of Modularization

Before we delve into the specific tools and techniques, let’s define the key terms:

« Module: A module is an independent unit of code that performs a specific task. It typically
consists of one or more source files (.c files) and associated header files (.h files).

« Header File (.h): A header file contains declarations of functions, variables, structures, and other
elements used within a module. It serves as an interface between different modules, allowing
them to interact with each other without needing to know the internal implementation details.

« Source File (.c): A source file contains the actual implementation of the functions and variables
defined within a module.

« Compilation Unit: A compilation unit is the result of the preprocessor and compiler for a single
.c file along with the header files included within it.

+ Linking: The linker combines the compiled object files into an executable file or library.

« Library: A library is a collection of precompiled code that can be reused in various programs.
There are static libraries (.a under Linux/macO0S, .lib under Windows) and dynamic libraries (.so
under Linux/macO0S, .dll under Windows).

+ Makefile: A Makefile is a text file containing instructions for the build system. It describes how a
project should be compiled, linked, and installed.

Imagine you are building a house. Instead of doing everything yourself (foundation, walls, roof, etc.),
you hire different tradespeople to perform specific tasks. Each tradespersonis a module. The blueprints
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are the header files - they describe what each tradesperson needs to do without them needing to know
how the others work. The finished house is the executable program.

10.2 Header Files and Modularization

The primary purpose of header files is to define the interface of a module. They contain declarations,
but not implementations. This allows different parts of the program to use the functions and variables
of the module without knowing the details of the implementation. This promotes encapsulation and
reduces dependencies between individual modules.

Let’s consider a simple example: We create two modules - one for mathematical operations
(math_module.cand math_module.h)and one for the main program (main.c).

math_module.h:

#ifndef MATH_MODULE_H // Include Guard, to prevent multiple
definitions
#define MATH_MODULE_H

int add(int a, 1int b);
int subtract(int a, int b);

#endif

math_module.c:

#include "math_module.h" // Include the module's header file

// Implementation of the functions
int add(int a, int b) {
return a + b;

}

int subtract(int a, int b) {
return a - b;

}

main.c:

#include <stdio.h>
#include "math_module.h" // Include the math_module's header file

int main() {
int x = 10;
int y = 5;
int sum = add(x, y);
int difference = subtract(x, y);
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printf("Sum: %d\n'", sum);
printf("Difference: %d\n", difference);

return 0O;

}

Inthisexample,math_module. hdeclaresthefunctionsadd and subtract. Theimplementation of
thesefunctionsislocatedinmath_module. c. Themainprogram (main.c)includesmath_module
. h to be able to use the functions.

Important Notes:

+ Include Guards: The #1ifndef, #define, and #end f directives prevent header files from
being included multiple times within the same compilation unit. This is important because
multiple definitions can lead to errors.

+ Header File Only Declarations: Header files should only contain declarations, not implementa-
tions (with a few exceptions like inl1ine functions or constants).

10.3 Makefiles and Build Systems

When a project consists of multiple modules, manually compiling and linking it can be very time-
consuming and error-prone. Makefiles provide a way to automate this process. They define dependen-
cies between individual files and instructions for the compiler and linker.

Here is a simple Makefile for our example project:

# Compiler and Flags
CC = gcc
CFLAGS = -Wall -Wextra -g

# File names

SOURCES = main.c math_module.c
OBJECTS = main.o math_module.o
EXECUTABLE = myprogram

# Default target: Create the executable program
all: S$S(EXECUTABLE)

# Create the object files
%.0: %.C
$(CC) S$(CFLAGS) -c $< -o s@
# Link the object files into an executable program
$(EXECUTABLE): $(OBJECTS)
$(CC) $(CFLAGS) s$* -o %@

# Clean up the project (remove object files and executable file)

54



clean:
rm —f $S(OBJECTS) $(EXECUTABLE)

Explanation:

CC = gcc: Defines the compiler.

CFLAGS = -Wall -Wextra -g:Definesthe compiler flags (enable warnings, add debug-
ging information).

SOURCES = main.c math_module. c: Lists all source files.

OBJECTS = main.o math_module. o: Lists all object files.

EXECUTABLE = myprogram: Defines the name of the executable program.

all: S(EXECUTABLE): The default target, which is executed when make is run.

%.0: %.c:Arulethat describes how to create object files from source files. $< refers to the
source file and $@ refers to the target file (object file).

$(EXECUTABLE) : $(OBJECTS): Arulethatdescribes how to create the executable program
from the object files. $” refers to all dependencies (object files).

clean:: Atarget for cleaning up the project.

To compile and run the project, navigate to the directory with the Makefile in the terminal and type

make. To clean the project, type make clean.

10.4 Incorporating Libraries

Libraries are collections of precompiled code that can be reused in various programs. There are static

and dynamic libraries. Static libraries are linked into the executable program during linking, while

dynamic libraries are loaded at runtime.

To incorporate a library, you need to inform the compiler and linker about the library. This is typically
done with the - (for Library) and - L (for Library Path) flags.

Suppose we have a static library named libmymath. a that contains functions for mathematical

operations. To include this library in our main program, we would use the following compiler flags:

gcc main.c -lmymath -L./lib -o myprogram

-lmymath: Specifies that the library 1ibmymath. a should be linked (the prefix 1ib and the
file extension . a are automatically added).
-L. /11b: Specifies the directory . /1ib where the library is located.

10.5 Common Errors and Pitfalls

Missing Header Files: Ensure that all required header files are included correctly.
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+ Multiple Definitions: Avoid multiple definitions of functions or variables in header files. Use
Include Guards.

+ Incorrect Compiler Flags: Make sure you use the correct compiler flags for incorporating li-
braries and enabling warnings.

« Dependency Problems: Ensure that all dependencies between individual files are defined
correctly in the Makefile.

+ Memory Leaks: When using dynamic memory allocation, make sure to free the memory when
itis no longer needed.

10.6 Summary

In this chapter, we have covered the fundamentals of modularization and building larger C projects.
We have learned how to use header files to organize and make code reusable, how to use Makefiles to
automate the compilation process, and how to incorporate libraries into projects. These techniques
are essential for developing complex software applications.

The ability to structure programs in a modular way is crucial for the maintainability, extensibility, and
reusability of code. In the next chapter, we will explore the C++ programming language and see how
these concepts can be implemented in an object-oriented environment.

Part Il: The C++ Programming Language

Chapter 11: From C to C++

Having learned the fundamentals of the C programming language in previous chapters, we now turn
our attention to transitioning to C++. C++ is not a completely new language but rather an extension
of C. It integrates the power and efficiency of C with concepts such as object-oriented programming
(OOP), Templates, and a comprehensive standard library.

This transition is a natural step for many programmers because C++ can compile most C programs
without issues. However, C++ offers significantly more possibilities for structuring complex software
projects, reusing code, and improving maintainability. Understanding the differences between C and
C++is crucial for writing efficient, robust, and scalable applications.

In this chapter, we will highlight the key differences between the two languages and outline a typical
migration path for C programmers. We will focus on the new concepts and language features of C++
that go beyond the capabilities of C. The goal is to lay a solid foundation for you to start your own C++
projects and gradually port or rewrite existing C programs into C++.
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11.1 Fundamentals

C++ was originally developed as “C with Classes,” which already hints at its origins. It retains the syntax
and many of the core concepts of C, but extends them with new features, particularly in the area of
object-oriented programming. The main differences can be categorized as follows:

« Classes and Objects: The central difference from C is the concept of classes, which form the
basis for OOP. Classes allow you to encapsulate data (attributes) and functions (methods) that
operate on this data, enabling the creation of complex software modules.

« Inputand Output with Streams: C++uses iostreaminsteadof stdio. hforinputand output
operations. Streams provide a type-safe and more flexible way to interact with the console or
files.

« Operator Overloading: C++ allows you to define the meaning of operators (e.g., +, -, *) for
user-defined data types. This enables a more intuitive handling of objects.

+ Templates: Templates allow you to write generic functions and classes that can work with
different data types without having to specify them explicitly.

+ Exception Handling: C++ provides a robust exception handling mechanism (try, catch,
throw) for detecting and handling errors during runtime.

+ Standard Template Library (STL): The STL is an extensive collection of algorithms, data struc-
tures, and iterators that significantly simplifies writing efficient and reusable code.

It’s important to understand that C++ is not a fully backward-compatible language. Although many
C programs can be compiled in C++, there are some differences in memory management and the
behavior of certain language constructs that must be considered.

11.2 Important Concepts

The transition from C to C++ requires a shift in thinking regarding program structure. In C, you often
focus on functions and global variables. In C++, classes and objects are at the center. Let’s consider a
simple example to illustrate this difference:

C Code (Example):
#include <stdio.h>

struct Point {
int x;
int y;

15

void printPoint(struct Point p) {
printf("x = %d, y = %d\n", p.Xx, p.y);
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}

int main() {
struct Point myPoint = {10, 20};
printPoint(myPoint);
return 0;

}

This code defines a structure Point to represent a point in a two-dimensional space. The function
printPoint takesa Point objectasanargumentand prints its coordinates.

C++ Code (corresponding):

#include <iostream> // Using iostream instead of stdio.h

class Point { // Definition of a class named Point

private: // Access specifier: private attributes are only
accessible within the class
int x;
int y;
public: // Access specifier: public members can be accessed from
anywhere

Point(int x_val, 1int y_val) : x(x_val), y(y_val) {} // Constructor to
initialize attributes
void print() { // Member function to output the coordinates
std:iicout << "x = " << x << ")y = " <<y << std::endl; // Using
std::cout for output
}
15

int main() {
Point myPoint(10, 20); // Creation of a Point object using the
constructor
myPoint.print(); // Calling the member function print() of the
object myPoint
return 0;

}
Explanation:

« #include <iostream>:Instead of stdio.h, we usethe headerfile iostreamin C++ for
input and output operations.

« class Point { ... }:Wedefineaclassnamed Point. Classes are blueprints for objects.

« private: and publicz:: These keywords specify access protection. private-members are
only accessible within the class, while pub1ic-members can be accessed from anywhere. This
is a fundamental principle of data encapsulation in OOP.

« int x3 int yj3: These are the attributes (data) of the class Point.

58



« Point(int x_val, int y_val): x(x_val), y(y_val){}: Thisisa constructor. A
constructor is a special member function that is automatically called when a new object of the
class is created. It serves to initialize the attributes of the object. The syntax : x(x_val)
, y(y_val) is aninitialization list and more efficient than assignments in the constructor
body.

« void print(){ ... }:Thisisamember function of the class Point. It serves to output
the coordinates of the object.

« stdsscout << "x = "< x << ", y = "< y << std:iendlj: We use std::
cout (from the namespace std) for output to the console. std::endl adds a newline
character.

« Point myPoint(10, 20) j: We create a new object of the class Point named myPoint.
The constructor is automatically called with the values 10 and 20.

« myPoint.print() j: We call the member function print () of the object myPo1int to out-
put its coordinates.

The C++codeis slightly longer than the C code, but offers significantly more structure and flexibility. The
data (x and y) are encapsulated within the class, which increases the maintainability and robustness of
the code. The use of a constructor ensures that each Point objectis initialized in a valid state.

Key Takeaway:

« Classes as Blueprints: Think of a class like a blueprint for a house. The blueprint describes the
structure and properties of the house (attributes) as well as the possible actions that can be
performed with the house (methods). An object is then the actual house built according to this
blueprint.

+ Data Encapsulation: Encapsulating data within a class protects it from unwanted changes and
increases the modularity of the code.

+ Constructors are Important: Use constructors to ensure that objects are always initialized in a
valid state.

11.3 Common Errors and Pitfalls

A common error when transitioning from C to C++ is using global variables instead of class attributes.
Global variables can lead to unexpected side effects and make the code harder to maintain. Instead,
use classes to encapsulate data and functions.

Another error is forgetting to initialize attributes in constructors. If attributes are not initialized, they
may contain undefined values, which can lead to errors during runtime. Make sure all attributes are
initialized in the constructor.
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Finally, be aware that C++ performs stronger type checking than C. This means that errors that might
go unnoticed in C can be detected early in C++. Therefore, pay attention to correct data types and
parameter passing.

11.4 Summary

In this chapter, we have highlighted the key differences between C and C++ and outlined a typical
migration path for C programmers. We have learned that C++ is an extension of C that puts the concept
of classes and objects at the forefront. The use of classes allows you to encapsulate data and functions,
which increases the maintainability and robustness of the code.

We have also seen that C++ offers new features such as operator overloading, templates, and exception
handling, which go beyond the capabilities of C. Understanding these concepts is crucial for writing
efficient and reliable programs in C++.

In the next chapter, we will delve deeper into classes and objects and learn how to use them effectively
to solve complex problems.

Chapter 12: Classes and Objects

In the previous chapters, we learned the fundamentals of C programming, including data types, control
structures, functions, pointers, and memory management. These concepts form the foundation for
more complex programming paradigms. This chapter marks a crucial turning point in our journey: we
enter the world of object-oriented programming (OOP) with C++.

C++ extends C with powerful features that allow programs to be more modular, reusable, and easier
to understand. At the heart of this extension lie classes and objects. Instead of viewing programs as
a linear sequence of instructions, we can now model them as collections of interacting objects that
encapsulate data and functions.

This chapter will introduce you to the basic concepts of classes and objects. We’ll learn how to define
classes, create objects, use constructors and destructors, and control access to class members. Under-
standing these principles is essential for developing complex software applications in C++. The ability
to design and effectively utilize classes is a key skill for any aspiring software developer.

12.1 Fundamentals: Classes and Objects

Before we delve into implementing classes, let’s define some fundamental terms:
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Class: A class is a blueprint or template for creating objects. It defines the properties (data) and
behavior (functions) of these objects. You can think of a class as a prototype that describes how
an object will look and what it will do.

Object: An object is an instance of a class. It’s a concrete realization of the blueprint, allocating
memory space and holding values for the data defined in the class. Imagine the class as the
recipe for a cake, while the object is the actual cake you bake.

Attributes (or Member Variables): Attributes are variables within a class that describe the state
of an object. For example, a Car class might have attributes like color, model, and speed.
Methods (or Member Functions): Methods are functions within a class that define the behavior
of an object. A Car class could have methods like accelerate(),brake(),and honk().
Encapsulation: Encapsulation is the principle of bundling data and its associated operations
(methods) within a class, while restricting direct external access to the data. This protects data
integrity and simplifies the class’s interface.

Access Specifiers: Control how access to class attributes and methods can be achieved (e.g.,
public, private, protected).

12.2 Key Concepts

The core idea behind classes is to group related data and functions into a single unit. Let’s consider a

simple example: we want to create a class that represents a circle. A circle has a radius and methods

for calculating its circumference and area.

#include <jostream>
#include <cmath> // For M_PI (P1i)

class Circle {
private:
double radius; // Attribute: Radius of the circle

public:
// Constructor: Initializes the radius when an object is created
Circle(double r) : radius(r) {}

// Method to calculate the circumference
double calculateCircumference() {
return 2 x M_PI * radius;

}

// Method to calculate the area
double calculateArea() {
return M_PI * radius * radius;

}

// Getter method for the radius (optional, but often useful)
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double getRadius() const { // 'const' means the method doesn't
modify the object.
return radius;

}

// Setter method for the radius (optional)
void setRadius(double r) {
if (r >=0) {
radius = r;
} else {
std::cout << "Invalid Radius! Radius must be positive." <<
std::endl;

+s

int main() {
// Create an object of the Circle class with a radius of 5.0
Circle myCircle(5.0);

// Call methods to calculate circumference and area
double circumference = myCircle.calculateCircumference();
double area = myCircle.calculateArea();

std::cout << "Circumference of the circle: " << circumference <<
std::endl;
std::cout << "Area of the circle: " << area << std::endl;

// Change the radius using the setter method

myCircle.setRadius(7.5);

std::cout << "New Circumference of the circle: " << myCircle.
calculateCircumference() << std::endl;

return 0O;

}
Explanation:

« #include <iostream> and #include <cmath>: These lines include the necessary
header files to use input/output operations (std: : cout) and mathematical functions (M_PI).

« class Circle { ... };:Thisdefinesanew class named Circ'le. The code within the
curly braces describes the attributes and methods of the class.

« private: double radius;: This declares a private attribute named radius of type
doub'le. The keyword priivate means that this attribute is only accessible within the class.
From outside the class, you cannot directly accessmyCircle.radius.

« public:: This marks the beginning of the public section of the class. Attributes and methods
in the public section are accessible from anywhere.

o Circle(double r): radius(r){}:Thisisthe constructor of the class. A constructoris a
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special method that’s automatically called when a new object of the class is created. In this case,
it initializes the rad-ius attribute with the value of the parameter r. The syntax : radius(r)
is an initialization list, which is more efficient than assignment within the constructor body.

« double calculateCircumference(){ ... }:Thisisamethod of the class that calcu-
lates and returns the circumference of the circle.

« double calculateArea(){ ... }: Thisis a method of the class that calculates and
returns the area of the circle.

« double getRadius()const { ... }:Thisisa getter method that returns the value of
the radius attribute. The keyword const at the end of the method declaration means that
this method does not modify the object. Getter methods are often useful for providing controlled
access to private attributes.

« void setRadius(double r){ ... }:Thisisasetter method that sets the value of the
radius attribute. It includes an error check to ensure that the radius is not negative. Setter
methods are often useful for providing controlled access to private attributes and ensuring data
integrity.

« int main(){ ... }:Thisisthe main function of the program.

« Circle myCircle(5.0);: This creates a new object of the Circle class named
myCirc'le and initializes the radius with the value 5.0 using the constructor.

« double circumference = myCircle.calculateCircumference();: This calls
the calculateCircumference () method onthe myCircle object and stores the result
in the variable circumference.

« std::cout << "Circumference of the circle: "<< circumference <<
std: :endl;: This prints the circumference of the circle to the console.

12.1 Grundlagen Klassen und Objekte

Before diving into implementation, let’s define some fundamental terms:

+ Class: Aclass is a blueprint or template for creating objects. It defines the properties (data) and
behavior (functions) of these objects. You can think of a class as a prototype that describes what
an object will look like and what it will do.

+ Object: An object is an instance of a class. It’s a concrete realization of the blueprint, allocating
memory space and holding values for the data defined in the class. Imagine the class is the
recipe for a cake, while the object is the actual cake you bake.

« Attributes (or Member Variables): Attributes are variables within a class that describe the state
of an object. For example, a Car class might have attributes like color, model, and speed.

« Methods (or Member Functions): Methods are functions within a class that define the behavior
of an object. A Car class might have methods like accelerate(), brake(),and honk().
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« Encapsulation: Encapsulation is the principle of bundling data and the associated operations
(methods) within a class and restricting direct access to the data from outside. This serves to
protect data integrity and simplify the interface of the class.

« Access Specifiers: Control how attributes and methods of a class can be accessed (e.g., public,
private,protected).

12.2 Important Concepts

The core idea behind classes is to group related data and functions into a single unit. Let’s consider a
simple example: we want to create a class that represents a circle. A circle has a radius and methods
for calculating its circumference and area.

#include <iostream>
#include <cmath> // For M_PI (Pi)

class Circle {
private:
double radius; // Attribute: Radius of the circle

public:
// Constructor: Initializes the radius when an object 1is created
Circle(double r) : radius(r) {}

// Method to calculate the circumference
double calculateCircumference() {
return 2 * M_PI x radius;

}

// Method to calculate the area
double calculateArea() {
return M_PI x radius * radius;

}

// Getter method for the radius (optional, but often useful)
double getRadius() const { // 'const' means the method doesn't
modify the object.
return radius;

}

// Setter method for the radius (optional)
void setRadius(double r) {
if (r >= 0) {
radius = r;
} else {
std::cout << "Invalid Radius! Radius must be positive." <<
std::endl;
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15

int main() {
// Create an object of the Circle class with a radius of 5.0
Circle myCircle(5.0);

// Call methods to calculate circumference and area
double circumference = myCircle.calculateCircumference();
double area = myCircle.calculateArea();

std::cout << "Circumference of the circle: " << circumference <<
std::endl;
std::cout << "Area of the circle: " << area << std::endl;

// Change the radius using the setter method

myCircle.setRadius(7.5);

std::cout << "New Circumference of the circle: " << myCircle.
calculateCircumference() << std::endl;

return 0;

}

Explanation:

« #include <iostream> and #include <cmath>: These lines include the necessary
header files to use input/output operations (std: : cout) and mathematical functions (M_PI).

« class Circle { ... };:Thisdefinesanew class named Circ'le. The code within the
curly braces describes the attributes and methods of the class.

« private: double radius;: This declares a private attribute named radius of type
double. The keyword private means that this attribute is only accessible within the class.
From outside the class, you cannot directly accessmyCircle.radius.

« public:: This marks the beginning of the public section of the class. Attributes and methods
in the public section are accessible from anywhere.

« Circle(double r): radius(r){}:Thisisthe constructor of the class. A constructoris a
special method that is automatically called when a new object of the class is created. In this case,
it initializes the attribute radius with the value of the parameter r. The syntax : radius(r)
is an initialization list, which is more efficient than an assignment within the constructor body.

« double calculateCircumference(){ ... }:Thisisamethod of the class that calcu-
lates and returns the circumference of the circle.

« double calculateArea(){ ... }: Thisis a method of the class that calculates and
returns the area of the circle.

« double getRadius()const { ... }:Thisisa getter method that returns the value of
the attribute rad-ius. The keyword const at the end of the method declaration means that
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this method does not modify the object. Getter methods are often useful for providing controlled
access to private attributes.

« void setRadius(double r){ ... }:Thisisasetter method that sets the value of the
attribute rad-ius. Itincludes an error check to ensure that the radius is not negative. Setter
methods are often useful for providing controlled access to private attributes and ensuring data
integrity.

« int main(){ ... }:Thisisthe mainfunction of the program.

« Circle myCircle(5.0);: This creates a new object of the class Circle named
myCircle and initializes the radius with the value 5.0 using the constructor.

« double circumference = myCircle.calculateCircumference();: This calls
the method calculateCircumference() onthe object myCirc'le and stores the result
in the variable circumference.

o std::cout << "Circumference of the circle: "<< circumference <<
std: :endl;: This prints the circumference of the circle to the console.

12.3 Constructors and Destructors

Constructors are special methods that are automatically called when an object is created. They serve
to initialize the object. A destructor is another special method that is automatically called when an
object is destroyed (e.g., at the end of a scope). Destructors are used to release resources held by the
object (e.g., dynamically allocated memory).

class Circle {
private:
double radius;

public:
// Constructor
Circle(double r) : radius(r) {

std::cout << "Constructor called for Radius: " << radius << std
::endl;
}
// Destructor
~Circle() {
std::cout << "Destructor called for Radius: " << radius << std
::endl;
}

}s
Access Specifiers:

« public: Attributes and methods in the public section are accessible from anywhere.
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« private: Attributes and methods in the private section are only accessible within the class.
This serves to protect data integrity.

« protected: Attributes and methods in the protected section are accessible within the class
and in derived classes (inheritance).

Key Takeaway:

« Classes define the blueprint for objects, while objects are concrete instances of these blueprints.

« Constructors initialize objects, Destructors release resources.

« private-attributes and -methods encapsulate data and protect it from direct external access.
Use getter- and setter-methods for controlled access.

12.4 Common Errors and Pitfalls

A common error is attempting to directly access private attributes from outside the class. This results
in a compiler error. Instead, getter- and setter-methods should be used. Another error is forgetting the
destructor when dynamically allocating memory in the constructor. This can lead to memory leaks.
Make sure that for every new-operator there is a corresponding de lLete-operator. Finally, you should
be aware that the constructor and destructor are called automatically, but it’simportant to understand
when this happens to avoid unexpected behavior. Debugging tools like gdb can help track the calls of
constructors and destructors and identify errors.

12.5 Deep Dive: th1is Pointer, Member Initialization Lists, and Static Members

In the previous section, we learned the basics of classes and objects. We saw how to define classes,
instantiate objects, and access their attributes and methods. This subsection delves deeper into our
understanding by exploring more advanced concepts: the th1is pointer, member initialization lists,
and static members.

12.5.1The this Pointer Often, we wantto access the attributes of the current object within a method.
This is particularly important in methods that have parameters with the same name as attributes. Here
comes the th1is pointerinto play.

The th1is pointeris an implicit pointer that is automatically provided by every non-static member of a
class. It contains the address of the object for which the method is currently being called. With th1is,
we can explicitly access the attributes and methods of this specific object.

Example:
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#include <iostream>
#include <string>

class Person {

private:
std::string name;
int age;

public:

Person(std::string name, 1int age) {
// Without 'this' here, the parameter 'name' would overwrite
the attribute!
this->name = name;
this->age = age;

}

void printInfo() {
std::cout << "Name: " << this->name << std::endl;
std::cout << "Age: " << this->age << std::endl;

+s

int main() {
Person personl("Alice", 30);
personl.printInfo();

Person person2("Bob", 25);
person2.printInfo();

return 0O;

}
Explanation:

« In the constructor Person(std: :string name, 1int age), we have two parameters
with the same name as the attributes of the class (name and age). Without the prefix this
->, the assignment name = name; would merely assign the parameter to itself, instead of
updating the attribute of the object.

« this->name = namej; assigns the value of the parameter name to the attribute name of the
current object. Similarly, it works with this->age = age;.

+ Inthe method printInfo(), weuse this->name and this->age to explicitly access the
attributes of the current object. Although not strictly necessary in this simple example (as there
are no name conflicts), it demonstrates the use of this.

When is the th1is pointer useful?

+ Name Conflicts: As in the above example, to distinguish between attributes and parameters
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with the same name.

+ Method Chaining: To pass the result of one method to another method of the same object (will
be covered later).

« Dynamic Object Manipulation: In more complex scenarios where objects are dynamically cre-
ated and manipulated.

12.5.2 Member Initialization Lists Constructors are responsible for initializing attributes. There are
two main ways to initialize attributes: in the constructor body (as in the previous example) or using a
member initialization list. Using a member initialization list is often more efficient and recommended,
especially for constant attributes or class attributes that depend on other objects.

Example:

#include <jostream>
#include <string>

class Date {

private:
const 1int year; // Constant attribute
int month;
int day;

public:
// Using member initialization list
Date(int year, int month, int day) : year(year), month(month), day(
day) {}

void printDate() {
std::cout << "Date: " << year << "-" << month << "-" << day <<
std::endl;

};

int main() {
Date today (2023, 10, 27);
today.printDate();

return 0O;

Explanation:

« The member initialization list follows the constructor header and is introduced by a colon (:).
« year (year), month(month), day(day) initializes the attributes year, month and
day with the corresponding parameter values. Note that this is initialization, not assignment.

- Important Difference: Constant attributes must be initialized in the member initialization list
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because they cannot be assigned again in the constructor body.
Advantages of Member Initialization Lists:

« Efficiency: Direct initialization is often more efficient than assignment in the constructor body,
especially for complex data types.

+ Necessity for constant attributes: Constant attributes must be initialized and can only be
initialized in the member initialization list.

+ Class Attributes: If an attribute depends on another object, the initialization list is often the
only way to initialize it correctly.

12.5.3 Static Members So far, we have dealt with instance variables that belong to each individual
object of a class. Static members, on the other hand, belong to the class itself and not to any specific
object. There are two types of static members: static attributes and static methods.

Static Attributes:

A static attribute is stored only once for the entire class, regardless of how many objects of the class
are created. It can be accessed via the class name or an object of the class.

Example:

#include <iostream>

class Counter {
private:
static int count; // Static attribute

public:
Counter () {
count++; // Increment counter with each instantiation

}

~Counter() {
count--3; // Decrement counter with each destruction

}

static int getCount() { // Static method to retrieve the counter
return count;
}
15
// Initialize the static attribute outside the class

int Counter::count = 0;

int main() {
std::cout << "Number of objects: " << Counter::getCount() << std::
endl; // Access via class name
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Counter cl;
Counter c2;
Counter c3;

std::cout << "Number of objects: " << Counter::getCount() << std::
endl;

{
Counter c4;
std::cout << "Number of objects: " << Counter::getCount() <<

std::endl;

} // c4 is destroyed at the end of the block

std::cout << "Number of objects: " << Counter::getCount() << std::
endl;

return 0O;

}
Explanation:

« static int count; declares a static attribute named count.

« int Counter::count = 0j; initializes the static attribute outside the class definition. This
is necessary because static attributes do not have a default constructor.

« Counter::getCount() isa static method that returns the value of count.

« Static attributes are often used to store information relevant to all objects of a class, such as a
global counter or configuration parameters.

Static Methods:

A static method (like in the example Counter: : getCount ()) belongs to the class itself and has
no access to instance variables (since it is not bound to a specific object). It can only access static
attributes. Static methods are often used to provide helper functions or operations that relate to the
class as a whole and do not require access to instance variables.

Summary Box:

Feature Instance Variable Static Attribute
Belonging Object Class

Storage Location Each object Once for the class
Access Via object Via class name
Initialization In constructor Outside the class
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Feature Instance Variable Static Attribute

When are static members useful?

+ Global Counters: As in the Counter example.

+ Configuration Parameters: To store settings that apply to all objects of a class.

+ Helper Functions: To provide functions related to the class as a whole and do not require access
to instance variables.

12.6 References

In addition to pointers, C++ has another mechanism for indirectly addressing variables: references. A
reference is an alias for an existing variable. Unlike a pointer, which stores the address of a variable
and can be manipulated, a reference must be bound to a variable upon declaration and cannot point
to a different variable afterwards.

Declaring a Reference:

int x = 10;
int& ref_x = x;

Here, ref_x is a reference of type int that is bound to the variable x. The & symbol denotes that it is
a reference.

Properties of References:

+ Must be initialized: A reference must be bound to a variable upon declaration.

« Cannot be reassigned: After initialization, a reference cannot point to another variable.

« Direct Access: Access through a reference is identical to direct access to the original variable.

+ No separate storage address: A reference does not occupy its own storage space but uses the
storage space of the variable it refers to.

Example:

#include <jostream>

int main() {
int x = 10;
int& ref_x = x;

std::cout << "x: " << x << std::endl;
std::cout << "ref_x: " << ref_x << std::endl;
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ref_x = 20;

std::cout << "x: " << x << std::endl;
std::cout << "ref_x: " << ref_x << std::endl;
return 0O;

}

Explanation:

« ref_xisanalias for x. Any change to ref_x directly affects x, and vice versa.
+ Unlike a pointer, where you can change the value of the address (and thus point to another

variable), ref_x remains permanently bound to x.
Use Cases for References:

+ Function Parameters: To pass variables directly to functions without having to copy them
(efficiency improvement).

+ Operator Overloading: To define operators for complex data types.

+ Return Values: To indirectly return objects or variables.

12.7 The Copy Constructor and Deep Copy vs. Shallow Copy

When an object of a class is created as a copy of another object, it’s called copying. This can happen in

various ways:

+ Automatically: When an object is passed as an argument to a function or when a new object is
created from an existing one (e.g., Person person2 = personl;).
« Explicitly: Through the copy constructor or assignment operator.

By default, the compiler provides a copy constructor that performs a shallow copy. This means that the
attributes of the new object are simply copied from the attributes of the original object. This can lead
to problems when the class contains pointers.

Example (with problem):

#include <jostream>
#include <string>

class String {
private:
char* data;
int length;
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public:
String(const char*x str) {
length = strlen(str);
data = new char[length + 1];
strcpy(data, str);
}

~String() {
delete[] data; // Free memory
}

void printString() {
std::cout << "String: " << data << std::endl;
}
+s

int main() {
String strl("Hello");
String str2 = strl; // Copy constructor 1is called (Shallow Copy)

strl.printString(); // Output: String: Hello
str2.printString(); // Output: String: Hello

// Problem: Both objects point to the same memory area!
delete[] strl.data; // Free memory

str2.printString(); // Crash, because the memory has already been
freed!

return 0O;

}
Explanation:

« The default copy constructor simply copies the value of the data pointer from strlto str2.
Both objects now point to the same memory area.

« When strlisdestroyed, the memory pointed to by str1l.datais freed.

« When str2 tries to access that memory (e.g., in printString()), it crashes because the
memory has already been freed. This is called a Dangling Pointer problem.

The Solution: The Copy Constructor and Deep Copy

To solve this problem, we need to define our own copy constructor that performs a deep copy. This
means that we create a new memory area and copy the contents of the string into it, making the object
independent of the original one.

#include <jostream>
#include <string>
#include <cstring> // For strcpy
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class String {

private:
charx data; // Pointer to a char array
int length;

public:
String(const charx str) {
length = strlen(str);
data = new char[length + 1];
strcpy(data, str);
}

// Copy constructor (Deep Copy)

String(const String& other) {
length = other.length;
data = new char[length + 1];
strcpy(data, other.data);

}

~String() {
delete[] data; // Free memory
}

void printString() {
std::icout << "String: " << data << std::endl;
}
}s

int main() {
String strl("Hello");
String str2 = strl; // Copy constructor is called (Deep Copy)

strl.printString(); // Output: String: Hello
str2.printString(); // Output: String: Hello

delete[] strl.data; // Free memory - no crash anymore!
str2.printString(); // Output: String: Hello

return 0;

}
Explanation:

+ The copy constructor String(const String& other) creates a new object that is an
independent copy of the object other.

« length = other.lengthj copiesthe length of the string.

« data = new char[length + 1]; allocates new memory for the string.

« strcpy(data, other.data) ; copiesthe contents of the string into the newly allocated
memory.
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Importance of the Copy Constructor:

If a class contains pointers or manages other resources (e.g., files, network connections), it is essential
to define your own copy constructor to ensure that objects are independent and avoid problems like
Dangling Pointers or double freeing of memory. Otherwise, the default copy constructor can lead to
unexpected behavior and crashes.

12.8 Summary

In this chapter, we have learned the basics of classes and objects in C++. We defined what a class is,
how to create and use objects, what role constructors and destructors play, and how access specifiers
control access to attributes and methods. Understanding these concepts is crucial for object-oriented
programming in C++. In the next chapter, we will explore operator overloading to customize the
behavior of operators on our own classes.

This translation aims for accuracy while maintaining a clear and understandable explanation suitable
for someone learning C++ and OOP. I've also included explanations within the translated text to clarify
concepts where necessary. Let me know if you have any other questions or need further adjustments!

Chapter 13: Operator Overloading and Friends

In previous chapters, we learned the fundamentals of classes and objects in C++. We saw how to
encapsulate data and functions and how to interact with them. A powerful tool that C++ provides us to
make interaction with objects more intuitive and expressive is operator overloading. Imagine being able
to use the plus operator (+) to add two objects of your own class, just as you already do with primitive
data types. This allows for a more natural syntax and significantly improves code readability.

This chapter will introduce us to the concept of operator overloading. We will examine which operators
can be overloaded, how they are implemented, and what limitations exist. Furthermore, we will
get acquainted with friend functions and classes, which play an important role in implementing
operator overloads, especially when these need to access private or protected members of a class.
Understanding these concepts is crucial for writing elegant and efficient C++ code, particularly in areas
such as mathematical libraries, vector operations, or custom data types. Operator overloading allows
us to tailor the language to our specific needs and create domain-specific notation.

13.1 Fundamentals of Operator Overloading and Friends

Operator overloading is a mechanism in C++ that allows you to redefine the meaning of operators (such
as+,-,%, /,==,<,>, etc.) for user-defined data types (classes). By default, operators are predefined for
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built-in data types like int, float, or char. Operator overloading enables us to use these operators
also for objects of our own classes.

Consider, for example, the addition of two integer values: 5 + 3. The plus operator (+) is defined here
to add two integer values and return the result. Operator overloading now allows us to define a similar
functionality for objects of a class Complex (Complex Numbers), so that we can write: c1 + c2,
where c1 and c2 are instances of the Complex class.

Key Terms:

+ Operator: A symbol that performs a specific operation (e.g., +, -, *, /, ==).

+ Operand: The values on which an operator is applied (e.g.,5and 3in5 + 3).

+ Overloading: Defining multiple functions with the same name but different parameter lists.
In this case, we define a new meaning for an existing operator based on the data types of the
operands.

« Operator Function: A special function used to implement the overloaded operation. These
functions have a specific name and syntax (e.g., operator+).

« Friend Function: A non-member function that has access to private and protected members
of a class. Often used to implement operator overloads for classes when the operator is not a
member function.

« Friend Class: A class whose member functions have access to private and protected members
of another class.

13.2 Important Concepts

Operator overloading is implemented by defining special functions either within or outside the class
definition. These functions must have a specific name consisting of the operator keyword followed
by the operator being overloaded (e.g., operator+,operator-,operator==).

There are two main types of operator overloads:

1. Member Functions: If the left operand of the operation is an object of the class, the overload
can be implemented as a member function of the class.

2. Non-Member Functions (Friend Functions): If neither operand is an object of the class or if a
symmetric implementation is required (e.g.,2a + bandb + a),the overload isimplemented
as a non-member function. This function must be declared as a friend function of the class to
have access to private members.

Example: Operator Overloading for Addition of Complex Numbers (as a Member Function)

#include <iostream>
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class Complex {
private:
double real;
double imag;

public:
// Constructor
Complex(double r = 0.0, double i = 0.0) : real(r), imag(i) {}

// Getter Methods
double getReal() const { return real; }
double getImag() const { return imag; }

// Operator overloading for addition (as a member function)
Complex operator+(const Complex& other) const {
return Complex(real + other.real, imag + other.imag);

}

// Output operator overload (explained later)
friend std::ostream& operator<<(std::ostream& os, const Complex& c);

+s

// Definition of the output operator outside the class
std::ostream& operator<<(std::ostream& os, const Complex& c) {
0s << "(" << c.getReal() << " + " << c.getImag() << "1i)";

return os;

}

int main() {
Complex c1(2.0, 3.0);
Complex c2(1.0, -1.0);

Complex ¢c3 = cl1 + c2; // Using the overloaded operator

std::cout << "cl: " << cl << std::endl;
std::cout << "c2: " << c2 << std::endl;
std::cout << "cl + c2: " << ¢3 << std::endl;
return 0;
}
Explanation:

+ The class Complex represents a complex number with real and imaginary parts.

+ The constructor initializes the real and imaginary parts of the complex number.

« The member function operator+(const Complex& other)const overloads the plus
operator (+). It takes another Complex object as a parameter (other) and returns a new
Complex object that represents the sum of the two numbers. The const at the end of the
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function declaration means that this function does not modify the object on which it is called.

e In

main (), we create two Complex objects (c1 and c2) and add them using the overloaded

operator (+). The result is stored in a new object (c3).

« The function operator<<isan overload of the output operator («) for the Complex class. It
allows us to directly print a Complex object with std: : cout. This function must be declared
as a friend function because it needs access to the private members of the class.

Example: Operator Overloading for Addition of Complex Numbers (as a Friend Function)

#include <iostream>

class Complex {
private:

double real;
double imag;

public:

}s

// Constructor
Complex(double r = 0.0, double i = 0.0) : real(r), imag(i) {}

// Getter Methods
double getReal() const { return real; }
double getImag() const { return imag; }

// Declaration of the friend function
friend Complex operator+(const Complex& cl, const Complex& c2);

// Definition of the friend function outside the class
Complex operator+(const Complex& cl, const Complex& c2) {

}

return Complex(cl.getReal() + c2.getReal(), cl.getImag() + c2.getImag
0);

// Output operator overload (explained later)
friend std::ostream& operator<<(std::ostream& os, const Complex& c);

int main() {

Complex c1(2.0, 3.0);
Complex c2(1.0, -1.0);

Complex ¢c3 = cl1 + c2; // Using the overloaded operator

std::cout << "cl: " << cl << std::endl;
std::cout << "c2: " << c2 << std::endl;
std::cout << "cl + c2: " << c3 << std::endl;
return 0O;
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}
Explanation:

« The declaration friend Complex operator+(const Complex& cl, const
Complex& c2) ; withinthe class Complex makes the function operator+ afriend function
of the class.

« The definition of the function operator+ outside the class takes two Complex objects as
parameters and returns a new Comp lex object that represents the sum of the two numbers.
Since it is a friend function, it has access to the private members (real and imag) of the objects
clandc2.

Choice between Member Function and Friend Function:

+ Use a member function when the left operand of the operation must always be an object of the
class.

+ Use a friend function when the operation should be symmetric (i.e.,a + bandb + ashould
yield the same result) or when the left operand is not an object of the class.

13.3 Key Notes on Operator Overloading

+ Not all operators can be overloaded. Some operators (e.g., ., : :, sizeof, typeid) cannot
be overloaded.

+ The semantics of the original operators should be maintained. The overloading of an opera-
tor should behave as one would expect from the corresponding operator. For example, addition
(+) should always yield a sum.

+ Avoid ambiguities. Ensure that the overloading of an operator does not lead to unexpected
results or errors.

« Only overload operators that make sense for your class. It is not necessary to overload all
possible operators.

13.4 Common Errors and Pitfalls

A common error is forgetting to declare a friend function within the class. If a function is intended to
be declared as a friend, it must be explicitly done in the class definition. Otherwise, the function will
not have access to the private members of the class.

Another error is violating the semantics of the original operators. For example, overloading the minus
operator (-) should always yield a difference and not do something completely different.
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Finally, ambiguities can arise when multiple overloaded operators exist for the same data type. Ensure
that the compiler can unambiguously determine which operator to use. This can be achieved by using
different parameter lists or namespaces.

13.5 Summary

In this chapter, we learned about the concept of operator overloading in C++. We have learned how to
overload operators to tailor them to the needs of our own classes. We also covered friend functions
and classes, which allow us to access private members of classes.

Operator overloading is a powerful tool that allows us to write intuitive and readable code. However,
it’s important to maintain the semantics of the original operators and avoid ambiguities.

In the next chapter, we will explore inheritance and polymorphism, two more important concepts of
object-oriented programming in C++.

Chapter 14: Inheritance and Polymorphism

In previous chapters, we have become familiar with classes, objects, and organizing code using object-
oriented principles. Now, we turn our attention to two powerful concepts that form the foundation for
flexible, reusable, and extensible software: inheritance and polymorphism. These concepts allow us to
define hierarchical relationships between classes and treat objects of different classes uniformly.

Inheritance allows us to create new classes based on existing classes, where the new classes inherit
the properties and methods of the base classes and can also add their own specific characteristics.
This promotes code reuse and reduces redundancy. Polymorphism, on the other hand, enables us
to address objects of different classes through a common interface, leading to more flexible and
maintainable programs.

This chapter is central to understanding object-oriented programming in C++. The ability to effectively
utilize inheritance and polymorphism is crucial for developing complex software architectures and
implementing robust applications. We will look at both the theoretical foundations and practical
examples to internalize these concepts.

14.1 Fundamentals of Inheritance and Polymorphism

Class Hierarchy: Imagine a family of objects. A Dog is an Animal, a Poodle is a Dog, and a
GoldenRetriever isalso a Dog. This relationship can be represented in a class hierarchy: Anima'l
is the base class (or parent class), Dog is a derived class (or child class) of Anima'l, and Poodle and
GoldenRetriever are derived classes of Dog.
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Inheritance: The process by which a class (the derived class) inherits the properties and methods of
another class (the base class). This is also referred to as an “is-a” relationship: A Poodle is a Dog, a Dog
is an Animal.

Base Class: The class from which other classes inherit. It defines general properties and methods that
are intended to apply to all derived classes.

Derived Class: The class that inherits from a base class. It extends the functionality of the base class
by adding its own specific properties and methods or overriding existing methods.

Polymorphism: The ability of an object to behave differently depending on the context. This is often
achieved through virtual functions (more on this later). Imagine you have a function that asks an
animal to make a sound. A dog barks differently than a cat or a bird. Polymorphism allows us to handle
these different behaviors through a common interface.

Dynamic Binding (Late Binding): The process by which the concrete method called is determined
only at runtime, based on the actual type of the object. This is a key feature of polymorphism and
enables flexibility.

14.2 Simple Inheritance

The simplest form of inheritance involves a base class and a single derived class. Let’s consider the
following example:

#include <jostream>
#include <string>

// Base Class Animal
class Animal {
public:

std::string name;

Animal(const std::string& n) : name(n) {} // Constructor

virtual void makeSound() const { // Virtual Function
std::cout << "An animal makes a sound." << std::endl;

}

void printName() const {
std::cout << "Name: " << name << std::endl;
}
}s

// Derived Class Dog, inheriting from Animal
class Dog : public Animal {
public:
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Dog(const std::string& n) : Animal(n) {} // Constructor calls base
class constructor

void makeSound() const override { // Overrides virtual function of
the base class
std::cout << "Woof!" << std::endl;

}s

int main() {
Animal animal("Unknown Animal");
Dog dog('"Bello");

animal.makeSound(); // Output: An animal makes a sound.
dog.makeSound(); // Output: Woof!

return 0;

« class Dog : public Animal: Thisdeclaresthe class Dog, which inherits from the class
Anima'l. The keyword publ1c indicates that inheritance is public, meaning that all public
members of the base class are also public in the derived class.

« Dog(const std::string& n): Animal(n){}: The constructor of Dog initializes the
name using the constructor of the base class Anima'l. This is important to ensure that the base
class members are initialized correctly.

« void makeSound()const override: This function overrides the virtual function
makeSound () of the base class Animal. The keyword override ensures that we are
actually overriding a virtual function and helps the compiler detect errors if we try to override a
non-virtual function.

« Virtual Functions: The declaration of nakeSound () as virtualinthe base class is crucial
for polymorphism. It allows us to override the method in derived classes and, at runtime, call
the correct version based on the actual type of the object.

14.3 Virtual Functions and Dynamic Binding

Virtual functions are the heart of polymorphism in C++. They allow us to override methods in derived
classes and call the correct version at runtime. Let’s consider the following example:
#include <iostream>

#include <string>
#include <vector>

// Base Class Animal (as above)
class Animal {
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public:
std::string name;

Animal(const std::string& n) : name(n) {3}

virtual void makeSound() const {
std::cout << "An animal makes a sound." << std::endl;

}

void printName() const {
std::cout << "Name: " << name << std::endl;
+
}s

// Derived Class Cat, inheriting from Animal
class Cat : public Animal {
public:

Cat(const std::string& n) : Animal(n) {}

void makeSound() const override {
std::cout << "Meow!" << std::endl;
}
}s

// Derived Class Bird, inheriting from Animal
class Bird : public Animal {
public:

Bird(const std::string& n) : Animal(n) {}

void makeSound() const override {
std::cout << "Tweet!" << std::endl;
}
}s

int main() {
std::vector<Animal*x> animals; // Vector of pointers to Animals
animals.push_back(new Dog("Bello"));
animals.push_back(new Cat("Minka"));
animals.push_back(new Bird("Piepser"));

for (Animalx animal : animals) {
animal->makeSound(); // Polymorphic call!

}

// Free memory to avoid memory leaks
for (Animalx animal : animals) {
delete animal;

}

return 0;
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In this example, we create a vector of pointers to Animal objects. We then add instances of Dog, Cat,
and B rd. When we iterate through the loop and call animal->makeSound (), the correct version
of the makeSound () function for each object is called at runtime, based on the actual type of the
object (Dog, Cat, or Bird). This is dynamic binding in action.

14.4 Abstract Classes

An abstract class is a class that has at least one pure virtual function. Pure virtual functions have no
implementation in the base class and must be implemented by derived classes. Abstract classes cannot
be instantiated; they serve as a basis for other classes.

#include <iostream>
#include <string>

// Abstract Class Shape
class Shape {
public:
virtual double calculateArea() const = 0; // Pure virtual function
virtual ~Shape() {} // Virtual destructor (important for
polymorphism)
15

// Derived Class Circle, inheriting from Shape
class Circle : public Shape {
public:

double radius;

Circle(double r) : radius(r) {}

double calculateArea() const override {
return 3.14159 * radius * radius;
}
}s

// Derived Class Rectangle, inheriting from Shape
class Rectangle : public Shape {
public:

double width;

double height;

Rectangle(double b, double h) : width(b), height(h) {}

double calculateArea() const override {
return width * height;
h;
15

int main() {
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// Shape shape; // Error: Abstract class cannot be 1instantiated.

Circle circle(5);
Rectangle rectangle(4, 6);

std::cout << "Area of the Circle: " << circle.calculateArea() <<
std::endl;
std::cout << "Area of the Rectangle: " << rectangle.calculateArea()

<< std::endl;

return 0;

}

In this example, Shape is an abstract class because it contains the pure virtual function
calculateArea().Wecannot create aninstance of Shape. Theclasses Circleand Rectangle
inherit from Shape and implement the calculateArea() function.

Key Takeaway:

+ Inheritance allows new classes to be defined based on existing classes, promoting code reuse
and a hierarchical structuring of code.

« Virtual functions are crucial for polymorphism and allow methods to be called dynamically at
runtime.

« Abstract classes cannot be instantiated and serve as a basis for other classes. They enforce the
implementation of certain methods in derived classes.

« Remember to declare the destructor as virtual in abstract classes to avoid memory leaks when
using polymorphism.

14.5 Multiple Inheritance (Note: Advanced Topic)

C++ supports multiple inheritance, meaning that a class can inherit from multiple base classes. While
this can be powerful, it also carries risks such as the so-called “diamond problem” and complexity
in name resolution. Using interfaces (pure abstract classes) is often a better alternative to multiple
inheritance.

14.6 Common Errors and Pitfalls

« Forgetting to use virtual: If you want to utilize polymorphism, you must declare functions
in the base classas virtual.
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+ Missing implementation of virtual functions: Derived classes must implement all virtual func-
tions of the base class or themselves declare them as virtual (and then potentially inherit
further).

+ Memory leaks with polymorphism: When creating objects dynamically and managing them
through pointers to the base class, you must free the memory when you no longer need the
objects. Use de'lete for each created object. Smart Pointers can help here.

« Diamond Problem (with multiple inheritance): If a class inherits from two classes that both
inherit from a common base class, problems can arise in name resolution and memory manage-
ment.

14.7 Summary

In this chapter, we have covered the concepts of inheritance and polymorphism in C++. We have learned
how to define new classes based on existing classes (inheritance), how to call methods dynamically at
runtime (polymorphism), and how to use abstract classes to enforce a hierarchical structuring of code.
These concepts are crucial for developing object-oriented applications in C++.

In the next chapter, we will explore templates and learn how to create generic functions and classes
that can work with different data types.

Chapter 15: Templates and Generic Programming

The programming language C++ is characterized by its flexibility and power. A crucial factor in this
regard is the possibility of generic programming using templates. So far, we have designed functions
and classes for specific data types, such as a function to add two integer values or a class to manage a
list of strings. But what if we need a function or class that can work with various data types - integers,
floating-point numbers, custom structures, and more? This is where templates come into play.

Templates allow us to write code that isn’t bound to a specific data type but can be adapted for a variety
of types. This leads to increased code reusability, as we don’t need to create separate versions for each
required data type. Furthermore, templates can ensure type safety at compile time, thus avoiding
runtime errors.

In this chapter, we will learn the fundamentals of template programming in C++. We begin with function
templates, then continue our exploration with class templates, and finally consider the possibilities
of template specialization. Understanding templates is an important step towards becoming a profi-
cient C++ programmer and enables you to write efficient and robust code that can adapt to various
requirements. This topic builds directly on the concepts of functions, classes, and data types covered
in previous chapters.
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15.1 Fundamentals of Generic Programming

The term generic programming describes a programming technique where algorithms and data struc-
tures are implemented independently of concrete data types. Instead of writing specific code for each
data type, a general code is created that can work with various types.

In C++, we achieve generic programming primarily through the use of templates. A template is essen-
tially a kind of blueprint or pattern for functions or classes. It defines the structure and behavior of the
code without specifying a particular data type. The actual data type is determined only at compile
time when the code is used.

You can think of a template as an empty form into which you can pour different objects. Each object
takes the shape and thus receives its specific form. In the case of templates, the “object” is the data

type.

There are two main types of templates:

« Function Templates: Define a general function that can work with various data types.
+ Class Templates: Define a general class whose member variables and functions can be adapted
for different data types.

The use of templates increases code reusability and reduces redundancy. For example, instead of
writing separate functions to add integer, floating-point, and double values, a single template function
can be used that works for all these types.

15.2 Function Templates

Function templates allow us to create functions that can work with various data types without having
to define separate versions for each type. The syntax is as follows:

template <typename T>
T my_function(T argument) {

return argument;

}

Here, template <typename T> is the template declaration. typename indicates that T is a
type name (alternatively, class can also be used). T is a placeholder for the data type that will be
determined at compile time. The function my_ function accepts an argument of type T and returns
avalue of type T.

Example:

#include <jostream>
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template <typename T>
T maximum(T a, T b) {
// Returns the larger of the two arguments

if (a > b) {
return a;
} else {
return b;
}

int main() {
int x = 5, y = 10;
= 3.14, q = 2.71;

double p

std::cout << "Maximum of " << x << " and " <<y << '": " << maximum(
X, y) << std::endl; // Output: Maximum of 5 and 10: 10

std::cout << "Maximum of " << p << " and " << g << ": " << maximum(

p, q) << std::endl; // Output: Maximum of 3.14 and 2.71: 3.14

return 0;

}

In this example, we define a template function maximum that returns the larger of the two passed
arguments. The function is called with two integer values, causing the compiler to automatically create
a version of the function for the type int. Then, the function is called with two double values, which
results in the creation of another version of the function for the type double.

Explanation:

« #include <iostream>:Includestheiostream library to use input and output functions.

« template <typename T>: Declaresthe template with the type name T.

« T maximum(T a, T b): Definesthe function maximum, which accepts two arguments of
type T and returns a value of type T.

«if (a2 > b){ return a; } else { return b; }: Compares the two arguments
and returns the larger one.

« int main(): The main function of the program.

«int x = 5, y = 10; double p = 3.14, g = 2.71;: Declares variables of type
int and doub'le.

« std::cout << ... << maximum(x, y)<< std::endl;:Printstheresultofthefunc-
tion call to the console.
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15.3 Class Templates

Class templates work similarly to function templates, but they define a general class whose member
variables and functions can be adapted for different data types. The syntax is as follows:

template <typename T>
class My_Class {
private:
T data_member;
public:
My_Class(T value) : data_member(value) {}
T get_data_member() const { return data_member; }

+s

Here, template <typename T> isthetemplate declaration. T is a placeholder for the data type
that will be determined at compile time. The class My_Class contains a private data member of type
T and a public method get_data_member, which returns the value of the data member.

Example:

#include <jostream>
#include <string>

template <typename T>
class Container {
private:
T data;
public:
Container (T value) : data(value) {}

void set_data(T value) { data = value; }
T get_data() const { return data; }
15

int main() {
Container<int> 1int_container(10); // Creates a container for
integer values
Container<std::string> string_container("Hello World!"); // Creates
a container for strings

std::cout << "Integer value: " << dint_container.get_data() << std::
endl; // Output: Integer value: 10
std::cout << "String value: " << string_container.get_data() << std

:tendl; // Output: String value: Hello World!

return 0O;

}

In this example, we define a class template Container that contains a data member of type T. The
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class is instantiated with an integer value and a string, causing the compiler to automatically create
two versions of the class - one for the type int and one for the type std: :string.

Explanation:

« #include <iostream>:Includestheiostream library.

« #include <string>:Includes the string library to use strings.

« template <typename T>:Declaresthe template with the type name T.

« class Container { ... }:DefinestheclassContainer.

« private: T data;: Declares a private data member of type T.

« public: Container(T value): data(value){}: Definesthe constructor, which ini-
tializes the data member with the passed value.

« void set_data(T value){ data = value; }:Definesamethodtosetthedatamem-
ber.

+« T get_data()const { return data; }:Definesa method to retrieve the data mem-
ber.

« int main(): The main function of the program.

« Container<int> int_container(10) ;: Creates an object of type Container that
stores integer values and is initialized with the value 10.

« Container<std::string> string_container("Hello World!");: Creates an
object of type Container that stores strings and is initialized with the value “Hello World!”.

Sidebar:

« Templates increase code reusability by allowing you to create functions and classes for different
data types without redundancy.

« The compiler automatically creates versions of the templates for each used data type (Template
Instantiation).

« The syntax <typename T> declares atype name T that can be used later in the template.

15.4 Template Specialization

Sometimes it is necessary to adapt the behavior of a template for specific data types. This is achieved
through template specialization. This means providing a separate implementation of the template for
a particular type.

#include <ijostream>

template <typename T>
class Container {
public:
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void print() const { std::cout << "Generic Container: " << typeid(T
).name() << std::endl; }
15

// Template specialization for the type 1int
template <>
class Container<int> {
public:
void print() const { std::cout << "Integer Container: Value is " <<
data << std::endl; }

private:

int data;

}s

int main() {
Container<double> double_container;
Container<int> 1int_container(5);

double_container.print(); // Output: Generic Container: d
int_container.print(); // Output: Integer Container: Value 1is 5

return 0;

}

In this example, we have a generic Container class and a specialization for the type int. When a
Container<int> is created, the specialized version is used. For all other types, the generic version
is used.

Explanation:

« template <> class Container<int> { ... }:Declaresatemplate specialization
for the type int. Note the empty <> after template.
+ The specialized class can have its own members and methods that differ from the generic version.

15.5 Common Errors and Pitfalls

1. Missing Header Files: Ensure all required header files are included (e.g., <string>, <vector
>).

2. Type Errors During Template Instantiation: Make sure you specify the correct data type when
instantiating a template (e.g., Container<int>, Container<std::string>).

3. Use of Undefined Members in Generic Classes: Ensure that all used member functions and
variables are valid for the respective data type. For example, a string cannot perform arithmetic
operations like addition or subtraction.

4. Template Code in Header: Template code should generally be defined in the header file because
the compiler needs it to enable instantiation.
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15.6 Summary

In this chapter, we have explored templates and generic programming in C++. We have learned how to
create function templates and class templates to make code more reusable and flexible. Furthermore,
we have looked at template specialization to adapt the behavior of templates for specific data types.

The use of templates is a powerful tool in C++ that allows you to write generic code that can work with
various data types without having to create separate implementations for each type. This leads to a
reduction in code and an increase in flexibility.

In the next chapter, we will deal with exception handling to handle errors in C++ programs more
robustly.

Chapter 16: Exception Handling

In the previous chapters, we’ve explored program structuring, functions, data structures, and memory
management. It has surely become apparent that errors can occur - whether due to invalid user input,
lack of memory, or unexpected file states. Robust software must be able not only to detect these
errors but also respond appropriately to them, preventing program crashes and providing users with
meaningful feedback.

Exception handling is a mechanism that allows us to intercept and handle errors during the runtime
of a program. It provides a structured alternative to traditional error checking through return values,
which are often prone to errors and difficult to maintain. In C++, exception handling is implemented
using keywords like try, catch, and throw.

This chapter introduces you to the fundamentals of exception handling. We will examine how to throw
exceptions (throw), how to catch them (catch), and how to ensure that resources are correctly
released even in error situations. Mastering this concept is crucial for developing reliable and main-
tainable C++ applications. Exception handling fits into the broader context of this course, as it’s a vital
component of robust software development and closely related to topics like memory management
and object-oriented programming.

16.1 Fundamentals of Exception Handling

Before delving into concrete implementation details, let’s define the key terms:

+ Exception: An event that occurs during the runtime of a program and interrupts the normal
program flow. Examples include division by zero, invalid memory access, or file access errors.

« Throwing an Exception: The process of generating and signaling an exception. This is typically
done using the throw keyword.
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+ Catching an Exception: The process by which a program responds to the occurrence of an
exception and handles it. This happens within a catch block.

+ try-Block: A code block where exceptions might occur. The compiler expects that exceptions
could potentially be thrown within this block.

« catch-Block: A code block that is executed when a specific type of exception occurs in the
associated try-block. A program can have multiple catch blocks to handle different types of
exceptions.

+ Exception Class: A class containing information about the exception that occurred. In C++,
exceptions are typically represented as objects of exception classes.

You can think of exception handling like an emergency system: When something goes wrong (the
exception) in the normal program flow, an alarm is triggered (throw). This alarm is then handled
by a corresponding “emergency team” (catch) which attempts to defuse the situation and limit the
damage.

16.2 Important Concepts

Exception handling in C++ is based on the concept of call stacks. When an exception is thrown, the
program searches the call stack for a suitable catch block that can handle this exception. If no
matching catch block is found, the program terminates with an error message.

The try-catch Mechanism:
The basic structure for handling exceptions is the try-catch block:

#include <iostream>
#include <stdexcept> // For standard exception classes like std::
runtime_error

int main() {
try {
// Code where an exception might occur.
int zahl = 10;
int divisor = 0;
int ergebnis = zahl / divisor; // Here, a division by zero occurs!
std::cout << "Result: " << ergebnis << std::endl; // Not reached if
an exception occurs.

} catch (const std::runtime_error& e) {
// Code to handle the exception.
std::cerr << "Error: Division by Zero! Message: " << e.what() <<
std::endl;
} catch (...) {
// Generic Catch Block, to catch all other exceptions.
std::cerr << "An unknown error has occurred." << std::endl;
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}

std::cout << "Program continues..." << std::endl; // Executed if an
exception was handled.
return 0;

}

« try-Block: The code within the try-block is executed normally. If an exception is thrown
during execution, normal program flow is interrupted and the search for a matching catch
block begins.

« catch-Blocks: After the try-block follow one or more catch-blocks. Each catch-block
specifies the type of exception it can handle (e.g., const std::runtime_error&). When
an exception is thrown, the program searches for the first catch-block whose type matches the
type of the exception or is derived from it.

« stdssruntime_error: Thisis a standard exception class in C++ that can be used for general
runtime errors. The what () method returns a description of the error.

« catch (...): This special catch-block catches all exceptions that are not handled by a
previous catch-block. It should be the last catch-block in the chain and serves to handle
unexpected errors or at least output a meaningful error message.

« stds:cerr: The standard error stream, used for outputting error messages.

In this example, an attempt is made to divide by zero. This results ina std: :runtime_error
exception (or a similar exception depending on the compiler and settings). The first catch-block
catches this exception and outputs an appropriate error message to the console. The program then
continues because the exception was handled.

Custom Exception Classes:

It is often useful to define your own exception classes to provide more specific information about errors.
This allows for more precise error handling and facilitates debugging.

#include <ijostream>
#include <string>

// Custom exception class for invalid dinput.
class InvalidInputException : public std::runtime_error {
public:
InvalidInputException(const std::string& message) : std::
runtime_error (message) {}

+s

int main() {
try {
int eingabe;
std::cout << "Please enter a positive number: ";
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std::cin >> eingabe;

if (eingabe <= 0) {
throw InvalidInputException("The input must be positive."); //
Throwing the custom exception.

}

std::cout << "You entered the number " << eingabe << "." << std::
endl;

} catch (const InvalidInputException& e) {
// Handling the custom exception class.
std::cerr << "Error: " << e.what() << std::endl;
} catch (...) {
std::cerr << "An unknown error has occurred." << std::endl;

return 0O;

In this example, we define a custom exception class InvalidInputException thatisderived from
std::runtime_error. This class is used to signal invalid user input. The catch-block catches
this specific exception and outputs an appropriate error message.

The throw Keyword:

The throw keyword is used to throw an exception. It can be used with any expression that evaluates
to an object of a type of an exception class.

#include <jostream>
#include <stdexcept>

void divide(int zahl, {int divisor) {
if (divisor == 0) {
throw std::runtime_error("Division by zero is not allowed."); //
Throwing a standard exception.
}

std::cout << "Result: " << zahl / divisor << std::endl;

}

int main() {
try {
divide(10, 2);
divide(5, 0); // Here an exception is thrown.
} catch (const std::runtime_error& e) {
std::cerr << "Error: " << e.what() << std::endl;

}

return 0;

96



In this example, the function divide () throwsa std: : runtime_error exception if the divisor is
zero. The catch-blockin main () catches this exception and outputs an error message.

Key Points:

« Use specific exception classes to provide detailed information about errors.

« Always catch exceptions in the correct order: First, the most specific exceptions, then the more
general ones.

« Thecatch (...)-blockshould be the last block and handle unexpected errors.

+ Avoid catching exceptions without handling them (empty catch blocks). This can lead to
unpredictable behavior.

16.3 Common Errors and Pitfalls

A common error is ignoring exceptions by not catching them or handling them in empty catch blocks.
This can cause the program to crash or behave unpredictably. It’s important to handle every exception
or at least output a meaningful error message.

Another error is catching exceptions in the wrong order. If you catch general exceptions first and then
specific ones, the specific exceptions might never be reached. Therefore, always catch the most specific
exceptions first, followed by the more general ones.

Finally, problems can arise when attempting to release resources (e.g., memory) in a catch block
without ensuring that these resources were actually allocated. This can lead to memory leaks or other
errors. It’s important to only release resources if they have been allocated.

16.4 Summary

In this chapter, we’ve explored exception handling in C++. We learned how to handle exceptions using
try, catch, and throw, define custom exception classes, and understand the key principles of error
handling. Exception handling is an important tool for developing robust and reliable programs.

The ability to correctly handle exceptions is crucial for writing high-quality code. In the next chapter,
we will explore the Standard Template Library (STL), which provides a variety of useful data structures
and algorithms.

Chapter 17: Standard Template Library (STL)

Programming complex applications often requires the use of data structures and algorithms that go
beyond simple arrays or loops. Repeatedly implementing these fundamental building blocks is not
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only time-consuming but also carries the risk of errors. This is where the Standard Template Library
(STL) comes into play. The STL is a collection of class templates and algorithms in C++ that provides an
efficient and robust foundation for many programming tasks. It offers containers such as vectors, lists,
and maps, along with algorithms for sorting, searching, and manipulating these containers.

This chapter will introduce you to the basic concepts of the STL and show you how to use them in your
own projects. Understanding the STL is crucial for writing modern C++ code, as it not only improves
code quality but also reduces development time. We will focus on the most important containers
(vectors, lists, and maps), learn to understand iterators, and become familiar with algorithms for
processing these containers. Finally, we will cover lambda expressions, which provide a flexible way to
perform custom operations with STL components. This chapter builds upon previous chapters about
classes, templates, and exception handling and represents an important step towards becoming a
professional C++ programmer.

17.1 Fundamentals of the STL

The STL is more than just a collection of code snippets; it’s based on several fundamental principles.
At its core, the STL consists of three main components: Containers, Iterators, and Algorithms. It’s
important to distinguish these components from each other in order to fully understand how the STL
works.

« Containers: Containers are class templates that store a collection of objects of a specific type.
Examplesinclude std: :vector, std::list,and std: :map. Each container has its own
specific properties regarding memory management, access methods, and performance.

« Iterators: Iterators are objects used to navigate through the elements of a container. They
resemble pointers but provide a more abstract interface that is independent of the underlying
containertype. Iterators allow you to access and manipulate individual elements without needing
to know the internal structure of the container.

« Algorithms: Algorithms are function templates that perform operations on containers. Examples
include std: :sort, std: :find, and std: :copy. The algorithms work with iterators to
access and process the elements of the containers.

An important aspect of the STL is the use of Templates. Templates allow you to write generic code that
works with different data types without having to duplicate the code for each type. This significantly
increases the reusability and flexibility of your programs. The STL makes extensive use of templates to
create containers and algorithms that are compatible with any data type.

Think of the STL as a toolbox. The containers are the various receptacles (e.g., boxes, drawers) in which
you can store your objects. The iterators are the hands with which you can take objects out of the
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receptacles and put them back in. And the algorithms are the tools with which you process the objects

(e.g., sort, search, copy).

17.2 Important Concepts

17.2.1Vectors (std: :vector) Thestd::vector isadynamically growing array. It provides fast
access to elements via their index and allows adding and removing elements at the end of the array.
Vectors are usually the first choice when you need a collection of objects that you frequently need to

access.

#include <jostream>
#include <vector> // Required for using std::vector

int main() {

}

// Create a vector of type int
std::vector<int> numbers;

// Add elements to the vector
numbers.push_back(10);
numbers.push_back(20);
numbers.push_back(30);

// Access elements via index

std::cout << "First element: " << numbers[0] << std::endl; //
Outputs 10

std::cout << "Second element: " << numbers[1l] << std::endl; //
Outputs 20

// Get the size of the vector
std::cout << "Size of the vector: " << numbers.size() << std::endl;
// Outputs 3

// Iterate over the vector with a loop
for (size_t i = 0; i < numbers.size(); ++i) {
std::cout << numbers[i] << " ';

}

std::cout << std::endl;

return 0;

In this example, we first create an empty vector of type int. Using the push_back () method, we
add three elements to the vector. Accessing the elements is done via the index, starting at 0. The

size () method returns the number of elements in the vector. Finally, we iterate over the vector with

a loop and output each element.
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17.2.2 Understanding Iterators Iterators are a central concept of the STL. They allow you to navigate

through the elements of a container without needing to know the internal structure of the container.

There are different types of iterators:

+ Input-Iterator: Allows reading elements from a container.

+ Output-Iterator: Allows writing elements into a container.

« Forward-Iterator: Provides both input and output functionality and allows forward movement

through the container.

+ Bidirectional-Iterator: Extends the forward iterator with the ability to move backward through

the container.

« Random-Access-Iterator: Allows direct access to elements via their index (like pointers).

#include <iostream>
#include <vector>

int main() {

}

std::vector<int> numbers = {10, 20, 30};

// Create an iterator at the beginning of the vector
std::vector<int>::iterator it = numbers.begin();

// Create an iterator at the end of the vector
std: :vector<int>::iterator end = numbers.end();

// Iterate over the vector with an iterator
while (it != end) {
std::cout << *it << " "; // Dereference the iterator to access
the element
++it; // Increment the +diterator to move to the next element

}

std::cout << std::endl;

return 0O;

In this example, we create a vector of type int and initialize it with three elements. We then create

two iterators: i t, which is positioned at the beginning of the vector, and end, which is positioned at

the end of the vector. With a loop, we iterate over the vector by dereferencing the iterator (*it) to

access the current element and then incrementing it (++1 t) to move to the next element. The loop

ends when the iterator it reaches the iterator end.

17.2.3 Using Algorithms: std: :sort The STL provides a variety of algorithms for processing con-

tainers. One of the most commonly used algorithms is std: : sort, which sorts the elements of a

container in ascending order.
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#include <iostream>
#include <vector>
#include <algorithm> // Required for using std::sort

int main() {
std::vector<int> numbers = {30, 10, 20};

// Sort the vector with std::sort
std::sort(numbers.begin(), numbers.end());

// Output the sorted vector
for (size_t i = 0; i < numbers.size(); ++i) {
std::cout << numbers[i] << " ';

}

std::cout << std::endl;

return 0O;

}

In this example, we create a vector of type int and initialize it with three elements. Using the func-
tion std: :sort (), we sort the vector in ascending order. The function requires two iterators as
arguments: numbers.begin(), which is positioned at the beginning of the vector, and numbers.

end (), which is positioned at the end of the vector. After calling std: : sort (), the vector contains
the elements in sorted order.

Sidebar:

STL containers are generic, meaning they can be used with any data type.

Iterators allow you to navigate through the elements of a container without needing to know the
internal structure of the container.

Algorithms work with iterators to access and process the elements of the containers.

The use of templates significantly increases the reusability and flexibility of your programs.

17.3 Common Errors and Pitfalls

A common error when working with STL containers is attempting to access invalid indices. Since vectors
can grow and shrink dynamically, it’s possible for an index to be outside the valid range. This leads to a
runtime error.

Another common error is using iterators after deleting or inserting elements into a container. Deleting
or inserting elements can invalidate the iterators. In this case, you need to create new iterators.

Finally, it’s important to use the correct types of iterators for the task at hand. Using an incorrect
iterator type can lead to unexpected results or runtime errors.
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17.4 Summary

In this chapter, we have explored the Standard Template Library (STL). We learned how to create and
use vectors, understand iterators, and employ algorithms to process containers. The STL is a powerful
library that helps you write efficient and reusable code.

Knowledge of the STL is essential for any C++ programmer. It allows you to implement complex data
structures and algorithms simply and elegantly. In the next chapter, we will explore lambda expressions,
which provide a compact way to create anonymous functions and use them in combination with STL
algorithms.

Chapter 18: Modern C++

C++ has evolved significantly since its inception as an extension of the programming language C. While
the fundamentals of C remain relevant, modern C++ standards (particularly C++11, C++14, C++17, and
C++20/23) have revolutionized the language design and opened up new possibilities for efficient, safe,
and expressive programming. This chapter focuses on the most important innovations and concepts
of modern C++,

Mastering these features is crucial for any C++ developer who wants to create professional software.
They not only enable a cleaner and more maintainable codebase but also allow you to leverage powerful
libraries and algorithms developed in recent years. Within the context of this entire course, we build
upon your understanding of C and demonstrate how modern C++ concepts improve and extend those
fundamentals. We will specifically focus on aspects that simplify memory management, increase code
readability, and enable concurrent application development. The goal is to provide you with a solid
foundation for working with current C++ projects.

18.1 Fundamentals of Modern C++

Modern C++ is characterized by a number of innovations aimed at making the language safer, more
efficient, and easier to use. Key concepts include:

« Smart Pointers: Smart pointers are classes that manage dynamically allocated memory and
automatically release it when it’s no longer needed. They eliminate the risk of memory leaks
and dangling pointers, which can frequently occur in C.

« auto Keyword: Allows the compiler to determine the data type of a variable based on its
initialization value. This reduces redundancy and improves code readability.

« decltype Keyword: Enables you to determine the type of an expression at compile time.
Useful in templates and complex scenarios.
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« constexpr Keyword: Defines variables or functions whose values can be calculated at compile
time. This enables optimizations and improves performance.

« Concurrency & Parallelism: Modern C++ provides native support for multithreading and parallel
programming through libraries like <thread>, <mutex>,and <future>.

These concepts are based on the principle of RAIlI (Resource Acquisition Is Initialization), where
resources (like memory) are acquired when an object is created and released when the object is
destroyed. This ensures that resources are always managed correctly, regardless of how the program
executes.

18.2 Important Concepts

18.2.1 Smart Pointers: unique_ptr, shared_ptr,andweak_ptr Smart pointersare a corner-
stone of modern C++. They solve the problems of manual memory management in C by automatically
releasing dynamically allocated memory when it’s no longer needed. There are three main types of
smart pointers:

« unique_ptr: Holds exclusive ownership over the assigned memory. Only one unique_ptr
can point to a given memory region. When the unique_ptr is destroyed, the memory is
automatically released.

« shared_ptr: Allows multiple shared_ptr instances to share the same memory region. The
memory is only released when the last shared_ptr instance pointing to it is destroyed. Uses a
reference count to track the number of owners.

« weak_ptr: Provides a non-owning reference to an object managed by a shared_ptr. A
weak_ptr can be used to check if the object still exists before accessing it.

Let’s consider an example:

#include <jostream>
#include <memory> // Required for Smart Pointers

int main() {
// unique_ptr
std: :unique_ptr<int> ptrl(new int(10)); // Allocates memory and
assigns the value 10.
std::cout << "Value of ptrl: " << *ptrl << std::endl;

// shared_ptr

std::shared_ptr<int> ptr2 = std::make_shared<int>(20); // Recommended
method for creation

std::cout << "Value of ptr2: " << *ptr2 << std::endl;

{
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}

std::shared_ptr<int> ptr3 = ptr2; // ptr3 shares ownership with
ptr2.
std::cout << "Number of owners of ptr2: " << ptr2.use_count() <<
std::endl; // Output: 2
} // ptr3 is destroyed at the end of the block, reference count
decreases to 1

// weak_ptr

std: :weak_ptr<int> weakPtr = ptr2;

if (auto sharedPtr = weakPtr.lock()) { // Attempts to create a
shared_ptr if the object still exists.

std::cout << "Value of weakPtr: " << *sharedPtr << std::endl;
} else {

std::cout << "weakPtr points to an invalid object." << std::endl;
}
return 0;

In this example, we see how unique_ptr ensures exclusive ownership and how shared_ptr

enables shared ownership. The weak_ptr is used to check if the object still exists before accessing it.

Using std: :make_shared<int> (20) istherecommended way to create shared_ptrinstances,

as it’s more efficient than separately allocating the control block and the object.

18.2.2 auto Keyword: Type Inference The auto keyword allows the compiler to automatically

determine the data type of a variable based on its initialization value. This reduces redundancy and

improves code readability, especially with complex types.

#include <jostream>
#include <vector>

int main() {

auto x = 10; // Compiler 1infers the type 1int
std::cout << "Type of x: " << typeid(x).name() << std::endl;

auto y = 3.14f; // Compiler infers the type float
std::cout << "Type of y: " << typeid(y).name() << std::endl;

std::vector<int> vec;
for (auto it = vec.begin(); it != vec.end(); ++it) { // Compiler
infers the type std::vector<int>::iterator
//
}

return 0;

autois particularly useful in templates, where the data type isn’t known at compile time. However,
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it can lead to unexpected results if the initialization value implicitly converts the type. Therefore, be
careful when using auto.

18.2.3 constexpr Keyword: Compile-Time Calculations The constexpr keyword defines vari-
ables or functions whose values can be calculated at compile time. This enables optimizations and
improves performance because the calculation doesn’t need to be performed at runtime.

#include <iostream>

constexpr int square(int x) { // Function is evaluated at compile time,
if possible.
return x * x;

}

int main() {
constexpr int result = square(5); // Calculation happens at compile
time.
std::cout << "Result: " << result << std::endl;

int value = 10;
// int runtimeResult = square(value); // Error! 'value' 1is not a
compile-time constant.

return 0;

constexpr functions must meet certain restrictions to be evaluated at compile time. For example,
they can only perform simple operations and cannot have side effects.

Quick Tip: Important Notes on Smart Pointers

« Useunique_ptr when an object requires exclusive ownership.

+ Use shared_ptr when multiple objects need to share ownership.

+ Useweak_ptr to create non-owning references to objects managed by a shared_ptr.

+ Prefer std: :make_unique<T>(...) and std::make_shared<T>(...) for creating
smart pointers, as they are more efficient than separately allocating the object and control block.

18.3 Common Errors and Pitfalls

+ Memory Leaks with Manual Memory Management: Don’t forget to release dynamically al-
located memory with free () when it’s no longer needed. Smart pointers help avoid these
errors.
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« Dangling Pointers: Do not access memory that has already been freed. Smart pointers prevent
this by automatically releasing the memory.

« Incorrect Use of auto: Ensure that the initialization value has the expected type. Implicit
conversions can lead to unexpected results.

+ Using Non-constexpr Values in constexpr Functions: Make sure all arguments and oper-
ationsin a constexpr function can be evaluated at compile time.

18.4 Summary

In this chapter, we have explored modern C++ features such as smart pointers (unique_ptr,
shared_ptr), type inference with auto, and compile-time calculations with constexpr. These
features enable you to write more efficient, safer, and readable code. Smart pointers help prevent
memory leaks and dangling pointers, while auto reduces code redundancy and constexpr
improves performance.

Mastering these concepts is crucial for writing robust and maintainable C++ applications. In the next
chapter, we will explore concurrency and parallelism and learn how to effectively use multithreading
in C++.
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