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        Preface

        Thank you for purchasing this book! There are always modern features in C++ that enable new ways of working and new idioms. If you ask the internet for examples in C++, most sources lean towards the C-like style, which has little to do with the possibilities of modern C++: resource acquisition is initialization (RAII) up front, new concepts and modules and coroutines and ranges. As always, I intend to show you the strengths of C++ in particular—especially where I believe that C++ is ahead of other languages.

        In this edition, I am assuming you will use a compiler that is fully capable of C++17. Because all popular compilers now also support C++20, you will have no problems with those features either. In the book, I mostly point out the use of C++20, but at the publisher’s request, I have refrained from specific typographical emphasis on the same. I also describe C++23 features, which I always point out and emphasize, as compiler support for these features is far from complete.

        I want to briefly draw your attention to C++17 features that I no longer emphasize, but that I use in almost all listings and that could confuse you if your compiler does not handle them. You still need to write the class template argument deduction for constructors in vector data{1,2,3} as vector<int> data{1,2,3}. You will miss string_view and instead need to write const string&. There are a few more little things that I won’t list here. In C++20, abbreviated function templates have been added, which are extremely useful, but sometimes difficult to point out in listings. If you ever see auto in a function parameter, then it is actually a function template.

        However, there are also gaps: Modules unfortunately are not yet fully developed, so I cannot give you many tips on them. And while format is widely supported, this is not yet the case for print.

        Of course, there is nothing to be said against writing your program “traditionally.” In short, to me, that means that your program looks more like C than it could look. There’s nothing wrong with that, of course. Some of the best programs are written in C. Nevertheless, if you start a project today and decide to use a programming language translated into machine code, you’d be better off using C++. Because something is happening in the language—or rather, something has happened. With C++23, you have a language that supports you in writing good programs in an up-to-date way. This means that your programs are fast, error resistant, and maintainable. You can program productively.

        For this book, I spent a long time thinking about the best way to teach C++. Bjarne Stroustrup gave a keynote speech at CppCon 2017 that had this very topic at its core. He said things there that I think are earth-shattering—at least as far as the C++ world is concerned. He said: “We (teachers) did a poor job of teaching people C++ until C++98.” And he thought about why that was the case. He includes himself in this and summarizes that most C++ books are long, monotonous, and slow. They teach “bottom-up 1990 C++” and use C++11 syntax. And that is wrong. Now, I started writing this book long before Bjarne Stroustrup gave this keynote—and that is precisely why I feel vindicated in the way this book now looks at the end of the work process. I see it the same way, and have tried to present C++ in a different way, rather than from the ground up.

        For example, you won’t find pointers explained in this book until well into the book, which may seem like a pretty bold choice. Pointers are important, and C++ is all about addresses—but since C++11, they’re not everything. It is much more important to understand the concept behind pointers, manifested in iterators. Because if you understand the mechanism, you can combine the detail with other things and create something new. I always want to see the why in the foreground.

        Stroustrup says in his keynote that the new C++ emphasizes resource security, among other things. He asked, which book emphasized RAII? There are few. You will come across the term RAII several times in this book. He criticizes that many books do not even mention type safety, abstraction, class design, and generic programming. This book does.

        However, accuracy and care are also important to me, which is why there is also a more technical section here that deals with the syntax and semantics of the small and large C++ constructs. You can’t skip this in a manual. In a single project, it may be enough to know a single rule about which default operations should be defined for a class. But in an architecture and to understand it, you need to know which default operations exist and how they interact with each other. My approach is therefore to teach you things in three bite-size chunks. The first overview is done in a few pages and gives you the first feel for a C++ program. This is followed by the larger loop, in which I briefly cover almost every language element so that you understand the interactions: you’ll learn about expressions, types, statements, variables, and the standard library. Only in the third round do I go into all these elements in detail in individual chapters. There you will find things explained with background and interaction with the world: bits, bytes, big-endian, floating-point formats, exceptions, classes, and so on.

        Especially close to my heart are the chapters on vector, map, and the like—that is, the topic of containers. The containers in the standard library are underestimated and consistently underused. Why is that? Back to Bjarne: Because we haven’t communicated it well enough. I’m trying to take a different approach here. Instead of just listing what containers there are and what interfaces and features they have, I want to draw your attention more to the concepts, especially the similarities and differences between the containers. I don’t want you to memorize all of vector’s methods right from the start, but rather what the containers can do, what they can’t do, and when you should choose which one. I have therefore written a separate chapter on the latter. If you have a problem, you can only find the right container with a reference if you have read and internalized all the container descriptions. I will therefore describe typical problems and present criteria that you can use to select the right container.

        And that still doesn’t satisfy me. Knowing C++ doesn’t automatically mean you can program. But anyone who uses the new C++ correctly has understood what it’s all about. And because “what it’s all about” is not only important in C++, but also in other programming languages, it is important to me that you think outside the box—as is also required in the board game of Go. In Go, beginners have kyu ranks, and more advanced players earn their dan ranks. When you follow the advice in the interspersed “dan” chapters that deal with things that occur everywhere in software development, your general programming skills will also improve. No matter whether you program in Java, PHP, or SQL, you need to test and to modularize your code, and in most cases, it doesn’t hurt to know object-oriented programming (OOP). I’ll cover these points and apply them with C++; take them with you on your programming and architecture journey.

        During my research on the innovations in C++20 and C++23, I also used the latest techniques. This means that I, as the author, have also consulted an artificial intelligence (AI) assistant from time to time—as you should also do to stay up to date. So it may not be a given that you have decided to pick up a book. But what I’ve realized, especially when working with the pretty impressive AI tools, is that they have their limitations. Especially when it comes to the innovations in C++20 and C++23, AI tools have rarely been able to help me. At the moment, these tools are simply parroting what the internet has been offering since its inception.

        Nevertheless, they support us in our daily work. And yes, they amaze me—despite their naivety. I am sure you are aware that you must always remain skeptical of the answers they give you. Always! And that won’t get any easier in the future. Andrei Alexandrescu, who currently works at Nvidia, makes predictions in his very enlightening presentation in the closing keynote speech at Code Europe 2023 that show me where the journey is heading: AI tools will increasingly support us, AI will become more commonplace, and we will notice it less and less—and therefore question it less. But that is, of course, dangerous. Therefore, stay vigilant. And enjoy this book!

        
Torsten T. Will
August 2024, Bielefeld

    



                    
                        Part I
Fundamentals
You’ll need a compiler or an IDE and must understand how to use them and how they work with your computer.
Then you’ll find out how the C++ language is structured and how you can put the various building blocks together into an executable program.



                    
                        1    C++: The Comprehensive Guide
With this book on your desk (because it’s probably too heavy for your hands), I hope to provide a work that bridges the gap between textbook and reference. I want to give you a comprehensive guide to programming with C++ to the point that you know where to look next. This is perhaps a somewhat strange approach, but I am deliberately making two compromises here: First, I hope that you already know a little about programming in general and have possibly already gained some experience with the computer’s “way of thinking.” You don’t necessarily need to know C++ itself, which is where this book comes in. Second, there are many details, potential uses, and interactions with other language elements for each language element—and there are many, many of them—so I will describe each language element, but only to a certain depth. However, I embed the descriptions in a context that helps you to develop an understanding. The pure text of the C++ language standard, including the associated standard library, comprises over 2,000 pages—tightly printed and formally written down (the document “N4971” without index). A work such as this book cannot help but present it to you in an understandable but comprehensive way at around 1,000 pages, to be supplemented by a comprehensive reference elsewhere. I recommend reference sites (http://cppreference.com), forums (http://stackoverflow.com), and searching (http://google.com, http://bing.com) on the internet. AI tools might also be useful, but be wary of them.
I have structured this book in such a way that you will first get to know the tool you are working with better. So you will get answers to the questions of what a compiler or a development environment is and how to set up each. Then you will get a quick bird’s-eye overview to make it easier for you to read the later chapters.
Then it gets more detailed. First, you will get to know the language core: How is a C++ program structured, and what elements does your code contain? This is mainly about syntax and semantics; you will also see the built-in data types and learn how the computer calculates with them.
This is followed by a comprehensive description of the standard library with all its tools, but also the concepts that are important for its effective use.

        1.1    New and Modern

        Through all of this, you will get to know the new, modern C++. Why new? Because a new, modern era has begun for C++ with C++11. C++ has been reworked and is still being reworked. With C++11, C++14, C++17, C++20, and the newest C++23, it has become possible to program in C++ in such a way that you can write more comprehensible, more error-free, and more sustainable programs—if, of course, you use the elements correctly.

        But what makes this new or modern C++ programming?

        
            	
                You can program more compactly because the compiler can relieve you of a lot of ballast. Type inference with auto and the range-based for are examples of this.

            

            	
                You will write safer code if you prefer unified initialization with {...}, use fewer raw pointers, use the containers and algorithms of the standard library, and, last but not least, internalize RAII (see Chapter 17, the fourth of the “dan” chapters on good code).

            

            	
                By moving instead of copying, you become more efficient without having to do anything except leave things out (see Chapter 17).

            

            	
                New C++ constructs are an alternative to less secure C means.

            

        

        When I present examples in this book, I want them to be instructive and meaningful, yet simple, short, and clear in book form. Practical relevance is very important to me. And it can happen that I use one or two patterns that might not have been necessary for the example at hand. For example, you will come across the Pimpl pattern in Chapter 11. In contrast to patterns such as RAII, which are more important in the modern C++, the explanation of these other patterns will usually be brief, because here my consideration tends toward the short. All established patterns and idioms also belong in a book, but this book focuses on the modern ones.

    


                    
                
                        
        1.2    “Dan” Chapters

        At strategically appropriate points, I have included special chapters that deal less with C++ per se, but will still help you when programming with C++. The topics are of a general software development nature such as modularization, testing, and resource management, but applied specifically in the context of C++.

        These “dan” chapters are located at points in the book that are thematically related to the surrounding chapters. However, they are deliberately broad in scope and do not just build on the previous chapters. They have more of a general handbook character and invite you to pick up practical tips later on. When working through the chapters sequentially, a bit of jumping ahead is acceptable and even encouraged.

        Special attention should be paid to Chapter 29, which, although very compact, contains the most practical tips.

    


                    
                
                        
        1.3    Presentation in This Book

        In this book, I consistently use C++11, C++14, C++17, and C++20 as standards when explaining topics to you. Most new C++ compilers support the majority of these features. I highlight most C++20 features, because you may not be able to use the latest compiler in your project. If you’re working in an environment that requires a very old compiler, you may have to forgo some useful features from the C++ language core and only have access to a limited part of the standard library. Consult your old compiler’s documentation to see what you can use, and check boost to see if your standard library can be extended with it.

        I will mention things that you will only find in the latest C++ version, C++23, in the text and mark them in the source code.

    


                    
                        
        1.4    Formatting Used

        Listings contain the following elements:

        // https://godbolt.org/z/jrqEGvh1M
#include <iostream>          // cout
#include <memory>            // make_shared
int main() {                 // a comment
  std::cout << "Blopp\n";    // highlighted
  type feh-ler(args);        // [image: image for unicode &#x1f5f2;] line with an error
  if consteval {             // point out C++23 features
    sin(55); }
  for(;;) break;   // other marker, for distinction or highlighting
}  


        Listing 1.1    
            A small formatting example.

        
            Boxes

            Boxes contain important things that you should remember.

        

        
            [Übung]  Bars

            The insertions marked with a bar usually contain further information. At the beginning of most chapters, you will find a chapter telegram with terms introduced with this marking.

        

        When I use a name for a sequence of symbols in the text, I try to include the sequence of symbols directly after it. I sometimes would have found this helpful when reading other books. I don’t bracket the symbol with quotation marks “” because in many cases I find this cluttering and sometimes even confusing. Here is an example: you write strings in double quotation marks ", use a reference &, use round brackets (), and angle brackets <> and put a comma , between parameters.

        
            Sample Material for Download

            You can download program examples and listings at www.rheinwerk-computing.com/5927.

        

        If you have any questions or comments, or if a discussion would help you, you can reach me at http://cpp11.generisch.de or by email at torsten.t.will+en@gmail.com.

    


                    
                        
        1.5    Let’s Talk Lingo

        In the German edition of this book, there was an explanation here about why I prefer English terms over German ones in many cases. We don’t have that issue in this edition. However, we have a different one: One reason that I prefer to use English technical terms in the German text is to highlight them as C++ language constructs. So I can write “Konzept” when I mean a general principle and “concept” when I refer to C++ concepts. To maintain this clarity in this edition, I need alternative formulations. I hope I have succeeded in this.

        For some things, in addition, it is necessary to define terms. Especially in the context of C++-specific terms, I try to stick to one term for this book when several terms are common for one thing. Some mean the same thing, and for others it is important not to confuse them with counterparts. Here is a short list of important aliases that you might find elsewhere:

        
            	
                Destructor luckily has none.

            

            	
                Copy constructor can be abbreviated to copy-c’tor and means T(const T&).

            

            	
                Move constructor might be a movator or T(T&&).

            

            	
                Assignment operator or copy operator instead of copy-assignment operator, copy-assign operator, or T::operator=(const T&).

            

            	
                Move operator instead of move-assign operator or T::operator=(T&&).

            

        

        Apart from that, I try above all to use clear language throughout. If I haven't quite struck the perfect balance between clarity and style, I hope you'll forgive me.

    


                    
                        2    Programming in C++
C++ is a programming language for many purposes. In general, it can be used for almost anything. Due to its focus on performance and interoperability, it is often used in system programming. Operating systems, drivers, and other machine-related programs are often written in C++.
Perhaps you come from Java, C#, or JavaScript. Then you are already familiar with programming. Nevertheless, I would like to introduce you to some special features of C++ that may not be clear to you at first glance:

        	
            C++ is translated into machine code.
JavaScript is interpreted, and Java is translated into an intermediate code, which is then interpreted. C++ is translated by the compiler directly into the language spoken by the machine.[ 1 ]

        

        	
            C++ is type safe.
C is not type safe to this extent, nor is Python or JavaScript.

        

        	
            C++ is generic.
You use templates to write generally valid procedures for several data types. This is more difficult in C. In Java, you have generics, but they are not as powerful. The prototype-based class concept of JavaScript and Python allows similar results but takes a different approach.

        

        	
            C++ allows metaprogramming.
You can write programs that are executed at compile time.

        

        	
            C++ is an ISO standard.
This means that a global international committee decides on the language. Java is mainly backed by Oracle, Python by the “community”.

        

    
The most important difference, however, is that in C++ you can choose the best of different paradigms to achieve your goal. However, you do not have to follow any of the paradigms. If you want object orientation through inheritance and dynamic polymorphism as in Java, this is also available in C++, but you can also program without it. If you prefer static coupling via traits, which could be informally called static polymorphism, this is also possible in C++ and is used in abundance in the standard library, but you can also make full use of virtual methods instead. If you like functional approaches, you are better off with C++ with functors, lambdas, and pipelines on views than with Java, but you can also do without them. You can even shift a lot of the execution time to the compile time and thus save users waiting time by assigning more tasks to the compiler with metaprogramming—but you can also do without this if it is not important to you.

        2.1    Compiling

        When you write a C++ program, this means that you write source code as text, which C++ tools translate into an executable program. When we talk about these tools, we often refer to the compiler, but in reality we mean several tools. I want to be precise in this section and tell you what the different tools do. Later, I will group them together again under the not quite correct term compiler.

        One of the reasons for this unclear naming is that nowadays the tools are rarely separate programs. They are often just phases of a single program. And indeed, Figure 2.1 only reflects a simplified process.

        
            [image: The phases of compilation from source code to executable program.]

            Figure 2.1    
            The phases of compilation from source code to executable program.

        
        I have left out the optimizations and the fact that a program uses additional libraries (dynamic libraries) when you run it.

        This entire process is either initiated from the integrated development environment (IDE) or executed manually on the command line. Manually is actually an exaggeration here as very often a tool is also used in this process, called the build tool. It is quite common to have Makefiles. These are text files that contain the components that belong to the program and instructions for how to produce them from your source code.

        Later in the chapter, we will build a small program with an IDE as well as execute it on the command line using a Makefile.

    


                    
                
                        
        2.2    Translation Phases

        To ultimately turn the source code you write into an executable program, the compiler suite performs several phases. Nowadays, the suite is often just one program that takes care of everything. It may also be divided into frontend and backend pieces. In the past, the phases were more or less executed by separate programs. The most important phases are as follows: 

        
            	
                Preprocessor
Reads the include files and expands C macros—that is, textually inserts a previous definition instead of the macro name

            

            	
                Lexer and parser
Translates the character strings into tokens—that is, groups characters into semantic units and recognizes, for example, whether a unit is a string, a number, or a function

            

            	
                C++ semantics
Turns templates into real functions and classes and classes into their instances

            

            	
                Intermediate representation (IR)
Creates a machine-oriented, yet platform-independent code and optimizes it at a high level

            

            	
                Code generation
Generates platform-dependent machine code in assembly language and optimizes at a low level

            

            	
                Object files
Translates the assembly language into machine-readable byte sequences, outputs them to object files and static libraries, and adds debug information

            

            	
                Link
Creates an executable file or dynamic library from object files and library files

            

        

    


                    
                        
        2.3    Current Compilers

        As already mentioned, the term compiler does not cover a single translation program, but the entire tool chain from the preprocessor to the linker. In addition, the standard library is an integral part of C++. So if you install a compiler on your system, you will always receive a standard library with it.

        With well-meaning intentions, this book largely refers to the current standard known as C++23. For C++20, the majority is implemented in the current compilers. I emphasize things that belong to C++23 because the language support is still incomplete, but it is improving. If you use the possibilities that have been added since C++11, you will be able to learn the language faster and use it better than was the case with the previous versions up to C++98, for example.

        With a modern compiler, C++ is definitely more enjoyable. Fortunately, most compilers are more or less up to date.

        
            2.3.1    Gnu C++

            The C++ compiler g++  from the Gnu Compiler Collection (GCC) is the compiler available on most platforms. It is also the testing ground for trying out new things, so you will almost always find new features implemented here first. Today, in the middle of 2024, C++20 is very well implemented. Unfortunately, C++23 still lacks some features, especially for ranges. On Linux, GCC is usually the first choice. Although GCC is widely used, it has a reputation for having a very complex code base. The compiled programs fall behind somewhat in terms of speed compared to paid compilers.

        
        
            2.3.2    Clang++ from LLVM

            As far as the code base is concerned, LLVM  with the C++ compiler called Clang++ has a better reputation. The implementation of the C++20 features is exemplary; little is missing from C++23. Some new features are implemented here first. Clang++ is the standard compiler for macOS development. It is available free of charge for Linux but must be installed in addition to an existing standard library, so it is best to install g++ beforehand.

        
        
            2.3.3    Microsoft Visual C++

            Microsoft's product world for C++ consists (together with other tools) of Microsoft Visual C++ (MSVC), the standard library MSVC STL, and the IDEs that integrate them. These are the specialized Microsoft Visual Studio, which is only available for Windows, and the cross-platform Visual Studio Code. MSVC and MSVC STL differ only slightly from other implementations in terms of the implementation of the C++20 standard. Most of the most important features are included. In some C++23 features, this compiler is even ahead of the others.

        
        
            2.3.4    Compiler in the Container

            With a suitable Docker container, you can try out other compilers with your code without installing them on your system and potentially messing it up.

            GCC offers a whole range of ready-to-use containers. For example, you can compile a piece of source code with g++ in version 14.1, which already supports some of C++23 (https://hub.docker.com/_/gcc):

            docker run --rm -i -t --volume $PWD:/workdir --workdir /workdir gcc:14.1 \
    g++ -std=c++23 -Wall -Wextra -pedantic myFile.cpp -o myFile.x  


            The result can usually be executed directly with ./myfile.x. Sometimes there are dynamic libraries in the container, in which case you must also execute the file in it:

            docker run --rm -i -t --volume $PWD:/workdir --workdir /workdir gcc:14.1 \
    ./myfile.x  


            With Clang++, it works the same way, except that you use silkeh/clang:18 as the image for this compiler.

        
    


                    
                        
        2.4    Development Environments

        There are two main ways for you to develop C++ programs:

        
            	
                Command line
You work on the command line and call the compiler and other tools manually. Later, you will use tools such as Makefiles to automate these tasks. I recommend that you at least try out the command line. On the one hand, you also learn other useful things about programs and programming. On the other hand, it is easier to automate processes on the command line—and that is ultimately what programming is all about.

            

            	
                Integrated development environment
An IDE that is tailored to your personal needs can increase your productivity immensely, especially later on in your everyday programming life. On the other hand, an IDE can also overwhelm a beginner with its flood of features. There are assistants that try to speed up the introduction. Whether this works depends on your personality. If you are completely unfamiliar with the command line, you can give this a try.

            

        

        In some cases, the choice of compiler determines the IDE. If you opt for Microsoft, you have a choice of IDE between Visual Studio Code and Visual C++. Visual Studio Code is free, runs on several platforms, and is intended for various languages. For C++, simply install the corresponding plug-in. Visual Studio C++ only runs on Windows, but it specializes in C++. The website currently advertises the 2022 edition. The already very comprehensive basic version, Visual Studio Community, is free of charge. The professional and enterprise editions are subject to a charge.

        
            [image: Microsoft products for C++ development.]

            Figure 2.2    
            Microsoft products for C++ development.

        
        On the Mac, Xcode supplied by Apple is the de facto standard. This gives you the choice between an excellent IDE and a collection of tools for the command line. You can download these from Apple (https://developer.apple.com/xcode). You can currently obtain Xcode 15 with compiler version 15. The compiler without an IDE can also be used under Linux, where the latest version 18 is available (https://releases.llvm.org/).

        The GCC is available as an alternative for Unix as well as for Windows and on the Mac. The C++ compiler is called g++—currently in version 14.1. You primarily use it from the command line, but it also integrates into IDEs such as Eclipse CDT, NetBeans, KDevelop, Code::Blocks, Qt Creator, and others. Some of these tools are even available for multiple platforms. If you want to develop with g++ on Windows, then look for the MinGW integration and whether you have to download it separately or whether it is already included (Minimal Gnu for Windows).

        
            Linux Subsystem under Windows

            Under Windows, there is an optional Windows Subsystem for Linux (WSL). There you can start a bash shell and have the same commands available as under Ubuntu, for example—including the apt-get installation command. You can then install GCC and many other things under Windows.

        

        A thoroughly commercial but interesting solution is CLion from JetBrains. The IDE is very well thought out and is based on the successful IntelliJ IDEA, which makes it interesting for some Java developers. Its own compiler is a little behind in terms of standards, but you can configure an installed GCC or Clang compiler.

    


                    
                
                        
        2.5    The Command Line under Ubuntu

        As an example for the development with the command line, I will give you a quick guide for the current long-term version of Ubuntu, a widely used Linux distribution. If you are using a different Linux distribution, the commands may differ.

        You install g++ and some useful tools like this:

        sudo apt-get install g++ make  


        You enter the program code in an editor, and this is where the real agony of choice begins. If you are using an IDE, the editor is included. Without an IDE, you enter your program in any general text editor. Text editors are a dime a dozen.

        I am only suggesting two that meet different requirements: gedit and kate. The choice between gedit and kate should depend on whether you are using Gnome or KDE as your desktop. Simply try out which of the following two commands would install fewer packages automatically, and then select the editor:

        sudo apt-get install gedit
sudo apt-get install kate  


        Between the pure text editors and the fully comprehensive IDEs are the new products Visual Studio Code from Microsoft and Fleet from JetBrains, the latter still as a preview. Both run on all platforms and are very popular.

        If you join a team with several developers, find out whether Emacs or Vim will be used. These are very popular text editors among programmers, but they have a steep learning curve. If you have colleagues who can help you get started, feel free to choose one of these two editors:

        sudo apt-get install emacs
sudo apt-get install vim  


        
            2.5.1    Create a Program

            We will come to the IDE in a moment when we discuss Visual Studio Code under Windows as an example. Now let's walk the path.

            Open a command line, sometimes also called a terminal or console. You will certainly find an entry for this in the menu. In Ubuntu with Gnome, you can also press (Ctrl)+(Alt)+(T). A new window should open with a blinking cursor showing a command line similar to this one, the so-called prompt:

            towi@havaloc:~$  


            In the rest of this book, I will not mention towi@havaloc:, which stands for user and computer names, or the tilde ~ for the current working directory. The prompt $ means that you should enter a command after it. Practice creating a new directory and entering it:

            ~$ mkdir quellcode
~$ cd quellcode  


            Your prompt should now contain the directory to which you have changed:

            ~/sourcecode$  


            Because there are so many Linux flavors, it is quite possible that your display will look different even though you have done everything correctly. You can use pwd to check which directory you are currently in.

            Now open the editor of your choice. You can do this via the menus or enter the name of the file you want to edit on the command line. Add an ampersand & so that you can continue typing even though the editor is open (if you forget this, press (Ctrl)+(Z) in the command line and then type the command bg, followed by (Enter)). I myself am an Emacs user, but use your favorite editor here:

            $ emacs modern101.cpp &  


            Type the following source code into the editor window. You should recognize somewhere that you are really editing modern101.cpp.

            // https://godbolt.org/z/911fxx3nq
// modern101.cpp : Fibonacci console
#include <iostream>
int fib(int n) {
    return n<=1 ? n : fib(n-2) + fib(n-1);
}
int main() {
    std::cout << "Which Fibonacci number? ";
    int n = 0;
    std::cin >> n;
    std::cout << "fib(" << n << ")=" << fib(n) << "\n";
}  


            Listing 2.1    
            Each Fibonacci number is the sum of the two numbers before it.

            Translate this source code into the executable program modern101.x:

            $ g++ modern101.cpp -o modern101.x  


            Here g++ is the compiler. Use modern101.cpp to specify the source file. If you have several source files that you want to compile into a program, specify several *.cpp files here. Use -o modern101.x to tell this compiler the desired output file name. If you forget this, it doesn't matter; the finished program will end up in g++ in a.out.

            Try it out for yourself:

            $ ./modern101.x
Which Fibonacci number? 33
fib(33)=3524578  


            This is your first C++ program. Congratulations!

            By the way: Under Windows, executable programs are normally given the extension *.exe. Under Linux, an extension for executable C++ programs is rather unusual. To illustrate this, I create Linux programs here, but with the extension *.x—a practice that I also use from time to time in the “real world”. Whether you follow my example or not is up to you.

            If you are interested in how you can speed up the program, move ahead to Section 2.7.

        
        
            2.5.2    Automate with Makefile

            However, as it is tedious to call the compiler again and again in this way, it is best to create a Makefile in which the necessary commands are listed. To do this, create the following Makefile file:

            $ emacs Makefile &  


            The content of the file is then simple:

            # -*- Makefile -*-
all: modern101.x
modern101.x: modern101.cpp
  [Tab]  g++ modern101.cpp -o modern101.x
# clean up:
clean:
  [Tab]  rm -f *.x *.o  


            The comment lines with # are not essential. Make sure that the indented lines do not start with a space but with a tabulator, which I indicate here with [Tab]. I won't go into all the details here, but the following two lines,

            modern101.x: modern101.cpp
  [Tab]  g++ modern101.cpp -o modern101.x,  


            say to make: “If you need to create modern101.x, then you need modern101.cpp; to create it, run the command g++ modern101.cpp -o modern101.x”.

            If you now run

            $ make  


            then the all: rule will look up what you want to have built. You can list other rules there, which make will then execute one after the other. You should now have your program built again. make may notice that nothing has changed, in which case a make clean (execute cleanup rule) or make -B (pretend everything has changed) will help.

            You can also use make all, make modern101.x, or make clean to execute one of the other rules. Isn’t that convenient?

        
    


                    
                        
        2.6    The Visual Studio Code IDE under Windows

        To install Visual Studio Code (VS Code), simply type “vscode download” in the search bar of your browser and then click the download link that appears. Then download the setup and run it.

        
            [image: Visual Studio Code is available for popular operating systems.]

            Figure 2.3    
            Visual Studio Code is available for popular operating systems.

        
        You’ll then find the following:

        
            	
                License agreements

            

            	
                An installation location that must be selected

            

            	
                The start menu folder to set

            

            	
                Options such as Add to PATH (available after restart)

            

        

        You can then start VS Code in the last installation step or simply type “code” and press (Enter) in the Windows search bar.

        
            Visual Studio Code under Linux

            VS Code also runs excellently under Linux. Perhaps even a little better as the compiler is typically already installed there and available in the path. Download VS Code from the website and install it. Also install the C/C++ extension. The compiler available in the system will be recognized.

        

        The display language is (probably) initially set to English. If you want to have the IDE use a different language, you can install that language later by pressing (Ctrl)+ (Shift)+(P) and selecting Configure Display Language.

        
            [image: You can first change the display language.]

            Figure 2.4    
            You can first change the display language.

        
        If you choose to change the display language, VS Code will restart with the menus in the new language. It is a good idea to follow the installer's recommendation and also to restart Windows once.

        Next, install the C/C++ plug-in:

        
            	
                Pressing (Ctrl)+(Shift)+(X) or clicking the four-box icon in the left bar opens the extensions.

            

            	
                Enter “C++” in the search and the original Microsoft C++ extension will appear in the list. You can choose the pure extension or the extension pack. I myself have opted for the latter. It consists of the actual C++ extension, the CMake extension, and C++ themes.

            

        

        
            [image: The welcome screen.]

            Figure 2.5    
            The welcome screen.

        
        Now we still need a C++ compiler. Microsoft recommends that you check whether you already have one installed. We assume that this is not the case. You have a choice between the MinGW g++ or MSVC compiler.

        
            [image: Programming languages are supported in VS Code with plug-ins.]

            Figure 2.6    
            Programming languages are supported in VS Code with plug-ins.

        
        We use the MSVC compiler here. It is best to close VS Code. Then download Build Tools for Visual Studio 2022 from https://visualstudio.microsoft.com/downloads/ and install them. In the selection that appears, select Desktop Development with C++ on the left-hand side and at least MSVC and C++-CMake on the right-hand side.

        
            [image: The compiler and other tools are installed separately.]

            Figure 2.7    
            The compiler and other tools are installed separately.

        
        When the many packages have been installed, click Start in the installation screen and you will land in the Developer Command Prompt for VS 2022 (the Devconsole). You can close the installer. You can open the Devconsole again and again by entering “Developer Command” in the start bar and selecting Devconsole.

        
            [image: The cl compiler is available in the Devconsole.]

            Figure 2.8    
            The cl compiler is available in the Devconsole.

        
        To start VS Code with the installed compiler, enter “code” in the Devconsole.

        
            [image: The fully installed IDE with C++ support.]

            Figure 2.9    
            The fully installed IDE with C++ support.

        
        You will see that the C++ plug-in welcomes you with a new button. Click it. After a few seconds, you can click the button labeled Select My Default Compiler. There is actually already a blue Done tick there, but you can easily check the setting.

        
            [image: The compiler has been found.]

            Figure 2.10    
            The compiler has been found.

        
        
            [image: Set the default compiler.]

            Figure 2.11    
            Set the default compiler.

        
        Then select cl.exe. This is the compiler that you have already tried out in the DevConsole. You can carry out the further steps of Get Started with C++ Development yourself if you wish. However, I can also show you a different or additional way to a demo C++ program.

        Open a terminal with (Ctrl)+(O) in VS Code. You should get a command prompt in your home directory. There, enter mkdir modern101 and cd modern101 in succession to change to a new directory.

        
            [image: Start a project in a new directory.]

            Figure 2.12    
            Start a project in a new directory.

        
        Then select the clearly visible Open Folder button in VS Code and select the modern101 folder you have just created. A new project window will open in which you must first agree to the sentence Yes, I trust the authors of this folder (that's you).

        
            [image: A new VS Code opens with the fresh project.]

            Figure 2.13    
            A new VS Code opens with the fresh project.

        
        You will now see the project area on the left. There you can hover your mouse pointer over MODERN101 to display buttons for creating a new file. You can also select the New File... entry in the welcome area under Start, but one more dialog will appear. The file name should be modern101.cpp. A text editor opens in the right-hand area where you can enter source code. Write your first C++ program here!

        
            [image: Enter the C++ source code in the editor.]

            Figure 2.14    
            Enter the C++ source code in the editor.

        
        Now you only need to click the triangle in the top-right-hand corner and select C/C++: cl.exe build and debug active file.

        A terminal should open in VS Code, in which the program is compiled. Eventually you will see the question, Which Fibonacci number? To test it, enter “45”.

        
            [image: Your first executed C++ program.]

            Figure 2.15    
            Your first executed C++ program.

        
        With the number 45, it takes a while, but then you will see the result in the terminal. On my computer, the calculation takes about a minute. You can also start with a smaller number like 20. If you choose a number larger than 45, you will exceed the capabilities of the program and get nonsensical output.

        Note that the number ranges refer to a Win32 application on a 64-bit Windows. The limits may be different on other platforms.

    


                    
                
                        
        2.7    Speed Up the Sample Program

        If the program runs too long for you, then tabulate  the intermediate results. This means that you save them in a table-like data structure. The zeroth entry receives the result of fib(0), the first the result of fib(1), and so on. If you want to use fib(n) to calculate the nth entry in the table, do not call fib(n-1) and fib(n-2), but look in the table instead. Then you will get the results faster than you can look. Create a new project or modify the program:

        // https://godbolt.org/z/3W1qY7b9x
// modern102.cpp : Fibonacci console
#include <iostream>
#include <map>
int fib(int n) {
    static std::map<int, int> table{};
    table[n] = n<=1 ? n : table[n-2] + table[n-1];
    return table[n];
}
int main() {
    std::cout << "How many Fibonacci numbers? ";
    int n = 0;
    std::cin >> n;
    for (int i = 1; i <= n; ++i)
        std::cout << "fib(" << i << ")=" << fib(i) << "\n";
}  


        Listing 2.2    
            A quickly created table of Fibonacci numbers.

        If you enter “50” here, for example, then you will see that the results are sometimes negative from 46—a sign of an overflow. The same applies here: On platforms other than 32-/64-bit Windows, you may have different limits. This means that the numbers are too large for this program and the program returns nonsense. Having an overflow in a program is usually not a good idea. Therefore, in Chapter 4, Section 4.4, you will learn what to look out for and how to avoid this problem.

    


                    
                        3    C++ for Newcomers
This chapter is primarily aimed at those transitioning from Java or C#, but newcomers from other higher-level languages, especially object-oriented languages, will also benefit, as will those refreshing their C++ skills after some time. I provide a general overview of the idiosyncrasies of C++ that may surprise or pose difficulties for newcomers.
All other readers can skip this chapter; the overview and introduction follow.
The following elements are ones that many developers should recognize:

        	
            Statements
Programs are executed statement by statement, one after the other—at least per thread, at least in the model. The rule of thumb is that semicolons separate statements from each other. Statements can be combined into blocks.

        

        	
            Expressions
An expression recursively consists of expressions down to indivisible units such as literals or variables. Arithmetic expressions contain mathematical calculations, for example. In C++, an exact type can be assigned to every expression.

        

        	
            Data types
C++ offers a range of simple data types such as int and double. There are also pointers and references, which are separate types in C++. An int and a pointer to it int* are different types. You can aggregate several types together to obtain new types.

        

        	
            Functions and methods
To prevent programs from turning into long spaghetti, reused areas can be outsourced to functions. Functions that are in a data type are called methods.

        

        	
            Classes
Data types that you also bundle with behavior—that is, to which you add methods—are called classes.

        

        	
            Function calls
A function call takes parameters and returns a result. What happens within the function is partially invisible from the outside.

        

        	
            Parameters
Functions receive parameters. In C++, the function decides whether the parameter is to be used as a value (by value) or as a reference—or pointer (by reference)—not the caller.

        

        	
            Returns
The same applies to returns from functions. A result can be assigned to a variable or used within an expression. The function decides whether the return value is an independent copy or a reference.

        

    
Some things may seem familiar to experienced programmers at first glance, but they have important conceptual differences from other languages in detail. For example, if Java developers bring incorrect preconceptions here, they might later be confused and encounter nasty surprises. Therefore, I want to briefly mention a few things that could be stumbling blocks:

        	
            Stack and heap instead of garbage collection
It will come as no surprise when I tell you that there is no automatic cleaning up of objects in C++. Don't see this as a disadvantage; live the advantage. Separate between things that are automatically managed on the stack by the compiler when the block is exited and those that you request on the heap with new and for which you take responsibility for clearing away. Don't mess around: better use RAII (see Chapter 17).

        

        	
            Virtual versus real machines
It is known that Java code, once translated to class files (thanks to the Java virtual machine [JVM]), runs on all platforms (“write once, run anywhere”). C++ code must be compiled separately for each platform because the compiler output is directly executable machine code (“write once, compile anywhere”). Although this is not a requirement according to the standard, it is usually the case.

        

        	
            C++-char versus Java-char
C++-char is usually eight bits wide and appears on different systems sometimes as signed and sometimes as unsigned. Without the corresponding designation, you can therefore only rely on a value range from 0 to 127. Only if you write signed char does it correspond to the Java byte. Java-char corresponds more to C++-short and guaranteed to int16_t. The latter does not have to be present, but it is de facto.

        

        	
            C++-optional versus Java-optional
In Java, you often use optional as part of the Java Stream API. In C++, the containers and the new ranges correspond most closely to the Java stream API. However, optional is not a container in C++, and therefore you will not use optional as in Java. However, with C++23 the monadic transformations have been added, which move optional in this direction.

        

        	
            Function objects versus lambdas
At first glance, Java lambdas are similar to C++ lambdas. On closer inspection, the anonymous function objects in C++ are more rounded. In Java, some effort still has to be made at call time in the JVM to dynamically create a function object. In C++, the compiler has completely outsourced the function and only given it an invisible name. Binding to local variables is similar, but in C++ you can choose between binding as a value or as a reference.

        

        	
            Values and references in C++ versus Java and the like
Everything that is an object is a reference in Java. In C++, everything is a value and is copied for parameters and returns. Only with special provision with & and * can a function explicitly request references and pointers instead.

        

        	
            Throwing values instead of pointers
In C++, you do not write “throw new X(...)”, but only throw X(...). If you don't pay attention to this, you will run into trouble in the medium term. For example, you would have to delete the exception objects yourself. And this is not always possible, as is the case with catch(...) (catch-all). And what about rethrowing? You should instead rely on the C++ mechanisms, where it is guaranteed that an exception instance exists as long as it is needed. The time to deviate from this rule is when a framework requires you to explicitly clear away because it throws exception instances as pointers. In this case, you should of course adhere to what the framework prescribes. Read its documentation to find out whether you should clear the exception in the catch block.

        

        	
            const versus final
Because all objects in Java are references, final in Java only refers to the reference marked with it. You certainly know that you can change its content wildly despite final if the interface allows this (which fortunately is not the case with things like Integer). Because everything is initially a value in C++, const also protects the content. In connection with references and pointers, you have even more control, as you can see in Listing 3.6 and its explanation.

        

        	
            Templates versus generics
Both use angle brackets, and yet they are completely different. In Java, only a single function or class is created per generic; you are only relieved of the type conversions—for example, for returning a value from methods. The only thing you know about the type parameter is that it is either an object or that it implements a specific interface. A generic therefore always applies to a specific group of objects. In C++, a template is instead a stencil, which must just be parseable C++ code from the compiler, nothing more. Only when you use it do you specify the types of parameters, and C++ then inserts them—and generates the actual function at this moment (at compile time). This can then be different functions for each type.

        

        	
            Interface approaches in C++ and Java
In C++, there is multiple inheritance without restriction. And because, according to Terry Pratchett, nothing good ever follows the word multiple,[ 2 ] the Java thinkers didn't want to bring this specific devil into their house either. But you can't do without it completely, because then object orientation would be impossible. This is why Java has implementation-free[ 3 ] interface declarations. This sensible approach puts a stop to the misuse of multiple inheritance and makes it more difficult to design overcomplicated interface hierarchies. In C++, it is the other way around: restrictions that are intended to protect against design errors must come from the developers; they do not come from the language. As a sensible restriction, you can start by adopting the idea from Java: for example, if multiple inheritance is used, then make sure that at most one of the parent classes contributes implementations and the rest are only so-called signature classes—that is, classes that contain only pure virtual methods. This is what C++ calls abstract methods—that is, virtual methods that have zero assigned instead of an implementation.

        

        	
            Standard library  and JEE
If you install Java completely, you get a huge API with it, with libraries that cover pretty much all areas of life. This is only the case to a limited extent in C++. Although the standard library gives you a solid foundation, you are dependent on third-party providers for many important things. This has become increasingly rare over the course of the last language versions from C++11 to C++23, as more and more general-purpose tools have become part of the standard. However, network communication and many other things are missing from the C++ standard library. For now.

        

    

        Method Declaration, Method Definition, on Site, Separate, and Abstract

        For your acute understanding: in C++, you define a method either directly at its declaration in the class or somewhere else in the sources. In the first case, the definition follows the function header:

        struct Demo {
    int x;
    virtual void func() { x = 12; }  // Definition on site
} 


        For methods with more than a few lines, separate the declaration and definition. The function body is then located outside the class definition, preferably in a different file:

        struct Demo {
    int x;
    virtual void func(); // definition (probably) somewhere else
}
...
void Demo::func() { x = 12; } 


        However, you do not necessarily have to have a method definition. This is only really necessary if you also use the method. The linker usually reports an error when linking the entire program. It is therefore perfectly fine to have a method declaration without a method definition.

        However, if you write = 0 in the method declaration, then this is also its definition. Namely, as a purely virtual—that is, abstract—method:

        struct Demo {
    virtual void func() = 0; // abstract method
} 


    
Here are some examples where Java and C++ differ.
In Java, you need the keyword new to create a new instance. The instance is created on the heap.
Data data = new Data(5);
Data more = new Data(6);
data = more;
more.value = 7;
System.out.println(data.value); // always 7

Listing 3.1    
            Java: A small Java example with the ubiquitous object references.
data and more are references. In fact, they are more like pointers in C++, because they can also assign the null pointer null to data, which would not be possible with references in C++. The assignment data = more means that data and more now reference the same instance. In C++, you would rather write:
Data data{5};
Data more{6};
data = more;
more.value = 7;
cout << data.value << '\n'; // still 6  

Listing 3.2    
            C++: In C++, you have values instead of references.
Here, data and more are separate values. Assuming that more{6} resulted in the initialization more.value=6, then data.value still contains the 6 even after the assignment of more.value=7.
And if you use heap and pointers with new in C++ to emulate Java behavior, don't forget that you don't have a garbage collection, but have to release the heap again somehow. To do this, either use an auxiliary class such as shared_ptr (recommended) or an explicit delete:
// https://godbolt.org/z/WM11Gs6sz
auto data = make_shared<Data>(5);
auto more = make_shared<Data>(6);
data = more;
more->value = 7;
cout << data->value << '\n'; // now also 7  

Listing 3.3    
            C++: Modern C++ with heap memory uses auxiliary classes such as shared_ptr.
This is already very “modern,” but you can also make it “purer.” In the next example, you can see the whole thing without the wrapper objects created by make_shared.
// https://godbolt.org/z/Ee7eqq1MY
Data* dataOwner = new Data(5);
Data* data = dataOwner;
Data* more = new Data(6);
data = more;
more->value = 7;
cout << data->value << '\n'; // now also 7
/* tidy up */
delete more;
delete dataOwner;  

Listing 3.4    
            C++: Without modern C++ tools, special attention must be paid to pointer ownership.
But oh dear: here you can already see what trouble you can get into if you have to handle clean up yourself. delete data would have been wrong in the end, because data points to more, and that has already been cleared away. The assignment data = more is the villain that has hidden data. Release is no longer possible. This is the only reason that dataOwner exists, so that the original pointer can be released later.
Therefore, in C++, it is useful to adopt the concept of ownership of pointers: raw pointers always belong to someone who is responsible for clearing them away. Either this is the person who created the object with new, or the ownership is transferred. You can do this “in your head,” using tools such as the Guideline Support Library (GSL; see Chapter 30 on guidelines); write wrapper classes yourself; or simply always use the supplied tools such as shared_ptr and unique_ptr. In the next example, I choose final. In Java, this means that nothing new can be assigned to the reference.
final Data data = new Data(5);
data.value = 7;           // that's okay
data = new Data(6);       // [image: image for unicode &#x1f5f2;] this prevents final 

Listing 3.5    
            In Java, final only blocks the reference.
In C++, const can be used in a much more differentiated way.
// https://godbolt.org/z/Moe5M7sK8
Data const * data = new Data(5);
data->value = 7;          // this const protects Data
data = new Data(6);       // reassigning pointer is okay
Data * const more = new Data(8);
more->value = 9;          // now okay
more = new Data(10);      // reference is protected  

Listing 3.6    
            C++: const can protect the value or the reference.
In C++, both the reference or pointer and the content—that is, the value—can be protected. You can also combine both with Data const * const. You can recognize what is protected by the const behind it:

        	
            Data * const more
The pointer or reference is protected.

        

        	
            Data const * data
 The value Data is protected.

        

        	
            const Data * data
This is an alternative notation for Data const * data.

        

        	
            Data const * const more
Both value and pointer are protected.

        

    
There are also variants of const: const methods may not change their own object, and constexpr forces the expression to be calculated by the compiler at compile time.



                    
                
                        4    The Basic Building Blocks of C++

        [Übung]  Chapter Telegram

        
            	
                main
The entry point to every program.

            

            	
                #include
Integration of other program parts and libraries.

            

            	
                Variable
Name for a memory area that can hold a value.

            

            	
                Initialization
This is the value that a variable will have when it is created. For built-in types, initialization is particularly important during definition as otherwise a variable will have an undefined state.

            

            	
                Assignment
A special expression that changes the content of a variable using =.

            

            	
                return
Exiting a function; in main, the end of the program.

            

            	
                Comment
A note to the program code that the compiler does not evaluate.

            

            	
                Statement
A program is the sequential processing of various statements.

            

            	
                Expression
A sequence of operations on operands for assignments and the like. 

            

            	
                Block
A group of statements between curly braces.

            

            	
                Type or data type
For the compiler, every expression has a type.

            

            	
                Standard library
Part of the C++ standard and supplied with the compiler. Everything that is not pure syntax or semantics or a built-in data type is supplied by the standard library.

            

            	
                Own function
With a custom function, you outsource code to another location. This is the basis for clarity and reusability.

            

            	
                Function parameter
Gives the “thing” passed to a function its own local name within a function.

            

            	
                Side effect operator
Operator that changes the value of a variable but is not an assignment.

            

            	
                int and bool
Two elementary (built-in) and simple types.

            

            	
                Unified initialization
A unique notation for the first value of a variable or a default parameter.

            

            	
                Token
For the compiler, the smallest building blocks of the program text.

            

            	
                Identifier
Names of program elements—that is, variables, types, functions, and so on.

            

            	
                for statement
This is a way of implementing the repetition of statements.

            

            	
                if statement
You use this to implement branching.

            

            	
                Operator
Usually a symbol that stands between two operands (or in front of one); works like a function with the operands as arguments.

            

            	
                Operand
Argument for an operator.

            

            	
                Arithmetic operator
Used for classical arithmetic with +, -, *, /, and % as well as bitwise arithmetic with |, &, ~, <<, and >>.

            

            	
                Relational operator
Greater than, less than, equal to, combinations thereof and not equal to: >, <, ==, <=, >=, !=, or even <=> (C++20).

            

            	
                Logical operator
Combines Boolean values: &&, ||, and !.

            

            	
                Assignment operator or compound assignment
The assignment operator is the equal sign =. A compound assignment combines = with an arithmetic operator.

            

            	
                Binary system
The digit value number system of the computer using zeros and ones.

            

            	
                Built-in type
A type that is available to you without #include.

            

            	
                Integer type
One of short, int, long, or long long built-in types, each signed or unsigned.

            

            	
                Floating-point type
One of the float, double, or long double built-in types; since C++23, [b]floatN_t.

            

            	
                Character type
Most often char, but also with wchar_t, char16_t, and char32_t international characters; all built-in types.

            

            	
                Character string
As literal const char[], together with C often const char* in C++ string; in each case, also possibly with one of the other character types.

            

            	
                Truth value type
The built-in type bool with its literals true and false.

            

            	
                Type inference with auto
When defining a variable, let the compiler determine the type from the type of the expression of the initialization.

            

            	
                Overflow
An attempt to change the value of a type beyond its value range; an overflow can occur in both the positive and negative range.

            

            	
                Literal
A value specified directly in the source text.

            

            	
                using and typedef
Defining a type abbreviation.

            

        

    
In this chapter, we will take a very quick “flight” over a simple C++ program. This will familiarize you with the most important elements and give you a better understanding of the things I will explain in the following chapters.
Let’s start with a simple C++ program.
// https://godbolt.org/z/Mdj7bGvar
#include <iostream>                       // Include modules/libraries
int main()                                // main() is the start of the program
{
    int value = 100;                      // Variable with initial value
    std::cout << "Divisors of " << value << " are:\n";        // Output of text
    for(int divider=1; divider <= value; divider = divider+1) // loop from 1 to 100
    {                                     // begin of the repetition part
        if(value % divider == 0)          // test for conditional execution
            std::cout << divider << ", "; // only if the test is positive
    }                                     // end of the loop
    std::cout << "\n";                    // single output
    return 0;                             // means end of program in main()
}                                         // end of main()  

Listing 4.1    
            A very simple C++ program.
If you compile and run this program, you will receive the following output on the screen:
Divisors of 100 are:
 1, 2, 5, 10, 20, 25, 50, 100,  

You can already see many basic and important things about C++ from this simple program.

        4.1    A Quick Overview

        I will briefly explain the individual program elements here so that you have the necessary basic knowledge with which we can then delve deeper.

        
            4.1.1    Comments

            As you can see, I have mixed program text and explanatory words here. The lines always start with program text, sometimes followed by a double slash //, and then come the explanatory words—the comment. In C++, you can write any text after //; the compiler ignores it (or, to be precise, interprets it similarly to a space) with a few exceptions. This allows you to tell other programmers, yourself, or posterity your intentions that led to the current program line.

        
        
            4.1.2    The “include” Directive

            The very first line of the example reads:

            #include <iostream>  


            Use #include to inform the compiler that you want to use elements of a module in this file. The name between the brackets is the name of a header file containing the declarations of that module.

        
        
            4.1.3    The Standard Library

            I include the special module iostream because it contains std::cout. The program needs cout to generate the screen output. The iostream module is part of the standard library and is supplied with the compiler.

            All names of the standard library begin with std, followed by the scope resolution operator ::. This is an ugly, albeit precise term that nobody uses; the name double colon is fine too.

            I will go into the possibilities of using the std identifier in more detail later. A large part of the book deals with the standard library itself.

        
        
            4.1.4    The “main()” Function

            Now let's look at the line that says main:

            int main()  


            This defines a function with a special name. The main function is always the entry point into a C++ program: you can't do without it, and there can never be two. When your system executes the program, main() is called.

            Otherwise, a function in C++ allows you to jump to this function from another location in the program and return to the call location later. Functions can take arguments—these are the function parameters—and return a result (see Chapter 7).

            You can read the definition of this main function as follows:

            
                	
                    main should return a number—a value of type int, to be precise.

                

                	
                    The name of the function is main.

                

                	
                    The empty pair of round brackets in main() means that the function does not receive any parameters.

                

                	
                    This is followed by what the function actually does. This function body is always placed between two curly brackets {...}.

                

            

            Functions other than main could return any other types.

            The value returned by main is determined by the first return that the computer encounters when running the program. Here, this will always be return 0. The return value is therefore always 0.

            Depending on the operating system, the return value can be evaluated. If your program is to be able to receive arguments on the command line, the round brackets for the parameters would not be empty. You will see later what you need to do for this.

        
        
            4.1.5    Types

            In C++, almost everything has a type, such as variables and intermediate results. The type determines which properties the construct has and which values it can accept.

            In Listing 4.1, only int is specifically mentioned as a type. The compiler will work out everything else itself. Two variables with this type are introduced in the program: int value and int divisor. Whenever you refer to these variables in the course of your program, you must take their type int into account. I will go into the exact properties of int later. For now, it is sufficient to know that int stands for an integer.

        
        
            4.1.6    Variables

            A variable is the name for a memory area that can hold a value. Yes, in C++ a variable must always have a type. When you use a variable for the first time, you must tell the compiler its type. The type accompanies the variable as long as it lives and can no longer be changed.

            In the program I use two variables: value represents the number whose divisor I output, and divisor is the number with which I check whether a division can be performed without remainder. First I define value. From this point on, I can use value, which is also done immediately for the output:

            int value = 100;                                  // Variable with initial value
std::cout << "Divider of " << value << " are:\n"; // Output of text  


            Because value is of type int, you can only use this variable for integers—that is, use it in calculations or change it.

            The other variable is divider in the for loop:

            for(int divider = 1; divider <= value; divider = divider+1) // Loop from 1 to 100 


            The same applies to it as to value. Apart from the name, there are two other differences:

            
                	
                    divisor is actually changed in the program sequence. If divider = ..., then it is assigned a new number.

                

                	
                    divisor is only known within for.

                

            

            The scope of a variable is limited to its block, after which it is literally gone. And so gone that you could define a new variable divider outside the for. This could then also have a completely different type. You can find an example in Listing 8.4, where the variable result is redeclared (with the same type, though).

        
        
            4.1.7    Initialization

            In the example program, the equal sign = fulfills two purposes that are often mixed up. However, because the distinction is so important, I would like to make you aware of this at an early stage.

            You can see the equals signs in the following example:

            int value = 100;
int divider = 1;
divider = divider+1;  


            The first two lines are each the initialization of a variable defined in the same breath. This point in time, at which you also define its type, is its declaration. You can only initialize something during the declaration.

            The variable is already declared in the last line. You are therefore assigning a new value to an existing variable; this is why we speak of an assignment. With an assignment, you cannot change the type of the variable. If the types are different, the compiler can perform a conversion within certain limits.

            
                Assignment versus Initialization

                The equals sign in the declaration is always an initialization.

                It is only an assignment if the variable was declared somewhere else.

            

        
        
            4.1.8    Output on the Console

            With #include <iostream>, you've imported the part of the standard library that's responsible for input and output. The output to the console is done using the operator <<:

            std::cout << divider << ", ";  


            On the left, you can see the variable originating from <iostream> with std::cout, which stands for the output on the console. To the right of each << are the things you want to output. As you can see, you can concatenate << like a normal plus + and thus output several things one after the other.

            Some output is difficult to write in source code. C++ provides special mechanisms for this. One possibility is to escape certain characters with a backslash \ (slash reversed). If you want to output a line feed, write "\n" in the source code, for example.

        
        
            4.1.9    Statements

            The curly brackets {...} of main() hold together a group of statements together, and they define a statement block. They form the boundary of what is executed for main():

            int main()
{
    ...
}  


            In between are statements that are executed one after the other. Statements are important basic elements in C++, and there are different types. Recognizing what a statement is and what type it is will quickly get you started with C++. In the next sections, you will get to know them all. At this point, I will show you which statements you can use. In Listing 4.1, you will find the following:

            
                	
                    The declaration int value = 100; makes the variable value known and initializes it with an initial value—sometimes collectively called the initialization statement.

                

                	
                    With cout << "divisor of " << value << " are:\n";, it is an expression that outputs something to the console.

                

                	
                    This is followed by a for loop. It is used to execute other statements repeatedly. I will go into more detail about the for statement later, but note that the part that is to be repeated is again enclosed in curly braces {...} after the for.

                

                	
                    This is because the two braces that belong to the for are, with their content, a compound statement or a statement block. This again contains a series of statements that are held together by the enclosing braces. This grouping of statements has a special meaning in several respects. On the one hand, they can be repeated together in the for loop, and on the other hand, this grouping forms a scope of validity for the variables it contains.

                

                	
                    if(value % divider == 0)... is an if statement, a branching statement. A condition is tested and the following statement std::cout << divider << ", "; is only executed if this condition is true. As with the for loop in the example, we could have followed this with a statement block in {...} (that would have been good style). For demonstration purposes, the if is only followed by a single statement. This way I could save the surrounding {...} for a statement block.

                

                	
                    The return statement return 0; concludes this enumeration.

                

            

            Statements are made up of expressions. An expression can have a value as a result at runtime. At compile time, the compiler knows the type of each expression. We will go into expressions in great detail later. Here are just a few examples from the program:

            
                	
                    value % divisor calculates the modulo—that is, the remainder of a division.

                

                	
                    ... == 0 checks the equality of two values.

                

                	
                    divisor+1 is the result of an addition.

                

                	
                    divisor = ..., an assignment, is also an expression.

                

            

        
    


                    
                
                        
        4.2    A Detailed Walkthrough

        Having looked at an example program from start to finish in the previous section, I will now go into a little more detail. You will see the first formal definitions and learn to recognize the important language elements.

        Let's build Listing 4.1 a little and let's take a closer look at the elements we already know.

        // https://godbolt.org/z/ceT6o5zxd
#include <iostream>    // for std::cin, std::cout, std::endl
#include <string>      // std::stoi

void calculate(int n) {                           // a separate function
    using namespace std;                          // for std::cout and std::endl
     /* output divisors */
    cout << "divisors of " << n << " are:\n";
    if(n == 0) { cout << "0\n"; return; }         // 0 is divisor of 0
    for(int divider=1; divider <= n; ++divider) { // for divider=divider+1
        if(n % divider == 0)
            cout << divider << ", ";
    }
    cout << endl;
}
int main(int argc, const char* argv[]) {          // Arguments for main
    /* Determine number */
    int value = 0;
    if(argc<=1) {
        std::cout << "Enter a number: ";
        std::cin >> value;                        // read into variable wert
        if(!std::cin) {                           // check whether reading worked
            return 1;                             // error on user input
        }
    } else {
        value = std::stoi(argv[1]);
    }
    calculate(value);                             // function call
    return 0;
}  


        Listing 4.2    
            This program asks its users for a number.

        To begin with, you will see some new features: I have now introduced a separate calculate function. It receives a parameter of type int, which I address within the function under the name n.

        Suddenly main() also has parameters—namely, int argc and const char* argv[]. This allows users to call the program on the command line with the number for which the calculation is to be performed. Here, argc contains the number of arguments that you can query with argv[...]. As argv[0] always contains the name of the called program, the first parameter is in argv[1], and so on.

        If the program is called without arguments, something must be entered at std::cin >> value.

        std::stoi(argv[1]); converts a data type for the first time—in this case, a textual value (const char*) into a number (int). Then I use calculate(value) to call my own function calculate with the variable value.

        
            4.2.1    Spaces, Identifiers, and Tokens

            In addition to the comments, which are (as good as) meaningless for the compiler, there is also the space character, the tabulator, and the line break, which the compiler greatly simplifies when reading the source code: all these whitespaces are “collapsed” and only considered as a single separator. It therefore does not matter whether you write return 0; or return 0 ;, insert line breaks, or even insert blank lines.

            A small note on line breaks: this generic term covers the different variants that exist on the different operating systems. If you see a line break in the editor, different byte sequences end up in the text file on Windows and Linux, and on an old Mac it was another different one. While Linux stores the value 13 (CR, for carriage return), Windows stores the two values 13 and 10 (additional LF, for line feed). Most editors today can cope with both. But this difference is why you always have to specify whether you want to open a binary file or a text file when opening files programmatically.

            Ultimately, it is only important that the compiler gets the smallest program units cleanly separated from each other—the tokens. If these are names (of variables, functions, etc.), then the boundary is clear—namely, where the name ends: the first character that is not suitable for a name is then the boundary. Names (or more precisely identifiers) contain letters and digits as well as the underscore _. But at the beginning, there must not be a digit. So hello, Howdy, GoodDay, w3lc0me, and moin_moin are all possible identifiers. On the other hand, Lucky-Luke, 3Investigators, Hardy Boys, and Tintin&Snowy cannot be used as individual names. If you want to use umlauts as in Bärenbrücke, check whether your compiler can handle them; the standard has left some leeway here. If your program has to be translated by different compilers, it is better not to use umlauts or accents in the program text.

            In addition to whitespace, a word can also be delimited by special characters such as braces or punctuation marks. Most of these characters are each a token, and you can insert any amount of space between these tokens without changing the meaning of the program. However, there are a few combination characters that only retain their meaning if they are written together—and thus count as a token. Pay particular attention to >> and << as well as ++ and --, which were originally used to perform arithmetic operations, but which have been given additional meanings in C++.

            When it comes to truth values, you will encounter && and || as well as == and !=. In addition, -> and :: are also important for navigating in nested data structures. All other (special) characters are each a separate token. These include, for example, the following: + - * / = % , . ( ) [ ] { } < > : ;.

            The main reason that you should know where the tokens are in your source code is that you can omit and insert spaces without changing the meaning of the program. This is because you can insert any spaces, tabs, and line breaks between tokens.

            Exceptions are the literals: with these, you write a fixed value directly into the source code. This can be an integer such as 100, a floating-point number such as 99.95, or a text such as "Donald E. Knuth"—and for all of these there are also variants in the notation. I will go into more detail in the discussion of the respective data types in Section 4.4, where I discuss their literals in detail. Literals can sometimes look as if they consist of several tokens but count as a single one.

            // https://godbolt.org/z/33cc3xfo6
#         include <iostream>       // # must be at the beginning of the line
int            main(
    ){
    std::cout
<<"This is "
        "text with <brackets>\n"   // string literal interrupted by new line
        ;
        /*type:*/ int
        /*Variable:*/ a_Value
        /*Init:*/ = 100;              // inner comments
std::cout<<a_Value<<"\n";}         // no spaces  


            Listing 4.3    
            A very unusually formatted piece of source code.

            It becomes tricky when a construct is composed of several identifiers. For example, in std::sin() there is the scope resolution operator ::. With templates, you will encounter pairs of angle brackets <...>—for example, in numeric_limits<int>::max() or map<int,string>. All elements are individual valid identifiers, but only together do they form a unit.

        
        
            4.2.2    Comments

            You have already seen comments with //. If there is not enough space to the end of the line, you can also have a comment extend over several lines by starting it with /* and ending it with */. For example, like you see in the next example.

            int main() {
    /* My first program. It was
        written by Max Muster.*/
    return /* The zero of success */ 0;
}  


            Listing 4.4    
            Comments with /* and */ can extend over several lines or interrupt a program line.

            And because such a comment is delimited by */, the program code can then continue on the same line, as you can see in the line with return 0;.

            Within the comment, // may also occur. If you mainly use // for comments in your program, you can easily disable entire blocks of code in this way by enclosing the range with /* and */—and reenabling it by removing it. The compiler would also swallow combinations such as /* /* or // */, but it is better to avoid all such embeddings; they confuse the reader and yourself.

            In the examples in this book, I prefer to use /*...*/ comments when I want to add text to the program code itself—without reference to this book. For example, in Listing 4.2, I introduce program sections as follows:

            /* Output divider */
...  


            and

            /* Determine number */
...  


        
        
            4.2.3    Functions and Arguments

            Don't be confused by the fact that the variable is named value when the function is called but is then called n inside the calculate function. As in mathematics, functions are defined in such a way that they provide their parameters with names under which you then use them—but what they are called with is a completely different matter. In mathematics, you can also have functions such as f(x) = x2 + 2, sin(x), or compound interest.

            [image: inline image]

            These functions all assign their own names to be used in the formula. You do not have to use these names when using them:

            
                	
                    g(z) = z3 – 2 · f(z): For a nice curve, z becomes x in f(x).

                

                	
                    sin(π): Here x is the number π.

                

                	
                    CompoundInterest(1000, 12, 3): Dollar gets the value 1000 in the function, Years gets 12, and Interest 3.

                

            

            Back to the C++ function from Listing 4.2. As a reminder, it looks like the following example.

            // https://godbolt.org/z/E4W9KhbnK
void calculate(int n) {                            // a separate function
    using namespace std;                           // for std::cout and std::endl
    /* output divisors */
    cout << " divisors of " << n << " are:\n";
    for(int divider=1; divider <= n; ++divider) {  // instead of divider=divider+1
        if(n % divider == 0)
            cout << divider << ", ";
    }
    cout << endl;
}  


            Listing 4.5    
            A custom C++ function.

            In the function itself, compared to Listing 4.1, from /* Output divisors */ everything is almost identical. You will actually only find an alternative notation to divider = divider + 1 in the increment part of the for loop with ++divider. So far, you have used the assignment. Here, ++divider is used as a side effect operator to change the value of divider.

        
        
            4.2.4    Side Effect Operators

            In Listing 4.5, I used ++divider to increase the variable by one.

            This is the prefix operator ++, which normally increases a variable by one (“increments”). This results in an expression whose value is the value of the variable increased by one. The result of the expression is unimportant in the update part of the for loop, but you can use the value within a more complex expression, as in the next example.

            // https://godbolt.org/z/4Mr6fnaEr
#include <iostream> // cout
int main() {
    int basis = 2;
    int index = 10;
    int number = 3 * (basis + ++index) - 1;  // index is incremented first
    std::cout << number << '\n';             // Output: 38
}  


            Listing 4.6    
            Prefix operators are executed before the calculation.

            Here, index is first increased by one and the new value 11 is used in the further calculation.

            If you change the value of a variable within an expression, this is a side effect. Never change the same variable twice within a statement with side effects!

            int value = 0;
std::cout << ++value << ++value << ++value;  // [image: image for unicode &#x1f5f2;]no more than one ++value  


            The compiler will allow it, but the program may have different results on different systems. On a Mac I got “123” once here, on a Linux system “321”—and both are correct.

            As you will see in Chapter 9, you cannot always rely on the order in which expressions are evaluated. Therefore, you must not use such constructs. In C++, this minor inconvenience is accepted because it allows the compiler flexibility, which leads to better performance.

            In Table 4.1, I have listed the side effect operators.

            I recommend that if you have the choice, you prefer the first two variants (prefix operators). This is because the last two variants (postfix operators) are generally more complex because the computer has to remember the old value in a temporary variable.

            
                
                    
                        	
                            Operator

                        
                        	
                            Description

                        
                    

                
                
                    
                        	
                            ++var

                        
                        	
                            As seen, var increases by one and returns the new value.

                        
                    

                    
                        	
                            --var

                        
                        	
                            Decreases var by one and returns the new value.

                        
                    

                    
                        	
                            var++

                        
                        	
                            Increases var by one and returns the old value.

                        
                    

                    
                        	
                            var--

                        
                        	
                            Decreases var by one and returns the old value.

                        
                    

                
            

            Table 4.1    
            Prefix and postfix side effect operators.

            There is also the family of side effect assignments. All arithmetic operations are available in these variants; all are expressions and therefore have a value that you can use as part of a larger expression. However, they are not usually used as expressions, but as instructions like a simple assignment:

            // https://godbolt.org/z/r5hjrqqK9
#include <iostream>
int main() {
    int var = 10;
    var += 2;
    var *= 3;
    var /= 4;
    var -= 5;
    std::cout << var << "\n"; // results in 4
}  


            In addition to -, +, *, and /, there are a few others that I will refer to in Section 4.3 in more detail.

        
        
            4.2.5    The “main” Function

            Let me briefly simplify the smaller example program even further so that almost only main and return remain.

            int main() {
    if(2 < 1) return 1;    // one return
    return 0;              // other return
}                          // end of main  


            Listing 4.7    
            A program that consists only of main and return.

            Now you can see that main is also just a function—but a special function: every executable C++ program must have exactly one main function, because this is where the execution of the main part of what your program is supposed to do begins.

            Without main(), the compiler and computer do not know where to enter the program. Only if you write a module or a library will you not have a main() function. If you then combine all the modules into a finished program, one of the modules—exactly one—will contain main().

            Put simply, the execution of your program begins with the first line of the main() function, directly after the opening curly brace {. However, there are all kinds of tasks that have already been done for you beforehand. The initialization of global variables is one of them.

            If your program runs without errors, it runs until it encounters one of the return statements in main(). The number after the return is the return value of the function. Because main() is a special function that is ultimately called by the surrounding operating system, this value has a special meaning. On Unix systems, a 0 means that the program has run successfully and other programs can check this. And even on Windows, certain programs can signal success to other programs through the return value of main(). While the convention is that 0 means success, all values other than 0 mean failure. Beyond that, there are no general rules, except that the most commonly used value for failure is 1. There are also major differences in the possible value range between the systems, so you are on the safe side with values between 0 and 127.

            A special feature of main() is that you can omit the 0 from return 0. You can even omit the whole line, in which case the program ends when the closing curly brace of main() is reached. Both are possible in main()—but only here and nowhere else.

            Speaking of the special features of main, there is one more. As you can see in Listing 4.2 and Listing 4.7, you can declare main in a short and a long form:

            
                	
                    int main() or

                

                	
                    int main(int argc, const char* argv[])

                

            

            If you are not interested in the call parameters of the executable program, opt for the first one. The second variant allows you to determine if users have invoked your program with arguments and to assess them accordingly.

            Let's assume your program is called divisors.exe. In that case, (Windows) users can call up the program like this, for example:

            $ divisors.exe 1001  


            Here argc will have the value 2, and with argv[1] you can access 1001.

            There are only these two ways to define main. The form main() is a shortcut in case you are not interested in the call parameters of the program.

        
        
            4.2.6    Statements

            Let's take a closer look at what's between the {...} of our two functions: the statements. You already know that these are executed one after the other. This distinguishes them from expressions, for which the compiler can work its magic. Modern compilers and computers running your program do the craziest things to your program in the background, mainly to make it run faster. The only restriction on these transformations is that they must not change the meaning of the program. And this meaning is that the statements of your program are executed one after the other. This is exactly the difference from expressions, which are not executed in a certain order in this way. It is better to think that the expression takes on a value or that the computer evaluates it, but it does not execute it literally.

            As a rule of thumb, a statement ends at its semicolon ;. The most common exception to this rule is the statement block: the sequence of statements enclosed in curly braces.

            In the next example, you can see an excerpt from the sample program as a reminder.

            for(int divider=1; divider <= n; ++divider)  // for loop
{                                            // start of the loop block
    if(n % divider == 0)
        std::cout << divider << ", ";
}                                            // end of the loop block  


            Listing 4.8    
            Here you only set the outer curly braces.

            To make it clear once again: the for loop is a single statement that goes from for to }. The same applies to the if branch. In the following listing, the condition part if(argc<=1) and the branching part up to the last } belong integrally together and together form a single statement.

            if(argc<=1) {                                // start of the if statement
    std::cout << "Enter a number: ";
    std::cin >> number;
    if(!std::cin) {
        return 1;
    }
} else {
    value = std::stoi(argv[1]);
}                                            // end of the if statement  


            Listing 4.9    
            This is what it looks like if you set all curly brackets.

            Why is this important? Because this makes it clear where the loop can be used and how far it extends. Formally, a for loop always has the following format:

            for( loop-variable-definition ) statement

            And one of the formal possibilities for an if branch is this:

            if( condition ) statement

            As both of these are themselves statements, it is clear that I could have omitted some of the brackets in the for example. This is because statements can in turn contain statements. For example, the for statement block contains a single statement—namely, the if statement.

            for(int divider=1; divider <= value; ++divider)
    if(value % divider == 0)
        std::cout << divider << ", ";  


            Listing 4.10    
            The “if” is a statement and does not actually require curly brackets.

            This has the same meaning as the following:

            for(int divider=1; divider <= value; ++divider) {
    if(n % divider == 0)
        std::cout << divider << ", ";
}  


            However, it is good style not to omit the curly braces for if and for. It would have been really good style and also equivalent to use the {...} of the statement block for if as well.

            for(int divider=1; divider <= value; ++divider) {
    if(value % divider == 0) {
        std::cout << divider << ", ";
    }
}  


            Listing 4.11    
            It is better to put individual statements in curly brackets.

            And a little more clearly: there are different ways of writing where the brackets are placed. Some prefer them as the last character in the line with the if or for; others put them on a separate line. As you have already read in the discussion of spaces, it does not matter whether you insert additional line breaks. It doesn't matter which of the options you choose, but it is certainly advantageous to follow one style consistently.

            Although a semicolon belongs at the end of a statement, it should not be placed after the curly braces of a statement block. You have to be careful here, because unnecessary semicolons create an empty statement. This is harmless in most cases; for example, there are three empty statements between the semicolons in ;;;; without any effect. But a semicolon after an if means that the empty statement belongs to the if and ends it. In the following example, cout << "smaller"; no longer belongs to the if and is now always executed:

            if(value<10) ;    // [image: image for unicode &#x1f5f2;] a critical empty statement
    std::cout << "smaller";  


            It is therefore better not to enter any additional semicolons. Also make sure that you do not place a semicolon after the curly brackets of a statement block {...}. Even if it has no direct effect, it is better to avoid the following superfluous semicolon:

            if(value<10) {
    std::cout << "smaller";
} ;               // [image: image for unicode &#x1f5f2;] also avoid harmless empty statements
std::cout << "next";  


            Somewhat annoyingly, I will tell you in Chapter 12 about struct and class that you must end their definitions with a semicolon. So by way of anticipation, you will be writing struct type {...};, and omitting the semicolon here would be a mistake. The reason is that this is a definition that always ends with a semicolon: it is not a statement.

        
        
            4.2.7    Expressions

            The statements are joined by the expressions. Expressions occur in quite a few places in C++ programs—not least as part of statements, but also in many other places that are not statements.

            An expression is “a sequence of operators and operands that perform a calculation.” This is so dry that it can only come from the text of the C++ language standard. But what does it mean?

            It means that something like 3+4 is an expression in which 3 and 4 are the operands and + is the operator. It can also get more complicated, such as in (3+4)*PI/sin(x), where there are multiple operators and operands. Each operand must itself be a valid expression, and an expression is only valid if it is complete. Therefore, 1+2+3+ is not an expression, because the last + is missing an operand. Similarly, 3+4) is not an expression because it is missing a parenthesis.

            This example shows that expressions can be made up of smaller expressions. If you break (3+4)*PI/sin(x) apart, it contains the following expressions:

            
                	
                    (3+4) * PI / sin(x)

                

                	
                    (3+4) * PI and sin(x)

                

                	
                    (3+4), PI on the one hand, x and even sin on the other

                

                	
                    3+4

                

                	
                    3 and 4

                

            

            
                [image: All subexpressions in one expression.]

                Figure 4.1    
            All subexpressions in one expression.

            
            In Listing 4.1 and Listing 4.2, you will find all kinds of expressions, of which I can only list a few here:

            
                	
                    100 is a number literal—a number that is written directly into the source code.

                

                	
                    "Divisors of " is a text literal—a text directly in the source code.

                

                	
                    std::cout << "Divisors of " is an expression that outputs to the screen (or writes to a file).

                

                	
                    value % divider calculates the remainder of the division value / divider.

                

                	
                    value % divider == 0 checks whether this remainder was 0, and therefore divider is a divisor of value.

                

                	
                    0 as part of return 0; is an expression that “calculates” the return of main().

                

            

            In a few places, we have something other than an expression, and I will briefly discuss this here. int value = 100 is not an expression, but a declaration (int value) with an initialization (= 100). However, the initialization to the right of = must be an expression. Return 0 is also not an expression, but a statement. It consists of the special word (keyword) return and, in this case, the expression 0.

            One of the main characteristics of expressions is that each one has a well-defined type, and this also applies to each subexpression. Because types are very important in C++, understanding the types of expressions is also an important step toward success with C++.

            
                More about Statements and Expressions

                Because statements and expressions are such elementary language elements, we dedicate a later chapter to them (Chapter 8). Here you have been given an initial introduction and an overview.

            

        
        
            4.2.8    Allocations

            One of the most important expressions in C++ is the assignment. I did not mention assignment in the list of statements. That was not an oversight.

            There are only a few assignments in Listing 4.2 apart from the initializations—namely, the following example.

            value = std::stoi(argv[1]);  


            Listing 4.12    
            Assigning the result of a function call.

            And before I wrote ++divider in the for loop, it said what you see in the following example.

            divider = divider + 1  


            Listing 4.13    
            Assigning the result of a calculation.

            In Listing 4.12, value is assigned to the result of a function call. Listing 4.13 contains a calculation whose result is assigned to the divider variable. The decisive factor is that the variable of the assignment already existed before and now receives a new value. This is done using the equals sign: the target of the assignment is on the left-hand side and an expression for the new value of the variable is on the right-hand side.

            But an assignment falls into the category of expressions, and you can therefore use it wherever expressions are permitted. The fact that an assignment is used like a statement without being further embedded in a larger expression is actually a special case—but quite common in the case of assignments, as you can see in Listing 4.12 and Listing 4.13.

            In the following example, the use of an assignment as an expression becomes clearer.

            // https://godbolt.org/z/bh1MsPhje
#include <iostream>
int main() {
    int a = 3;
    int b = 7 + (a = 12) + 6;   // contains an assignment
    std::cout << a << std::endl;
}  


            Listing 4.14    
            An assignment is an expression with the type of the assigned variable.

            Here, a = 12 is the assignment. When executed, this expression has the value 12 and for the compiler the type of a—that is, int. The variable b is therefore initialized with the calculation 7 + 12 + 6.

            You should not take this as an example and use assignments as expressions everywhere. The assignment then becomes an expression with a side effect if, in addition to the main effect—changing b—another variable changes its value. We will later show you the few places where this is common in C++ and therefore there will be no surprises when reading and understanding.

            
                Value versus Reference

                In some programming languages, each variable is only a reference to an object. In Smalltalk, for example, this applies to all variables and in Java to everything that is derived from Object. There, an assignment does not change the object itself, but only assigns another reference. For example, if you have string s = "a"; string t = "b"; in Java, then s = t; is an assignment. Now s and t “point” to the same string object.

                This is different in C++: an assignment is always made to the value of a variable. If you have string s = "a"; string t = "b"; in C++, then the assignment s = t; copies the values of the variables. Without further precautions, you always work with values in C++, not with references. Yes, you can also work with references in C++, but you must make this clear. As you’ll learn later, you then use & for references and * for pointers and addresses.

            

        
        
            4.2.9    Types

            In C++, almost everything has a type. Variables and constants have a type, as do parameters and also functions, data, classes, and expressions. Types are everywhere.

            The type determines how much memory the computer must provide for a variable or the intermediate result of an expression, what kind of values it can hold, how these values are to be interpreted in memory, and what operations are permitted on them.

            The latter is a strength of C++. This is because the main work of the compiler consists of processing the type information. First, it determines the type and finds out which things are permitted for this type. These can be function calls, operations, or conversions. What is meant by this program code? When the compiler finds this out, it applies its selection and thus determines the type for the expression.

            This is why type and value always belong together: they complement each other. Conceptually, the type only exists at translation time, as a tool for the compiler. When you start the translated program (runtime), the types have disappeared and only the values exist.[ 4 ] So your program manipulates the values, and the compiler manipulates the types. Through its calculations, the compiler ensures that the desired operations on the values end up in the program.

            You can determine the exact type of each (partial) expression. This depends on the operator and its operands. Sometimes it is easy to determine the type, sometimes not, but it is always possible. If it is difficult, you can get help from the computer. The right program for this is the C++ compiler! This is because it “calculates” the types of the expressions according to the rules specified by the C++ standard and your program.

            If you already know other programming languages, then you may be familiar with less stringent type concepts than those of C++. Some languages (such as Python, PHP, or JavaScript) ignore them almost completely and work well with them in their respective domains. Other languages (such as Java or C) have types but see their use somewhat differently. In C++, you are much more likely to use types to let the compiler help you write a correct program.

            For example, if the program says 100+99 somewhere, then for the compiler this is an operator + with two operands 100 and 99, each of type int. According to the rules that the compiler has built in, a + with two int operands again results in a value of type int, and therefore the overall expression also has the type int. At this point, the compiler does not calculate with the concrete numbers 100 and 99 and does not yet know anything about the meaning of +, but it only applies knowledge “about” operands and operators—their types.

            If you had the right teacher in physics lessons at school, this may sound familiar to you. To check whether your result was probably correct when dealing with long formulas, you could only calculate with the units of measurement and quantities instead of the concrete numbers (“dimensional analysis”). If you came up with the wrong unit of measurement, you had made a mistake (in the calculation or when checking).[ 5 ]

            For example:

            [image: inline image]

            If you now want to know how much force is acting for a given mass of 8 kg, length of 12 m, and time of 4 s, then calculate 8 · 12/4 = 24 and kg × m/s at the same time and realize: “Oops, something's wrong with the seconds!” The correct calculation would have been 8 · 12/42 = 6, with the check kg × m/s2; that fits.

            The compiler does something similar. You specify the rules of the calculation on types through the classes, functions, and templates of your program. These are supplemented by the standard library and other libraries that you use, as well as by the built-in rules. And just as dimensional analysis helped you in the physics exam, the compiler can help you to write a correct program by checking the type calculation rules, as in the next example.

            // https://godbolt.org/z/9943MfExc
#include <vector>
class Image {
    std::vector<char> data_;
public:
    void load(const char* filename); // loads image data
};
class Screen {
public:
    void show(Image& image);         // [image: image for unicode &#x1f5f2;] image should be const
};
void paint(Screen &screen, const Image& image) {
    screen.show(image);
}
int main() {
    Image image {};
    image.load("peter.png");
    Screen screen {};
    paint(screen, image);
}  


            Listing 4.15    
            The compiler helps to write correct programs by checking the types.

            The omission of “to the power of 2” in C++ corresponds perhaps to a missing const: The screen Screen has a method show with which it paints an image. You would think that the image image would not be changed when painting. It is therefore likely that the type of the show parameter should have been const Image& rather than Image&.

            A forgotten const alone is not yet critical, mind you. But what would happen if someone “accidentally” placed the call image.load("paul.png"); in the show method? That would change the image. This cannot happen with the const parameter: the compiler reports an error.

            You should use type safety wherever you can. It represents one of the most powerful advantages of C++ over good old C. There, the transformations possible on types were (and are) much more restricted—and the checks much more succinct.

            
                [Übung]  First Simple Types

                Without perhaps realizing it, you have already dealt with all kinds of types in the small examples we have discussed. We will now cover the most important ones.

            

            
                The “int” Type

                In this chapter, int is a representative of all the types that you can use in C++ to represent integers—that is, negative integers, zero, and positive integers. However, a computer has limitations when it comes to its number range. With int, you have a different number of bits available depending on the system. If you are working on a current system, it is probably 32 bits, but it could also be 16, 64, or a completely different number. With 32 bits, int can store integers from about -2 billion to +2 billion. You can find out exactly with Listing 23.29. If you want to cover other number ranges, you should take a closer look at the relatives char and short as well as long and long long in Section 4.4.

            
            
                The “bool” Type

                While an int variable can assume many states, a bool variable is fixed to one of two states: true or false.

                Comparisons are expressions whose result is of type bool, and you can store their result in a variable of this type instead of using it directly.

                // https://godbolt.org/z/zK9Ke9n48
#include <iostream>                      // cout
int main(int argc, const char* argv[]) {
    bool withParameters = argc > 1;      // comparison result stored
    if(withParameters) {                 // ... and used
        std::cout << "You have called the program with parameters.\n";
    }
    return 0;
}  


                Listing 4.16    
            Variables of type bool can store the result of a comparison.

            
            
                The Types “const char*” and “std::string”

                These two very different types have the same purpose: their variables represent strings—that is, text strings, like texts, messages, notes, names, and so on. Depending on the task, sometimes the “pointer variant” const char*, which cannot deny its origin in C, is suitable, and sometimes the std::string “class“ from the C++ standard library is suitable.

                
                    Pointers, Addresses, and Memory Areas

                    Note the asterisk * in char* or const char*. This tells you: “I am only storing the address of something.” This means that there is a char where the variable points to. There is also int* as a pointer to an int and so on.

                    When it comes to character strings, however, another piece of information is missing because the pointer only contains the address of the first character; others may follow. In C, it is common for a text to extend to the next char with the value 0, also written '\0'; this is then a C string. The C function printf(const char* fmt, ...) works in this way, for example.

                    Other functions prefer to take pointers and a length, such as memcpy(void* dest, const void* src, size_t n). Here, starting from src, the next n bytes are copied to dest.

                    The third variant, using pointers to define a range, is often used in C++ for containers and algorithms. For example, you can use std::find(const char* beg, const char* end, char c) to find the character c between beg and end.

                

                If you only want to output a fixed character string, you usually work with const char* because in this form many program parts exchange character strings with each other. You have already seen the parameter for main, which I described in Listing 4.16 for the example argv. There, the system may bring several program arguments into the program in the form of const char* strings. And even if you write a string with "..." directly into the program text, the compiler stores this “string literal” as a const char* in the computer's memory. (More precisely, it is a const char[], but this is very similar and should suffice at this point.) As long as you only want to output this text, as in

                std::cout << "You have called the program with parameters.\n";  


                then you do not need to worry about this.

                For most cases beyond that, I recommend that you use std::string instead. If you want to save, copy, or manipulate strings, this is the best choice. Especially with regard to memory management—the dynamic creation of new strings—it is much easier to use the C++ class std::string.

                For the sake of simplicity, a const char* literal is also used when initializing string, but since C++14 you can also append an s to a "..." literal and thus turn it into a real string literal. To do this, however, the block must contain using namespace std::literals or one of the alternatives somewhere, as in the next example.

                // https://godbolt.org/z/chTTqPjrM
#include <string>
#include <iostream>
int main() {
    std::cout << "string_literals\n";
    // using std::literals::string_literals::operator""s;
    // using namespace std::string_literals;
    // using namespace std::literals::string_literals;
    using namespace std::literals;
    std::cout << "Real string\n "s;
}  


                Listing 4.17    
            This is how you can write a C++ string as a literal in the source code.

                This rarely makes a big difference but can sometimes be important.

                Because you will be using std::string a lot (at least in this book), allow me to abbreviate it to string.

            
            
                Parameterized Types

                Some types contain angle brackets <...> in their name. You have seen

                std::vector<char>  


                in the example. Even if this looks different from int, bool, or string, the whole construct is still a single type. The part in the brackets is a parameter to form the overall type. Here vector is the surrounding or main type, and char is the parameter. Together, the two are a “vector of char.”

                You could also form a vector<int> and thus obtain a different type. This is important, for example, if the compiler is to decide which functions are available for selection or what the result of an operation is. As I have already mentioned, the compiler calculates with types in the translation phase; the program only calculates on the values at runtime.

                One thing is particularly important here: with parameterized types, what is inside the angle brackets must always be known at compile time. This is only logical as the compiler calculates with types at compile time and the entire construct, consisting of the main type, brackets, and parameters, makes up the type. If you remember this, you will not be surprised when experimenting. For example, there is also the parameterized type std::array<...>, which receives a number as the second template parameter. The number must be a constant or something that the compiler can already calculate, such as 3+4. For example, you can write std::array<int,5> but not int n=5; std:: array<int,n>, because n is a variable and as such cannot be part of the type.

                
                    Note

                    A type must be fixed at compile time.

                

            
            
                Class Template Argument Deduction

                You do not always have to specify the arguments of a parameterized type. If you call a constructor, the compiler can infer the types themselves, as in the next example.

                // https://godbolt.org/z/GbbcnYbqv
std::vector vec { 1, 2, 3 };        // instead of vector<int>
std::tuple tpl { 5, 'x' };          // instead of tuple<int,char>
std::shared_ptr<int> ptr { new int(5) };
std::shared_ptr ptr2 { ptr };       // instead of shared_ptr<int>  


                Listing 4.18    
            Since C++17, the compiler determines the type parameters of class templates based on the constructor arguments.

                This allows you to keep your code concise and clear in some cases. However, this is not always possible; you will be naming the type parameters often enough yourself.

                The class template argument deduction (CTAD) feature has been available since C++17. You can read more about this in Listing 23.33. If you are using an older compiler, write out the parameters of the types.

            
        
        
            4.2.10    Variables: Declaration, Definition, and Initialization

            It makes a difference whether you write

            
                	
                    int value;, a declaration;

                

                	
                    value = 0;, one assignment; or

                

                	
                    int value = 0; a definition with initialization.

                

            

            There are also variables that you can no longer change once they have been introduced. They are constant—and are then actually called constants. Apart from this fact, constants are also variables for the compiler—that is, a subset of them in terms of “set theory.” You can never reassign anything to them, so you only have the option of initializing them with a value when you declare them. I will go into more detail about const later, but you can probably guess the main purpose of this addition.

            int main() {
    const int fest = 33;  // Initialization as constant
    fest = 80;            // [image: image for unicode &#x1f5f2;]an assignment is impossible
}  


            Listing 4.19    
            You cannot assign anything to some variables; you can only initialize them.

            There is another way in which you can distinguish between assignment and initialization or make them distinguishable yourself. With C++11, unified initialization was introduced. Wherever you initialize variables, you can now use curly brackets instead of =.

            int index = 1;        // old style, looks like an assignment
int zaehler { 1 };    // C++11 style, clearly an initialization
int counter = { 1 };  // in the C++11 style, the "=" is optional and is ignored  


            Listing 4.20    
            Instead of = you can use {...} for initialization.

            There was previously a risk of confusion not only with the assignment, but also with a handful of other C++ constructs.

            
                [Übung]  Risk of confusion()

                This is a preview for things to come, but I'll give you an example. You can pass a temporary Thing to a function f that you initialize with the value 12—that is, call its constructor:

                f(Thing(12)); 


                If it is not intended to be temporary, for example, this works:

                Thing d = Thing(12); 


                For a constructor without arguments, this can be done in one of these ways:

                f(Thing());
Thing d = Thing(); 


                The following is also fine:

                Thing d(12); 


                You now have d that has been initialized with 12. Now you could conclude that you initialize such a d without constructor arguments like this:

                Thing d();   // [image: image for unicode &#x1f5f2;] Error: Declaration of d as a function 


                And you would be wrong! You have now declared a function d that takes no arguments and returns a Thing. Please note: You have declared it and not defined it. This is similar to int mydata(); as a function declaration in a header file. As soon as you want to use d in any way, such as with d.print(), the compiler complains with the most obscure error messages, such as that “d has not yet been defined” or “a function call was expected.”

                If you want to try it out, you don’t need a Thing. Try it with int or short:

                // https://godbolt.org/z/3G5Po9zEj
int main() {
    int d1(12);    // defines an int and initializes it with 12
    int b1 = d1+1;
    int d2();      // [image: image for unicode &#x1f5f2;] declares a function d2 without parameters, return int
    int b2 = d2+1;
    int d3{};      // defines an int and initializes it with 0
    int b3 = d3+1;
} 


                My error message today:

                arithmetic on a pointer to the function type 'int ()' 


                The solution is to consistently utilize {...}, as Thing d{}; does what you expect.

            

            
                Old Equal Sign or Standardized Initialization?

                The new initialization with {...} is supported by all current compilers. So you have a choice. The “old style” cannot be eradicated (and it is debatable whether this would make sense), but you should use the new style wherever you are not just initializing a native data type such as int. This will equip you for the tricky cases.

            

        
        
            4.2.11    Initialize with “auto”

            A word about initialization. It always consists of

            
                	
                    the type of variable you are initializing,

                

                	
                    the name of the variable, and

                

                	
                    an expression for the first value of the variable.

                

            

            The type of the expression is often the same as the type of the variable. Sometimes you let the compiler perform an implicit conversion. However, you can often save yourself the work of specifying the type of the expression again. You can use auto instead. The compiler then takes the type of the expression to determine the variable type. This is called type inference:

            auto number = 10;
auto value = 3.1415 * sin(alpha);
for(auto it = container.begin(); ... ) ...  


            The variable number here becomes an int, while value becomes a double, and it is of the type that begin() returns, probably an iterator of the variable container.

            Since C++20, however, you can further restrict the type with a concept. This allows you to specify that the type of variable must fulfill certain criteria. Many concepts are available in the standard library for this purpose, such as integral and floating_point:

            auto integral number = get_number();
auto floating_point pointy_number = get_ampere();  


            If there was only auto number here, then number could also be a double—which would perhaps lead to problems with number in the further course of the calculation. On the other hand, if you were to completely define the type with int number, you would lose the option of extending the return value of get_number() to long. In addition, the line of code in question could also be in generic code, where the return type of get_number() can be int or long, but you want to prevent get_number() from returning a double.

            The advantages of a concept together with auto are documentation and security against surprises.

            In addition to the built-in concepts in the standard library, you can also define your own concepts.

            Whether with a concept or without—auto defines the type of the variable as if you had explicitly written the type. It is by no means the case that auto is its own mutable type. Once set, the variable retains its type.

            The compiler determines the type int for val. A later assignment of a text literal is an error:

            auto val = 12;
val = "Name";   // [image: image for unicode &#x1f5f2;]Error: Assignment of "const char*" to "int"  


            You can find out exactly how auto works in Chapter 12, Section 12.12.

        
        
            4.2.12    Details on the Include Directive

            Includes always begin with a hash sign #. Such a character at the beginning of a line stands for an instruction to the preprocessor. If you remember Chapter 2, Figure 2.1, you are already familiar with this phase of the translation.

            The file that is included here with #include is inserted into your program by the preprocessor almost as if by copy and paste. The effect is that all declarations from that file are now part of your program.

            There are other preprocessor directives, but #include is the most important one for you. The others can be found in Chapter 21.

            Includes always belong at the top of your source files. In Listing 4.2, I have used two of them.

            #include <iostream>  // cin, cout
#include <string>    // stoi  


            Both <iostream> and <string> are part of the C++ standard library. They therefore contain things that are not part of the core language. Something like int is always present on all systems without the need for an include. The standard library will usually be present—and we assume that it will be in this book—but not always.

            As you introduce many identifiers into the current source code with #include, it is helpful to add a comment to indicate which of them you are using in this translation unit. This allows readers to find out where an unknown identifier comes from by simply searching the file. Some module names are self-explanatory. For example, #include <vector> imports vector; there is no need to explain this.

            You can recognize the includes of the standard library by the fact that the name does not have an extension such as .h or similar. The convention is that only header files of the standard library without an extension are used.[ 6 ] If you create your own, then append an .h, .hpp, .H, .hh, or .hxx. In practice, .h is the most common, even if some programmers do not like this, as the header does not differ from C headers from the outside. The .hpp file extension is often chosen as an alternative. Regardless of which extension you use, you name it in the #include directive:

            #include <iostream>          // Module of the standard library
#include <asteroids.h>       // Module of a third-party provider
#include "myModule.hpp"      // Module of the current project
#include "algo/myModule.h"   // in a subdirectory  


            Write the name of the header file in angle brackets if the file is installed on your system; the compiler should search for it. Use the quotation marks "..." if the header file is part of your current project and not installed somewhere. Some compilers then search for the file in the current project first.

            
                Don'ts for Includes

                Pay attention to upper- and lowercase when naming the file, as this is observed on some systems, dear Windows users! If the header file is located in a subdirectory, always use / to separate it:

                #include "MY_MODULE.H"           // [image: image for unicode &#x1f5f2;] not good if the file is called "myModule.h"
#include "algo\myModule.h"       // [image: image for unicode &#x1f5f2;] also use "/" under Windows
#include "c:/project/myModule.h" // [image: image for unicode &#x1f5f2;] no absolute paths
#include "../algo/myModule.h"    // [image: image for unicode &#x1f5f2;] no relative paths with ".." 


                Instead of using the absolute path or .., you should store the header files somewhere else in your project or/and must adjust the search paths for header files in the compiler options. This will make it easier for you to move your project and reorganize it if necessary.

            

            One more note on brackets versus quotation marks: Originally, <...> versus "..." meant that the header may be part of the compiler and not a file at all. However, it has become accepted that the brackets are also used if it is simply a header file that you are expected to have installed on the system. Therefore, only use "..." for files that are part of your project and should have priority over other libraries. Whether the priority works depends on the compiler used.

        
        
            4.2.13    Modules

            Modules were introduced with C++20. Instead of “copying” textual #include directives into a translation unit, divide your code into interface and implementation areas. To do this, use the new keywords module and import. You can find the exact usage in the C++ reference and in tutorials such as https://youtu.be/tjSuKOz5HK4 by Dos Reis. However, there is still no “best practice,” and the standard library is not yet divided into modules. With C++23, the two standard std and std.compat modules were introduced, which contain everything from the standard library. The std module contains the symbols that can be accessed with std::, such as std::vector. The std.compat module contains the identifiers of the global namespace, such as ::fclose.

            But today, in 2024, not much of this has been implemented with the major g++ 13, clang++ 18, and msvc++ 19.37 compilers, and some implementations are incompatible with others. As long as it is not foreseeable that modules are within reach for you, I refer you to the highly topical media if you are interested.

            However, I would like to briefly pass on some recommendations from Nico Josuttis on how you can best work with the emerging conventions and have as few problems as possible when porting to another platform:[ 7 ]

            
                	
                    Interface files should have the .cppm extension (do not use .ixx; use /interface for MSVC ).[ 8 ]

                

                	
                    Keep module implementation files as .cpp.

                

                	
                    Internal partition implementation files should have the .cppp or .cppm extension.

                

            

            But if you use them, modules and includes are not mutually exclusive. As long as you adhere to certain schemas, you can use both in parallel—and will probably have to for a long time to come, because even if modules are the better alternative, includes will still be around for a very long time for historical reasons.

        
        
            4.2.14    Input and Output

            Now you know all the important elements of the program, except—some would say—the most important ones. After all, what is a program without an input and output?

            You have already seen that << is used as an operator for the output. And #include <iostream> was also included because of std::cout. Here is an excerpt from Listing 4.2, which is mainly about the output:

            std::cout << "Divisors of " << n << " are:\n";
for(int divider=1; divider <= n; ++divider) {
    if(n % divider == 0)
        std::cout << divider << ", ";
}
std::cout << std::endl;  


            You can see that you can simply string several << together. More specifically, std::cout << "divisors of " is an expression that does the output as a side effect and then returns std::cout again. This effectively executes std::cout << n, again with the output and the result std::cout. Last but not least, the third operator of the statement comes into play and std::cout << " are:\n" is executed. What is special about this operator is that it contains a newline. In C++ strings, this is represented by \n. Exactly this newline was omitted within the loop in the output; therefore, the numbers appear on one line.

            With std::cout << std::endl, the program outputs the line break at the end of the list. But, oops, where is the \n? This time there is a special element of std::cout in the listing, the manipulator std::endl. This ensures the line change and also guarantees that the system does not buffer the output. It forces everything you have output so far to actually appear on the screen. This is because (screen) output is time-consuming, and the system tries to summarize as many steps as possible and complete them all at once. With std::endl, you ensure that the system really outputs everything that has occurred.

        
        
            4.2.15    The “std” Namespace

            Now there is one more thing I need to explain to you before we dive deeper into the individual topics. In Listing 4.2, you can see using namespace std. With this tool, you save yourself the std:: in front of identifiers that you would otherwise have needed.

            #include <iostream>                            // for std::cin, std::cout, std::endl
#include <string>                              // for std::stoi
void calculate(int n) {
    using namespace std;                       // for std::cout and std::endl
    /* output divisors */
    cout << "divisors of " << n << " are:\n";  // cout instead of std::cout
    for(int divider=1; divider <= n; ++divider) {
        if(n % divider == 0)
            cout << divider << ", ";           // cout instead of std::cout
    }
    cout << endl;
}  


            Listing 4.21    
            You can include a namespace to make program text shorter.

            Normally, the compiler checks for each identifier whether its name exists locally or on the outer levels. For example, divider is a local variable and n is a parameter within the function. If you were to use cout without using, the compiler would check whether there is a local variable or a parameter with this name, then whether a global variable cout exists, and then inform you with an error that this is not the case—and that the identifier is therefore unknown.

            With using, for each identifier that could not be found, the system tries whether it works with a preceding std::. This can save you a lot of typing, where you would otherwise type a lot of std::s.

            The using namespace directive has an effect within the range in which it is defined—in the example, only within the calculate function. You can also write using namespace globally, in which case the scope is larger.

            #include <iostream>
#include <string>
using namespace std;            // [image: image for unicode &#x1f5f2;] has a global effect; works, but is critical
void calculate(int n) {
    /* output divisors */
    cout << "divisors of " << n << " are:\n";
    // ...
}
// ... also in other functions ...  


            Listing 4.22    
            You can also use “using namespace” globally, but you should rarely do so.

            Does that sound so tempting that you want to use using namespace ... all the time? Don't do that! With using namespace ..., you no longer know where the identifiers of your program come from. For example, if you are not yet familiar with the standard library and come across a free-standing cout, how are you supposed to know that it is actually std::cout?

            
                Avoid Global “using namespace”

                Do not use using namespace ... at a global level in a file. When reading each identifier, you ask yourself where it comes from, and you have no chance of finding out even by searching in the current file.

                Within a block—for example, locally in a function, as I have shown in Listing 4.21—a using namespace ... is not frowned upon, however. The range for wondering which namespace an identifier comes from is limited enough. And the probability that several using namespaces are active at the same time is lower.

            

            But there is a solution: do not get all the identifiers of a namespace, but only the identifiers that you need, as in the following example.

            #include <iostream>                     // cin, cout, endl
using std::endl;                        // applies globally in this file
void calculate(int n) {
    using std::cout;                    // applies locally in this function
    /* output divider */
    cout << "divisors of " << n << " are:\n";
    for(int divider=1; divider <= n; ++divider) {
        if(n % divider == 0)
            cout << divider << ", ";
    }
    cout << endl;
}  


            Listing 4.23    
            Get individual identifiers with “using.”

            Including identifiers in this way causes few problems. If a standalone cout appears somewhere in the file, you can find the original namespace with a simple search within the file.

            
                In This Book

                As the listings in this book rarely become long and confusing, I will make an exception here. It saves space and repetition to write using ... at the beginning after the includes. Therefore, I will mainly abbreviate std::cout, std::endl, and std::string but will write out other identifiers with std:: so that you know where they come from.

            

        
    


                    
                
                        
        4.3    Operators

        One- and two-character operators are very often used in expressions. 3+4 is a simple example, but an expression such as !isBad && (x >= x0) &&(x <= x1) could also appear. You can achieve a lot in C++ with such sequences of operators and operands. Now that you know a lot about variables, types, and expressions, you should get to know the possible operators.

        As an example, I will explain operators mainly using the int and bool types so that you get to know the repertoire first. However, many operators can also be applied to other types. These include built-in types, such as float, but also types from the standard library, such as std::string and std::stream.

        In C++, you can define your own types that also support operators. It is up to you to ensure that these then also do something that applies to the built-in types. For example, we expect + to perform an addition—like with an int. However, the class string uses + for concatenation, which is still “addition-like.” But you can, if you want, write a class Image that stores itself in a file with + followed by a string. (Please don't do this!) We will deal with this in a suitable place. Here you will first find out what operators there are.

        
            Operators for Built-In Types Cannot Be Overwritten

            When I describe operators in this chapter, I therefore mean those for the built-in types. You cannot change these in C++. There is already a + for int, and you as a programmer cannot change its meaning. In some places, I refer to the types of the standard library, but for many things, the reference must serve.

        

        
            4.3.1    Operators and Operands

            An operator is something that behaves like a function, but without being one. What is different is that you would expect a function to have its name at the front and the arguments in brackets after it, i.e. func(arg1, arg2). With a little creative freedom, you could write func in the middle and omit the brackets, and you would get arg1 func arg2. And if the function name were + instead of func, you would have an operator + with its two operands arg1 and arg2.

            Most operators are written with symbols, such as + or <<. Many have two arguments and are therefore called binary operators. In C++ it always looks like this:

            
                	
                    Operand operator symbol operand

                

            

            If they are unary operators, the operator is placed before the operand as in -4 or, more rarely, after it as in idx++:

            
                	
                    Operator symbol operand

                

                	
                    Operand operator symbol

                

            

            There are other forms of operators, which are explained next.

        
        
            4.3.2    Overview of Operators

            The operator symbols can be divided into several groups:

            
                	
                    Arithmetic operators
These are the four basic arithmetic operators +, -, *, and /, plus % for the remainder of the division (modulo). You can influence the sign with the unary operators + and -.

                

                	
                    Bitwise arithmetic
You can combine numbers bit by bit with |, &, ^, ~, <<, and >>.

                

                	
                    Compound assignment
 In addition to =, there are also assignments that perform another operation at the same time. These are compound assignments: +=, -=, *=, /=, %=, >>=, <<=, &=, ^=, and |=.

                

                	
                    Increment and decrement
The two single-character operators ++ and -- are each available in a prefixed and a postfixed variant (prefix and postfix). If possible, prefer the prefix variant, as it does not require a temporary variable.

                

                	
                    Relational operators
Relational operators perform a comparison and return a truth value bool: ==, <, >, <=, >=, or !=. If you are working with the standard library, == and < are the most important, as many algorithms only use these two to derive the others if necessary. This is important if you want to make your own data types fit with the standard library.

                

                	
                    Logical operators
&&, ||, and ! combine truth values to form more complex expressions.

                

                	
                    Pointer operator and dereference operator
You use the unary operators & and * and the binary operators -> and . to address and to dereference. This means that you retrieve an address, turn an address into data, or access a structure. You will see their use in detail later.

                

                	
                    Special operators
You can use ? and : together to write an either-or expression. The comma , can be used as a sequence operator in expressions. With C++20, the spaceship operator <=> is added, which helps to implement the relational operators.

                

                	
                    Function-like operators
Strictly speaking, some special types also belong to the operators that have real names and are used like functions. These are type conversions such as (int)value, sizeof(a), and some others. The fact that these are operators means, for example, that you cannot request the address from sizeof. You can only give a function values and variables as parameters, but with sizeof() you can also use a type, such as sizeof(int). Strictly speaking, the brackets are also optional; you could write sizeof a, for example, but that would be very unusual.

                

            

        
        
            4.3.3    Arithmetic Operators

            You can calculate with numbers as normal in C++. In addition to the basic arithmetic operations +, -, *, and /, there is also % for the division remainder. If you do not use brackets, then dot before dash calculation applies, as you can see in the next example:

            // https://godbolt.org/z/cEGGfoeT7
#include <iostream>
int main() {
    std::cout << "3+4*5+6=" << 3+4*5+6 << "\n";          // dot before dash; = 29
    std::cout << "(3+4)*(5+6)=" << (3+4)*(5+6) << "\n";  // Parentheses; = 77
    std::cout << "22/7=" << 22/7
        << " remainder " << 22%7 << "\n";                // 22/7 = 3 remainder 1
    for(int n=0; n < 10; ++n) {
        std::cout << -2*n*n + 13*n - 4 << " ";           // with unary minus
    }
    std::cout << "\n";
    // output: -4 7 14 17 16 11 2 -11 -28 -49
}  


            Listing 4.24    
            Arithmetic operators in the application.

            What was shown here for int works with all integer types. And except for %, it also works with all floating-point types (float and the like). In the standard library, you will find std::complex<>, with which you can also use these operators.

            Many types use the plus operator + for joining. For example, you can use

            std::string before="Robert";
std::string after="Reynolds";  


            with before+" "+after to make a new string, "Robert Reynolds".

        
        
            4.3.4    Bit-by-Bit Arithmetic

            Bit-by-bit arithmetic probably looks a bit strange at first:

            int a = 41;      // decimal 41
int b = a & 15;  // results in 9  


            The explanation is that numbers are represented in the computer as a sequence of 0s and 1s—that is, as bits. The decimal 41 is 101001 in bit representation—that is, in binary.

            
                Binary System

                Because 10 is the base in the decimal system, we write “four hundred and twelve” as 412 as an abbreviation for 4 · 102 + 1 · 101 + 2 · 100 = 10412. For a computer, with base 2, this is 1 · 28 + 1 · 27 + 0 · 26 + 0 · 25 + 1 · 24 + 1 · 23 + 1 · 22 + 0 · 21 + 0 · 20, abbreviated to 21 1001 1100. The subscript 10 or 2 indicates the number system in which the number is represented.

            

            Any conversion from the decimal system to another is simply done by repeatedly dividing by the base and noting the remainder until the value reaches zero. For example, to convert 10412 to the binary system, divide repeatedly by 2:

            412 / 2 = 206, remainder 0
206 / 2 = 103, remainder 0
103 / 2 =  51, remainder 1
 51 / 2 =  25, remainder 1
 25 / 2 =  12, remainder 1
 12 / 2 =   6, remainder 0
  6 / 2 =   3, remainder 0
  3 / 2 =   1, remainder 1
  1 / 2 =   0, remainder 1  


            Read the remainders from bottom to top and write them down as a binary sequence. The lowest 1 therefore represents the highest digit: 2110011100.

            Of course, this is also possible in C++. Listing 4.25 is partly a preview of things you will get to know, but I think it is still instructive.

            // https://godbolt.org/z/nMcsbxvvv
#include <iostream>
void printBin(int x) {
  while(x>0) {      // done?
    int a = x/2;    // division by 2
    int b = x%2;    // modulo, remainder of the division
    std::cout << x <<" / 2 = " << a << ", remainder " << b<<'\n'; // Output
    x = a;
  }
}
int main() {
  printBin(412);
}  


            Listing 4.25    
            Programming example for the conversion of an integer into a bit sequence.

            However, only a few people can do this in their heads. I myself calculate smaller numbers in my head the other way round: starting from the top, I subtract the powers of 2—32, 16, 8, 4, 2, and 1—until I reach zero. In 1025, 16 fits, then 8, then 1, which results in binary 211001.

            The computer often calculates with 32 bits for an int. It therefore fills the front with 0s—that is, 200000000 00000000 00000001 10011100 for 10412.

            
                Negative Integers and the Two's Complement

                For signed integers, such as int, which is implicitly signed int, the most significant bit represents the sign; 0 stands for a positive number and 1 for a negative number.

                If the sign is positive, the remaining bits contain the value of the number as usual. However, if it is negative, the interpretation of the value bits changes. The computer stores this in the two's complement. To convert the bit representation of a negative binary number into a decimal number, proceed as follows:

                
                    	
                        Invert all value bits.

                    

                    	
                        Convert this to a decimal number as usual.

                    

                    	
                        Add one.

                    

                    	
                        Set the negative sign.

                    

                

                The value bits of 21100 are 2100, inverted therefore as 2011. This corresponds to 103, which after the addition of one gives the value 104. In total, 21100 therefore represents 10-4 in two's complement.

                The two's complement makes optimum use of the value range of the data types and has proven to be the most practical for computer calculations. Incidentally, a side effect of this representation is that the smallest negative number that can be represented always has an amount that is one greater than the largest positive number that can be represented. The range of 16 possible values for four bits goes from -8 to 7. For eight bits, the range goes from -128 to 127, and so on.

            

            The arithmetic is now the bit-by-bit combination of the numbers written in the two systems. If you think of the 1 as “true” and the 0 as “false,” then you can perform the bitwise operations for AND, OR, and XOR yourself. For the sake of simplicity, I will limit myself in the example in Table 4.2 to 4 bits for unsigned integers.

            
                
                    
                        	
                            Operation

                        
                        	
                            Binary

                        
                        	
                            Decimal

                        
                    

                
                
                    
                        	
                            a

                        
                        	
                            1001

                        
                        	
                            9

                        
                    

                    
                        	
                            b

                        
                        	
                            0011

                        
                        	
                            3

                        
                    

                    
                        	
                            And a & b

                        
                        	
                            0001

                        
                        	
                            1

                        
                    

                    
                        	
                            Or a | b

                        
                        	
                            1011

                        
                        	
                            11

                        
                    

                    
                        	
                            Xor a ^ c

                        
                        	
                            1010

                        
                        	
                            10

                        
                    

                    
                        	
                            Not ~b

                        
                        	
                            1100

                        
                        	
                            12

                        
                    

                
            

            Table 4.2    
            Bitwise arithmetic with a (hypothetical) four-bit-wide unsigned int.

            The << and >> operators should no longer scare you: simply shift the bit representation of the first operand to the left or right by the number of bits of the second operand. In the computer, it is the same as if you were multiplying or dividing by two just as often:

            
                	
                    345 << 3 is like 345*2*2*2 and results in 2760.

                

                	
                    345 >> 3 is like 345/2/2/2 and gives 43.

                

            

            As soon as you need such number magic, you will have to deal with the number representation in the computer again, for example in Section 4.4.3. Until then, remember that C++ has these operations.

            So the use of this in the real world is limited to the view of numbers as a series of bits; otherwise *2 and /2 make much more sense. So that you can see this use, the following code reverses the bits of an unsigned short.

            // https://godbolt.org/z/qdY41d5a9
#include <iostream>
#include <bitset>
constexpr unsigned n_bits = sizeof(unsigned short)*8; // 8 bits per char
auto reverse_bits(unsigned val) -> unsigned short {
  unsigned short ret = 0;
  for (unsigned i = 0; i < n_bits; ++i ) {
    ret = (ret << 1) | (val & 1);  // one to the side, set lowest bit
    val >>= 1;                     // one in the other direction
  }
  return ret;
}
void tell(unsigned short val) {
  std::bitset<n_bits> bits{val};
  std::cout << val << "=" << bits << " -> ";
  auto lav = reverse_bits(val);
  std::bitset<n_bits> stib{lav};
  std::cout << lav << "=" << stib << "\n";
}
int main() {
  tell(36u);  // Output: 36=0000000000100100 -> 9216=0010010000000000
  tell(199u); // Output: 199=0000000011000111 -> 58112=1110001100000000
  tell(255u); // Output: 255=0000000011111111 -> 65280=1111111100000000
  tell(256u); // Output: 256=0000000100000000 -> 128=0000000010000000
}  


            
                Operators for Streams

                The input and output data streams of the standard library streams use the << and >> operators, which are actually intended for bitwise arithmetic, for writing and reading. You have already seen this for std::cout and std::cin in many listings. In C++ today, << and >> are used far more frequently for streams than for real bitwise arithmetic.

            

        
        
            4.3.5    Composite Assignment

            If you use an arithmetic operator, a new value is created. If the expression requires intermediate results, these are usually briefly available in the computer memory. Within an expression, new temp-values are then constantly generated and discarded. To avoid this, all arithmetic operators are available in variants that change a variable directly instead.

            Instead of int a = 3; a = (a * 4 + 7 - 3)/4; you can also write the following:

            int a = 3;
a *= 4;
a += 7;
a -= 3;
a /= 4;  


            In both cases, a then contains the value 4. However, you should avoid such long calculations as the code quickly becomes confusing. Saving the temp-values is only really a big gain in the rarest of cases.

            You can also use the operators of bitwise arithmetic in this way:

            // https://godbolt.org/z/5hqanTeYh
#include <iostream>
#include <bitset>  // helps with the output of numbers as a bit sequence
int main() {
    int a = 0;
    for(int idx=0; idx<8; idx++) {
        a <<= 2;                         // shift two bits to the left: "...100"
        a |= 1;                          // set the lowest bit: "...1"
    }
    std::cout << std::bitset<16>(a) << "\n"; // 0101010101010101
    std::cout << a << "\n";              // 21845
}  


            The compound assignments available are therefore:

            
                	
                    The standard arithmetic +=, -=, *=, /=, and %=

                

                	
                    The binary arithmetic |=, &=, ^=, <<=, and >>=

                

            

        
        
            4.3.6    Post- and Preincrement and Post- and Predecrement

            I have already said the most important things about the unary operators ++ and --. Let me summarize it once again:

            
                	
                    With ++number, number is first increased by one; with --number, it is decreased by one. You can continue to use the result of this calculation in the surrounding expression. Because the operation is performed first here, this is the pre variant.

                

                	
                    If you readjust the operator, use the post variant. The value of the expression (e.g., number++) is then the value of the variable before the change. It is only actually executed at the end of the entire statement. Until then, the computer has to remember the new value somewhere. This may consume memory and time. It is therefore generally better to get into the habit of using the pre variants.

                

                	
                    More importantly, you should never use two of these operators on the same variable within a statement. The compiler allows this, but the result is not defined.

                

            

        
        
            4.3.7    Relational Operators

            You can also compare values with each other. Very often you need == for equality and != for their opposite. Of course, you can also compare numbers for smaller and larger with < and > as well as in combinations with equal: <= and >=.

            The result of such a comparison is a true or false outcome—that is, true or false—and therefore of the type bool. These are particularly popular in loops and if conditions. However, you can also store the result in a bool variable or return it from a function:

            // as conditions:
if(x < 10) ...
for(int idx=0; idx < 12; ++idx) ...
while(it != end) ...
// store:
bool isLarge = value >= 100;
// return:
bool isPositive(int a) {
    return a > 0;
}  


            With C++20, the three-way comparison <=> is added. Because of its visual similarity to a spaceship, it is often called the spaceship operator. The return of such a comparison is a new (simple) object that can be compared with 0 using <, >, or ==, for example:

            if(a <=> b > 0) ...  


            This corresponds roughly to what strcmp does for strings in C or compareTo in Java.

            This is there to make it easier to provide your own data types with an order. Previously, you had to implement <, >, ==, <=, >=, and != for a new data type if it was to be complete and ordered. As of C++20, it is sufficient to define operator<=>, and the compiler derives the normal comparison operators. Implemented correctly, (a<=>b)>0 is the same as a>b, and so on.

        
        
            4.3.8    Logical Operators

            If you want to know whether x is between 100 and 200, you must check both relational expressions x>100 and x<200, and both must be true. You could do this with two consecutive ifs. But to combine expressions of type bool with each other, there are logical operators: they each have two operands and return bool again. If the operands u and v are both bool expressions, then

            
                	
                    u && v is true if u and v are both true,

                

                	
                    u || v is true if u or v are true, and

                

                	
                    ! u is true if u is false.

                

            

            If this is completely new to you, you will find the detailed information in Table 4.10 helpful.

            You can then combine the expression:

            if( x > 100 && x < 200 ) ...  


            
                Short-Circuit Evaluation

                The preceding if statement is in fact equivalent to the following nested if statements:

                if(x > 100)
    if(x < 200)
        ...  


                Note that the x < 200 comparison is only evaluated if x > 100 was actually true. If x is 2, for example, then x < 200 is not reached.

                This is important if the second comparison only makes sense (or may only be carried out) if the first was positive. For example:

                if( y != 0 && x/y > 5 ) ...  


                You certainly know that you can never divide by zero. So if the variable y in x/y has the value 0, then you are doing something forbidden. However, if you check this beforehand, nothing can go wrong. In C++,

                
                    	
                        in u && v, the expression v is only evaluated if u is true; and

                    

                    	
                        in u || v, the expression v is only evaluated if u is false.

                    

                

                This is called short-circuit evaluation.

                
                    “And” Is Always “And;” “Or” Is Always “Or”

                    If you define your own types later, you will learn that you can also define the operators on them yourself. This also includes the logical operators.

                    However, never redefine a logical operator in such a way that it does anything other than perform the intuitive calculation. This is because nasty surprises would be inevitable in combination with the short-circuit evaluation: parts of your expression are executed unexpectedly.

                    If you overload && or || for a custom type, then there is no short-circuit evaluation there. On types other than bool, an expression is always evaluated in full.

                

            
            
                Alternative Tokens

                A small note on the ! operator: I personally find it a little difficult to see in the source text. Despite its inconspicuousness, it completely reverses the meaning of the whole expression. It's a matter of taste, but I resort to a syntax trick from time to time. You can replace the ! with the word not. For example, while(!file.eof())... in Listing 10.1 becomes while(not file.eof())...

                This is called an alternative token, and there are a few of them; the one I find most useful is not. I don't want to name them all—not that you'll start using them everywhere. If you are curious, take a look in the language reference under “alternative tokens” or the related area of “di- and trigraphs” (trigraphs are no longer allowed since C++17).

                As I said, not is not to everyone's taste and you should discuss this with your team. I would advise against the widespread use of these character combinations because they are really very rarely used. Your readers could become confused.

            
        
        
            4.3.9    Pointer and Dereference Operators

            You have already learned that we call methods with a dot .—for example, with string:

            void checkName(std::string& name) {
    if( name.length() ) ...
}  


            You will see later, when we discuss pointers and C-arrays, that you can also use a pointer to this variable instead of the reference &:

            void checkName(std::string* pname) {  // Pointer to a string
    if( (*pname).length() ) ...
}  


            If the type of your variable is string* and not string& or string, then it is only “indirectly” linked to the value. To get to the value, use the unary * operator—*pname in this case. The method call is then (*pname).length(). However, as this is somewhat cumbersome, there is the binary -> operator as a shorter form:

            void checkName(std::string* pname) {
    if( pname->length() ) ...
}  


            In particular, this is all worth mentioning because both dereference operators (the unary * and the binary ->) can be defined by you on your own types. Knowing them is therefore not only important for pointers and C-arrays.

            In fact, pointers are just a very special form of indirection. The standard library is riddled with iterators, the generalization of the pointer concept. You will come across iterators in the containers and algorithms and use * and -> there as a matter of course, without pointers being involved. (See Part IV and Chapter 20.)

        
        
            4.3.10    Special Operators

            As we are discussing operators here, two oddballs must also be mentioned.

            There is a single ternary (three-character) operator ? : that allows an if-else query as an expression. It has the following form:

            Condition-expression ? Then-expression : Else-expression

            Depending on whether the condition is evaluated to true or false, either the then expression or the else expression is the overall result. Note that the two parts must therefore be of the same type so that the compiler can determine the type of the overall expression:

            // https://godbolt.org/z/xrMYz93WP
int main() {
    for(int w1 = 1; w1 <= 6; ++w1) {     // 1..6
        for(int w2 = 0; w2 < 10; ++w2) { // 0..9
            int max = w1 > w2 ? w1 : w2; // ternary operator
        }
    }
}  


            Here max is assigned the larger of the two values w1 and w2.

            The comma can be used as a sequence operator in expressions. If you write several expressions in parentheses (...) and separate them with commas, then the compiler evaluates the expressions from left to right, but only keeps the result of the last expression as the overall result. The construct therefore only makes sense if the leading expressions have side effects.

            It looks like this for two expressions:

            ( Expression-1 , Expression-2 )

            The compiler first calculates Expression-1 and then Expression-2. The result of the first expression is dissipated so that the total expression receives the value and type of the second expression.

            // https://godbolt.org/z/rq66cWr3d
int main() {
    int a = 0;
    int b = 0;
    for(int w1 = 1; w1 <= 6; ++w1) { // 1..6
        for(int w2 = 0; w2 < 10; ++w2) { // 0..9
            int max = w1 > w2 ? (a+=b , w1) :( b+=1 , w2); // sequence operator
        }
    }
}  


            Listing 4.26    
            You can concatenate several expressions with commas in brackets.

            If w1 > w2, then the expression (a+=b, w1) is evaluated. Although w1 is returned as the result for max, the expression a+=b is executed first. In the case of w <= w2, the term w2 from (b+=1, w2) is assigned to the variable max after b+=1 has been evaluated.

            I have deliberately chosen a particularly bizarre example here for the sequence operator because, first, it is difficult to find a meaningful example; and, second, you should avoid this special construct like Darth Vader avoids magma. The sequence operator thrives on side effects, but within an expression, each variable must not be affected by more than one side effect, so its use is dangerous.

            There are exceptions where it makes sense to use it—namely, where only a single expression is permitted and it would otherwise be more complicated.

            This can be the case, for example, in the incrementation part of for loops.

            // https://godbolt.org/z/vd85f7rMj
#include <iostream>
int main() {
    int arr[] = { 8,3,7,3,11,999,5,6,7 };
    int len = 9;
    for(int i=0, *p=arr; i<len && *p!=999; ++i, ++p) { // first ++i, then ++p
        std::cout << i << ":" << *p << " ";
    }
    std::cout << "\n";
    // output: 0:8 1:3 2:7 3:3 4:11
}  


            Listing 4.27    
            The sequence comma can be useful infor loops.

            Note that in a declaration int a, b, c; , the comma is not the sequence operator. This also applies to the declaration part of the for loop, int i=0, *p=arr, where the comma only separates the declarations.

            The comma that separates function arguments in func(x,y,z) or list elements in {1,2,3} is not the sequence operator either.

        
        
            4.3.11    Function-Like Operators

            Even if they do not look like it, the following cases also belong to the operators:

            
                	
                    kind..._cast<target_type>(value)
All of these are type conversions. value is converted to target_type in the C++ notation. There are multiple different kinds: static_cast, const_cast, dynamic_cast, and reinterpret_cast. They differ slightly in what they do and what conversions they can perform, but the type of the expression is always target_type. If a type conversion is not possible, the compiler reports an error. Otherwise, the value is made to fit, which harbors dangers. For example, when converting from long to short, information can be lost without you realizing it. Forcing types is not desirable, but it does happen sometimes. In an optimal world, you can manage without explicit type conversions.

                

                	
                    (type)value
This is the type conversion notation adopted from C. In (int)value, the compiler attempts to convert value into an int, regardless of the type of value. Depending on the context, this notation corresponds to one of the C++ notations, most commonly static_cast<>. Simply because you are emphasizing the type of conversion, you should always choose the C++ notation.

                

                	
                    sizeof
You can use sizeof(type) and sizeof(value) to find out the size of a type or a variable in char units. A sizeof(char) always returns 1.

                

                	
                    new and delete
new class{} and delete var are used to manage dynamic memory, as you will see in Chapter 20.

                

                	
                    throw
With throw ExceptionClass{}; you trigger an exception, which is explained in Chapter 10.

                

            

        
        
            4.3.12    Operator Sequence

            If you use several operators in an expression—possibly different ones—then these are evaluated in a specific order.

            Just as you can demand that a proper pocket calculator observes the rule of point before dash calculation for 3+4*5+6 and produces the correct result of 29, C++ also masters this. Furthermore, all other operators also have a precedence: the higher an operator is in this ranking, the earlier it is evaluated compared to other operators.

            Remember this simple sequence, which starts with the strongest bond:

            
                	
                    Multiplicative
*, / and %

                

                	
                    Additive
+ and -

                

                	
                    Stream operators
<< and >>

                

                	
                    Compare
<, <=, > and >=

                

                	
                    Equality
== and !=

                

                	
                    Logical
In this order: && then ||

                

                	
                    Assignments with =
But also all compound assignments such as +=

                

            

            This allows you to write many a complex expression without having to correct the meaning with parentheses:

            bool yesno = 3*4 > 2*6 && 10/2 < 13%8;  


            This saves you the parentheses shown in the following:

            bool yesno = (((3*4) > (2*6)) && ((10/2) < (13%8)));  


            Note that the stream output operator << binds more loosely than normal arithmetic with + and *. However, if you have comparisons in the output, you need brackets around the comparison:

            std::cout << 2*7 << x+1 << n/3-m << "\n"; // no () required between <<
std::cout << (x0 >= x1) << (a<b || b<c);  // (): << would bind more tightly  


            But what happens if several operators of the same precedence are next to each other? In expressions such as 10-5-2, the left - is evaluated first because - is left-associative—as if the expression ((10-5)-3) were in parentheses. The result is therefore 2. All binary arithmetic, Boolean, and comparative operators are left-associative, so you can intuitively calculate with them. Sometimes this is also called left-to-right associative or LR-associative.

            The group of assignment operators, in turn, is consistently right-associative, which is why the compiler for x += y += z += 1 executes (x += (y += (z += 1))) as expected and first increments z by 1 in order to then deal with the other variables one after the other. If the expression were evaluated as (((x += y) += z) += 1), then x would receive a new value several times because x += y also returns x, and then += z would be executed; y would not be changed. And x would be returned once again, and += 1 would increment it by 1 instead of increasing z.

            Most of the time, precedence and associativity work intuitively and as expected. If in doubt, it is better to bracket as later readers will probably ask themselves the same questions as you.

        
    


                    
                
                        
        4.4    Built-In Data Types

        So far you have only learned about types in a flyover—and around them, just as much fundamental C++ as was necessary to understand them.

        This section builds on these basics. You now know enough about the language to understand the comprehensive explanations of all the built-in types.

        In this section, you will learn which data types are available to you in C++ if you do not use #include in your program or do not use the standard library. What are the built-in data types, and what can you do with them?

        Pay attention to the types of variables and function parameters in the following example.

        // https://godbolt.org/z/MPPsbdq9c
#include <iostream> // cin, cout for input and output

void input(unsigned &birthDay_,
           unsigned &birthMonth_,
           unsigned &birthYear_,
           unsigned long long &taxnumber_,
           double &bodyheight_)
{
    /* Inputs still without good error handling... */
    std::cout << "Date of birth: "; std::cin >> birthDay_;
    std::cout << "Month of birth: "; std::cin >> birthMonth_;
    std::cout << "Year of birth: "; std::cin >> birthYear_;
    std::cout << "Tax number: "; std::cin >> taxnumber_;
    std::cout << "Height: "; std::cin >> bodyheight_;
}

int main() {
    /* data */
    unsigned birthDay_ = 0;
    unsigned birthMonth_ = 0;
    unsigned birthYear_ = 0;
    unsigned long long taxnumber_ = 0;
    double bodyheight_ = 0.0;
    /* Input */
    input(birthDay_, birthMonth_, birthYear_, taxnumber_, bodyheight_);
    /* Calculations */
    // ...
}  


        Listing 4.28    
            Some new data types are used here.

        I have used the following data types:

        
            	
                unsigned and unsigned long long as representatives of the integer data types

            

            	
                double for saving a (floating-) point number

            

            	
                The variables std::cin and std::cout, whose types are not explicitly mentioned

            

        

        The first important distinction between these data types is whether they are built-in or not.

        
            4.4.1    Overview

            If you do not use #include, you have a very limited number of data types available. For example, you can define additional types with class or create aliases with typedef, but your selection is then very limited:

            
                	
                    Integers—int, short, long, and long long, each signed or unsigned
Integers store numbers without a decimal point—for example, 3, -12, and 987654321. The different-sized variants store either signed or unsigned numbers. Consider which variant you need for each application. When in doubt, int is a good choice. Once you have chosen the type, you must ensure above all that you adhere to the number range of the type in order to avoid a dangerous overflow.

                

                	
                    Floating-point numbers—double, float, and long double
Integers are unsuitable for some things. Use double to store decimal numbers such as 3.14, -0.00001, or 6.281e+26. Their space is still limited, even if it is large, but the biggest problem is the accuracy; you cannot store even a value of 1/3 accurately. Always use floating-point numbers with caution.

                

                	
                    Truth values—bool
bool is a data type for storing truth values. A bool is either true or false. You have often used this type in if statements and the like. Although a single bit would actually suffice to store bool, this data type is by no means more space-saving than char.

                

                	
                    Character types—char, char16_t, char32_t, and char8_t
In C++, there are only a few places where there is a real distinction between numbers and characters, so you can also use the char character type as a number. This is the smallest unit, and if you ask for the actual size of a type or a variable with sizeof(x), then it is the number of char units that is returned to you. char becomes a character type because you store character strings in char sequences—either as an array in char[] or in a string from the standard library. As char is not designed for international characters (Unicode), there are char16_t, char32_t, and the somewhat outdated wchar_t with more space. Examples of characters are 'a', 'Z', and international (Unicode) characters. In C++20, char8_t is added.

                

                	
                    References—&
Indirect references with & refer to another variable. This allows you to address the same variable under a different name—for example, int x = 7; int& ref = x;. Changes to the reference, such as ref=12, actually change the original—in this case, x. As long as it exists, a reference always refers to the same variable. A reference cannot refer to “nothing.”

                

                	
                    Pointers and C-arrays—* and []
Indirections with * point to a variable as a memory address, in the case of a C-array as [] with length information. A character string such as "Your name" is an example of char[9][ 9 ] and is passed to functions as char*. We will discuss this in Chapter 20 on pointers. In contrast to references with &, pointers can be changed so that they refer to another variable. If you refer to nullptr, this stands for the reference to “nothing.”

                

            

            In the source code, data is represented by variables (or similar) or by literals. When the compiled program is running, however, things look quite different. Then the data needs a physical representation: in the processor, where it is calculated, and in the memory, where it is loaded, saved, and changed. Memory can mean many things here: from the fast register to the cache, the main memory and graphics card memory to the hard disk, and, in a broader sense, the network or cloud.

            Each data type has a physical representation that the processor understands. In this section, we will briefly discuss this representation, because C++ is also a language that is close to this representation and can manipulate it directly.

        
        
            4.4.2    Initialize Built-In Data Types

            One of the most important differences between these data types and the majority of other—non-built-in—data types is that you have to initialize the variables of these types! For example, write int x = 7; or int x{7};. If you omit the initialization with 7, then x is not initialized at all. Its initial value is then random, which can have consequences.

            If you want to leave it not to chance but to the compiler to choose a “good” value for the initialization, then write a pair of empty curly braces {} after the variable. The rule of thumb is that it is then initialized with zero or something equivalent:

            int x{};           // initializes x with 0 - built-in type
double y{};        // y becomes 0.0 - built-in type
std::string s{};   // empty string - class
struct tm mytm{};  // all fields 0 - tm is aggregate from <time.h>  


            
                Value Initialization Leaves Nothing to Chance

                You can get into the habit of always initializing at least with {} if you have no other more sensible initialization, because even the noninstalled types benefit from this. So you are not doing anything wrong if you include this in your repertoire. It is called value initialization, which means initialization with a meaningful type-specific value. For types that don't provide anything else with {}, you at least get something other than cosmic noise in the computer memory.

            

            Among the noninstalled types, there are a few exceptions that do not tolerate initialization with {}. The compiler will point these out to you. These are usually classes where you have to specify arguments between the braces.

        
        
            4.4.3    Integers

            We have used the unsigned type in several places in the examples. This is just an abbreviation of unsigned int. In contrast to the normal signed int, abbreviated int, this can store slightly larger positive numbers, but not negative ones.

            Normally, you should use the int type for integers. However, the number range is limited. If you need more length, you can use long and long long. If you need to save space, there is short. All these variants are also available in the unsigned variant, such as unsigned long. It is not necessary to write signed in front of the number type instead as this is the default. An int (whether signed or unsigned) is what your system handles most naturally and can usually calculate the fastest.

            You can perform arithmetic calculations with the integer types—that is, multiplication and the like. However, you are already reaching the limits of the data type with basic arithmetic operations, because logically an unsigned int cannot take on a negative value. And both the signed and unsigned variants have a limit for large numbers.

            To understand what actually happens when calculating with int types and relatives, you only need to know that the computer works in the binary system. This is nothing other than the decimal system that you are used to, except that each digit cannot be 0 to 9, but only 0 or 1—one of two possible values (hence the bi in binary). In Section 4.3, I discuss this in the “Binary System” box.

            The individual positions that can be 0 or 1 are called bits. How many bits fit into a variable of an integer type depends on your system. The standard says that char is the smallest and long long is the largest type, with short, int, and long in between, in that order. On today's machines, char is eight bits and long long is 64 bits. Table 4.3 gives examples of two common systems today. The Windows column applies to both 32-bit and 64-bit Windows, as well as 32-bit Linux.

            
                
                    
                        	
                            Bits

                        
                        	
                            Linux, 64-Bit

                        
                        	
                            Windows

                        
                        	
                            Minimum For…

                        
                    

                
                
                    
                        	
                            8

                        
                        	
                            char

                        
                        	
                            char

                        
                        	
                            char

                        
                    

                    
                        	
                            16

                        
                        	
                            short

                        
                        	
                            short

                        
                        	
                            short, int

                        
                    

                    
                        	
                            32

                        
                        	
                            int

                        
                        	
                            int, long

                        
                        	
                            long

                        
                    

                    
                        	
                            64

                        
                        	
                            long, long long

                        
                        	
                            long long

                        
                        	
                            long long

                        
                    

                
            

            Table 4.3    
            Bit widths of two architectures and the minimums as examples.

            If an unsigned int has 32 bits, then the largest number that this data type can represent is 1 · 231 + 1 · 230 + … + 1 · 21 + 1 · 20 = 232–1, which corresponds to just over 4 billion. This is shown in Table 4.4. You must use your program to ensure that an expression of type int never assumes a larger value.

            
                [Übung]  Minimum Widths for Integer Types

                Since C++20, the numbers listed under “Bits” apply as the minimum widths of the implementation for the data types specified in the “Minimum For…” column. However, you don't have to get used to this, as all implementations actually adhered to these widths even before standardization. However, you will probably still find people for a long time who believe that C++ does not specify minimum widths except for char. Now you can shine with new knowledge.

            

            A note on the names of the integer types: officially, the types are called int, unsigned int, long int, and long long int. I myself usually abbreviate unsigned int to unsigned, but you will often see it written out in full. With long and long long, the written-out version with int behind it is rarely used.

            
                
                    
                        	
                            Bits

                        
                        	
                            Unsigned

                        
                        	
                            Signed

                        
                    

                
                
                    
                        	
                            8

                        
                        	
                            0 ... 255

                        
                        	
                            –128 ... 127

                        
                    

                    
                        	
                            16

                        
                        	
                            0 ... 65 535

                        
                        	
                            –32 768 ... 32 767

                        
                    

                    
                        	
                            32

                        
                        	
                            0 ... 4 294 967 295

                        
                        	
                            –2 147 483 648 ... 2 147 483 647

                        
                    

                    
                        	
                            64

                        
                        	
                            0 ... 18 446 744 073 709 551 615

                        
                        	
                            –9 223 372 036 854 775 808 ...
9 223 372 036 854 775 807

                        
                    

                
            

            Table 4.4    
            Numerical ranges.

            
                Physical Representation of Integers

                Have you noticed that the number of bits that can be integers wide is divisible by eight? I'm probably not telling you anything new by saying that in most computer systems, eight bits make up one byte (there are exceptions). In C++, a byte is the smallest addressable data unit. A byte in memory has an address x; the byte next to it has address x+1.

                On a typical system, an unsigned int has 32 bits—that is, four bytes, as you can see in Table 4.3. The unit that is particularly advantageous on a given architecture is called a data word (or simply word). For the purposes of this book, let’s assume that four bytes make up a data word. However, this need not be the case in all architectures.

                From this we derive the terms half word, double word, and quadruple word, which comprise 16 bits, 64 bits (eight bytes), and 128 bits (16 bytes). If you assume a smaller word size, there is also the term eightfold or double quad word. Instead of half word or double word, short word or long word is often used, and here you can see the proximity of C and C++ to machine representation. However, particular caution is required, as Linux and Windows jargon diverge here; long word in particular can sometimes mean the same thing as word.

                Last but not least, there is the term nibble, which refers to half a byte: the upper nibble denotes the four high-order bits, the lower nibble the four low-order bits. You can represent a nibble with a hexadecimal character (see Table 4.7).

                As already mentioned, the terminology may be shifted on different architectures. However, it is important to know the terms because they are often used in documentation. Interface descriptions for specialized hardware such as graphics cards refer to them (and often have their own interpretation of the widths). Hardware-related tools also refer to these terms. For example, in assembly code (AT&T or GAS syntax) on an x86-64 Linux, imull means multiply long and is used when a C++-int or -short is multiplied. An imulq for multiply quad multiplies long or long long. The same code on a 64-bit MIPS uses mul for short and int and dmult for long and long long. What I mean by this is that you always have to be careful about what the tool you are using in your architecture means. In Table 4.5, I have compiled the same code in assembler on two different 64-bit architectures. Note the suffixes of the commands that refer to the operand width.

                
                    
                        
                            	
                                C++

                            
                            	
                                x86-64-Linux

                            
                            	
                                MIPS64

                            
                        

                    
                    
                        
                            	
                                long long sq(
  long long n)
{
  return n * n;
}


                            
                            	
                                sq(long long):
  imulq %rdi, %di
  movl %rdi, %rax
  ret


                            
                            	
                                sq(long long):
  dmult $4,$4
  j $31
  mflo $2


                            
                        

                        
                            	
                                long sq(long n) {
  return n * n;
}


                            
                            	
                                sq(long):
  imulq %rdi, %di
  movq %rdi, %rax
  ret


                            
                            	
                                sq(long):
  dmult $4,$4
  j $31
  mflo $2


                            
                        

                        
                            	
                                int sq(int n) {
  return n * n;
}


                            
                            	
                                sq(int):
  imull %edi, %di
  movl %edi, %eax
  ret


                            
                            	
                                sq(int):
  j $31
  mul $2,$4,$4


                            
                        

                        
                            	
                                short sq(short n) {
  return n * n;
}


                            
                            	
                                sq(short):
  imull %edi, %di
  movl %edi, %eax
  ret


                            
                            	
                                sq(short):
  andi $4,$4,0xffff
  mul $2,$4,$4
  j $31
  seh $2,$2


                            
                        

                        
                            	
                                char sq(char n) {
  return n * n;
}


                            
                            	
                                sq(char):
  movl %edi, %eax
  imull %edi, %eax
  ret


                            
                            	
                                sq(char):
  andi $4,$4,0xff
  mul $2,$4,$4
  j $31
  seb $2,$2


                            
                        

                    
                

                Table 4.5    
            Even on two 64-bit architectures, different tools can select different terms for word sizes.

                Whether words or bytes, they are stored next to each other in the memory. Assuming an unsigned int has 32 bits, the abstract integer 123456789 is stored in four bytes with the values 7, 91, 205, and 21. You can recalculate the original value from this by interpreting the individual values as positions in a 256 number system—that is, 7 · 2563 + 91 · 2562 + 205 · 2561 + 21 · 2560.

                The values of bytes are rarely written as decimal numbers. It is very common to write them as hexadecimal numbers—that is, 0x07, 0x5b, 0xcd, and 0x15. This means that each byte has exactly two letters (plus the 0x prefix). If you add them together, you get an eight-character hexadecimal number: 0x075bcd15 or, without a leading zero, 0x75bcd15.

                With this notation, you can now beautifully represent a densely packed sequence of int values in memory (see Figure 4.2).

                
                    [image: Data in memory (big-endian).]

                    Figure 4.2    
            Data in memory (big-endian).

                
                The two decimal numbers 123456789 and 447888868 at the beginning are stored directly next to each other. The content of the memory cells is shown in hexadecimal numbers.

                The figure contains further data for illustration purposes. The hexadecimal byte sequence 0xe89a is interpreted as 59546 for a uint16_t (e.g., unsigned short). If the byte sequence is read with an int16_t (e.g., short), this corresponds to -5990. The C string "Manual" has a terminating \0 byte. Which letters mean which hexadecimal byte is defined in the ASCII standard. Finally, I have stored the decimal floating-point number 45.45 as double and float, for which you see the hexadecimal representations.

                
                    Memory Alignment

                    It is not entirely coincidental that the data elements in the figure are always stored such that their first byte is at an address divisible by four. This is called memory alignment. Four bytes correspond to a 32-bit alignment. Most modern machines work faster when this is the case. To achieve optimum speed, data is not packed close together if necessary, but shifted with “empty” bytes in between. In the example, this is the case at 59546 and -5990: the addresses 0c and 0d in between do not contain any meaningful data.

                    Some machines cannot even cope if the data of certain data types is not stored with the correct alignment. In this case, the data must first be copied in a time-consuming process when reading. In addition to 32-bit alignment, there is also 16-bit, 64-bit, and even 128-bit alignment. No alignment means that the start position does not matter; this corresponds to 8-bit alignment and occurs in practice as well.

                    You do not normally have to worry about memory alignment; the compiler does this for you.

                

            
            
                Byte Sequence

                For the rest of this section, I would like to omit the 0x prefix. If not mentioned otherwise, decimal numbers like 123 are set in normal font, hexadecimal numbers like a87f in listing font.

                The number 447888596 is divided into bytes—that is, 1a, b2, 3c, and d4. At address x you store 1a, at address x+1 b2, at x+2 3c, and finally at x+3 d4—or written together, at addresses x..x+3 1a b2 3c d4. In Figure 4.3, I have illustrated this. If you number the eight hex digits from their lowest significance so that the digit with the highest significance is given the number 8 and the one with the lowest the number 1, the numbering is 87 65 43 21.

                This format seems natural to us because, like our number system, it names the most significant digit of the whole number first and the least significant last—just as we assign the highest significance to the digit 1 and the lowest to the digit 3 in 123. This memory format is called big-endian. It stores the most significant byte (MSB) first.

                The other way to store the number 447888596 is the little-endian memory format—with the least significant element first. This then results in the values d4 3c b2 1a at the addresses x..x+3 in the memory—so, with the least significant byte (LSB) first. In my opinion, this looks confusing, especially because each individual two-digit hex number nevertheless names its larger component first and the lower component afterward. If you number the eight hex digits again as before, the result is 21 43 65 87. It helps me to write down such a sequence the other way round.

                
                    [image: Numbers can be stored with the highest or lowest byte first.]

                    Figure 4.3    
            Numbers can be stored with the highest or lowest byte first.

                
                However, LSB also has advantages. If the computer starts reading at address x and interprets the byte there, the significance of d4, for example, which it reads, always remains the same, regardless of whether d4 is part of an int, a short, or a long. It is a small advantage that the early CPUs probably made use of.

                Why am I asking these questions and not simply dismissing little-endian as an esoteric eccentric? Because it isn't one: Intel processors, including the Pentium inside your computer—I claim, without taking any great risk of being wrong—is one of these representatives. Of course, this also applies to the compatible AMD Opterons and accelerated processing units (APUs). By the way, another name for this memory format is Intel byte order convention. But other early acquaintances were also born as little-endian: the famous Zilog Z80 processor, as well as the honorable MOS Technology 6502 of the Commodore 64, Apple II, Atari, or NES.

                What has historically competed against it? Big-endian is spoken of in the Motorola 68k family, PowerPCs, MIPS, and SPARC. Yes, a few of them are still around.

                
                    Cross-Platform Presentation

                    To prevent the data from being mixed up due to different interpretations of the byte order by the sender and receiver when exchanging data between machines, there is an agreement, particularly in the network area, on the byte order in which the data is to be transmitted. This is therefore called the network byte order. When you write a program, your program is the “host,” so you are always responsible for translating the data from the host order to the network order when saving or sending and vice versa when reading or receiving.

                    Most platforms have functions such as htons (host-to-network short) and ntohl (network-to-host long). You should always use these functions if you want to write a portable program. However, read the specification of your protocol carefully as there are exceptions.

                    Are you now asking whether the network sequence is little- or big-endian? Do you really want me to tell you? If you want to write portable programs, you shouldn't need to know; you should use the conversion functions even if the host and network order are identical. But if you really want to know: the network order corresponds to big-endian. So if you are on such a system, the functions will do nothing. Better call them anyway.

                

                With the internet, the big-endian camp has gained a strong representative. And this is perhaps also the reason that the current conquerors—the mobile CPUs of cell phones, tablets, and other connected devices, in which an ARM computing unit usually performs its services—are bi-endian; that is, they can do both.

            
            
                Integer Literals

                In the source code, you can simply write down an integer in the decimal system. You can use a suffix to specify whether it is signed or unsigned and what width the literal represents. Without a suffix, it is an int. In practice, however, this specification is only necessary in special cases as the compiler itself recognizes what type of integer the literal is during initialization and the like. In Table 4.6, you can see the possible suffixes with examples.

                
                    
                        
                            	
                                Type

                            
                            	
                                Suffixes

                            
                            	
                                Examples

                            
                        

                    
                    
                        
                            	
                                int

                            
                            	
                            	
                                42, -12

                            
                        

                        
                            	
                                unsigned

                            
                            	
                                u, U

                            
                            	
                                3u, 123U

                            
                        

                        
                            	
                                long

                            
                            	
                                l, L

                            
                            	
                                -999l, 88'888L

                            
                        

                        
                            	
                                unsigned long

                            
                            	
                                ul, UL,

                            
                            	
                                77'777ul, 6'666UL

                            
                        

                        
                            	
                                long long

                            
                            	
                                ll, LL

                            
                            	
                                43'214'321ll, -12'341'234LL

                            
                        

                        
                            	
                                unsigned long long

                            
                            	
                                ull, ULL

                            
                            	
                                23'443'212ull, 1ULL

                            
                        

                    
                

                Table 4.6    
            Integer suffixes and the corresponding types.

                As of C++23, you can also use the suffix z or Z for a size_t literal, optionally combined with u or U—for example, 42z or 42zu. This is useful, for example, if you compare a literal with the return value of the size() function, such as (10z > size(v)).

                Since C++14, you can place single quotation marks ' between digits in any number literal. They do not affect the number. For decimal numbers, groups of three are useful to achieve the usual reading grouping.

                C++ also allows you to write an integer in the base 8 system (octal) or 16-digit system (hexadecimal). These have the advantage that three or two digits always result in a byte (eight bits) and are sometimes easier to read than in the decimal system. Since C++14, you can even write a number in the base 2 system (binary) as a literal. To specify the number system (the base) of the literal, use a prefix. In Table 4.7, you can see the possible prefixes. Both the prefixes and the letters of the 16-letter system are case-insensitive; for example, no distinction is made between 0xFF and 0Xff.

                Here too, you can insert single quotation marks ' between the digits to group them. Groups of three are common for decimal and octal literals. Groups of two, four, or eight are common for binary and hexadecimal literals.

                It becomes more advanced if you combine the prefixes for the number system with the suffixes of the data type—but as I said, the suffixes are rarely necessary. With 0xffULL, you define 255 as an unsigned long long.

                
                    
                        
                            	
                                Base

                            
                            	
                                Prefix

                            
                            	
                                Examples

                            
                            	
                                Decimal as int

                            
                        

                    
                    
                        
                            	
                                10

                            
                            	
                            	
                                255, -4

                            
                            	
                                255, -4

                            
                        

                        
                            	
                                16

                            
                            	
                                0x

                            
                            	
                                0xff, 0xCAFE

                            
                            	
                                255, 51966

                            
                        

                        
                            	
                                8

                            
                            	
                                0

                            
                            	
                                0377, 0777666

                            
                            	
                                255, 262070

                            
                        

                        
                            	
                                2

                            
                            	
                                0b

                            
                            	
                                0b1111'1111, 0b0101

                            
                            	
                                255, 5

                            
                        

                    
                

                Table 4.7    
            Integer prefixes for the different number systems.

            
            
                Operations on Integers

                You can calculate arithmetically with all integer types, as you would expect: multiplication with *, addition and subtraction with + and -, and division without remainder with /. The latter means that if you calculate 20 / 7, the result is 2; the decimal places are simply cut off. With %, you get the remainder modulo operation).

                // https://godbolt.org/z/ebPcdxzvj
#include <iostream>
int main() {
    std::cout << 3 + 4 * 5 + 6 << "\n";               // 29
    std::cout << 20/7 << " Rest " << 20%7 << "\n";    // 2 remainder 6
}  


                Listing 4.29    
            Arithmetic with integers.

                For more complex calculations, you must write your own functions or use floating-point numbers such as double, for which there are a large number of calculating functions in the standard library in the <cmath> header.

                The bit operations have already been described in Section 4.3. The following listing is another short example.

                // https://godbolt.org/z/jeTs5Exqx
#include <iostream>
int main() {
    unsigned a = 0b1111'0000;        // 240
    unsigned b = 0b0011'1100;        // 60
    std::cout << ( a | b ) << "\n";  // Bit-Or: 252, in bits 1111'1100
    std::cout << ( a & b ) << "\n";  // Bit-And: 48, in bits 0011'0000
    std::cout << ( a ^ b ) << "\n";  // Exclusive-Or: 204, in bits 1100'1100
    unsigned int c = 170;            // in bits 0..(24x0)..0'1010'1010
    std::cout << ( ~c ) << "\n";     // Inv.: 4294967125, Bits: 1...(24x1)..1'0101'0101
}  


                Listing 4.30    
            Bit operations.

                At this point, it is important to me that you understand the concepts of integers in C++ and learn how to use them. I will point out the typical pitfalls and give a few case studies:

                
                    	
                        There are the integer types char, short, int, long, and long long, each in signed and unsigned form.

                    

                    	
                        These have different widths on the different systems; only the order of their sizes is fixed.

                    

                    	
                        char is special because it is used not only for arithmetic but also for storing characters (hence the name).

                    

                    	
                        Your general-purpose integer types should be int and unsigned.

                    

                    	
                        You can calculate “normally” with all numbers in C++; simple arithmetic and bit operations are supported directly.

                    

                    	
                        Within an expression with two operands of different types, one may be converted before the calculation is executed.

                    

                

            
            
                Integer Overflow

                If you calculate unsigned int x = 5 - 10;, then strange things happen: for the computer, this becomes a huge number. The same thing happens at the other end of the spectrum: on many current computers, an unsigned int has 32 bits, and if these are not enough to store a number, the computer starts again from zero. Both are called an overflow. Be careful here if you are working with the signed variants, as these do not specify what happens in the event of an overflow. In general, an overflow should be avoided unless you know exactly what you are doing with a signed type.[ 10 ]

            
            
                Arithmetic Type Conversion

                So far, we have made it easy for ourselves: we have always given an operator two operands of the same type. If you use two different types, the compiler performs an implicit type conversion for the smaller integer type: it is first copied into a temporary variable of the larger type. The result type of the expression is then the larger type.

                For example, with unsigned char c = 50; int n = 500; in the expression c+n, the c is converted into an int with the value 50 before the calculation. This makes it possible for the result of 550 to be calculated at all (a char would be too small for this). The result type of the expression is also int, as this is the larger of the two types involved.

                It gets tricky when you mix signed and unsigned types. Here are a couple of rules of thumb:

                
                    	
                        If the signed operand involved is larger than the unsigned operand, it will also be used for the result, and you can be reasonably sure that the conversion will not destroy anything.

                    

                    	
                        If both are the same size, the result is given the unsigned type and any negative numbers are lost.

                    

                

                In practice, this has the following effect: signed and unsigned are both the same size—both int. If you add a signed ss = -4; and an unsigned uu = 2, the compiler specifies unsigned as the type for the result. This has the effect that -4 is converted to unsigned before the addition—and thus becomes 4294967292 (for int with 32 bits). The result is then somewhat surprisingly 4294967294. And as these rules apply to comparisons as well as arithmetic, if(ss < uu) is also surprisingly evaluated to false—or even more explicitly, the value of the expression if(-4 < 2u) is determined as false by the compiler in C++ because the signed literal -4 is compared with the unsigned literal 2u.

                
                    Avoid Mixing

                    If you are dealing with number ranges that are at risk during such a conversion—negative or large numbers—then you should not rely on the implicit conversion. In this case, convert the operands yourself beforehand. Do not write if(mySize > theLimit)... if the two types have different signs, but convert them yourself. This will make you aware that something is happening here that you need to keep an eye on:

                    if(mySize > (long)theLimit) ... 


                    Better still, both figures would have been the same type right from the start.

                    As of C++20, safer auxiliary functions such as std::cmp_less(), std::cmp_equal(), and the like are available, but these are more complicated to use than simply writing < or ==. To check whether a value can be safely stored in a specific type, use in_range<T>(). In generic template code, this is often the only safe way.

                

            
            
                Alias Number Types

                There are number types that are defined differently on systems. A prominent example is size_t: sometimes this type is identical to unsigned int, sometimes to unsigned long or even to unsigned long long. But if you only use variables of these types for the purpose for which they are intended, you are not interested in the exact underlying type.

                For example, if you want to know the size of a data structure, use sizeof(data). The return is a size_t—and you should store the result in this. Of course, this is actually one of the other int types, but you don't need to know exactly which one. It is an alias for the (unknown) real type.

                There are several reasons to use an alias. The most important are these:

                
                    	
                        You save yourself typing work. An alias is shorter, especially with templates.

                    

                    	
                        They say something about the usage; that is, they use the alias as a semantic label. ptr_diff_t and size_t may be identical, but their names already tell you something about their usage.

                    

                    	
                        They are more flexible for later changes, as different types may be useful for specific purposes in different systems. In this case, you only need to change the alias in one place.

                    

                

                Aliases such as size_t have been created with using and are usually available if you are already using the corresponding #include anyway. For example, size_t could have been defined like this:

                using size_t = unsigned long long;  


                
                    “typedef” versus “using”

                    If you look now, you might not find any using in your headers at all, because the way to do this before C++11 was as follows:

                    typedef unsigned long long size_t; 


                    I recommend that you use the new style. It may be a matter of taste (or habit), but I personally like the style where the newly introduced name is to the left of an equals sign =. But I'm showing you the typedef style because we'll probably be seeing it for a very long time.

                

                As you will see in Part IV, a vector can hold a large number of elements. You can access the individual elements by index using square brackets []. This index must be a number—more precisely, a size_t. So if you define a count variable for a vector index, you can very well let it be a size_t.

                // https://godbolt.org/z/zGso3xGcj
#include <vector>
#include <cstddef> // size_t
int main() 
{
    std::vector<int> data = { 100, -4, 6'699, 88, 0, } ;

    int sum = 0;

    for(size_t idx = 0; idx < data.size(); ++idx) 
    { // a specific int type
        sum += data[idx];
    }
 }  


                Listing 4.31    
            Index variables can be of type “size_t”.

                However, it should not be concealed from you that the sum in the preceding example could of course have been implemented much better using for(auto d: data) sum += d;. Or you could immediately use an algorithm from <algorithm> and auto sum = std::accumulate(data.begin(), data.end(), 0);. In both cases, you can see that with C++11 you can now often save yourself the trouble of knowing the exact type.

                Other frequently used aliases with typical definitions for certain integer types are shown in Table 4.8.

                
                    
                        
                            	
                                Alias

                            
                            	
                                On 64-Bit Linux

                            
                            	
                                Use

                            
                        

                    
                    
                        
                            	
                                size_t

                            
                            	
                                long unsigned int

                            
                            	
                                Sizes that cannot be negative, such as container sizes

                            
                        

                        
                            	
                                ptrdiff_t

                            
                            	
                                long int

                            
                            	
                                Distance between two addresses as ptrdiff_t d = &x - &y;

                            
                        

                        
                            	
                                time_t

                            
                            	
                                long int

                            
                            	
                                From <ctime> to store seconds since 1.1.1970

                            
                        

                        
                            	
                                int8_t

                            
                            	
                                signed char

                            
                            	
                                Integer with exactly eight bits from <cstdint>

                            
                        

                        
                            	
                                int64_t

                            
                            	
                                long int

                            
                            	
                                Integer with exactly 64 bits from <cstdint>

                            
                        

                        
                            	
                                uint8_t

                            
                            	
                                unsigned char

                            
                            	
                                Positive integer with exactly eight bits

                            
                        

                        
                            	
                                int_least64_t

                            
                            	
                                long int

                            
                            	
                                Integer with at least 64 bits

                            
                        

                        
                            	
                                int_fast16_t

                            
                            	
                                long int

                            
                            	
                                Fast integer with at least 16 bits

                            
                        

                        
                            	
                                uint8_t

                            
                            	
                                unsigned char

                            
                            	
                                Positive integer with exactly eight bits

                            
                        

                        
                            	
                                byte

                            
                            	
                                special

                            
                            	
                                Access and manipulate raw memory with <cstddef>

                            
                        

                    
                

                Table 4.8    
            Some frequently used aliases for certain integer types.

                All types from <cstdint> are available for 8, 16, 32, and 64 bits. The least and fast variants can be larger. However, the int8_t to int64_t variants are only defined if they exist on the system in exactly this size—which should usually be the case.

                
                    std::byte as a Special Case

                    Traditionally, C and C++ programmers often prefer to use one of the integer types to manipulate raw memory. This is actually not ideal. Unless you want to do arithmetic like + or * with the values, int or unsigned char can actually do too much. In most cases, you only need to perform bit manipulation (|, &, <<, etc.). And this is exactly what std::byte from the <cstddef> header was added for in C++17.

                    This data type is intended for manipulating raw memory and has the width of an unsigned char, which means eight bits on the most common platforms. If you have two variables, byte a and byte b, then the following operations are available to you, where n stands for any integer value:

                    
                        	
                            std::byte b{n} creates a new byte.

                        

                        	
                            to_integer(b) returns the numerical value.

                        

                        	
                            b << n, b >> n returns a new byte with bits shifted to the left or right.

                        

                        	
                            b <<= n, b >>= n shifts bits in b to the left or right.

                        

                        	
                            a | b, a & b, a ^ b links two bytes bit by bit using OR, AND, or exclusive-or (XOR).

                        

                        	
                            b |= a, b &= a, b ^= a saves the result of the link back to b.

                        

                        	
                            ~b returns a new byte with all bits negated.

                        

                    

                    A typical use is vector<byte>, in which you then read the content of a file, for example.

                

            
        
        
            4.4.4    Floating-Point Numbers

            In addition to the integer types, there are also float, double, and long double types for floating-point numbers. Instead of throwing away the remainder of 5/2 when dividing, you can store it in a double; for example, double x = 5.0 / 2.0; stores 2.5 in x. But beware, floating-point numbers also have their limits: they also only have a fixed number of bits available, but they use them differently than the integer types do. They use some of the bits for “scaling” the value. This means that you can use them to store extremely large and tiny numbers, but only up to a certain precision. You need to keep the following things in mind:

            
                	
                    Overflow
Although the number range is much larger than for int, a double can also overflow. It cannot store numbers larger than 10300 and smaller than -10300.

                

                	
                    Precision
Precision is much more critical. The further you move away from zero as the center, the coarser the values that double can store become. The distance between two “neighboring” double numbers increases. From around 1015, this is more than 1. If you store them in double, the numbers 1016+1 and 1016+2 are identical for the computer; see Listing 4.33.

                

                	
                    Rounding
But double  also has problems with numbers close to zero. Because where an int, for example, can store 7 exactly, a double has problems with 0.1—and even more so with 1/3, so 0.3, as you can see in Figure 4.4.

                

            

            The standard data type is double. The bit widths of these types are not fixed, but usually double has 64 bits, float 32 bits, and long double 80 or 128 bits. As of C++23, there are also fixed-width types (see Table 4.10).

            // https://godbolt.org/z/8ae83nPYs
#include <iostream>     // cout
#include <iomanip>      // setprecision, etc.
#include <cmath>        // fabs
using std::cout;        // cout as abbreviation for std::cout
int main() {
    cout << std::fixed << std::setprecision(25);     // for better readable output
    // 0.1 and 0.01 cannot store double exactly
    double x = 0.1 * 0.1;
    cout << "0.1*0.1: " << x << "\n";
    // Output: 0.1*0.1: 0.0100000000000000019428903
    if(x == 0.01) {     // [image: image for unicode &#x1f5f2;] never compare double with ==
        cout << "Yes! x == 0.01" << "\n";
    } else {
        cout << "Uh-oh! x != 0.01" << "\n";           // you see this output
    }
    // Attention especially when comparing with 0.0
    double null = x - 0.01;
    cout << "null: " << null << "\n";
    // Output: null: 0.0000000000000000017347235
    if(std::fabs(null) < 0.00000001) {               // compare with an "epsilon"
        cout << "Yes! null is close to 0.0" << "\n";  // you see this output
    } else {
        cout << "Uh-oh! null not close to 0.0" << "\n";
    }
    // fractions of powers of 2 are less critical
    double y = 0.5 * 0.5;
    cout << "0.5*0.5: " << y << "\n";
    // Output: 0.5*0.5: 0.2500000000000000000000000
    if(y == 0.25) {     // here the dangerous comparison works exceptionally
        cout << "Yes! y == 0.25" << "\n";             // you see this output
    } else {
        cout << "Oh-oh! y != 0.25" << "\n";
    }
    //
    return 0;
}  


            Listing 4.32    
            “double” cannot always store numbers exactly. Calculating and comparing with “==” is an error.

            
                Do Not Compare Floating-Point Numbers with ==

                Because none of the floating-point types, float, double, and long double, can store all numbers exactly, you should never test for equality by using ==. Instead, calculate the difference and check whether the result is close to zero. For example, if you want to know whether the two double values a and b are “almost equal,” you can check this in this way:

                if( fabs(b-a)<0.0001 )... 


                The fabs() function determines the absolute value (makes it positive) and is located in the <cmath> header. For 0.0001, use an epsilon that suits your application.

            

            
                Floating-Point Literals

                Similar to integers, you can write floating-point numbers naturally in the source text. However, you must use the dot . as a decimal separator; the continental comma does not work here. In the literal 124.258, the compiler recognizes from the dot . that it is not an integer.

                // https://godbolt.org/z/qx8h7a4j9
#include <iostream>
#include <iomanip>                                 // fixed, setprecision
using std::cout;                                   // abbreviated cout
int main() {
    cout << std::setprecision(2) << std::fixed;    // two decimal places
    cout << "1/4: " << 0.25 << "\n";               // comma notation for double
    // output: 1/4: 0.25

    cout << "2/4: " << 0.5 << "\n";
    // Output: 2/4: 0.50
    cout << "3/4: " << 0.75 << "\n";
    // Output: 3/4: 0.75
    cout << "4/4: " << 1 << " or " << 1.0 << "\n"; // [image: image for unicode &#x1f5f2;] recognizes 1 as int
    // Output 4/4: 1 or 1.00
    cout << "1e0: " << 1e0 << "\n";                // scientific notation
    // output: 1e0: 1.00
    cout << "0x10.1p0: " << 0x10.1p0 << "\n";      // hexadecimal notation
    // output: 0x10.1p0: 16.06
}  


                Listing 4.33    
            Several ways to mark “double” literals.

                If, as with << 1 <<, the floating-point number happens to have no decimal places, then write at least the dot to distinguish it from the integer literal—and zeros if you want: 1., 1.0, 1.00, 1.000, and so on. A 1 without a dot is an int for the compiler. This still works in many cases, because if the compiler knows that you actually mean a double, it converts the int 1 into a double 1 without loss. However, in cases where both would be possible, you should (or must) indicate the floating-point number. The output operator for << 1 << does not know whether you mean an int, so it outputs the 1 as such. The compiler recognizes the 1.0 as a floating-point number and the output is correct.

                Since C++17, you can also use hexadecimal notation for floating-point literals, as you can see in the example at 0x10.1p0. This is close to the internal representation, which we will discuss a little later in this section. In short, these are the building blocks of the literal:

                
                    	
                        0x, the hexadecimal prefix

                    

                    	
                        10.1, the signifier in hexadecimal notation (here, decimal 1.125)

                    

                    	
                        p, the separator

                    

                    	
                        0, the exponent in hexadecimal notation

                    

                

                The significand or parts of it are optional, but p and the exponent always occur.

                The type of such a floating-point literal is double. In most cases today, it makes sense to use this data type as the first choice when calculating with floating-point numbers. Today's hardware is designed for calculating with it. If you need to save space, want to use a third-party API, or have other reasons, make a floating-point literal a float by appending an f or F to it. Appending an l or L indicates a long double. As of C++23, there are extended floating-point types that have suffixes such as f128 and the like (see Table 4.9).

                // https://godbolt.org/z/6qfo4oYnr
#include <iostream>
#include <iomanip> // fixed, setprecision
int main() {
    using std::cout;
    cout << std::setprecision(30) << std::fixed;    // always output 30 digits
    cout << 1.111222333444555666777888999f << "\n"; // float literal
    // Output: 1.111222386360168457031250000000
    cout << 1.111222333444555666777888999 << "\n";  // double is default
    // Output: 1.111222333444555676607023997349
    cout << 1.111222333444555666777888999d << "\n"; // double literal
    // Output: 1.111222333444555676607023997349
    cout << 1.111222333444555666777888999L << "\n"; // long double
    // Output: 1.111222333444555666740784227731
}  


                Listing 4.34    
            Floating-point literals become imprecise at some point.

                There are many ways to output floating-point numbers or prepare them for output:

                
                    	
                        format("{}", number)
As of C++20, you can convert any arguments into a string. Format attributes for width, precision, and more are available for numbers. You can combine cout << format("{}", number) as well.

                    

                    	
                        to_chars(buffer, buffer + size, number)
This function writes numbers to a buffer. There are optional arguments for formatting and an error check. You can use it from C++17 on.

                    

                    	
                        to_string(number)
This is only possible with numbers. You have no control over the format and can do little to check for errors.

                    

                    	
                        cout << number
The direct output of almost any type to a stream. For numbers, there are manipulators such as setprecision that influence the format.

                    

                    	
                        print(cout, "{}", number)
As of C++23, you can output any arguments to a stream as with format. The implementations are not yet complete as of the end of 2023.

                    

                

            
            
                The Floating-Point Features

                Unlike integers, the limits and accuracy of floating-point types are the same on almost all systems. You would have to have a venerable old system if there were to be any differences here.

                The pitfalls in dealing with floating-point numbers actually lurk elsewhere—namely, as mentioned earlier, in the realms of precision and rounding decimals. There are also operations in the “dark areas” of mathematics. For example, a floating-point variable can not only store a valid number, but can also take on a few very special values:

                
                    	
                        If you divide by 0.0, this does not trigger an exception for floating-point numbers. The result is then infinite. Check a variable x with the function std::isfinite(x) from the header <cmath> to see whether it still represents a finite value.

                    

                    	
                        Only 0.0/0.0 results not in infinity, but in “not a number” (NaN), just like sqrt(-1.0), the square root of -1. All further calculations with NaN result in NaN again. You can use the std::isnan(x) function to check a value for this.

                    

                

                You can learn more about the even more technical details in the next sections.

            
            
                Floating-Point Internals

                If you really want to understand how floating-point numbers work in C++, you have to deal with their internal representation in C++. This is based on the IEEE 754 standard. Even if you don't manipulate the bits of the floating-point number individually, it helps to understand what the computer does, can do, and especially cannot do.

                The floating-point types available by default are float, double, and long double. For the sizes of these types, it is only specified that they are equal or ascending; the details depend on the compiler used and the target platform. In x86 in practice, a float has 32 bits, a double 64 bits, and a long double 80 bits or, more rarely, 128 bits. This corresponds to the IEEE 754 standard sizes, which you can find in Table 4.9.

                With the 64 bits of a double, you can store numbers as large as 10300, and amounts as small as 1/10300 can be stored. The bits are divided internally into three groups: the sign, the exponent, and the significand (also called the mantissa). The number is then stored scaled, in binary, according to this formula: V × 1.S × 2E.

                
                    
                        
                            	
                                Description

                            
                            	
                                Simple

                            
                            	
                                Double

                            
                            	
                                Quadruple

                            
                            	
                                Octuple

                            
                        

                    
                    
                        
                            	
                                Sign V

                            
                            	
                                1 bit

                            
                            	
                                1 bit

                            
                            	
                                1 bit

                            
                            	
                                1 bit

                            
                        

                        
                            	
                                Exponent E

                            
                            	
                                8 bit

                            
                            	
                                11 bit

                            
                            	
                                15 bit

                            
                            	
                                19 bit

                            
                        

                        
                            	
                                Significand S

                            
                            	
                                23 bit

                            
                            	
                                52 bit

                            
                            	
                                112 bit

                            
                            	
                                236 bit

                            
                        

                    
                

                Table 4.9    
            The components of the machine representation of floating-point numbers.

                Because this is very abstract, Figure 4.4 shows a few examples of double.

                Optional support for extended floating-point numbers has been introduced in C++23. New floating-point types with a defined layout can be used with the <stdfloat> header. This means that, if available, the widths are the same on all platforms.

                
                    [image: Some examples for the representation of floating-point numbers as “double.”]

                    Figure 4.4    
            Some examples for the representation of floating-point numbers as “double.”

                
                I have provided you with a different perspective on comparing the numerous types in Table 4.10. The classic types are shown as an example for the x86 platform with g++ 13.2. The “suf” column shows the suffixes for literals. “d2/d10” contains the binary and decimal precision. In “max e2”, you will find the maximum binary exponent. “max()” contains the largest displayable number and “eps()” the smallest distance between two displayable numbers.

                In the “Time” column, you can see a sample calculation on my 64-bit Linux. It will be completely different on other architectures, especially embedded systems and GPUs. I just want to illustrate here that “smaller” is not necessarily faster and that accuracy can cost a lot of time.

                It is worth noting that bfloat16_t acts like a float or float32_t with reduced precision. However, it can store larger numbers due to the larger exponent. It is often used in AI. The long double on the x86 Linux calculates with 80 bits, the traditional width of the x87 coprocessors.

                
                    [Übung]  Pitfalls: No Streams and No Aliases

                    You can format the new types with std::format("{}", val), but types wider than long double are not supported for streams.

                    For example, even if the type float64_t is a double on the 64-bit Linux, float64_t is not an alias of double, but a separate type. This means that you can have overloads for both types:

                    void f(double);
void f(float64_t); // okay: other overload 


                    This is different from the int types, where int32_t is an alias for int and such overloads are acknowledged by the compiler with an error. Note, however, that you should normally choose one of the two variants for your code, either the classic types or the types with a defined layout.

                

                An implementation—that is, a compiler and standard library—can offer further types, but these must then be divisible by 32. Whether a type is available can be checked with the __STDCPP_Typ__ macro—for example, __STDCPP_FLOAT128__.

                
                    
                        
                            	
                                Name

                            
                            	
                                suf

                            
                            	
                                bits

                            
                            	
                                d2/d10

                            
                            	
                                max e2

                            
                            	
                                max()

                            
                            	
                                eps()

                            
                            	
                                Time

                            
                        

                    
                    
                        
                            	
                                float16_t

                            
                            	
                                f16

                            
                            	
                                16

                            
                            	
                                11/3

                            
                            	
                                16

                            
                            	
                                6.55e+04

                            
                            	
                                0.0009766

                            
                            	
                                208ms

                            
                        

                        
                            	
                                bfloat16_t

                            
                            	
                                bf16

                            
                            	
                                16

                            
                            	
                                8/2

                            
                            	
                                128

                            
                            	
                                3.39e+38

                            
                            	
                                0.007812

                            
                            	
                                191ms

                            
                        

                        
                            	
                                float

                            
                            	
                                f

                            
                            	
                                32

                            
                            	
                                24/6

                            
                            	
                                128

                            
                            	
                                3.403e+38

                            
                            	
                                1.192e-07

                            
                            	
                                40ms

                            
                        

                        
                            	
                                float32_t

                            
                            	
                                f32

                            
                            	
                                32

                            
                            	
                                24/6

                            
                            	
                                128

                            
                            	
                                3.403e+38

                            
                            	
                                1.192e-07

                            
                            	
                                40ms

                            
                        

                        
                            	
                                double

                            
                            	
                            	
                                64

                            
                            	
                                53/15

                            
                            	
                                1024

                            
                            	
                                1.798e+308

                            
                            	
                                2.22e-16

                            
                            	
                                40ms

                            
                        

                        
                            	
                                float64_t

                            
                            	
                                f64

                            
                            	
                                64

                            
                            	
                                53/15

                            
                            	
                                1024

                            
                            	
                                1.798e+308

                            
                            	
                                2.22e-16

                            
                            	
                                40ms

                            
                        

                        
                            	
                                long double

                            
                            	
                                l

                            
                            	
                                128

                            
                            	
                                64/18

                            
                            	
                                16384

                            
                            	
                                1.19e+4932

                            
                            	
                                1.084e-19

                            
                            	
                                81ms

                            
                        

                        
                            	
                                float128_t

                            
                            	
                                f128

                            
                            	
                                128

                            
                            	
                                113/33

                            
                            	
                                16384

                            
                            	
                                1.19e+4932

                            
                            	
                                1.926e-34

                            
                            	
                                514ms

                            
                        

                    
                

                Table 4.10    
            The floating-point types added in C++23 in comparison to the classic ones (in bold) on a 64-bit Linux system.

                Let's go into even more detail. I will use an example to explain the exact conversion of a floating-point number into the machine representation of the float. When I use the term floating-point number, I mean the mathematically abstract notion of a number, but now specifically in the decimal system we are used to. By float, I mean the IEEE 754 standardized binary representation of a floating-point number in single precision.

                As an example, I take the number 45.45 and convert it into a 32-bit float representation with one sign bit, eight bits for the exponent, and 23 bits for the signifier.

                The sign is quickly converted. The + for a positive number is saved as a 0 bit. A negative number would result in a 1 bit. There’s not much there yet, but in the machine it now looks as shown in Figure 4.5.

                
                    [image: The beginning of the conversion of a floating-point number.]

                    Figure 4.5    
            The beginning of the conversion of a floating-point number.

                
                The next step is to convert the decimal notation into binary notation. Here we take care of the parts before and after the comma separately.

                You can treat the part before the decimal point—in this case, 45—as an integer. You divide this number by 2 and write down the remainder (0 or 1) until there is nothing left, as described in Section 4.3 (see also Listing 4.25).

                For 1045, you then get binary 2101101.

                Proceed slightly differently for the decimal part, .45. Multiply the number repeatedly by 2 and note the 0 or 1 before the decimal point. Ignore the part before the decimal point for the next step. Continue until you have already carried out a multiplication operation once:

                .45 x 2 = 0.9
.9  x 2 = 1.8
.8  x 2 = 1.6           <---+
.6  x 2 = 1.2               |
.2  x 2 = 0.4               |
.4  x 2 = 0.8               |
.8  x 2 ... we already had -+  


                You could continue endlessly, but it is more practical to note this period somehow—for example, with a line above the repeating part: [image: inline image]. If the repeating part were a zero, the result would be exact and the number would have no period in binary notation.

                The parts before the decimal point and after the decimal point now add up to the following in binary notation: [image: inline image].

                You can now determine the exponent from this representation. To do this, move the decimal point after the first 1 and count how many positions you have moved—five positions in this case. In scientific notation in the decimal system, you could now write “e5” after the scaled number. In this case, you first convert the integer 5 into a binary number and obtain [image: inline image].

                You now almost have the exponent for the machine representation. So that exponents smaller than zero can also be saved, you now only need to add 127 (for float) to the exponent—that is, 132 for 5, or binary [image: inline image].

                There are eight bits, just as much space as in the exponent for a float. If there were fewer, you would pad with zeros in front; if there were more, you would have an overflow and the number could only be stored as be stored as infinity. If the result for the exponent were negative, this would be an underflow—a number so close to zero that it can only be stored as zero.

                Now I’ll write the bit sequence as an exponent in the machine representation (see Figure 4.6).

                
                    [image: Here, 127 was added to save the exponent.]

                    Figure 4.6    
            Here, 127 was added to save the exponent.

                
                In the significand, the computer only stores the digits after the decimal point. This procedure guarantees that there is always exactly 1 before the decimal point. Only in the case of subnormal numbers, if the exponent to be stored were exactly zero, there would be no 1. The illustration deals with this case in particular.

                
                    Subnormal Numbers

                    If the exponent to be stored in bit representation is exactly zero, then the conversion of the significand is slightly different—“not normal.” The number is then denormalized or subnormal. In this case, the computer assumes that there is no 1 before the decimal point in binary notation. If it becomes necessary to store a number in denormalized form, it's a sign that you're on the verge of an underflow. I won't delve further into that here.

                    It is typical that calculations on denormalized numbers are much slower. You can check whether a number x is denormalized by calling std::fpclassify(x) from <cmath>. If the result is FP_SUBNORMAL, then the variable x is close to an underflow.

                

                As a final step, I transfer the decimal places from [image: inline image] into the significand. I roll out the period so long as I have space in the 23 bits. Without a period, I would fill it with zeros. The result is shown in Figure 4.7.

                
                    [image: The number 45.45 in IEEE 754 with single precision.]

                    Figure 4.7    
            The number 45.45 in IEEE 754 with single precision.

                
                You cannot store a period in a finite bit sequence in this way. This is why some numbers that you can easily write down on paper in decimal notation do not have an exact representation for the computer. The preceding representation results in 45.449996 when recalculated. Some numbers can be stored exactly, such as 0.5, but even 0.1 gives you a period in binary notation.

            
            
                Special Values

                Some bit patterns have a special meaning and help the computer (and you) to detect and handle edge cases. If you have a floating-point number x, you can use the function std::fpclassify(x) from <cmath> to determine whether you have such a special number:

                
                    	
                        If the exponent stores zero as a bit sequence, it is a subnormal number very close to zero and therefore just before an underflow. fpclassify returns FP_SUBNORMAL for such numbers.

                    

                    	
                        For numbers that are too large, such as 1.0/0.0, there is positive infinity, +∞. The function fpclassify is FP_INFINITE; signbit(x) returns 0.

                    

                    	
                        For numbers in the negative range such as -1.0/0.0, there is negative infinity, -∞. fpclassify is FP_INFINITE; signbit(x) returns 1.

                    

                    	
                        Invalid numbers such as 0.0/0.0 and sqrt(-1.0) are called NaN. fpclassify is FP_NAN.

                    

                    	
                        If a calculation is too close to zero in terms of precision, the computer saves +0.0 and -0.0 as separate values. x==0.0 is true for both, and fpclassify returns FP_ZERO for both. If you need to distinguish them, use signbit(x), which returns 1 for -0.0.

                    

                

                // https://godbolt.org/z/Tvx4qcrE6
#include <iostream>
#include <cmath>   // fpclassify
#include <limits>  // numeric_limits
#include <string>

std::string fpclass(double x) {
    switch(std::fpclassify(x)) {
        case FP_INFINITE:  return "infinite";
        case FP_NAN:       return "NaN";
        case FP_NORMAL:    return "normal";
        case FP_SUBNORMAL: return "subnormal";
        case FP_ZERO:      return "zero";
        default:           return "unknown";
    }
}

int main() {
    const auto dmin = std::numeric_limits<double>::min();
    std::cout
      <<"1.0/0.0 is "<<fpclass(1/0.0)<<'\n'   // Output: 1.0/0.0 is infinite
      <<"0.0/0.0 is "<<fpclass(0.0/0.0)<<'\n' // Output: 0.0/0.0 is NaN
      <<"dmin/2 is "<<fpclass(dmin/2)<<'\n'   // Output: dmin/2 is subnormal
      <<"-0.0 is "<<fpclass(-0.0)<<'\n'       // Output: -0.0 is zero
      <<"1.0 is "<<fpclass(1.0)<<'\n';        // Output: 1.0 is normal
}  


                Listing 4.35    
            Among other things, you can discover special values with “fpclassify.”

                The header defines macros or constants for the special values. HUGE_VAL, HUGE_VALF, and HUGE_VALL contain very large values, INFINITY the positive infinity, and NAN not a number.

                In addition to fpclassify, other functions are available in <cmath> to determine the properties of floating-point numbers. isfinite (not NAN or INFINITY), isinf (INFINITY), isnan (NAN), isnormal (not INFINITY, NAN, zero, or subnormal), and signbit (sign) have the obvious meanings. isunorderd checks whether at least one of two numbers is NAN.

            
            
                Tips for Almost Exact Calculation

                When adding, it is better to add large numbers to large numbers and small numbers to small numbers rather than large numbers to small numbers.

                Multiplication is a little trickier. Due to the scaling in the exponent, calculations between -1.0 and +1.0 are more accurate than those further away from 0.0. It is advisable to bring calculations as close to this range as possible. This means, if you can influence it, arrange the multiplications in such a way that you follow this rule: “Large to small, small to large.”

                This means that (0.1 * 10.0) * (10.0 * 0.1) is better than (0.1 * 0.1) * (10.0 * 10.0), but mainly for extreme values. This means that the intermediate results do not move further away from 1 than necessary.

                I think a detailed example will help you to see what can happen if the calculation elements are arranged unfavorably. For example, there is Heron’s formula to calculate the area of a triangle given three side lengths (a, b, c):

                Rewritten slightly, Heron’s formula in C++ looks like this:

                float heron(float a, float b, float c) {
    auto s = (a+b+c) / 2;
    return sqrt(s*(s-a)*(s-b)*(s-c));
}  


                For comparison, there is the Kahan method,[ 11 ] which first sorts the side lengths of the triangles according to a ⩾ b ⩾ c and then looks for a better grouping.[ 12 ] After sorting, the following formula results:

                [image: inline image]

                However, only if c ⩽ a–b, because otherwise the sides do not form a triangle. In C++, it looks like this:

                float kahan(float a, float b, float c) {
    auto x = max(a,max(b,c));
    auto y = max(min(a,b), min(max(a,b),c));
    auto z = min(a,min(b,c));
    return sqrt( (x+(y+z))*(z-(x-y))*(z+(x-y))*(x+(y-z)) )/4;
}  


                For a right-angled triangle with the side lengths 3, 4, and 5, the area 6 can be calculated in the head using the Pythagorean theorem. The following program is the same for both methods. I have used the template variable T instead of double as the type in order to be able to execute the same code with double and float (see Chapter 23):

                // https://godbolt.org/z/We3oWrcWW
#include <iostream>
#include <cmath>     // sqrt
#include <concepts>  // floating_point
using std::min; using std::max; using std::floating_point;

template<floating_point T> T heron(T a, T b, T c) {
    auto s = (a+b+c) / 2;
    return sqrt(s*(s-a)*(s-b)*(s-c));
}

template<floating_point T> T kahan(T a, T b, T c) {
    auto x = max(a,max(b,c));
    auto y = max(min(a,b), min(max(a,b),c));
    auto z = min(a,min(b,c)); return
    sqrt( (x+(y+z))*(z-(x-y))*(z+(x-y))*(x+(y-z)) )/4 ;
}

template<floating_point T> void triangle(T a, T b, T c) {
    std::cout << "heron: " << heron(a,b,c) << '\n';
    std::cout << "kahan: " << kahan(a,b,c) << '\n';
}

int main() {
    triangle(3.0f, 4.0f, 5.0f);
}  


                The output is then 6 for both procedures.

                Funny things happen when you insert the side lengths (100000, 99999.99979, 0.00029) and let the computer calculate the area. I run both calculations for float and double and output more digits:

                // https://godbolt.org/z/863b1z4GY
int main() {
    std::cout << std::setprecision(15) << std::fixed;
    triangle(100'000.0f, 99'999.999'79f, 0.000'29f);
    triangle(100'000.0,  99'999.999'79,  0.000'29);
}  


                The exact result would be 10. The example was carefully chosen so that float has difficulties in the calculation: while the classic Heron formula gives 0, the Kahan formula calculates 14.5. And 14.5 would look like a nice result if you didn't know that 10 is correct. Even though both methods give a better result with double—because I told you that 10 should come out—such an example could also have been found for double. The actual outputs are as follows:

                heron: 0.000000000000000
kahan: 14.500000000000000
heron: 9.999999809638329
kahan: 10.000000077021038  


                However, it is even more important that you have to perform as few calculations as possible. Let's assume you work in video editing and want to calculate the length of a movie. Videos often have one frame per 1/25 of a second. Then you can calculate the current movie time in a loop in two ways. First, try it accumulated, and second, try it with closed multiplication, as the following two listings demonstrate.

                // https://godbolt.org/z/sEE94bh5K
#include <iostream>
#include <iomanip> // setprecision, fixed
constexpr int framesPerSec = 25;
constexpr int runtimeInSecs = 3600;
constexpr int framesTotal = runtimeInSecs * framesPerSec;
constexpr float frametime = 1.0f / framesPerSec;

int main() {
    float filmtime = 0.f;
    for(int n=1; n <= framesTotal; ++n) { // 1 .. framesTotal
        filmtime += frametime;            // accumulate
        // ... here code for this frame ...
    }
    std::cout << std::setprecision(10) << std::fixed
        << filmtime << '\n';              // output: 3602.2695312500
}  


                Listing 4.36    
            Accumulated time measurement.

                You shouldn't be surprised that more than two seconds of errors have accumulated in one hour of film.

                
                    [Übung]  Labeling Constants

                    For constexpr, refer to Chapter 13, Section 13.10.6. It is advantageous for the compiler and for you if you mark unchangeable values (i.e., constants) as such. You can use (static) const or constexpr for this purpose. The latter ensures that the compiler can calculate the constant in advance. If it cannot do this, it will inform you accordingly.

                

                I let the loop run from 1 to <= framesTotal to be able to compare it better with the next example.

                However, you can also approach this differently. So long as the frametime remains constant over the course of the movie, you can calculate it in one step. So you are scaling as in the following listing.

                // https://godbolt.org/z/dKPo7andE
#include <iostream>
#include <iomanip> // setprecision, fixed
constexpr int framesPerSec = 25;
constexpr int runtimeInSecs = 3600;
constexpr int framesTotal = runtimeInSecs * framesPerSec;
constexpr float frametime = 1.0f / framesPerSec;
int main() {
    float filmtime = 0.f;
    for(int n=1; n <= framesTotal; ++n) { // 1 .. framesTotal, because of formula
        filmtime = frametime * n;         // scale
        // ... here code for this frame ...
    }
    std::cout << std::setprecision(10) << std::fixed
        << filmtime << '\n';              // output: 3600.0000000000
}  


                Listing 4.37    
            Closed time calculation.

                And there is no longer any deviation.

                Here you can see why I preferred to run from 1 to <= tramesTotal in the for loop instead of from 0 to < framesTotal: only then does filmtime = frametime * n actually correspond to filmtime = frametime * framesTotal in the last loop pass.

                
                    Tips on the Calculation Sequence

                    
                        	
                            When adding, keep the large numbers together with other large numbers and the small numbers together with the small ones.

                        

                        	
                            Carry out multiplications as close to the interval from -1.0 to +1.0 as possible.

                        

                        	
                            Perform as few calculations as possible so that errors are less likely to propagate. For example, prefer a single multiplication to a repeated addition.

                        

                    

                

                These rules apply if you have decided to calculate with floating-point numbers. Before doing so, you should ask yourself whether integers are not better suited to your task. Integers are fast and precise with the right operations. However, they do not cover such a large calculation range.

                When calculating amounts of money, you should never (never! never! never!) calculate with floating-point numbers. Calculate in hundredths of a cent or similar and do not continue to calculate with the rounded values that you need for the output.

                
                    From Zero and Less Than

                    Because indexes usually start at zero, it is common in C++ to also start loops at zero. This means that you normally run for loops up to < size when they run through a C‐array or vector, for example. If the loops exceptionally start at 1 or run up to <= size, you should mark this clearly. Otherwise, speedy readers might overlook it out of habit or wonder whether you have made a careless mistake.

                

            
        
        
            4.4.5    Truth Values

            The data type with which you can represent true or false is bool. You can declare bool variables and cache truth values in them. Many functions return a bool or take one as an argument. Just as there are literals for integers, floating-point numbers, and so on, there are also literals for bool: namely, true and false.

            This data type is also essential in many C++ language elements, as conditions are always written as bool expressions. This means that an expression for the condition in an if or for or the like is converted into a bool. For example, all comparisons have bool as the result, like <, <=, >, and >= as well as == and !=:

            if(a >= b) ...
for(int idx; idx < 100; ++idx) ...
while(!finished && linesRead < LIMIT) ...  


            You can link two bool expressions with each other. Write “Are a and b both true?” as a && b. Find out whether at least one of them is true with a || b. Turn true in a into false and vice versa with !a. Because there are only two possible values for bool, Table 4.11 contains all possible combinations. The somewhat unusual exclusive OR operator ^ is also included there. And last but not least, you can of course put expressions in parentheses with (...). You can find out more about these operators and expressions in Section 4.3.
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            Table 4.11    
            Truth table for all Boolean expressions with two values.

            It would actually be sufficient for the computer to output a bit to store a bool. However, the computer actually uses at least one char and more often an int for this. This is because the computer always blocks an entire “memory word” when manipulating bits and would therefore slow down neighboring bits. So you spend a little more space on independence and speed.

            If you want to save a large number of individual bools, you should take a look at the std::bitset data type in the standard library.

            This relationship with int is one of the reasons that you can also simply use an int in tests with if and the like in C++:

            int idx = 100;
while(idx) {   // an int as a test
    readLine(line);
    --idx;
}  


            This loop reads in exactly 100 lines. As soon as idx reaches zero, the loop is terminated. The int value of idx is implicitly converted into a bool. This is done according to the following rules, which take some getting used to:

            
                	
                    A value of 0 is converted to false.

                

                	
                    All other values become true.

                

            

            Because many C++ programmers originally come from C, where there was no pure bool data type, you will encounter this pattern quite often.

            You can also use other data types in tests. To do this, the data type only needs to have the operator bool() method. This is the case, for example, with std::istream and therefore with std::cin. You can see an application example in the while loop in Chapter 27, Listing 27.6.

        
        
            4.4.6    Character Types

            What is a “character” in abstract terms? It is a building block of a text that is to be displayed or processed. In C++, many things are mixed up here, and some things are not intuitive.

            The main data type for characters is char. At the same time, however, you can also regard char as an integer data type, as you can calculate with it in the same way as with all other int relatives. And yet it is different here, because it is not specified whether char is signed or unsigned without further specifications. So if you want to calculate with a char and the range is important, then you should always write signed char or unsigned char instead of simply char; reserve the latter for texts.

            
                “char” Is the Smallest “int”

                It is even specified that char is the smallest integer data type and something like a base unit for memory usage. If you apply sizeof(...) to any type or value, you get its size in char units:

                sizeof(char);   // 1
char x;
sizeof(x);      // 1
int value;
sizeof(value);  // 4 or something else on other systems 


            

            On current systems, you can assume that a char has eight bits. Because you cannot rely on the sign, you should only assume that the number range from 0 to 127 is available to you; calculating outside this range can lead to overflow (at the positive or negative end).

            Now let's move on from number interpretation to text interpretation. If you want to combine char elements into text, then you normally do this as follows:

            
                	
                    In std::string if you want to save, pass around, or manipulate the text

                

                	
                    In const char[] if you are outputting a literal or using an old C API

                

            

            A text literal such as "Hello" is made up of individual char elements. The first is an 'H', the second an 'a', and so on. Note the single quotation marks '…' around the respective character: these make the character a char. You cannot combine several characters in such a char literal; for example, 'botch' makes no sense.

            If you initialize a char variable with a literal or assign one to it, then you are free to do this with quotation marks '…' or numbers, depending on how it fits better in the context:

            char lower_a = 'a';                        // as a character
char letters_in_the_alphabet = 'z'-'a'+1;  // do the math
char small = 5;                            // as a number
signed char less = -10;                    // negative only with explicit signed
unsigned char large = 200;                 // large only with explicit unsigned
char flags = 0x7f;                         // hexadecimal for bit pattern 0111'1111  


            
                International Signs

                In addition to char, there are other character types. As char is only suitable for 256 different characters, it would not be suitable for storing Chinese characters, for example. There are character types with more space for this:

                
                    	
                        char32_t
With its 32 bits, this is sufficient for the most obscure international characters. Every possible Unicode character can be represented with a single char32_t. With the prefix U, you write a literal such as char32_t zed = U'Z'; and character strings in std::u32string.

                    

                    	
                        char16_t
This character type, which is always 16 bits wide, is good for 65,536 different characters and is sufficient for most international texts. Use the prefix u before a character literal—for example, char16_t zed = u'Z';. The character string type std::u16string is based on this. A single char16_t is sufficient for the vast majority of Unicode characters. Only very rarely do you need two consecutive ones, which are then encoded in UTF-16.

                    

                    	
                        char8_t
This type is added in C++20. It accepts UTF-8 code units and is therefore at least eight bits wide, just like char and unsigned char, but is different as a type. Only ASCII characters fit into a single char8_t. This means that even for a Unicode ä, you need two char8_t—that is, 0xC3 followed by 0xA4 in UTF-8 encoding. You write literals of this type with a u8 prefix—that is, u8'a' for characters and u8"gr\uF6n" for character strings.

                    

                    	
                        wchar_t
Depending on the system, this character type has 16 bits (Windows) or 32 bits (many Linux variants). If you write an L in front of a character literal, it is of this type—for example, wchar_t zed = L'Z';. As it can be of different widths, you should not use this type in programs that have to run on several systems. The character string type std::wstring is based on this type; to output it, use std::wout or std::werr or as input std::win.

                    

                

                There are many ways to save a Z. To make the differences clearer to you, Table 4.12 shows the representations for the computer.
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                Table 4.12    
            The different ways to write a Z with the different character types.

                With a Z, this is not very exciting. But you can't write a Θ (theta) in the source code. You have to use an escape sequence for this. The Unicode character theta has the number 160398, so you can write u'\u0398' in a char16_t character literal or U'\U0000398' in a char32_t character literal. The \u notation requires a character number with exactly four hexadecimal digits after \u or exactly eight after \U. Four digits should usually be sufficient. Only for something as exotic as the Gothic letter ahsa would you have to write U'\U00010330'.

                
                    [image: The Gothic ahsa character with the hexadecimal Unicode number 10330 must be escaped with “U.”]

                    Figure 4.8    
            The Gothic ahsa character with the hexadecimal Unicode number 10330 must be escaped with “U.”

                
                The correct character should then appear on the correct medium—for example, in dialog boxes or file streams that can accept characters or strings of these types.

            
            
                Unicode in C++

                Internationalization, Unicode, and encoding are very complex topics that we cannot go into further in this book. It is best to limit yourself to char first and then read up on the use of the other character types if you need to.

                With the introduction of char8_t and u8string in C++20, we have come a big step closer to full Unicode support. The standardization of encodings will still take some time, but it is planned.

            
        
        
            4.4.7    Complex Numbers

            If you know what complex numbers are, you may also want to calculate with them. This is possible because the complex template data type from the <complex> header is part of the standard library.

            For those who do not know what this means, here is a brief explanation. You probably know that whole numbers are the numbers 0, +1, –1, +2, –2, +3, and so on. You can do anything in this number range until you discover multiplication and the division that goes with it. Then you need the rational numbers; these are any two whole numbers in a fraction—so, for example, –3/4. You are happy with this number range until you get the idea of adding very long fractions that get smaller and smaller. This is practical if you want to give all points on a line a name. The sum of such sequences results in real numbers, which include π and √2, for example. Do we have everything now? Yes—so long as you don't want to calculate the square root of a negative number. Because every real number squared results in a positive number (or zero)—for example, -42 = 16—it is not easy to define what the square root of a negative number should be. For example, what is √–1?

            Such a gap robs mathematicians of sleep, which is why they define it as follows: let √–1=i or i2 = –1. Phew, that helps mathematicians: now they can solve equations that have no solution in real number space. For example, (x + 1)2 = -9 does not result in a true statement for any real number x. However, if we take the earlier definition, we see that x has the two solutions: -1 + 3i and -1 – 3i. It looks strange, but you get used to it. A complex number such as -1 + 3i always has two components: the real part without i, here –1, and the imaginary part, here +3i. If you look at the two parts as x and y coordinates on a plane, you can see the complex numbers as points in the plane—just as you can see the real numbers as points on a line.

            Special rules apply when calculating with complex numbers. They’re not really anything special; you just have to keep in mind that every i2 can be replaced with –1. Otherwise, the normal arithmetic rules apply:

            
                	
                    Addition: (3 + 5i) + (8 – 1i) = (3 + 8) + (5 – 1)i = (11 + 4i)

                

                	
                    Multiplication: (-2 + 3i) · (4 + 2i) = -2 · 4 + 3 · 4i – 2 · 2i + 2 · 3 · i · i = -8 + 12i – 4i + 6i2 = -8 + 8i – 6 = -14 + 8i

                

                	
                    Exponent: ((-1 + 3i) + 1)2 = (3i)2 = (32) · (i2) = 9 · (-1) = -9

                

            

            No sooner had this number space been discovered than physicists and mathematicians found all kinds of “practical” applications for it. In fact, complex numbers can be used to solve problems that were previously unsolvable.

            
                Complex Numbers in C++

                What does this look like in C++? If you use the <complex> header, the following things are available to you:

                
                    	
                        The template data type complex<>
You can choose whether the imaginary and real parts should be calculated in float, double, or long double by specifying this as a template argument.

                    

                    	
                        Operator overloads
You can perform arithmetic calculations with +, *, and the like, and stream operations with << and >> on complex variables.

                    

                    	
                        Free auxiliary functions
You get auxiliary functions for manipulation and calculation, such as sin, pow, and so on, as well as conversions, such as polar coordinates with polar.

                    

                    	
                        User-defined literals
Among other things, operator""i is defined in std::literals::complex_literals so that you can easily write complex literals in the source code.

                    

                

                If you output a complex number with <<, the number appears in the form (real, imag). 

                // https://godbolt.org/z/43rYYeKx9
#include <iostream>
#include <iomanip> // setprecision, fixed
#include <complex>
using std::cout; using std::complex;

int main() {
    using namespace std::complex_literals;   // for i-suffix
    cout << std::fixed << std::setprecision(1);
    complex<double> z1 = 1i * 1i;            // i times i
    cout << z1 << '\n';                      // Output: (-1.0,0.0)
    complex<double> z2 = std::pow(1i, 2);    // i-square
    cout << z2 << '\n';                      // Output: (-1.0,0.0)
    double PI = std::acos(-1);               // Length of half a unit circle
    complex<double> z3 = std::exp(1i * PI);  // Euler formula
    cout << z3 << '\n';                      // Output: (-1.0,0.0)
    complex<double> a(3, 4);                 // usually as a constructor
    complex<double> b = 1. - 2i;             // practically as a literal

    // Calculations:
    cout << "a + b = " << a + b << "\n";     // Output: a + b = (4.0,2.0)
    cout << "a * b = " << a * b << "\n";     // Output: a * b = (11.0,-2.0)
    cout << "a / b = " << a / b << "\n";     // Output: a / b = (-1.0,2.0)
    cout << "|a| = " << abs(a) << "\n";      // Output: |a| = 5.0
    cout << "conj(a) = " << conj(a) << "\n"; // Output: conj(a) = (3.0,-4.0)
    cout << "norm(a) = " << norm(a) << "\n"; // Output: norm(a) = 25.0
    cout << "abs(a) = " << abs(a) << "\n";   // Output: abs(a) = 5.0
    cout << "exp(a) = " << exp(a) << "\n";   // Output: exp(a) = (-13.1,-15.2)
}  


                Listing 4.38    
            You can calculate arithmetically with complex numbers.

                Table 4.13 and Table 4.14 show the list of free functions for complex numbers.

                
                    
                        
                            	
                                Function

                            
                            	
                                Description

                            
                        

                    
                    
                        
                            	
                                real

                            
                            	
                                Real part of a complex number

                            
                        

                        
                            	
                                imag

                            
                            	
                                Imaginary part

                            
                        

                        
                            	
                                abs

                            
                            	
                                Absolute value

                            
                        

                        
                            	
                                arg

                            
                            	
                                Angle, phase angle

                            
                        

                        
                            	
                                standard

                            
                            	
                                Standard, length

                            
                        

                        
                            	
                                conj

                            
                            	
                                Complex conjugation on the real axis

                            
                        

                        
                            	
                                polar

                            
                            	
                                Construction of polar coordinates

                            
                        

                        
                            	
                                proj

                            
                            	
                                Complex projection

                            
                        

                    
                

                Table 4.13    
            Functions for accessing and converting complex numbers.

                With GCC, you have to use -std=c++14, not -std=gnu++14. The GCC extensions get confused here for complex; you have to switch to standard.

                
                    
                        
                            	
                                Functions

                            
                            	
                                Description

                            
                        

                    
                    
                        
                            	
                                sin, cos, tan, sinh, cosh, tanh

                            
                            	
                                Trigonometric functions

                            
                        

                        
                            	
                                asin, acos, atan, asinh, acosh, atanh

                            
                            	
                                Inverse trigonometric functions

                            
                        

                        
                            	
                                sqrt, pow, exp, log, log10

                            
                            	
                                Square root, exponent, logarithms

                            
                        

                    
                

                Table 4.14    
            Transcendental functions for complex numbers.

            
        
    


                    
                
                        
        4.5    Undefined Behavior

        C++ defines that statements happen one after the other, but within a statement the standard leaves open the order in which things happen. For example:

        std::cout << add(3+4);  


        It is clear that 3+4 is calculated before add is fed the result. Similarly, the output with << can only occur after add has been returned. This is different in the output function in the following listing.

        // https://godbolt.org/z/eW1cfYcGs
#include <iostream>
void output(int a, int b) {
    std::cout << a << ' ' << b << '\n';
}
int number() {
    static int val = 0;
    return ++val;
}
int main() {
    output(number(), number()); // in which order?
}  


        Listing 4.39    
            Output in unspecified order.

        Here, the standard deliberately leaves open the order in which the two number() calls are made. This means that you can receive the output 2 1, but you can just as easily see 1 2. Both are okay. This freedom is called unspecified behavior. This is different from undefined behavior, which means something like “anything can happen here.” The program can continue running with incorrect values or it may crash. Both serious scenarios are mentioned multiple times in the standard.

        Navigating the realms of unspecified behavior typically keeps you in the clear. However, behavior may differ on a different system, with a different compiler, or even upon revisiting the same point. The order in which function call parameters are evaluated is one such case.

        A subcategory of this is implementation-defined behavior. Here, the standard leaves open how the compiler has to implement a feature; it must choose a type and document it. For example, an int can occupy 16 bits on some systems and 32 bits on others, but the manufacturer must document his choice.

        However, if you have undefined behavior, then you usually have a bug. Even if the probability of your walls suddenly changing color is very low, your program crashing or performing an incorrect calculation is likely and undesirable. If you use memory that no longer belongs to you or write expressions such as i++ + ++i, then the result is undefined.

        In contrast to a language like Java, C++ has deliberately left some things unspecified or even undefined in order to give compiler and hardware manufacturers more options for increasing performance.

    


                    
                        5    Good Code, 1st Dan: Writing Readable Code
Now you have learned a lot about the syntax of C++ and what a program can look like. But what should it look like? At the end of the day, it doesn't matter how you format your code, but there are advantages to sticking to certain conventions to make it easier to understand the source code. This is important, of course, because the source code itself is a central means of communication between the programmers involved. And now for the surprise: it is probably you that will read your own program the most. Experience has shown that it’s “helpful” (an understatement) to understand your own code.
To make this easier, you should primarily adopt conventions that you adhere to yourself. Consistent style is the most important for quick understanding. This enables something akin to speed-reading, where you immediately grasp recurring patterns with a single glance and often don't need to look at the details. It's almost irrelevant which conventions you adopt, so long as you stick to them. Just use your common sense and ask yourself, “Will I still understand this in five years?”
Only as a second step should you look for “common” conventions or adhere to what helps your teammates. No, I don't mean that you should selfishly use your own style. But when it comes to a specific point in the program text where you have to choose between A or B, first ask yourself which you prefer—and if you don't have a good answer, then ask your team members. Because after you've asked the team the same question three times, you'll know the answer. And then common sense is enough.
So, adapt the style of your team and make it your own. With that, you'll be well-prepared, and colleagues will also look to you for style guidance.
After these general tips, I'll now give you some specific advice on which code conventions you can choose from.

        5.1    Comments

        Comment a lot, but do not interrupt the flow of reading. Comment in addition to the code; do not simply repeat what is already there. Instead of i = i+1; // increase i, write something like i = i+1; // Attention: overflow possible. I find it beneficial to extensively explain the intention before a function or section without delving into specific code elements themselves. Then, between the lines of code, I strive to write only single-line comments.

        The C++ Core Guidelines have a few useful rules about this. I will summarize them briefly because comments are always a controversial topic. In Chapter 30, I go into more detail about such rules (with the identifiers from the core guidelines):

        
            	
                NL.1: Don't say in comments what can be clearly stated in code.

            

            	
                NL.2: State intent in comments.

            

            	
                NL.3: Keep comments crisp.
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