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Modern C++ Handbooks

Introduction to the Modern C++ Handbooks Series

I am pleased to present this series of booklets, compiled from various sources, including
books, websites, and GenAl (Generative Artificial Intelligence) systems, to serve as a
quick reference for simplifying the C++ language for both beginners and professionals.
This series consists of 10 booklets, each approximately 150 pages, covering essential
topics of this powerful language, ranging from beginner to advanced levels. I hope that
this free series will provide significant value to the followers of https://simplifycpp.org
and align with its strategy of simplifying C++. Below is the index of these booklets,
which will be included at the beginning of each booklet.

Book 1: Getting Started with Modern C++

o Target Audience: Absolute beginners.
o Content:

— Introduction to C+-+:

x What is C++? Why use Modern C++7
« History of C++ and the evolution of standards (C++11 to C++23).

— Setting Up the Environment:

11
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« Installing a modern C++ compiler (GCC, Clang, MSVC).
% Setting up an IDE (Visual Studio, CLion, VS Code).

x Using CMake for project management.
Writing Your First Program:

* Hello World in Modern C++.

« Understanding main(), #include, and using namespace std.
Basic Syntax and Structure:

« Variables and data types (int, double, bool, auto).
* Input and output (std::cin, std::cout).

« Operators (arithmetic, logical, relational).
Control Flow:

x if, else, switch.

x Loops (for, while, do-while).
Functions:

% Defining and calling functions.
% Function parameters and return values.

* Inline functions and constexpr.
Practical Examples:

% Simple programs to reinforce concepts (e.g., calculator, number guessing

game).
Debugging and Version Control:

« Debugging basics (using GDB or IDE debuggers).

* Introduction to version control (Git).
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Book 2: Core Modern C++ Features (C+411 to C++23)

o Target Audience: Beginners and intermediate learners.

« Content:

— C++11 Features:

x auto keyword for type inference.

x Range-based for loops.

x nullptr for null pointers.

« Uniform initialization ({} syntax).

x constexpr for compile-time evaluation.
* Lambda expressions.

« Move semantics and rvalue references (std::move, std::forward).
— C++14 Features:

x Generalized lambda captures.
x Return type deduction for functions.

*x Relaxed constexpr restrictions.
— C++17 Features:

x Structured bindings.

x if and switch with initializers.
* inline variables.

x Fold expressions.

— C++20 Features:

x Concepts and constraints.



14

*

Ranges library.

Coroutines.

*

*

Three-way comparison (<=> operator).

% Core of Modules.
— C+-+23 Features:

% std::expected for error handling.
% std::mdspan for multidimensional arrays.

x std::print for formatted output.
— Practical Examples:

« Programs demonstrating each feature (e.g., using lambdas, ranges, and

coroutines).
— Features and Performance :

x Best practices for using Modern C++ features.

x Performance implications of Modern C++-.

Book 3: Object-Oriented Programming (OOP) in Modern C++

o Target Audience: Intermediate learners.

o Content:

— Classes and Objects:

* Defining classes and creating objects.

« Access specifiers (public, private, protected).

— Constructors and Destructors:



15

x Default, parameterized, and copy constructors.
x Move constructors and assignment operators.

« Destructors and RAII (Resource Acquisition Is Initialization).
— Inheritance and Polymorphism:

x Base and derived classes.
% Virtual functions and overriding.

* Abstract classes and interfaces.
— Advanced OOP Concepts:

x Multiple inheritance and virtual base classes.
x override and final keywords.

« CRTP (Curiously Recurring Template Pattern).
— Practical Examples:

« Designing a class hierarchy (e.g., shapes, vehicles).
— Design patterns:

* Design patterns in Modern C++ (e.g., Singleton, Factory, Observer).

Book 4: Modern C++ Standard Library (STL)

o Target Audience: Intermediate learners.
o Content:

— Containers:

* Sequence containers (std::vector, std::list, std::deque).

* Associative containers (std::map, std::set, std::unordered map).
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« Container adapters (std::stack, std::queue, std::priority queue).

Algorithms:

x Sorting, searching, and modifying algorithms.

« Parallel algorithms (C++17).

Utilities:

% Smart pointers (std::unique_ ptr, std::shared_ ptr, std::weak_ ptr).
x std::optional, std::variant, std::any.
x std::function and std::bind.

— Iterators and Ranges:

x Iterator categories.

* Ranges library (C++20).
— Practical Examples:

* Programs using STL containers and algorithms (e.g., sorting, searching).
— Allocators and Benchmarks :

* Custom allocators.

* Performance benchmarks.

Book 5: Advanced Modern C+4 Techniques

o Target Audience: Advanced learners and professionals.

o Content:

— Templates and Metaprogramming;:

* Function and class templates.
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x Variadic templates.
x Type traits and std::enable if.
« Concepts and constraints (C++20).
— Concurrency and Parallelism:
« Threading (std::thread, std::async).
* Synchronization (std::mutex, std::atomic).

« Coroutines (C++20).

Error Handling:

x Exceptions and noexcept.

x std::optional, std::expected (C++23).
— Advanced Libraries:

* Filesystem library (std::filesystem).
« Networking (C++20 and beyond).

— Practical Examples:

* Advanced programs (e.g., multithreaded applications, template

metaprogramming).
— Lock-free and Memory Management:

% Lock-free programming.

% Custom memory management.

Book 6: Modern C++4 Best Practices and Principles

o Target Audience: Professionals.

o Content:
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— Code Quality:
x Writing clean and maintainable code.

x Naming conventions and coding standards.

Performance Optimization:

x Profiling and benchmarking.

% Avoiding common pitfalls (e.g., unnecessary copies).
— Design Principles:

x SOLID principles in Modern C++.

x Dependency injection.

Testing and Debugging:

* Unit testing with frameworks (e.g., Google Test).
x Debugging techniques and tools.

— Security:
% Secure coding practices.

* Avoiding vulnerabilities (e.g., buffer overflows).

Practical Examples:
x Case studies of well-designed Modern C++ projects.
— Deployment (CI/CD):

« Continuous integration and deployment (CI/CD).

Book 7: Specialized Topics in Modern C++

o Target Audience: Professionals.



19

o Content:

Scientific Computing;:

« Numerical methods and libraries (e.g., Eigen, Armadillo).

« Parallel computing (OpenMP, MPI).
— Game Development:

*x Game engines and frameworks.

* Graphics programming (Vulkan, OpenGL).
— Embedded Systems:

x Real-time programming.

* Low-level hardware interaction.

Practical Examples:

% Specialized applications (e.g., simulations, games, embedded systems).

Optimizations:

* Domain-specific optimizations.

Book 8: The Future of C++ (Beyond C++23)

o Target Audience: Professionals and enthusiasts.
» Content:
— Upcoming features in C++26 and beyond.

— Reflection and metaclasses.

— Advanced concurrency models.
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— Experimental and Developments:

x Experimental features and proposals.

x Community trends and developments.

Book 9: Advanced Topics in Modern C++

o Target Audience: Experts and professionals.

o Content:

Template Metaprogramming:

*+ SFINAE and std::enable if.
x Variadic templates and parameter packs.

x Compile-time computations with constexpr.

Advanced Concurrency:

x Lock-free data structures.
* Thread pools and executors.

* Real-time concurrency.
— Memory Management:

* Custom allocators.
* Memory pools and arenas.

x Garbage collection techniques.
— Performance Tuning:

x Cache optimization.

« SIMD (Single Instruction, Multiple Data) programming.
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x Profiling and benchmarking tools.
— Advanced Libraries:

x Boost library overview.
* GPU programming (CUDA, SYCL).
« Machine learning libraries (e.g., TensorFlow C++ API).

— Practical Examples:

« High-performance computing (HPC) applications.

x Real-time systems and embedded applications.
— CH+ projects:

x Case studies of cutting-edge C++ projects.

Book 10: Modern C++ in the Real World

o Target Audience: Professionals.

o Content:

— Case Studies:

* Real-world applications of Modern C++ (e.g., game engines, financial

systems, scientific simulations).
— Industry Best Practices:

x How top companies use Modern C++.

x Lessons from large-scale C++ projects.
— Open Source Contributions:

* Contributing to open-source C++ projects.
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* Building your own C++ libraries.
— Career Development:

x Building a portfolio with Modern C++.

x Preparing for C++ interviews.
— Networking and conferences :

x Networking with the C+4 community.

* Attending conferences and workshops.



Chapter 1

C++11 Features

1.1 The auto Keyword for Type Inference

Introduction

The auto keyword is one of the most significant and widely used features introduced in
C++11. It simplifies code by enabling automatic type inference, allowing the compiler
to deduce the type of a variable from its initializer. This feature reduces redundancy,
improves readability, and makes code maintenance easier. In this section, we will explore
the auto keyword in detail, including its syntax, use cases, benefits, and potential

pitfalls.

1.1.1 Syntax and Basic Usage

The auto keyword is used to declare a variable whose type is automatically deduced by

the compiler based on the initializer. The syntax is as follows:

23
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auto variable _name = initializer;

For example:

auto x = 42; // x is deduced as int
auto y = 3.14; // vy is deduced as double
auto z = "Hello”; // z is deduced as const char*

The compiler analyzes the initializer expression and determines the appropriate type for
the variable. This eliminates the need for explicitly specifying the type, especially when

the type is complex or verbose.

1.1.2 Use Cases for auto

The auto keyword is particularly useful in the following scenarios:

1. Simplifying Complex Types:
When working with complex types such as iterators, lambda expressions, or

template types, auto can significantly reduce verbosity. For example:
std::vector<int> vec = {1, 2, 3, 4, 5};
auto it = vec.begin(); // it is deduced as std::vector<int>::iterator

2. Range-Based For Loops:

auto is commonly used in range-based for loops to iterate over containers:

for (auto& element : vec) {

std::cout << element << 7 7;
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3. Generic Programming;:
In template functions or generic code, auto can be used to handle unknown or

flexible types:

template <typename T, typename U>
auto add(T a, U b) -> decltype(a + b) {

return a + b;

4. Avoiding Redundancy:

When the type is obvious from the context, auto eliminates redundancy:

auto ptr = std::make_shared<int>(10); // ptr is deduced as std::shared ptr<int>

1.1.3 Benefits of Using auto

The auto keyword offers several advantages:

1. Improved Readability:

By reducing verbosity, auto makes code more concise and easier to read.

2. Reduced Errors:

Since the compiler deduces the type, there is less chance of mismatched types or

typos.

3. Flexibility:
auto adapts to changes in the initializer, making code more maintainable. For
example, if the return type of a function changes, auto variables using that

function will automatically adapt.
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4. Support for Modern C++ Features:
auto works seamlessly with modern C++ features like lambdas, range-based loops,

and smart pointers.

1.1.4 Potential Pitfalls and Best Practices

While auto is powerful, it should be used judiciously. Here are some potential pitfalls

and best practices:

1. Loss of Explicit Type Information:
Overusing auto can make code harder to understand, especially when the type is

not immediately obvious. For example:

auto result = compute(); // What type is result?

In such cases, consider adding comments or using meaningful variable names.

2. Reference and Const Qualifiers:
By default, auto strips away reference and const qualifiers. To preserve them, use

auto& or const auto&:

const int& cref = x;
auto copy = cref; // copy is deduced as int (const and reference are dropped)

const auto& ref = cref; // ref is deduced as const int&

3. Initialization Requirements:

auto requires an initializer to deduce the type. The following code will not compile:
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auto x; // Error: initializer required

4. Avoid auto for Fundamental Types:
For simple types like int or double, explicitly specifying the type can improve
clarity:

int count = 10; // More readable than auto count = 10;

1.1.5 Advanced Usage: auto with decltype

The auto keyword can be combined with decltype to deduce the type of an expression.

This is particularly useful in generic programming;:

template <typename T, typename U>
auto multiply(T a, U b) -> decltype(a * b) {

return a * b;

Here, the return type of the function is deduced based on the type of the expression a *
b.

1.1.6 auto in C++14 and Beyond
C++14 and later versions have extended the capabilities of auto:

1. Return Type Deduction:

In C++14, auto can be used for function return type deduction:
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auto add(int a, int b) {

return a + b;

2. Generic Lambdas:

C++14 introduced generic lambdas, which use auto for parameter types:

auto lambda = [](auto x, auto y) { return x + y; };

3. Structured Bindings (C++17):

auto is used in structured bindings to unpack tuples, pairs, or structs:

std::pair<int, double> p = {1, 2.5};

auto [x, y] = p; // x is int, y is double

1.1.7 Summary

The auto keyword is a powerful tool for type inference in modern C++. It simplifies
code, reduces redundancy, and improves maintainability. However, it should be used
thoughtfully to ensure code clarity and avoid potential pitfalls. By mastering auto, you

can write more expressive and efficient C++ code.
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1.2 Range-based for Loops

Introduction Range-based for loops, introduced in C++11, provide a concise and
intuitive way to iterate over elements in a container or any range that supports iteration.
This feature eliminates the need for manual iterator management, reduces boilerplate
code, and makes loops more readable and less error-prone. In this section, we will
explore the syntax, use cases, benefits, and nuances of range-based for loops in modern

C++.
2.1 Syntax and Basic Usage The syntax of a range-based for loop is as follows:

for (range_declaration : range_expression) {

// Loop body

» range_ declaration: A variable declaration that represents each element in the

range. This can be a value, reference, or structured binding (in C++17 and later).

o range_expression: An expression that represents a range, such as a container (e.g.,

std::vector, std::list) or an array.
For example:
std::vector<int> numbers = {1, 2, 3, 4, 5};
// Tterate by value (each element is copied)

for (int num : numbers) {

std::cout << num << 7 7;
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// Iterate by reference (modify elements in place)
for (int& num : numbers) {

num *= 2;

// Iterate by const reference (read-only access)
for (const int& num : numbers) {

std::cout << num << 7 7;

2.2 How Range-based for Loops Work Under the hood, the range-based for loop is
syntactic sugar for a traditional loop using iterators. The compiler translates the
range-based loop into code that uses begin() and end() to traverse the range. For

example, the following range-based loop:

for (int num : numbers) {

std::cout << num << 77

is equivalent to:

for (auto it = numbers.begin(); it != numbers.end(); ++it) {
int num = *it;

std::cout << num << 7 7;

This translation ensures compatibility with any type that provides begin() and end()
member functions or free functions, such as standard containers, arrays, and

user-defined types.
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2.3 Use Cases for Range-based for Loops Range-based for loops are versatile and can

be used in a variety of scenarios:

1. ITterating Over Standard Containers:
They are commonly used to iterate over standard library containers like

std::vector, std::list, std::map, and std::set:

std::map<std::string, int> scores = {{"Alice”, 90}, {"Bob”, 85}};
for (const auto& pair : scores) {

std::cout << pair.first << ”: 7 << pair.second << std::endl;

2. Tterating Over Arrays:

Range-based loops work seamlessly with C-style arrays:
int arr]] = {10, 20, 30, 40, 50};

for (int value : arr) {

std::cout << value << 7 7;

3. Iterating Over Initializer Lists:

They can iterate over std::initializer list objects:

for (int value : {1, 2, 3, 4, 5}) {
std::cout << value << 7 7;

4. Tterating Over User-Defined Types:
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User-defined types can support range-based loops by providing begin() and end()

member functions or free functions:

class MyContainer {
public:

int* begin() { return data; }

int* end() { return data + size; }
private:

int data[5] = {1, 2, 3, 4, 5};

int size = 5;

%

MyContainer container;
for (int value : container) {

std::cout << value << 77

2.4 Benefits of Range-based for Loops Range-based for loops offer several advantages:

1. Improved Readability:
They make loops more concise and easier to understand by eliminating the need

for explicit iterator management.

2. Reduced Boilerplate Code:
They reduce the amount of code required to iterate over a range, making programs

shorter and less error-prone.

3. Automatic Type Deduction:
When combined with the auto keyword, range-based loops can automatically

deduce the type of elements in the range:
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for (auto& value : numbers) {

std::cout << value << 77

4. Support for Modern C++ Features:
They work seamlessly with modern C++ features like std::array,

std::initializer list, and user-defined ranges.

2.5 Nuances and Best Practices While range-based for loops are powerful, there are

some nuances and best practices to keep in mind:

1. Avoid Modifying the Range During Iteration:
Modifying the range (e.g., adding or removing elements) while iterating can lead

to undefined behavior. For example:

std::vector<int> numbers = {1, 2, 3, 4, 5};
for (int num : numbers) {
if (num == 3) {
numbers.push_ back(6); // Undefined behavior

2. Use References to Avoid Copies:
When iterating over large or non-trivial objects, use references to avoid

unnecessary copying:

for (const auto&s element : large_ container) {

// Read-only access
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3. Be Mindful of Temporary Ranges:
If the range expression is a temporary object, ensure it remains valid for the

duration of the loop. For example:

for (int value : getTemporaryVector()) {

// Safe if getTemporaryVector() returns a temporary that lives for the loop

4. Combine with Structured Bindings (C++17):
In C++17 and later, range-based loops can be combined with structured bindings

to unpack elements of complex types:

std::map<std::string, int> scores = {{”Alice”, 90}, {"Bob”, 85}};
for (const autod&s [name, score] : scores) {

std::cout << name << 7: 7 << score << std::endl;

2.6 Range-based for Loops in C++20 and Beyond C++4-20 introduced enhancements to
range-based for loops, particularly with the addition of ranges and views in the
<ranges> library. These features enable more expressive and composable iteration

patterns. For example:

#include <ranges>
#include <vector>

#include <iostream>

int main() {

std::vector<int> numbers = {1, 2, 3, 4, 5};
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// Use a view to filter even numbers
for (int num : numbers | std::views::filter([](int n) { return n % 2 == 0; })) {

std::cout << num << 7 7;

This example uses a range view to filter even numbers from the vector, demonstrating

the power of modern C++ ranges.

1.2.1 2.7 Summary

Range-based for loops are a cornerstone of modern C++ programming. They simplify
iteration over containers and ranges, improve code readability, and reduce the likelihood
of errors. By understanding their syntax, use cases, and best practices, you can write

more expressive and efficient C++ code.
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1.3 nullptr for Null Pointers

Introduction

Prior to C++11, the literal 0 or the macro NULL were commonly used to represent null
pointers. However, these approaches had limitations and could lead to ambiguity or
errors in certain contexts. To address these issues, C++11 introduced the nullptr
keyword, which provides a type-safe and unambiguous way to represent null pointers. In
this section, we will explore the motivation behind nullptr, its syntax, benefits, and use

cases in modern C+-+.

1.3.1 The Problem with 0 and NULL

Before C++11, null pointers were typically represented using the integer literal 0 or the
NULL macro, which is often defined as 0 or ((void*)0) in C++. While these approaches

worked in many cases, they had significant drawbacks:

1. Ambiguity in Overloaded Functions:
The integer literal 0 can be implicitly converted to both a pointer type and an

integer type, leading to ambiguity in function overloading. For example:

void foo(int);

void foo(char*);

foo(0); // Calls foo(int), not foo(char*)

2. Type Safety Issues:
Using 0 or NULL for null pointers does not provide type safety. For example, the

following code compiles but is logically incorrect:
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int* ptr = NULL;

int x = NULL; // Compiles, but logically incorrect

3. Inconsistency with C++ Type System:
The use of 0 or NULL for null pointers is inconsistent with C++'s strong type

system, as it relies on implicit conversions.

1.3.2 Introducing nullptr

To address these issues, C++11 introduced the nullptr keyword, which is a prvalue of
type std::nullptr_t. The nullptr keyword provides a type-safe and unambiguous way to

represent null pointers.

Syntax
T* ptr = nullptr; // ptr is a null pointer of type T*
For example:

int* ptr = nullptr; // ptr is a null pointer to int

1.3.3 Benefits of nullptr

The nullptr keyword offers several advantages over 0 and NULL:

1. Type Safety:
nullptr is of type std::nullptr_t, which is implicitly convertible to any pointer type

but not to integer types. This eliminates the risk of accidental conversions:
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int* ptr = nullptr; // Valid

int x = nullptr; // Error: cannot convert nullptr to int

2. Avoids Ambiguity in Overloaded Functions:
nullptr resolves ambiguity in function overloading by explicitly representing a null

pointer:

void foo(int);

void foo(char*);

foo(nullptr); // Calls foo(char*)

3. Consistency with Modern C++-:
nullptr aligns with C+-+'s emphasis on type safety and expressiveness, making

code more readable and maintainable.

4. Compatibility with Templates:
nullptr works seamlessly with templates, as it has a distinct type (std::nullptr_t)

that can be used in template specialization and overloading;:

template <typename T>
void bar(T* ptr);

template <>

void bar<std::nullptr t>(std::nullptr_t ptr) {
std::cout << ”Specialization for nullptr” << std::endl;

bar(nullptr); // Calls the specialization for nullptr
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1.3.4 Use Cases for nullptr

The nullptr keyword is widely used in modern C++ for the following purposes:

1. Initializing Pointers:

Use nullptr to initialize pointers to a null state:

int* ptr = nullptr; // ptr is a null pointer

2. Checking for Null Pointers:

Use nullptr to check if a pointer is null:

if (ptr == nullptr) {
std::cout << "Pointer is null” << std::endl;

3. Function Overloading:
Use nullptr to disambiguate overloaded functions that take pointer and integer

arguments:

void func(int);

void func(char*);

func(nullptr); // Calls func(char*)

4. Returning Null Pointers:

Use nullptr to return a null pointer from a function:
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int* createArray(size t size) {
if (size == 0) {
return nullptr;

}

return new int[sizel;

5. Template Specialization:

Use nullptr in template specialization to handle null pointer cases:

template <typename T>
void process(T* ptr) {
if (ptr == nullptr) {
std::cout << ”"Null pointer detected” << std::endl;

} else {
std::cout << "Processing pointer” << std::endl;

1.3.5 std::nullptr_t Type

The nullptr keyword has a distinct type, std::nullptr_t, which is defined in the
<cstddef> header. This type is implicitly convertible to any pointer type but not to

other types. It can be used in function parameters, template specializations, and other
contexts where a null pointer type is needed.

For example:
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#include <cstddef>

void handleNull(std::nullptr_t ptr) {
std::cout << "Handling nullptr” << std::endl;

int main() {
handleNull(nullptr); // Calls handleNull with std:mullptr_t

1.3.6 Best Practices
To make the most of nullptr, follow these best practices:

1. Always Use nullptr for Null Pointers:

Replace 0 and NULL with nullptr in all contexts where a null pointer is needed.

2. Combine with auto for Clarity:

Use auto with nullptr to make code more readable:
auto ptr = nullptr; // ptr is of type std::nullptr_t
3. Use in Function Signatures:
Use std::nullptr_t in function signatures to explicitly handle null pointer cases:
void foo(std::nullptr_t);
4. Avoid Mixing nullptr with Legacy Code:

When working with legacy code that uses 0 or NULL, consider refactoring to use

nullptr for consistency and safety.
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1.3.7 Summary

The nullptr keyword is a significant improvement in C++11, providing a type-safe and
unambiguous way to represent null pointers. It eliminates the pitfalls of using 0 or
NULL, improves code readability, and aligns with modern C++ principles. By adopting

nullptr, you can write safer, more expressive, and maintainable code.
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1.4 Uniform Initialization ({} Syntax)

Introduction

C++11 introduced uniform initialization, also known as brace initialization or list
initialization, which provides a consistent and intuitive syntax for initializing objects.
The {} syntax can be used to initialize variables, arrays, structs, classes, and standard
library containers. This feature addresses several issues with traditional initialization
methods, such as the "most vexing parse” and narrowing conversions. In this section, we
will explore the syntax, benefits, use cases, and nuances of uniform initialization in

modern C++.

1.4.1 Syntax of Uniform Initialization

Uniform initialization uses curly braces {} to initialize objects. The syntax is as follows:
T object{argl, arg2, ...};
For example:

int x{42}; // x is initialized to 42

std::vector<int> vec{l, 2, 3}; // vec is initialized with elements 1, 2, 3

The {} syntax can be used in place of traditional parentheses () or assignment = for
initialization.

1.4.2 Benefits of Uniform Initialization

Uniform initialization offers several advantages over traditional initialization methods:

1. Consistency:
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The {} syntax provides a uniform way to initialize objects, regardless of their type.

This eliminates the need to remember different initialization rules for different

types.

. Prevents Narrowing Conversions:
Uniform initialization prevents implicit narrowing conversions, which can lead to

data loss or unexpected behavior. For example:

int x{3.14}; // Error: narrowing conversion from double to int

. Avoids the "Most Vexing Parse”:
The "most vexing parse” is a syntactic ambiguity in C++ where a declaration can

be interpreted as a function declaration. Uniform initialization avoids this issue:

std::vector<int> vec(10); // Creates a vector with 10 elements (value-initialized)

std::vector<int> vec{10}; // Creates a vector with one element: 10

. Supports Initializer Lists:
The {} syntax works seamlessly with std::initializer_ list, enabling easy

initialization of containers and user-defined types.

. Default Initialization:
Uniform initialization can be used to value-initialize objects, ensuring they are

initialized to a known state:

int x{}; // x is initialized to 0
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1.4.3 Use Cases for Uniform Initialization

Uniform initialization can be used in a wide variety of contexts:
1. Initializing Fundamental Types:
int x{42};
double y{3.14};
2. Initializing Arrays:

int arr[]{1, 2, 3, 4, 5};

3. Initializing Structs and Classes:

struct Point {

int x, y;

};
Point p{10, 20}; // p.x = 10, p.y = 20

4. Initializing Standard Library Containers:
std::vector<int> vec{l, 2, 3, 4, 5};

std::map<std::string, int> scores{{”Alice”, 90}, {"Bob”, 85}};

5. Initializing Dynamically Allocated Objects:
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int* ptr = new int{42};
std::unique_ ptr<int> uptr{new int{42}};

6. Initializing Function Arguments:

void foo(std::vector<int> vec);

foo({1, 2, 3}); // Passes a vector initialized with {1, 2, 3}

1.4.4 Nuances and Best Practices

While uniform initialization is powerful, there are some nuances and best practices to

keep in mind:

1. Prefer {} for Initialization:
Use {} for initialization whenever possible to ensure consistency and avoid

narrowing conversions.

2. Be Aware of std::initializer list Overloads:
If a class has a constructor that takes a std::initializer list, the {} syntax will

prefer that constructor over others. This can lead to unexpected behavior:

std::vector<int> vec{10, 20}; // Creates a vector with elements 10 and 20

std::vector<int> vec(10, 20); // Creates a vector with 10 elements, each initialized to 20

3. Avoid Ambiguity with Empty Braces:
Empty braces {} always perform value initialization, not default initialization. For

example:
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int x{}; // x is initialized to 0

4. Use () for Function-Style Initialization:
In some cases, such as when calling constructors explicitly, parentheses () may be

more appropriate:

std::vector<int> vec(10); // Creates a vector with 10 elements

5. Combine with auto for Type Deduction:

Uniform initialization works well with auto for type deduction:

auto x{42}; // x is deduced as int

1.4.5 Uniform Initialization in C++14 and C++17

C++14 and C++17 introduced additional features and refinements related to uniform

initialization:

1. auto with Braced Initialization:

In C++14, auto with braced initialization deduces the type as std::initializer list:

auto x{1, 2, 3}; // x is deduced as std::initializer list<int>

In C++417, this behavior was changed to deduce the type as the single element:
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auto x{42}; // x is deduced as int

2. Structured Bindings (C++17):

Uniform initialization can be used with structured bindings to unpack values:

auto [x, y] = Point{10, 20}; // x =10,y = 20

1.4.6 Summary

Uniform initialization is a powerful and versatile feature introduced in C++11. It
provides a consistent and intuitive syntax for initializing objects, prevents narrowing
conversions, and avoids common pitfalls like the "most vexing parse.” By adopting the {}

syntax, you can write safer, more expressive, and maintainable code.
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1.5 constexpr for Compile-Time Evaluation

Introduction

The constexpr keyword, introduced in C++11, is a powerful feature that enables
compile-time evaluation of expressions, functions, and objects. By marking variables,
functions, and objects as constexpr, you instruct the compiler to evaluate them at
compile time, leading to potential performance improvements, reduced runtime
overhead, and enhanced code safety. In this section, we will explore the syntax, use

cases, benefits, and evolution of constexpr in modern C++.

1.5.1 Syntax and Basic Usage

The constexpr keyword can be applied to variables, functions, and constructors. Its

syntax is as follows:
1. constexpr Variables:

constexpr T variable = value;

For example:

constexpr int x = 42; // x is a compile-time constant

2. constexpr Functions:

constexpr T function_ name(parameters) {

// Function body
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For example:

constexpr int square(int x) {

*

return x * x;

3. constexpr Constructors:

class MyClass {
public:

constexpr MyClass(parameters) : member (initializer) {}
private:

T member;

it

For example:

class Point {
public:
constexpr Point(int x, int y) : x(x), y(y) {}
constexpr int getX() const { return x; }
constexpr int getY() const { return y; }
private:
int x, y;

s

1.5.2 Benefits of constexpr

The constexpr keyword offers several advantages:
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1. Compile-Time Evaluation:
constexpr enables computations to be performed at compile time, reducing

runtime overhead and improving performance.

2. Type Safety:
Since constexpr expressions are evaluated at compile time, any errors (e.g., type
mismatches or invalid operations) are caught during compilation, enhancing code

safety.

3. Improved Readability:
By explicitly marking compile-time constants and functions, constexpr makes the

intent of the code clearer.

4. Support for Complex Computations:
constexpr functions can perform complex computations, enabling advanced

compile-time logic.

5. Compatibility with Modern C++ Features:
constexpr works seamlessly with other modern C++ features like std::array,

std::tuple, and user-defined literals.
1.5.3 Use Cases for constexpr
The constexpr keyword is widely used in the following scenarios:

1. Compile-Time Constants:

Use constexpr to define constants that are evaluated at compile time:

constexpr double pi = 3.14159;
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2. Compile-Time Functions:

Use constexpr to define functions that can be evaluated at compile time:

constexpr int factorial(int n) {

return (n <= 1) 7 1 : n * factorial(n - 1);

constexpr int fact_ 5 = factorial(5); // Evaluated at compile time

3. Compile-Time Objects:
Use constexpr constructors to create objects that can be initialized at compile

time:

constexpr Point p{10, 20}; // p is a compile-time object

4. Template Metaprogramming;:
constexpr can be used in template metaprogramming to perform compile-time

computations:

template <int N>
struct Factorial {
static constexpr int value = N * Factorial<N - 1>::value;

Iis

template <>
struct Factorial<0> {
static constexpr int value = 1;

b

constexpr int fact_5 = Factorial<5>::value; // Evaluated at compile time
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5. Standard Library Containers:
constexpr can be used with standard library containers like std::array to enable

compile-time initialization:

constexpr std::array<int, 3> arr{l, 2, 3};

1.5.4 Nuances and Best Practices

While constexpr is powerful, there are some nuances and best practices to keep in mind:

1. Limit Complexity:
constexpr functions should be kept simple to ensure they can be evaluated at

compile time. Complex logic or runtime-dependent operations are not allowed.

2. Avoid Side Effects:

constexpr functions must be free of side effects, as they are evaluated at compile

time.

3. Use constexpr for Constants:

Prefer constexpr over const for constants that can be evaluated at compile time:

constexpr int x = 42; // Better than const int x = 42;

4. Combine with static assert:

Use static_ assert to enforce compile-time checks with constexpr:

static_ assert(factorial(5) == 120, "Factorial computation error”);
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5. Be Mindful of Compiler Support:
While constexpr is widely supported, some advanced features (e.g., constexpr in

C++20) may require modern compilers.

1.5.5 Evolution of constexpr in C+-+14 and C++20

C++14 and C+420 introduced significant enhancements to constexpr, expanding its

capabilities:
1. C++14: Relaxed constexpr Restrictions:

e constexpr functions can now contain multiple statements, loops, and

conditionals.

e Local variables are allowed in constexpr functions.

Example:

constexpr int factorial(int n) {
int result = 1;
for (int i = 151 <= n; ++i) {
result *= i;

}

return result;

2. C++20: constexpr in More Contexts:

o constexpr can now be used with virtual functions, try-catch blocks, and

dynamic memory allocation (using std::allocator).

« Standard library containers like std::vector and std::string can be constexpr.

Example:
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constexpr std::vector<int> vec{l, 2, 3}; // Supported in C++20

1.5.6 Summary

The constexpr keyword is a cornerstone of modern C++ programming, enabling
compile-time evaluation of expressions, functions, and objects. It improves performance,
enhances code safety, and supports advanced compile-time logic. By mastering

constexpr, you can write more efficient, expressive, and maintainable code.
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1.6 Lambda Expressions

Introduction

Lambda expressions, introduced in C++11, are a powerful feature that enables the
creation of anonymous functions directly within code. They provide a concise and
expressive way to define function objects, making it easier to pass behavior as an
argument to algorithms, manage callbacks, and write more readable and maintainable
code. In this section, we will explore the syntax, use cases, benefits, and nuances of

lambda expressions in modern C++.

1.6.1 Syntax of Lambda Expressions

A lambda expression has the following general syntax:

[capture_ clause](parameters) -> return_ type {

// Function body

« Capture Clause ([]): Specifies which variables from the surrounding scope are
accessible within the lambda. It can capture variables by value, by reference, or

use a default capture mode.

o Parameters (()): The list of parameters the lambda function takes, similar to a

regular function.

e Return Type (-> return_ type): Optional. Specifies the return type of the lambda.

If omitted, the compiler deduces it automatically.

« Function Body ({}): The code that defines the behavior of the lambda.
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For example:

auto lambda = [](int x, int y) -> int {
return x + y;

5

1.6.2 Capture Clause
The capture clause determines how variables from the surrounding scope are accessed

within the lambda. It supports the following capture modes:

1. Capture by Value (|=]):
Captures all variables by value. The lambda creates a copy of each variable.

int a = 10;
auto lambda = [=]() { return a + 5; };

2. Capture by Reference ([&]):
Captures all variables by reference. The lambda accesses the original variables.

int a = 10;
auto lambda = [&]() { a += 5; };

3. Capture Specific Variables:

Captures specific variables by value or reference.

int a = 10, b = 20;
auto lambda = [a, &b]() { b += a; };
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4. Mixed Capture:

Combines capture by value and capture by reference.

int a = 10, b = 20;
auto lambda = [=, &b]() { b += a; };

5. Capture this:
Captures the this pointer to access member variables and functions of the

enclosing class.

class MyClass {
int value = 42;
public:
void print() {
auto lambda = [this]() { std::cout << value; };
lambda();

1.6.3 Use Cases for Lambda Expressions

Lambda expressions are versatile and can be used in a variety of scenarios:

1. Passing Behavior to Algorithms:
Lambdas are commonly used with standard library algorithms like std::sort,

std::for _each, and std::transform:

std::vector<int> vec = {3, 1, 4, 1, 5};
std::sort(vec.begin(), vec.end(), [|(int a, int b) { return a > b; });
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2. Event Handling and Callbacks:

Lambdas are ideal for defining inline callbacks or event handlers:

button.onClick([]() { std::cout << "Button clicked!”; });

3. Custom Comparators and Predicates:
Lambdas can be used to define custom comparators or predicates for containers

and algorithms:

std::map<int, std::string, decltype([](int a, int b) { return a > b; })> myMap;

4. Simplifying Code:
Lambdas can replace named functions or functors, making code more concise and

readable:

auto square = [|(int x) { return x * x; };

std::cout << square(5); // Output: 25

5. Capturing Local State:
Lambdas can capture and modify local state, enabling powerful and flexible

behavior:

int sum = 0;

std::for__each(vec.begin(), vec.end(), [&sum](int x) { sum += x; });
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1.6.4 Benefits of Lambda Expressions

Lambda expressions offer several advantages:

1. Conciseness:
Lambdas eliminate the need for defining separate named functions or functors,

reducing boilerplate code.

2. Readability:
By defining behavior inline, lambdas make it easier to understand the intent of the

code.

3. Flexibility:
Lambdas can capture local variables, access member variables, and be passed as

arguments to functions.

4. Performance:

Lambdas are often optimized by the compiler, resulting in efficient code.

5. Support for Functional Programming:
Lambdas enable functional programming paradigms, such as higher-order

functions and closures.

1.6.5 Nuances and Best Practices

While lambda expressions are powerful, there are some nuances and best practices to

keep in mind:

1. Avoid Overusing Lambdas:
Overusing lambdas can make code harder to read and debug. Use them

judiciously.
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2. Be Mindful of Captures:
Capturing variables by reference can lead to dangling references if the lambda

outlives the captured variables. Capture by value when appropriate.

3. Use mutable for Stateful Lambdas:
If a lambda captures variables by value and needs to modify them, use the

mutable keyword:
int x = 0;

auto lambda = [x]() mutable { x++; };

4. Prefer auto for Lambda Variables:

Use auto to store lambdas, as their type is compiler-generated and complex:

auto lambda = [](int x) { return x * x; };

5. Combine with std::function for Flexibility:

Use std::function to store lambdas with different signatures:

std::function<int(int)> func = [](int x) { return x * x; };

1.6.6 Evolution of Lambda Expressions in C++14 and C++20

C++14 and C++20 introduced enhancements to lambda expressions, expanding their

capabilities:

1. C++14: Generalized Lambda Captures:
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Lambdas can now capture variables with initializers, enabling move semantics and

more flexible captures:

auto ptr = std::make_ unique<int>(42);
auto lambda = [ptr = std::move(ptr)]() { return *ptr; };

. C++14: Generic Lambdas:

Lambdas can now use auto in their parameter list, making them generic:

auto lambda = [|(auto x, auto y) { return x + y; };

. C++420: Template Lambdas:

Lambdas can now be templated, enabling even more flexibility:

auto lambda = [J<typename T>(T x, T y) { return x + y; };

. C++420: Capturing \ *this:
Lambdas can now capture *this by value, ensuring the lambda has its own copy of
the object:

class MyClass {

int value = 42;
public:

auto getLambda() {

return [*this]() { return value; };

Iis
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1.6.7 Summary

Lambda expressions are a cornerstone of modern C++ programming, enabling concise,
expressive, and flexible code. They simplify the definition of inline functions, support
functional programming paradigms, and work seamlessly with standard library
algorithms. By mastering lambda expressions, you can write more efficient, readable,

and maintainable code.
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1.7 Move Semantics and Rvalue References (std::move,

std::forward)

Introduction

Move semantics and rvalue references are among the most significant features introduced
in C++11. They enable efficient transfer of resources (such as dynamically allocated
memory) from one object to another, eliminating unnecessary copying and improving
performance. This section explores the concepts of move semantics, rvalue references,
and the utilities std::move and std::forward, which are central to implementing and

using these features effectively.

1.7.1 Understanding Lvalues and Rvalues

To understand move semantics, it is essential to distinguish between lvalues and rvalues:
1. Lvalue:

e An lvalue is an expression that refers to a memory location and persists

beyond a single expression.

o Examples: Variables, references, and dereferenced pointers.

int x = 10; // x is an lvalue
int& ref = x; // ref is an lvalue reference
2. Rvalue:

e An rvalue is a temporary value that does not persist beyond the expression in

which it is used.
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o Examples: Literals, temporary objects, and the result of certain operations.

int y = 42; // 42 is an rvalue
int z=x+1y; // (x+y)isan rvalue

Rvalue references (&&) were introduced in C++11 to enable move semantics. They
allow binding to temporary objects, making it possible to "move” resources instead of

copying them.

1.7.2 Move Semantics

Move semantics is a technique that allows the transfer of resources (e.g., memory, file
handles) from one object to another, avoiding expensive deep copies. This is particularly
useful for objects that manage dynamically allocated memory, such as std::vector or

std::string.

Move Constructor and Move Assignment Operator

To implement move semantics, a class must define a move constructor and a move
assignment operator. These functions take an rvalue reference as a parameter and
transfer resources from the source object to the destination object.

Example:

class MyString {
public:
// Move constructor
MyString(MyString& & other) noexcept
: data(other.data), size(other.size) {
other.data = nullptr; // Reset the source object

other.size = 0;
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// Move assignment operator
MyString& operator=(MyString& & other) noexcept {
if (this != &other) {
delete]] data; // Release current resources
data = other.data;
size = other.size;
other.data = nullptr; // Reset the source object

other.size = 0;

}

return *this;

private:
char* data;
size t size;

b

In this example, the move constructor and move assignment operator transfer ownership
of the dynamically allocated data from the source object (other) to the destination

object (*this). The source object is left in a valid but unspecified state.

1.7.3 Rvalue References

Rvalue references (&&) are used to bind to temporary objects (rvalues). They enable
functions to distinguish between lvalues and rvalues, allowing efficient resource transfer.

Example:

void process(int&& x) {
std::cout << "Processing rvalue: 7 << x << std::endl;
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int main() {
int x = 10;
process(42); // 42 is an rvalue

// process(x); // Error: x is an lvalue

1.7.4 std::move

The std::move utility is used to cast an lvalue to an rvalue reference, enabling move
semantics. It does not move anything itself but signals that the object can be "moved

from.”

Example:

MyString strl = "Hello”;
MyString str2 = std::move(strl); // Move strl to str2

After the move, strl is in a valid but unspecified state, and its resources are now owned

by str2.

1.7.5 Perfect Forwarding and std::forward

Perfect forwarding is a technique used to preserve the value category (lvalue or rvalue)
of function arguments when passing them to another function. The std::forward utility

is used in conjunction with templates to achieve this.

Use Case: Forwarding Arguments

Consider a factory function that creates an object and forwards its arguments to the

constructor:
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template <typename T, typename... Args>
T create(Args&&e... args) {
return T(std::forward<Args>(args)...);

Here, std::forward ensures that the value category of args is preserved when passed to

T's constructor.

1.7.6 Benefits of Move Semantics

Move semantics offers several advantages:

1. Performance Improvement:
Move operations are typically faster than copy operations, especially for objects

managing large resources.

2. Reduced Memory Usage:
By transferring resources instead of copying them, move semantics reduces

memory overhead.

3. Support for Non-Copyable Objects:
Move semantics enables efficient handling of objects that cannot be copied, such as

std::unique_ ptr.

4. Seamless Integration with Standard Library:
The C++ standard library leverages move semantics extensively, making

operations like resizing containers more efficient.
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1.7.7

Nuances and Best Practices

While move semantics is powerful, there are some nuances and best practices to keep in

mind:

1.7.8

Mark Move Operations as noexcept:
Move constructors and move assignment operators should be marked noexcept to

enable optimizations in standard library containers.

Ensure Valid State After Move:
After a move operation, the source object should be left in a valid but unspecified

state. For example, set pointers to nullptr and sizes to zero.

Avoid Overusing std::move:
Use std::move only when you intend to transfer ownership. Overusing it can lead

to subtle bugs.

Combine with std::forward for Perfect Forwarding:
Use std::forward in templated functions to preserve the value category of

arguments.

Understand the Rule of Five:
If a class defines a move constructor or move assignment operator, it should also

define the copy constructor, copy assignment operator, and destructor (the "Rule
of Five”).

Evolution of Move Semantics in C+-+14 and C+420

C++14 and C++20 introduced refinements and enhancements to move semantics:

1.

C++14: Return Value Optimization (RVO):
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The compiler is allowed to elide copy/move operations in certain cases, improving

performance.

2. C++20: std::move_only function:
Introduced a new type std::move only function for storing move-only callable

objects.

3. C++20: std::span and Move Semantics:
std::span leverages move semantics to provide lightweight, non-owning views over

contiguous sequences.

1.7.9 Summary

Move semantics and rvalue references are foundational features of modern C++. They
enable efficient resource management, improve performance, and support advanced
programming techniques like perfect forwarding. By mastering std::move and

std::forward, you can write more efficient, expressive, and maintainable code.
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C++14 Features

2.1 Generalized Lambda Captures

Introduction

C++14 introduced generalized lambda captures, a feature that enhances the flexibility
and power of lambda expressions. This feature allows lambda expressions to capture
variables with initializers, enabling move semantics, custom capture behavior, and more
expressive code. In this section, we will explore the syntax, use cases, benefits, and

nuances of generalized lambda captures in modern C++-.

2.1.1 Syntax of Generalized Lambda Captures

Generalized lambda captures extend the capture clause of lambda expressions to include

initializers. The syntax is as follows:

71
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[capture var = initializer](parameters) -> return_type {
// Lambda body

e capture var: The name of the variable to be captured.

o initializer: An expression that initializes the captured variable.

For example:

int x = 10;
auto lambda = [y = x + 5]() { return y; };

Here, y is a new variable captured by the lambda, initialized to the value of x + 5.

2.1.2 Use Cases for Generalized Lambda Captures

Generalized lambda captures are particularly useful in the following scenarios:

1. Move Semantics:
Generalized captures allow moving objects into a lambda, which is useful for

capturing move-only types like std::unique ptr:

auto ptr = std::make unique<int>(42);
auto lambda = [ptr = std::move(ptr)]() { return *ptr; };

2. Custom Initialization:
Captured variables can be initialized with arbitrary expressions, enabling custom

behavior:
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int x = 10;

auto lambda = [y = x * 2]() { return y; };

3. Capturing by Value with Modifications:

Generalized captures allow modifying the captured variable within the lambda:

int x = 10;
auto lambda = [y = x]() mutable { y++; return y; };

4. Avoiding Dangling References:
By capturing variables by value, generalized captures can avoid issues with

dangling references:

std::string str = "Hello”;

auto lambda = [s = std::move(str)]() { return s; };

5. Capturing Complex Types:
Generalized captures simplify the capture of complex types, such as containers or

user-defined types:

std::vector<int> vec = {1, 2, 3};

auto lambda = [v = std::move(vec)]() { return v.size(); };

2.1.3 Benefits of Generalized Lambda Captures

Generalized lambda captures offer several advantages:
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1. Improved Flexibility:
They allow capturing variables with custom initializers, enabling more expressive

and flexible code.

2. Support for Move Semantics:
They enable efficient resource management by allowing move-only types to be

captured.

3. Enhanced Readability:
By initializing captured variables inline, generalized captures make the intent of

the code clearer.

4. Avoidance of Dangling References:
Capturing by value ensures that the lambda does not rely on the lifetime of

external variables.

5. Seamless Integration with Modern C++ Features:
Generalized captures work well with other modern C++ features like std::move,

std::unique_ ptr, and std::vector.

2.1.4 Nuances and Best Practices

While generalized lambda captures are powerful, there are some nuances and best

practices to keep in mind:

1. Use std::move for Move-Only Types:
When capturing move-only types (e.g., std::unique_ ptr), use std::move to transfer

ownership:
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auto ptr = std::make unique<int>(42);
auto lambda = [ptr = std::move(ptr)]() { return *ptr; };

2. Avoid Unnecessary Copies:

Use move semantics or references to avoid unnecessary copying of large objects:

std::vector<int> vec = {1, 2, 3};

auto lambda = [v = std::move(vec)]() { return v.size(); };

3. Be Mindful of Variable Lifetimes:
Ensure that the lifetime of captured variables is appropriate for the lambda's

usage.

4. Combine with mutable for Stateful Lambdas:

If the lambda modifies captured variables, mark it as mutable:
int x = 10;

auto lambda = [y = x|() mutable { y++; return y; };

5. Use Descriptive Variable Names:

Choose meaningful names for captured variables to improve code readability.

2.1.5 Examples of Generalized Lambda Captures

1. Capturing a Moved Object:
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std::string str = "Hello”;

auto lambda = [s = std::move(str)]() { return s; };

2. Capturing with Custom Initialization:
int x = 10;
auto lambda = [y = x * 2]() { return y; };
3. Capturing a Move-Only Type:
auto ptr = std::make unique<int>(42);
auto lambda = [ptr = std::move(ptr)]() { return *ptr; };
4. Modifying a Captured Variable:
int x = 10;
auto lambda = [y = x]() mutable { y++; return y; };
5. Capturing a Complex Type:

std::vector<int> vec = {1, 2, 3};

auto lambda = [v = std::move(vec)]() { return v.size(); };

2.1.6 Summary

Generalized lambda captures are a powerful feature introduced in C+-+14 that enhance

the flexibility and expressiveness of lambda expressions. They enable move semantics,
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custom initialization, and more, making it easier to write efficient and maintainable
code. By mastering generalized lambda captures, you can leverage the full potential of

modern C+-+.
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2.2 Return Type Deduction for Functions

Introduction

C++14 introduced return type deduction for normal functions, a feature that allows the
compiler to automatically deduce the return type of a function based on the return
statements in its body. This feature simplifies function definitions, reduces boilerplate
code, and enhances readability. In this section, we will explore the syntax, use cases,

benefits, and nuances of return type deduction in modern C++.

2.2.1 Syntax of Return Type Deduction

To enable return type deduction, the return type of a function is specified as auto. The
compiler deduces the return type by analyzing the return statements in the function

body. The syntax is as follows:

auto function_name(parameters) {
// Function body

return expression;
For example:
auto add(int a, int b) {

return a + b;

Here, the return type of add is deduced as int because the expression a + b yields an int.
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2.2.2 Use Cases for Return Type Deduction

Return type deduction is particularly useful in the following scenarios:

1. Simplifying Function Definitions:
It eliminates the need to explicitly specify the return type, especially when the

type is complex or verbose:

auto createVector() {

return std::vector<int>{1, 2, 3};

2. Generic Functions:
It works well with templates and generic code, where the return type depends on

the template parameters:

template <typename T, typename U>
auto multiply(T a, U b) {

return a * b;

3. Lambda-Like Functions:
It enables functions to behave similarly to lambda expressions, which use auto for

return type deduction:

auto square(int x) {

*

return x * x;
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4. Complex Return Types:
It simplifies functions that return complex types, such as iterators or nested

containers:

auto getlterator(std::vector<int>& vec) {

return vec.begin();

2.2.3 Benefits of Return Type Deduction
Return type deduction offers several advantages:

1. Reduced Boilerplate Code:
It eliminates the need to explicitly specify the return type, making function

definitions shorter and cleaner.

2. Improved Readability:
By focusing on the logic rather than the type, return type deduction makes code

more readable and maintainable.

3. Flexibility:
It adapts to changes in the return expression, reducing the need for manual

updates when the logic changes.

4. Consistency with Lambdas:
It aligns with the behavior of lambda expressions, which also use auto for return

type deduction.

5. Support for Modern C++ Features:
It works seamlessly with other modern C++ features like templates, decltype, and

std::invoke result.
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2.2.4 Nuances and Best Practices

While return type deduction is powerful, there are some nuances and best practices to

keep in mind:

1. Ensure Consistent Return Types:
All return statements in the function must yield the same type. Inconsistent

return types will result in a compilation error:

auto invalidFunction(bool flag) {

it (flag) {
return 42; // int

} else {

return 3.14; // double (error: inconsistent return types)

2. Use decltype for Complex Deduction:

For complex return types, use decltype to explicitly specify the deduction rules:

template <typename T, typename U>
auto add(T a, U b) -> decltype(a + b) {

return a + b;

3. Avoid Overusing auto:
While auto is convenient, explicitly specifying the return type can improve clarity

in some cases, especially for simple functions:
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int add(int a, int b) {

return a + b;

4. Combine with constexpr:
Return type deduction works well with constexpr functions, enabling compile-time

evaluation:

constexpr auto square(int x) {

return x * x;

5. Be Mindful of Forwarding References:

When using auto with forwarding references, ensure the correct type is deduced:

template <typename T>
auto forward(T&& arg) {
return std::forward<T > (arg);

2.2.5 Examples of Return Type Deduction

1. Simple Function:

auto add(int a, int b) {

return a + b;
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2. Template Function:

template <typename T, typename U>
auto multiply(T a, U b) {

return a * b;

3. Complex Return Type:

auto createMap() {
return std::map<std::string, int>{{”Alice”, 90}, {"Bob”, 85}};

4. constexpr Function:

constexpr auto factorial(int n) {

return (n <= 1) 7 1 : n * factorial(n - 1);

5. Lambda-Like Function:

auto square(int x) {

*

return x * x;

2.2.6 Evolution of Return Type Deduction in C++17 and C+-+20

C++417 and C++20 introduced additional features and refinements related to return
type deduction:
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1. C++17: Structured Bindings:
Return type deduction works well with structured bindings, enabling functions to

return multiple values:

auto getValues() {
return std::make_ tuple(42, 3.14, "Hello”);

auto [x, y, z] = getValues();

2. C++20: Concepts and Constraints:

Return type deduction can be combined with concepts to enforce type constraints:

template <typename T>
concept Arithmetic = std::is_ arithmetic_ v<T>;

auto add(Arithmetic auto a, Arithmetic auto b) {

return a + b;

3. C++420: std::invoke result:
The std::invoke_result type trait can be used to deduce the return type of callable

objects:

template <typename F, typename... Args>
auto invoke(F&& f, Args&&... args) -> std::invoke result t<F, Args...> {
return std::forward <F>(f)(std::forward <Args> (args)...);
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2.2.7 Summary

Return type deduction for functions is a powerful feature introduced in C++14 that
simplifies function definitions, reduces boilerplate code, and enhances readability. It is
particularly useful for generic programming, complex return types, and modern C++
features like constexpr and templates. By mastering return type deduction, you can

write more expressive and maintainable code.
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2.3 Relaxed constexpr Restrictions

Introduction

C++14 introduced significant relaxations to the restrictions on constexpr functions,
making them more flexible and powerful. These changes allow constexpr functions to
contain more complex logic, including multiple statements, loops, and conditionals,
while still being evaluated at compile time. This section explores the relaxed constexpr

restrictions, their benefits, use cases, and best practices in modern C++.

2.3.1 What Are constexpr Functions?

constexpr functions are functions that can be evaluated at compile time, enabling
compile-time computation and constant expressions. Before C++14, constexpr functions
were heavily restricted, allowing only a single return statement and limited logic.

C++14 relaxed these restrictions, making constexpr functions more versatile.

2.3.2 Relaxed Restrictions in C+-+14

C++14 introduced the following relaxations for constexpr functions:

1. Multiple Statements:
constexpr functions can now contain multiple statements, including variable

declarations and assignments.

constexpr int square(int x) {
int result = x * x;

return result;
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2. Loops:

constexpr functions can include loops, such as for, while, and do-while.

constexpr int factorial(int n) {
int result = 1;
for (int i = 1;1 <= n; ++i) {
result *= i;

}

return result;

3. Conditionals:

constexpr functions can use if and switch statements for conditional logic.

constexpr int abs(int x) {
if (x<0){
return -x;

} else {

return x;

4. Local Variables:

constexpr functions can declare and modify local variables.

constexpr int sum(int a, int b) {
int total = a + b;

return total;
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5. Mutability:
Local variables in constexpr functions can be modified, as long as they are not

const or constexpr.

constexpr int increment(int x) {

int y = x;
yt+=+;
return y;

2.3.3 Benefits of Relaxed constexpr Restrictions

The relaxed restrictions on constexpr functions offer several advantages:

1. Improved Flexibility:
constexpr functions can now express more complex logic, making them suitable for

a wider range of use cases.

2. Reduced Code Duplication:
By allowing more logic in constexpr functions, the need for separate runtime and

compile-time implementations is reduced.

3. Enhanced Readability:
Complex compile-time computations can now be written in a more natural and

readable style.

4. Support for Advanced Compile-Time Logic:
Loops and conditionals enable advanced compile-time algorithms, such as

compile-time sorting or searching.
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5. Seamless Integration with Modern C++ Features:
Relaxed constexpr restrictions work well with other modern C++ features like

templates, std::array, and std::tuple.

2.3.4 Use Cases for Relaxed constexpr Functions

Relaxed constexpr restrictions are particularly useful in the following scenarios:

1. Compile-Time Computations:
Perform complex computations at compile time, such as mathematical operations

or algorithms:

constexpr int ged(int a, int b) {
while (b 1= 0) {
int temp = b;
b=a%b;
a = temp;
¥

return a;

2. Compile-Time Data Structures:

Initialize and manipulate compile-time data structures like std::array:

constexpr std::array<int, 5> createArray() {
std::array<int, 5> arr{};
for (int i = 05 i < arr.size(); ++i) {

*

arrfi] =1 * i

}

return arr;
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3. Template Metaprogramming;:

Simplify template metaprogramming by using constexpr functions instead of

recursive template instantiations:

template <int N>
struct Factorial {

static constexpr int value = N * Factorial<N - 1>::value;

%

template <>
struct Factorial<0> {

static constexpr int value = 1;

i

constexpr int fact_ 5 = Factorial<5>::value;

4. Validation and Assertions:

Use static_ assert with constexpr functions to enforce compile-time checks:

constexpr bool isPowerOfTwo(int x) {
return (x > 0) && ((x & (x - 1)) == 0);

static_ assert(isPowerOfTwo(8), 78 is a power of two”);

5. User-Defined Literals:

Define custom literals using constexpr functions:
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constexpr long double operator”” _deg(long double deg) {
return deg * 3.14159265358979323846L / 180;

constexpr long double rad = 90.0_deg; // 90 degrees in radians

2.3.5 Nuances and Best Practices

While relaxed constexpr restrictions are powerful, there are some nuances and best

practices to keep in mind:

1. Avoid Excessive Complexity:
Keep constexpr functions simple and focused to ensure they can be evaluated at

compile time.

2. Use constexpr for Performance-Critical Code:
Leverage constexpr for computations that benefit from compile-time evaluation,

such as mathematical constants or lookup tables.

3. Combine with static_assert:
Use static_ assert to enforce compile-time checks and validate constexpr

computations.

4. Be Mindful of Compiler Limitations:
Some compilers may have limitations on the complexity of constexpr functions.

Test your code with multiple compilers if necessary.

5. Document Compile-Time Behavior:
Clearly document the intended compile-time behavior of constexpr functions to

aid understanding and maintenance.
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2.3.6 Examples of Relaxed constexpr Functions

1. Factorial Calculation:

constexpr int factorial(int n) {
int result = 1;
for (int i = 1; i <= n; ++i) {
result *= i;
}

return result;

constexpr int fact_5 = factorial(5); // 120

2. Compile-Time Array Initialization:

constexpr std::array<int, 5> createArray() {
std::array<int, 5> arr{};
for (int i = 05 1 < arr.size(); ++i) {

*

arr[i] =1 * i

}

return arr;

constexpr auto squares = createArray(); // {0, 1, 4, 9, 16}

3. Greatest Common Divisor (GCD):

constexpr int ged(int a, int b) {
while (b 1= 0) {
int temp = b;
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b=a%b;
a = temp;

}

return a;

constexpr int ged_12_18 = ged(12, 18); // 6

4. Compile-Time String Length:

constexpr size_t stringLength(const char* str) {
size_t length = 0;
while (str[length] = "\0") {
length++;

}

return length;

constexpr size_t len = stringLength(”Hello”); // 5

5. Compile-Time Assertions:

constexpr bool isPrime(int n) {
if (n <= 1) return false;
for (int i = 2;1 %1 <=mn; ++i) {
if (n % i == 0) return false;
}

return true;

static__assert(isPrime(7), 77 is a prime number”);
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2.3.7 Summary

Relaxed constexpr restrictions in C++-14 significantly enhance the flexibility and power
of constexpr functions. They enable complex compile-time computations, reduce code
duplication, and improve readability. By leveraging these relaxed restrictions, you can

write more expressive and efficient C++ code.



Chapter 3

C++17 Features

3.1 Structured Bindings

Introduction

Structured bindings, introduced in C4++17, provide a convenient and expressive way to
unpack and bind elements from tuples, pairs, arrays, and structs into individual
variables. This feature simplifies code, improves readability, and reduces boilerplate
when working with compound data types. In this section, we will explore the syntax,

use cases, benefits, and nuances of structured bindings in modern C++.

3.1.1 Syntax of Structured Bindings

Structured bindings allow you to declare and initialize multiple variables from a single

compound object. The syntax is as follows:

95
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auto [varl, var2, ..., varN| = expression;

« auto: Specifies that the type of the variables will be deduced automatically.

o [varl, var2, ..., varN]: A list of variable names that will be bound to the elements

of the compound object.

» expression: An expression that evaluates to a compound object, such as a tuple,

pair, array, or struct.
For example:

std::pair<int, double> p = {42, 3.14};

auto [x, y] = p; // x is int, y is double

Here, x is bound to the first element of the pair (42), and y is bound to the second
element (3.14).

3.1.2 Use Cases for Structured Bindings

Structured bindings are particularly useful in the following scenarios:

1. Unpacking Tuples and Pairs:
Structured bindings simplify the extraction of elements from std::tuple and

std::pair:

std::tuple<int, double, std::string> t = {42, 3.14, "Hello”};

auto [a, b, ¢] = t; // aisint, b is double, ¢ is std::string
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2. Iterating Over Maps:
When iterating over std::map, structured bindings make it easy to unpack

key-value pairs:

std::map<std::string, int> scores = {{”Alice”, 90}, {"Bob”, 85}};
for (const auto&s [name, score] : scores) {

std::cout << name << 7: 7 << score << std::endl;

3. Working with Arrays:

Structured bindings can be used to unpack elements of arrays:

int arr[] = {1, 2, 3};

auto [x,y,z =arr; //x=1,y=22=3

4. Unpacking Structs:
Structured bindings can unpack members of structs or classes with public data

members:

struct Point {
int x, y;

Iis

Point p = {10, 20};
auto [x, y] = p; //x =10,y =20

5. Returning Multiple Values:

Functions returning tuples or structs can be easily unpacked using structured

bindings:
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std::tuple<int, double> getValues() {
return {42, 3.14};

auto [a, b] = getValues(); //a =42, b = 3.14

3.1.3 Benefits of Structured Bindings

Structured bindings offer several advantages:

1. Improved Readability:
By eliminating the need for manual unpacking, structured bindings make code

more concise and readable.

2. Reduced Boilerplate:
Structured bindings reduce the amount of boilerplate code required to work with

compound data types.

3. Type Safety:

The types of the bound variables are deduced automatically, ensuring type safety.

4. Support for Modern C++ Features:
Structured bindings work seamlessly with other modern C++ features like

std::tuple, std::pair, and range-based for loops.

5. Enhanced Expressiveness:
Structured bindings enable more expressive code by directly binding elements to

meaningful variable names.
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3.1.4 Nuances and Best Practices

While structured bindings are powerful, there are some nuances and best practices to

keep in mind:

1. Binding to References:
To avoid unnecessary copying, bind to references when working with large or

non-trivial objects:

std::pair<int, std::string> p = {42, "Hello”};

auto& [x, y] = p; // x and y are references

2. Immutable Bindings:

Use const to ensure that the bound variables cannot be modified:

const auto& [x, y] = p; // x and y are const references

3. Avoid Overusing Structured Bindings:
Use structured bindings judiciously to avoid making the code harder to

understand. For simple cases, traditional unpacking may be clearer.

4. Support for Custom Types:
Structured bindings work with types that provide structured binding support,
such as std::tuple, std::pair, and types with public data members. For custom
types, you can enable structured bindings by specializing std::tuple size and

std::tuple_ element.

5. Combine with std::tie:
Structured bindings can replace std::tie in many cases, but std::tie is still useful for

reassigning values to existing variables:
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int x, y;

std::tie(x, y) = getValues(); // Reassigns x and y

3.1.5 Examples of Structured Bindings
1. Unpacking a Tuple:
std::tuple<int, double, std::string> t = {42, 3.14, "Hello”};
auto [a, b, c] =t; //a=42,b = 3.14, c = "Hello”
2. Iterating Over a Map:
std::map<std::string, int> scores = {{"Alice”, 90}, {"Bob”, 85}};

for (const autod&s [name, score] : scores) {

std::cout << name << ”: 7 << score << std::endl;

3. Unpacking an Array:

int arr[] = {1, 2, 3};

auto [x,y,z =arr; //x=1,y=2,2=3
4. Unpacking a Struct:

struct Point {

int x, y;

%
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Point p = {10, 20};
auto [x,y] =p; //x=10,y =20

5. Returning Multiple Values:

std::tuple<int, double> getValues() {
return {42, 3.14};

auto [a, b] = getValues(); // a =42, b = 3.14

3.1.6 Summary

Structured bindings are a powerful feature introduced in C+417 that simplify the
unpacking of compound data types like tuples, pairs, arrays, and structs. They improve
code readability, reduce boilerplate, and enhance expressiveness. By mastering

structured bindings, you can write more concise and maintainable C++ code.
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3.2 1if and switch with Initializers

Introduction C++17 introduced a powerful feature that allows initializers to be

included directly within if and switch statements. This feature enhances code readability,
reduces scope pollution, and simplifies the management of variables that are only needed
within the context of a conditional block. In this section, we will explore the syntax, use

cases, benefits, and nuances of if and switch statements with initializers in modern C++.

3.2.1 Syntax of if with Initializers

The syntax for if statements with initializers is as follows:

if (initializer; condition) {
// Code to execute if condition is true

} else {

// Code to execute if condition is false

o initializer: A statement that declares and initializes a variable. This variable is

scoped to the if statement.

e condition: A boolean expression that determines whether the if block or the else

block is executed.

For example:

if (int x = 42; x > 0) {
std::cout << "x is positive: 7 << x << std::endl;

}else {

std::cout << ”"x is non-positive: 7 << x << std::endl;
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Here, x is initialized to 42 and is only accessible within the if and else blocks.

3.2.2 Syntax of switch with Initializers

The syntax for switch statements with initializers is as follows:

switch (initializer; expression) {

case valuel:
// Code to execute if expression == valuel
break;

case value2:
// Code to execute if expression == value2
break;

default:

// Code to execute if no case matches

o initializer: A statement that declares and initializes a variable. This variable is

scoped to the switch statement.

o expression: An expression whose value is compared against the case labels.

For example:

switch (int x = 42; x) {
case 42:
std::cout << "x is 42”7 << std::endl;
break;
default:
std::cout << "x is not 42”7 << std::endl;

Here, x is initialized to 42 and is only accessible within the switch statement.
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3.2.3 Use Cases for if and switch with Initializers

if and switch statements with initializers are particularly useful in the following

scenarios:

1. Resource Management:
Initialize and use resources (e.g., file handles, locks) within the scope of a

conditional block:

if (std::lock guard<std::mutex> lock(mutex); shared resource.is_ready()) {

// Safely access shared resource

2. Error Handling:

Initialize and check the result of a function call in a single statement:

if (auto result = some_ function(); result.is_valid()) {
// Use result
} else {

// Handle error

3. Simplifying Complex Conditions:

Break down complex conditions by initializing intermediate variables:

if (int x = compute_value(); x > 0 && x < 100) {
// Use x
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4. Avoiding Scope Pollution:
Limit the scope of variables to the conditional block, reducing the risk of name

collisions:

if (int x = 42; x > 0) {
// x is only accessible here

}

// x is not accessible here

5. Switch Statements with Initializers:

Initialize and use a variable within a switch statement:

switch (int x = compute_value(); x) {
case 1:
// Handle case 1
break;
case 2:
// Handle case 2
break;
default:

// Handle other cases

3.2.4 Benefits of if and switch with Initializers

The inclusion of initializers in if and switch statements offers several advantages:

1. Improved Readability:
By combining initialization and condition checking, the code becomes more

concise and easier to understand.
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2. Reduced Scope Pollution:
Variables declared in the initializer are scoped to the conditional block, preventing

them from polluting the outer scope.

3. Enhanced Safety:
Resources initialized in the initializer are automatically cleaned up when the block

exits, reducing the risk of leaks.

4. Simplified Error Handling:
Error handling becomes more straightforward, as the result of a function call can

be checked immediately.

5. Support for Modern C++ Features:
Initializers work seamlessly with other modern C++ features like auto,

std::optional, and RAII types.

3.2.5 Nuances and Best Practices

While if and switch with initializers are powerful, there are some nuances and best

practices to keep in mind:

1. Use auto for Type Deduction:

Use auto to deduce the type of variables initialized in the initializer:

if (auto result = some_ function(); result.is_valid()) {
// Use result

2. Avoid Overusing Initializers:
Use initializers judiciously to avoid making the code harder to read. For simple

cases, traditional initialization may be clearer.
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3. Combine with RAII Types:

Use RAII (Resource Acquisition Is Initialization) types in initializers to ensure

proper resource management:

if (std::lock__guard<std::mutex> lock(mutex); shared_ resource.is_ready()) {

// Safely access shared resource

Be Mindful of Variable Scope:
Variables declared in the initializer are only accessible within the conditional block.

Ensure they are not needed outside the block.

Use const for Immutable Variables:

Use const to ensure that variables initialized in the initializer cannot be modified:

if (const int x = 42; x > 0) {

// x is immutable

3.2.6 Examples of if and switch with Initializers

1.

Resource Management:

if (std::lock__guard<std::mutex> lock(mutex); shared_ resource.is_ready()) {

// Safely access shared_ resource

Error Handling:
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if (auto result = some_ function(); result.is_ valid()) {
// Use result

}else {
// Handle error

3. Simplifying Complex Conditions:

if (int x = compute_value(); x > 0 && x < 100) {
// Use x

4. Switch Statement with Initializer:

switch (int x = compute_ value(); x) {
case 1:
// Handle case 1
break;
case 2:
// Handle case 2
break;
default:
// Handle other cases

5. Avoiding Scope Pollution:

if (int x = 42; x > 0) {

// x is only accessible here
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}

// x is not accessible here

3.2.7 Summary

if and switch statements with initializers are powerful features introduced in C4++17
that enhance code readability, reduce scope pollution, and simplify resource
management. By combining initialization and condition checking, they enable more
expressive and maintainable code. Mastering these features allows you to write cleaner

and safer C++ programs.
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3.3 inline Variables

Introduction

C++17 introduced the concept of inline variables, a feature that simplifies the definition
and use of global and class-static variables across multiple translation units. Prior to
C++17, defining and initializing such variables in header files often led to linker errors
due to multiple definitions. The inline keyword for variables resolves this issue by
allowing variables to be defined in header files without violating the One Definition Rule
(ODR). In this section, we will explore the syntax, use cases, benefits, and nuances of

inline variables in modern C++.

3.3.1 Syntax of inline Variables

The inline keyword can be applied to variables to indicate that they can be defined in

multiple translation units without causing linker errors. The syntax is as follows:

inline T variable__name = initializer;

o T: The type of the variable.
e variable name: The name of the variable.
« initializer: The initial value of the variable.

For example:
inline int global counter = 0;

Here, global counter is an inline variable that can be defined in a header file and

included in multiple source files without causing multiple definition errors.
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3.3.2 Use Cases for inline Variables
inline variables are particularly useful in the following scenarios:

1. Global Variables:

Define global variables in header files and use them across multiple translation

units:

// config.h

inline int max_ connections = 100;

// main.cpp
#include ”config.h”
void setup() {

std::cout << "Max connections: 7 << max_ connections << std::endl;

2. Class-Static Variables:

Define and initialize class-static variables directly in the header file:

// logger.h
class Logger {
public:
static inline std::string log_file = ”app.log”;

Iis

// main.cpp

#include "logger.h”

void log_message(const std::string& message) {
std::ofstream log(Logger::log_ file, std::ios::app);
log << message << std::endl;
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3. Constants:

Define constants in header files for use across multiple source files:

// constants.h
inline const double pi = 3.14159;

// main.cpp
#include "constants.h”
double calculate circumference(double radius) {

return 2 * pi * radius;

4. Singleton Instances:

Define singleton instances directly in the header file:

// singleton.h
class Singleton {
public:
static inline Singleton& instance() {
static Singleton instance;
return instance;
}
private:
Singleton() = default;

%

// main.cpp
#include "singleton.h”
void use__singleton() {

Singleton& s = Singleton::instance();
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3.3.3 Benefits of inline Variables
The inline keyword for variables offers several advantages:

1. Simplified Code Organization:
inline variables allow variables to be defined in header files, reducing the need for

separate source files for variable definitions.

2. Avoidance of Linker Errors:
By allowing multiple definitions of the same variable across translation units,

inline variables eliminate linker errors caused by the One Definition Rule (ODR).

3. Improved Readability:
inline variables make it easier to understand and maintain code by keeping

variable definitions close to their declarations.

4. Support for Modern C++ Features:
inline variables work seamlessly with other modern C++ features like constexpr,

templates, and class-static members.

5. Enhanced Performance:
inline variables can improve performance by enabling better optimization

opportunities for the compiler.

3.3.4 Nuances and Best Practices

While inline variables are powerful, there are some nuances and best practices to keep in

mind:

1. Use inline for Header-Only Definitions:
Use inline for variables that need to be defined in header files and used across

multiple translation units.



114

2. Avoid Overusing inline:
Use inline judiciously to avoid unnecessary global state and potential name

collisions.

3. Combine with constexpr:

Use constexpr with inline for compile-time constants:

inline constexpr double pi = 3.14159;

4. Be Mindful of Initialization Order:
Ensure that inline variables are initialized in the correct order, especially when

they depend on other global variables.

5. Use inline for Class-Static Members:

Use inline to define and initialize class-static members directly in the header file:

class MyClass {
public:

static inline int counter = 0;

155

3.3.5 Examples of inline Variables

1. Global Counter:

// counter.h

inline int global counter = 0;

// main.cpp
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#include ”counter.h”
void increment__counter() {

global _counter++;

2. Class-Static Variable:

// logger.h
class Logger {
public:
static inline std::string log_file = ”app.log”;

|5

// main.cpp

#include "logger.h”

void log_ message(const std::string& message) {
std::ofstream log(Logger::log_file, std::ios::app);
log << message << std::endl;

3. Compile-Time Constant:

// constants.h

inline constexpr double pi = 3.14159;

// main.cpp
#include ”constants.h”
double calculate_ circumference(double radius) {

return 2 * pi * radius;
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4. Singleton Instance:

// singleton.h
class Singleton {
public:
static inline Singleton& instance() {
static Singleton instance;
return instance;
}
private:
Singleton() = default;

b

// main.cpp
#include ”singleton.h”
void use_ singleton() {

Singleton& s = Singleton::instance();

5. Template Variables:

// template variable.h
template <typename T>
inline T default_ value = T{};

// main.cpp
#include "template_variable.h”
void use_ default_ value() {
int x = default_ value<int>; // x =10
double y = default_ value<double>; //y = 0.0
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3.3.6 Summary

inline variables are a powerful feature introduced in C++17 that simplify the definition
and use of global and class-static variables across multiple translation units. They
improve code organization, eliminate linker errors, and enhance readability. By

mastering inline variables, you can write more maintainable and efficient C++ code.
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3.4 Fold Expressions

Introduction

C++17 introduced fold expressions, a powerful feature that simplifies the process of
applying an operation to all elements of a parameter pack in variadic templates. Fold
expressions enable concise and expressive code for operations like summing elements,
concatenating strings, or performing logical operations on a variable number of
arguments. In this section, we will explore the syntax, use cases, benefits, and nuances

of fold expressions in modern C+-+.

3.4.1 Syntax of Fold Expressions

Fold expressions apply a binary operator to all elements of a parameter pack. The

syntax for fold expressions is as follows:

(pack op ...) // Unary right fold
(... op pack) // Unary left fold
(pack op ... op init) // Binary right fold
(init op ... op pack) // Binary left fold
o pack: A parameter pack (a variable number of arguments).

e op: A binary operator (e.g., +, *, &&, ||, ,).

e init: An initial value for binary folds.

For example:
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template <typename... Args>
auto sum(Args... args) {

return (args + ...); // Unary right fold

Here, the fold expression (args + ...) sums all elements of the parameter pack args.

3.4.2 Types of Fold Expressions

Fold expressions can be categorized into four types based on their syntax and behavior:

1. Unary Right Fold:
Applies the operator from right to left.

(pack op ...)

Example:

template <typename... Args>
auto sum(Args... args) {

return (args + ...); // Equivalent to (argl + (arg2 + (arg3 + ...)))

2. Unary Left Fold:
Applies the operator from left to right.

(... op pack)

Example:
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template <typename... Args>
auto sum(Args... args) {

return (... + args); // Equivalent to (((argl + arg2) + arg3) + ...)

3. Binary Right Fold:

Applies the operator from right to left with an initial value.

(pack op ... op init)

Example:
template <typename... Args>

auto sum_ with_ offset(Args... args) {

return (args + ... + 10); // Equivalent to (argl + (arg2 + (arg3 + 10)))

4. Binary Left Fold:

Applies the operator from left to right with an initial value.

(init op ... op pack)

Example:

template <typename... Args>
auto sum_ with_ offset(Args... args) {
return (10 + ... + args); // Equivalent to (((10 + argl) + arg2) + arg3)
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3.4.3 Use Cases for Fold Expressions

Fold expressions are particularly useful in the following scenarios:

1. Summing Elements:

Compute the sum of all elements in a parameter pack:

template <typename... Args>
auto sum(Args... args) {

return (args + ...);

2. Concatenating Strings:

Concatenate a variable number of strings:

template <typename... Args>
std::string concatenate(Args... args) {

return (args + ...);

3. Logical Operations:

Perform logical AND or OR operations on a parameter pack:

template <typename... Args>
bool all_true(Args... args) {
return (args && ...); // Logical AND

template <typename... Args>
bool any__true(Args... args) {
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return (args || ...); // Logical OR

4. Printing Elements:

Print all elements of a parameter pack using the comma operator:

template <typename... Args>
void print(Args... args) {
(std::cout << ... << args) << std:endl;

5. Custom Operations:

Perform custom operations on a parameter pack:

template <typename... Args>
auto product(Args... args) {

return (args * ...); // Compute the product of all elements

3.4.4 Benefits of Fold Expressions

Fold expressions offer several advantages:

1. Conciseness:
Fold expressions eliminate the need for recursive template instantiation or loops,

making code more concise.

2. Readability:
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By expressing operations directly, fold expressions improve code readability and

maintainability.

3. Performance:

Fold expressions are often optimized by the compiler, resulting in efficient code.

4. Flexibility:
Fold expressions support a wide range of operations, including arithmetic, logical,

and bitwise operations.

5. Support for Modern C++ Features:
Fold expressions work seamlessly with other modern C++ features like variadic

templates, constexpr, and auto.

3.4.5 Nuances and Best Practices

While fold expressions are powerful, there are some nuances and best practices to keep

in mind:

1. Choose the Right Fold Type:
Use unary folds for simple operations and binary folds when an initial value is

needed.

2. Be Mindful of Operator Precedence:
Ensure that the operator used in the fold expression has the correct precedence for

the intended operation.

3. Avoid Overusing Fold Expressions:
Use fold expressions judiciously to avoid making the code harder to understand.

For complex logic, traditional loops or recursive templates may be clearer.
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4. Combine with constexpr:

Use constexpr with fold expressions to enable compile-time computation:

template <typename... Args>
constexpr auto sum(Args... args) {

return (args + ...);

5. Test with Edge Cases:
Ensure that fold expressions handle edge cases, such as empty parameter packs,

correctly:
template <typename... Args>

auto sum(Args... args) {

return (args + ... + 0); // Handle empty pack with initial value 0

3.4.6 Examples of Fold Expressions

1. Summing Elements:

template <typename... Args>
auto sum(Args... args) {

return (args + ...);

int result = sum(1, 2, 3, 4); // result = 10

2. Concatenating Strings:
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template <typename... Args>
std::string concatenate(Args... args) {

return (args + ...);

}
std::string str = concatenate(”Hello, 7, "world!”, ”? 7, ?C++177); // str = "Hello, world!
o  CH++177

3. Logical AND:

template <typename... Args>
bool all_true(Args... args) {
return (args && ...);

bool result = all_true(true, true, false); // result = false

4. Printing Elements:

template <typename... Args>
void print(Args... args) {
(std::cout << ... << args) << std::endl;

print(1, 2, 3, 4); // Output: 1234

5. Custom Operations:
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template <typename... Args>
auto product(Args... args) {

return (args * ...);

int result = product(1, 2, 3, 4); // result = 24

3.4.7 Summary

Fold expressions are a powerful feature introduced in C++17 that simplify the
application of operations to parameter packs in variadic templates. They enable concise,
readable, and efficient code for a wide range of use cases, from summing elements to
performing logical operations. By mastering fold expressions, you can write more

expressive and maintainable C++ code.
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C++20 Features

4.1 Concepts and Constraints

Introduction

C++420 introduced concepts and constraints, a transformative feature that revolutionizes
how templates are written and used in C++. Concepts allow developers to specify
requirements on template parameters, making templates more expressive, readable, and
easier to debug. Constraints enable the enforcement of these requirements, ensuring that
templates are only instantiated with valid types. In this section, we will explore the

syntax, use cases, benefits, and nuances of concepts and constraints in modern C++.

4.1.1 What Are Concepts?

Concepts are named predicates that specify requirements on template parameters. They
are used to constrain the types that can be used with a template, making templates
more robust and easier to use. A concept is defined using the concept keyword and

typically involves one or more constraints.

127



128

Syntax of Concepts

The syntax for defining a concept is as follows:
template <typename T>

concept ConceptName = constraint_ expression;

o ConceptName: The name of the concept.

» constraint_expression: A boolean expression that evaluates to true if the type T

satisfies the concept.

For example:

template <typename T>
concept Integral = std::is_integral v<T>;

Here, Integral is a concept that checks if a type T is an integral type (e.g., int, long).

4.1.2 Using Concepts with Templates

Concepts can be used to constrain template parameters, ensuring that only types
satisfying the concept are accepted. The syntax for using concepts with templates is as

follows:

template <ConceptName T>

void function(T arg);

For example:
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template <Integral T>
void print__integer(T value) {
std::cout << value << std::endl;

Here, print__integer can only be instantiated with integral types.

4.1.3 Constraints

Constraints are boolean expressions that specify requirements on template parameters.
They can be used directly in templates or as part of concepts. Constraints can involve

type traits, expressions, and other concepts.

Common Constraints

1. Type Traits:

Use type traits to enforce requirements on types:

template <typename T>
concept FloatingPoint = std::is_ floating point_ v<T>;

2. Expressions:

Use expressions to enforce requirements on operations:

template <typename T>
concept Addable = requires(T a, T b) {
{a+ b} ->std:same_as<T>;

I
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3. Nested Requirements:

Use nested requirements to enforce multiple constraints:

template <typename T>
concept Arithmetic = Integral<T> || FloatingPoint<T >;

4.1.4 Use Cases for Concepts and Constraints

Concepts and constraints are particularly useful in the following scenarios:

1. Type Safety:

Ensure that templates are only instantiated with valid types:

template <Integral T>
T add(T a, T b) {

return a + b;

2. Improved Error Messages:

Concepts provide clearer error messages when template constraints are violated:

add(3.14, 2.71); // Error: 3.14 and 2.71 are not integral types

3. Overloading:

Use concepts to enable function overloading based on type properties:
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template <Integral T>
void process(T value) {

std::cout << "Processing integral: 7 << value << std::endl;

template <FloatingPoint T>
void process(T value) {

std::cout << "Processing floating point: 7 << value << std::endl;

4. Algorithm Requirements:

Specify requirements for algorithms, such as iterators or comparators:

template <typename Iter>
concept RandomAccessIterator = requires(Iter it) {
{it + 1 } -> std::same_ as<Iter>;
{ it[0] } -> std::same_as<typename Iter::value_typed&r>;

%

5. Custom Type Requirements:

Define custom requirements for user-defined types:

template <typename T>
concept Drawable = requires(T obj) {
{ obj.draw() } -> std::same_ as<void>;

h

4.1.5 Benefits of Concepts and Constraints

Concepts and constraints offer several advantages:
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1. Improved Readability:
Concepts make template requirements explicit, improving code readability and

maintainability.

2. Enhanced Type Safety:
Constraints ensure that templates are only instantiated with valid types, reducing

runtime errors.

3. Better Error Messages:
Concepts provide clearer and more informative error messages when template

constraints are violated.

4. Simplified Overloading:
Concepts enable function overloading based on type properties, making code more

expressive.

5. Support for Modern C++ Features:
Concepts work seamlessly with other modern C++ features like auto, constexpr,

and ranges.

4.1.6 Nuances and Best Practices

While concepts and constraints are powerful, there are some nuances and best practices

to keep in mind:

1. Use Standard Concepts:
Prefer standard concepts (e.g., std::integral, std::floating point) when available,

as they are well-tested and widely understood.
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2. Avoid Overly Complex Concepts:

Keep concepts simple and focused to ensure they are easy to understand and use.

3. Combine Concepts:
Use logical operators (&&, ||, !) to combine concepts and create more complex

constraints:

template <typename T>
concept Numeric = std::integral<T> || std::floating point<T>;

4. Test Concepts Thoroughly:

Ensure that concepts are tested with a variety of types to verify their correctness.

5. Document Concepts:
Clearly document the purpose and requirements of custom concepts to aid

understanding and maintenance.

4.1.7 Examples of Concepts and Constraints

1. Standard Concepts:

template <std::integral T>
T add(T a, T b) {

return a + b;

2. Custom Concept:
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template <typename T>
concept Drawable = requires(T obj) {
{ obj.draw() } -> std::same as<void>;

Ii5

template <Drawable T >
void render(T obj) {
obj.draw();

3. Combining Concepts:

template <typename T>
concept Numeric = std::integral<T> || std::floating point<T>;

template <Numeric T>
T square(T value) {

return value * value;

4. Algorithm Requirements:

template <typename Iter>
concept RandomAccesslterator = requires(Iter it) {
{it + 1 } -> std::same_ as<Tter>;
{ it[0] } -> std::same_as<typename Iter::value_type& >;

Iis

template <RandomAccesslterator Iter>

void sort(Iter begin, Iter end) {



135

std::sort(begin, end);

5. Expression Requirements:

template <typename T>
concept Addable = requires(T a, T b) {
{a+ b} ->std:same_as<T>;

i

template <Addable T>
T add(T a, T b) {

return a + b;

4.1.8 Summary

Concepts and constraints are a groundbreaking feature introduced in C+420 that
revolutionize template programming. They improve code readability, enhance type
safety, and provide better error messages. By mastering concepts and constraints, you

can write more expressive, robust, and maintainable C+-+ code.
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4.2 Ranges Library

Introduction

The Ranges Library, introduced in C++20, is a transformative feature that modernizes
and simplifies working with sequences of elements, such as arrays, containers, and other
iterable data structures. It provides a powerful and expressive way to perform
operations like filtering, transforming, and sorting, while also improving code readability
and performance. In this section, we will explore the syntax, use cases, benefits, and

nuances of the Ranges Library in modern C++.

4.2.1 Overview of the Ranges Library

The Ranges Library is part of the C4++ Standard Library and is defined in the

<ranges> header. It introduces several key components:

1. Range Concepts:
Define requirements for types that represent sequences of elements (e.g.,

containers, views).

2. Views:
Lightweight, non-owning ranges that provide a transformed or filtered view of an

underlying range.

3. Algorithms:
Range-based versions of standard algorithms (e.g., std::ranges::sort,

std::ranges::transform).

4. Range Adaptors:
Utilities that create views by applying operations like filtering or transforming to

an existing range.
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4.2.2 Key Components of the Ranges Library

1. Range Concepts

Range concepts define the requirements for types that represent sequences of

elements. Some of the most commonly used range concepts include:

(a) std::ranges::range:
A type that represents a sequence of elements and provides iterators to

traverse them.

template <typename T>

concept range = requires(T& t) {
std::ranges::begin(t);
std::ranges::end(t);

b

(b) std::ranges::view:
A lightweight, non-owning range that provides a transformed or filtered view

of an underlying range.

template <typename T>

concept view = std::ranges::range<T> && std::ranges::view__base<T>;

(c) std::ranges::sized range:

A range whose size can be determined in constant time.

template <typename T>
concept sized _range = std::ranges::range<T> && requires(T& t) {
std::ranges::size(t);

h
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2. Views

Views are lightweight, non-owning ranges that provide a transformed or filtered
view of an underlying range. They are lazy, meaning that operations are only

performed when the view is traversed.

Common Views

(a) std::views::filter:

Creates a view that includes only elements satisfying a predicate.

auto even_numbers = std::views:filter([](int x) { return x % 2 == 0; });

(b) std::views::transform:

Creates a view that applies a transformation to each element.

auto squared_numbers = std::views::transform([](int x) { return x * x; });

(c) std::views::take:

Creates a view that includes only the first n elements of a range.

auto first_three = std::views::take(3);

(d) std::views::drop:

Creates a view that excludes the first n elements of a range.

auto after three = std::views::drop(3);

(e) std::views::join:

Flattens a range of ranges into a single range.
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auto flattened = std::views::join;

3. Range-Based Algorithms

The Ranges Library provides range-based versions of standard algorithms, which

operate directly on ranges instead of iterators.

Common Range-Based Algorithms

(a) std::ranges::sort:

Sorts a range in place.

std::ranges::sort(my_ range);

(b) std::ranges::transform:

Applies a transformation to each element of a range.

std::ranges::transform(my_range, std::back inserter(result), [|(int x) { return x * x; });

(c) std:ranges::find:

Finds the first element in a range that matches a value.

auto it = std::ranges::find(my_ range, 42);

(d) std::ranges::count:

Counts the number of elements in a range that match a value.

int count = std::ranges::count(my_ range, 42);
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4.2.3 Use Cases for the Ranges Library

The Ranges Library is particularly useful in the following scenarios:

1. Filtering and Transforming Data:

Use views to filter and transform data without modifying the underlying range:
auto even_squares = my_ range | std::views::filter([](int x) { return x % 2 == 0; })

| std::views::transform([](int x) { return x * x; });

2. Lazy Evaluation:

Perform operations lazily, only when the range is traversed:

for (int x : my_ range | std::views::take(5)) {

std::cout << x << std::endl;

3. Simplifying Algorithm Calls:

Use range-based algorithms to simplify code and improve readability:
std::ranges::sort(my_ range);

4. Working with Nested Ranges:
Flatten nested ranges using std::views::join:

std::vector<std::vector<int>> nested = {{1, 2}, {3, 4}, {5, 6}};

auto flattened = nested | std::views::join;
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5. Combining Multiple Operations:

Combine multiple operations into a single pipeline:

auto result = my_range | std::views::filter([](int x) { return x > 0; })
| std::views::transform([](int x) { return x * 2; })
| std::views::take(10);

4.2.4 Benefits of the Ranges Library

The Ranges Library offers several advantages:

1. Improved Readability:
Range-based operations are more expressive and easier to understand than

traditional iterator-based code.

2. Lazy Evaluation:
Views perform operations lazily, improving performance by avoiding unnecessary

computations.

3. Simplified Code:
Range-based algorithms and views reduce boilerplate code, making programs

shorter and more maintainable.

4. Type Safety:

Range concepts enforce requirements on types, reducing the risk of runtime errors.

5. Support for Modern C++ Features:
The Ranges Library works seamlessly with other modern C++ features like

concepts, lambdas, and std::optional.
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4.2.5 Nuances and Best Practices

While the Ranges Library is powerful, there are some nuances and best practices to keep

in mind:

1. Prefer Views for Non-Owning Operations:

Use views for operations that do not require ownership of the underlying data.

2. Avoid Overusing Pipelines:

Keep pipelines concise to avoid making the code harder to read and debug.

3. Combine with Concepts:

Use range concepts to enforce requirements on types and improve code safety.

4. Test with Edge Cases:
Ensure that range-based operations handle edge cases, such as empty ranges,

correctly.

5. Document Complex Pipelines:

Clearly document complex pipelines to aid understanding and maintenance.

4.2.6 Examples of the Ranges Library

1. Filtering and Transforming Data:

std::vector<int> numbers = {1, 2, 3, 4, 5};
auto even_squares = numbers | std::views::filter([](int x) { return x % 2 == 0; })
| std::views::transform([](int x) { return x * x; });
for (int x : even_squares) {
std::cout << x << std::endl; // Output: 4, 16
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2. Lazy Evaluation:

auto first_three = numbers | std::views::take(3);
for (int x : first_ three) {
std::cout << x << std::endl; // Output: 1, 2, 3

3. Sorting a Range:

std::ranges::sort(numbers);
for (int x : numbers) {
std::cout << x << std::endl; // Output: 1, 2, 3,4, 5

4. Flattening Nested Ranges:

std::vector<std::vector<int>> nested = {{1, 2}, {3, 4}, {5, 6}};
auto flattened = nested | std::views::join;
for (int x : flattened) {

std::cout << x << std::endl; // Output: 1, 2, 3,4, 5, 6

5. Combining Multiple Operations:

auto result = numbers | std::views:filter([](int x) { return x > 0; })
| std::views::transform([](int x) { return x * 2; })
| std::views::take(10);
for (int x : result) {
std::cout << x << std::endl; // Output: 2, 4, 6, 8, 10
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4.2.7 Summary

The Ranges Library is a groundbreaking feature introduced in C++20 that simplifies
and modernizes working with sequences of elements. It improves code readability,
enables lazy evaluation, and reduces boilerplate code. By mastering the Ranges Library,

you can write more expressive, efficient, and maintainable C+4 code.
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4.3 Coroutines

Introduction

Coroutines, introduced in C++20, are a powerful feature that enables asynchronous and
cooperative multitasking in C++. They allow functions to be suspended and resumed,
making it easier to write asynchronous code, such as event loops, generators, and state
machines. In this section, we will explore the syntax, use cases, benefits, and nuances of

coroutines in modern C+-.

4.3.1 What Are Coroutines?

Coroutines are functions that can be paused and resumed, allowing them to yield values
or wait for asynchronous operations to complete. Unlike traditional functions, which run
to completion, coroutines can maintain their state between invocations, making them

ideal for tasks like asynchronous 1/0, lazy evaluation, and cooperative multitasking.

4.3.2 Syntax of Coroutines

A coroutine is defined using the co_await, co_yield, or co_return keywords. These

keywords enable the function to suspend execution and resume later.

1. co await

The co_await keyword suspends the coroutine until the awaited operation
completes. It is typically used with awaitable types, such as futures or custom

types that implement the awaitable interface.

Example:
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#include <iostream>
#include <coroutine>

#include <future>

std::future<int> async_ task() {

co_return 42; // Asynchronously return a value

std::future<void> example_ coroutine() {
int result = co_await async_task(); // Suspend until async_task completes

std::cout << "Result: 7 << result << std::endl;

2. co_yield

The co_ yield keyword suspends the coroutine and yields a value to the caller. It is

commonly used in generator functions.

Example:

#include <iostream>

#include <coroutine>

generator<int> generate_numbers(int start, int end) {
for (int i = start; i <= end; ++i) {

co_yield i; // Yield a value and suspend

void example_ generator() {
for (int num : generate_numbers(1, 5)) {
std::cout << num << std::endl; // Output: 1, 2, 3,4, 5
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3. co_return

The co_ return keyword is used to return a value from a coroutine and terminate

its execution. It is similar to return in traditional functions.

Example:

#include <iostream>

#include <coroutine>

std::future<int> example_ coroutine() {

co_return 42; // Return a value and terminate

4.3.3 Coroutine Components

Coroutines rely on several components to manage their state and behavior:

1. Promise Object:
The promise object is responsible for managing the coroutine's state, including its

return value and exceptions. It is created when the coroutine is called.

2. Coroutine Handle:
The coroutine handle is used to resume or destroy the coroutine. It provides access

to the coroutine's state and promise object.

3. Awaitable Types:
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Awaitable types define the behavior of co await. They must implement the

await_ready, await_ suspend, and await_ resume methods.

4. Coroutine Traits:

Coroutine traits define the types used by the coroutine, such as the promise type

and the return type.

4.3.4 Use Cases for Coroutines

Coroutines are particularly useful in the following scenarios:

1. Asynchronous Programming:

Coroutines simplify asynchronous programming by allowing tasks to be suspended

and resumed without blocking the thread.

std::future<void> async_ task() {
co_await std::async([] { std::this_thread::sleep_ for(1s); });
std::cout << "Task completed” << std::endl;

2. Generators:

Coroutines can be used to implement generators, which produce a sequence of

values lazily.

generator<int> generate numbers(int start, int end) {
for (int i = start; i <= end; ++i) {

co_yield i;
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3. State Machines:
Coroutines can model state machines, where each state is represented by a

suspension point.

std::future<void> state_machine() {
co_await statel();
co_await state2();

co_await state3();

4. Event Loops:
Coroutines can be used to implement event loops, where tasks are suspended until

an event occurs.

std::future<void> event_loop() {
while (true) {
co_await wait_ for event();
handle__event();

5. Lazy Evaluation:
Coroutines enable lazy evaluation, where computations are deferred until their

results are needed.

generator<int> lazy_range(int start, int end) {
for (int i = start; i <= end; ++i) {

co_yield i;
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4.3.5 Benefits of Coroutines
Coroutines offer several advantages:

1. Simplified Asynchronous Code:
Coroutines make asynchronous code easier to write and understand by eliminating

callback hell and nested promises.

2. Improved Readability:
Coroutines enable linear, sequential code for asynchronous operations, improving

readability and maintainability:.

3. Efficient Resource Usage:
Coroutines are lightweight and use less memory than threads, making them

suitable for high-concurrency applications.

4. Support for Cooperative Multitasking:
Coroutines enable cooperative multitasking, where tasks voluntarily yield control,

reducing contention and improving performance.

5. Seamless Integration with Modern C++ Features:
Coroutines work well with other modern C++ features like std::future, std::async,

and std::optional.

4.3.6 Nuances and Best Practices

While coroutines are powerful, there are some nuances and best practices to keep in

mind:

1. Avoid Blocking Operations:
Avoid blocking operations in coroutines, as they can negate the benefits of

asynchronous programming.



151

2. Use RAII for Resource Management:
Use RAII (Resource Acquisition Is Initialization) to manage resources in

coroutines, ensuring they are properly cleaned up.

3. Handle Exceptions Gracefully:
Use try-catch blocks to handle exceptions in coroutines, as unhandled exceptions

can terminate the program.

4. Test with Edge Cases:
Ensure that coroutines handle edge cases, such as cancellation and timeouts,

correctly.

5. Document Coroutine Behavior:
Clearly document the behavior of coroutines, including their suspension points

and expected inputs/outputs.

4.3.7 Examples of Coroutines

1. Asynchronous Task:

#include <iostream>
#include <coroutine>

#include <future>

std::future<int> async_ task() {

co_return 42;

std::future<void> example coroutine() {
int result = co_ await async_ task();

std::cout << "Result: 7 << result << std::endl;
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2. Generator:

#include <iostream>

#include <coroutine>

generator<int> generate_ numbers(int start, int end) {
for (int 1 = start; i <= end; ++1i) {

co_yield i;

void example_ generator() {
for (int num : generate_numbers(1, 5)) {

std::cout << num << std::endl;

3. State Machine:

#include <iostream>

#include <coroutine>

std::future<void> statel() {
std::cout << "State 17 << std::endl;

co_return;

std::future<void> state2() {
std::cout << "State 2”7 << std::endl;
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co_ return;

std::future<void> state_machine() {
co_await statel();

co_await state2();

4. Event Loop:

#include <iostream>

#include <coroutine>

std::future<void> wait_ for_event() {
co_await std::async([] { std::this thread::sleep for(1s); });

void handle_ event() {
std::cout << ”"Event handled” << std::endl;

std::future<void> event_loop() {
while (true) {
co_await wait_ for_event();
handle_ event();

5. Lazy Evaluation:
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#include <iostream>

#include <coroutine>

generator<int> lazy_range(int start, int end) {
for (int i = start; i <= end; ++i) {

co_yield i;

void example_ lazy_evaluation() {
for (int num : lazy_range(1, 5)) {

std::cout << num << std::endl;

4.3.8 Summary

Coroutines are a transformative feature introduced in C++20 that enable asynchronous
and cooperative multitasking. They simplify asynchronous programming, improve code
readability, and enable efficient resource usage. By mastering coroutines, you can write

more expressive, efficient, and maintainable C++4 code.
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4.4 Three-Way Comparison (<=> Operator)

Introduction

C++20 introduced the three-way comparison operator (‘<=>)** also known as the
"spaceship operator.” This operator simplifies the implementation of comparison
operations by providing a unified way to compare objects. It returns a value that
indicates whether one object is less than, equal to, or greater than another. In this
section, we will explore the syntax, use cases, benefits, and nuances of the three-way

comparison operator in modern C++.

4.4.1 Syntax of the Three-Way Comparison Operator

The three-way comparison operator (<=>) is used to compare two objects. Its syntax is

as follows:

auto result = lhs <=> rhs;

o lhs: The left-hand side operand.
o rhs: The right-hand side operand.

o result: The result of the comparison, which is of type std::strong ordering,

std::weak ordering, or std::partial ordering.

The result of the <=> operator can be compared to zero to determine the relationship

between lhs and rhs:

e (lhs <=> rhs) < 0: lhs is less than rhs.
e (lhs <=> rhs) == 0: lhs is equal to rhs.

o (lhs <=> rhs) > 0: lhs is greater than rhs.
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4.4.2 Comparison Categories

The result of the <=> operator belongs to one of three comparison categories, which

represent different levels of ordering:

1. std::strong ordering:
Represents a total ordering where equality implies substitutability (i.e., if a == b,

then a and b are interchangeable).

std::strong_ ordering result = lhs <=> rhs;

2. std::weak ordering:
Represents a total ordering where equality does not imply substitutability (i.e., a

== b does not mean a and b are interchangeable).

std::weak_ordering result = lhs <=> rhs;

3. std::partial ordering:
Represents a partial ordering where some values may be incomparable (i.e., a <=>

b may return "unordered”).

std::partial ordering result = lhs <=> rhs;

4.4.3 Use Cases for the Three-Way Comparison Operator

The three-way comparison operator is particularly useful in the following scenarios:
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1. Simplifying Comparison Operators:
The <=> operator can be used to automatically generate all six comparison

operators (==, |=, <, <=, >, >=) for a class.

struct Point {

int x, y;

auto operator<=>(const Point&) const = default;

%

2. Custom Comparison Logic:

Implement custom comparison logic for user-defined types.

struct Person {
std::string name;

int age;

std::strong_ordering operator<=>(const Person& other) const {
if (auto cmp = name <=> other.name; cmp != 0) return cmp;

return age <=> other.age;

3. Ordering Algorithms:

Use the <=> operator in sorting and ordering algorithms.

std::vector<Point> points = {{1, 2}, {3, 4}, {0, 0} };
std::ranges::sort(points); // Uses the <=> operator
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4. Interoperability with Standard Library:
The <=> operator integrates seamlessly with the C++ Standard Library,

enabling consistent and efficient comparisons.

4.4.4 Benefits of the Three-Way Comparison Operator

The three-way comparison operator offers several advantages:

1. Simplified Code:
The <=> operator reduces boilerplate code by automatically generating all six

comparison operators.

2. Improved Readability:
The unified syntax for comparisons makes code more readable and easier to

understand.

3. Consistent Behavior:
The <=> operator ensures consistent behavior across different types and

comparison operations.

4. Support for Modern C++ Features:
The <=> operator works seamlessly with other modern C++ features like

concepts, ranges, and coroutines.

5. Efficient Implementation:
The <=> operator enables efficient comparisons by computing the result in a

single operation.

4.4.5 Nuances and Best Practices

While the three-way comparison operator is powerful, there are some nuances and best

practices to keep in mind:
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1. Choose the Right Comparison Category:
Use std::strong ordering for types where equality implies substitutability,
std::weak ordering for types where it does not, and std::partial _ordering for

types with incomparable values.

2. Avoid Overusing <=>:
Use the <=> operator judiciously to avoid making the code harder to read and

debug.

3. Combine with default:

Use = default to automatically generate comparison operators for simple types.

struct Point {

int x, y;

auto operator<=>(const Point&) const = default;

%

4. Test with Edge Cases:
Ensure that the <=> operator handles edge cases, such as NaN values for

floating-point types, correctly.
5. Document Custom Comparisons:

Clearly document custom comparison logic to aid understanding and maintenance.

4.4.6 Examples of the Three-Way Comparison Operator

1. Default Comparison Operators:
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struct Point {

int x, y;

auto operator<=>(const Point&) const = default;

I

Point pl = {1, 2};
Point p2 = {3, 4};

if (pl < p2) {
std::cout << ”"pl is less than p2” << std::endl;

2. Custom Comparison Logic:

struct Person {
std::string name;

int age;

std::strong_ordering operator<=>(const Person& other) const {
if (auto cmp = name <=> other.name; cmp != 0) return cmp;

return age <=> other.age;

|%

Person alice = {”Alice”, 30};
Person bob = {"Bob”, 25};

if (alice < bob) {
std::cout << "Alice is less than Bob” << std::endl;
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3. Ordering Algorithms:

std::vector<Point> points = {{1, 2}, {3, 4}, {0, 0} };
std::ranges::sort(points); // Uses the <=> operator

for (const auto& p : points) {
std::cout << (7 << px << 7,7 << py << )7 << std::endl;

4. Floating-Point Comparisons:

struct FloatWrapper {

float value;

std::partial _ordering operator<=>(const FloatWrapper& other) const {

return value <=> other.value;

%

FloatWrapper f1 = {3.14f};
FloatWrapper {2 = {2.71(};

if (f1 > £2) {
std::cout << "fl is greater than f2” << std::endl;

5. Interoperability with Standard Library:

std::vector<std::string> names = {”Alice”, "Bob”, "Charlie”};

std::ranges::sort(names); // Uses the <=> operator
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for (const auto& name : names) {

std::cout << name << std::endl;

4.4.7 Summary

The three-way comparison operator (<=>) is a powerful feature introduced in C++20
that simplifies the implementation of comparison operations. It improves code
readability, reduces boilerplate, and ensures consistent behavior across different types.
By mastering the <=> operator, you can write more expressive, efficient, and

maintainable C++4 code.
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4.5 Core of Modules

Introduction

C++420 introduced modules, a transformative feature that modernizes the way C++
code is organized, compiled, and reused. Modules aim to replace the traditional
header-file-based inclusion model, offering significant improvements in compilation
speed, code organization, and dependency management. In this section, we will explore

the syntax, use cases, benefits, and nuances of modules in modern C++.

4.5.1 What Are Modules?

Modules are self-contained units of code that encapsulate declarations and definitions.
They provide a more efficient and scalable alternative to header files by eliminating the
need for repetitive inclusions and reducing the complexity of the preprocessor. Modules
are designed to improve compilation times, reduce coupling, and enhance code

maintainability.

4.5.2 Syntax of Modules

Modules are defined using the module and export keywords. The syntax for defining

and using modules is as follows:

1. Defining a Module

A module is defined in a module interface unit, which typically has the file

extension .cppm or .ixx.

// math.cppm

module; // Global module fragment (optional)
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// Module declarations

export module math;

// Exported declarations
export int add(int a, int b) {

return a + b;

export int subtract(int a, int b) {

return a - b;

o module;: The global module fragment (optional) is used to include legacy

headers or preprocessor directives.
o export module math;: Declares the module named math.

o export: Exports declarations (e.g., functions, classes) that can be used by

other modules or translation units.

2. Importing a Module

A module is imported using the import keyword.

// main.cpp

import math;

int main() {
int sum = add(3, 4); // Use the add function from the math module
int diff = subtract(7, 2); // Use the subtract function from the math module

return 0;
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e import math;: Imports the math module, making its exported declarations

available in the current translation unit.

4.5.3 Key Components of Modules

1. Module Interface Unit

The module interface unit contains the exported declarations of a module. It is

the primary file that defines the module's public interface.
Example:

// math.cppm

export module math;

export int add(int a, int b);

export int subtract(int a, int b);

2. Module Implementation Unit

The module implementation unit contains the definitions of the module's functions

and other entities. It is separate from the interface unit and is not exported.

Example:

// math_impl.cpp

module math;

int add(int a, int b) {

return a + b;

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

3. Module Partitions

Module partitions allow a module to be split into multiple files while maintaining

a single module interface. Partitions are useful for organizing large modules.

Example:

// math.cppm

export module math;

export import :arithmetic; // Import and re-export the arithmetic partition

export import :geometry; // Import and re-export the geometry partition

// math_ arithmetic.cppm

export module math:arithmetic;

export int add(int a, int b);

export int subtract(int a, int b);

// math__geometry.cppm

export module math:geometry;

export double area_ of circle(double radius);

4.5.4 Use Cases for Modules

Modules are particularly useful in the following scenarios:
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1. Large-Scale Projects:
Modules improve compilation times and reduce coupling in large projects by

encapsulating code into self-contained units.

2. Library Development:
Modules provide a cleaner and more efficient way to distribute libraries,

eliminating the need for header files and reducing dependency issues.

3. Code Organization:
Modules enable better organization of code by grouping related functionality into

logical units.

4. Improved Compilation Speed:
Modules reduce the need for repetitive inclusions and preprocessor work, leading

to faster compilation times.

5. Dependency Management:
Modules make it easier to manage dependencies by explicitly specifying what is

exported and imported.

4.5.5 Benefits of Modules

Modules offer several advantages:

1. Faster Compilation:
Modules eliminate the need for repetitive inclusions and reduce the workload of

the preprocessor, leading to faster compilation times.

2. Better Encapsulation:
Modules encapsulate code into self-contained units, reducing coupling and

improving maintainability.
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3. Improved Code Organization:
Modules enable logical grouping of related functionality, making code easier to

understand and navigate.

4. Reduced Dependency Issues:
Modules explicitly specify dependencies, reducing the risk of conflicts and

improving build reliability.

5. Support for Modern C++ Features:
Modules work seamlessly with other modern C++ features like concepts, ranges,

and coroutines.

4.5.6 Nuances and Best Practices

While modules are powerful, there are some nuances and best practices to keep in mind:

1. Transitioning from Headers:
When transitioning from header files to modules, consider using the global module

fragment to include legacy headers.

2. Organizing Large Modules:
Use module partitions to organize large modules into smaller, more manageable

units.

3. Avoid Overusing Exports:
Only export declarations that are needed by other modules or translation units to

maintain encapsulation.

4. Test with Edge Cases:

Ensure that modules handle edge cases, such as circular dependencies, correctly.
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5. Document Module Interfaces:

Clearly document the public interface of modules to aid understanding and usage.

4.5.7 Examples of Modules

1. Simple Module:

// math.cppm

export module math;

export int add(int a, int b) {

return a + b;

export int subtract(int a, int b) {

return a - b;

// main.cpp

import math;

int main() {
int sum = add(3, 4);
int diff = subtract(7, 2);

return 0;

2. Module Partitions:

// math.cppm

export module math;
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export import :arithmetic;

export import :geometry;

// math_ arithmetic.cppm

export module math:arithmetic;

export int add(int a, int b);

export int subtract(int a, int b);

// math__geometry.cppm

export module math:geometry;

export double area_ of _circle(double radius);

// main.cpp
import math;

int main() {
int sum = add(3, 4);

double area = area_ of circle(5.0);

return 0;

3. Global Module Fragment:

// legacy.cppm
module;

#include <iostream> // Include legacy headers in the global module fragment

export module legacy;
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export void print__hello() {
std::cout << "Hello, world!” << std::endl;

// main.cpp
import legacy;

int main() {

print__hello();

return 0;

4. Module Implementation Unit:

// math.cppm

export module math;

export int add(int a, int b);

export int subtract(int a, int b);

// math_impl.cpp

module math;
int add(int a, int b) {

return a + b;

int subtract(int a, int b) {

return a - b;
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// main.cpp
import math;

int main() {
int sum = add(3, 4);
int diff = subtract(7, 2);

return 0;

5. Combining Modules:

// math.cppm

export module math;

export int add(int a, int b);

export int subtract(int a, int b);

// utils.cppm

export module utils;
export int multiply(int a, int b);

// main.cpp
import math;

import utils;

int main() {
int sum = add(3, 4);
int product = multiply(2, 3);

return 0;
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4.5.8 Summary

Modules are a groundbreaking feature introduced in C++20 that modernize the way
C++ code is organized, compiled, and reused. They improve compilation speed,
enhance code organization, and reduce dependency issues. By mastering modules, you

can write more efficient, maintainable, and scalable C++ code.



Chapter 5

C++23 Features:

5.1 std::expected for Error Handling

Introduction

C++23 introduces std::expected, a powerful feature designed to improve error handling
in C++. It provides a standardized way to represent either a valid value or an error,
making it easier to write robust and expressive code. Unlike exceptions or raw error
codes, std::expected encapsulates both the result and the error in a type-safe manner,
enabling more predictable and maintainable error handling. In this section, we will

explore the syntax, use cases, benefits, and nuances of std::expected in modern C++.

5.1.1 What Is std::expected?

std::expected is a template class that represents either a valid value of type T or an
error of type E. It is similar to std::optional, but instead of representing an optional
value, it explicitly models the possibility of an error. This makes it ideal for functions

that can fail and need to communicate the reason for the failure.
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Syntax of std::expected

The syntax for std::expected is as follows:

std::expected<T, E>

o T: The type of the expected value.

o E: The type of the error.
For example:
std::expected<int, std::string> result = some_ function();

Here, result can either contain an int (the expected value) or a std::string (the error

message).

5.1.2 Using std::expected

std::expected provides a rich interface for querying and accessing the value or error.

Here are some common operations:

1. Checking for a Value:

Use the has_value() method to check if the std::expected contains a value.

if (result.has_value()) {

// Success: Use the value

}else {

// Failure: Handle the error
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2. Accessing the Value:
Use the value() method to access the value. If the std::expected contains an error,

this method throws an exception.

int value = result.value(); // Throws if result contains an error

3. Accessing the Error:
Use the error() method to access the error. If the std::expected contains a value,

this method throws an exception.

std::string error = result.error(); // Throws if result contains a value

4. Safe Value Access:
Use the value_or() method to provide a default value if the std::expected contains

an error.

int value = result.value_or(42); // Returns 42 if result contains an error

5. Monadic Operations:

Use and__then(), or_else(), and transform() to chain operations on std::expected.

auto result = some function()
.and__then([](int x) { return x > 0 7 std::expected<int, std::string>(x) :
—  std::unexpected("Invalid value”); })

transform([](int x) { return x * 2; });
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5.1.3 Use Cases for std::expected
std::expected is particularly useful in the following scenarios:

1. Error-Prone Functions:

Use std::expected for functions that can fail and need to return an error.

std::expected<int, std::string> divide(int a, int b) {
if (b==0) {
return std::unexpected(”Division by zero”);

}

return a / b;

2. Chaining Operations:

Use monadic operations to chain multiple error-prone functions.

auto result = divide(10, 2)
.and__then([](int x) { return divide(x, 2); })

transform([](int x) { return x * 2; });

3. Replacing Exceptions:

Use std::expected as an alternative to exceptions for predictable error handling.

std::expected<int, std::string> parse_number(const std::string& str) {
try {
return std::stoi(str);
} catch (const std::invalid_argument&) {

return std::unexpected(”Invalid number”);



178

4. Replacing Raw Error Codes:

Use std::expected to replace raw error codes with a type-safe alternative.

std::expected<int, std::error__code> open__file(const std::string& path) {
std::ifstream file(path);
if (file) {
return std::unexpected(std::make error_code(std::errc::no_such_file or_directory));

}

return 0; // Success

5. Custom Error Types:

Use custom error types to provide detailed error information.

struct FileError {
std::string message;
std::error__code code;

%

std::expected<int, FileError> open_ file(const std::stringé& path) {
std::ifstream file(path);
if (!file) {
return std::unexpected(FileError{"File not found”,

< std::make_error_code(std::errc::no_such_file_or_ directory)});

}

return 0; // Success

5.1.4 Benefits of std::expected

std::expected offers several advantages:
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1. Type Safety:
std::expected encapsulates both the value and the error in a type-safe manner,

reducing the risk of runtime errors.

2. Predictable Error Handling:

Unlike exceptions, std::expected makes error handling explicit and predictable.

3. Improved Readability:
std::expected makes it clear which functions can fail and how errors are handled,

improving code readability.

4. Support for Monadic Operations:
std::expected supports monadic operations like and_then(), or_else(), and

transform(), enabling expressive and composable error handling.

5. Seamless Integration with Modern C++ Features:
std::expected works well with other modern C++ features like concepts, ranges,

and coroutines.

5.1.5 Nuances and Best Practices
While std::expected is powerful, there are some nuances and best practices to keep in

mind:

1. Avoid Overusing std::expected:
Use std::expected judiciously to avoid making the code harder to read and debug.

2. Combine with std::unexpected:

Use std::unexpected to construct error states in std::expected.
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return std::unexpected(”Error message”);

3. Handle Errors Gracefully:
Always check for errors using has value() or value_or() to avoid runtime

exceptions.

4. Use Custom Error Types:
Use custom error types to provide detailed error information and improve error

handling.

5. Document Error Conditions:
Clearly document the error conditions and return values of functions that use

std::expected.

5.1.6 Examples of std::expected

1. Basic Usage:

std::expected<int, std::string> divide(int a, int b) {
if (b ==0){
return std::unexpected(”Division by zero”);
}

return a / b;

void example() {
auto result = divide(10, 0);
if (result.has_value()) {
std::cout << "Result: 7 << result.value() << std::endl;

} else {
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std::cout << "Error: ” << result.error() << std::endl;

2. Monadic Operations:

std::expected<int, std::string> parse_number(const std::stringés str) {
try {
return std::stoi(str);
} catch (const std::invalid__argument&) {

return std::unexpected(”Invalid number”);

void example() {
auto result = parse_number(”42”)
.and_ then([](int x) { return x > 0 ? std::expected<int, std::string>(x) :
< std::unexpected("Invalid value”); })

transform([](int x) { return x * 2; });

if (result.has_value()) {
std::cout << "Result: 7 << result.value() << std::endl;

} else {

std::cout << "Error: 7 << result.error() << std::endl;

3. Custom Error Types:
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struct FileError {
std::string message;
std::error__code code;

Ii5

std::expected<int, FileError> open_ file(const std::stringé&s path) {
std::ifstream file(path);
if (file) {
return std::unexpected(FileError{"File not found”,
< std::make_error_ code(std::errc:ino_such_ file_or_ directory)});

}

return 0; // Success

void example() {
auto result = open_ file("nonexistent.txt”);
if (result.has_value()) {
std::cout << "File opened successfully” << std::endl;
} else {
std::cout << "Error: 7 << result.error().message << 7 (7 <<
— result.error().code.message() << 7)” << std::endl;

4. Replacing Exceptions:

std::expected<int, std::string> safe_ divide(int a, int b) {

if (b == 0) {

return std::unexpected(”Division by zero”);

}

return a / b
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void example() {
auto result = safe_ divide(10, 0);
if (result.has_value()) {
std::cout << "Result: 7 << result.value() << std::endl;
1 else {

std::cout << "Error: 7 << result.error() << std::endl;

5. Chaining Operations:

std::expected<int, std::string> add__one(int x) {

return x + 1;

void example() {
auto result = safe divide(10, 2)
.and__then(add_ one)

transform([](int x) { return x * 2; });

if (result.has_value()) {
std::cout << "Result: 7 << result.value() << std::endl;

} else {

std::cout << "Error: 7 << result.error() << std::endl;
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5.1.7 Summary

std::expected is a powerful feature introduced in C+423 that improves error handling
by encapsulating both the result and the error in a type-safe manner. It provides a
standardized way to handle errors, making code more robust, expressive, and
maintainable. By mastering std::expected, you can write more predictable and efficient

C++ code.
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5.2 std::mdspan for Multidimensional Arrays

Introduction

C++23 introduces std::mdspan, a powerful feature designed to handle multidimensional
arrays efficiently and expressively. Multidimensional arrays are a common data structure
in scientific computing, graphics, and machine learning, but traditional C++ arrays and
containers like std::vector are not well-suited for representing and manipulating them.
std::mdspan provides a flexible and efficient way to work with multidimensional data,
offering a view into contiguous memory while supporting arbitrary layouts and access
patterns. In this section, we will explore the syntax, use cases, benefits, and nuances of

std::mdspan in modern C++-.

5.2.1 What Is std::mdspan?

std::mdspan (short for "multidimensional span”) is a non-owning view into a contiguous
block of memory that represents a multidimensional array. It provides a lightweight and
flexible interface for accessing and manipulating multidimensional data, similar to how

std::span provides a view into a one-dimensional array.

Key Features of std::mdspan

1. Non-Owning:
std::mdspan does not own the underlying data; it merely provides a view into

existing memory.

2. Flexible Layouts:
Supports various memory layouts, such as row-major, column-major, and custom

layouts.
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3. Arbitrary Dimensions:

Can represent arrays with any number of dimensions.

4. Efficient Access:

Provides efficient indexing and slicing operations for multidimensional data.

5. Interoperability:

Works seamlessly with existing C++ containers and raw pointers.

5.2.2 Syntax of std::mdspan

The syntax for std::mdspan is as follows:

std::mdspan<T, Extents, LayoutPolicy, AccessorPolicy>

T: The type of the elements in the array.

« Extents: A type representing the dimensions of the array (e.g.,

std::extents<size t, 3, 4> for a 3x4 array).

« LayoutPolicy: A type specifying the memory layout (e.g., std::layout_ right for

row-major layout).

o AccessorPolicy: A type specifying how elements are accessed (e.g.,

std::default__accessor<T>).

For example:
std::mdspan<int, std::dextents<size t, 2>> matrix(data, 3, 4);

Here, matrix is a 2D view into a contiguous block of memory (data) with 3 rows and 4

columns.
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5.2.3 Use Cases for std::mdspan

std::mdspan is particularly useful in the following scenarios:

1. Scientific Computing:
Represent and manipulate matrices, tensors, and other multidimensional data

structures.

std::mdspan<double, std::dextents<size t, 2>> matrix(data, 100, 100);
2. Graphics and Image Processing:

Work with pixel data in images or textures.

std::mdspan<uint8_ t, std::dextents<size t, 3>> image(pixel data, height, width, channels);
3. Machine Learning:

Handle multidimensional datasets and model parameters.

std::mdspan<float, std::dextents<size t, 4>> tensor(model data, batch_ size, height, width,

— channels);

4. Numerical Algorithms:
Implement algorithms like matrix multiplication, convolution, and FFT.
std::mdspan<double, std::dextents<size t, 2>> result(result_ data, rows, cols);

5. Interfacing with Legacy Code:

Provide a modern interface to legacy C-style multidimensional arrays.
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std::mdspan<int, std::dextents<size t, 2>> legacy matrix(legacy_data, rows, cols);

5.2.4 Benefits of std::mdspan

std::mdspan offers several advantages:

1. Efficient Memory Usage:
std::mdspan is a non-owning view, so it avoids the overhead of copying or

managing memory.

2. Flexible Layouts:
Supports various memory layouts, making it adaptable to different use cases and

performance requirements.

3. Expressive Syntax:

Provides a clean and intuitive interface for working with multidimensional data.

4. Interoperability:

Works seamlessly with existing C++ containers, raw pointers, and libraries.

5. Performance:

Optimized for efficient access and manipulation of multidimensional data.

5.2.5 Nuances and Best Practices

While std::mdspan is powerful, there are some nuances and best practices to keep in

mind:

1. Avoid Owning Data:
std::mdspan is a non-owning view, so ensure the underlying data remains valid for

the lifetime of the mdspan.
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2. Choose the Right Layout:
Select the appropriate layout (e.g., row-major, column-major) based on the access

patterns and performance requirements.

3. Use std::dextents for Dynamic Extents:
Use std::dextents for arrays with dynamic dimensions (e.g., std::dextents<size_t,

2> for a 2D array with dynamic rows and columns).

4. Combine with std::span:
Use std::span for one-dimensional views and std::mdspan for multidimensional

views to maintain consistency.

5. Document Memory Ownership:
Clearly document the ownership and lifetime of the underlying data to avoid

dangling references.

5.2.6 Examples of std::mdspan

1. 2D Matrix:

int data[3][4] = {{1, 2, 3, 4}, {5, 6, 7, 8}, {9, 10, 11, 12} };
std::mdspan<int, std::extents<size_t, 3, 4>> matrix(data);

for (size_t i = 0;1 < matrix.extent(0); ++i) {
for (size_t j = 0; j < matrix.extent(1); ++j) {
std::cout << matrix(i, j) << 77

}

std::cout << std::endl;

2. 3D Tensor:
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float tensor_ data[2][3][4] = {

({1, 2,3, 4}, {5, 6, 7, 8}, {9, 10, 11, 12}},

{{13, 14, 15, 16}, {17, 18, 19, 20}, {21, 22, 23, 24}}
b

std::mdspan<float, std::extents<size t, 2, 3, 4>> tensor(tensor__data);

for (size_t i = 0; i < tensor.extent(0); ++i) {
for (size_t j = 0; j < tensor.extent(1); ++j) {
for (size_t k = 0; k < tensor.extent(2); ++k) {
std::cout << tensor(i, j, k) << 77
}

std::cout << std::endl;

}

std::cout << std::endl;

3. Dynamic Extents:

std::vector<int> data = {1, 2, 3, 4, 5, 6};
std::mdspan<int, std::dextents<size t, 2>> matrix(data.data(), 2, 3);

for (size_t i = 0; 1 < matrix.extent(0); +-+i) {
for (size_t j = 0; j < matrix.extent(1); ++j) {
std::cout << matrix(i, j) << 7 7

}

std::cout << std::endl;

4. Custom Layout:
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int data[12] = {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12};
std::mdspan<int, std::dextents<size t, 2>, std::layout_ left> matrix(data, 3, 4);

for (size_t i = 0;1 < matrix.extent(0); ++i) {
for (size_t j = 0; j < matrix.extent(1); ++j) {
std::cout << matrix(i, j) << 7 7

}

std::cout << std::endl;

5. Interfacing with Legacy Code:

extern 7C” {

void legacy function(int™ data, size t rows, size t cols);

std::vector<int> data = {1, 2, 3, 4, 5, 6};
std::mdspan<int, std::dextents<size t, 2>> matrix(data.data(), 2, 3);

legacy function(matrix.data_handle(), matrix.extent(0), matrix.extent(1));

5.2.7 Summary

std::mdspan is a powerful feature introduced in C++23 that provides a flexible and
efficient way to work with multidimensional arrays. It improves memory usage, supports
various layouts, and offers an expressive syntax for accessing and manipulating
multidimensional data. By mastering std::mdspan, you can write more efficient,

maintainable, and expressive C++ code.
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5.3 std::print for Formatted Output

Introduction

C++23 introduces std::print, a feature designed to simplify and modernize formatted
output in C++. Inspired by Python's print function and C++420's std::format, std::print
provides a concise and type-safe way to output formatted text to the console or other
output streams. It eliminates the need for verbose and error-prone formatting code,
making it easier to write clean and maintainable output statements. In this section, we

will explore the syntax, use cases, benefits, and nuances of std::print in modern C++.

5.3.1 What Is std::print?

std::print is a function that outputs formatted text to a specified output stream (e.g.,
std::cout). It uses the same formatting syntax as std::format, which is based on
Python's format strings. This makes it easy to embed variables and expressions directly
into the output string.

Key Features of std::print

1. Type Safety:

std::print ensures type safety by using the same compile-time checks as std::format.

2. Concise Syntax:

Provides a clean and intuitive syntax for formatted output.

3. Flexible Formatting:
Supports advanced formatting options, such as alignment, precision, and

locale-specific formatting.

4. Stream Integration:

Works seamlessly with standard output streams like std::cout and std::cerr.
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5. Performance:

Optimized for efficient formatting and output.

5.3.2 Syntax of std::print

The syntax for std::print is as follows:

std::print (outputistreaum7 format_ string, args...);

« output_stream: The output stream to which the formatted text is written (e.g.,

std::cout).

o format_string: A format string that specifies the output format and includes

placeholders for the arguments.

o args.... The arguments to be formatted and inserted into the output string.

For example:
std::print(std::cout, "Hello, {}!\n”, "world”);

Here, "Hello, {}!\n” is the format string, and "world” is the argument that replaces the
{} placeholder.

5.3.3 Format String Syntax

The format string used by std::print follows the same syntax as std::format. It consists
of literal text and placeholders enclosed in curly braces {}. Each placeholder can include

optional formatting options.

Basic Placeholders
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e {}: A placeholder that is replaced by the corresponding argument.

std::print(std::cout, "The answer is {}.\n”, 42);

Formatting Options

{:<width}: Left-align the argument within the specified width.

std::print(std::cout, "{:<10}\n”, "left”);

{:>width}: Right-align the argument within the specified width.

std::print(std::cout, ?{:>10}\n", "right”);

{:"width}: Center-align the argument within the specified width.

std::print(std::cout, 7{:"10}\n”, "center”);

{:.precision}: Specify the precision for floating-point numbers.

std::print(std::cout, 7{:.2f}\n”, 3.14159);

{:x}: Format an integer as hexadecimal.

std::print(std::cout, "{:x}\n", 255);
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5.3.4 Use Cases for std::print

std::print is particularly useful in the following scenarios:

1. Console Output:

Print formatted text to the console.
std::print(std::cout, "Hello, {}!\n”, "world”);
2. Debugging:
Output debug information with minimal boilerplate.
std::print(std::cerr, "Error: {} at line {}\n”, message, line_ number);
3. Logging:
Write formatted log messages to a file or other output stream.

std::ofstream log_file("log.txt");
std::print(log_ file, "Log entry: {}\n”, log_message);

4. User Interfaces:
Generate formatted output for command-line interfaces or reports.
std::print(std::cout, "Name: {:<10} Age: {:>3}\n”, name, age);

5. Localized Output:

Use locale-specific formatting for numbers, dates, and currencies.
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std::print(std::cout, std::locale("en_ US.UTF-8”), "Price: {:L}\n”, 1234.56);

5.3.5 Benefits of std::print

std::print offers several advantages:

1. Improved Readability:

The concise syntax makes it easier to write and understand formatted output.

2. Type Safety:

Compile-time checks ensure that the format string and arguments are compatible.

3. Flexible Formatting:
Supports advanced formatting options, such as alignment, precision, and

localization.

4. Performance:

Optimized for efficient formatting and output.

5. Seamless Integration:
Works well with other modern C++ features like std::format, std::string view,

and std::span.
5.3.6 Nuances and Best Practices
While std::print is powerful, there are some nuances and best practices to keep in mind:

1. Avoid Overusing Formatting:

Use formatting options judiciously to avoid making the code harder to read.
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2. Combine with std::format:
Use std::format to create formatted strings that can be reused or passed to other

functions.

std::string message = std::format(”Hello, {}!”, "world”);
std::print(std::cout, ”{}\n”, message);

3. Handle Errors Gracefully:
Use try-catch blocks to handle formatting errors, such as invalid format strings or

mismatched arguments.

try {
std::print(std::cout, "The answer is {}.\n”, 42);
} catch (const std::format_ errords e) {

std::cerr << "Formatting error: 7 << e.what() << std::endl;

4. Use Locale-Specific Formatting:

Specify a locale for localized formatting of numbers, dates, and currencies.
std::print(std::cout, std::locale(”en_US.UTF-8”), "Price: {:L}\n”, 1234.56);
5. Document Format Strings:

Clearly document the format strings and expected arguments to aid understanding

and maintenance.

5.3.7 Examples of std::print

1. Basic Usage:
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std::print(std::cout, "Hello, {}!\n”, "world”);

. Alignment and Padding:

std::print(std::cout, "{:<10} {:>10}\n", "left”, "right”);

. Floating-Point Precision:

std::print(std::cout, ”{:.2f}\n”, 3.14159);

. Hexadecimal Formatting:

std::print(std::cout, ”{:x}\n”, 255);

. Localized Output:

std::print(std::cout, std::locale("en_US.UTF-8”), "Price: {:L}\n”, 1234.56);

. Error Handling:

try {
std::print(std::cout, "The answer is {}.\n”, 42);
} catch (const std::format_ errords e) {

std::cerr << "Formatting error: 7 << e.what() << std::endl;
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7. Logging:

std::ofstream log_file("log.txt”);
std::print(log_file, "Log entry: {}\n”, log_message);

5.3.8 Summary

std::print is a powerful feature introduced in C++23 that simplifies and modernizes
formatted output in C++. It provides a concise, type-safe, and flexible way to output
formatted text, making it easier to write clean and maintainable code. By mastering

std::print, you can improve the readability and efficiency of your output statements.



Chapter 6

Practical Examples

6.1 Programs Demonstrating Each Feature (e.g., Using Lambdas,

Ranges, and Coroutines)

Introduction

In this section, we will dive deeper into practical examples that demonstrate the use of
key modern C++ features, such as lambdas, ranges, and coroutines. These examples
will help you understand how to apply these features in real-world scenarios, improving
the readability, efficiency, and maintainability of your code. Each example is

accompanied by a detailed explanation of the code and its benefits.

200
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6.1.1 Example 1: Using Lambdas

Lambdas are anonymous functions that can be defined inline. They are particularly

useful for short, reusable pieces of code, such as predicates for algorithms or callbacks.

Program: Sorting a Vector with a Custom Comparator

#include <iostream>
#include <vector>

#include <algorithm>

int main() {
std::vector<int> numbers = {5, 2, 9, 1, 5, 6};

// Sort the vector in descending order using a lambda
std::sort(numbers.begin(), numbers.end(), [|(int a, int b) {

return a > b;

};

// Print the sorted vector
std::cout << ”Sorted numbers: 7;
for (int num : numbers) {

std::cout << num << 77

}

std::cout << std::endl;

return 0;

Explanation:

« Lambda Syntax: The lambda [](int a, int b) { return a > b; } is used as a custom

comparator for std::sort.
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o Benefits:

— Conciseness: The lambda is defined inline, eliminating the need for a

separate function.
— Readability: The sorting logic is clearly visible where it is used.

— Flexibility: Lambdas can capture variables from the surrounding scope,

making them highly adaptable.

Additional Example: Capturing Variables in Lambdas

#include <iostream>
#include <vector>
#include <algorithm>

int main() {
std::vector<int> numbers = {5, 2, 9, 1, 5, 6};
int threshold = 5;
// Count numbers greater than the threshold using a lambda

int count = std::count__if(numbers.begin(), numbers.end(), [threshold](int x) {

return x > threshold;

H;

std::cout << "Numbers greater than 7 << threshold << 7: 7 << count << std::endl;

return 0;

Explanation:
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 Capture Clause: The lambda [threshold](int x) { return x > threshold; } captures

the threshold variable from the surrounding scope.

o Benefits:

— Context Awareness: The lambda can access and use variables from its

enclosing scope, making it more versatile.

— Encapsulation: The logic for counting is encapsulated within the lambda,

improving code organization.
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6.1.2 Example 2: Using Ranges

The Ranges Library, introduced in C++4-20, provides a modern and expressive way to

work with sequences of elements, such as containers and views.

Program: Filtering and Transforming a Range

#include <iostream>
#include <vector>

#include <ranges>

int main() {
std::vector<int> numbers = {1, 2, 3, 4, 5, 6, 7, 8, 9, 10};

// Filter even numbers and square them
auto result = numbers | std::views:filter([](int x) { return x % 2 == 0; })

| std::views::transform([](int x) { return x * x; });

// Print the result
std::cout << "Filtered and transformed numbers: ”;
for (int num : result) {
std::cout << num << 77
}

std::cout << std::endl;

return 0;

Explanation:

« Ranges Syntax: The pipeline operator (|) is used to chain range adaptors like filter

and transform.
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o Benefits:

— Expressiveness: The code clearly expresses the intent to filter even numbers

and square them.

— Lazy Evaluation: The operations are performed only when the range is

traversed, improving efficiency.

— Readability: The use of range adaptors makes the code more readable and

maintainable.

Additional Example: Combining Multiple Range Adaptors

#include <iostream>
#include <vector>
#include <ranges>

int main() {
std::vector<int> numbers = {1, 2, 3, 4, 5, 6, 7, 8, 9, 10};

// Filter even numbers, square them, and take the first 3
auto result = numbers | std::views: filter([](int x) { return x % 2 == 0; })
| std::views::transform([](int x) { return x * x; })

| std::views::take(3);

// Print the result
std::cout << ”First 3 even numbers squared: ”;
for (int num : result) {

std::cout << num << 77

}

std::cout << std::endl;
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return 0;

Explanation:

o Combining Adaptors: The pipeline combines filter, transform, and take to create a

complex range operation.

o Benefits:

— Modularity: Each adaptor performs a specific task, making the code modular

and reusable.

— Efficiency: The lazy evaluation ensures that only the necessary elements are

processed.
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6.1.3 Example 3: Using Coroutines

Coroutines, introduced in C++20, enable asynchronous and cooperative multitasking.

They are ideal for tasks like asynchronous 1/0, generators, and state machines.

Program: Implementing a Generator

#include <iostream>

#include <coroutine>

// Generator class
class Generator {
public:
struct promise_type {

int current_ value;

Generator get_ return_object() {

return Generator{std::coroutine_handle<promise type>::from_ promise(*this)};

std::suspend__always initial _suspend() { return {}; }
std::suspend__always final suspend() noexcept { return {}; }

void unhandled__exception() { std::terminate(); }

std::suspend_always yield value(int value) {
current_ value = value;

return {};

it

explicit Generator(std::coroutine_handle<promise type> handle) : handle(handle) {}
~Generator() { if (handle) handle.destroy(); }
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int next() {
handle.resume();

return handle.promise().current_ value;

private:

std::coroutine__handle<promise_type> handle;

5

// Coroutine that generates a sequence of numbers
Generator generate_numbers(int start, int end) {
for (int i = start; i <= end; ++1i) {

co_ yield i;

int main() {
Generator gen = generate_numbers(1, 5);
std::cout << ”"Generated numbers: ”;
while (true) {
int num = gen.next();
if (num == 0) break; // End of sequence
std::cout << num << 7 7;

}

std::cout << std::endl;

return 0;

Explanation:
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e Coroutine Syntax: The co_ yield keyword is used to yield values from the

coroutine.

o Benefits:

— Asynchronous Programming: Coroutines simplify asynchronous programming

by allowing tasks to be suspended and resumed.

— Lazy Evaluation: The generator produces values on demand, improving

memory efficiency.

— Readability: The coroutine code is linear and easy to follow, unlike

callback-based approaches.

Additional Example: Asynchronous Task with Coroutines

#include <iostream>
#include <coroutine>

#include <future>
std::future<int> async_ task() {

co_await std::async([] { std::this_ thread::sleep_ for(std::chrono::seconds(1)); });

co_return 42;

int main() {
auto result = async_ task();

std::cout << "Result: 7 << result.get() << std::endl;

return 0;

Explanation:
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o Asynchronous Task: The coroutine async_task performs an asynchronous

operation and returns a value.

o Benefits:

— Simplicity: The coroutine makes asynchronous code look like synchronous

code, improving readability.

— FEfficiency: The coroutine suspends execution while waiting for the

asynchronous operation to complete, freeing up resources.
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6.1.4 Example 4: Combining Features

Modern C++ features can be combined to create powerful and expressive programs.
Here, we combine lambdas, ranges, and coroutines to implement a pipeline that

processes data asynchronously.

Program: Asynchronous Data Processing Pipeline

#include <iostream>
#include <vector>
#include <ranges>
#include <coroutine>

#include <future>

// Generator class (same as in Example 3)
class Generator {
public:

struct promise_type {

int current_ value;

Generator get_return_object() {

return Generator{std::coroutine_handle<promise type>::from_ promise(*this)};

std::suspend__always initial_suspend() { return {}; }
std::suspend__always final suspend() noexcept { return {}; }

void unhandled_ exception() { std::terminate(); }

std::suspend__always yield_ value(int value) {
current_ value = value;
return {};
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explicit Generator(std::coroutine_handle<promise_type> handle) : handle(handle) {}
~Generator() { if (handle) handle.destroy(); }

int next() {
handle.resume();

return handle.promise().current__value;

private:

std::coroutine__handle<promise_type> handle;

5

// Coroutine that generates a sequence of numbers
Generator generate_numbers(int start, int end) {
for (int i = start; i <= end; ++1i) {
co_ yield i;

// Asynchronous processing function
std::future<int> process_number(int num) {
co_await std::async([] { std::this_thread::sleep_ for(std::chrono::seconds(1)); });

co_return num * 2;

int main() {

Generator gen = generate_numbers(1, 5);

std::cout << "Processed numbers: 7;
while (true) {

int num = gen.next();
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if (num == 0) break; // End of sequence

// Process the number asynchronously
std::future<int> result = process_number(num);

std::cout << result.get() << 77

}

std::cout << std::endl;

return 0;

Explanation:
o Combining Features:

— Generator: Produces a sequence of numbers lazily.
— Coroutine: Processes each number asynchronously.

— Lambda: Used in the asynchronous processing function.
« DBenefits:

— Modularity: Each feature is used for a specific purpose, making the code

modular and reusable.

— Asynchrony: The pipeline processes data asynchronously, improving

performance for I/O-bound tasks.

— Expressiveness: The combination of features makes the code expressive and

easy to understand.
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6.1.5 Example 5: Using std::expected for Error Handling

C++23 introduces std::expected, a type-safe way to handle errors. It represents either a

valid value or an error, making it ideal for functions that can fail.

Program: Safe Division with std::expected

#include <iostream>
#include <expected>

#include <string>

std::expected<int, std::string> safe_ divide(int a, int b) {
if (b==0)
return std::unexpected(”Division by zero”);

}

return a / b;
int main() {
auto result = safe_ divide(10, 0);

if (result.has_value()) {
std::cout << "Result: 7 << result.value() << std::endl;

}else {

std::cout << "Error: 7 << result.error() << std::endl;

return 0;

Explanation:

o std::expected: The function safe divide returns an std::expected<int, std::string>,
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which can either contain a valid result or an error message.

o Benefits:

— Type Safety: std::expected ensures that errors are handled explicitly,

reducing the risk of runtime errors.

— Readability: The code clearly separates the success and error cases, making it

easier to understand.
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6.1.6 Example 6: Using std::mdspan for Multidimensional Arrays

C++23 introduces std::mdspan, a non-owning view into a multidimensional array. It

provides a flexible and efficient way to work with multidimensional data.

Program: Matrix Multiplication with std::mdspan

#include <iostream>

#include <mdspan>

int main() {
int datal[2][3] = {{1, 2, 3}, {4, 5, 6}};
int data2[3][2] = {{7, 8}, {9, 10}, {11, 12} };
int result_ data[2][2] = {0};

std::mdspan<int, std::extents<size_t, 2, 3>> matl(datal);
std::mdspan<int, std::extents<size t, 3, 2>> mat2(data2);
std::mdspan<int, std::extents<size t, 2, 2>> result(result_ data);

for (size_t i = 0; i < matl.extent(0); +-+i) {
for (size_t j = 0; j < mat2.extent(1); ++j) {
for (size_t k = 0; k < matl.extent(1); ++k) {
result(i, j) += matl(i, k) * mat2(k, j);

std::cout << "Result of matrix multiplication:\n";
for (size_t i = 0; 1 < result.extent(0); +-+i) {
for (size_t j = 0; j < result.extent(1); ++j) {
std::cout << result(i, j) << 77

}

std::cout << std::endl;



217

return 0;

Explanation:

o std::mdspan: The std::mdspan objects matl, mat2, and result provide views into

the multidimensional arrays.

o Benefits:

— Efficiency: std::mdspan provides efficient access to multidimensional data

without copying.

— Flexibility: Supports various memory layouts, making it adaptable to

different use cases.

6.1.7 Summary

These examples demonstrate how modern C++ features like lambdas, ranges,
coroutines, std::expected, and std::mdspan can be used to write clean, efficient, and
expressive code. By mastering these features, you can tackle a wide range of

programming challenges with confidence and elegance.



Chapter 7

Features and Performance

7.1 Best Practices for Using Modern C++ Features

Modern C++ (C++11 to C++23) introduces a plethora of features that enhance code
readability, maintainability, and performance. However, with great power comes great
responsibility. To fully leverage these features, developers must adhere to best practices
that ensure efficient, safe, and maintainable code. This section outlines the key best

practices for using Modern C++ features effectively.

7.1.1 Understand and Use Smart Pointers

o Why? Raw pointers are error-prone and can lead to memory leaks, dangling

pointers, and undefined behavior.

o Best Practices:

— Prefer std::unique_ ptr for exclusive ownership of resources. It ensures

automatic cleanup when the pointer goes out of scope.
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— Use std::shared_ ptr for shared ownership, but be cautious of cyclic references,

which can lead to memory leaks. Use std::weak ptr to break cycles.
— Avoid using std::auto_ ptr (deprecated in C++11 and removed in C++17).

— Use std::make_unique and std::make shared instead of manually creating

smart pointers. These functions are exception-safe and more efficient.

— Example:

auto ptr = std::make_unique<int>(42); // Preferred over 'mew int(42)'

7.1.2 Leverage Move Semantics

o« Why? Move semantics allow efficient transfer of resources, reducing unnecessary

copying and improving performance.

e Best Practices:

— Use std::move to explicitly transfer ownership of resources.

— Implement move constructors and move assignment operators for classes

managing resources (e.g., dynamic memory, file handles).

— Use noexcept for move operations to enable optimizations in containers like

std::vector.

— Example:

std::vector<std::string> vl = {"Hello”, "World”};
std::vector<std::string> v2 = std::move(vl); // Efficient transfer
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7.1.3 Prefer Range-Based For Loops

« Why? Range-based for loops are more concise and less error-prone compared to

traditional for loops with iterators.

o Best Practices:

— Use range-based for loops for iterating over containers.

— Use const auto& for read-only access to elements to avoid unnecessary
copying.

— Example:
std::vector<int> vec = {1, 2, 3, 4};

for (const auto& value : vec) {

std::cout << value << std::endl;

7.1.4 Use auto Wisely

o Why? auto reduces verbosity and avoids type-related errors, but overuse can

reduce code readability.

e Best Practices:

— Use auto when the type is obvious or verbose (e.g., iterators, lambdas).

— Avoid auto when the type is not immediately clear or when explicit types

improve readability.

— Example:
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auto i = 42; // OK, type is obvious

auto result = computeSomething(); // Use only if the return type is clear

7.1.5 Embrace Lambda Expressions

« Why? Lambdas provide a concise way to define anonymous functions, improving

code readability and maintainability.

o Best Practices:

Use lambdas for short, localized functions (e.g., predicates for algorithms).

— Capture variables by reference (&) or value (=) judiciously to avoid

unintended side effects.
— Use const lambdas when the function does not modify captured variables.

— Example:

std::vector<int> vec = {1, 2, 3, 4};
std::sort(vec.begin(), vec.end(), [J(int a, int b) { return a > b; });

7.1.6 Use constexpr for Compile-Time Computation

o Why? constexpr enables compile-time evaluation, improving performance and

enabling metaprogramming.

e Best Practices:

— Use constexpr for functions and variables that can be evaluated at compile

time.
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— Prefer constexpr over macros for defining constants.

— Example:

constexpr int factorial(int n) {
return (n <= 1) 7 1 : n * factorial(n - 1);

}

constexpr int fact_5 = factorial(5); // Evaluated at compile time

7.1.7 Adopt Uniform Initialization

o Why? Uniform initialization ({}) avoids the "most vexing parse” and provides

consistent syntax for initialization.

e Best Practices:

— Use {} for initializing variables, containers, and objects.

— Be cautious with std::initializer list constructors, as they can lead to

unexpected behavior.

— Example:

int x{42}; // Preferred over 'int x = 42'
std::vector<int> v{1, 2, 3}; // Uniform initialization

7.1.8 Use nullptr Instead of NULL or 0

o Why? nullptr is type-safe and avoids ambiguity with integer types.

e Best Practices:
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— Always use nullptr for null pointer initialization.

— Example:

int* ptr = nullptr; // Preferred over 'int* ptr = NULL'

7.1.9 Leverage Standard Algorithms

o Why? Standard algorithms (<algorithm>) are optimized, reusable, and expressive.

e Best Practices:

— Prefer standard algorithms over hand-written loops for common operations
(e.g., sorting, searching, transforming).

— Use lambda expressions to customize algorithm behavior.

— Example:

std::vector<int> vec = {1, 2, 3, 4};

std::transform(vec.begin(), vec.end(), vec.begin(), [J(int x) { return x * 2; });

7.1.10 Write Clean and Maintainable Code

o Why? Modern C++ features are powerful, but misuse can lead to complex and

unmaintainable code.

e Best Practices:

— Follow the RAII (Resource Acquisition Is Initialization) principle to manage

resources.
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— Use strongly-typed enums (enum class) for better type safety.
— Minimize the use of global variables and prefer local scope.

— Write self-documenting code with meaningful names and comments where

necessary.

7.1.11 Stay Updated with New Standards

o Why? C++ evolves rapidly, and new standards (e.g., C++17, C++20, C++23)

introduce features that simplify and optimize code.

e Best Practices:

— Familiarize yourself with new features (e.g., concepts, ranges, coroutines in
C++20).

— Use modern compilers and tools that support the latest standards.

— Example:

// C++20 Concepts
template<typename T>
concept Addable = requires(T a, T b) { a + b; };

By adhering to these best practices, developers can harness the full potential of Modern
C++ while writing code that is efficient, maintainable, and future-proof. These
guidelines serve as a foundation for mastering the advanced features introduced in

C++11 to C+423, ensuring that your codebase remains robust and scalable.
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7.2 Performance Implications of Modern C++

Modern C++ (C+411 to C+423) introduces a wide range of features designed to
improve both developer productivity and runtime performance. However, while many of
these features are inherently optimized, their misuse or misunderstanding can lead to
unintended performance overhead. This section explores the performance implications of

Modern C++ features and provides guidelines for writing high-performance code.

7.2.1 Move Semantics and Rvalue References

o Performance Benefit: Move semantics allow the efficient transfer of resources (e.g.,
dynamically allocated memory, file handles) without deep copying, reducing

unnecessary overhead.

o Key Considerations:

— Use std::move to explicitly transfer ownership of resources when appropriate.

Implement move constructors and move assignment operators for classes

managing resources.

Mark move operations as noexcept to enable optimizations in standard

containers (e.g., std::vector resizing).

— Example:

std::vector<std::string> vl = {"Hello”, "World”};
std::vector<std::string> v2 = std::move(v1l); // Efficient transfer

o Pitfalls:

— Moving built-in types (e.g., int, float) does not provide performance benefits.
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— Overusing std::move can lead to premature resource destruction or undefined

behavior.

7.2.2 Smart Pointers

« Performance Benefit: Smart pointers (std::unique ptr, std::shared ptr) automate

memory management, reducing the risk of memory leaks and dangling pointers.

» Key Considerations:

Use std::make unique and std::make shared for efficient memory allocation

and exception safety.

— Prefer std::unique_ ptr over std::shared ptr when exclusive ownership is

sufficient, as it has lower overhead.

Be cautious with std::shared ptr due to its reference-counting mechanism,

which incurs runtime overhead.

— Example:

auto ptr = std::make unique<int>(42); // Efficient and safe

o Pitfalls:

— Cyclic references with std::shared ptr can lead to memory leaks. Use

std::weak_ptr to break cycles.

— Overusing std::shared ptr can degrade performance due to atomic reference

counting.
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7.2.3 Lambda Expressions

o Performance Benefit: Lambdas provide a concise way to define inline functions,

often enabling better optimization by the compiler.

o Key Considerations:

— Use lambdas for short, localized functions to avoid the overhead of function

calls.

— Capture variables by reference (&) or value (=) judiciously to avoid

unnecessary copying.

— Example:

std::vector<int> vec = {1, 2, 3, 4};
std::sort(vec.begin(), vec.end(), [|(int a, int b) { return a > b; });

o Pitfalls:

— Capturing large objects by value can lead to performance degradation.

— Overusing lambdas in performance-critical code can increase binary size.

7.2.4 constexpr and Compile-Time Computation

o Performance Benefit: constexpr enables compile-time evaluation of functions and

variables, reducing runtime overhead.

o Key Considerations:

— Use constexpr for computations that can be performed at compile time (e.g.,

mathematical constants, lookup tables).
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— Combine constexpr with templates for advanced metaprogramming

techniques.

— Example:

constexpr int factorial(int n) {
return (n <= 1) 7 1 : n * factorial(n - 1);

}

constexpr int fact_5 = factorial(5); // Evaluated at compile time

o Pitfalls:

— Overusing constexpr for complex computations can increase compile times.

7.2.5 Standard Algorithms

o Performance Benefit: Standard algorithms (<algorithm>) are highly optimized

and often outperform hand-written loops.

« Key Considerations:

— Prefer standard algorithms (e.g., std::sort, std::transform, std::accumulate)

over custom implementations.
— Use parallel algorithms (C++17) for computationally intensive tasks.

— Example:

std::vector<int> vec = {1, 2, 3, 4};
std::sort(vec.begin(), vec.end()); // Highly optimized

o Pitfalls:
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— Incorrect usage of algorithms (e.g., unnecessary copying) can negate

performance benefits.

7.2.6 Uniform Initialization and std::initializer list

o Performance Benefit: Uniform initialization ({}) provides consistent syntax and

avoids the "most vexing parse.”

» Key Considerations:

— Use {} for initializing variables and containers.

— Be cautious with std::initializer list, as it can lead to unexpected constructor

selection and temporary object creation.

— Example:

std::vector<int> v{1, 2, 3}; // Efficient and clear

o Pitfalls:

— Overusing std::initializer_list can lead to performance overhead due to

temporary objects.

7.2.7 Range-Based For Loops

o Performance Benefit: Range-based for loops are concise and often optimized by

the compiler.

o Key Considerations:

— Use range-based for loops for iterating over containers.
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— Prefer const auto& for read-only access to avoid unnecessary copying.
— Example:
std::vector<int> vec = {1, 2, 3, 4};

for (const auto& value : vec) {

std::cout << value << std::endl;

o Pitfalls:

— Iterating over large containers by value can degrade performance.

7.2.8 auto and Type Deduction

o Performance Benefit: auto reduces verbosity and can improve code readability,

indirectly aiding performance optimization.

o Key Considerations:

— Use auto when the type is obvious or verbose (e.g., iterators, lambdas).
— Avoid auto when explicit types improve clarity or performance.

— Example:

auto i = 42; // Efficient and clear

o Pitfalls:

— Overusing auto can lead to unintended type deductions and performance

issues.
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7.2.9 Concurrency and Parallelism

o Performance Benefit: Modern C++ provides robust support for concurrency and

parallelism (e.g., threads, async, parallel algorithms).

o Key Considerations:

— Use std::thread for simple parallelism and std::async for task-based

parallelism.
— Leverage parallel algorithms (C++17) for data-parallel tasks.

— Example:

std::vector<int> vec = {1, 2, 3, 4};
std::for__each(std::execution::par, vec.begin(), vec.end(), [J(int& x) { x *= 2; });

o Pitfalls:

— Poorly designed concurrent code can lead to race conditions and deadlocks.

7.2.10 Memory Management and Allocation

o Performance Benefit: Modern C++ features like smart pointers and custom

allocators improve memory management efficiency.

o Key Considerations:

— Use custom allocators for performance-critical applications (e.g., games,

real-time systems).

— Minimize dynamic memory allocation by reusing objects and leveraging stack

allocation.
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— Example:

std::vector<int, CustomAllocator<int>> vec; // Custom allocator

o Pitfalls:

— Excessive dynamic allocation can lead to fragmentation and performance

degradation.

7.2.11 Compiler Optimizations

o Performance Benefit: Modern compilers (e.g., GCC, Clang, MSVC) provide

advanced optimizations for Modern C++ code.
o Key Considerations:

— Enable compiler optimizations (e.g., -O2, -O3) for release builds.
— Use link-time optimization (LTO) to improve performance further.

— Example:

g++ -02 -flto -0 program program.cpp

« Pitfalls:
— Over-aggressive optimizations can lead to unexpected behavior or bugs.

By understanding the performance implications of Modern C++ features and adhering
to best practices, developers can write code that is not only expressive and maintainable
but also highly performant. This section serves as a guide to optimizing Modern C++

code while avoiding common pitfalls that can degrade performance.



Appendices

Appendix A: C+411 to C++23 Feature Cheat Sheet

This appendix provides a concise summary of the key features introduced in each C++

standard, from C++11 to C++23. It serves as a quick reference guide for readers.

C++11 Features

auto keyword for type inference.

« Range-based for loops.

o nullptr for null pointers.

o Uniform initialization ({} syntax).

o constexpr for compile-time evaluation.
« Lambda expressions.

» Move semantics and rvalue references (std::move, std::forward).
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C++414 Features

o Generalized lambda captures.
e Return type deduction for functions.

o Relaxed constexpr restrictions.

C++417 Features

e Structured bindings.
e if and switch with initializers.
e inline variables.

« Fold expressions.

C+420 Features

o Concepts and constraints.

Ranges library.

Coroutines.

Three-way comparison (<=> operator).

Core of Modules.

C+423 Features

o std::expected for error handling.
o std::mdspan for multidimensional arrays.

o std::print for formatted output.



235

Appendix B: Practical Examples and Code Snippets

This appendix contains complete code examples demonstrating the usage of Modern

C++ features. Each example is accompanied by explanations and output.

C++11 Examples

» Using auto for type inference.
« Range-based for loops with containers.
o Lambda expressions for sorting and filtering.

o Move semantics with std::unique_ ptr.

C++14 Examples

o Generalized lambda captures.

o Return type deduction in functions.

C++17 Examples

o Structured bindings for unpacking tuples.
 if and switch with initializers.

» Fold expressions for variadic templates.

C++420 Examples

o Concepts for constrained templates.
» Ranges library for filtering and transforming data.

o Coroutines for asynchronous programming.
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C++23 Examples
o std::expected for error handling.
o std::mdspan for multidimensional array manipulation.

o std::print for simplified formatted output.

Appendix C: Best Practices for Modern C++

This appendix consolidates the best practices discussed in the book, providing a

checklist for writing clean, efficient, and maintainable Modern C++ code.

General Best Practices
o Prefer auto for type inference when the type is obvious.
o Use range-based for loops for iterating over containers.

o Replace NULL and 0 with nullptr for null pointers.

Memory Management
« Use smart pointers (std::unique ptr, std::shared_ptr) instead of raw pointers.

o Avoid cyclic references with std::shared ptr by using std::weak ptr.

Performance Optimization
o Leverage move semantics to avoid unnecessary copying.
o Use constexpr for compile-time computations.

o Prefer standard algorithms over hand-written loops.
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Error Handling
 Use std::expected (C++23) for robust error handling.

e Avoid exceptions in performance-critical code.

Appendix D: Performance Benchmarks

This appendix provides performance benchmarks for key Modern C++ features,
comparing them with traditional approaches. The benchmarks are designed to highlight
the performance benefits of Modern C++.

Benchmark Topics
o Move semantics vs. copy semantics.
e Smart pointers vs. raw pointers.
« Range-based for loops vs. traditional for loops.
e constexpr vs. runtime computation.

« Standard algorithms vs. hand-written loops.

Tools for Benchmarking
« Introduction to benchmarking tools like Google Benchmark.

o Example benchmarks with code snippets and results.
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Appendix E: Common Pitfalls and How to Avoid Them

This appendix highlights common mistakes and pitfalls when using Modern C++

features and provides guidance on how to avoid them.

Common Pitfalls

Overusing auto and reducing code readability.

Misusing std::move and causing resource leaks.

Creating cyclic references with std::shared ptr.

Overlooking the performance overhead of std::initializer list.

How to Avoid Them

Use auto judiciously and provide meaningful variable names.

Understand the semantics of std::move and use it only when necessary.

Use std::weak ptr to break cyclic references.

Be cautious with std::initializer list and prefer uniform initialization.

Appendix F: Further Reading and Resources

This appendix provides a curated list of resources for readers who want to deepen their

understanding of Modern C++.
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Books
o "Effective Modern C++" by Scott Meyers.
o "C++ High Performance” by Bjorn Andrist and Viktor Sehr.

e "The C++ Standard Library” by Nicolai M. Josuttis.

Online Resources
o cppreference.com for comprehensive documentation.
» isocpp.org for the latest C++ news and updates.

o Stack Overflow for community-driven Q&A.

Tools
« Compiler Explorer (godbolt.org) for exploring compiler output.
o Clang-Tidy for static code analysis.

« Valgrind for memory leak detection.

Appendix G: Glossary of Modern C++ Terms

This appendix defines key terms and concepts used in Modern C++-.

Terms

o RAII (Resource Acquisition Is Initialization): A programming idiom where

resource management is tied to object lifetime.


https://en.cppreference.com/
https://isocpp.org/
https://godbolt.org/
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o Rvalue Reference: A reference to a temporary object, used in move semantics.

o Lambda Expression: An anonymous function that can capture variables from its

surrounding scope.
o Concepts: Constraints on template parameters introduced in C++20.

o Coroutine: A function that can be suspended and resumed, enabling asynchronous

programming.

Appendix H: Exercises and Solutions

This appendix provides a set of exercises for each chapter, along with detailed solutions.

The exercises are designed to reinforce the concepts covered in the book.

Exercise Topics

Using auto and range-based for loops.

Implementing move semantics for a custom class.

Writing lambda expressions for sorting and filtering.

Applying concepts and constraints in templates.

Using coroutines for asynchronous tasks.

Solutions
o Step-by-step solutions with explanations.

» Example code snippets for each exercise.
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Appendix I: Compiler Support and Feature Availability

This appendix provides a table summarizing the availability of Modern C++ features
across different compilers (e.g., GCC, Clang, MSVC) and their versions.

Feature Availability Table

Feature GCC [ Clang | MSVC

auto (C+-+11) 444 | 3.0+ | 2010+

Lambda (C++11) | 4.5+ | 3.1+ | 2010+

constexpr (C++11) | 4.6+ | 3.1+ | 2015+

Concepts (C++20) 104+ | 10+ | 2019+

Coroutines (C++20) | 10+ | 5.0+ | 2017+

Appendix J: Frequently Asked Questions (FAQs)

This appendix addresses common questions and misconceptions about Modern C++.

FAQs

What is the difference between std::unique ptr and std::shared ptr?

When should I use std::move?

How do concepts improve template programming?

What are the benefits of coroutines over traditional threading?
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